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High working memory capacity attenuates the
deviation effect but not the changing-state effect:
Further support for the duplex-mechanism
account of auditory distraction

PATRIK SORQVIST
University of Gdvle, Gdvle, Sweden

Serial short-term memory is impaired by background sound, at least when a sound element suddenly deviates
from an otherwise repetitive sequence (the deviation effect) and when each sound element in the sequence differs
from the preceding one (the changing-state effect). Two competing theories have been proposed to explain these
effects: One suggests that both effects are caused by the same mechanism (i.e., attentional resources being depleted
by the sound), and the other suggests that the deviation effect is caused by attentional capture and that the changing-
state effect is caused by interference between order processes. The present investigation found that working memory
capacity predicts susceptibility to the deviation effect, but not to the changing-state effect, both when speech items
(Experiment 1) and when tones (Experiment 2) produce the disruption. These results suggest that the two effects are
caused by different mechanisms and support the duplex-mechanism account of auditory distraction.

As is well known, serial short-term memory of visu-
ally presented items is impaired by the mere presence of
background sounds (Colle & Welsh, 1976; Ellermeier &
Zimmer, 1997; Jones & Macken, 1993; Macken, Trem-
blay, Alford, & Jones, 1999; Salamé & Baddeley, 1982),
at least when the sound sequence changes acoustically.
For instance, the [k 1 m v r q c¢] sound sequence is more
distracting to serial recall than is the [c ¢ ¢ ¢ ¢ ¢ c] sound
sequence. This finding is called the changing-state effect
(Jones & Macken, 1993; Macken et al., 1999). Further-
more, an auditory event that stands out or deviates from
the recent auditory past, such as the sound /m/ in the
[c c ¢ m ¢ ¢ c] sound sequence, disrupts serial recall. This
phenomenon is known as the deviation effect (Hughes,
Vachon, & Jones, 2005, 2007; Lange, 2005; see also Par-
mentier, 2008).

The interference-by-process account has been pro-
posed as a possible explanation of the changing-state ef-
fect (Macken et al., 1999). According to this theory, the
changing-state effect is caused by interference between
two sets of order processes: (1) the automatic process-
ing of order between successive and perceptually discrete
sound events and (2) the deliberate processing of the order
between the to-be-serially-recalled items. On the basis of
this theory, then, the changing-state effect takes place only
when the primary task requires order processing (e.g., se-
rial rehearsal of visual verbal items).

Cowan (1995) has proposed another possibility. Ac-
cording to his theory, changes in a sound stream deplete

attentional resources that could otherwise be used to en-
tertain the focal task. In other words, each new sound ele-
ment in a changing-state sound stream (e.g., k Imvrqc)
attracts orienting responses (Ohman, 1979; Siddle, 1991;
Sokolov, 1963) accompanied by a redirection of attention
toward the new stimulus (away from the focal task) and
causes disruption. The same mechanism could also ex-
plain the deviation effect: The /m/ sound element in the
[c ccmccc] sound sequence elicits an orienting response
and disrupts performance as a consequence.

Due to its parsimonious character, Cowan’s (1995) the-
ory is attractive, and, at first glance, it may seem like a
changing-state sound sequence is just a series of deviant
sounds, in that each item deviates from the preceding item.
However, a number of findings suggest that changing-state
and deviating sounds have different effects on cognitive
performance. First, a deviating sound disrupts performance
on tasks that do not require any order processing (see, €.g.,
Berti & Schroger, 2003; Hughes et al., 2007; Parmentier,
2008), but changing-state sound sequences do not (Hughes
et al., 2007; Jones & Macken, 1993; Perham, Banbury, &
Jones, 2007). Second, the changing-state effect and the
deviation effect do not interact in their disruption of se-
rial recall (Hughes et al., 2007). Third, the deviation ef-
fect is absent when the deviant is presented during a re-
tention interval between encoding and retrieval, whereas
the changing-state effect is still present when the sound
is presented during the retention interval (Hughes et al.,
2005). Fourth, and finally, a large body of evidence has
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demonstrated habituation toward the disruptive effects
of deviating sounds on task performance (e.g., Debener,
Kranczioch, Herrmann, & Engel, 2002; Friedman, Cyco-
wicz, & Gaeta, 2001; Siddle, 1991; Sokolov, 1963), but
people seem unable to habituate to the effects of changing-
state sound sequences on serial recall (Ellermeier & Zim-
mer, 1997; Jones, Macken, & Mosdell, 1997; Tremblay
& Jones, 1998). These results lean toward the possibility
that the changing-state effect and the deviation effect are
caused by qualitatively different mechanisms. Because of
this, Hughes et al. (2007) proposed a duplex-mechanism
account of auditory distraction. According to this view, the
changing-state effect is the result of interference between
order processes, whereas the deviation effect is caused by
attentional capture. The purpose of the present study was to
investigate the nature of the mechanisms that underlie indi-
vidual differences in susceptibility to these two effects.

Complex span tasks are typically employed to investi-
gate individual differences in cognitive capacity. In a clas-
sic complex span task called operation span (OSPAN), the
present participants were presented with sets of operation
word strings [e.g., “Is (4 X 3) + 5 = 17? cacTUs”] and
were requested to respond yes or no to the operation and
to remember the word for later recall. After responding
to a set of those operation word strings, the participants
recalled the words. The score on the recall part of the task
was used to measure what is called working memory ca-
pacity (WMC). A large number of studies have shown that
WMC is extremely successful in predicting performance
across a wide range of domains (for reviews, see Engle,
2002; Unsworth & Engle, 2007), including the antisaccade
task (Kane, Bleckley, Conway, & Engle, 2001; Unsworth,
Schrock, & Engle, 2004), Eriksen’s flanker task (Heitz &
Engle, 2007), the attention network test (Redick & Engle,
20006), and the Stroop task (Kane & Engle, 2003). Find-
ings such as these have led some authors to argue that
WMC measures individual differences in a general and
limited pool of attentional resources that can be used to in-
hibit task-irrelevant information and constrain attention to
the primary task (Engle, 2002; Kane et al., 2001; Lustig,
Hasher, & Zacks, 2007).

If the changing-state effect is caused by depletion of
attentional resources, as was suggested by Cowan (1995),
there should be a relationship between WMC and the
magnitude of the changing-state effect. However, several
authors have tried and failed to find this relationship (Bea-
man, 2004; Elliott & Cowan, 2005; for an exception, see
Elliott, Barrilleaux, & Cowan, 2006). On the other hand,
if the changing-state effect is caused by interference be-
tween order processes, as is proposed by the interference-
by-process account (Macken et al., 1999), then individual
differences in the capability to process order, rather than
WMC, should predict disruption. To support this claim,
Macken, Phelps, and Jones (2009) presented participants
with pairs of sound patterns and asked them to judge
whether or not the two patterns in each pair were the same.
The authors argued that the pattern-matching task mea-
sures the capability to automatically process order infor-
mation in sound sequences, and they were able to show
that the participants who performed well on the pattern-

matching task were most susceptible to the changing-state
effect. The authors concluded that the magnitude of the
changing-state effect is a function of the efficiency by
which people process the order between individual sound
elements, not a function of an all-purpose pool of atten-
tional resources (i.e., WMC).

In contrast to those studies, a handful of experiments
have shown that WMC does indeed predict susceptibil-
ity to some types of auditory distraction that are not evi-
dently dependent on a conflict between order processes.
For instance, Beaman (2004) asked participants to view
lists of visual to-be-remembered words (e.g., tools) and
recall the words in free order; thereafter, he presented lists
of to-be-ignored speech words that were semantically re-
lated to the to-be-remembered words (e.g., other tools).
At recall, low-WMC individuals reported more of the
to-be-ignored speech words than high-WMC individuals
did. Other studies have shown that people with high WMC
are less susceptible to the detrimental effects of speech
and aircraft noise on reading comprehension and prose
memory (Sorqvist, 2010; Sérqvist, Halin, & Hygge, 2010;
Sorqvist, Ljungberg, & Ljung, 2010).

Besides these demonstrations of relationships between
WMC and auditory distraction, a study by Conway,
Cowan, and Bunting (2001) is of particular interest to the
present investigation. When engaged in a conversation at
a party, hearing your own name spoken in the background
can capture your attention (i.e., the cocktail party phenom-
enon). Conway et al. (2001) investigated the role of WMC
in this phenomenon by requesting that participants contin-
uously repeat aloud (i.e., shadow) a message presented to
one ear while ignoring another message presented to the
other ear. The participant’s own name was spoken in the
to-be-ignored message at some point during shadowing.
The results revealed that high-WMC individuals were less
likely to report hearing their own name. Furthermore, they
were less likely to make shadowing mistakes when their
name was presented. Since the deviation effect seems
to be a result of attentional capture (e.g., Hughes et al.,
2007), similar to the cocktail party phenomenon, Conway
etal’s (2001) results suggest that WMC should predict the
magnitude of the deviation effect.

The possibilities that susceptibility to the changing-
state effect is a function of order processes (Macken
et al., 2009) and that susceptibility to the cocktail party
phenomenon is a function of WMC (Conway et al., 2001)
fit nicely with the duplex-mechanism account of auditory
distraction (Hughes et al., 2007). To recollect, this account
proposes that the deviation effect is caused by attentional
capture, and if WMC reflects some general pool of at-
tentional resources (see, e.g., Kane et al., 2001), then high
WMC should attenuate the deviation effect. In contrast,
WMC should not predict the magnitude of the changing-
state effect, because this effect is caused by interference
between order processes. The present investigation tested
these hypotheses in two experiments. In Experiment 1, the
disruption of serial recall was produced by speech sounds.
In Experiment 2, the disruption was produced by tones
in order to determine whether the same pattern of results
would generalize across speech and nonspeech sounds.
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EXPERIMENT 1

Method

Participants

A total of 40 university students (mean age = 23.35 years, SD =
5.27) participated in Experiment 1 in exchange for a small hono-
rarium. They all reported having Swedish as their native language,
normal hearing, and normal or corrected-to-normal vision.

Apparatus and Materials

OSPAN. A computerized version of the OSPAN task developed
by Turner and Engle (1989) was adopted. In this task, mathemati-
cal operations—such as “Is (6 + 4) X 2 = 20?”—were presented
on a computer screen. The participants were asked to answer yes
or no to the question by pressing a button on the keyboard. They
were encouraged to respond as accurately and quickly as possible.
After the buttonpress, the screen went blank. A one-syllable noun
(e.g., cAT), which the participants were told to remember for later
recall, was then presented on the screen for 1 sec. When the to-be-
remembered word disappeared, either a new mathematical opera-
tion was presented or the list ended, depending on the length of the
list. The list length (i.e., the number of words to be remembered)
varied between two and six words. The words within a list were
semantically unrelated, and each word was presented only once
during the task. When the last word in each list had been presented,
the participants were instructed to recall as many of the words as
they could remember, in the order of presentation, by typing on the
computer keyboard. The total number of lists was 16 (i.e., 3 of each
list length and 1 for practice), and the lists were presented in the
same random order for each participant. The task was scored using
a proportion procedure (see Conway et al., 2005), in which credit
was given for each word recalled in the correct serial position. The
total number of words accurately recalled in each list was then di-
vided by the list length. For instance, if the participants recalled all
four words in the correct serial position on a four-word list, they
would receive one point for that list; but if four out of five words
were recalled on a five-word list, they would receive 0.80 points for
that list. These proportions were thereafter averaged over the total
number of lists (i.e., 15).

Serial recall. The to-be-remembered, visually presented se-
quences consisted of eight digits taken without replacement from the
set 1-9. They were arranged in a pseudorandom order (successive
digits were not arithmetically adjacent). Each digit was presented
for 350 msec with an interstimulus interval of 400 msec (similar to
in Hughes et al., 2007).

A set of 4 spoken letters (i.e., ¢, k, m, j) was recorded in an even-
pitched male voice with Swedish pronunciation and was sampled
at a 32-bit resolution at a sampling rate of 44100 Hz. The spoken
items were digitally edited to last 200 msec in length. Three types
of task-irrelevant sound sequences were composed from this set of
spoken letters using computer software. In a steady-state sequence,
the spoken letter “c” was presented 21 times. Each item was sepa-
rated by a 100-msec silent pause. A deviant sequence was identical
to a steady-state sequence with the exception that the 11th item was
the spoken letter “k” instead of “‘c.” A changing-state sequence was
identical to a steady-state sequence, except that it consisted of 21
spoken letters taken from the set of 4 and repeated systematically
(e.g.,c,k,m,j,c,k,m,j,c...c). The onset of the first spoken letter,
identical for all three types of sound sequences, occurred 300 msec
before the first to-be-remembered digit. The 11th spoken letter was
presented between the fourth and the fifth to-be-remembered digits,
and the final spoken letter was presented 100 msec after the eighth
to-be-remembered digit.

The participants were asked to recall the digits in order of presen-
tation 500 msec after the final spoken letter had been presented. The
participants were instructed to always recall eight digits, to be sure
to place the digits in the correct serial position, and, if they did not
know which digit should be where in the sequence, to guess. Recall
was self-paced and made by typing with the computer keyboard.

When the participants had recalled the digits, they pressed a button
that initiated the next trial.

Design and Procedure

A within-participants design was used. The participants were
tested individually in a sound-attenuated room. The presentation
of test materials was made by a computer, and the sound (at a
32-bit resolution and 44100-Hz sampling rate and at approximately
65 dB[A], as measured by a Briiel & Kjaer sound-level meter) was
played through headphones (Sennheiser HD 202) attached to the
computer, which used a Soundmax Digital HD Audio soundcard.
The participants were instructed to ignore any sound they would
hear in the headphones. All participants began with performing the
OSPAN task. Thereafter, they performed two blocks of 30 serial
recall trials. In one block (the deviant block), the first 2 trials were
steady-state trials used to familiarize the participants with the task.
Performance on these trials was excluded from the analysis. The
remaining 28 trials consisted of 22 steady-state trials and 6 deviant
trials. The deviant trials occurred at Trials 5, 9, 15, 21, 24, and 29.
The other block (the changing-state block) was identical to the devi-
ant block, with the exception that changing-state sound sequences
were played instead of deviant sound sequences at Trials 5, 9, 15, 21,
24, and 29. The two blocks were separated by a self-paced pause, and
the order of the two blocks was counterbalanced across participants:
Half began with the deviant block, and the other half began with
the changing-state block. The experimental session lasted approxi-
mately 30 min.

Results

OSPAN

The participants’ mean score on the OSPAN task (in
proportion) was .76 (range = .41-.97, SD = .14). The
mean score on the operation part of the task (in propor-
tion) was .92 (range = .77-1.00, SD = .06). A correlation
analysis revealed a positive and significant correlation be-
tween OSPAN score and operation performance [#(38) =
.32, p <.05]. This is fortunate because it indicates that the
participants who scored high on the memory part of the
task did not do so as a result of having skipped the opera-
tion part of the task.

Serial Recall

The responses on the serial recall task were scored ac-
cording to a strict serial recall criterion (points were given
only to correct items placed in the correct serial position).
Since there were more steady-state trials than other types
of'trials, the score was calculated as the percentage of dig-
its correctly recalled within each sound condition and type
of block (deviant or changing-state), respectively.

The deviant block. In this section, the data were taken
only from the deviant block. As can be seen in Figure 1,
the deviant reduced recall across most serial positions.
A 2 (background condition: steady-state vs. deviant) X
8 (serial position) ANOVA revealed significant main ef-
fects of background condition [F(1,39) = 47.26, MS, =
0.04, p < .001, »2 = .55] and serial position [F(7,273) =
34.01, MS, = 0.05, p < .001, »2 = .47] and a significant
interaction between the two variables [F(7,273) = 4.08,
MS, = 0.02, p <.01, % =.10].

The common way to measure individual differences in
susceptibility to auditory distraction is to take the differ-
ence between the scores in the control and distraction con-
ditions (Ellermeier & Zimmer, 1997; Macken et al., 2009).
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Figure 1. Mean percentages of items correctly recalled in each
serial position in the steady-state condition in the deviant block
(SS-DB), the steady-state condition in the changing-state block
(SS—CSB), the deviant condition (D), and the changing-state con-
dition (CS) in Experiment 1. Error bars show standard errors of
the means.

This method was used here as well. The mean difference
score was 0.11 (SD = 0.10). The correlation between
OSPAN scores and the difference scores was significant
and negative [r(38) = —.35, p <.05], which indicates that
high WMC attenuates the deviation effect. This relation-
ship is illustrated in Figure 2. There is reason to believe
that using difference scores is a less sophisticated statisti-
cal analysis than using residual analysis is, because the
error measurement of difference scores is larger than the
error of residuals (Cronbach & Furby, 1970). Therefore,
a hierarchal regression analysis with scores in the deviant
condition as the dependent variable, scores in the steady-
state condition as the independent variable in the first step,
and OSPAN scores as the independent variable in the sec-
ond step was calculated. The analysis revealed significant
regression models in the first [R? = .70; F(1,38) = 89.65,
MS, = 0.01, p < .001] and second [R? = .77; F(2,37) =
60.48, MS. = 0.01, p < .001] steps. The scores in the
steady-state condition explained a significant part of the
variance (8 = .73; t = 8.49, p < .001) in the second step
of the analysis, and the OSPAN score explained a signif-
icant part of the residual variance not explained by the
scores in the steady-state condition (§ = .27; ¢t = 3.17,
p < .005). The residual analysis is, therefore, consistent
with the analysis that was based on difference scores:
High WMC attenuates the deviation effect.

The changing-state block. In this section, the data
were taken from the changing-state block only. As can be
seen in Figure 1, the changing-state effect was replicated.
A 2 (background condition: steady-state vs. changing-
state) X 8 (serial position) ANOVA revealed significant
main effects of background condition [F(1,39) = 57.61,
MS. = 0.04, p < .001, 2 = .60] and serial position
[F(7,273) = 48.44, MS, = 0.05, p < .001, 52 = .55] and a
significant interaction between the variables [F(7,273) =
2.57, MS, = 0.02, p < .05, 5% = .06].

To obtain a measure of individual differences in suscep-
tibility to the changing-state effect, the difference between

the scores in the steady-state condition and the scores in
the changing-state condition was calculated. The mean
difference score was 0.13 (SD = 0.11). The correlation
between OSPAN scores and the difference scores was neg-
ative but nonsignificant [#(38) = —.14, p = .40]. Hence,
there is no evidence of a relationship between WMC and
the changing-state effect. Following the advice of Cron-
bach and Furby (1970), I calculated a hierarchal regres-
sion analysis with scores in the changing-state condition
as the dependent variable, scores in the steady-state con-
dition as the independent variable in the first step, and
OSPAN score as the independent variable in the second
step. The analysis revealed a significant regression model
in the first [R? = .64; F(1,38) = 68.67, MS, = 0.01,p <
.001] and second [R? = .67; F(2,37) = 37.13, MS, = 0.01,
p < .001] steps. The scores in the steady-state condition
explained a significant part of the variance (§ = .74; t =
7.13, p < .001) in the second step, but the OSPAN score
did not explain a significant part of the residual variance
(B =.17;t = 1.62, p = .11). The regression analysis is,
therefore, consistent with the analysis using difference
scores: No evidence of a relationship between WMC and
the changing-state effect was revealed.

Discussion

The results of Experiment 1 indicate that high WMC at-
tenuates the deviation effect but not the changing-state ef-
fect. Even though the difference-score analysis clearly pro-
poses that WMC is unrelated to the changing-state effect, the
residual analysis points to the possibility that WMC could
be related to the changing-state effect, provided enough
statistical power, even though this relationship should be
much weaker than the relationship between WMC and the
deviation effect. Furthermore, previous studies indicate
that WMC might be related to the changing-state effect
when produced by tone sequences rather than by spoken-
letter sequences (e.g., Elliott et al., 2006). Because of this,
in Experiment 2, I intended to determine whether the pat-
tern of results found in Experiment 1 replicates when tone
sequences produce the disruption.

40% -
30% 4 °
20% -
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Deviation Effect
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—10% T T 1

Operation Span Score

Figure 2. The correlation between operation span score and the
deviation effect (calculated as the difference between serial recall
score in the steady-state condition and serial recall score in the
deviant condition) in Experiment 1.
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Figure 3. Mean percentages of items correctly recalled in each
serial position in the steady-state condition in the deviant block
(SS-DB), the steady-state condition in the changing-state block
(SS—CSB), the deviant condition (D), and the changing-state con-
dition (CS) in Experiment 2. Error bars show standard errors of
the means.

EXPERIMENT 2

Method

Participants

A total of 48 university students (mean age = 24.46 years, SD =
3.90) participated in Experiment 2 in exchange for a small hono-
rarium. They all reported having Swedish as their native language,
normal hearing, and normal or corrected-to-normal vision. None of
the participants in Experiment 2 had participated in Experiment 1.

Apparatus and Materials

The materials were identical to those in Experiment 1, except for
the sound sequences. In Experiment 2, three types of tone sequences
were generated with a computer. In the steady-state sequence,
21 tones were presented. The tones were played at 440 Hz, were
200 msec in length (with 10-msec rise and fall times), and were
separated by a 100-msec silent pause. The deviant sequence was
identical to the steady-state sequence, with the exception that the
11th tone was played at 220 Hz instead of at 440 Hz. The changing-
state sequence was identical to the steady-state sequence, except that
it consisted of 21 tones taken from a set of four frequencies (220,
440, 880, and 1760 Hz) and repeated systematically (440, 880, 220,
1760, 440, 880 Hz, etc.).

Design and Procedure
The design, procedure, and when and how the sound sequences
were presented were identical to those in Experiment 1.

Results

OSPAN

The participants’ mean score on the OSPAN task (in
proportion) was .79 (range = .40—-.99, SD = .15). The
mean score on the operation part of the task (in propor-
tion) was .94 (range = .80-1.00, SD = .05). A correlation
analysis revealed a positive and significant correlation be-
tween OSPAN score and operation performance [7(46) =
.28, p = .05]. Hence, as in Experiment 1, the participants
who scored high on the memory part of the task did not
do so as a result of having skipped the operation part of
the task.

Serial Recall

The serial recall task was scored the same way as in
Experiment 1.

The deviant block. In this section, the data were taken
from the deviant block only. As can be seen in Figure 3,
the deviation effect was replicated. A 2 (background
condition: steady-state vs. deviant) X 8 (serial position)
ANOVA revealed significant main effects of background
condition [F(1,47) = 12.95, MS, = 0.04, p < .001, 2 =
.22] and serial position [F(7,329) = 25.73, MS, = 0.06,
p <.0001, »2 = .35] and a significant interaction between
the two variables [F(7,329) = 4.04, MS, = 0.02, p < .001,
n? = .08].

The mean difference score between the steady-state and
deviation conditions was 0.05 (SD = 0.10). The correla-
tion between the OSPAN scores and the difference scores
was significant and negative [#(46) = —.31, p < .05],
indicating that high WMC attenuated the deviation effect.
This relationship is illustrated in Figure 4. The difference-
score analysis was complemented by a hierarchal regres-
sion analysis, following the statistical advice of Cronbach
and Furby (1970). Scores in the deviant condition consti-
tuted the dependent variable in this analysis. Scores in the
steady-state condition constituted the independent vari-
able in the first step, and OSPAN score was the indepen-
dent variable in the second step. The regression model was
significant in the first [R2 = .76; F(1,46) = 143.75, MS, =
0.01, p < .01] and second [R2 = .79; F(2,45) = 84.91,
MS,. = 0.01, p < .01] steps. The scores in the steady-state
condition explained a significant part of the variance (8 =
[79; t = 10.32, p < .01) in the second step of the analy-
sis, and the OSPAN score explained a significant part of
the residual variance not explained by the scores in the
steady-state condition (5 = .20; t = 2.57, p < .05). The
residual analysis is, therefore, consistent with the analysis
that was based on difference scores: High-WMC individu-
als are less susceptible to the deviation effect.

The changing-state block. In this section, the data
were taken from the changing-state block only. As can be
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Figure 4. The correlation between operation span score and the
deviation effect (calculated as the difference between serial recall
score in the steady-state condition and serial recall score in the
deviant condition) in Experiment 2.
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seen in Figure 3, the changing-state effect was replicated.
A 2 (background condition: steady-state vs. changing-
state) X 8 (serial position) ANOVA revealed significant
main effects of background condition [F(1,47) = 13.41,
MS, = 0.05, p < .001, 52 = .22] and serial position
[F(7,329) = 18.01, MS, = 0.07, p < .0001, n2 = .28],
and the interaction between the variables approached
significance [F(7,329) = 1.88, MS, = 0.02, p = .07,
n? = .04].

The mean difference score between the steady-state
condition and the changing-state condition was 0.06
(SD = 0.11). The correlation between the OSPAN scores
and the difference scores was positive but nonsignificant
[#(46) = .19, p = .20]. Hence, there was no evidence of a
relationship between WMC and the changing-state effect.
If anything, the correlation analysis indicated that high-
WMC individuals are slightly, but far from significantly,
more susceptible to the changing-state effect. Following
the advice of Cronbach and Furby (1970), I calculated a
hierarchal regression analysis with scores in the changing-
state condition as the dependent variable, scores in the
steady-state condition as the independent variable in the
first step, and OSPAN scores as the independent variable
in the second step. The analysis revealed a significant re-
gression model in the first [R2 = .66; F(1,46) = 90.89,
MS, = 0.01, p < .01] and second [R? = .67; F(2,45) =
46.04, MS, = 0.01, p < .01] steps. The scores in the
steady-state condition explained a significant part of the
variance (8 = .87; ¢t = 8.72, p < .01) in the second step,
but the OSPAN score did not explain a significant part of
the residual variance (§ = —.10; ¢t = —1.03, p = .31).

Discussion

Experiment 2 replicated the relationship between WMC
and the deviation effect found in Experiment 1. Further-
more, WMC was once again unrelated to the changing-
state effect. In fact, in Experiment 2, the relationship be-
tween WMC and the deviation effect (» = —.31) differed
significantly from the relationship between WMC and the
changing-state effect (r = .19) [#(45) = 3.02, p < .01],
which provides relatively strong evidence that the two ef-
fects are produced by different mechanisms.

GENERAL DISCUSSION

The investigation reported here is the first to demon-
strate a relationship between WMC and the deviation
effect. This finding accords with previous studies that
showed that high WMC can attenuate the power of sounds
to capture attention (Conway et al., 2001). The experi-
ments reported here also found that WMC is unrelated
to the changing-state effect, a finding that is consistent
with those from previous research (Beaman, 2004; El-
liott & Cowan, 2005). This pattern of results was the same
whether spoken letters (Experiment 1) or tones (Experi-
ment 2) constituted the sound sequences that produced the
disruption of the serial recall task.

From the results reported here, it seems safe to conclude
that at least two mechanisms underlie individual differ-

ences in susceptibility to auditory distraction. One of those
mechanisms is measured by WMC and contributes to sev-
eral auditory distraction phenomena (Beaman, 2004; Con-
way etal., 2001; Sorqvist, 2009; Sorqvist, Halin, & Hygge,
2010; Sorqvist, Ljungberg, & Ljung, 2010), including the
deviation effect. The other mechanism is the efficiency by
which people process the order between successive and
perceptually discrete sound events, which contributes to
individual differences in susceptibility to the changing-
state effect (Macken et al., 2009). The observation that
two different mechanisms underlie the deviation effect
and the changing-state effect is especially supportive of
the duplex-mechanism account by Hughes et al. (2007),
according to which the two effects have qualitatively dif-
ferent origins. Taken together, the results suggest that the
changing-state effect is caused by interference between
order processes, whereas the deviation effect is caused by
some mechanism related to attention switching.

There are, however, alternative interpretations of the re-
sults reported here that should be addressed. For instance,
it could be argued that high-WMC individuals can control
attention switching toward deviating sounds as long as
the degree of deviation is relatively small (as with sound
sequences that include a single deviant). A changing-
state sound sequence, however, involves so much acous-
tic change that it breaks through high-WMC individuals’
ability to control orienting responses toward the sounds.
In other words, the deviation effect and the changing-state
effect may differ only to the degree by which they capture
attention, not in quality. This could explain the absence of
arelationship between WMC and the changing-state effect
and would be consistent with theories assuming similar
mechanisms for both effects (cf. Cowan, 1995). However,
there are a number of reasons to doubt this alternative in-
terpretation. Hughes et al. (2005, 2007) have shown that
deviating sounds and changing-state sounds have qualita-
tively different effects on cognitive performance. In addi-
tion to Hughes et al.’s (2005, 2007) findings, the present
investigation shows that the magnitude of the two effects
is approximately equal (see Figures 1 and 3). Were the two
effects produced by the same mechanism, the changing-
state sound sequences should have caused a substantially
larger degree of disruption.

It should be noted that Elliott et al. (2006) found high-
WMC individuals to be less susceptible to the changing-
state effect when it was produced by tone sequences. How-
ever, there are reasons to question whether this finding
points to a relationship between WMC and the classic
changing-state effect. First, the authors failed to find a
similar relationship with spoken-letter sequences in the
same experiment. This is alarming because a large body of
evidence suggests that tone sequences and spoken-letter
sequences produce qualitatively equal (changing-state) ef-
fects on serial recall (e.g., Jones & Macken, 1993; Trem-
blay, Nicholls, Alford, & Jones, 2000; for a review, see
Macken et al., 1999). Second, a handful of experiments
have failed to find relationships between memory capacity
and the changing-state effect (Beaman, 2004; Ellermeier
& Zimmer, 1997; Neath, Farley, & Surprenant, 2003), in-
cluding the present experiments and an experiment (EI-
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liott & Cowan, 2005) using the exact same tone sequences
as those used by Elliott et al. Furthermore, if the deviation
effect and the changing-state effect are indeed caused by
amechanism related to WMC, it is difficult to see why the
investigation reported here indicates that the relationship
between WMC and the deviation effect is significantly
different from the relationship between WMC and the
changing-state effect. Taken together, the weight of evi-
dence supports the argument that WMC is not related to
the changing-state effect.

Another contribution from the present investigation is
worth highlighting. Previous studies of the deviation ef-
fect in short-term memory have used speech sounds to
produce the disruption (Hughes et al., 2005, 2007). The
present study extended the deviation effect in short-term
memory to nonspeech sounds (but see Lange, 2005, for
a slightly different way of producing the deviation effect
with nonspeech sounds). This result is not surprising,
because deviation effects have been produced with non-
speech sounds in other paradigms (e.g., Berti & Schroger,
2003; Parmentier, 2008). Yet, the results are important be-
cause they complicate the phenomenon for theories trying
to explain auditory distraction of short-term memory in
terms of the structural similarities between the content of
the task-relevant and task-irrelevant materials (e.g., Neath,
2000; Salamé & Baddeley, 1982). Since verbal memory
materials and tones have fairly little content in common,
those theories cannot adequately explain why deviating
tones disrupt serial verbal short-term memory.

Finally, I turn to the implications of the results presented
here to the nature of WMC. In a recent review of the WMC
literature, Unsworth and Engle (2007) concluded that in-
dividual differences in WMC reflect differences in two
mechanisms: (1) the ability to retrieve items from second-
ary memory, and (2) the ability to actively maintain items
in primary memory in the presence of interference. This
conceptualization of WMC is consistent with the older
views of WMC as being essentially a measure of domain-
general attentional control and resistance to interference
(Cowan, 2005; Engle, 2002; Kane et al., 2001; Lustig et al.,
2007). The relationship between WMC and the deviation
effect can be explained by high-WMC individuals’ being
more efficient in retrieving the target items from secondary
memory when attention has been diverted by the deviant.
However, the proposition that WMC also reflects a gen-
eral ability to resist interference is complicated by several
problems from the results reported here. First, parts of the
relationship between WMC and the deviation effect seem
to have arisen due to high-WMC individuals’ performing
slightly better in the presence of the deviant (see Figures 2
and 4). Hence, high-WMC individuals seem not only bet-
ter able to resist interference, but also more efficient at
inhibiting the act of diverting attention when a deviant is
presented, and this inhibition process could accompany
increased activation of target items. Another possibility is
that a deviant increases high-WMC individuals’ arousal,
and their ability to focus on the target items increases as a
consequence, a view that would be consistent with some
other studies of positive effects of noise on cognitive per-
formance (Sikstrém & Soéderlund, 2007).

Another problem faced by the view of WMC as re-
sistance to interference is the absence of a relationship
between WMC and the changing-state effect. The results
seem to indicate that WMC more specifically measures
an ability to control “attention switching” (cf. Berti &
Schroger, 2003; Lavie & de Fockert, 2005) and, perhaps,
retrieval of items from secondary memory (Unsworth &
Engle, 2007), not a domain-general resistance to inter-
ference or some other all-purpose pool of attentional re-
sources (cf. Sorqvist, Ljungberg, & Ljung, 2010).
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