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Abstract
In four experiments, we explore the role that verbal WM plays in numerical comparison. Experiment 1 demonstrates that verbal WM load
differentially impacts the two most common variants of numerical comparison tasks, evidenced by distinct modulation of the size of the
numerical distance effect (NDE). Specifically, when comparing one Arabic digit to a standard, the size of the NDE increases as a function of
increased verbal WM load; however, when comparing two simultaneously presented Arabic digits, the size of the NDE decreases (and here
is eliminated) as a function of an increased verbal WM load. Experiment 2, using the same task structure but different stimuli (physical size
judgments), provides support for the notion that this pattern of results is unique to tasks employing numerical stimuli. Experiment 3
demonstrates that the patterns observed in Experiment 1 are not an artifact of the stimulus pairs used. Experiment 4 provides evidence that
the differing pattern of results observed between Experiment 1 and Experiment 2 are due to differences in stimuli (numerical vs. non-
numerical) rather than to other differences between tasks. These results are discussed in terms of current theories of numerical
comparison.
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Working memory (WM) has been demonstrated to play a central role in various types of mathematical process-
ing (Ashcraft & Kirk, 2001; LeFevre, DeStefano, Coleman, & Shanahan, 2005; Raghubar, Barnes, & Hecht,
2010). However, the vast majority of research in this area has focused on WM’s role in the application of vari-
ous mathematical operations, such as addition (e.g., Kalaman & LeFevre, 2007) and subtraction (Seyler, Kirk,
& Ashcraft, 2003). A complementary, but less researched, question regards the role that WM plays in basic nu-
merical processing. In the present investigation, we explore the role of verbal WM in one of the most fundamen-
tal of numerical processes - the comparison of numerical magnitudes.

Numerical Comparison and the Numerical Distance Effect

The ability to compare two numbers is a fundamental numerical ability that has been the subject of much empir-
ical research (McCloskey, 1992). Indeed, McCloskey (1992) argued that the ability to select the larger of two
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quantities is the criterion for the understanding of numbers. While a great deal of research exists highlighting
both the parallels and differences between comparing symbolic quantities and non-symbolic quantities, (e.g.,
Maloney, Risko, Preston, Ansari, & Fugelsang, 2010; Holloway & Ansari, 2008), the present paper focuses on
the comparison of symbolic quantities. This ability to select the larger of two quantities appears to represent a
fundamental building block of higher level mathematics as it is related to one’s overall math ability (Holloway &
Ansari, 2008).

The most often studied phenomenon in numerical comparison is the numerical distance effect (NDE). When
comparing two numerical quantities, participants are faster and more accurate at indicating which of two num-
bers is larger when the numerical distance separating the two numbers is relatively large (e.g., 2 vs. 9), com-
pared to when it is small (e.g., 8 vs. 6; Dehaene, Dupoux, & Mehler, 1990; Moyer & Landauer, 1967). To date,
numerical comparison has been predominantly assessed by two tasks. In a comparison to a standard task, par-
ticipants are shown one number and are asked to indicate whether that number is higher or lower than a stand-
ard (e.g., 5). In a simultaneous presentation task, participants see two numbers presented at the same time
and are asked to indicate the larger (or the smaller) of the numbers. These two tasks elicit NDEs that are com-
parable in magnitude and, as such, have been used interchangeably in the literature. Since its discovery, the
NDE has taken a prominent place in studies on numerical cognition, both at the behavioral level (e.g.,
Dehaene, Dupoux, & Mehler, 1990), and at the neural level (e.g., Holloway & Ansari, 2008) as it is held to pro-
vide a critical clue as to how numbers are represented in the mind.

One of the most prominent accounts of the NDE in numerical comparison posits that the NDE is due to the
placement of numbers along an internal mental number line (Restle, 1970). This theory presumes an analogue
system in which numerical values correspond to spatial coordinates on a mental number line. The location of a
number on the mental number line is not exact, but is represented as a distribution around the true location of
that number on the line. Thus, the closer two numbers are on the number line, the more their representations
will overlap. Numerical comparison in this model can be achieved by comparing the relative location of the acti-
vated representations on the mental number line (e.g., Pinel et al., 2001; Restle, 1970). According to this theo-
ry, as the distance between two digits decreases the difficulty of discriminating their location on the mental num-
ber line increases. This manifests as longer response times and lower accuracies for close digit pairs compared
to far digit pairs. This explanation of the NDE is typically referred to as the representational overlap view and in
its various forms represents the dominant theory of the NDE (e.g., Cohen Kadosh et al., 2005; Kaufmann &
Nuerk, 2005; Piazza, Izard, Pinel, Le Bihan, & Dehaene, 2004; Turconi, Campbell, & Seron, 2006).

In contrast to the representational overlap view, Verguts, Fias, and Stevens (2005; see also Van Opstal,
Gevers, De Moor, & Verguts, 2008) have stressed the role of stimulus response associations in generating the
NDE. According to the Verguts et al. (2005) model of exact small number representation (which only addresses
small numbers as other confounding factors arise with larger numbers; see Brysbaert, 1995), each digit is dif-
ferentially associated with the responses “smaller than” and “larger than.” Within this model, as digit magnitude
increases, the association between that digit and the “larger than” response increases and the association with
the “smaller than” response decreases. Likewise, as digit magnitude decreases, the association between that
digit and the “smaller than” response increases and the association with the “larger than” response decreases.
When two numbers are presented, the model chooses, for example the larger number, via a process of re-
sponse competition wherein, over time, the digit with the stronger association will be more likely to be selected.
According to this model, the NDE results from a greater amount of response competition between two digits
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with similar strength of associations with the relevant response. For example, when presented with two numeri-
cally close numbers, both numbers activate the response “larger than” to a similar degree making it harder for
the system to discriminate between these two numerosities. This increased response competition manifests in
longer response times (RTs) and lower accuracies for close relative to far digit pairs.

More recently, a third account of the NDE has been put forth. Van Dijck and Fias (2011) suggest that during
tasks that require the comparison of numbers, participants spontaneously make use of the inherent ordinal
structure of the number system and systematically map the numbers onto an internal number line that is held in
WM (this differs from the above account which suggests a mental number line held in long-term memory). This
account suggests that it is from the fact that the positions in this temporary store are systematically associated
to space, the NDE effect naturally follows.

The Numerical Distance Effect and Working Memory

Neither the representational overlap account nor the response competition account make explicit predictions
about the potential contribution of verbal WM to the NDE. This is likely due in large part to the aforementioned
preponderance of studies examining the role of WM in higher level mathematical processing rather than in low-
er level numerical processing. That said, evidence that WM is involved in other low-level numerical processes
suggests that there is good reason to expect that WM may play an important role in numerical comparison. For
example, Lyons and Beilock (2011) investigated the role that trait-level WM capacity plays in inferring ordinality
from both novel symbols and Arabic digits. Participants that were defined as high WM capacity outperformed
their low WM capacity counterparts both in learning ordinal information with novel symbols and in extracting
ordinality information from sequential sets of Arabic digits. Although this study did not employ a numerical com-
parison task, ordinality may be an important part of numerical comparison (e.g., Restle, 1970). Furthermore,
standard versions of comparison tasks require the temporary storage and manipulation of information (a hall-
mark of a task that requires WM; Baddeley & Hitch, 1974). The clearest example of this idea is in the compari-
son to a standard task. In this task, participants must maintain the standard (often the digit 5) in WM throughout
the task. Lastly, evidence from research in math anxiety suggests that WM could contribute to numerical com-
parison. Specifically, in the context of a numerical comparison task, Maloney, Ansari, and Fugelsang (2011)
demonstrated that math-anxious individuals, who are thought to suffer from a reduced verbal WM capacity
when doing number-related tasks (e.g., Ashcraft & Kirk, 2001), had larger NDEs than their non-math-anxious
peers on both the comparison to a standard task and the simultaneous comparison task.

Van Dijck and Fias’ (2011) account of the NDE does make specific claims about the role that verbal WM should
play in the NDE. Specifically, given their theory that the mental number line is constructed in WM in response to
the need to compare numbers within a task, verbal WM resources are thus required for the construction of the
mental number line. Therefore, if one were to impose a verbal WM load, then we should see no (or a reduced)
NDE arise. Herrera, Macizo, and Semenza (2008) presented evidence inconsistent with the prediction that WM
is involved in numerical comparison. They had participants perform lower or higher than five judgments (com-
parison to a standard) under varying WM loads and demonstrated no effect of WM load on the NDE. However,
while, the comparison to a standard task and a simultaneous presentation task both elicit NDEs of roughly the
same magnitude, using these two tasks interchangeably may not be a good practice. Research by Maloney et
al. (2010) demonstrates that these two tasks vary in terms of their split-half reliability and, more surprisingly,
that a person’s NDE on one of these tasks is not predictive of the size of their NDE that arises in the other task,
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suggesting that these two tasks may be tapping into different representations or processes. Thus, the fact that
Herrera et al. (2008) found no effect of WM on the comparison to a standard task does not mean that we
should assume no effect of WM on the simultaneous presentation task. Against this background we set out to
further investigate the role of verbal WM in numerical comparison using both the simultaneous comparison task
and the comparison to a standard task.

Experiment 1

The aim of Experiment 1 was to examine the relation between WM and the NDE in two of the most popular
tasks used to measure the NDE (i.e., simultaneous comparison and comparison to a standard). The motivation
to use both simultaneous comparison and comparison to a standard, rather than the more typical approach of
using only one, is based on research demonstrating that the NDEs in these tasks may not be measuring the
same underlying process. Specifically, Maloney et al. (2010) demonstrated no correlation between the NDE
across the simultaneous comparison and comparison to a standard tasks.

Thus, in Experiment 1, participants completed both the comparison to a standard task and the simultaneous
presentation task with Arabic digit stimuli under two blocked WM load conditions (zero load and high load). The
WM manipulation was verbal in nature and consisted of either 6 filler stimuli (in the zero load condition) or 6
letters (in the high load condition). We elected to use a verbal WM load as it is thought to be an integral compo-
nent in at least one other basic numerical process (counting; Healy & Nairne, 1985; Nairne & Healy, 1983). We
thus felt that the use of a verbal WM load would increase the probability of detecting a WM by NDE interaction
if one does, in fact, exist. In the simultaneous presentation task, participants saw two simultaneously presented
Arabic digits and identified the larger of the two. In the comparison to a standard task, participants were presen-
ted with one Arabic digit and identified whether the presented digit was larger than or smaller than the num-
ber 5.

Method

Participants

Fifty-three undergraduate students from a Canadian university participated and were granted experimental
credit towards a course. Four participants failed to complete both tasks leaving forty-nine participants.

Apparatus, Stimuli and Procedure

The data were collected on a Pentium 4 PC computer running E-Prime 1.1 (Schneider, Eschman, & Zuccolotto,
2001). Stimuli were displayed on a 19” monitor. All stimuli were presented in 18 point Times New Roman font.
Participants completed both tasks and tasks were presented in a counterbalanced order.

In the simultaneous comparison task, each trial began with a fixation point that remained on the screen for 500
ms. In the “zero” WM load condition, a display containing 6 hash marks (######) was presented for 3 seconds.
In the “high” WM load condition a display containing 6 letters was presented for 3 seconds. Letters were chos-
en from the set of F, H, J, K, L, N, P, Q, R, S, T, Y as used in Unsworth, Redick, Heitz, Broadway, and Engle
(2009). Participants were told that they could ignore the hash marks but would need to remember the letters
and report them at the end of the trial. After 3 seconds, a display containing two Arabic digits was presented.
Numbers ranged from 1-4 and from 6-9. The numerical distance between the stimuli was 1 or 4.i Participants
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were told to identify which of the two numbers was numerically larger by pressing the “A” key if the left number
was larger, and the “L” key if the right number was larger. Following their judgment, participants were prompted
to type in the letters presented at the beginning of the trial. There were two blocks each with 160 trials. The two
WM blocks were counterbalanced across participants.

In the comparison to a standard task each trial began with a fixation point that remained on the screen for 500
ms. Participants were given the same working memory loads as in the simultaneous comparison task. After a
3-second display of the to-be-remembered letters, a display containing one Arabic digit was presented. Num-
bers were 1, 4, 6, or 9. Thus, the numerical distance between the stimuli and 5 was 1 or 4. Participants were
told to identify whether the number was lower than 5 or higher than 5 by pressing the “A” key if the number was
lower and the “L” key if the number was higher. Following their judgment, participants were prompted to type in
the letters presented at the beginning of the trial. There were two blocks each with 160 trials. Stimuli composi-
tion was identical for both blocks (but appeared in a randomized order).

Results

Two participants were removed because their accuracy was below 20% on the WM task, meaning that they did
not have enough trials to calculate a reliable score in those cells. This left us with 47 participants. RTs and er-
rors were analyzed across participants with Task, Numerical Distance, and WM load as within-subject factors.
Trials on which participants responded incorrectly to the WM load (12.0%) and trials on which there was an
incorrect response in the number comparison task (3.5%) were removed prior to RT analysis. Remaining RTs
were submitted to an outlier removal procedure using a 2.5 standard deviation cutoff in each cell resulting in the
removal of an additional 3.8% of the data. Table 1 depicts the mean RT and errors as a function of Task, Nu-
merical Distance, and WM load, and Figure 1 displays the Task, WM by Numerical Distance interaction in terms
of the NDE.

Table 1

Response Times (in ms) as a Function of Working Memory Load and Numerical Distance (Percent Errors in Brackets) for Both Tasks in
Experiment 1

WM Load

Comparison to a Standard Simultaneous Comparison

Distance 1 Distance 4 Distance 1 Distance 4

Low Load 631 (4.1) 572 (2.9) 617 (2.1) 567 (3.6)
High Load 899 (4.0) 819 (2.1) 790 (3.5) 775 (5.0)

A 2 (Task: comparison to a standard vs. simultaneous comparison) x 2 (WM load: zero vs. high) x 2 (Numerical
Distance: 1 vs. 4) ANOVA conducted on the RT data yielded no main effect of Task, F(1, 46) = 2.8, MSE =
60180.3, p = .10, ηp

2 = .06. There was a main effect of WM load, F(1, 46) = 81.4, MSE = 57874.4, p < .001,
ηp

2 = .64, such that responses were slower under a high WM load, and a main effect of Numerical Distance, F(1,
46) = 113.6, MSE = 2150.0, p < .001, ηp

2 = .71, such that responses were faster for distances of 4 than for dis-
tances of 1. The Task x Load interaction was marginal, F(1, 46) = 4.03, MSE = 26442.7, p = .05, ηp

2 = .08,
whereby the effect of load was larger in the comparison to a standard task than the simultaneous comparison
task. There was also a Task x Numerical Distance interaction, F(1, 46) = 9.9, MSE = 3289.4, p = .003, ηp

2 = .18,
such that the NDE was larger in the comparison to a standard task than the simultaneous comparison task.
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There were no other significant two-way interactions. Importantly, there was also a Task x WM load x Numerical
Distance interaction, F(1, 46) = 11.1, MSE = 1734.1, p = .002, ηp

2 = .19. The three-way interaction was the prod-
uct of two WM load x Distance interactions that took opposite forms as a function of Task. Specifically, for the
comparison to a standard task, the size of the NDE increased from the zero load (59 ms) to the high load (80
ms), whereas for the simultaneous comparison task, the size of the NDE decreased from the zero load (50 ms)
to the high load (14 ms).

Figure 1. The numerical distance effect under zero and high working memory loads in Experiment 1 calculated as RTs at
distance 1 minus RTs at distance 4. Error bars represent +/- 1 standard error of the mean.

A parallel analysis on the error data yielded a main effect of Numerical Distance, F(1, 46) = 18.1, MSE = 7.3, p
< .001, ηp

2 = .28, whereby participants were more accurate in the Distance 4 condition. The interaction between
Load and Distance was significant, F(1, 46) = 4.9, MSE = 7.4, p = .03, ηp

2 = .10. The pattern of means that make
up these interactions qualitatively mirrored those in RT. There were no other significant main effects or interac-
tions.

Discussion

In Experiment 1, we assessed the role of verbal WM in numerical comparison by examining the conjoint effects
of verbal WM load and numerical distance in the context of two classic numerical comparison tasks – the com-
parison to a standard and simultaneous numerical comparison tasks. Critically, the influence of verbal WM load
was qualitatively different across these two variants. Specifically, in the simultaneous comparison task we found
an interaction between verbal WM load and the NDE whereby the size of the NDE was smaller under a high
verbal WM load than under no verbal WM load. Conversely, in the comparison to a standard task the NDE was
larger under a high verbal WM load than under no verbal WM load. This dissociation provides further evidence
that the two tasks used most often in the field of numerical cognition in studies of the NDE may be indexing
different underlying processes (i.e., they are differentially affected by verbal WM load). While Maloney et al.
(2010) suggested that this may be the case (due to the lack of a correlation between the NDEs produced in
each task), there has yet to be any strong experimental evidence to substantiate this claim before now. Further-
more, this task-driven dissociation is not currently predicted by any theory of numerical comparison. In a similar
vein, another important result from Experiment 1 was the elimination of the NDE in the high load condition of
the simultaneous comparison task. The elimination of the NDE is particularly interesting in the context of claims
that the NDE is impervious to elimination (Dehaene, 2011). Indeed, the lack of an NDE while individuals com-
pare two numbers is difficult to reconcile with the notion that the NDE results from how numbers are represen-
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ted (information that presumably has to be accessed to complete the comparison). However, the elimination of
the NDE under verbal WM load is consistent with the account put forth by van Dijck and Fias (2011) who claim
that the mental number line is constructed in WM. The fact that a verbal WM load dissociates the NDEs that
arise in these two comparison tasks, however, is not predicted by any model of the NDE.

The increase in the NDE as a function of increased verbal WM load in the comparison to a standard task is
inconsistent with the findings of Herrera et al. (2008) who reported that the NDE in the comparison to a stand-
ard task was unaffected by increased WM loads. It is likely that the WM manipulation in the Herrera et al.
(2008) experiment did not tax participant’s WM capacity to the same degree as that used here and as such
they did not detect the interaction. One could argue that one way to account for the overadditive interaction be-
tween verbal WM and the NDE is to do so by recourse to a scaling argument. While there are cases whereby
the size of an effect of interest does increase as overall RTs increase (as they do in the high verbal WM load
condition here), this argument is rather weak for the current data as evidenced by the underadditive interaction
in the simultaneous presentation task (i.e., slower RTs and a smaller NDE).

Experiment 1 has yielded a complex pattern of results relating WM load to the NDE in two different numerical
comparison tasks. Specifically, increasing verbal WM load decreases the size of the NDE in the simultaneous
presentation task, but increases the size of the NDE in the comparison to a standard task. The entire pattern of
results is not predicted by any existing account of numerical comparison and demonstrates that the contribution
of WM to numerical comparison is not in any way straightforward (at least provided current assumptions in the
numerical cognition literature). This complex pattern thus provides a unique opportunity for novel insights into
numerical comparison in general and the NDE in particular. In Experiment 2 we begin the attempt to decom-
pose this complex pattern of results.

Experiment 2

Numerical comparison tasks consist of two independent components: the “numerical” aspect (i.e., the stimuli)
and the “comparison” aspect. In Experiment 2 we set out to test the hypothesis that the dissociation between
simultaneous presentation and comparison to a standard arises because of differences in the structure of the
two comparison tasks, rather than to the numerical aspects of the task per se. Specifically, we wanted to know
if the difference arises because of a differential contribution of verbal WM to comparing a stimulus to a standard
and comparing two simultaneously presented stimuli. Thus we kept the task instructions the same but changed
the to-be-compared stimuli. Specifically, rather than compare Arabic digits, participants compared squares
which varied in physical size. Comparing the size of shapes has been shown to elicit a distance effect
(Fulbright, Manson, Skudlarski, Lacadie, & Gore, 2003) and some researchers have even argued that the dis-
tance effect observed when comparing numbers is due to the same mechanism as the distance effect observed
when comparing the physical size of objects (see Cohen Kadosh, Lammertyn, & Izard, 2008; Walsh, 2003).
Through the use of these stimuli, we are able to directly assess whether the numerical components of the task
are at all responsible for the pattern of the results. If it is only the nature of the tasks themselves (and not the
stimuli), then one would predict that a similar pattern of results would emerge to that observed in Experiment 1.

Thus, in Experiment 2, participants performed both comparison tasks under zero and high verbal WM loads us-
ing single squares that varied in physical size. In the comparison to a standard task, participants were first
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shown a “standard” square which was smaller than half of the stimuli and larger than half of the stimuli. Partici-
pants identified whether each subsequently presented square was smaller than or larger than the standard. In
the simultaneous square comparison task, participants saw two simultaneously presented squares and identi-
fied the larger of the two squares. The same verbal WM load conditions that were used in Experiment 1 were
used here. If the dissociation observed in Experiment 1 arises because of the nature of the comparison task,
then we should observe a similar dissociation between the two comparison tasks as a function of verbal WM
load.

Method

Participants

Sixty undergraduate students from a Canadian university participated and were granted experimental credit to-
wards a course. Seven participants were excluded because they failed to complete both tasks; 6 participants
were removed because their accuracy was below 20% on the WM task. Finally, 4 participants were removed for
having too low accuracy on the comparison tasks. These participants each had accuracies below chance in
one cell of either comparison task. This left us with 43 participants. Excluding these participants did not change
the overall pattern of the results.

Stimuli, Apparatus, and Procedure

The apparatus and program used were identical to that of Experiment 1 with minor exceptions. Rather than
comparing Arabic digits, participants compared the physical size of squares. In one task participants judged
whether a presented square was larger than a pre-determined standard, and in the other task judged which of
two simultaneously presented squares were larger. In the comparison to a standard task the standard square
was presented for 1000 ms before each WM load display to remind participants of its size. Participants comple-
ted both tasks and tasks were presented in a counterbalanced order.

The size of the squares used here was parametrically varied so as to create differences that paralleled the dif-
ferences in the numeric tasks. There were 9 squares in total, the area of each ranged from 1 cm2 to 9 cm2 with
a square mapping onto each of the intervening integers within that range (2 cm2 to 8 cm2). This set of squares
was then used to create stimulus sets with physical differences in area of 1 (e.g., 3 cm2 to 4 cm2) and 4 (e.g., 5
cm2 to 9 cm2). Within the comparison to a standard task, a 5 cm2 square was used as the standard, and the
presented stimuli were either 1 cm2, 4 cm2, 6 cm2, or 9 cm2 and in the 2-item comparison task the full set was
used. In both tasks there were two blocks each with 160 trials. Trial composition was identical for both blocks
(but was presented in a randomized order).

Results

RTs and errors were analyzed across participants, with Physical Distance, WM load, and Task variant as within-
subject factors. Trials on which participants responded incorrectly to the WM load (10.6% in the comparison to
a standard task and 9.7% in the simultaneous presentation) or made an incorrect response (9.4% and 1.8%,
respectively) were removed prior to RT data analysis. Remaining RTs were submitted to a 2.5 standard devia-
tion outlier removal procedure resulting in the removal of an additional 3.0% and 2.9% of trials, respectively.
Table 2 depicts mean RTs and error rates for each distance under each WM load for each task variant. Figure 2
depicts the DE under each WM load for each task variant.
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Table 2

Response Times as a Function of Working Memory Load and Distance (Percent Errors in Brackets) for Both Tasks in Experiment 2

WM Load

Comparison to a Standard Simultaneous Comparison

Distance 1 Distance 4 Distance 1 Distance 4

Low Load 1227 (13.5) 784 (4.5) 1024 (1.4) 739 (0.6)
High Load 1363 (16.7) 1044 (4.2) 1145 (2.5) 906 (2.8)

Figure 2. The distance effects under zero and high working memory loads for each task in Experiment 2. Error bars
represent +/- 1 standard error of the mean.

A 2 (Task: comparison to a standard vs. 2-item comparison) x 2 (WM load: zero vs. high) x 2 (Physical Dis-
tance: 1 vs. 4) ANOVA conducted on the RT data yielded a main effect of Task, F(1, 42) = 15.8, MSE =
123980.2, p < .001, ηp

2 = .27, a main effect of WM load, F(1, 42) = 24.9, MSE = 100947.8, p < 0.001, ηp
2 = .37,

and a main effect of Distance, F(1, 42) = 164.8, MSE = 53970.1, p < .001, ηp
2 = .78. There was a significant WM

load x Distance interaction, F(1, 42) = 4.2, MSE = 37581.7, p = .047, ηp
2 = .09, whereby as WM load increased

the NDE decreased. There was also a significant Task x Distance interaction, F(1, 42) = 8.3, MSE = 36535.2, p
< .01, ηp

2 = .16, such that the size of the NDE was larger in the comparison to a standard task than in the 2-item
comparison task. Most critically, the three-way interaction that was observed in Experiment 1 was not found
here, F(1, 42) = 1.0, MSE = 32100.5, p = .32, ηp

2 = .02.ii

A parallel analysis on the error data yielded a main effect of Task, F(1, 42) = 24.1, MSE = 221.1, p > .01,
ηp

2 = .37, a main effect of WM load, F(1, 42) = 5.7, MSE = 37.8, p = .02, ηp
2 = .12, a main effect of Numerical

Distance, F(1, 42) = 41.8, MSE = 62.9, p < .01, ηp
2 = .50, and a Task x Numerical Distance interaction, F(1,

42) = 50.0, MSE = 57.6, p < .01, ηp
2 = .49, such that the size of the NDE was larger in the comparison to a

standard task than in the 2-item comparison task. There was no Task x WM load x Numerical Distance Interac-
tion, F(1, 42) = 2.2, MSE = 47.8, p = .14, ηp

2 = .05.

Discussion

In Experiment 2 we assessed whether the dissociation that was observed in Experiment 1 was driven by an
inherent difference between the two comparison tasks by removing the numerical components of the tasks. The
results of Experiment 2 are inconsistent with this idea. When squares were used as stimuli, the size of the dis-
tance effect decreased as a function of increased WM capacity in both of versions of the comparison tasks. If
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the act of comparing one item to a standard or comparing two simultaneously presented items made differential
demands on WM, then we should have observed a similar pattern as that observed in Experiment 1. Specifical-
ly, we should have observed an increase in the distance effect in the comparison to a standard task and a de-
crease in the distance effect in the 2-item comparison task as a function of increased verbal WM load. This was
not the case. Thus, it appears that the dissociation observed in Experiment 1 derives from an interaction be-
tween the particular comparison task and the to-be-compared stimuli (i.e., Arabic digits).

Experiment 3

While Experiment 2 indicated that the structure of the two tasks cannot account for the differential effect of ver-
bal WM load, Experiment 3 served to test another hypothesis. Specifically, Experiment 3 served to test whether
differences in the to-be-compared stimuli could account for the interaction that was seen in Experiment 1. In the
comparison to a standard task that was used in Experiment 1, the digits 1, 4, 6, and 9 were compared to 5 (as
a standard held in memory). Thus, pairs with numerical distance 1 and 4 were used. In the simultaneous com-
parison task from Experiment 1, the number pairs were generated from the numbers 1-4 and 6-9, and only
those among them and with distances 1 and 4 were included in the stimulus set. It follows that the specific pairs
used were different in the two tasks. In Experiment 3 we tested the hypothesis that the differential effect of ver-
bal WM load on the distance effects that arise in the comparison to a standard task and the simultaneous pre-
sentation task arises due to the difference in stimuli between the two tasks. To test this hypothesis, we conduc-
ted a version of the simultaneous comparison task in which we paired the numbers 1, 4, 6, and 9 with the num-
ber 5. That is, the number 5 was present on every trial, making the number pairings identical to those used in
the comparison to a standard task. Importantly, if the specific stimulus set that was used in the comparison to a
standard task from Experiment 1 was the reason for the overadditive interaction with verbal WM load, then we
should also expect to see an increased NDE in the simultaneous comparison task with these stimuli. However,
if it was not the specific number pairings but rather something about the nature of comparing two simultaneous-
ly presented Arabic digits, then we should expect a decrease in the NDE as a function of increased verbal WM
load despite these specific number pairings.

Method

Participants

Forty-five undergraduate students from a Canadian university participated and were granted experimental cred-
it towards a course. One participant was removed for failing to complete the task.

Stimuli, Apparatus, and Procedure

The apparatus and program used were identical to the simultaneous comparison task that was used in Experi-
ment 1. However, unlike in Experiment 1, here the number pairs were composed of the numbers 1, 4, 6, and 9
paired with the number 5. That is, the number 5 was present on every trial. On half of the trials the number 5
appeared to the left of the fixation and on half it appeared to the right.
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Results

RTs and errors were analyzed across participants, with Numerical Distance and WM load as within-subject fac-
tors. Trials on which participants responded incorrectly to the WM load (13.4%) or made an incorrect response
(3.8%) were removed prior to RT data analysis. Remaining RTs were submitted to a 2.5 standard deviation out-
lier removal procedure resulting in the removal of an additional 3.0% of trials. An additional 2 participants were
removed for having NDEs that were greater than 2.5 standard deviations from the mean. Table 3 depicts mean
RTs and error rates for each distance under each WM load. Figure 3 depicts the NDE under each WM load.

Table 3

Response Times as a Function of Working Memory Load and Distance (Percent Errors in Brackets) in Experiment 3

WM Load Distance 1 Distance 4

Low Load 683 (3.0) 634 (2.2)
High Load 903 (3.6) 891 (3.4)

Figure 3. The numerical distance effect under zero and high working memory loads in Experiment 3 calculated as RTs at
distance 1 minus RTs at distance 4. Error bars represent +/- 1 standard error of the mean.

A 2 (WM load: zero vs. high) x 2 (Numerical Distance: 1 vs. 4) ANOVA conducted on the RT data yielded a
main effect of WM load, F(1, 41) = 49.71, MSE = 47835, p < .001, ηp

2 = .548, such that response times were
quicker in the zero WM load condition (659 ms) than in the high WM load condition (897 ms). There was also a
main effect of Numerical Distance, F(1, 41) = 13.1, MSE = 2983, p < .001, ηp

2 = .242, such that response times
were slower at a Numerical Distance of 1 (793 ms) than at a Numerical Distance of 4 (762 ms). Importantly,
there was also a WM load x Numerical Distance interaction, F(1, 41) = 4.62, MSE = 3116, p = .038, ηp

2 = .101.
The form of this interaction was such that the effect of Numerical Distance was larger in the zero WM load (49
ms) than in the high WM load (12 ms). In fact, a one-sample T Test conducted on the RT data in the high load
condition yielded no effect of Numerical Distance, t < 1, while there was a significant effect of numerical dis-
tance in the zero load condition, t(41) = 6.1, p < .001. Parallel analyses on the error data yielded no main ef-
fects and no significant WM load x Numerical Distance interaction.
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Discussion

Experiment 3 served to test the account that the dissociation that was observed in Experiment 1 resulted from
the exact number pairings that were used. Specifically, in Experiment 1, because there were a greater number
of possible number pairs in the simultaneous comparison task than in the comparison to a standard task, it is
possible that the stimuli themselves could have caused the observed pattern. Thus, in Experiment 3 we ran the
simultaneous comparison task using the same number pairings that were used in the comparison to a standard
task in Experiment 1. If it was the specific stimuli that were used that was causing the overadditivity in the com-
parison to a standard task (relative to the underadditivity that is observed in the simultaneous comparison task)
then we would expect to see overadditivity in Experiment 3. We did not. Rather, the pattern that was observed
in the simultaneous comparison variant used in Experiment 3 replicated that observed for the same variant of
the task in Experiment 1. As such, we can conclude that the differential effect of verbal WM load on these two
task variants is not dependent upon the specific number pairing used (at least within the 1-9 range of numbers).

Experiment 4

The results from Experiment 2 supported the idea that the structure of the two tasks cannot, in and of itself,
account for the differential effect of verbal WM load on the NDE produced under the simultaneous comparison
and the comparison to a standard tasks. However, in the comparison to a standard condition in Experiment 2,
the standard square, to which all other squares were to be compared, was presented at the beginning of each
trial and was thus not required to be maintained in WM. This was done because pilot testing indicated that par-
ticipants were unable to hold the exact size of the square in WM. In contrast, in the parallel task in Experiment
1, participants were told at the beginning of the task that they were to compare each subsequently presented
number to the number 5 and were not reminded of the standard (5) on each trial. To address this confound, in
Experiment 4, participants again were told to decide whether the numbers presented were higher than or lower
than the number 5. Importantly, the number 5 was presented at the beginning of every trial to exactly parallel
what was done in Experiment 2. If the presentation of the standard stimuli on each trial is what caused the NDE
to decrease under increased verbal WM load in Experiment 2, then in Experiment 4, we should also expect the
NDE to decrease under increased verbal WM load. However, if this confound between Experiments 1 and 2
cannot explain the underadditivity in Experiment 2, then we should not expect underadditivity of the NDE here
in Experiment 4.

Method

Participants

Seventy-eight undergraduate students from a Canadian university participated and were granted experimental
credit towards a course. One participant was removed as they answered fewer than 20% of the WM trials cor-
rectly.

Stimuli, Apparatus, and Procedure

The apparatus and program used were identical to the comparison to a standard task that was used in Experi-
ment 1 with the exception that, unlike in Experiment 1, here the number 5 was presented at the beginning of
each trial for 1000ms to parallel the design of Experiment 2.
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Results

RTs and errors were analyzed across participants, with Numerical Distance and WM load as within-subject fac-
tors. Trials on which participants responded incorrectly to the WM load (11.8%) or made an incorrect response
(0.7%) were removed prior to RT data analysis. Remaining RTs were submitted to a 2.5 standard deviation out-
lier removal procedure resulting in the removal of an additional 2.9% of trials. Table 4 depicts mean RTs and
error rates for each distance under each WM load. Figure 4 depicts the NDE under each WM load.

Table 4

Response Times as a Function of Working Memory Load and Distance (Percent Errors in Brackets) in Experiment 4

WM Load

Distance

1 2 3 4

Low Load 742 (1.4) 724 (0.9) 697 (0.8) 695 (0.9)
High Load 935 (0.7) 938 (0.4) 899 (0.3) 895 (0.3)

Figure 4. The numerical distance effect under zero and high working memory loads in Experiment 4 calculated as RTs at
distance 1 minus RTs at distance 4. Error bars represent +/- 1 standard error of the mean.

A 2 (WM load: zero vs. high) x 2 (Numerical Distance: 1 through 4) ANOVA conducted on the RT data yielded a
main effect of WM load, F(1, 76) = 101.4, MSE = 62102.4, p <.001, ηp

2 = .572, such that response times were
quicker in the zero WM load condition (714 ms) than in the high WM load condition (917 ms). There was also a
main effect of Numerical Distance, F(3, 228) = 16.1, MSE = 4668, p = .001, ηp

2 = .175, such that response times
increased as numerical distance decreased. Importantly, there was no WM load x Numerical Distance interac-
tion, F(3, 228) = 0.79, MSE = 3427, p > .05, ηp

2 = .010. Parallel analyses on the error data yielded a main effect
of WM load, F(1, 76) = 7.24, MSE = 15.4, p = .009, ηp

2 = .087, such that more errors were made in the zero load
condition (1.0%) than under the high load condition (0.6%). There were no other main effects and no significant
WM load x Numerical Distance interaction.

Discussion

Experiment 4 served to test whether the decrease in the DE under increased WM load that was observed in
Experiment 2 could be explained by the fact that, in Experiment 2, the standard was presented on each trial.
Here, when the standard (5) was presented on each trial, the NDE did not decrease under increased WM load.
Therefore, we can conclude that the difference in the patterns observed on the comparison to a standard task
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in Experiments 1 and 2 (i.e., an overadditive interaction with numerical stimuli and an underadditive interaction
with squares) cannot be explained by the presentation of the standard stimulus at the beginning of each trial in
Experiment 2 but not in Experiment 1. In Experiment 4, when the standard (5) was presented on each trial, the
NDE neither increased nor decreased under increased verbal WM load. This pattern is further unpacked in the
General Discussion.

General Discussion

The present investigation of the involvement of verbal WM in numerical comparison has yielded a number of
important insights. The results from four experiments converge strongly on the notion that verbal WM is in-
volved in symbolic numerical comparison, one of the most basic numerical abilities (McCloskey, 1992). In addi-
tion, the effect of verbal WM load on numerical comparison is dependent upon the nature of the specific com-
parison task used. In simultaneous presentation, the NDE decreases in magnitude with increases in WM load
and in comparison to a standard, the NDE increases with increases in WM load. Critically, this dissociation only
held when the comparison tasks involved numbers. When comparing physical size (using squares of different
sizes as stimuli) the size of the distance effect decreased with increases in WM load in both the comparison to
a standard and simultaneous comparison tasks. Clearly, this pattern is complex; however, we think it provides a
unique opportunity for novel insights into numerical comparison in general and the NDE in particular. We ex-
plore some of these insights below.

The Elimination of the NDE in Simultaneous Presentation

The interaction between the NDE and WM load provides important new challenges for theories of the distance
effect, specifically, and numerical representation in general. Here we have demonstrated in two experiments
that in the simultaneous presentation task, an increased WM load leads to the elimination of the NDE. There
are at least two theoretically distinct ways that one could explain the elimination of the NDE under a high verbal
WM load. The first is a disruption account, which explains the elimination by recourse to the idea that the mech-
anism that gives rise to the NDE is in some fashion disrupted under a verbal WM load and thus there is no NDE
produced (for a similar argument with the SNARC effect see Herrera et al., 2008; van Dijck, Gevers, & Fias,
2009). For example, if access to a noisy representation on a mental number line that is held in long term mem-
ory produces the NDE (i.e., the representational overlap account; e.g., Cohen Kadosh et al., 2005; Kaufmann &
Nuerk, 2005; Piazza, Izard, Pinel, Le Bihan, & Dehaene, 2004; Turconi, Campbell, & Seron, 2006), then the
present results suggest that maintaining a verbal WM load interferes with access to that representation. In other
words, the verbal WM load could be preventing either the mapping of the input (Arabic digit) to a representation
or the access of said representation from unfolding in the normal manner. Accordingly, the account by van Dijck
and Fias (2011) would suggest that the increased verbal WM load prevents participants from actually construct-
ing a mental number line in WM and, as such, no NDE arises under high verbal WM load.

The second account of the elimination of the NDE under high verbal WM load in the simultaneous comparison
task is that the NDE is absorbed into slack created by the need to maintain the verbal WM load (Besner &
Risko, 2005; Pashler, 1994; Risko & Besner, 2008). In this account, the mechanism that gives rise to the NDE
can operate in parallel to the mechanism responsible for the maintenance of the verbal WM load and, in the
delay caused by the latter, the interference can be resolved. Critically, this account requires that the mechanism
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that gives rise to the NDE is one that is capable of reducing with the passage of time (Pashler, 1994). With
respect to both the overlapping representations account and Verguts et al.’s (2005) account of numerical com-
parison, amendments would have to be made that would allow the amelioration of the NDE over short periods
of time (e.g., a second). In addition, positing that the elimination of the NDE is due to absorption is actually akin
to positing that verbal WM is not involved in numerical comparison in the context of a simultaneous presenta-
tion.

One strategy for distinguishing between the disruption and absorption accounts of the elimination of the NDE in
the simultaneous presentation condition is to use the time-course of the NDE. According to an absorption ac-
count, the NDE should decrease in magnitude as overall RT increases (for the basis of this logic see work on
the Simon effect; De Jong et al., 1994; Risko & Besner, 2008; Rubichi et al., 1997). Thus, in the present data,
we can look at the time course of the NDE and assess whether it decreases as RTs increase (as predicted by
the absorption account). Evidence for this pattern should be present in both the low and high WM load condi-
tions. Alternatively, according to the disruption account outlined above, the NDE should be absent throughout
the response time distribution in the high WM load condition (i.e., disruption of access to the representations
that give rise to the NDE should be independent of response speed). To look at this, we examined the simulta-
neous presentation data from Experiment 1 and split the RT data into quartiles (by subject and condition; see
Figure 5). A repeated-measures ANOVA was conducted on data from each WM load condition.

Figure 5. The numerical distance effects under zero and high working memory loads as a function of overall RTs divided
into quartiles.

Results of this analysis indicate that in the zero WM load condition there was a main effect of Distance, F(1, 46)
= 11.8, MSE = 36220, p = .001, ηp

2 = .21, and a Distance x Quartile interaction, F(3, 138) = 4.9, MSE = 30929, p
< .05, ηp

2 = .10, such that the effect of Distance increased as RTs increased. Conversely, in the high WM load
condition there was no main effect of Distance, F(1, 46) = 1.9, MSE = 13563, p > .05, ηp

2 = .04, and there was
no Distance x Quartile interaction, F(3, 138) = 1.8, MSE = 7083, p > .05, ηp

2 = .04. These data suggest that the
NDE is not being absorbed into the cognitive slack created by the increased WM load. Alternatively, according
to the disruption account outlined above, the NDE should be absent throughout the response time distribution
in the high WM load condition (i.e., disruption of access to the representations that give rise to the NDE should
be independent of response speed). While clarifying the explanation of the elimination of the NDE in the simul-
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taneous presentation condition, the aforementioned analysis leaves open the reason for the dissociation be-
tween the two different comparison tasks.

One interesting issue that arises when considering the idea that a high verbal WM load disrupts the processes
that produce the NDE is that participants could still accurately compare the two numbers despite this disruption.
Specifically, existing accounts of numerical comparison do not offer a mechanism by which numerical compari-
son can occur without producing an NDE. Thus, if one accepts a disruption account as the explanation for the
WM-induced reduction in the NDE, then a complete theory of numerical comparison would require the exis-
tence of a separate type of representation or mode of access that could support numerical comparison but not
produce a distance effect. This is because participants in the present study are able to perform the numerical
comparison task under high verbal load without demonstrating an NDE. One potential explanation could be
based on the fact that in Experiments 1, 3, and 4 we used single digits 1-9. Perhaps in addition to storing nu-
merical information on a mental number line we also have a mental store of basic “number facts” for numbers 1
through 9, such as “9 is larger than 5”. Akin to performing basic addition (e.g., 2+2=4) through direct retrieval,
accessing these facts would presumably be independent of WM. In addition, these “number facts” need not
have stored with them magnitude information per se, but rather semantic knowledge that “9 is larger than 5”,
thus, when comparison is completed via recourse to these “number facts” an NDE would not arise.

NDEs in Two Classic Tasks Dissociated

Unlike the NDE in the simultaneous presentation task, the NDE in the comparison to a standard task increases
with increased WM load. The dissociation reported here is particularly surprising given that the literature as-
sumes that these two tasks are tapping the same underlying mechanisms (e.g. Van Opstal et al., 2008). This
notion is nonetheless consistent with Maloney et al.’s (2010) observation that the NDEs that arise in the simul-
taneous presentation and the comparison to a standard task do not correlate with one another. Experiment 2
demonstrates that this pattern is not purely a result of the structure of tasks. Specifically, a version of the simul-
taneous presentation and comparison to a standard that used non-numerical stimuli did not show different pat-
terns as a function of increases in WM load. Experiment 3 suggests that the same pattern emerges when the
numerical stimuli used is exactly the same across tasks.

An alternative conceptualization of the dissociation between simultaneous presentation and comparison to a
standard with numeric stimuli is that the tasks encourage different comparison strategies. For example, Todkill
and Humphreys (1994), outside of the numerical comparison context, suggested that participants could adopt
either a long-term comparison or short-term comparison strategy in successive comparison tasks. The critical
difference between these strategies concerns where the “comparator” is stored – long-term memory or short-
term memory. In the simultaneous presentation condition, where both to-be-compared digits are presented on
the screen at the same time, it seems safe to assume that the digits are compared in short-term memory. In a
similar vein, the non-numerical simultaneous presentation task used in Experiment 2 would also seem to en-
courage a short-term comparison strategy. However, the instructions for the comparison to a standard task
would seem to encourage a more long-term comparison strategy wherein on each trial participants retrieve the
comparison digit (5) from long-term memory in order to carry out the comparison. Interestingly, this seems less
true of the comparison to a standard with non-numerical stimuli used in Experiment 2. In that task, the standard
was presented on each trial (this was not the case in the numeric version used in Experiment 1). Indeed, pilot
testing suggested that it would be difficult to perform the non-numeric comparison to a standard task without
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providing such support (note that performing the same task with a meaningful digit as the standard stored in
memory is relatively easy). Thus, both simultaneous presentation tasks and the non-numeric comparison to a
standard could all be viewed as encouraging a short-term comparison strategy whereas the numeric compari-
son to a standard could be viewed as encouraging a long-term comparison strategy. Critically, this pattern maps
qualitatively onto the pattern of the WM by distance effect interactions across tasks. Namely, the three tasks
that are putatively relying on a short-term comparison strategy all show WM by distance effect interactions
where the distance effect decreases with increasing WM load, whereas the one task that putatively relies on a
long-term comparison strategy shows a WM by NDE interaction where the distance effect increases with in-
creasing WM load.

In Experiment 4, participants completed a comparison to a standard task, however, the standard (5) was pre-
sented at the beginning of each trial. In this novel version of the task, the NDE did not change as a function of
the increase in verbal WM load. While this pattern may, at first, seem counterintuitive, it is, in fact, consistent
with the aforementioned theory. Specifically, by presenting the standard (5) at the beginning of every trial, par-
ticipants are able to either perform the comparison in short-term memory or to adopt a more long-term compari-
son strategy wherein on each trial they retrieve the comparison digit (5) from long-term memory and carry out
the comparison. If participants are sometimes making the comparison in short-term memory (which would yield
a decrease in the NDE under high WM load) and sometimes making the comparison on long-term memory
(which would yield an increase in the NDE under high verbal WM load), then these two effects would cancel
each other out, resulting in an additive interaction. Indeed, this is what we see in Experiment 4.

The present results suggest not only that participants may be using different comparison strategies across
tasks, but that those strategies are also differentially reliant on WM. We have already discussed the potential
mechanisms mediating the WM by distance effect interactions in the simultaneous presentation tasks. With re-
spect to the long-term comparison strategy, the distance effect may be arising, in part, during the retrieval of the
standard from long-term memory. For example, on presentation of the probe digit, it would be harder to recall 5
when the probe is near (e.g., 6) than far (e.g., 9) from that standard. The interaction with WM can be under-
stood from the standpoint of Unsworth and Engle’s (2007) dual component theory of WM. In this theory, WM is
involved in both active maintenance and controlled search from long-term memory (Unsworth et al., 2013;
Unsworth & Engle, 2007). Thus, the increased WM load could impact the efficiency with which the standard is
retrieved from long-term memory and because this is the same stage at which the NDE might arise (at least in
part), the result is an overadditive interaction between WM load and the NDE. While speculative, this account
does capture the complex pattern relating WM load to the NDE across two classic tasks, and, in so doing, pro-
vides a starting point for future investigations of this interaction.

Conclusion

We have assessed the role of verbal WM in numerical comparison by examining the effects of verbal WM load
on the NDE in two classic numerical cognition tasks. We demonstrated that verbal WM does interact with the
NDE and that the nature of the interaction is dependent upon the comparison task used. When comparing two
simultaneously presented Arabic digits, the size of the NDE decreases (and here is eliminated) as a function of
an increased verbal WM load. On the other hand, when comparing one Arabic digit to a standard, the size of
the NDE increases as a function of increased WM load. We further demonstrated that this dissociation is not
due to the task structure alone given that when both tasks are performed with squares as stimuli, the distance
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effect decreases in both tasks. Importantly, we present a novel account of how this dissociation of the NDE can
be explained if participants adopt a long-term comparison strategy on the comparison to a standard task and a
short-term comparison strategy on the simultaneous comparison task. This complex pattern has straightforward
implications: (1) WM is intimately tied up with numerical comparison, (2) the NDE in simultaneous presentation
and comparison to a standard are not equivalent, and (3) the NDE can be eliminated. These insights promise to
generate further research.

Notes

i) Due to a programming error in the zero WM load condition there were three trials on which the distance was 2 where it
should have been 4. These trials were removed from analyses.
ii) Note that we have opted to remove 6 participants because their accuracy was below 20% on the WM task and 4
participants were removed for having too low accuracy on the comparison tasks. If we did not remove those who had too
low accuracy on the comparison task (but still remove the 5/6 participants who scored below 20% on the WM task as there
were cells in which they had no analyzable data), then the pattern of results does not change. Indeed, even when including
these five additional participants, the critical three-way interaction that was observed in Experiment 1 is still not found here,
F(1, 47) = 0.3, MSE = 62581.3, p > .05, ηp

2 = .01.
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