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Abstract

The present experiments examined the effects of environmental support on participants’ ability to
rehearse locations and its role in the effects of secondary tasks on memory span. In Experiment 1,
the duration of inter-item intervals and the presence of environmental support for visuospatial
rehearsal (i.e., the array of possible memory locations) during the inter-item intervals were both
manipulated across four tasks. When support was provided, memory spans increased as the inter-
item interval durations increased, consistent with the hypothesis that environmental support
facilitates rehearsal. In contrast, when environmental support was not provided, spans decreased as
the duration of the inter-item intervals increased, consistent with the hypothesis that visuospatial
memory representations decay when rehearsal is impeded. In Experiment 2, the ratio of inter-item
interval duration to inter-trial interval duration was kept the same on all four tasks in order to hold
temporal distinctiveness constant, yet forgetting was still observed in the absence of
environmental support, consistent with the decay hypothesis. In Experiment 3, the effects of
impeding rehearsal were compared to the effects of verbal and visuospatial secondary processing
tasks. Forgetting of locations was greater when presentation of to-be-remembered locations
alternated with performance of a secondary task than when rehearsal was impeded by the absence
of environmental support. The greatest forgetting occurred when a secondary task required
processing visuospatial information, suggesting that in addition to decay, both domain-specific
and domain-general effects contribute to forgetting on visuospatial working memory tasks.

Keywords
visuospatial working memory; environmental support; secondary tasks; interference; decay

Although researchers have been studying the forgetting that occurs on short-term memory
and working memory tasks for many decades, no consensus has been reached regarding
whether such forgetting is due to decay, interference, or both. Classic findings that were
initially interpreted as evidence for decay were quickly reinterpreted as being consistent
with an interference hypothesis (Peterson & Peterson, 1959; Keppel & Underwood, 1962),
and something of a similar debate continues in the working memory literature today
(Barrouillet, Portrat, Vergauwe, Diependaele, & Camos, 2011; Lewandowsky & Oberauer,
2009). Although many studies have shown that when participants must perform a secondary

Corresponding author information: Lindsey Lilienthal, Washington University in St. Louis, 1 Brookings Drive, Campus Box 1125,
Saint Louis, MO 63130, Phone: 314 — 935 — 5397, Icdavies@wustl.edu.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lilienthal et al.

Page 2

processing in addition to a memory task their memory performance suffers (e.g., Hale,
Myerson, Rhee, Weiss, & Abrams, 1996; Logie, Zucco, & Baddeley, 1990), the question of
whether this impairment is due to interference or decay has proven difficult to resolve.

When participants are given a set of verbal items to remember, they are likely to rehearse
those items, and as a result, little or no forgetting may occur (Baddeley, 1986). In order to
observe forgetting in tasks that use verbal memory items, therefore, rehearsal must be
prevented and this is often accomplished by requiring participants to perform a secondary
task (e.g., counting backward by threes or repeating an irrelevant word, such as “the;”
Murray, 1967; Peterson & Peterson, 1959). Indeed, experiments that include a secondary
task in addition to a primary memory task have provided much of the evidence for two
modern theories of time-based forgetting: the task-switching model (Towse & Hitch, 1995;
Towse, Hitch, & Hutton, 2000) and the time-based resource-sharing model (Barrouillet,
Bernardin, & Camos, 2004; Barrouillet, Bernardin, Portrat, Vergauwe, & Camos, 2007). In
addition to blocking rehearsal, however, secondary tasks may also overwrite the contents of
working memory and create representation-based interference. Thus, when memory spans
are smaller in experimental paradigms that involve secondary tasks (i.e., complex span
tasks, to use the terminology introduced by Engle, Tuholski, Laughlin, & Conway, 1999)
than in those that do not (i.e., simple span tasks), one often cannot be sure whether this
effect is due to decay or interference, leaving the results open to conflicting interpretations.

As is the case with much of the research on working memory, most investigations of time-
based forgetting have been conducted in the verbal domain, and the question of whether or
not visuospatial memory items are lost over time in the absence of interference has received
much less attention. Nevertheless, research has demonstrated that when asked to remember
locations, participants are likely to rehearse through eye movements and/or shifts of spatial
attention to those locations (e.g., Awh, Jonides, & Reuter-Lorenz, 1998), and as in verbal
memory, rehearsal appears to decrease the amount of forgetting that occurs (e.g., Tremblay,
Saint-Aubin, & Jalbert, 2006; Godijn & Theeuwes, 2012).

For example, Tremblay et al. (2006) presented participants with a sequence of seven circles
in random locations, followed by a retention interval during which all seven circles were
visible, after which participants were asked to indicate the presentation order of the circles.
Participants were allowed to move their eyes freely during the retention interval and the
order on which locations were fixated was recorded. Tremblay et al. found that participants
spontaneously rehearsed the order of the circles during the retention interval. Moreover,
when the sequence of seven circles was divided into six successive pairs (e.g., 1-2, 2-3, 3-4,
... 6-7) and then further divided into pairs that were rehearsed and pairs that were not,
locations that were part of a rehearsed pair were more likely to be recalled in the correct
order than locations from pairs that were not rehearsed.

Further evidence that rehearsal using eye movements and spatial attention shifts can be
effective in maintaining visuospatial information comes from studies in which participants
were required to perform a secondary processing task between presentations of to-be-
remembered locations. When the secondary task required participants to shift their eyes
and/or spatial attention away from the to-be-remembered locations, memory for those
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locations was significantly decreased (e.g., Lawrence, Myerson, & Abrams, 2004;
Lawrence, Myerson, Oonk, & Abrams, 2001; Pearson & Sahraie, 2003; Postle, Idzikowsky,
Della Sala, Logie, & Baddeley, 2006). For example, Pearson and Sahraie found that
secondary tasks that required smooth pursuit eye movements, saccadic eye movements, or
discrete shifts of spatial attention all decreased visuospatial memory spans, and Lawrence et
al. (2001) found that secondary tasks requiring reflexive saccades, pro-saccades, and anti-
saccades all decreased memory spans to the same extent. Clearly, when participants are
required to move their eyes and/or shift spatial attention in ways that prevent the rehearsal of
to-be-remembered locations, visuospatial memory suffers. However, as is true of verbal
memory experiments that use a secondary processing task in order to impede rehearsal, one
cannot be sure whether such tasks decrease memaory spans solely because they prevent
rehearsal or because they also lead to the overwriting of memory representations.

There is, however, a potentially important difference between visuospatial memory and
verbal memory: Because visuospatial rehearsal is thought to involve directing one’s eyes
and/or attention to specific locations in the environment, it is possible that the degree of
environmental support for rehearsal (i.e., the structural information, or lack thereof,
provided by that environment) may directly influence the effectiveness of visuospatial
rehearsal. Although the concept of environmental support has been invoked in the literature
on age-related differences in memory, the term has never been rigorously defined. Rather, it
has been used to describe a variety of manipulations presumed to affect the amount of self-
initiated processing that is required by a task, and self-initiated processing is something
older adults have been hypothesized to have difficulty with compared to young adults (e.g.,
Craik, Byrd, & Swason, 1987; Hasher & Zacks, 1979). Moreover, previous studies of
environmental support have used verbal memory items (e.g., words, nameable objects) and
focused on the effects of support at encoding and/or retrieval on differences in the
performance of younger and older adults (e.g., Craik et al., 1987; Smith, Park, Cherry, &
Berkovsky, 1990), and the possible effects of the presence and absence of environmental
support on rehearsal of memory items have been largely ignored.

The present experiments, in contrast, directly address the role of environmental support in
the rehearsal of visuospatial information as well as its role in the effects of secondary
processing tasks on memory span. If the rehearsal of to-be-remembered locations is impeded
when environmental support is not provided, then one would expect to observe decreases in
memory span with increases in retention time, even in the absence of any secondary task.
Furthermore, if the main reason why secondary tasks decrease visuospatial memory span is
because presentation of secondary task stimuli is accompanied by the removal of
environmental support for rehearsal, then the lack of environmental support should result in
the same level of memory performance regardless of whether or not participants must also
perform a secondary task. The goal of the present experiments was to test these hypotheses.

Experiment 1

In order to investigate the effects of environmental support on visuospatial rehearsal and
forgetting, Experiment 1 included four visuospatial simple span tasks. Across the four tasks,
both the amount of time between the presentation of memory items (i.e., the inter-item
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interval) and the presence of environmental support during that time were manipulated. If
visuospatial rehearsal is impeded when environmental support is not provided, an interaction
should be observed: Longer inter-item intervals will be associated with smaller memory
spans, but only when support is not provided.

Participants—Twenty-four students (16 female) at Washington University in St. Louis
participated in this experiment in partial fulfillment of a course requirement.

Materials and Procedure—All participants performed four visuospatial simple span
tasks, adapted from the dot span task used by Hale et al. (2011). In all four tasks,
participants saw an array of 30 empty circles, each 1 cm in diameter, on a computer screen.
The locations of these circles were chosen randomly such that the average distance between
the centers of the circles was approximately 1.75 cm and the array appeared to be
unstructured (see Figure 1). A different set of locations for the 30 circles was chosen for
each trial.

On each trial, a subset of the circles in the array turned red one at a time, and participants
were instructed to remember the locations of the red circles. Each red circle was presented
for 1000 ms, followed by an inter-item interval that was either 2000 ms or 4000 ms,
depending on the task. At recall, participants saw the same array of 30 empty circles that had
been presented at the beginning of the trial and were asked to use the computer mouse to
click on those circles that had turned red during that trial. Participants were allowed to recall
the locations in any order and indicated when they were finished by clicking on an icon
labeled “Done.” Each task began with five practice trials, followed by 20 test trials. List
lengths ranged from two to eleven, and participants completed two test trials of each length.
Test trials were ordered according to list length, from shortest to longest, and span was
measured as one less than the shortest list length at which both test trials were incorrect.

The two manipulations of interest concerned the inter-item intervals, or the time between the
offset of one red circle and the onset of either the next red circle or the test array.
Specifically, across the four tasks, the duration of the inter-item intervals was either short or
long (i.e., either 1000 ms or 4000 ms) and environmental support was either present or
absent. Environmental support for rehearsal was provided by having the array of empty
circles remain on the screen during the inter-item intervals, whereas in the absence of
environmental support, the screen was blank during the inter-item intervals (see Figure 2).
Thus, one task had short interitem intervals with environmental support, one task had short
inter-item intervals without environmental support, one task had long inter-item intervals
with environmental support, and one task had long inter-item intervals without
environmental support.

Participants were administered these four tasks in one of four order conditions (six
participants per condition). Half of the participants completed the two tasks with
environmental support followed by the two tasks without environmental support, and the
other half of the participants completed these tasks in the reverse order. Within each of those
two groups of participants, half completed a task with short inter-item intervals first and half
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completed a task with long inter-item intervals first; interval durations were presented
alternately (i.e., either short, long, short, long or long, short, long, short).

Results and Discussion

A 2 (inter-item interval: short versus long) x 2 (environmental support: present versus
absent) repeated-measures ANOVA was conducted on the memory span data. A main effect
of environmental support was observed, F(1, 23) = 50.50, p <.001, n, 2=0.69, and
although the main effect of interval duration was not significant, F < 1.0, there was a
significant interaction between inter-item interval duration and environmental support, F(1,
23) = 35.32, p<.001, np 2=0.61. Planned comparisons revealed that this interaction reflects
the fact that when environmental support was present, spans were significantly larger in the
task with long inter-item intervals than in the task with short inter-item intervals, t(23)=
3.26, p = .003, whereas when environmental support was absent the opposite pattern was
observed and spans were significantly smaller in the task with long inter-item intervals than
in the task with short inter-item intervals, t(23)=5.72, p < .001 (see Figure 3).

The observed interaction suggests that when environmental support was provided, rehearsal
of the to-be-remembered locations was facilitated. More specifically, when participants were
given long inter-item intervals in which to rehearse as well as the environmental support
needed to do so effectively, memory performance was better than when support was
provided but the short inter-item interval duration limited the time available for rehearsal.
This finding further suggests that, given the right environmental support and sufficient time,
rehearsal can improve visuospatial memory performance, perhaps because of more
opportunity to engage in elaborative processing and/or more practice retrieving to-be-
remembered locations using the array as a cue.

Previous findings related to the efficacy of maintenance rehearsal have been mixed: Some
studies have found that decreasing the presentation rate, thereby giving participants
additional time to rehearse between the presentation of each item, improves memory
performance (e.g., Mackworth, 1962; Tan & Ward, 2008), consistent with the present
results, whereas other studies have found that memory performance actually decreases with
reductions in presentation rate (e.g., Posner, 1964; Conrad & Hille, 1958). Mixed results
have also been observed when the duration of a final retention interval is manipulated (e.g.,
compare Craik & Watkins, 1973, with Peterson & Peterson, 1959). Of course, the vast
majority of studies investigating this issue have been conducted using verbal memory items,
and whatever the reasons for the mixed results, it is quite possible that they may not
generalize to the visuospatial domain. Precisely because it is unclear whether the same
principles apply in both the verbal and visuospatial domains, more research is needed
investigating the possible benefits of increasing the opportunity for rehearsal in visuospatial
memory.

The results of Experiment also are consistent with the eye-tracking results of Tremblay et al.
(2006), who reported that memory for the order in which locations were presented improved
as the number of rehearsed sequential locations increased and who also found that the order
of rehearsed locations was remembered better than the order of unrehearsed locations. The
present experiment goes beyond that of Tremblay et al. and suggests that visuospatial
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rehearsal can improve location memory itself, rather than just memory for the temporal
order in which locations were presented.

The observed interaction also suggests that when environmental support was not provided,
rehearsal of the to-be-remembered locations was apparently impeded, as evidenced by the
finding that spans decreased by more than one location on the task with long inter-item
intervals relative to the task with short inter-item intervals (i.e., average spans went from 5.0
to 3.9). Importantly, all four tasks used in this experiment were true simple span tasks,
meaning that participants were never required to perform any secondary processing task
during the inter-item intervals, and so were free to rehearse the locations, either overtly or
covertly, as best they could. It is therefore unlikely that the reduced memory spans observed
when environmental support was not provided were caused by interference, and instead the
observed forgetting may have been due to the decay of memory traces over time.

Experiment 2

Method

In Experiment 1, the amount of time between trials (i.e., inter-trial interval) was controlled
by the participants, who were instructed to press the spacebar when they were ready to start
the next trial. It is therefore possible for one to argue that the forgetting observed in the long
inter-item interval task without environmental support could be due to decreased temporal
distinctiveness of the memory representations, rather than being due to decay. This is
because the temporal distinctiveness of a memory item decreases as the amount of time
since its presentation increases, and this can lead to poorer recall (e.g., Brown, Neath, &
Chater, 2007; Crowder, 1976).

The durations of inter-trial intervals were not recorded in Experiment 1, but if participants’
inter-trial interval durations were similar in the long inter-item interval and the short inter-
item interval tasks, then the ratio of inter-item interval duration to inter-trial interval
duration would have been smaller when the inter-item intervals were long compared to when
the inter-item intervals were short, potentially causing the representations of current and
previous memory items to be more compressed in time (e.g., Shipstead & Engle, 2013;
Unsworth, Heitz, & Parks, 2008). Because such compression could increase proactive
interference, it is possible that the decreased temporal distinctiveness when inter-item
intervals were long played a role in the forgetting observed when environmental support was
not provided. In Experiment 2, therefore, participants completed the same four visuospatial
simple span tasks as in Experiment 1, but the ratio between the inter-item interval durations
and the inter-trial interval durations was kept constant across tasks.

Participants—Twenty-four students (9 female) at Washington University in St. Louis
participated in this experiment in partial fulfillment of a course requirement. None of the
students in this experiment had participated in Experiment 1.

Materials and Procedure—All participants performed four visuospatial simple span

tasks that were identical to the tasks used in Experiment 1 except that in this experiment the
inter-trial interval durations were experimentally controlled. In the two tasks with short (i.e.,
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1000 ms) inter-item intervals, each inter-trial interval was 1000 ms, and in the two tasks
with long (i.e., 4000 ms) inter-item intervals, each inter-trial interval was 4000 ms. Thus, the
ratio of inter-trial interval to inter-item interval was fixed at 1.0, thereby keeping the relative
temporal distinctiveness of items constant across tasks. All other aspects of the procedure
were the same as in Experiment 1.

Results and Discussion

As in Experiment 1, a 2 (inter-item interval: short versus long) x 2 (environmental support:
present versus absent) repeated-measures ANOVA was conducted on the memory span data.
A main effect of environmental support was observed, F(1, 23) = 29.07, p <.001, n 2=
0.56, and although the main effect of interval duration was not significant, F(1, 23) = 2.12,
ns, there was again a significant interaction between inter-item interval duration and
environmental support, F(1, 23) = 7.93, p=.010, np 2=0.26. Importantly, a planned
comparison revealed that in the absence of environmental support, spans were significantly
smaller in the task with long inter-item intervals than in the task with short inter-item
intervals, t(23)=4.26, p < .001 (see Figure 4).

In Experiment 2, the ratio between the durations of the inter-item intervals and the intertrial
intervals was kept constant, and because memaory spans in the long inter-item interval task
without environmental support remained significantly smaller than in the short inter-item
interval task without environmental support, this suggests that the forgetting observed in the
long interitem interval task without environmental support in Experiments 1 and 2 was not
solely due to reduced temporal distinctiveness. As participants were again not required to
perform any secondary processing task during the inter-item intervals, and as differences in
temporal distinctiveness were largely controlled in this experiment, it appears that the
observed forgetting may have been due to the decay of memory traces over time.

Experiment 3

The effect that an interpolated secondary processing task can have on memory performance
is well known, if not well understood: Typically, recall on complex span tasks, in which a
secondary processing task alternates with the presentation of items for the primary memory
task, is poorer than recall on simple span tasks, in which the memory task is performed
alone. However, the reason why performance is poorer is not entirely clear. On the one
hand, secondary tasks may create representation-based interference, effectively overwriting
the contents of working memory. On the other hand, secondary tasks also likely block
rehearsal, as when articulatory suppression is used to prevent covert repetition of to-be-
remembered words. In the visuospatial domain, this could occur because environmental
support is often removed when secondary task stimuli are presented, making it difficult to
rehearse using eye movements and/or shifts of spatial attention toward to-be-remembered
locations. Such manipulations intended to impede rehearsal may lead to some form of time-
based forgetting. Accordingly, Experiment 3 was designed to examine the extent to which
the removal of environmental support for rehearsal might explain the forgetting caused by
secondary tasks, as well as to explore the possibility that the reason why secondary tasks
from the same domain as the primary memory task lead to forgetting may be different from
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the reason why secondary tasks from a different domain as the primary memory task lead to
forgetting.

Participants in Experiment 3 performed four memory tasks: two visuospatial simple span
tasks that were essentially the same as the two tasks with long inter-item intervals used in
Experiment 1, and two visuospatial complex span tasks in which participants had to perform
either a verbal or a visuospatial secondary processing task during the inter-item intervals. If
memory spans on the two complex span tasks are both similar to memory spans on the
simple span task without environmental support, this would suggest that both secondary
tasks simply impede rehearsal, consistent with a time-based forgetting framework. If,
however, requiring participants to perform either secondary task lowers memory span more
than not providing environmental support, this would suggest that the secondary task did
more than just impede rehearsal.

Some researchers have observed selective, domain-specific effects in both verbal and
visuospatial working memory: Spans are typically lower when the items involved in the
secondary processing task and the primary memory task are from the same domain than
when they are from different domains (e.g., Hale, et al., 1996; Logie et al., 1990). However,
other researchers report that, at least in the case of visuospatial memory, secondary tasks
have only domain-general effects (e.g., Vergauwe, Barrouillet, & Camos, 2010). Experiment
3 included one complex span task in which both the memory task and the secondary task
were visuospatial as well as one complex span task in which the memory task was
visuospatial and the secondary task was verbal. If domain-general effects are observed (i.e.,
if verbal and visuospatial secondary tasks lead to similar memory spans), this finding would
be consistent with the hypothesis that secondary processing tasks lower visuospatial spans
because they require that domain-general attentional resources, and not just domain-specific
spatial resources, be diverted from maintaining representations of the memory items. If
memory spans are significantly smaller when both memory and secondary tasks are
visuospatial than when the former is visuospatial and the latter is verbal, however, this
finding would be consistent with the hypothesis that visuospatial secondary tasks do more
than just divert general attentional resources.

Participants—Twenty-four students (15 female) at Washington University in St. Louis
participated in this experiment in partial fulfillment of a course requirement or for monetary
compensation. None of the students in this experiment had participated in Experiments 1 or
2.

Materials and Procedure—All participants performed four visuospatial memory span
tasks, and as in previous experiments, on each trial of each task an array of 30 empty circles
was presented, and a subset of the circles turned red one at a time. Each red circle was
presented for 1500 ms, followed by an inter-item interval of at least 4000 ms. Participants
were instructed to remember the locations of the red circles. List lengths again ranged from
two to eleven (two test trials at each length), and trials were ordered according to list length,
from shortest to longest. At recall, participants saw the same array of 30 empty circles that
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had been presented at the beginning of the trial and were asked to use the computer mouse to
click on those that had turned red during that trial. Participants were allowed to recall the
locations in any order, and they indicated when they were finished by clicking on an icon
labeled “Done”. As in Experiment 1, inter-trial interval durations were controlled by
participants, as participants were instructed to press the spacebar when ready to begin the
next trial. Span was again measured as one less than the shortest list length at which both
test trials were incorrect.

The four memory span tasks differed in respect to what occurred during the inter-item
intervals (i.e., the time between the offset of one red circle and the onset of the next red
circle, and also the time between the offset of the final red circle and the onset of the test
array). In the simple span task with environmental support, the 30-circle array was presented
during the interitem intervals, similar to the long inter-item interval task with environmental
support in Experiments 1 and 2. In the simple span task without environmental support, a
blank screen was presented during the inter-item intervals, similar to the long inter-item
interval task without environmental support in Experiments 1 and 2.

The two complex span tasks are depicted in Figure 5. In the complex span task with the
verbal secondary task, participants were asked to determine whether or not the solutions
given for simple addition problems were correct (e.g., 7 + 3 = 11?) during the inter-item
intervals (Turner & Engle, 1989). In the complex span task with the visuospatial secondary
task, participants were asked to determine whether or not a horizontal line was able to fit in
the gap between two boxes during the inter-item intervals (Vergauwe et al., 2010). The
distance between the boxes varied from presentation to presentation, and the lines (presented
either directly above or directly below the boxes) also varied in length. On both complex
span tasks, participants indicated their decisions during the secondary task by pressing one
of two labeled keys on the computer keyboard. Both complex span tasks began with two
rounds of practice trials: Participants first responded to 10 secondary-task items in the
absence of a memory task, followed by four practice trials that were identical to the test
trials.

Each inter-item interval was designed to last at least 4000 ms, consistent with the tasks with
long inter-item intervals used in Experiments 1 and 2. Thus, in the complex span tasks
participants completed as many secondary task problems (i.e., math problems or line
judgments) as they could until 4000 ms had elapsed (with one problem replacing another as
soon as a participant responded), at which point participants were allowed to respond to the
current problem before the next red circle was presented. Participants completed an average
of 4.4 (SD = 1.1) math problems and 5.5 (SD = 0.9) line judgments per inter-item interval,
and overall average accuracy was 98.6% for the math problems and 93.8% for the line
judgments. Because participants were never stopped in the middle of a problem, the total
length of each interval typically was longer than 4000 ms: The average length of time of
each inter-item interval was 4538 ms (SD = 233.7) in the complex span task with the verbal
secondary task (an average of 1024 ms per problem) and 4770 ms (SD = 366.4) in the
complex span task with the visuospatial secondary task (an average of 864 ms per problem).
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In the two simple span tasks, participants were free to rehearse the locations the best they
could during inter-item intervals, although they received no instructions to do so. Because
the goal of Experiment 3 was to compare the effects of impeding rehearsal with those of
diverting attention, domain-general as well as domain-specific, through secondary tasks, it
was critical that the inter-item intervals in the simple span tasks be equivalent in duration for
each participant to the inter-item intervals in the complex span tasks. To ensure that this
would be the case for each individual, all participants completed the two complex span tasks
first, although the order of the complex span tasks was counterbalanced across participants.
A participant’s inter-item interval durations in these tasks were then used to determine the
inter-item interval durations for that participant in the simple span tasks that followed (the
order of which was also counterbalanced); the interval durations for each of the simple span
tasks were drawn half from the complex span task with the verbal secondary task and half
from the complex span task with the visuospatial secondary task.

Results and Discussion

Figure 6 depicts the visuospatial memory spans obtained on the four tasks of Experiment 3.
A planned contrast comparing the two simple span tasks revealed that spans were
significantly larger when environmental support for rehearsal was provided than when
support was not provided, t(23) = 3.97, p = .001, consistent with the results for the tasks
with long inter-item intervals in Experiments 1 and 2.

The primary goal of the present experiment, however, was to compare the forgetting of
visuospatial information caused by secondary processing tasks with the forgetting caused by
the absence of environmental support for rehearsal. Both the absence of environmental
support and having to perform a secondary task presumably impeded the active maintenance
of memory representations, although they may have done so in different ways: The absence
of environmental support impeded rehearsal without necessarily diverting domain-general
attention, whereas secondary tasks may have impeded not only rehearsal but also other
forms of active maintenance (e.g., attentional refreshing) by diverting general attention from
the representations of memory items.

To compare the effects of secondary processing tasks on visuospatial working memory with
the effects of not having environmental support, a one-way ANOVA was conducted on the
spans from the simple span task without environmental support, the complex span task with
the verbal secondary task, and the complex span task with the visuospatial secondary task.
There was a significant main effect of task, F(2, 46) = 17.02, p <.001, np 2=0.43,and a
significant linear trend reflecting the fact that spans decreased systematically from the
simple span task without environmental support to the complex span task with the verbal
secondary task and then again to the complex span task with the visuospatial secondary task,
F(1, 23) = 63.79, p<.001, np 2.=0.73. Importantly, spans were significantly smaller when
the secondary task was visuospatial than when it was verbal, t(23) = 2.49, p =.021.

If the only reason why secondary tasks and the lack of environmental support both cause
forgetting is that both impede visuospatial rehearsal, one would have expected spans in the
two complex span tasks to be equivalent to those in the simple span task without
environmental support, but this was not the case: Spans in the simple span task without
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environmental support were larger than those in the two complex span tasks. Moreover, if
this had occurred simply because the lack of environmental support for rehearsal does not
impede the active maintenance of memory representations as effectively as does diverting
domain-general attention away from those representations in order to perform a secondary
processing task, then one would have expected spans on the two complex span tasks to be
equivalent, but again, this was not the case: Spans in the complex span task with the verbal
secondary task were larger than those in the complex span task with the visuospatial
secondary task. Taken together, these findings suggest first, that both verbal and visuospatial
secondary tasks can divert general attention from to-be-remembered locations, and second,
that visuospatial secondary processing tasks additionally can create interference with
visuospatial memory representations and/or divert domain-specific (spatial) attention
necessary for maintaining these representations.

Domain-specific effects between secondary tasks and primary memory tasks traditionally
have been considered to be evidence of a functional fractionation in the working memory
system (e.g., Hale et al., 1996; Logie et al., 1990), and the results of Experiment 3 are
consistent with this idea. According to Baddeley (1986) and others, domain-specific effects
occur when memory items and secondary task items are from the same domain because
these items must compete for the same limited, domain-specific resources or because
representations of the secondary task items may overwrite the representations of to-be-
remembered items.

When comparing the effects of secondary tasks, it is important to consider the cognitive
loads of the tasks being compared (defined by Barrouillet and colleagues as the proportion
of total time allowed for the processing task that was actually used for processing; e.g.,
Barrouillet et al., 2004), as some research has shown that what appear to be domain-specific
effects can disappear when cognitive load is controlled (e.g., Vergauwe, Barrouillet, &
Camos, 2009; Vergauwe et al., 2010). In the present experiment, both complex span tasks
were designed to have very high cognitive loads, as participants were presented with the
next secondary-task item (i.e., the next math problem or line judgment) immediately after
responding to the current item. When the cognitive load of each complex span task was
calculated using the RT data obtained in Experiment 3, the complex span task with the
verbal secondary task had a cognitive load of .901, and the complex span task with the
visuospatial secondary task had a cognitive load of .905. Thus, differences in cognitive load
cannot easily explain the observed domain-specific effect.

Interestingly, if attention is considered to be a domain-general construct, such
domainspecific effects are inconsistent with theoretical models in which time-based decay is
the sole cause of forgetting. Such models posit that items are forgotten because memory
representations fade over time when domain-general attention is not available to refresh
them, as when attention is diverted by a secondary processing task (e.g., Barrouillet et al.
2004; Towse & Hitch, 1995). Spans were smaller on both complex span tasks than on the
simple span task without environmental support, suggesting that domain-general attention
can play a role, but the fact that performing a visuospatial secondary task resulted in smaller
memory spans than did performing a verbal secondary task is difficult to reconcile with such
decay models, as domain-general attention should be diverted similarly by the two tasks.
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Clearly, both secondary tasks diverted attention from the memory items, allowing forgetting
to occur, but the fact that different secondary tasks had different effects on memory suggests
that a lack of attention, in the domaingeneral sense of the term, was not the only factor
involved. That is, the fact that performing any secondary task decreased memory spans
suggests that domain-general attention does play a role in complex span tasks, but these
results also suggest that a visuospatial secondary task may selectively disrupt visuospatial
maintenance and/or cause representation-based interference with visuospatial memory items.
The results of Experiment 3 show that, consistent with past research by Baddeley and
colleagues (e.g., Jarrold, Tam, Baddeley, & Harvey, 2011; Logie et al., 1990), both domain-
specific and domain-general effects can contribute to the forgetting caused by secondary
processing tasks.

General Discussion

The present investigation of visuospatial working memory had three primary goals: first, to
evaluate the effects of environmental support on visuospatial rehearsal; second, to examine
the role of temporal distinctiveness in these effects; third, to compare the effects of the lack
of environmental support for rehearsal with the effects of secondary processing tasks. The
first goal was addressed in Experiment 1, in which participants performed simple
visuospatial span tasks. Two critical factors were manipulated: whether or not
environmental support was provided during the inter-item intervals (i.e., whether or not the
array of possible locations was present), and whether the duration of those inter-item
intervals were short (1000 ms) or long (4000 ms). Importantly, participants did not have to
perform a secondary task during the inter-item intervals, and thus were free to try to rehearse
the to-be-remembered locations. When environmental support was not provided, spans were
larger in the task with short inter-item intervals than in the task with long inter-item
intervals, but the opposite pattern was observed when environmental support was provided.
These findings are consistent with the hypothesis that environmental support is needed for
the effective rehearsal of to-be-remembered locations, and that without such rehearsal,
representations of those locations will decay.

The second goal was addressed in Experiment 2. Because inter-trial interval durations were
not experimentally controlled in Experiment 1, it remained possible that decreases in the
temporal distinctiveness of memory items played a role in the forgetting observed in the
long inter-item interval task without environmental support. Therefore, Experiment 2
included the same four visuospatial simple span tasks used in Experiment 1 except that the
inter-trial interval durations were controlled so as to keep the ratio of the inter-item interval
durations to the intertrial interval durations, and thus the temporal distinctiveness of memory
items, constant across tasks. Importantly, when environmental support was not provided,
memory spans were again significantly smaller in the long inter-item interval task than the
short inter-item interval task, suggesting that reduced temporal distinctiveness played at
most a small role in the forgetting observed without environmental support in Experiment 1.

The third goal was addressed in Experiment 3, in which memory spans in a simple span task
without environmental support were compared with memory spans in two complex span
tasks, in which inter-item intervals were filled with a secondary processing task. Spans were
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smaller when participants had to perform a secondary task than when rehearsal was impeded
simply by the absence of environmental support. It made a difference, however, whether the
secondary processing task was verbal or visuospatial, as spans were even smaller in the
complex span task with the visuospatial secondary task than in the complex span task with
the verbal processing task, consistent with the hypothesis that in addition to eliminating
environmental support for rehearsal and diverting domain-general attention, visuospatial
secondary tasks also interfere directly with representations of to-be-remembered locations
and/or disrupt domain-specific maintenance processes. Importantly, such domain-specific
effects are consistent with the hypothesis that working memory utilizes at least two domain-
specific stores, one of which temporarily maintains verbal information and one of which
maintains visuospatial information (e.g., Baddeley & Hitch, 1974; Baddeley, 1986; Logie,
1995).

Considered together, the present experiments provide evidence consistent with the
occurrence of both decay and interference in visuospatial working memory. In Experiments
1 and 2, memory spans decreased with increases in inter-item interval duration when
environmental support for rehearsal was not provided, and this forgetting was most likely
due to decay. One might argue against this interpretation on the grounds that the repeated
appearance and disappearance of the array of possible locations in the tasks without
environmental support could have distracted participants, thereby disrupting encoding
processes. Notably, however, spans did not differ based on the presence or absence of
environmental support in the simple span tasks with short inter-item intervals, suggesting
that participants’ ability to encode was likely similar across conditions of environmental
support.

In the verbal domain, it has been difficult to draw clear conclusions regarding the possible
effects of decay in working memory, as studies typically have blocked rehearsal by having
participants perform a secondary processing task in addition to the primary memory task.
The present experiments introduce a new, potentially important experimental paradigm for
the investigation of decay in the visuospatial domain that does not require the use of a
secondary task. The results of Experiments 1 and 2 suggest that, at least when the array of
possible memory locations is relatively unstructured and unfamiliar, removing that array
during the inter-item intervals impedes rehearsal and produces forgetting that, by default, is
presumed to reflect the decay of memory representations. This experimental paradigm also
allowed for a comparison of the forgetting caused by impeding rehearsal with the forgetting
caused by secondary processing tasks, and the results of Experiment 3 revealed that having
to perform a secondary task was more detrimental to participants’ retention of visuospatial
items in working memory than was simply impeding rehearsal by removing environmental
support, suggesting that both interference and decay can play a role in forgetting.

It is interesting to note that not all theories of working memory that posit that forgetting
occurs through decay would have predicted the present results. For example, the time-based
resource-sharing model proposed by Barrouillet and colleagues (e.g., Barrouillet et al., 2004;
Barrouillet & Camos, 2012) hypothesizes that domain-general attention is required to
refresh memory traces, so that when attention is directed to a secondary processing task, for
example, memory traces cannot be refreshed and therefore will decay over time. In the first
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two experiments of the present study, however, general attention was never diverted by a
secondary processing task, yet forgetting occurred when environmental support was not
provided, a result that is difficult to explain in terms of the time-based resource-sharing
model.

The domain-specific effect observed in Experiment 3 is also largely inconsistent with the
hypothesis that forgetting is caused exclusively by decay. Contemporary theories of decay
typically focus on the role of attention, which is a domain-general construct (e.g., Barrouillet
etal., 2004; Towse & Hitch, 1995), and domain-general attention should have been diverted
similarly by both verbal and visuospatial secondary tasks in Experiment 3. Therefore, both
tasks should have had similar effects on memory span. Instead, however, visuospatial
memory spans were smaller when the secondary task was visuospatial than when it was
verbal. Both secondary tasks led to forgetting, suggesting they both successfully diverted
general attention from the memory representations, but the fact that the two secondary tasks
had different effects on visuospatial working memory, with the visuospatial secondary task
leading to smaller spans than the verbal secondary task, suggests that both decay and
interference likely played a role.

The present experiments are the first to demonstrate that the presence of environmental
support, or the lack thereof, can systematically affect the efficacy of visuospatial rehearsal,
and thus, visuospatial working memory. In addition, the present experiments clarify the
consequences of processing non-memory stimuli while simultaneously trying to maintain
temporary memory of a set of locations. Taken together, the findings from the present
experiments resist oversimplification, yet tell a story that is quite orderly and
comprehensible, with rehearsal, decay, and interference, both domain-general and domain-
specific, all having important roles to play in determining visuospatial memory span. For
someone trying to remember locations, the story has clear implications. If environmental
support for rehearsal is available, then rehearsing by moving one’s eyes and/or shifting
spatial attention to the to-be-remembered locations will help prevent forgetting. If
environmental support is not available, it is then best to avoid shifting one’s attention to
non-memory stimuli. Finally, if attention must be diverted to process non-memory stimuli,
then it is better to process verbal stimuli than visuospatial stimuli. Although the
mechanism(s) underlying these prescriptions remain a matter of current debate, the present
results suggest that forgetting on visuospatial memory span tasks involves more than one
mechanism, ultimately raising the question of the extent to which the same or different
mechanisms are involved in forgetting on verbal memory span tasks.
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Figure 1.
An example of an array used in the visuospatial span tasks.
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Figure 2.

Examples of the simple span tasks with and without environmental support in Experiment 1.

The left panel shows a trial (list-length two) without environmental support, and the right
panel shows a trial with environmental support.
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Figure 3.

Effects of inter-item interval duration and environmental support on visuospatial memory
spans in Experiment 1. Short and long inter-item intervals were 1000 ms and 4000 ms in
duration, respectively.
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Figure4.

Effects of inter-item interval duration and environmental support on visuospatial memory
spans in Experiment 2.
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Figureb5.

Examples of the complex span tasks in Experiment 3. The left panel shows a trial from the
complex span task with the verbal secondary task, and the right panel shows a trial from the

complex span task with the visuospatial secondary task.
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Figure6.
Effects of environmental support and secondary task on visuospatial memory spans in

Experiment 3.

Mem Cognit. Author manuscript; available in PMC 2015 October 01.




