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Abstract Dual-task costs depend on the speciWc pairings
of stimulus and response modalities. Such Wndings are anal-
ogous to domain-speciWc eVects in the working memory
(WM) literature, in which items compete for limited capac-
ity when they involve related types of information. The
present study explicitly examines the relationship between
modality-pairing eVects on dual-task costs and domain-
speciWcity eVects on WM capacity. Participants maintained
a sequence of either locations or tones in WM, and then
performed a choice reaction time task in which they
responded either vocally or manually. The stimuli for the
choice reaction time task were held constant, but its
response modality aVected the interference observed in
WM: vocal responses interfered with WM for tones and
manual responses interfered with WM for locations. These
Wndings indicate that response selection engages domain-
speciWc WM processes and that interference within these
processes may account for modality-pairing eVects.

Introduction

Understanding why it is diYcult to do two things at the
same time—that is, identifying the source of dual-task
costs—is paramount to both applied and basic science.
From an applied perspective, knowing why we sometimes
fail when attempting more than one task at a time, such as
driving and talking on a cell phone, will help us redesign
our devices and environments so they are safer and can be

used more eYciently. From a basic science perspective, the
limitations in our ability to simultaneously perform distinct
actions oVer a window onto how responses are selected
based on sensory information, exposing the central opera-
tions that underlie voluntary action.

The response selection bottleneck (RSB) model has
dominated theorization about dual-task costs since at least
the late 1980s, when a series of studies demonstrated that
this straightforward account could readily explain many
aspects of dual-task performance, especially when the stim-
uli for the two tasks were presented with a short, variable
onset asynchrony (McCann & Johnston, 1992; Pashler,
1984, 1994; Pashler & Johnston, 1989). In essence, the
model assumes that task performance is divided into three
stages, stimulus classiWcation, response selection, and
response execution. Stimulus classiWcation and response
execution can proceed in parallel with any processing stage
of other tasks, but response selection is a serial process that
can only take place for a single task at a time. Thus, if two
tasks require response selection at a particular time, at least
one of them is delayed. This provides an elegant explana-
tion for many aspects of the so called “psychological
refractory period”, the interval of time observed between
responses for concurrently performed tasks.

However, recent studies have argued for more complex
accounts for the source of dual-task costs (see Navon &
Miller, 2002). First, it was demonstrated that under certain
conditions, dual-task costs could be eliminated or nearly
eliminated, even when the stimuli for the tasks were pre-
sented simultaneously or at short SOAs that should have
caused simultaneous demand from both tasks for response
selection processes (e.g., Hazeltine, Teague & Ivry, 2002;
Schumacher et al., 2001). While it was subsequently dem-
onstrated that such results could be accommodated by a
model that included a relatively short RSB (e.g., 50 ms)
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(Anderson, Taatgen & Byrne, 2005), the absence of dual-
task costs under these conditions diminished the explana-
tory power of RSB models.

More problematic for the RSB model were dual-task
studies indicating that the pairings of stimulus and response
modalities played a large role in the size of the dual-task
costs even when the modality pairings do not aVect single-
task RTs (Hazeltine & RuthruV, 2006; Hazeltine, RuthruV
& Remington, 2006; Stelzel et al., 2006). If dual-task costs
emerge from competition for central processes that are
independent of the stimulus and response modalities, then
the modalities should not aVect the magnitude of dual-task
costs. However, Hazeltine et al. (2006) showed that dual-
task costs were much smaller when a visual-manual task
was paired with an auditory-vocal task compared to when a
visual-vocal task was paired with an auditory-manual task,
despite the fact that in the two cases the overt actions and
the single-task RTs were highly similar. Moreover, these
eVects persisted throughout practice and aVect the rate at
which dual-task costs diminish. It is possible to modify the
RSB model to allow for such Wndings by assuming that the
duration of the bottleneck stage is contingent on the input
and output modalities, but this approach becomes
unwieldy. That is, if the durations of individual stages
depend on the operations performed in other stages, then it
is diYcult to generate rigorous predictions about dual-task
costs in novel situations. In fact, the Wndings of Hazeltine
et al. (2006) are diYcult to accommodate with any account
of central operations that assumes that response selection is
performed by a unitary, amodal system (e.g., Anderson
et al., 2004; Meyer & Kieras, 1997). In short, modality
pairing eVects indicate that response selection processes are
not generic but depend on the particular inputs and outputs
of the current tasks.

Accounting for modality-pairing eVects

These Wndings suggest an alternative approach for under-
standing interactions between concurrently performed
tasks. Rather than focusing on whether dual-task costs can
be completely eliminated (as a test of the RSB model), it
may be more illuminating to examine the factors that aVect
the magnitude of dual-task costs and the rate at which they
are reduced. In other words, instead of attributing all costs
to a generic processing bottleneck, we can investigate how
the relationships between tasks aVect their concurrent per-
formance. The patterns of interference may reveal how
tasks’ central operations are structured by the properties of
the stimuli and responses.

This approach harkens back to resource theory, an
account of dual-task costs prominent in the 1980s that
assumes that dual-task costs arose from competition for

access to domain-speciWc resources (Wickens 1980, 1984;
Navon & Gopher, 1979). For example, Wickens and col-
leagues (Wickens & Liu, 1988; Wickens, Sandry & Vidu-
lich, 1983) proposed a three-stage model of response
selection tasks with stages that were similar to those pro-
posed in the RSB model. However, unlike the RSB model,
competition could emerge at any of the three processing
stages. Moreover, resource theory allowed that particular
combinations of stimuli, central codes, and responses were
more resistant to dual-task interference than other combina-
tions. This type of model stands in contrast to the idea of a
generic central processor that performs response selection
across a wide array of tasks. Because resource theory holds
that dual-task costs depend on the relationship between the
two tasks and the extent to which they vie for the same sets
of resources, it can readily accommodate patterns of dual-
task costs that are problematic for the RSB model, although
it should be pointed out that the RSB model is compatible
with these Wndings if additional sources of interference are
posited.

Resource theory ran into diYculty, however, because the
concept of a resource was poorly deWned and potentially
circular. In short, there was no independent means of iden-
tifying resources, so it was unclear what predictive value
they oVered (Navon, 1984). If two tasks produced robust
dual-task costs, it was assumed that they shared resources,
and if they did not, it was assumed they used separate
resources; claiming that two tasks shared resources was
simply another way of announcing they produced dual-task
costs. Moreover, the model did not provide an obvious
account for why two tasks that seemed a priori not to share
resources often produced robust dual-task costs. These
issues, coupled with the elegance and power of the RSB
model, led dual-task researchers to largely abandon
resource theories.

However, putting aside these limitations, there is an
important component to resource theory that is not easily
accommodated by the RSB model. Dual-task costs are not
the same for all pairings of tasks, even when overlap
between the stimuli and the responses for the two tasks and
the RTs for the two tasks are equated (e.g., Hazeltine et al.,
2006). In many cases, it is possible to accommodate these
Wndings with the RSB model by assuming that the opera-
tions for one of the tasks includes a longer prebottleneck
stage and a shorter bottleneck stage than the operations for
another task that produces single-task RTs, but these sorts
of explanations are generally unsatisfying, because they
rely on post hoc assumptions that undermine the elegance
and predictive power of the RSB model. While the model
readily accommodates diVerent stage durations depending
on the particular stimuli and S–R mappings, these durations
should be the same when the same stimuli or S–R mappings
are used in diVerent task settings. Allowing these durations
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to vary depending on the operations taking place in other
stages makes it diYcult to generate predictions regarding
the magnitude of dual-task costs in novel tasks.

Dual-task costs and WM

While the concept of domain-speciWc resources has proven
vexing in the dual-task literature, it has been developed
extensively in the working memory (WM) literature to
explain limitations and interference within WM that appear
to depend on the type of stored information (Baddeley &
Hitch, 1974; Baddeley & Logie, 1999; Cocchini et al.,
2002). For example, Baddeley (1986) proposed a model of
WM in which a central executive controls the contents of
various slave systems that store diVerent types of informa-
tion. Thus, WM capacity is limited not only in terms of the
amount of information but also in terms of the type of infor-
mation—information belonging to the same domain com-
petes more directly for limited-capacity slave systems than
information belonging to diVerent domains. Therefore,
capacity is increased when the diVerent pieces of informa-
tion belong to diVerent domains.

In the present study, we investigate whether the domain-
speciWc structure of WM can account for modality-pairing
eVects on dual-task costs. The starting hypothesis is that
modality-pairing eVects arise because response selection
processes engage WM and when two tasks attempt to
access similar types of information within WM, competi-
tion occurs. In short, dual-task costs arise when two tasks
activate similar items in WM. Thus, WM interference can
be used to generate predictions about the magnitude of
dual-task costs, and vice versa.

The prospect that these two sets of Wndings, modality-
pairing eVects in the dual-task literature and domain-
speciWc eVects in the WM literature, share underlying
mechanisms makes intuitive sense but has received little
systematic investigation. Response selection in choice RT
tasks is generally assumed to engage WM, and recent
accounts of WM emphasize that it arises from the coordina-
tion of ongoing mental operations (e.g., Engle, 2002; Engle
& Kane, 2004). The assumption that response selection
engages WM is sometimes explicit (e.g., Huestegge &
Koch, 2010; Logan, 1979), and recent evidence suggests
that holding information in WM can aVect response selec-
tion (e.g., Lavie et al., 2004; Zhao, Chen, & West, 2010).
Nonetheless, in most discussions of the source of dual-task
costs, WM is conspicuously absent.

To investigate the relationship between WM and
response selection, we asked participants to perform a
choice-RT task while holding information in WM. An
advantage to studying the sources of dual-task costs by
pairing a WM task with a choice-RT task is that there is no

requirement to produce simultaneous speeded responses.
The absence of such a requirement allows for a wider vari-
ety of tasks to be tested; for example, it is possible to use
two tasks that require vocal responses, which cannot be
accomplished when the responses must be made at nearly
the same time. Although it is possible to make two manual
responses at the same time, this requirement can place extra
demands on participants beyond those associated with dual-
task costs (e.g., costs associated with bimanual coordina-
tion, see Heuer, 1995). Moreover, when participants make
speeded responses at nearly the same time, they often
impose various strategies that can distort or mask dual-task
costs (Ulrich & Miller, 2008; Schumacher et al., 2001).
Most notably, simultaneous or near-simultaneous stimuli
often cause participants to group their responses, even
when one task requires a vocal response and the other task
requires a manual response. Grouping can distort dual-task
costs and complicate the interpretation of RTs (Maquesti-
aux et al., 2008; RuthruV, Pashler & Hazeltine, 2003). By
separating the responses for the two tasks with a WM pro-
cedure, all of these problems are avoided.

A second advantage of pairing a WM and choice-RT
task is that the source of the interference can be isolated
more easily than when two tasks requiring speeded
responses are used. Consider the case of a visual-vocal task
paired with an auditory-manual task. Although dual-task
costs tend to be robust in this case (Hazeltine et al., 2006;
Stelzel et al., 2006), the exact source is unclear. It could be
that producing a vocal response is diYcult when the partici-
pant must attend to an auditory stimulus related to a distinct
task, or it could be that producing a manual response is
diYcult when monitoring a visual stimulus for another task.
Teasing apart these explanations is diYcult using two
speeded response tasks but much more tractable when a
single choice-RT task is combined with a WM load.

There is a well-established literature involving experi-
mental tasks that combine WM loads with speeded
responses to other stimuli (e.g., Baddeley et al., 1975;
Cocchini et al., 2002). Indeed, these studies form much of
the empirical basis for domain-speciWc accounts of WM.
For example, Cocchini et al. (2002) used combinations of
verbal or visual WM tasks with perceptual, motor, or artic-
ulatory suppression tasks to show that articulatory suppres-
sion tasks interfere much more with verbal WM than with
visual WM. Such Wndings indicate that speeded response
tasks can interfere diVerently with the contents of WM
depending on the type of information involved in the
speeded response task and the type of information main-
tained in the WM task.

Here, we focus on a related but distinct set of questions.
First, most of the existing WM experiments have manipu-
lated the types of stimuli used in the speeded response tasks
and shown, for instance, that spatial stimuli interfere with
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spatial WM and but not verbal WM (Baddeley et al., 1975).
In contrast, we hold the stimuli and decision for the choice-
RT task constant and manipulate the response modality. In
this way, we investigate whether the response codes them-
selves produce interference with WM independent of the
eVects of encoding and categorizing the stimulus. Second,
we examine whether the patterns of interference produced
by choice-RT tasks are consistent with the patterns of dual-
task costs observed in studies of modality pairing eVects.

The predictions are straightforward. Tasks pairings that
produce robust dual-task costs should involve stimuli and
responses that show robust interference in WM, whereas
task pairings that produce minimal dual-task costs should
involve stimuli and responses that show less interference in
WM. In Hazeltine et al. (2006), dual-task costs persisted
when the visual task (using word stimuli) required vocal
responses and the auditory task (using tone stimuli)
required manual responses. Dual-task costs diminished
much more quickly in that study when the visual task
required manual responses and the auditory task required
vocal responses. Therefore, we expect that the choice-RT
task using vocal responses should produce interference in
WM for the sequences of the tones and the choice-RT task
using manual responses should produce less interference in
WM for sequences of the tones.

For the present, we are agonistic with regard to whether
the domain-speciWc patterns reXect competition for special-
ized resources or crosstalk between overlapping representa-
tions. That is, we are not attempting to diVerentiate among
the various models of WM (e.g., Baddeley, 1986; Cowan,
2000). Rather, our approach is to determine whether diVer-
ent choice-RT tasks produce distinct patterns of interfer-
ence in WM depending on the type of responses they
require. Findings of response-dependent WM interference
can be accommodated by a range of models of WM. How-
ever, the focus of the present experiment is to determine
whether patterns of WM interference are consistent with
the patterns of dual-task costs.

Experiment

To test the role of WM in response selection, we had sepa-
rate groups of participants perform choice-RT tasks while
holding diVerent types of information in WM. Participants
were asked to remember a sequence of stimuli that were
similar to stimuli used in a dual-task study examining
modality-pairing eVects (Hazeltine et al. 2006). Then,
while maintaining this sequence in WM, the participants
performed a series of choice-RT tasks that were taken from
the same study. We used only the visual stimuli for the
choice-RT task and manipulated the response modality.
The goal was to determine whether the observed patterns of

interference in WM were consistent with the modality-pair-
ing eVects reported in Hazeltine et al. (2006).

Methods

Participants

A total of 56 undergraduates participated in the experiment
in exchange of course credit. All had normal or corrected-
to-normal vision.

Apparatus and stimuli

The experiment was run on PC-compatible computers
using a customized experimental program written in visual
basic. The stimuli were presented on a 17�� LCD monitor
controlled by an IBM-compatible PC from a distance of
approximately 50 cm. For the WM task, there were two
types of stimuli: pure tones and spatial squares. The tones
lasted 250 ms and had a frequency of 220, 880, or
3,520 Hz. A sequence of four tones was selected randomly.
The squares were white presented on a black background
and subtended 0.7° £ 0.7° of visual angle. The locations of
the squares in a sequence of four were chosen pseudoran-
domly, so that no two squares were within 3.5 degrees of
visual angle of each other. The locations were selected from
an imaginary 20 £ 12 grid subtending 18.8° £ 13.5° of
visual angle.

For the choice-RT task, the stimuli were 3–6 letter words
that were either bugs, foods or trees: “ant”, “Xea”, “roach”,
“beetle”, “egg”, “soup”, “candy”, “cookie”, “oak”, “pine”,
“cedar”, and “spruce”. The words remained on the screen
until the participant responded. Manual responses were
made on a Standard English keyboard with the middle three
Wngers of the right hand. Participants were instructed to
press the ‘j’ key if the word was a bug, the ‘k’ key if the
word was a food, and the ‘l’ key if the word was a tree.
Vocal responses were identiWed and timed using the
Microsoft Speech Recognition SAPI (v5.1). Participants
would say, “bug”, “food”, or “tree” depending on the word
presented.

Design and procedure

There were four groups of participants, forming a 2 £ 2
design, with one axis representing the type of information
held in WM and the other axis representing the response
modality for the choice-RT task. Thus, one group main-
tained tones in WM and made manual responses to the
choice-RT task, one group maintained tones in WM and
made vocal responses to the choice-RT task, one group
maintained locations in WM and made manual responses to
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the choice-RT task, and one group maintained locations in
WM and made vocal responses to the choice-RT task.

Participants completed Wve types of blocks: WM load of
1 item only (WM1), WM load of 4 items only (WM4),
choice-RT task only (RTO), choice-RT task with a WM
load of just 1 item (RT1), and the choice-RT task with a
load of 4 items (RT4). The order of the Wve block types was
WM1, WM4, RTO, RT1, and RT4, which repeated 3 times
for a total of 15 blocks. We chose to use a Wxed order rather
than a random order because we concerned about carry-
over eVects from consecutive blocks—that is, given the
similarity of the sequence of stimulus displays across the
various conditions, we wanted to minimize the changes in
the task demands from block to block. Because participants
cycled through the list three times (or twice in the analyzed
data), it is unlikely that overall order had a dramatic eVect
on performance. Each block consisted of 12 trials, which,
depending on the block-type, included the memory display,
3 choice-RT subtrials, and a memory probe that required a
response.

Each trial began with a 500 ms foreperiod with only a
black background visible. Next, the WM items were pre-
sented, with an SOA of 1 s. If there were 0 WM items, then
this stage was skipped. If there was 1 WM item, then this
stage lasted 1 s, and if there were 4 WM items, this stage
lasted 4 s. The tones lasted 250 ms and were followed by
750 ms of silence. The squares remained visible for the
entire 1 s interval and were simply replaced by the next
stimulus.

After the last item in the WM list, there was a 1 s delay,
followed by the sequence of three choice-RT subtrials, if
the trial included the choice-RT task. Each subtrial began
with the presentation of the word stimulus, which remained
visible until the participant responded. After the response,
the stimulus for the next subtrial appeared. After the third
subtrial, there was a 500 ms delay before the presentation
of the WM probe. On the WM4 trials, there were no choice-
RT subtrials and the screen was blank (white) for 2,500 ms
between the completion of the WM display and the WM
probe.

The WM probe, if the trial included the WM task, pro-
ceeded in an identical fashion to the WM display at the start
of the trial. A series of four stimuli were presented with an
SOA of 1 s. On half of the WM trials, one of the tones was
changed to a diVerent tone, or, on spatial trials, two consec-
utive locations were switched. If there was a single WM
item, it was changed. On the other half of the WM trials,
the sequence of stimuli was identical to the sequence pre-
sented during the WM display before the choice-RT trials.
Pilot data indicated that this procedure produced similar
estimates of capacity (K, see below) for the tones and spa-
tial WM loads. Participants were instructed to press ‘z’
with the middle Wnger of their left hand if the sequence was

the same or ‘x’ with the index Wnger of the left hand if the
sequence was diVerent. After the response to the WM
probe, there was a 1 s delay before the next trial began. On
blocks without WM loads, there was a 1 s delay after the
last choice-RT subtrial before the next trial began.

Feedback was given at the end of each block, reporting
the accuracy on the WM task and the mean RT and accu-
racy on the choice-RT task, when appropriate.

Results

The Wrst block of each block-type was considered practice
and was not included in the analysis, eliminating one-third
of all trials. Only trials in which all three choice-RT subtri-
als were correct were used to compute WM capacity. Only
trials in which the WM response was correct were used in
the analysis of choice-RT.

WM task

For the WM task, only the WM4 and RT4 blocks were
included in the analyses, because these were the conditions
that required the participants to encode four items. It was
not possible to compare capacities to blocks in which only a
single item was to be encoded in WM, because the maxi-
mum measured capacity in these cases was just one item,
which is well below the observed capacity in the four-item
blocks. To ensure that participants were paying adequate
attention to the choice-RT task in the RT4 blocks, only tri-
als in which all three subtrials were correct were used in the
analysis, resulting in the retention of 92% of the trials. Each
participant’s responses were converted to a capacity mea-
sure, Cowan’s K (Cowan, 2000), which uses the hit and
false alarm rates to estimate the number of items main-
tained in WM: Capacity (K) = (hit rate – false alarm
rate) £ memory set size. Capacity was computed for each
participant for the WM4 (single-task) and RT4 (dual-task)
blocks separately and then submitted to a three-way mixed
ANOVA, with load-type (spatial vs. tones) and response-
modality (manual vs. vocal) as between subject factors and
load (single vs. dual) as a within-subject factor.

The main eVect of load was signiWcant, F(1,52) = 59.59,
p < .0001, MSE = 0.12, indicating that WM capacity was
greater for the single-task trials (WM4: 3.52 items) than for
dual-task trials (RT4: 3.00 items). In other words, perform-
ing the choice-RT task during the maintenance period sig-
niWcantly decreased WM capacity overall by about half an
item. This eVect can be attributed to interference from the
choice-RT task, or to the longer interval between the WM
display and the WM probe on the trials including the
choice-RT task, or to some combination of the two. How-
ever, we were primarily interested in whether diVerent
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response modalities had diVerent eVects on WM capacity
depending on the type of information held in WM, and the
maintenance intervals were longer for both choice-RT
response modalities. Thus, the confound between the pres-
ence of a choice-RT task and the longer maintenance inter-
val does not make the interpretation of these eVects
problematic.

Neither the main eVect of load-type or response-modal-
ity was signiWcant, nor were any of the two-way interac-
tions involving these factors and load, all Fs < 1. However,
there was a signiWcant interaction among all three factors,
F(1,52) = 9.21, p < .005, MSE = 0.12. For the single-task
(WM4) trials, capacities for the four groups were similar,
ranging from 3.42 to 3.63 items, with neither the eVect of
load-type nor response-modality, nor their interaction
approaching signiWcance, F < 1. In contrast, for the dual-
task (RT4) trials, there were clear diVerences in capacity
among the groups, and, while neither the main eVect of
response-modality nor load-type approached signiWcance,
Fs < 1, the interaction was signiWcant, F(1,52) = 5.69,
p < .05, MSE = 0.43.

To better capture the three-way interaction, a diVerence
score between the single- and dual-task trials was com-
puted, representing the decrement in WM capacity associ-
ated with performing the choice-RT task. These diVerences,
depicted in Fig. 1, indicate that spatial WM was more dis-
rupted by the choice-RT task when it required manual
responses whereas WM for the tones was more disrupted
by the choice-RT task when it required vocal responses. In
other words, the choice-RT tasks interfered selectively with
the contents of WM depending on the modality of the
responses.

Choice-RT task – RT. For the choice-RT task, mean RTs
and accuracies for each participant for the RTO, RT1, and
RT4 conditions were submitted to a four-way mixed-eVects

ANOVA, with load-type (spatial vs. tones) and response-
modality (manual vs. vocal) as between subject factors and
task (single vs. load 1 vs. load 4) and subtrial (1 vs. 2 vs. 3)
as within-subject factors. Only correct responses from trials
in which the response for the WM task were correct were
used in the analysis.

The primary focus was whether load-type and response-
modality would interact, as in the WM data, to demonstrate
that two types of WM load would diVerentially interfere
with selecting the responses, depending on their modality.
However, no such interaction was present, F < 1, nor was
the interaction between load-type, response-modality, and
task, F(2,104) = 1.36, p > .05, MSE = 15,811.29. In fact,
the RTs were non-signiWcantly faster for the RT4 condition
than for the RT0 condition, F(1,55) = 2.31, p = .13,
MSE = 17,773.36, indicating little evidence of interference
from the WM task onto the choice-RT task. This pattern
suggests that participants prioritized the choice-RT task—
likely because it was the one for which RTs were mea-
sured—much like participants are instructed to prioritize
Task 1 in a PRP procedure (e.g., Pashler, 1994). In this
way, the eVects of WM interference were observed only in
the WM task.

The main eVects of response modality, F(1,52) = 16.01,
p < .0001, MSE = 87,556.11, and subtrial, F(2,104) =
164.01, p < .0001, MSE = 9,505.62, were statistically sig-
niWcant. The eVect of response modality indicated that
vocal responses (652 ms) were made 106 ms faster than
manual responses (758 ms). This may have resulted from
the greater S-R compatibility associated with the vocal
responses at both the set level, as words are often associ-
ated with vocal responses, and the element level, as the
vocal responses “bug”, “food”, “tree” correspond to the cat-
egories used by the participants (see Fitts & Deininger,
1954). The eVect of subtrial appears to reXect a switch cost.
That is, the RT for subtrial 1 (816 ms) was 167 ms longer
than the RTs for subtrials 2 and 3, which were similar (655
and 643 ms, respectively). These two factors also produced
a signiWcant interaction, F(2,104) = 6.56, p < .005,
MSE = 9,505.62, indicating that the switch cost was larger
for manual responses (subtrial 1 – average of subtrials 2
and 3: 197 ms) than for the vocal response (136 ms).

The only other signiWcant interaction was between task
and subtrial, F(4,208) = 5.62, p < .0001, MSE = 7,254.76,
providing the sole piece of evidence from the choice-RT
task that it was aVected by WM load. The interaction
(Fig. 2) reXects the fact that switch costs were smaller for
the single task trials (RTO: 115 ms) than the trials with a
WM load (RT1: 181 ms; RT4: 204 ms). Moreover, the pat-
tern indicates a cross-over interaction. On subtrial 1, the
conditions that included a WM load (RT1: 834 ms; RT4:
825 ms) were performed more slowly than the condition
without a load (RT0: 788 ms), although the diVerences

Fig. 1 Decrements in WM capacity for the two response modalities in
the choice-RT task (x-axis) and the two types of WM load (locations:
unWlled diamonds, tones: Wlled squares). Error bars represent standard
errors of the mean
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were only marginally signiWcant (RTO vs. RT1: t(26) =
2.01, p = .055; RTO vs. RT4: t(26) = 1.49, p = .149). In
contrast, the conditions with a WM load (RT1: 654 ms;
RT4: 622 ms) were performed faster than the conditions
without a load (673 ms) for subtrials 2 and 3. In fact, subtri-
als 2 and 3 for the RT4 condition were performed signiW-
cantly faster than both the RTO, t(26) = 4.48, p < .0001,
and RT1, t(26) = 3.04, p < .01, conditions.

The Wnding that participants were faster after the initial
subtrial on the choice-RT task when maintaining informa-
tion in WM was unexpected. The fact that they were not
slower on these subtrials indicates that they prioritized the
choice-RT task, a reasonable strategy given that they were
instructed to make their choice-RT responses as quickly as
possible and that RTs on the WM task would not be mea-
sured. However, the shortening of RT with WM load sug-
gests that participants performed the choice-RT more
quickly to minimize the negative eVects of response selec-
tion on WM. That is, if response selection interferes with
WM, then participants may speed-up response selection in
order to minimize interference.

Choice-RT task—Accuracy. The proportions of correct
responses were submitted to the same four-way ANOVA as
the RTs. None of the main eVects approached signiWcance.
There was one signiWcant interaction: task £ load-type,
F(2,104) = 3.26, p < .05, MSE = .003. When the partici-
pants held the tones in WM, accuracy tended to decrease
with load (Load 0: 0.93, Load 1: 0.92, Load 4: 0.91), but
when the participants held spatial locations in WM, accu-
racy tended to increase with load (Load 0: 0.94, Load 1:
0.95, Load 4: 0.95), although neither trend was statistically
signiWcant when considered in isolation.

It was of particular interest whether the decrease in RTs
for subtrials 2 and 3 observed for the Load 4 condition was
associated with a speed-accuracy tradeoV. There was no
indication for such an eVect; the accuracy for the Load 0

condition (0.933) was slightly lower than the accuracy for
the Load 4 condition (0.935), t < 1.

Discussion

The results reveal that the response modality of the choice-
RT task had a clear eVect on the footprint it left in WM.
When the choice-RT task required a vocal response, WM
capacity for a sequence of tones was diminished, even
though these tones did not include verbal information.
However, this vocal choice-RT task interfered much less
with WM for a sequence of spatial locations, indicating that
the vocal responses did not interfere equally with all types
of WM load. Critically, when the choice-RT task required
manual responses, the opposite pattern of interference was
observed: WM for spatial locations showed much larger
decrements than WM for tones. Thus, the diVerences could
not be attributed to one type of WM load being more diY-
cult to maintain in combination with one type of response
modality being more diYcult to produce. Rather, diVerent
types of responses produce diVerent types of interference in
WM.

While several previous studies have demonstrated that
WM is disrupted in diVerent ways by diVerent types of
tasks (e.g., Cocchini et al., 2002; Baddeley et al., 1975), to
the best of our knowledge, the present study is the Wrst to
hold the stimuli of the choice-RT tasks constant and manip-
ulate the response modality. Thus, the results demonstrate
that the interference in WM does not stem solely from pro-
cessing the stimuli or categorizing them. Rather, the activa-
tion of a discrete response is suYcient to interfere with the
contents of WM. This Wnding has clear implications for the
dual-task studies: If this activation is a necessary step for
response selection, then simultaneously performed tasks
could compete for access to WM, leading to dual-task
costs.

Explaining dual-task costs with WM

The primary aim of the experiment was to test whether the
patterns of interference in WM produced by choice-RT
time tasks paralleled patterns of dual-task costs. The results
were consistent with this hypothesis: when the WM was
loaded with tones and the choice-RT task required vocal
responses, there were decrements in WM capacity, consis-
tent with the persistent dual-task cost observed between
auditory-manual and visual-vocal tasks.

Moreover, a novel prediction can be derived from the
present Wndings. Given that the manual responses produced
interference with WM for spatial locations, it is predicted
that a task involving manual responses paired with a task

Fig. 2 Reaction times for the three levels of load as a function of the
subtrial (x-axis). Error bars represent standard errors of the mean
123



Psychological Research (2011) 75:466–475 473
involving spatial stimuli should produce robust dual-task
costs. Note that existing studies have already demonstrated
that dual-task costs can be reduced to near zero when a task
using spatial stimuli is paired with a task requiring vocal
responses (Hazeltine et al., 2002; Schumacher et al., 2001),
consistent with small decrements in WM capacity associ-
ated with the spatial load and manual response condition.

The Wndings suggest a middle ground between resource
theory and the RSB model. On the one hand, the content of
the operations required for performance of the two tasks
matters in that tasks that activate similar information within
WM will produce larger dual-task costs. On the other hand,
we do not view response selection as taking place in a
series of specialized resources (e.g., Wickens & Liu, 1988;
Wickens, Sandry & Vidulich, 1983). Rather, we envision a
Xexible response selection process that is constrained by
task-similarity.

This view suggests that practice, which is a primary
means of reducing dual-task costs, may serve to narrow or
focus the WM representations that mediate response selec-
tion. Early in practice, the WM activation may be diVuse,
including associations that are extraneous to the perfor-
mance of the task. If the WM activations for the two tasks
can be tuned so that they do not overlap, minimal dual-task
costs will be observed. However, if the activation necessar-
ily overlaps because the two tasks are similar, the practice
will be less eVective. This framework is consistent with the
observation that the eVect of modality-pairings on dual-task
costs persists with practice—in fact, modality-pairings
aVect the rate at which dual-task costs are reduced more
clearly than they aVect the magnitude of the costs early in
practice (see Hazeltine et al., 2006). Thus, we speculate that
interference in WM may represent a source of dual-task
cost that is particularly robust across training. In other
words, factors such as the complexity of the S–R mapping
rules may initially play a major role in the magnitude of
dual-task costs, but their role may diminish relative to that
of the modality-pairings. Further research will determine
whether this speculation is correct.

When applying these Wndings to models of dual-task
performance, it should be noted that there appears to be a
distinction between intra- and inter-task processing. That
is, stimuli and responses interfere with each other diVer-
ently when they belong to distinct tasks than when they
belong to the same task. For example, dual-task costs can
be reduced to near zero when auditory stimuli are paired
with vocal responses; it is when the auditory stimuli and
vocal responses belong to separate tasks that persistent
costs are observed. It is not that dual-task situations
involving auditory stimuli and vocal responses necessarily
leads to robust costs, it is when these components belong
to distinct, concurrently performed tasks that performance
is impaired.

The reason for why the pairing matters is presently
unknown. One possibility is that there is less interference
between representations belonging to the same task because
the S–R mappings, which presumably reside in WM,
already specify both the stimulus and response. Thus, acti-
vation from the stimulus strengthens the activation of the
response. In contrast, when the stimulus and response
belong to diVerent tasks but share representational space in
WM, the activation of one will interfere with the activation
of the other, because they are not linked by an S–R
mapping rule and there is no consistent relationship
between the appearance of the stimulus and the production
of the response. More detailed models of response selec-
tion are necessary to generate testable accounts of this
phenomenon.

Implications of the WM account of dual-task costs

Beyond demonstrating that tasks that produce robust dual-
task costs throughout moderate practice also appear to
overlap in WM, the present Wndings argue against some
alternative accounts of modality pairing eVects. Dual-task
costs diminish slowly with practice when a visual–vocal
task is paired with an auditory-manual task (Hazeltine
et al., 2006). One possible explanation is that participants
delay their vocal response for the visual task so that they
are sure that they do not speak during the presentation of
the auditory stimulus for the other task. When a visual-
manual and an auditory-vocal task are paired together, there
is less of concern of speaking over the auditory stimulus,
because the vocal response will not be produced before the
necessary auditory information has been extracted. This
account opens the possibility that the greater dual-task costs
for this pairing do not arise from a central source but rather
result from a strategy imposed by participants to avoid
peripheral interference. While the present Wndings do not
rule out this possibility, they do show that vocal responses
interfere with WM for the tones, even when the tones and
vocal responses are clearly separate in time. Thus, they pro-
vide converging evidence that interference between visual–
vocal and auditory–manual tasks occurs at a central stage of
processing.

One unexpected aspect of the Wndings is that holding
information in WM appeared to have little eVect on RT in
the choice-RT task. In the analysis of RT, load-type pro-
duced neither a signiWcant main eVect nor an interaction, in
contrast to its robust eVects on WM performance. The pres-
ence of a WM load did aVect performance through an inter-
action with the subtrial factor. However, this interaction
was not moderated by the overlap between the WM and
choice-RT tasks. Moreover, on subtrials 2 and 3, which did
not involve a task-switch, participants performed faster
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with the WM load. These Wndings suggest that the choice-
RT task was prioritized, even to the point of being sped up
under dual-task conditions. Such a strategy might be
adopted to minimize interference; the longer response
selection processes engage WM, the more likely they are to
interfere with the items from the WM task (see Cowan,
2000).

Summary

The present study demonstrates that the response modal-
ity of a choice-RT task can alter its impact on WM. This
Wnding suggests that WM is used by response selection
processes, and therefore, is a candidate source of dual-
task costs, a hypothesis that to this point has received sur-
prisingly little direct investigation. Linking dual-task
costs to interference in WM may shed light on the
dynamic processes that unfold during response selection,
especially with regard to modality-pairing eVects. In par-
ticular, comparing dual-task costs to interference in WM
may help researchers address Navon’s (1984) concern
with resource theory, that there are no independent means
of identifying domain-speciWc resources. Examining
interactions between task-relevant representations in a
range of contexts, including the maintenance of stimulus
information and the translation of stimulus information
into response codes, may provide converging measures
of the role that stimulus and response modalities play in
the cognitive architecture of response selection
processes.
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