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Abstract

Growing evidence indicates that a domain-general executive control supports semantic memory retrieval, yet the nature of
this interaction remains elusive. To shed light on such control mechanisms, we conducted two dual-task experiments load-
ing distinct executive capacities (working memory maintenance, monitoring, and switching), while participants carried out
automatic (free-associative) and controlled (dissociative) word retrieval tasks. We found that these forms of executive load
interfered with retrieval fluency in both tasks, but these negative effects were more pronounced for the dissociative perfor-
mance. Together, these findings indicate that the domain-general executive control supports accessing contextually relevant
knowledge as well as the inhibition of automatically activated but task-inappropriate retrieval candidates, putatively via an
adaptive gating of semantic activation and interference control. Moreover, the processing costs related to retrieval inhibition
and switching were negatively correlated, suggesting a trade-off between the ability to constrain semantic activation (i.e.,
inhibition) and the ability to initiate flexible transitions between semantic sets (i.e., switching), which may thus represent

two complementary control functions governing semantic memory retrieval.

Keywords Semantic memory - Executive functions - Inhibition - Switching - Working memory - Cognitive load -

Interference - Semantic representation

A challenge in research on human cognition is to under-
stand the mechanisms enabling fluid retrieval of knowl-
edge that is suitable for the current context and situational
demands. Contemporary neurocognitive models identify
two functionally interacting systems underpinning two dis-
tinct modes of knowledge retrieval (Jefferies et al., 2020;
Lambon Ralph et al., 2017). The system for semantic rep-
resentation supports the integration of knowledge distilled
through experience and mediates automatic retrieval (i.e., a

D4 Martin Marko
martin.marko @savba.sk

Department of Behavioural Neuroscience, Institute

of Normal and Pathological Physiology, Centre

of Experimental Medicine, Slovak Academy of Sciences,
Sienkiewiczova 1, 813 71 Bratislava, Slovakia

Department of Applied Informatics, Faculty of Mathematics,
Physics and Informatics, Comenius University in Bratislava,
Mlynska dolina F1, 842 48 Bratislava, Slovakia

Department of Psychiatry, Faculty of Medicine,
Slovak Medical University in Bratislava, Limbova 12,
833 03 Bratislava, Slovakia

bottom-up activation of semantic representations driven by
environmental cues or spontaneous thought; Marron et al.,
2020). On the other hand, the system for semantic control
is employed to exert an executive manipulation of the acti-
vations within the representational system and mediates
controlled retrieval (i.e., a top-down regulation of semantic
processing, which is recruited when the automatic retrieval
generates outputs that are not adequate for the task at hand;
Badre & Wagner, 2007). This control of semantic retrieval
is implemented by putative semantic control mechanisms,
such as the inhibition of typical but inappropriate associ-
ates (Allen et al., 2008; Collette et al., 2001; Marko, Cim-
rova, et al., 2019a) and flexible switching between semantic
sets (Marko, Michalko, et al., 2019b; Marko & Rie¢ansky,
2021b; Troyer et al., 1997).

One of the most fundamental yet unresolved questions is
how the semantic (domain-specific) systems interact with
the multiple-demand (domain-general) executive control
system. Regardless of the type of representation (e.g., visual,
motor, semantic), any nontrivial task, especially novel or
demanding, is encoded in working memory (WM) and sup-
ported by executive attention (EA; Kane & Engle, 2002),
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which enables a functional coupling between the domain-
general control and semantic processes (Chai et al., 2016;
Fedorenko & Thompson-Schill, 2014). The putative contri-
butions of WM and EA to semantic memory retrieval have
been previously investigated in experiments using verbal
fluency tasks. These experiments have shown that individu-
als with high executive capacity are generally able to name
more category exemplars, retrieve larger semantic clusters,
and produce fewer perseverations compared with individu-
als with low executive capacity (Rende et al., 2002; Rosen
& Engle, 1997; Unsworth et al., 2013). Interestingly, these
advantages can be eliminated by concurrent WM/EA load
(Rende et al., 2002; Rosen & Engle, 1997), or by providing
the low-capacity individuals with retrieval cues (Unsworth
et al., 2013), which has been taken as evidence that WM and
EA contribute to semantic processing and strategic knowl-
edge retrieval (Hills et al., 2013; Hills et al., 2015; Hirshorn
& Thompson-Schill, 2006; Mayr & Kliegl, 2000; Troyer
et al., 1998; Ulrich Mayr, 2002). A principal limitation of
these findings, however, concerns the construct of verbal flu-
ency, which is rather ambiguous regarding the involvement
of automatic versus controlled processing and the reliance
on knowledge/language versus executive capacity (Henry &
Crawford, 2004; Shao et al., 2014; Whiteside et al., 2016).
Moreover, we (Michalko et al., 2022) have recently dem-
onstrated that the relative involvement of domain-general
control in semantic fluency may change as a function of
time performing the task (also see Crowe, 1998; Demetriou
& Holtzer, 2017)—that is, as typical and easily available
retrieval candidates are depleted. Hence, due to these short-
comings, the previous experiments using verbal fluency can
provide only limited conclusions on the putative interac-
tion between the domain-general (executive) and semantic
processes.

Taken together, converging evidence indicates that
domain-general executive capacity plays a role in seman-
tic memory retrieval, but the nature of this involvement
remains poorly understood. Here we addressed this issue in
two experiments incorporating dual-task and task-switching
interference paradigms (Strobach et al., 2018) that manipu-
lated WM (Experiment 1) and EA (Experiment 2) load while
participants continuously retrieved words from semantic
memory. This dual-task technique was adopted as it inher-
ently depletes multiple-demand executive resources (Bad-
deley, 2012; Szameitat et al., 2002), making this approach
suitable to study the contribution of the respective executive
capacities in semantic memory retrieval.

Importantly, in contrast to the previous research relying
on the relatively ambiguous verbal fluency measures, we
used a novel word-generation paradigm (Marko, Cimrova,
et al., 2019a; Marko, Michalko, et al., 2019b) that employs
distinct retrieval tasks, separately assessing the automatic
(associative) and the controlled (dissociative) processes
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involved in semantic retrieval. This distinction enabled us
to shed light on the specific contributions of WM and EF in
these retrieval modes and the specific processes they inher-
ently involve.

General method

A group of participants completed two experiments within
a single session in a counterbalanced order, including a
break between them. The required sample size was deter-
mined using an a priori power analysis (5% Type I error
rate, 20% Type Il error rate, and expected effect size 11; > .10
for repeated measures [RM] analysis of variance [ANOVA]
main effects and interactions; Faul et al., 2007). In total, 64
young, healthy adults were recruited to participate in the
study, however, one subject was excluded due to multivariate
outliers (>3 SD) in both experiments. The final sample thus
included 63 participants (25 males; mean age = 22.89 years,
SD = 2.84, range: 19-31 years; two participants were left-
handed). None of the participants reported a history of psy-
chiatric disorder, neurological condition, learning/reading
disability, or recent medication. The research was conducted
in accordance with the Declaration of Helsinki (World Med-
ical Association, 2013) and approved by the institutional
review board. All procedures and methods were carried out
in accordance with the relevant guidelines and regulations.
All participants gave written informed consent and received
a financial reward for their participation.

Experiment 1: Working memory load

The first experiment addressed the contribution of WM to
automatic and controlled semantic retrieval using concur-
rent WM load manipulation. To this aim, we manipulated
the dual-task interference targeting verbal working memory
(no, low, high WM load) while participants performed an
automatic or a controlled retrieval task. We expected that
the performance in both retrieval tasks would be disrupted
as a function of WM load, but the controlled (dissociative)
retrieval would be more impaired than the automatic (free-
associative) memory retrieval. More precisely, we hypoth-
esized that the maintenance cost (i.e., retrieval slowing due
to the WM load) will be larger in the dissociative than the
associative condition, and relatedly, that the inhibition cost
will increase linearly with the WM load (see Supplemen-
tary Information for more details on these custom contrasts/
hypotheses). Notably, given that limited WM resources can
be allocated either to the primary or secondary task within
the experiment (Hegarty et al., 2000), higher demands on
WM during dissociative versus associative retrieval could
also, or alternatively, manifest in impaired WM performance
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in the secondary task. Therefore, either of these effect (i.e.,
higher maintenance/inhibition cost or worse WM perfor-
mance) would suggest that generating dissociates exhausts
more WM resources than the free-associative retrieval.
Finally, we performed a robust correlational analysis aimed
to explore the links between the retrieval measures from the
experiment and tasks assessing individual working memory
capacity (WMC) as well as the maintenance cost.

Methods
Semantic retrieval measures

Semantic retrieval was assessed using a modified version
of the associative chain test (Marko, Cimrova, et al., 2019a;
Marko, Michalko, et al., 2019b), in which participants con-
tinuously generated word chains following two specific
retrieval conditions (a within-subject factor retrieval). In the
associative retrieval condition, participants were instructed
to produce chains of nonrepeated words (nouns) so that each
new response in the chain was semantically associated with
the previous one (e.g., “Tree—Garden—House—Door...”).
In this task, the participants were encouraged to respond
with the first (free) association that comes to their mind,
which is considered to involve predominantly automatic
(i.e., spontaneous, bottom-up) semantic processing with lit-
tle executive effort (Marko, Cimrova, et al., 2019a; Marko,
Michalko, et al., 2019b; Marron et al., 2020). In the disso-
ciative retrieval condition, participants were instructed to
produce a chain of semantically unrelated words (nouns),
in which each new response does not relate to the previous
one (e.g., “Night—Hockey—Dog—Computer...”), and informed
that delivering a related word or repetitions would count as
an error. Notably, retrieving unrelated words was repeatedly
shown to require more time than retrieving free associations,
which was attributed to additional controlled (i.e., effortful,
top-down) inhibitory demands (Allen et al., 2008; Collette
et al., 2001; Marko, Cimrova, et al., 2019a; Marko, Michalko,
et al., 2019b). Thus, the difference in latency between dis-
sociative and associative retrieval—that is, inhibition cost
(ART giccociative — associative)—1S considered a measure reflecting
the ability to suppress automatic (stimulus-driven) semantic
activation and/or responses (i.e., high inhibition cost indi-
cates less efficient semantic inhibition).

The retrieval experiment included a total of 21 trials
(chains), nine trials for the associative and 12 trials for the
dissociative retrieval condition presented in random order
(different number of trials were included to account for the
expected differences in the mean retrieval latency between
the conditions observed in the previous studies, see Marko
et al., 2022). In each trial, a stimulus word appeared on
the computer screen and participants started generating a
chain of words following the respective rule (associative/

dissociative) for 20 seconds. Participants entered the words
via keyboard and were instructed to keep fluent produc-
tion, ignore grammatical or typing errors, and not repeat
words within the same chain. Each response was assessed
for response time (RT)—that is, the latency of entering the
first letter of the word. As in the previous studies (Marko
et al., 2022; Marko & Riecansky, 2021a), response words
were screened for errors by two trained and blinded raters,
and those responses marked as error by both raters were
excluded prior to statistical analyses. The split-half reliabil-
ity for the associative and the dissociative retrieval measure
was sufficiently high (r = .742 and .804, respectively).

Working-memory load manipulation

The manipulation of WM load included three conditions
(a within-subject factor WM Load): The no-load condition
was a control condition without any WM load, the low load
included a three-digit load, and the high load included a
six-digit load. All three conditions were presented at random
and were balanced across the retrieval conditions. In the
trials including the load (low/high), a set of randomly gen-
erated unique digits (three digits/six digits) was presented
for a short time (4 seconds/8 seconds) before the stimulus
word for the retrieval task appeared. During this short inter-
val, participants were instructed to remember the digits in
the correct order (encoding). They were then required to
keep the digits in memory while performing the retrieval
task (i.e., 20 seconds; maintenance) and write them down
using a computer keyboard once the retrieval task had fin-
ished (recall; see Fig. 1 for a graphical description of an
experimental trial). The participants were reminded that a
rapid retrieval of words (primary task) is crucial also in the
trials including WM load, but the words would not count
if the exact recall of digits (secondary task) is not correct.
Furthermore, a measure indicating the change in retrieval
performance due to WM load—that is, maintenance cost
(ART 4igh 10ad - no 10aa)—Was computed for each participant
(high values indicate more impaired retrieval performance
due to WM load). Participants tried several practice trials for
all retrieval and load conditions before the main experiment.

Working-memory capacity assessment

Before the main experimental procedure, participants were
assessed for WMC using two distinct tasks. In the back-
ward digit span task (D-Span), participants were instructed
to remember a series consisting of unique digits (from O
to 9) and recall them in the reverse order. In the operation
span (O-Span), participants remembered a series of unique
consonants and recall them in the same order. However,
the presentation of each consonant was followed by a sim-
ple equation (e.g., 17 + 11 = 32), for which participants
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Fig.1 Semantic retrieval under working-memory load. The figure
depicts an example trial where participants continuously retrieved
words under a concurrent WM load (six digits). Each trial started
with an alerting signal, which was followed by a WM load manipula-
tion (4 s for the low-load condition including three digits, or 8 s for
the high-load condition including 6 digits; note that the procedures

had to indicate whether it is correct or not using a key
press. Both WM tasks started with a few practice trials at
a span set to two. The practice was then followed by the
main task. In each trial, the digits/letters were presented
for 400 ms, intermitted by 250 ms intervals (ISI = 650
ms). The span was increased by 1 after each correct recall
or decreased by 1 after an error. The main task continued
until a total of 4 incorrect recalls were made. The overall
capacity in the respective task was calculated as the aver-
age span of the four incorrect trials minus 1. Notably, the
capacity measures for D-Span as well as O-Span showed
high reliability, which was estimated using McDonald’s ®
(o = .872 and .863, respectively). The performance scores
in the two tasks were summed to indicate the overall WMC
of each individual.

Statistical analysis

The data were processed in R (R Core Team, 2021) and
JASP (JASP Team, 2022). Retrieval responses with large
RTs (>15 s; <0.2% of responses) as well as incorrect
responses (indicated by two independent raters; <4% of
responses) were removed prior to statistical analyses. Sub-
sequently, the retained RT values were winsorized (10%
quantile two-sided trimming) and averaged for each indi-
vidual, separately by the experimental conditions. Semantic
memory retrieval performance (RT) was then modeled using
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and instructions indicated in blue color were not present in the condi-
tion with no load). After the encoding of the digits, participants per-
formed the primary retrieval task (associative or dissociative retrieval
condition) while maintaining the digits in memory for 20 s. At the
end of the retrieval task, participants were requested to recall the
remembered digits in the correct order. (Color figure online)

a 2 X 3 repeated-measures (RM) ANOVA, including the
main effect of retrieval (associative, dissociative), WM load
(no, low, high), and their interaction (Greenhouse—Geisser
sphericity correction was applied where appropriate). Sim-
ple main effects for WM load (i.e., separately for the associa-
tive and dissociative retrieval task) were also assessed. Effect
sizes for the RM ANOVA were estimated using ;1[%.

In addition to the omnibus RM ANOVAsSs, a custom con-
trast reflecting the hypothesized interaction effect was speci-
fied and then tested (for more details, see Table S1 in the
Supplementary file). Then, the generalized order-restricted
information criterion approximation (GORICA) approach
was used to comprehensively assess the specified informa-
tive hypothesis (i.e., that the maintenance cost is larger in
dissociative versus associative condition) against the null
model (i.e., that the maintenance cost is not different between
the retrieval conditions; for more details, see Supplemen-
tary file). Furthermore, Bayes factor (BF) was computed to
complement the respective frequentists statistical tests. Using
the default JASP priors, BF,, was assessed to indicate the
strength of evidence favoring the alternative hypothesis (H1)
against the null hypothesis (HO), as well as to evaluate how
likely a null finding reflects evidence of absence rather than
absence of evidence (i.e., lack of statistical power). Finally,
the measures from the first experiment were subjected to a
robust analysis of association using the percentage bend cor-
relation (r,,) that takes into account the overall structure of
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Fig.2 Retrieval latency under working memory load. A The main
effects WM load on associative and dissociative retrieval. B Main-
tenance cost in the retrieval conditions. C Inhibition cost across the
WM load condition. Note. Increasing WM load resulted in a linear
prolongation of RT across both retrieval conditions, but the esti-

the data and protects the estimations against marginal distri-
bution outliers (Mair and Wilcox, 2019).

Results
Working memory load

The RM ANOVA for retrieval RTs revealed significant
effects of retrieval, F(1, 60) = 90.97, p < .001, n°= .603,
and WM load, F(2, 120) = 29.55, p < .001, 7= .330,
whereas their interaction did not reach the significance
level, F(1.82, 109.2) = 3.02, p = .058, n§= .048 (see
Fig. 2A). The complementary Bayesian RM ANOVA indi-
cated very strong evidence for the effect of retrieval, BF
= 6.44x10'%, as well as WM load, BF, = 9.65x10°, but
inconclusive evidence regarding their interaction, BF, =
1.17. Overall, the RTs were substantially longer in the dis-
sociative than in the associative condition and increased
linearly as a function of WM load in both retrieval condi-
tions. However, the analysis of simple main effects showed
that the effect of WM load was considerably stronger in
the dissociative retrieval, F(2, 120) = 20.89, p < .001, n§=
.258, and BF,, = 6.69x10°, compared with the associative
retrieval, F(2, 120) = 7.569, p < .001, r/§= .112, and BF,,
= 30.90 (see Fig. 2B).
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mated maintenance cost (ART 1, 1044 — no 10aa) Was larger for the dis-
sociative than the associative task. Relatedly, the inhibition cost
(ART gissociative — associative) Was significantly higher under the high-load
as compared with the no-load condition. Error bars represent + SE.
**¥p < .001, ¥*p < .01, *p < .05

More importantly, the direct test for the specific hypoth-
esis (a priori defined custom contrast that the maintenance
cost is higher in the dissociative than in the associative
retrieval condition) was statistically significant, #(120) =
2.451, p = .016, confirming this expected pattern. Notably,
the maintenance cost in the dissociative retrieval was larger
by 0.370 s, 95% CI [0.071,0.670], and thus roughly twice as
large as the cost in the associative condition (see Fig. 2B).
Moreover, the GORICA analysis indicated that the proposed
custom hypothesis predicted the data approximately 35 times
better than the null hypothesis (i.e., that the maintenance
costs is not statistically different between the two retrieval
conditions; see Supplementary Table S2 for more details).

Relatedly, the inhibition cost (i.e., ART g ociative — associative)
showed an upward trend with increasing load, whereas the
inhibition cost was significantly higher under high load
as compared with the no-load condition, one-tailed #(60)
=2.847, p = .003, d = 0.37 (see Fig. 2C). The Bayesian
paired-sample 7 test indicated strong evidence for the differ-
ence in the inhibition cost under high load versus no load,
BF,, = 10.77. Relatedly, the GORICA analysis indicated
that the hypothesis of linearly increasing inhibition cost due
to WM load predicted the data approximately 29 times better
than the null hypothesis (i.e., that the inhibition cost does
not differ as a function of WM load; see Supplementary
Table S3 for more details).

@ Springer
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Finally, the performance in the secondary WM task
showed a ceiling effect (average recall accuracy >90%) and
was not significantly different between the associative and
dissociative condition, two-tailed #(60) = 0.707, p = .759, d
=0.09, BF,, = 0.178.

Correlations

Exploratory robust correlation analysis showed that WMC
(the composite score from D-Span and O-Span task) was
negatively correlated with retrieval latency across all con-
ditions (overall Top = —.264). However, only the correla-
tion between WMC and associative retrieval without WM
load remained statistically significant after applying Holm
correction (rpb = —.431, p = .003). This correlation was
significantly stronger compared with the corresponding cor-
relation between WMC and dissociative retrieval at no WM
load (rpb = —.133, p = 311, Arpb = —.298, p = .020; see
Table S4 in the Supplementary Information file for more
details). Furthermore, WMC was not significantly related to
inhibition cost under no WM load. Finally, at high WM load,
inhibition cost correlated more strongly with maintenance
cost in the dissociative (rpb = .578, p < .001) than in the
associative condition (rpb =—.101, p = .880; Arpb =—-.679,
p < .001; see Table S5 in the Supplementary Information
file for more details).

Discussion

The first experiment addressed the role of WM in seman-
tic cognition. For this purpose, we manipulated WM load
using a dual-task interference paradigm while partici-
pants simultaneously carried out retrieval tasks employ-
ing either automatic (associative) or controlled (disso-
ciative) semantic processes. We hypothesized that WM
load would disrupt both retrieval processes but expected
a larger impairment in the dissociative task, as it engages
controlled resources pertaining to inhibition (Allen et al.,
2008; Collette et al., 2001). This additional demand (i.e.,
the inhibition cost) was reflected in our data showing
substantially longer latencies for dissociative than asso-
ciative conditions, which concurs with our previous find-
ings (Marko, Cimrova, et al., 2019a; Marko, Michalko,
et al., 2019b; Marko & Riecansky, 2021b). In line with
our hypothesis, loading verbal WM slowed down retrieval
requiring associative as well as dissociative responding.
This finding converges with previous studies on verbal
fluency (Rende et al., 2002; Rosen & Engle, 1997; Uns-
worth et al., 2013) but importantly extends those find-
ings by showing that working memory is engaged in
both the automatic and the controlled mode of seman-
tic retrieval. Notably, the direct tests for the hypothesis
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(custom contrast and informative hypothesis) indicated
that WM load disrupted controlled (dissociative) retrieval
more than the free-associative retrieval, which was also
supported by the related finding that increasing WM load
prolonged the time required for inhibition. These find-
ings suggest that WM supports a process that is shared
by both retrieval tasks, such as maintaining task goals or
semantic cues/features of the stimuli, which facilitates the
search for suitable candidates (either semantically related
or unrelated). An intriguing account for such a utility
would be that, by sustaining and updating retrieval cues
and search criteria, WM regulates (amplifies and attenu-
ates) the activations within the semantic network, shaping
semantic search according to the goals (cues, features) it
actively maintains (Diamond, 2013). However, this WM-
mediated regulation of semantic activation seems to be
more relevant when individuals attempt to disentangle
from the currently active set of retrieval candidates (i.e.,
during the dissociative retrieval), as suggested by the
elevated inhibition cost under high WM load (Fig. 2C).
Notably, such an account is consistent both with the so-
called cue-maintenance (Abwender et al., 2001; Hills
et al., 2013; Hills et al., 2015) as well as the global-
slowing (Mayr & Kliegl, 2000; Ulrich Mayr, 2002) mod-
els of verbal fluency, positing that the maintenance and
dynamic updating of search criterion is required for rapid
retrieval and optimal exhaustion of information in seman-
tic memory. In line with these theoretical models, our
experiment suggests that disturbing WM makes semantic
retrieval less goal-oriented/focused, resulting in slowed
initiation of likely associates and even poorer control over
inappropriate responses.

The exploratory analyses indicated that individual WMC
and retrieval latency are overall negatively correlated.
Interestingly, however, a closer look suggested that this
coupling was considerably stronger in the associative con-
dition without any load as compared with other retrieval
conditions. This is in line with the idea that WM facilitates
the search through associative memory, but as WM store
becomes unavailable (due to the load), memory retrieval
can no longer benefit from this domain-general capacity
and is therefore slowed (Hills et al., 2013; Rosen & Engle,
1997; Unsworth et al., 2013). Since this effect was present
only in the associative condition, one could speculate that
the means via which WM supports dissociative retrieval (or
inhibition) may be of a different kind. Although we can-
not explicitly evaluate this hypothesis based on the present
data, we found that the slowing of dissociative performance
due to WM load (i.e., maintenance cost) was coupled with
inhibition cost, particularly under high WM load. This may
suggest that individuals employ the limited WM resources
in the dissociative task to prevent uncontrollable trigger-
ing of automatic but inappropriate associates (Baror &
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Bar, 2016; Diamond, 2013). Further research is needed to
address and critically evaluate this tentative explanation
formulated upon the exploratory correlation analyses, and
to inspect whether WM interacts with automatic (associa-
tive) and inhibitory (dissociative) semantic processing via
the same or distinct mechanism.

Experiment 2: Executive attention load

The second experiment addressed the role of EA in semantic
retrieval. To this aim, we introduced two distinct manipu-
lations using dual-task interference to target attentional
monitoring and switching. The manipulation of attentional
monitoring required participants to perform a (secondary)
letter-matching task during the (primary) semantic retrieval
task. The monitoring task was selected since attentional mon-
itoring represents an essential EA function of the general-
purpose control system (Baddeley, 2012; Diamond, 2013),
which has been considered important for semantic memory
retrieval (Marko et al., 2022). In particular, monitoring has
been implied to regulate semantic search and response out-
put to prevent errors and repetitions (Unsworth et al., 2011),
which we hypothesize to be more taxed during the dissocia-
tive than the free—associative retrieval task.

The manipulation of attentional switching required par-
ticipants to flexibly alternate between the retrieval rules
and semantic sets. The attentional switching was selected
following the previous studies, which regard switching
a core EA function (Friedman & Miyake, 2017; Miyake
et al., 2000), and because switching has been postulated a
principal process involved in semantic search (e.g., Troyer
et al., 1998). Notably, we assume that flexible switching
may be particularly important during the dissociative task,
which requires individuals to shift between remote seman-
tic clusters encoded in the memory to generate sufficiently
remote or unrelated responses (Hills et al., 2012; Marko &
Riecansky, 2021b).

We expected that the performance in both retrieval
tasks would be disrupted by the attentional loads, but the
controlled (dissociative) retrieval would be more affected
than the automatic (free-associative) retrieval. More spe-
cifically, our prediction was that, if dissociative retrieval
exhausts more executive attentional resources than asso-
ciative retrieval, then either the monitoring load effect
should be larger in the dissociative task than the associa-
tive task, or the monitoring performance in the secondary
task should be worse during the dissociative retrieval than
the associative retrieval. Furthermore, using correlation
analysis, we also explored the relationship between the
retrieval measures and performance in tasks assessing
individual domain-general EA (Stroop interference and
Response interference).

Methods
Semantic retrieval measures

Semantic retrieval was assessed using the same tasks involv-
ing continuous production of associative and dissociative
responses, as described in Experiment 1. However, specifi-
cally for this experiment, 12 trials (chains) lasting 50 sec-
onds each were utilized. Three distinct attentional conditions
were included across the trials in random order: four trials
involved a concurrent monitoring task (monitoring load),
another four trials involved a rapid switching between the
two retrieval rules (switching load), and the remaining four
trials involved no secondary attentional load (no load). Par-
ticipants tried several practice trials for all retrieval and load
conditions before the main experiment. The split-half reli-
ability for the associative and the dissociative retrieval meas-
ure was sufficiently high (r = .761 and .861, respectively).

Monitoring load manipulation

The monitoring load was implemented in four (two associative
and two dissociative) retrieval trials using a secondary task, in
which the participants had to continuously monitor a chang-
ing stimulus presented concurrently with the primary retrieval
task. In this secondary task, centered closely below the line
where the retrieved words were typed, two stimuli were dis-
played next to each other: a fixed (target) stimulus and a chang-
ing probe. The target stimulus was a letter (either L, T, or F) in
color (either blue or yellow), which was randomly generated at
the beginning of each 50-second trial and remained the same
(fixed) until the end of the trial. The probe was also a single
letter, however, changing its identity (L, 7, or F) and/or color
(blue or yellow) each 900 ms. The participants were instructed
to press a keyboard button each time the probe changed so
that it matched the target (both the letter identity and color)
as quickly as possible (hits), but not to respond when the two
stimuli were not the same (false alarms). The probes were pre-
sented continuously during the primary retrieval task in blocks
of six (i.e., all combinations of letters and colors) so there were
> 50 probes (~8-9 of them that matched the target) in each
chain (see Fig. 3A for a graphical description of the monitor-
ing dual-task situation). The participants were reminded that
arapid retrieval of words (primary task) is crucial in the trials
including the secondary task, but the words would not count
if their monitoring performance were low (monitoring per-
formance was analyzed as a secondary dependent measure).

Switching load manipulation
The switching load was implemented in 4 trials using a sec-

ondary task that involved rapid switching between retrieval
rules. In contrast to the other conditions where the rule was
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Fig.3 Semantic retrieval under attention load. A An example trial
including monitoring load. Participants continuously retrieved either
word associations (depicted) or dissociations for 50 s (primary task)
and simultaneously monitored for matches between the letters’ iden-
tity and color (secondary task). B An example trial including switch-

fixed within each chain, the switching trials required the par-
ticipants to deliver associations and dissociations in alterna-
tion—that is, changing the retrieval rule after each retrieved
word (e.g., “Phone—Call-Banana—Monkey...”; see Fig. 3B
for a graphical description of the switching-task situation).
Note that the switching (associative—dissociative) chains did
not include monitoring load as the combination of both atten-
tional loads was overly difficult, as revealed in a pilot testing.

The assessment of executive attention capacity

Before the main experimental procedure including attentional
loads, the participant’s capacity of executive attention was
assessed using the Stroop test and a response inhibition task.
The Stroop test included three blocks of trials with distinct
conditions: (1) in the block with neutral trials (N = 84), par-
ticipants were presented with a series of “XXXXX” strings
in color (red, green, blue, or yellow); (2) in congruent trials
(N = 48), participants saw a series of color names presented
in the corresponding font color; (3) in incongruent trials (N
= 48), participants saw a series of color names presented in
mismatching font colors (the mismatching name—font pairs
were counterbalanced). In all conditions, participants were
instructed to respond with a key press corresponding with the
stimulus font color as quickly and accurately as possible. Par-
ticipants practiced on 12 trials for each condition before the
main task. The split-half reliability of the performance in the
task was high for the congruent condition (r = .880) as well
as the incongruent condition (r = .913). The difference in RT
between the incongruent and congruent trials was assessed as
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ing load. Participants continuously retrieved words for 50 s (primary
task) but switched the retrieval rule (i.e., from associative to dissocia-
tive and vice versa) after each response (secondary task). Note. Pro-
cedures indicated in blue color were not present in the condition with
no load. (Color figure online)

a domain-general measure of selective attention and interfer-
ence control. This measure also showed high split-half reli-
ability (» = .740). In the response inhibition task, participants
were presented with a series of arrows pointing in four distinct
directions. The task included two types of trials presented in
random order. In the congruent trials (N = 192), the arrow
was presented in white color, indicating that participants were
required to press a keyboard arrow in the corresponding direc-
tion (i.e., left, right, up, down). In the incongruent trials (N
= 96), the arrow was red, indicating that participants were
required to press a keyboard arrow in the opposite direction
(i.e., to press the left keyboard arrow when seeing a rightward
stimulus). In both conditions, participants were required to
respond as quickly and accurately as possible. A short practice
including 12 trials for each condition was introduced before
the main task. The split-half reliability of the performance
in the task was high for the congruent condition (r = .979)
as well as the incongruent condition (r = .983). The differ-
ence in RT between the incongruent and congruent trials was
assessed as a domain-general measure of response inhibition.
This estimate was also sufficiently reliable (r = .830).

Statistical analysis

The data were processed and analyzed following the same
procedures as in the first experiment. In this case, however,
semantic retrieval (RT) was modeled using two separate 2
x 2 RM ANOVAS (i.e., the two attentional load effects were
analyzed separately as they represent qualitatively distinct
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Fig.4 Retrieval latency under attentional load. A The main effects of
monitoring load on associative and dissociative retrieval. B Monitor-
ing accuracy in associative versus dissociative retrieval. C The effects
of switching load on associative and dissociative retrieval. Note.
Monitoring load affected both retrieval types to the same extent, but

manipulations). The first ANOVA included the main effect of
retrieval (associative, dissociative) and monitoring load (no
load, monitoring), and their interaction. The second ANOVA
included the switching load factor (no load, switching) instead.
Simple main effects for both loads were also assessed. Nota-
bly, the performance in the secondary monitoring task was
assessed using the sensitivity measure (d") with the log-linear
correction (as recommended by Hautus, 1995). Finally, the
retrieval measures from the second experiment and tasks
assessing executive attention capacity (interference control)
were subjected to analysis of association using the percentage
bend correlation (r,,). Further details regarding the custom
contrasts and GORICA analysis of the interaction effects are
provided in the Supplementary file (Tables S6-S9).

Results
Monitoring load

For monitoring load, the RM ANOVA revealed significant
effects of retrieval, F(1, 61) = 127.99, p < .001, ;13: 677,
and monitoring load, F(1,61) = 123.36, p < .001, n§= 609,
but their interaction was not statistically significant, F(1, 61)
=0.52, p = 476, n§= .001. The complementary Bayesian
RM ANOVA indicated very strong evidence for the respec-
tive main effects, BF,, = 5.72x10"* and BF,, = 9.20x10"",
but moderate evidence for absence of the interaction effect,

the monitoring performance (d’) was significantly worse during the
dissociative than associative retrieval condition. Switching load sig-
nificantly modulated only the dissociative retrieval. Error bars repre-
sent + SE. ¥**p < .001, ns = nonsignificant

BF,, = 3.90. Overall, the retrieval latency was longer in the
dissociative than in the associative condition, while both
retrieval conditions were further slowed by the concurrent
monitoring task (see Fig. 4A). As suggested by the absence
of interaction, the simple main effect of monitoring load was
similar in both retrieval conditions [for associative retrieval:
F(1, 61) = 54.30, p < .001, 11,%: 471, and the related BF,,
=2.87%10’; for dissociative retrieval: F(1,61)=58.50,p <
.001, n§= 490, and BF, = 3.43x107].

A direct test of the informative hypothesis (a priori
defined custom contrast that the monitoring cost is higher
in the dissociative than in the associative condition) was
not statistically significant, #(61) = 0.718, p = .476, fur-
ther confirming that the secondary monitoring task affected
both retrieval conditions in a similar fashion. In line with
this result, the GORICA analysis indicated that the pro-
posed hypothesis predicted the data approximately 1.27
times worse than the null hypothesis (i.e., that maintenance
effect is not statistically different between the two retrieval
conditions; see Supplementary Table S7 for more details).
Likewise, the Bayesian paired-sample ¢ test indicated mod-
erate evidence against the difference in the monitoring cost
between the retrieval conditions, BF,; = 3.71.

Finally, we evaluated the attentional monitoring perfor-
mance (sensitivity) in the secondary monitoring task. This
analysis revealed that the monitoring performance was con-
siderably worse during the dissociative (d' = 1.73) than the
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associative (d' = 2.12) retrieval, #(62) = 5.13, p < .001, d
= 0.646 (see Fig. 4B). The corresponding Bayesian paired-
sample ¢ test indicated very strong evidence for the differ-
ence, BF,, = 5.39x10°.

Switching load

For switching load, the RM ANOVA revealed significant
effects of retrieval, F(1, 61) = 123.22, p < .001, n*= .669,
and switching load, F(1, 61) = 23.14, p < .001, n,= 275,
and their interaction, F(1, 61) = 10.07, p = .002, 11§= 142,
The corresponding Bayesian RM ANOVA indicated very
strong evidence for the effect of retrieval, BF,,=2.31x10"?,
switching load, BF,, = 262.53, as well as their interaction,
BF,, = 31.40. Furthermore, the analysis of simple main
effects showed that switching load significantly altered the
dissociative retrieval, F(1, 61) =22.91, p <.001, ’1,% =.273,
and BF,, = 1373.6, but not the associative retrieval, F(1, 61)
=2.14, p = .149, n§= .034, and BF,, = 0.479 (see Fig. 4C).
Notably, the switching cost in the dissociative condition was
0.500 s, 95% CI [0.324,0.675], whereas in the associative
condition it was only 0.101 s, 95% CI [-0.074, 0.277].

A direct test of the hypothesis (a priori defined custom con-
trast that the switching cost is higher in the dissociative than
in the associative condition) was statistically significant, #(61)
= 3.173, p = .002, further confirming the hypothesis. In line
with that, the GORICA analysis indicated that our informa-
tive hypothesis predicted the data approximately 93 times
better than the null hypothesis (see Supplementary Table S9
for more details). Likewise, the Bayesian paired-sample ¢ test
indicated strong evidence for the difference in the switching
cost between the retrieval conditions, BF,; = 24.53.

Executive attention measures

For the Stroop task and the response inhibition task, RM
ANOVAs revealed significant main effects of condition
(congruent versus incongruent), F(1, 61) = 116.13, p <
.001, '71%: .656 and F(1, 61) = 293.48, p < .001, '71%: .826,
respectively. As expected, the incongruent condition was
associated with longer latencies as compared with the con-
gruent condition in both tasks. These robust effects were also
confirmed by the corresponding Bayesian analysis, which
indicated very strong evidence in favor of the differences,
BF,, > 1.38x10".

Correlations

Finally, an exploratory robust correlation analysis was per-
formed to inform on the relationships between the retrieval
and the interference measures. Overall, the analysis showed
weak positive associations between the retrieval measures
(across all conditions) and the Stroop interference (overall
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rop = —-192) as well as Response interference (overall ry,
= —.267; see Table S10 in the Supplementary Information
file for more details). Furthermore, the correlations between
retrieval control measures (inhibition cost and switching
cost) and the two interference measures were not statistically
significant (Il < .152, pyqy, > .950). Finally, the explora-
tory analysis also showed a moderately strong negative
correlation between the switching cost (the RT difference
between the dissociative retrieval under switching load ver-
sus no load) and inhibition cost (rpb = —.413 p < .001; see
Fig. 1S in the Supplementary Information file).

Discussion

In the second experiment, we investigated the role of EA
functions in semantic retrieval. We hypothesized that EA,
i.e., monitoring and switching, plays a role in semantic
retrieval. Thus, we predicted that attentional load would
impair retrieval performance, especially in the dissociative
task that requires control over habitual associates (Allen
et al., 2008; Collette et al., 2001). As in the first experi-
ment, dissociative production was substantially slower than
associative production, reflecting such demands for control
(i.e., inhibition cost). In line with our hypothesis, loading
attention using the secondary monitoring or switching task
slowed down semantic retrieval. Importantly, however, mon-
itoring load impaired both retrieval tasks in a similar fash-
ion, whereas switching load disrupted only the dissociative
performance. These results thus indicate that the respective
attentional manipulations modulated semantic retrieval via
(at least partially) distinct mechanisms.

The uniform impairment of associative and dissociative
retrieval by monitoring load corroborates the view that a
generic attentional mechanism supports a wide range of
computations (Friedman & Miyake, 2017; Hartwigsen,
2018), including the semantic ones. This finding is in line
with the current models of semantic search (Mayr & Kliegl,
2000; Ulrich Mayr, 2002) suggesting that executive ability
facilitates the overall rate of retrieval independently from
the specific semantic processes involved in the two retrieval
tasks. Since dual-task interference is known to deplete the
executive capacity (Szameitat et al., 2002),' the impaired
performance can be explained by a decreased availability
of the limited resources that support rapid retrieval (i.e.,
executive bottleneck). Alternatively, however, impaired per-
formance in dual-task paradigms has also been attributed to

! In dual-task paradigms, EA is recruited to compensate for overall
higher processing demands, coordinate the processing employed in
the concurrent tasks, and resolve their mutual interference. The exer-
tion of such attentional control is reflected in higher activation within
the large-scale executive brain network that includes bilateral dorsal-
lateral and parietal regions.
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a bottleneck at the response selection level (rather than at
the executive level; Hegarty et al., 2000)—that is, as both
the primary (retrieval) and the secondary (letter matching)
task require rapid responding, the slowing of retrieval need
not necessarily result from the depleted executive capacity
but could be caused by the inability of participants to select
appropriate responses for both task at once. However, against
this explanation is our finding that more errors were commit-
ted during the dissociative than the associative retrieval (see
Fig. 4B), especially when considering that there were fewer
dissociative than associative responses. The impaired moni-
toring performance during dissociative retrieval thus likely
stems from a strategic trade-off (Hegarty et al., 2000) when
participants dedicate maximum processing resources to one
task (the word retrieval) at the expense of the other, usually
less demanding task (the letter matching). Taken together,
the robust difference in monitoring performance between the
retrieval tasks indicates that producing dissociates exhausts
more executive attentional resources than delivering associ-
ates. Given the nature of the dissociative task, it could be
concluded that attentional monitoring is engaged to a higher
extent when facing the need to evaluate and suppress inap-
propriate (habitual) associates.

Interestingly, the switching load substantially impaired
the dissociative performance only. Even though the associa-
tive retrieval was also slightly slowed down, this effect was
weak and unreliable. A domain-general rule shifting (Dia-
mond, 2013; Ravizza & Carter, 2008) is not a likely account
for the specific impairment of the dissociative retrieval since
both dissociative and associative responding involved the
same number of switches, thus imposing equal demands on
such capacity.

Alternatively, the nonuniform effect of switching load
could be explained, at least in part, by the conflict-monitor-
ing model proposed by Botvinick et al. (2004). Since free-
associative trials do not involve conflict, the recruitment of
cognitive control in the subsequent dissociative trial may be
decreased, leading to prolonged dissociative latency. Nota-
bly, in dissociative chains without switching, the continuous
retrieval of unrelated responses may keep the state of cog-
nitive control tonically upregulated, since all trials involve
conflict. Such sustained involvement of cognitive control
could aid the performance, leading to shorter dissociative
latencies in the non-switching than in the switching disso-
ciative condition (see Fig. 4C). Nevertheless, the conflict-
monitoring hypothesis predicts that the state of cognitive
control varies depending on the level of conflict activation
on preceding trials (Botvinick et al., 2001; but also see
Schmidt, 2019). Therefore, under the switching load, the
conflict in dissociative trials should upregulate the cogni-
tive control and deliberative processing, hence prolonging
the latency on the subsequent associative trials. Although
a subtle trend in the predicted direction was observed (see

Fig. 4C), the associative slowing due to switching was minor
and not statistically reliable.

Furthermore, the dissociative retrieval slowing due to
switching could also (or alternatively) be due to a residual
semantic activation from the preceding trials. Delivering
an associated word response (e.g., cat [stimulus] — dog
[response]) induces semantic activation within the connected
parts of the conceptual network. So activated conceptual
associates (e.g., animal, fur, barking, etc.) may carry over
to the subsequent dissociative trial (Goschke, 2000), hence
inducing a proactive cognitive interference slowing the
performance (i.e., the pre-activated concepts in semantic
memory impair the ability to find an unrelated response).
Notably, the attempt to retrieve an unrelated response (e.g.,
dog — stone) also activates relevant features/associates
within the conceptual network (e.g., rock, weight, wall, etc.),
but these activations do not interfere with the subsequent
associative task (e.g., stone — rock). This residual seman-
tic activation account can explain the asymmetric switch-
ing cost, predicting a slowing of dissociative but not asso-
ciative latencies (as shown in Fig. 4C). Nevertheless, since
both conflict-monitoring (domain-general mechanism) and
residual semantic activation (domain-specific mechanism)
are in fact consistent with the present findings, experiments
to directly test these alternative explanations are warranted.

Finally, the second experiment also showed that the pro-
cessing costs associated with switching and inhibition are
negatively correlated. Together with the selective impair-
ment of dissociative retrieval by switching load, this evi-
dence indicates that flexible transitions between semantic
sets (switching) and constraining semantic activation (inhi-
bition) may represent two diverging or interfering modes of
controlled semantic search. Notably, such a tradeoff between
(restricting) inhibition versus (flexible) switching (Marko &
Riecansky, 2021b) may not necessarily arise from a compe-
tition between two distinct neurocognitive systems (or their
limited resources) but simply because these two functions
operate efficiently at different sets of parameters within the
same cognitive or neural architecture (Friedman & Miyake,
2017; Marko & Riecansky, 2021a).

Summary and conclusion

Two experiments implementing the dual-task and task-
switching interference approach were conducted to inves-
tigate the role of domain-general executive capacities in
semantic memory retrieval. We employed novel generative
tasks, enabling us to differentiate between the automatic
(associative) and the controlled (dissociative) retrieval pro-
cesses, and so elucidate how they interact with WM and EA.
From a broader perspective, our results conform with the
hypothesis that domain-general executive functions support
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semantic memory retrieval, which largely concurs with the
prevailing models of verbal fluency (Mayr & Kliegl, 2000;
Ulrich Mayr, 2002; Unsworth et al., 2012). Nevertheless, the
current findings critically extend the previous studies, show-
ing that distinct forms of interference (loads) disrupt auto-
matic and controlled retrieval in a non-unitary way, which
provides a deeper insight into the putative mechanisms that
govern these interactions.

We observed that WM load impaired both forms of
retrieval, suggesting a generic mechanism of action. Gen-
erally, it is agreed that representations maintained in WM
become globally available for other mental processes (Baars
et al., 2013; Kaminski & Rutishauser, 2020), which ampli-
fies the activation of related information encoded in long-
term memory and enhances the strategic access to the rele-
vant knowledge (Belke, 2008; Cowan et al., 2012; Unsworth
et al., 2013). Thus, a likely account for the current findings
is that depleting WM hinders the representation and depth
of processing of word stimuli (e.g., their semantic features
and relations), rendering semantic retrieval less focused
and goal-oriented. Yet, a more detailed analyses regard-
ing the combined effect of load and retrieval type revealed
that the time required to suppress habitual but inappropriate
responses (inhibition cost) was prolonged with increasing
WM load, and relatedly, the retrieval slowing due to WM
load (maintenance cost) was considerably higher (approxi-
mately twice as large) in the dissociative than in the asso-
ciative retrieval condition. Thus, together with the model
comparison (GORICA and Bayesian) approach, these lines
of evidence support the hypothesis that the WM resources
are relatively more important for the control of semantic
memory retrieval than for the free-associative ability.

Furthermore, monitoring load disrupted both modes of
semantic memory retrieval performance by a comparable
margin, suggesting that the free associative and controlled
retrieval involve a common domain-general attentional
mechanism. However, we further revealed that the secondary
monitoring performance was substantially worse when indi-
viduals generated dissociates than associates, supporting the
hypothesis that controlled retrieval involving the suppres-
sion of automatic associates is particularly taxing the limited
attentional resources. Notably, since our retrieval measures
do not manifest the clustering-switching pattern typical for
category fluency tasks (Troyer et al., 1997), we can assume
that the proposed contribution of executive attention in
semantic memory retrieval goes beyond the ability to initi-
ate switches as proposed by Troyer and colleagues (Hirshorn
& Thompson-Schill, 2006; Troyer et al., 1998).

Notably, although maintenance and monitoring loads slowed
down retrieval fluency in the same direction and similar degree,
one should be careful when comparing these two interventions
since they differed not only in the underlying process being
loaded (i.e., WMC versus attentional monitoring) but also in
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the modality of the secondary task (i.e., verbal versus visual
stimuli). Since both the primary (retrieval) and secondary
(maintenance) tasks in Experiment 1 involved the processing
of verbal material, one could expect stronger interference, than
in Experiment 2, where the primary and secondary monitoring
tasks were of different modalities. Further studies are needed
to address the possible sources of interference, both at the level
of underlying processes and modalities. These studies should
also assess which strategies (e.g., subvocal rehearsal or mental
imagery) individuals employ in such dual-task settings.

The involvement of executive attention in controlled
retrieval was further supported using the switching load,
which considerably impaired only the dissociative but not the
associative task. This asymmetry could be explained by either
(1) varying demands these two tasks exert on a domain-gen-
eral mechanisms that is responsible for conflict monitoring
and implementation of cognitive control (i.e., conflict resolu-
tion) or (2) by residual activation in the conceptual networks
that carries over to the subsequent trials and so interferes with
the domain-specific inhibitory mechanisms. Finally, we would
like to note that only the switching load included mixed-task
chains (i.e., mixing associative and dissociative trials within
the same chain), whereas under the other forms of load indi-
viduals retrieved either related or unrelated concepts - i.e.,
without mixing these two retrieval conditions in the same
chain. Although such mixed-tasks design is a well-established
switching paradigm in cognitive science (see Kiesel et al.,
2010), the comparison between the qualitatively distinct treat-
ments (loads) in this study should be made with caution.

In conclusion, we found that exploiting domain-general cog-
nitive abilities using concurrent cognitive loads substantially
impairs both the automatic—associative and the controlled—dis-
sociative retrieval. Yet, importantly, a more detailed analysis
revealed that while WM and EA monitoring support the access
to both related and unrelated conceptual representations, these
domain-general capacities are particularly taxed when one
needs to disentangle from the currently activated set of concepts
in semantic memory. Although the precise nature of this mech-
anism awaits further investigation, we propose that WM and
EA are functionally involved in the adaptive gating of stimulus-
driven (i.e., automatic) semantic activation that spreads within
the representational network and/or resolving the interference
from among competing response candidates, through which
these domain-general capacities bias the retrieval towards goal-
appropriate representations. More generally, our results also
suggest that EA may instantiate a mechanism for a fine-grained
regulation between a constraining (inhibitory) versus a flex-
ible (switching) mode of semantic search and retrieval. Further
experiments utilizing semantic-specific interference may shed
more light on the mechanisms governing efficient retrieval of
knowledge and flexible thinking. Measures focusing on qualita-
tive aspects of retrieved responses may also represent a promis-
ing way to extend the findings provided in the current study.
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