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Abstract Many everyday activities require coordination and
monitoring of multiple deadlines. One way to handle these
temporal demands might be to represent future goals and
deadlines as a pattern of spatial relations. We examined the
hypothesis that spatial ability, in addition to executive func-
tioning, contributes to individual differences in multitasking.
In two studies, participants completed a multitasking session
in which they monitored four digital clocks running at differ-
ent rates. In Study 1, we found that individual differences in
spatial ability and executive functions were independent pre-
dictors of multiple-task performance. In Study 2, we found
that individual differences in specific spatial abilities were
selectively related to multiple-task performance, as only coor-
dinate spatial processing, but not categorical, predicted multi-
tasking, even beyond executive functioning and numeracy. In
both studies, males outperformed females in spatial ability and
multitasking and in Study 2 these sex differences generalized
to a simulation of everyday multitasking. Menstrual changes
moderated the effects on multitasking, in that sex differences
in coordinate spatial processing and multitasking were ob-
served between males and females in the luteal phase of the
menstrual cycle, but not between males and females at men-
ses. Overall, these findings suggest that multiple-task perfor-
mance reflects independent contributions of spatial ability and
executive functioning. Furthermore, our results support the
distinction of categorical versus coordinate spatial processing,
and suggest that these two basic relational processes are

selectively affected by female sex hormones and differentially
effective in transforming and handling temporal patterns as
spatial relations in the context of multitasking.

Keywords Individual differences . Multitasking . Spatial
ability . Sex differences . Coordinate processing

Multitasking implies dealing with multiple goal-directed tasks
and is required in order to successfully navigate through nu-
merous everyday activities. A core feature of multitasking is
the requirement for temporal integration and monitoring of
overlapping action sequences within limited time frames.
How people allocate limited cognitive resources to multiple
concurrent tasks is a topic of considerable theoretical and
practical interest (e.g., Burgess, Veitch, de Lacy Costello &
Shallice, 2000; Fuster, 1993; Logie, Trawley & Law, 2011;
Mäntylä, 2013; Meyer & Kieras, 1997; Navon & Gopher,
1979; Norman & Bobrow, 1975; Salvucci & Taatgen, 2008;
Todorov, Del Missier & Mäntylä, 2014; Wickens, 2002).

Multitasking is a complex construct encompassing many
different conditions with regard to time span, number of tasks
to be completed and task difficulty, among others. However, a
core aspect is represented by the ability to monitor concurrent-
ly multiple deadlines and to switch timely between tasks to
meet the different deadlines (see also Mäntylä, 2013). This
represents a fundamental aspect of multitasking, common to
diverse situations observed in different contexts. As a conse-
quence, the ability to represent and handle multiple concurrent
deadlines seems to be a critical aspect of multitasking.

We have recently suggested (Mäntylä, 2013; Mäntylä &
Todorov, 2013; Todorov et al., 2014) that multiple-task per-
formance reflects individual differences in two fundamental
aspects of cognitive functioning, namely, executive control
and spatial ability. In this framework, and consistent with
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earlier work, variability in prefrontally mediated executive
functions is considered as the primary source of individual
differences in multitasking (Logie et al., 2011; Meyer &
Kieras, 1997; Salvucci & Taatgen, 2008; Shallice & Burgess,
1991; Watson & Strayer, 2010).

We also proposed a spatiotemporal hypothesis positing that
multitasking performance reflects individual differences in spa-
tial processing. The spatiotemporal hypothesis reflects the idea
that, under high demands on temporal coordination (e.g., mul-
tiple tasks with narrow deadlines), individuals with efficient
spatial abilities should be better multitaskers than less
spatially-skilled individuals. Most goal-directed tasks, includ-
ing multiple-task performance, are temporal in that scheduling,
monitoring and task interleaving take place on a (relative or
absolute) time scale, and that coordinating multiple goals and
deadlines requires a high degree of cognitive control. We sug-
gested that one way to handle these executive control demands
is to represent the temporal pattern of deadlines and task goals
in spatial terms (e.g., Bonato, Zorzi & Umiltà, 2012; Casasanto
& Boroditsky, 2008; Dehaene & Brannon, 2011).

As a support for this line of reasoning, Mäntylä (2013; see
also Todorov et al., 2014) reported a study in which individ-
uals with varying spatial abilities completed a multitasking
session with four monitoring tasks and separate tasks of exec-
utive functioning and spatial ability. Individual differences in
executive functioning (working memory updating) and spatial
ability (mental rotation) were shown to be independent pre-
dictors of multiple-task monitoring, but only spatial ability
was related to sex differences in multitasking. Inconsistent
with popular beliefs and media claims (Fisher, 1999; Pease
& Pease, 2003), the findings of the study showed that males
exceeded females in multitasking performance. Furthermore,
menstrual fluctuation moderated these effects, in that signifi-
cant sex differences in multitasking performance (and spatial
ability) were observed between males and females in the lute-
al, but not in the menstrual, phase of the cycle. Additionally,
sex differences in multitasking performance were fully medi-
ated by spatial ability. These findings suggest that multitask-
ing involves spatiotemporal task coordination and that sex
differences in multiple-task performance reflect differences
in spatial ability.

In the present study, we examined the generality of the
spatiotemporal hypothesis by testing its predictions in two
studies. In both studies, multitasking performance was
assessed with four identical and simple component tasks, re-
quiring a high degree of coordination among the tasks. In this
counter task, participants have to monitor four digital
Bclocks^ (counters) that are identical, in that they display
forward-running digits, and instructions are to press the
spacebar whenever one of the counters shows a target reading,
which was defined by a simple rule (see also Mäntylä, 2013).
It is worth pointing out that earlier work involving a single
monitoring task of the same kind did not reveal sex differences

in response accuracy or in monitoring frequency (Mäntylä,
Carelli, & Forman, 2007; Mäntylä, Del Missier, & Nilsson,
2009; see also e.g., Ceci & Bronfenbrenner, 1985).

This task represents a well-controlled paradigm, which cap-
tures essential aspects of multitasking (i.e., simultaneously
monitoring multiple deadlines and switching timely between
tasks), while eliminating or at least attenuating several con-
founds that usually affect more realistic multitasking situations,
in which component tasks have domain-specific and task-
specific requirements, and thus possibly require a combination
of diverse skills that do not pertain to multitasking per se.

In Study 1, we examined the generality of our earlier find-
ings, which were based on selected samples of Swedish un-
dergraduates, by involving a more heterogeneous sample of
Italian participants. Given the large ongoing discussion about
replication in psychology (Pashler &Wagenmakers, 2012; see
the whole issue of the journal dedicated to replication in psy-
chological science), we aimed to replicate the study of
Mäntylä’s (2013) in a different country. We also examined
sex differences in multitasking by involving a more represen-
tative sample of female participants in that they were recruited
independent of their menstrual and hormonal status.

In Study 2, we further examined the spatiotemporal hy-
pothesis of multitasking by focusing on specific spatial pro-
cesses underlying multitasking performance. Mäntylä (2013)
used the Mental Rotations Test (MRT; Vandenberg & Kuse,
1978, Peters et al., 1995) to find that individual differences in
spatial ability are related to multiple-task performance. While
MRT is a widely used test of spatial ability, differences in
mental-rotation scores do not provide a precise identification
of the nature of spatial processes supporting multitasking. In-
deed, even if MRT can be used as a proxy to show that spatial
ability contributes to multitasking, finding a positive associa-
tion between MRT and counter performance does not tell
much about the specific spatial processes underlying individ-
ual and sex-related differences in multitasking.

With the aim of investigating this latter issue, we adopted
the view that processing of spatial relations reflects two dis-
tinct aspects, often referred to as coordinate and categorical
spatial processing (or absolute vs. relative processing; e.g.,
Kosslyn, 1987; Kosslyn et al., 1989; see also see Jager &
Postma, 2003; Laeng, Chabris & Kosslyn, 2003; for over-
views). Building on this distinction, we hypothesized that that
individual differences in spatial ability reflect selective effects
of coordinate (vs. categorical) spatial processing, and that the-
se selective effects contribute to individual and sex-related
differences in multitasking (see the introduction of Study 2
for a more detailed articulation of these arguments).

The second aim of Study 2 was to examine the external
validity of our findings. Specifically, because the primary fo-
cus of this study was on individual and sex-related differences
in the basic mechanisms of higher-order task coordination, it
was necessary to use (gender-fair) test conditions in a well-
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controlled multitasking paradigm (i.e., the counter task), in
which the role of domain-specific skills and experiences were
minimized. As these positive aspects related to task control
increase internal validity, they might actually reduce external
validity. With this in mind we also related counter-task perfor-
mance to a more realistic simulation of everyday multitasking
(see Study 2 for details). We expected the two tests of multi-
tasking to be positively correlated and to show similar sex
differences. We also expected that individual differences in
spatial ability should contribute to multitasking performance
in both tasks.

Study 1

Method

Participants The sample consisted of 102 young adults (42
males and 60 females) with the mean age of 22.57 years (SD =
3.37), ranging between 18 and 38 years of age. Sample size
was determined on the basis of our previous studies with sim-
ilar tasks (Mäntylä, 2013; Todorov et al., 2014). A large ma-
jority of the participants were University of Trieste undergrad-
uates, and the remaining participants were young adults with a
similar level of education and socio-economic status as the
student sample.

Tasks and procedure Spatial ability was assessed with the
MRT (Vandenberg&Kuse, 1978; Peters et al., 1995). On each
trial, participants are presented a target figure, placed in the
left part of the sheet, and four possible alternatives of re-
sponse, positioned on the right. The task is to identify the
two figures, among the four presented, which represent the
rotated target figure. Participants are asked to solve correctly
the greatest number of problems in the given time limit. We
used sections A and D of the MRT and participants had 3 min
to complete each section of 12 problems. A short break took
place between the two sessions. A response was scored as
correct only if both stimulus figures were correctly identified.
The final score was the sum of correct responses.

Executive functioning was assessed with a letter memory
task, which measures the ability to update working memory
contents, which together with the ability to shift between dif-
ferent mental sets and the inhibition of dominant or prepotent
responses, is considered as a core component of executive
functioning (Miyake et al., 2000). On each of the 14 trials, a
sequence of letters, varying randomly in length between 5 to
12 items, was presented at the rate of 2 s/item on the computer
screen (see also Del Missier, Mäntylä, & Bruine de Bruin,
2012). Participants were instructed to report the last three let-
ters of each sequence. Two training series were also included
to ensure that participants understood the task instructions,
and a short break was allowed after the first half of the test

sequences. The final score was the number of correctly report-
ed triplets.

Multitasking was assessed with the counter task in both
studies. In this time-based monitoring task, four digital clocks,
or counters, were occluded by colored rectangles1 on the com-
puter screen (see alsoMäntylä, 2013). Participants could mon-
itor each counter by pressing a specific key, whereupon the
corresponding counter appeared for 2 s. To prevent the four
tasks from being handled as a unitary task, the counters ran at
different rates (4.2 s, 3.7 s, 2.7 s, and 2 s per item, respective-
ly). Participants pressed spacebar whenever one of the coun-
ters displayed a target reading defined by a simple rule. Par-
ticipants were instructed to press the spacebar when the last
digit of the Green Counter (running at 4.2 s/item) was 7, when
the last two digits of the Blue Counter were a multiple of 11,
when the last two digits of the Red Counter were a multiple of
20, and when the last two digits of the Yellow Counter (run-
ning at 2 s/item), were a multiple of 25. Participants could
check the reading of each counter whenever they wanted by
pressing a designated key on the keyboard. The task took
20 min to complete and response accuracy (max = 107/
20 min) and monitoring frequency were the dependent
measures.

Participants were tested individually, during a single labo-
ratory session. Informed consent was verbally obtained before
participation, and the study was completed according to the
APA ethical guidelines. Participants first completed a socio-
demographic background questionnaire and the MRT, follow-
ed by the computerized letter-memory and counter tasks, ad-
ministered in that order.

Results and discussion

Multitasking performance was based on a combined score of
the four counter tasks (see also Mäntylä, 2013), with response
accuracy and monitoring frequency as dependent measures.
As the latter measure did not show any systematic effects (or
trade offs, see Mäntylä et al., 2009), accuracy was the primary
measure of counter task performance. A response was consid-
ered as correct if the spacebar was pressed within one digit of
the target (e.g., the digits of 19, 20, and 21 would be consid-
ered correct responses if the target was 20). Due to technical
problems, counter task data were not obtained for two partic-
ipants (N = 99 for this task).

Table 1 summarizes the correlation data for the measures of
spatial ability and executive functioning. Counter accuracy
correlated significantly with MRT, providing additional sup-
port for the hypothesis that multitasking performance is

1 To control for potential differences in the arrangement of the colored
occluders on the computer screen, we used two versions of the counter
task. As expected, the two versions showed the same pattern of results,
and thus the data were pooled.
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related to individual differences in spatial ability. The correla-
tion data also showed that letter memory scores were positive-
ly related to multitasking performance but not to MRT, possi-
bly due to the verbal nature of the updating task (cf., Salway&
Logie, 1995; Todorov et al., 2014). A regression analysis
showed that bothMRT (Beta = .26, p < .01) and letter memory
(Beta = .24, p < .01), were significant predictors of counter
accuracy.

The second main finding of Study 1 was that sex differ-
ences were observed in bothmultitasking, F(1, 99) = 18.29, η2

= .16, p < .01, and mental rotation, F(1, 102) = 14.27, η2 = .12,
p < .01. As shown in Table 2, the sex difference in favor of
males was apparent both in counter accuracy and MRT. By
contrast, and consistent with past studies, executive function-
ing, as measured by the letter-memory task, did not show sex
differences (F< 1).

The findings of Study 1 (and those of Mäntylä, 2013) sug-
gest that individuals who are good at mental rotation are also
better multitaskers than individuals with less efficient spatial
abilities. These effects were consistent and replicated in dif-
ferent settings and samples of participants. However, MRT
scores do not allow an accurate identification of the nature
of spatial processes supporting individual and sex-related dif-
ferences in multitasking performance. As MRT reflects multi-
ple spatial and non-spatial processes, it is reasonable to as-
sume that only some of these processes play a central role in
representing Btime in space^ in the context of multitasking.

Study 2

In Study 2, we tested the hypothesis that individual and sex-
related differences in multitasking reflect selective effects of
spatial processing. Specifically, we relied on the notion that
processing of spatial relations reflects two distinct aspects, often

referred to as coordinate (metric) and categorical (relative) spa-
tial processing (e.g., Huttenlocher, Hedges & Duncan, 1991;
Kosslyn, 1987; Kosslyn et al., 1989; Newcombe &
Huttenlocher, 2000). Categorical spatial relationships refer to
equivalent classes of spatial positions relative to a perceptually
distinguishable reference object (e.g., left/right, below/above,
inside/outside). By contrast, coordinate spatial relationships re-
fer to more precise spatial locations, which can be expressed in
quantitative terms of (e.g., metric distances among spatial ele-
ments). Patient studies (e.g., Laeng, 1994, 2006; Palermo,
Bureca, Matano, & Guariglia, 2008), experimental findings
(Kosslyn, 1987; Kosslyn et al., 1989) and brain imaging studies
(e.g., Baciu et al., 1999; Kosslyn, Thompson, Gitelman, &
Alpert, 1998) support the distinction between categorical and
coordinate spatial processing (for overviews see also Jager &
Postma, 2003; Laeng et al., 2003; Voyer, Postma, Brake, &
Imperato-McGinley, 2007).

Despite a general agreement on the coordinate versus cat-
egorical spatial processing distinction, sex differences in these
specific processes have not been systematically investigated,
and thus the empirical support for selective effects is non-
existent. However, several lines of evidence would be consis-
tent with such a difference. First, the distinction between cat-
egorical and coordinate processing is believed to reflect later-
alization in the organizational structure of the brain, with sev-
eral studies indicating that the left and right cerebral hemi-
spheres may play different roles in processing these two spa-
tial relations. Typically, processes supported by the left cere-
bral hemisphere showmore proficiency in processing categor-
ical spatial relations, whereas processes associated with the
right cerebral hemisphere seem more effective in tasks based
on coordinate spatial relations (see Hellige, Laeng, &
Michimata, 2010; Jager & Postma, 2003; Laeng et al., 2003,
for reviews). Considering that many cognitive sex-differences
are believed to reflect similar differences in lateralization (see
Halpern, 2012; Miller & Halpern, 2014; Vogel, Bowers &
Vogel, 2003, for overviews), with males relying more on
right-lateralized spatial processing compared to females, one
might expect sex differences to be emphasized in coordinate
spatial processing (but for evidence of sex differences in pre-
frontal lateralization see also Hugdahl, Thomsen & Ersland,
2006; Deutsch, Bourbon, Papanicolau, & Eisenberg, 1988).

These selective effects might also reflect sex differences in
the use of spatial strategies, which in turn may reflect dispar-
ities in coordinate versus categorical processing. Studies on
both animals (Suzuki, Augerinos & Black, 1980; Williams,
Barnett &Meck, 1990) and humans (Dabbs, Chang, Strong &
Milun, 1998; Saucier et al., 2002) point to differences in spa-
tial orientation. Typically, males show preference for Euclid-
ean properties of a room (i.e., more absolute coordinate pro-
cessing), whereas females exhibit a preference for landmarks
(i.e., more relative category-type of processing). Brain-
imaging studies also provide some support for this line of

Table 1 Pearson correlations for multitasking, spatial ability, and
executive functioning in Study 1

Task Counter MRT Letter memory

Counter task — .297** .303**

MRT .297** — .175

Letter memory .303** .175 —

** p < .01

MRT Mental Rotations Test

Table 2 Means and
standard deviations for
multitasking, spatial
ability, and executive
functioning in Study 1

Task Male Female

Counter task .79 (.11) .70 (.11)

MRT .35 (.12) .27 (.14)

Letter memory .77 (.20) .75 (.14)
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reasoning. Hugdahl et al. (2006) reported a functional mag-
netic resonance imaging (fMRI) study showing sex differ-
ences in cortical (parietal vs. frontal) activation, during mental
rotation and concluded that males are biased towards coordi-
nate processing and females towards categorical processing
(see also Jordan, Wüstenberg, Heinze, Peters & Jäncke,
2002; Rybash & Hoyer, 1992; Zacks, 2008).

In Study 2, all participants completed the counter task to-
gether with separate tasks of coordinate and categorical spatial
processing. To this end, we used amodified version of the clock
task (cf., Michimata, 1997; Palermo, Piccardi, Nori, Giusberti
& Guariglia, 2012). As a reference measure of spatial process-
ing, all participants also completed the MRT. To accentuate
individual differences in spatial ability, female participants were
either in the luteal phase of the menstrual cycle (during which
their spatial ability is reduced) or in the menstrual phase of the
cycle (during which sex differences in mental rotation are typ-
ically eliminated; Hausmann, Slabbekoorn, Van Goozen,
Cohen-Kettenis & Güntürkün, 2000; Mäntylä, 2013). The pri-
mary prediction of Study 2 was that individual differences in
multitasking reflect selective effects of coordinate (vs. categor-
ical) spatial processing, and that these selective effects contrib-
ute to sex-related differences in multitasking.

A secondary aim of Study 2 was to relate individual differ-
ences in counter-task performance to a more realistic and val-
idated task of multitasking. To this end, participants also com-
pleted the Simultaneous Capacity/Multitasking (SIMKAP)
work simulation (Bratfisch & Hagman, 2003). The SIMKAP
is composed of three main tasks that are performed simulta-
neously, along with a fourth task that periodically interrupts
the other three tasks. These main tasks consist of simple op-
erations such as crossing over matching numbers, doing word
puzzles or remembering future intentions, and the fourth task
resembled intentions that often occur via simulation of tech-
nology (e.g., responding to emails, looking up calendar sched-
ules or retrieving phone numbers from an address book).

SIMKAP is a widely used commercial simulation of com-
plex everyday multitasking with good measurement proper-
ties (Braun, Hüttges, Timm, Wieland & Willamowski, 2002;
Bratfish & Hagman, 2003; Bühner, König, Pick & Krumm,
2006; der Horst, Klehe & Leeuwen, 2012). Compared to the
counter task, individual differences in SIMKAP performance
presumably reflect a wider variety of skills, including different
kinds of spatial and nonspatial abilities, but the generality of
our spatiotemporal hypothesis would be corroborated if (a) the
two measures of multitasking correlated significantly, (b)
showed similar sex differences, and (c) also SIMKAP perfor-
mance was associatedwith spatial ability (in general terms due
to its inherent complexity).

In Study 2, we also collected additional measures (albeit
less relevant to the spatiotemporal hypothesis of multitask-
ing), with the secondary aims of controlling for the role of
additional potential factors (i.e., numeracy, the shifting facet

of executive control). However, in order to prevent the nega-
tive consequences of fatigue, we had to limit the duration of
the experimental session to a maximum of 2 hours. Thus it
was not feasible to test all the participants on all these addi-
tional tasks. Therefore, we administered either the numeracy
plus shifting measures or the SIMKAP task to two randomly
selected subsets of participants. This strategy ensured that we
achieved the main goal of Study 2 on the whole set of partic-
ipants, yet allowing us to pursue two secondary aims (addi-
tional control and external validation) on two distinct subsets,
while keeping the length of the testing session constant and
hopefully limiting fatigue effects.

Method

Participants A total of 122 university undergraduates (44
males) between 18 and 44 years of age (M = 25.6, SD = 5.6)
participated in the study in return for partial course credit or a
movie voucher. Sample size was determined with an a priori
power analysis based on the correlation between MRT and
counter task performance in Study 1 (estimated power .90).2

As for the subgroup sizes, we followed our previous studies
and recruited approximately 40 participants in each group
(luteal, menstrual, and male).

The female participants completed the test session while
being in either the menstrual phase (defined as 2–3 days be-
fore the predicted menstruation or during the first week of the
cycle, 39 females), or in the luteal phase (defined as 2–3 days
before ovulation or during the days of predicted ovulation, 37
females) of their menstrual cycle (see also Mäntylä, 2013).
Individuals who were under hormonal treatment, used hor-
monal contraceptives, or were pregnant were not included in
the study. Excessive computer gamers (>1.5 hours/day) were
also excluded from the study. All participants were tested on
the three spatial tasks, but participants who were tested on the
SIMKAP (n = 42; 14 females from the menstrual group, 15
females from the luteal group and 13 men) did not complete
the additional numeracy and switching tasks, and vice versa (n
= 76; 25 females from the menstrual group, 22 females from
the luteal group and 29 men).

Tasks and procedure Spatial ability was assessed with three
tasks, including theMRT.As in Study 1, participants completed
two subsets (A and D) of the MRT, and the dependent measure
of this task was the number of correct responses (max = 24 for

2 Specifically, in Study 1 we found a correlation of .297 between MRT
and the counter task (valid n = 99), and a post-hoc power analysis showed
a good power (.85, two tailed). Based on an estimated minimum correla-
tion of .30 between MRTand counter, we then estimated the approximate
number of participants for the power of .90. An a-priori power analysis
for Study 2 provided an estimate of n = 112 for a .90 power (two tailed).
As a consequence, we selected 122 participants as the initial sample size
for Study 2, assuming a potential loss of participants during the study.
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both sets). The coordinate and categorical taskswere nominal-
ly identical in that participants were presented with digital time-
readings (e.g., 07:10) on a computer screen, andwere instructed
to imagine the stimulus time as the hands of an imaginary
analog clock. For the coordinate task, participants were asked
to indicate which of two concurrently presented digital readings
(e.g., 13:49 – 07:10) formed a larger angle between the hour
and the minute hands on an imagined analog clock face (see
Fig. 1, left panel). To equate task difficulty, the categorical task
involved three concurrently presented digital readings (e.g.,
13:49 – 07:10 – 02:37; see Fig. 1, right panel). Participants
imagined the position of the clock hands relative to the four
quadrants of an analog clock, and they indicated whether any of
the quadrants were Bfree^ (e.g., 13:49 and 07:10 occupy the
first, third and fourth quadrants and 02:37 the first and fourth
quadrants, respectively, leaving the second quadrant free).
None of the stimuli resulted in vertical (6 and 12) or horizontal
(3 and 9) hand positions that could be perceived as ambiguous.
Both tasks comprised 20 items and the test phase was preceded
by a set of practice items, during which an analog clock face
(without the clock hands) was displayed as a support. In the
coordinate task, the angular difference between a pair of time-
readings was large (>60°) for half of the items and small (<60°)
for the remaining pairs. Participants responded by pressing des-
ignated keys, and they were instructed to respond as quickly as
possible while avoiding mistakes. Response time (max = 20 s)
and accuracy were the dependent measures of both tasks.
Spearman–Brown split-half reliability measure indicated very
high internal consistency for the coordinate (α = .94) and cat-
egorical (α = .82) tasks.

Executive functioning was assessed with a computerized
switching task (Monsell, 2003; Rogers & Monsell, 1995), in
which the participants classified digits in terms of parity (odd
vs. even) and magnitude (less or greater than 25). The separate
conditions comprised 24 items and the alternate condition
involved a set of 48 randomly mixed items. Participants
responded by pressing designated keys, and they were
instructed to respond as quickly as possible while avoiding
mistakes. Switch cost in terms of difference in response time
between the separate and alternate conditions was the depen-
dent measure of the switching task. Individual differences in
numeracy were assessed with the Swedish version of the Ber-
lin Numeracy Test (BNT; Cokely, Galesic, Schulz, Ghazal &
Garcia-Retamero, 2012).

Multitasking was measured with the counter task described
in Study 1. We also used a more established and complex test,
the SIMKAP, in order to assess the external validity of the
counter task and further explore the relation between spatial
ability and multitasking. SIMKAP is composed of three main
parts, presented sequentially for 6 min each, with the first,
number-crossing task, containing a multitude of numbers,
where identical ones are to be crossed over using the computer
mouse (see Fig. 2). In the second, letter-crossing, part the
same rule is applied to letter combinations and in the third
one, to geometrical figures. While continuously working on
these tasks, participants are required to solve simple queries
presented in the middle of the screen. In a field, at the bottom
of the screen, 20 answers are presented, but only some of them
are probable answers to the question. Again, by using the
computer mouse, participants are asked to mark the correct
answer. Also, presented through a headset, participants need
to answer additional questions (e.g., BYou are invited to lunch.
On which day do you have time?^), the answers to which are
to be looked up in a virtual calendar or a phone book, and
some of them are to be answered with a delay (e.g., BWhen the
timer shows 4:35, answer the following question…^). For the
purpose, there is a timer running in the upper right corner of
the screen and participants are allowed to write down, on a
piece of paper, information about the answer and when it
should be typed in. The component task measures (perceptual
speed, number of correctly answered questions, number of
correctly marked items, number of errors) are used for com-
puting an overall measure of multitasking, which we used as
the primary measure of SIMKAP performance.

Each participant was tested individually during a 2-h ses-
sion. Except for the MRT and the BNT, all the tasks were
computerized and the stimuli were presented on a 20-in display.
Each task included separate instructions and a practice phase
during which the experimenter checked that instructions were
properly understood. After completing a brief questionnaire
about demographic background and computer-gaming habits,
participants completed the tasks in a fixed order. Specifically,
the order of the coordinate and counter tasks was
counterbalanced and separated by the counter task session,
and followed by the remaining cognitive tasks. Finally, before
debriefing, all the female participants filled in a short question-
naire about their menstrual cycle and use of hormonal
substances.

Fig. 1 A schematic illustration of
the (a) coordinate and (b)
categorical spatial tasks. The
analog clock faces were presented
only during the practice phase
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Results

As in Study 1, multitasking performance was based on a com-
bined score of the four counter tasks, with response accuracy
as the primary measure. The menstrual phase of three female
participants could not be determined due to unclear self-re-
ports, and one male participant did not complete the whole
test session. Data of these participants were not included in the
analysis (N = 118 for the complete data set). Five participants
showed exceptionally fast response times (<3SD) in the coor-
dinate or categorical tasks, and these data were excluded from
the analyses.

Table 3 shows the correlations between the primary measures
(the coordinate, categorical, and switching tasks were based on
response time data). The three spatial tasks showed consistent
and significant associations, and even more importantly, counter
accuracy correlated significantly with all three measures. These
findings provide additional support for the hypothesis that mul-
titasking performance is related to individual differences in spa-
tial ability. The correlation data also showed that both numeracy
and task switching were related to counter performance (al-
though for the latter correlation, p = .06).

Sex differences in spatial ability and multitasking Figure 3
summarizes the main findings as a function of sex. These
results suggest sex differences favoring men in most measures
of multitasking and spatial ability. Analysis of the counter
accuracy data showed a significant sex difference, F(1, 119)
= 24.05,MSe = .02, η2 = .18, p < .01, favoring males by about
10 % across the four counters. Furthermore, sex differences in
multitasking were accentuated between males and females in

the luteal phase of the menstrual cycle. An ANCOVA with
numeracy and executive functioning (task switching) as co-
variates, confirmed this observation F(1, 60) = 9.08, MSe =
.01, η2 = .23, p < .01. Furthermore, post hoc comparisons
showed a non-significant difference between males and fe-
males in the menstrual phase (p > .40). Separate analysis of
the executive functioning and numeracy data showed no
group differences (Fs < 1).

A MANOVA on the spatial-task data (with MRT, coordi-
nate, and categorical tasks as dependent measures) showed a
significant main effect of sex, favoring men (Wilk’s Lambda =
0.76, F(3, 107) = 11.15, p < .01). Consistent with our hypoth-
esis, separate ANOVAs on these data showed selective sex
differences in spatial ability, with significant differences in
MRT performance, F(1, 109) = 30.09, p < .01, and coordinate

Fig. 2 A screenshot of SIMKAP
showing all the different tasks
presented simultaneously.
Questions relating to the calendar
of the phone book functions are
presented through a headset

Table 3 Correlations for multitasking, spatial ability, executive
functioning, and numeracy

Task 1 2 3 4 5 6 7

1. Counter – –.32** –.30** .46** –.21 .27* .48**

2. Coordinate –.32** – .40** –.23* .29* .04 –.26

3. Categorical –.30* .40** – –.34** .08 –.35** –.36*

4. MRT .46** –.23 * –.34** – .04 .19 .39*

5. Switching –.21 .29* .08 .04 – .05 –

6. BNT .27* .04 –.35** .19 .05 – –

7. SIMKAP .48** –.26 –.36* .39* – – –

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

MRT Mental Rotations Test, BNT Berlin Numeracy Test
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task accuracy F(1, 109) = 4.52, p < .05, but not in categorical
task performance (F < 1).

As with the counter task data, these effects fluctuated
across the female menstrual cycle, in that sex differences were
accentuated for females in the luteal phase and eliminated for
females tested at menses. Figure 4 illustrates this pattern of
results, measured in terms of response time (the accuracy data
showed the same pattern of results). An ANOVA on the co-
ordinate task data showed a significant group effect, F(2, 115)
= 4.51, MSe = 322962, η2 = .09, p < .01, and post hoc tests
indicated that the luteal group was significantly slower than
males (p < .05). The mean of the menstrual group was not
significantly different from those of the luteal group (p < .10)
and males. As shown in Fig. 3, the three groups showed sim-
ilar levels of categorical task performance (F < 1).

Selective effects of spatial processing on multitasking
Consistent with our hypothesis, participants with more efficient
spatial abilities were better multitaskers than those with less effi-
cient spatial skills, and these effects were accentuated by hor-
monal changes across the female menstrual cycle. To test the
hypothesis that individual differences in multitasking perfor-
mance reflect selective effects of spatial processing across sex,
we completed a multiple regression analysis in which the MRT,
coordinate and categorical tasks were used as predictors of coun-
ter performance. As expected, the MRT emerged as the greatest
predictor of multitasking performance (Beta = .39, p < .01).
More importantly, evenwhenMRTwas included in this analysis,
coordinate (Beta = −.20, p < .01), but not categorical (Beta =
−.10, p > .29) was a significant predictor of multitasking perfor-
mance, R = .37, F(2, 109) = 8.8, MSe = .02, p < .01.3 These

findings proved to be robust even in a secondmultiple regression
on the counter data, with numeracy, task switching, coordinate,
and categorical scores as predictors.4 This analysis indicated that
coordinate processing (Beta = −.30, p < .05) and numeracy (Beta
= .26, p = .05) were the main predictors of multitasking perfor-
mance, R = .46, F(4, 58) = 3.96,MSe = .01, p < .01.

Thus, although the coordinate and categorical tasks were
highly similar and equally difficult, coordinate processing was
the primary predictor of multitasking performance, and this se-
lective effect was observed even when individual differences in
numeracy and executive function were taken into consideration.

Generality of findings: SIMKAP As shown in Table 3, the
SIMKAP and counter data were significantly correlated, sug-
gesting reasonable external validity of the counter task. Con-
sistent with the spatiotemporal hypothesis, also SIMKAP per-
formance reflected spatial ability with significant correlations
with the MRT (r = .39, p = .01), coordinate (r = .43, p < .01),
and categorical (r = .47, p < .01) accuracy measures.5 For the
response-time data, shown in Table 3, the categorical, but not
coordinate (p < .10), scores correlated with SIMKAP. Finally,
the SIMKAP data showed similar sex difference as the
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Fig. 3 Sex differences in mental rotation (Mental Rotations Test, MRT),
numeracy (Berlin Numeracy Test, BNT), coordinate and categorical task
accuracy, and counter task accuracy. Error bars indicate standard error

3 We conceive MRT as a higher-level measure of spatial ability (see also
Kaufman, 2005) that possibly involves both categorical and coordinate
processing, albeit to a different extent (Carpenter, 1985). Therefore, in-
cluding it in the multiple regressions might introduce a source of theoret-
ical confusion and it might complicate the interpretation of the findings on
the relative role of categorical vs. coordinate processing in multitasking.
Moreover, the two more basic spatial tasks were equated for difficulty
independently of the MRT, and this might represent an additional
confound.

4 This analysis was carried out on the task switching and numeracy mea-
sures, thus on a reduced set of participants. Starting from the correlations
between the counter task and task switching (-.21) and BNT (.27*), we
estimated power with a post-hoc power analysis, obtaining two-tailed
estimates of .43 and .64, respectively. Overall, these analyses show that
the power of our tests was rather low, and thus suggest some caution in the
interpretation of the results. However, the findings are consistent with
Study 1 results, our previous studies (e.g., Mäntylä, 2013), and with the
main findings of Study 2, and this provides strong converging evidence
for our conclusions on the specific role of spatial abilities in the counter
task.
5 For the SIMKAP, a post-hoc power analysis carried out on the
SIMKAP-counter correlation (r = .48) showed a very good power (.93),
and the SIMKAP-MRTcorrelation (.39) was associated with a reasonable
good power (.78). Therefore, these analyses do not expose particular
power problems with the SIMKAP-related tests.
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counter task data in that males (mean = 6.25) outperformed
females (mean = 4.87), F(1,40) = 4, MSe = .32, η2 = .09, p <
.05. A separate ANOVAwith group (luteal, menstrual or male)
as a between-subjects variable showed a marginal effect, with
males having an advantage over the luteal females (mean =
4.29), F(1,38) = 3.11, MSe = .33, η2 = .14, p = .06. No other
effects were observed.

General discussion

The present findings suggest that spatial processing is impor-
tant to multiple-task performance. In both our studies, involv-
ing individuals from different countries, participants with ef-
ficient spatial abilities were better multitaskers than individ-
uals with more limited spatial skills. Extending these findings,
a central contribution of this study was that individual differ-
ences in multitasking were selectively related to spatial rela-
tion processing. Individuals who were good at coordinate,
rather than categorical, spatial processing were also better
multitaskers than individuals with less efficient coordinate
processing skills. This result is consistent with the notion that
better multitasking performance is associated with a more pre-
cise (and demanding) transformation of temporal deadlines to
a metric spatial representation, as compared to spatial process-
es relying on more relative spatial categories.

Another central finding of this study was that individual
differences in both multitasking and spatial ability (in terms
of mental rotation and coordinate processing) reflected sex-
and hormone-related effects. Consistently, males were better
multitaskers than females, and these effects were accentuated
by hormonal changes across the female menstrual cycle. Spe-
cifically, sex differences in spatial ability were significant for
women in the luteal phase, and eliminated for women tested at
menses. This pattern of results suggests that coordinate process-
ing, involving quantitative, rather than qualitative, judgments of
spatial relations, is highly sensitive to fluctuations in sex ste-
roids. By contrast, females in the luteal and menstrual phases of
the cycle showed similar levels of performance on the categor-
ical task, suggesting that processing of categorical spatial infor-
mation is less sensitive to sex-hormone related effects.

Our findings are consistent with earlier studies on spatial
orientation, suggesting that males rely more on quantitative
spatial representations compared to females, who often solve
the same spatial task by using more relative encoding strategies
(see Coluccia & Louse, 2004, for a review). For example,
Saucier et al. (2002) reported a study in which participants
navigated to four unknown destinations by using either
Euclidean-based or landmark-based instructions for directions.
They found that males navigated best when provided with Eu-
clidean information, whereas women performed best when pro-
vided with landmark information. Furthermore, females made
more errors than males when using Euclidean-based

instructions, whereas landmark-based instructions eliminated
sex differences in navigation. As concluded by Coluccia and
Louse (2004), these sex differences in orientation, in part, re-
flect differences in task difficulty, with landmark based
(categorical) tasks being easier and less sensitive to sex differ-
ences than quantitative (coordinate) tasks, possibly due to dif-
ferences in demands on visuospatial working memory load
(e.g., Garden, Cornoldi & Logie, 2002; Pazzaglia, 1999). This
result also fits well with the earlier suggestions that males rely
more on right-lateralized spatial processing compared to fe-
males and that coordinate spatial processing is more right-
lateralized than categorical spatial processing.

An important issue to be raised is the specific contribution
of spatial processes to multitasking beyond executive func-
tioning and visuo-spatial working memory (VSWM). Indeed,
the presence of multiple digital stimuli in both the coordinate
and categorical tasks, and the need to keep in mind visuo-
spatial information while carrying out these tasks may require
VSWM resources and related executive functions. However,
our findings show that spatial abilities, in particular coordinate
processing, matter for multitasking in addition to executive
control and MRT, and this conclusion is strengthened by the
fact that we employed executive tasks covering different
facets of control in the present study. Also, converging find-
ings on the specific role of spatial abilities have been obtained
by using nonverbal executive control and working memory
tasks (see Mäntylä, 2013; Todorov et al., 2014). Thus, the fact
that coordinate processing contributed to multitasking perfor-
mance beyond MRT in Study 2 is particularly interesting,
because previous research showed that mental rotation pro-
cesses place demands upon executive processes (Bruyer &
Scailquin, 1998; Cornoldi & Mammarella, 2014; Salway &
Logie, 1995) as well as involving VSWM, when keeping in
mind the products of multiple rotation steps (Bauer &
Jolicouer, 1996; Christophel, Cichy, Hebart & Haynes, 2015).

Consequently, even though all three spatial tasks used in
this study involve other-than-spatial components, we extend
earlier work by showing selective sex differences in spatial
abilities beyond executive processes, related to specific de-
mands on metric spatial representations. Moreover, these dif-
ferences were detected despite the fact that both the coordinate
and categorical tasks involved VSWM and related executive
functions and, as noted earlier, the two tasks were equally
difficult in terms of overall task accuracy. Furthermore, al-
though some studies have shown sex differences in VSWM
(Duff & Hampson, 2001; Geiger & Litwiller, 2005; Vecchi &
Girelli, 1998), these differences do not explain the male supe-
riority in mental rotation. For example, Kauffman (2007)
found that VSWM mediated the relationship between sex
and spatial ability, defined as a latent variable of visualization
and mental rotation. However, there was also a direct effect of
sex on the unique variance in mental rotation ability, and this
effect was not mediated by working memory.
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A pure working-memory-based explanation is also incon-
sistent with our hormone-related findings. Specifically, in con-
trast to mental rotation, many other types of cognitive func-
tions exhibit either no relation to the cycle or even an improve-
ment at high levels of estradiol (e.g., Hampson & Morley,
2013; Maki, Rich & Shayna Rosenbaum, 2002). For example,
Hampson and Morley (2013) found that females with higher
levels of circulating estradiol made significantly fewer errors
on a spatial working memory task than males and female
tested under low estradiol. Instead, the findings of Hampson,
Levy-Coopermana and Korman (2014) suggest that the estra-
diol effect is related to transformation-specific computations
required to carry out mental rotation, possibly located in the
intraparietal sulcus (Zacks, 2008).

A methodological limitation of our study is that the assess-
ment of menstrual phase in Study 2 was based on self-reports.
Although these subjective measures strongly correlate with
objective measures (e.g., Baker, Denning, Kostin & Scharwts,
1998), self-reports provide only a proxy for more specific sex-
hormone-related effects on higher cognitive functions (see
also Bean, Leeper, Wallace, Sherman & Jagger, 1979). Future
studies should replicate our findings with hormone measure-
ments, but it should be noted that these methodological limi-
tations might actually have reduced (and not enhanced) the
magnitude of our findings. Specifically, as the estimates of the
luteal phase were indirect and probably less reliable than those
of the menses, estradiol levels were not necessarily heightened
for some of the female participants who reported being in the
luteal phase at the time of testing. For example, Cantú,
Simpson, Griskevicius, Weisberg, Durante and Beal (2013)
reported that 30 % of the initially recruited participants were
excluded from their study because they did not show height-
ened levels of sex hormones during the expected luteal phase.

In addition to sex- and hormone-related differences in both
multitasking and spatial ability, the present findings suggest a
more general association in that individuals with good perfor-
mance in the coordinate task were also better multitaskers than
individuals with less efficient coordinate task performance.
Specifically, multiple regression analysis in Study 2 showed
that coordinate (but not categorical) task performance was a
significant specific spatial predictor of counter task perfor-
mance, even when individual differences in task switching
and numeracy were considered.

As noted earlier, a central assumption of the spatiotemporal
hypothesis is that individual differences in spatial ability con-
tribute to multitasking performance when the demands on tem-
poral coordination are relatively high. These demands, in turn,
are related to individual characteristics and task demands. In
most everyday situations of multitasking (cf. preparing a break-
fast; Rendell & Craik, 2000), overlearned scripts, schemas,
many environmental cues and related knowledge structures re-
duce demands on task coordination by providing a spatiotem-
poral structure (a mental timeline) for goal-directed actions.

Furthermore, even in conditions in which the support of these
knowledge structures is reduced (as in our counter task), de-
mands on temporal coordination can be low, for example, due
to few component tasks, as in dual-task settings, or because the
temporal constraints are rather flexible. Representing Btime in
space^ under these conditions would not pose major task de-
mands on task coordination, and therefore individual and sex-
related differences in spatial ability should not mediate multi-
tasking performance. As a support for this argument, sex dif-
ferences are not typically observed in dual-task conditions
(Strayer, Medeiros-Ward & Watson, 2013).

It might be reasonable to consider the possibility that stereo-
type threat (e.g., Steele, 1997; Steele &Aronson; 1995; see also
Maass & Cadinu, 2003) may have contributed to gender differ-
ences in our study. Both the spatial tasks and the counter task
(which is based on numbers) were relevant to the gender ste-
reotype, and both the male and female participants might have
been affected by these beliefs. However, our main findings
highlighted very specific effects in terms of spatial ability, and
thus it is quite unlikely that they were produced by a general
influence of the stereotype threat. Moreover, some findings
specifically militate against such assumption. First, participants
were expecting a test of multitasking performance (along with
Bother^ cognitive tasks). Considering the popular belief that
women are better multitaskers than men, these gender stereo-
types might actually have facilitated female performance. Sec-
ond, as noted earlier, we observed selective sex differences (in
both multitasking and spatial ability) between males and fe-
males in the luteal phase only. Furthermore, the difference be-
tween females in the luteal and menstrual phase was also selec-
tive in that it was observed in the coordinate, but not in the
categorical, task (whichwere very similar and equally difficult).

Gender stereotype threats might have interacted with sex hor-
mones in that only women in the luteal phase might have been
sensitive to these effects. However, empirical support for this
hypothesis is limited. For example, Halpern and Tan (2001; see
also Hausmann, Schoofs, Rosenthal & Jordan, 2009) reported a
study in which participants completed a mental-rotation task, a
word-finding task, and a questionnaire concerning beliefs about
females’ and males’ cognitive abilities. As expected, males
outperformed females tested at the luteal phase, with the opposite
sex difference in word finding. However, these sex-typical re-
sults could not be attributed to either stereotype threat (or more
implicit stereotype activation) in that stereotypes about the cog-
nitive abilities of males and females did not correspond to
mental-rotation or word-finding performance.

The primary focus of our study was to examine individual
differences in multiple-task performance when the demands
on temporal coordination are relatively high. To this end, we
used a rather simple and well-controlled, four-component
counter task that captures essential aspects of multitasking
(monitoring of multiple deadlines and switching between
tasks), while attempting to eliminate the role of expertise
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and the unwanted influence of domain-specific and modality-
specific subtasks requirements. However, in Study 2, we also
examined the issue of external validity of our findings, by
having some of the participants complete a more complex
simulation of everyday multitasking (SIMKAP). Performance
on the counter and SIMKAP tasks correlated significantly, and
both tasks showed a significant correlation with the MRT.
These correlations were less consistent for the coordinate
and categorical spatial data, in that only the latter task showed
a significant correlation with the SIMKAP scores, possibly
due to the complexity of the SIMKAP and the multiple and
varied requirements of its component subtasks. It should also
noted that demands on planning and reliance on exact time-
lines are less pronounced in the SIMKAP than in the counter
task. These findings suggest that the counter task engages
partly similar processes as the SIMKAP and that spatial ability
contributes to individual differences even in rather complex
simulation of everyday multitasking.

In conclusion, the present findings suggest that spatial pro-
cessing is important to multitasking scenarios with high de-
mands on temporal coordination. In more general terms, the
present findings may suggest that spatial abilities reflect a com-
plementary function to executive control function by providing
a form of mental scaffolding for complex temporal relations.
Under conditions in which prior knowledge scripts and habitual
schemas are not available or the demands on executive control
are high due to task constraints and deadlines, spatial relation
processing may facilitate multiple task monitoring and goal-
directed behavior. By relying on patterns of mental timelines,
demands on working memory and related executive control
functions can be reduced and, as our findings suggest, a more
fine-tuned metric representation of these spatiotemporal rela-
tions may provide a more accurate support than categorical
relations. An interesting avenue for future work would be to
examine the relative importance of executive control functions,
spatial abilities, and prior knowledge on goal-directed behavior
in different contexts of everyday multitasking.
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