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Abstract

We describe four experiments each examining n-back performance for high and low
verbalisable odorants. Participants were presented with a sequence of odorants and were
required to state if the current odorant was the same or different to the odorant presented two
items earlier. Experiment 1 reported superior performance for high, relative to low, verbalisable
odorants and was evident despite above chance memory performance for the low verbalisable
odorants. Experiment 2 showed that such superiority persisted with a concurrent articulation
condition, suggesting that the memory benefit was not a consequence of verbal recording and
rehearsal. Experiment 3 employed metacognitive judgments and showed that correct 2-back
responses for high verbalisable odorants received more recollection responses compared to low
verbalisable odorants. Experiment 4 compared n-back performance across different stimulus
types and showed that, for high verbalisable odorants, performance correlated with both letters
and abstract shapes, but such correlations were absent for low verbalisable odorants. Taken
together, these findings show differences in n-back performance between high and low
verbalisable odorants, and show that high verbalisable odorants exhibit performance
similarities with both verbal and visual stimuli. We further argue that n-back performance for

low verbalisable odorants operates differently to that of high verbalisable odorants.
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Introduction

The current series of studies examine olfactory working memory using the n-back task.
In the n-back task participants are presented with a continuous sequence of items and, following
the presentation of each new item in the sequence, are required to decide whether the current
item is the same as the item presented n trials previous. The task is conceptualised as a measure
of working memory* since performance of the task requires both maintenance and updating of

the preceding n items in memory (e.g. Kane, Conway, Miura, & Colflesh, 2007).

There are a number of proposed processes by which the n-back task can be performed.
Indeed, n-back strategy can vary both between participants and as a function of task demands
(Botvinick, Braver, Barch, Carter, & Cohen, 2001). One proposal, referred to as a high control
strategy, involves rolling rehearsal whereby the last n items in the sequence are rehearsed and
dynamically updated within a dedicated rehearsal window (e.g. Juvina & Taatgen, 2007). A
second proposal suggests that for some stimulus types it may not be possible to ‘rehearse’ the
last n items in memory, and without maintenance within a dynamically updated rehearsal
window, participants rely upon item ‘familiarity’ to perform the task (referred to as a low
control strategy, Juvina & Taatgen, 2007; Nijboer, Borst, van Rijn, & Taatgen, 2016).
Specifically, it is proposed that when the test item evokes a strong feeling of experimental
familiarity, the item is a probable candidate for the target (i.e. the item presented n-trials
earlier). However, if that test item exhibits low levels of experimental familiarity, it is unlikely

that it was presented # items earlier.

! Debate exists with respect to the extent to which the n-back task is a genuine measure of working memory.
This is beyond the scope of the present study (for more detail see, for example, Jaeggi, Buschkuehl, Perrig &

Meier, 2010; Kane et al., 2007; Redick & Lindsay, 2013).



Although the extent to which n-back working memory processes/strategies are
equivalent across different stimulus types is unclear, correlational studies have shown some
relationship across different modality n-back tasks. For example, Schmiedek, Lovdén, and
Lindenberger (2014) compared 3-back verbal (visual presentation of digits) and 3-back visuo-
spatial (dots presented within a 4x4 grid) performance and reported a strong positive correlation
(r = .66). Jaeggi, Buschkuehl, Perrig, and Meier (2010) compared auditory-verbal n-back and
visuo-spatial n-back and found that the magnitude of the performance accuracy correlations
were influenced by memory load and stimulus type. For 1-back, 2-back, and 3-back tasks, the
magnitude of cross-stimulus correlation varied from 0.11 to 0.62. For the 3-back comparisons,
the correlations were 0.18 (Experiment 1) and 0.25 (Experiment 3) and it is not clear why these
correlations should differ so starkly to those reported by Schmiedek et al. (2014). This disparity
may be explained by methodological differences across these studies (e.g. differences in
stimulus set size and presentation modality of verbal stimuli), however, this may speak to the
debate existing with respect to the general reliability of the n-back task (Jaeggi et al., 2010;
Kane et al., 2007; Oberauer, 2005; Redick & Lindsey, 2013; Schmiedek, Hildebrandt, Lovdén,
Lindenberger, & Wilhelm, 2009; Schmiedek et al., 2014; Unsworth & Spillers, 2010).
However, reliability is argued to be highest in the n-back task when n>1 (Friedman et al., 2008;
Jaeggi et al., 2010; Kane et al., 2007; Shelton, Elliott, Hill, Calamia, & Gouvier, 2009), and

therefore judgments where #n>1 will be used in the present set of experiments.

That there is shared variance between different modality n-back tasks suggests common
mechanisms underpinning performance of the task. This suggestion is supported by imaging
studies indicating common brain regions (within the prefrontal cortex) engaged in performance
of the n-back task. For example, using fMRI, Nystrom, Braver, Sabb, Delgado, Noll, & Cohen
(2000) found similar patterns of activation (i.e. bilaterally in premotor, supplementary motor,

anterior cingulate, superior and inferior parietal, and superior, middle, and inferior frontal



areas) for performance of the n-back task with verbal, spatial, and non-verbal visual stimuli,
and this pattern of activation was affected analogously by changes in memory load. Similarly,
common regions (including the dorsal and ventral prefrontal cortex, inferior parietal cortex,
Broca’s area, insula, anterior cingulate, and premotor areas) were activated during n-back for
both letters fractals (Ragland et al., 2002). Furthermore, a meta-analysis of imaging research
demonstrated that modality-independent brain regions (both frontal and parietal) are employed
during performance of the n-back task (Owen, McMillan, Laird, & Bullmore, 2005). This
analysis included a range of stimulus types (e.g. verbal and non-verbal) that required identity
or spatial judgments. Owen et al. reported robust activation in both the dorsolateral and

ventrolateral prefrontal cortex, irrespective of stimulus type.

Notwithstanding the above findings, due to the limited research examining olfactory n-
back performance, it is unclear to what extent n-back memory for odours shares such
commonalities. To date, only two published studies focus on n-back memory for olfactory
stimuli (Dade, Zatorre, Evans, & Jones-Gotman, 2001; Jonsson, Mgller, & Olsson, 2011). In
the olfactory n-back task participants are presented with a continuous sequence of odorants and
are required to judge whether the current odorant matches the odorant presented n items earlier.
Both previous studies identified that participants are capable of performing olfactory 2-back
tasks (Dade et al., 2001; Jonsson et al., 2011) and the effect of odorant verbalisability on n-
back performance was examined by Jonsson et al. They presented participants with a
continuous 36-item sequence comprising odorants previously identified in pilot work as either
high or low verbalisable (Experiment 1). They showed that whilst correct responses for low
verbalisable odorants were above chance, performance for high verbalisable odorants was
superior (proportion correct = .61 and .77, respectively; an effect replicated in Experiment 2
using a high/low verbalisability blocked design). The present research extends the work of

Jonsson et al. by further exploring the performance difference between high and low



verbalisable odorants in the n-back task and, additionally, explores the extent to which

performance on the olfactory n-back mirrors that for other stimulus types.

The findings of Jonsson et al. (2011) illustrate that the potential to verbally label the
odorants is important in facilitating olfactory n-back performance. Whilst there exist only two
studies examining olfactory n-back performance, there are a range of olfactory memory studies
that may also utilise working memory resources. A number of these studies have examined the
importance of odorant verbalisability in both short- and long-term memory. For example, a
range of studies (see below) have attempted to minimise the participant’s ability to verbally re-
code the odorants in order to examine the extent to which explicit olfactory memory is possible
in the absence of verbal recoding. Whilst removing all semantic information and verbal
labelling associated with an odorant is likely impossible (White, Meller, Koster, Eichenbaum,
& Linster, 2015), attempts have been made to minimise verbal re-coding via both diligent
odorant selection and the employment of concurrent tasks. Consider, for example, Olsson,
Lundgren, Soares, and Johnansson (2009) who categorised odorants as either identifiable or
unidentifiable dependent upon the participants’ ability to generate the veridical verbal label for
each odorant. Whilst yes/no recognition for identifiable odorants was superior, recognition for
unidentifiable odorants was above chance. Similarly, Meller, Wulff, and Koster (2004)
employed odorants that were unfamiliar and, therefore arguably, hard-to-name (see Moss,
Miles, Elsley, & Johnson, 2016), and reported above chance performance on both implicit and
explicit memory tasks. These studies provide evidence supporting the existence of an olfactory
memory system that operates independently of a verbal re-coding process (although it remains

possible that some rudimentary verbal labelling may have been used to support memory).

Verbal re-coding in olfactory memory may also be restricted via the employment of a

secondary verbal task. Andrade and Donaldson (2007) examined yes/no recognition for



odorants where, in one condition, participants performed an additional verbal task (memory for
a 7-digit sequence) during the retention interval. Recognition performance was above chance
and, of theoretical consequence, was significantly higher than the condition in which the
secondary task employed olfactory stimuli. This finding was taken as evidence for the greater
use of a perceptual (i.e. the odorant) rather than verbal (i.e. a label for the odorant)
representation underpinning recognition. This is consistent with research showing that
substitution errors in olfactory memory tend to reflect the perceptual similarity of the target
odorant rather than the semantic similarity of the odorant labels (White, Hornung, Kurtz,
Treisman, & Sheehe, 1998). Other studies have employed concurrent articulation (CA) as an
irrelevant secondary verbal task (e.g. Miles & Hodder, 2005; Reed, 2000). CA acts to disable
the articulatory rehearsal process (e.g. Baddeley, Lewis, & Vallar, 1984; Baddeley, Thomson,
& Buchanan, 1975; Cocchini, Logie, Della Sala, MacPherson, & Baddeley, 2002) and, thereby,
disrupts the ability to verbally recode the odorants and/or rehearse verbal labels. Whilst Miles
and Hodder (2005) reported a damaging effect of CA on a 2-alternative forced choice (2AFC)
recognition task for 5-odorant sequences, recognition memory with CA remained well above
chance (similar trends were apparent in Reed, 2000; see also Annett & Leslie, 1996). The
aforementioned reviewed studies all minimise verbal re-coding by either odorant selection or
through the use of a secondary task. These studies all show above chance performance, and,
taken together, therefore suggest that olfactory memory is not uniquely reliant upon verbal
recoding. Indeed, olfactory identification is typically very poor (Jonsson & Olsson, 2003;
Jonsson, Tchekhova, Lonner, & Olsson, 2005), with ‘tip-of-the-tongue’ states (strong feeling-
of-knowing without a name) accompanied with very little semantic information (Jonsson &
Olsson, 2003; Jonsson et al., 2005). That individuals are poor at odorant identification adds

weight to the proposition that olfactory memory can operate without verbal labels.



Whilst above chance memory performance remains for olfactory stimuli in conditions
where verbal re-coding and rehearsal is restricted, a number of studies have shown that the
availability of a verbal label can facilitate memory. For example, verbal labelling of odorants
improves both short-term (Frank, Rybalsky, Brearton, & Mannea, 2011; Jehl, Royet, & Holley,
1997; in contrast cf. Zucco, 2003) and long-term odorant recognition (Jehl et al., 1997,
Kérnekull, Jonsson, Willander, Sikstrom, & Larsson, 2015; Lyman and McDaniel, 1986;
although for opposing findings see Engen & Ross, 1973), and such verbal labels are more
effective when semantically meaningful (as opposed to an arbitrary label given to an odorant
during an experiment, Frank et al., 2011; Jehl et al., 1997). That verbal re-coding improves
memory for odorants is, perhaps, unsurprising because the verbal label provides additional
information about the odorant (Andrade & Donaldson, 2007; Annett & Leslie, 1996; Paivio,
1990; Stevenson & Mahmut, 2013a). This additional verbal information can produce a dual
(label and percept) memory trace (Paivio, 1990), or, as suggested by others (Herz & Engen,
1996; White et al., 2015) can result in the odorant now being represented in memory as a verbal

label rather than an olfactory percept.

One interpretation of the quantitative differences in memory performance between high
and low verbalisable odorants (e.g. Jonsson et al., 2011; Olsson et al., 2009) is that the mental
representations for these two stimulus types are qualitatively different. Such an interpretation
is supported by imaging data showing that, for a delayed-match-to-sample working memory
task, nameable odorants are associated with sustained activity in the inferior frontal gyrus,
whereas in contrast, hard-to-name odorants are associated with activation in the piriform cortex
(Zelano, Montag, Khan, & Sobel, 2009). Recent work from our laboratory suggests that this
neurological dissociation between nameable and hard-to-name odorants may also be observed
behaviourally (Moss, Miles, Elsley, & Johnson, 2018). Using odorants previously categorised

as either high or low verbalisable (Moss et al., 2016), Moss et al. (2018) demonstrated strong



evidence for proactive interference (PI) with high verbalisable odorants, that was absent with
low verbalisable odorants. Given that PI effects are evident for both verbal and visual stimuli
(e.g. Craig, Berman, Jonides, & Lustig, 2013; Monsell, 1978; Moss et al., 2018), this may be
taken to suggest that memory representations for low verbalisable odorants are qualitatively
different to those for other stimulus types. Indeed, qualitative differences in the memorial
representations for high and low verbalisable odorants may provide an explanation for the
contradictory serial position functions reported for olfactory stimuli. Specifically, in some
studies odorants have produced serial position functions qualitatively consistent with those
found for other types of stimuli (e.g. Johnson & Miles, 2007; Miles & Hodder, 2005; Miles &
Jenkins, 2000; Moss et al., 2018; White & Treisman, 1997). However, in other studies, memory
for odorants have produced serial position curves that are qualitatively different to other
stimulus types (e.g. Johnson, Cauchi, & Miles, 2013; Johnson & Miles, 2009; Moss et al., 2018;
Reed, 2000). It is entirely plausible that such performance differences arise because of
variations in the use of high and low verbalisable odorants across studies. Based upon our
previous PI findings (Moss et al., 2018), we suggest that it is the high verbalisable odorants
that produce memory functions similar to those produced by other stimulus types and the low

verbalisable odorants do not.

That memory functions for high verbalisable odorants are similar to those for other
stimulus types (verbal and visual) is supported by the olfactory n-back task conducted by Dade
et al. (2001). Here, participants were presented with either a continuous sequence of 12 faces
or 12 scented puffs of air and were required to state whether each stimulus was the same as, or
different to, the stimulus experienced two trials earlier (i.e. 2-back task). Using positron
emission tomography (PET) scans, Dade et al. found that n-back for both faces and scents
engaged the dorsolateral and ventrolateral prefrontal cortex. The authors argued that this

finding supported the idea that working memory processes are independent of stimulus



modality. However, as argued by Jonsson et al. (2011), it is worth noting that Dade et al. used
familiar odorants (peach, geraniol, eucalyptus oil, costus oil, patchouli oil, and cinnamon-bark
oil) that are purportedly easy to name. Consequently, any claims that the neural activation for
the olfactory n-back matches that for the visual n-back is confined to high verbalisable
odorants. Indeed, as noted above, the behavioural data of Moss et al. (2018) suggests memory
for low verbalisable odorants is in fact different to that of high verbalisable odorants, visual
stimuli, and verbal stimuli in respect to PI susceptibility. This proposition is tested directly in
Experiment 4 where memory performance in the n-back task for visual, verbal, and high/low

verbalisable odorants are explored.

Metacognitive judgments further indicate that memory processes for high and low
verbalisable odorants may differ. One such metacognitive measure used is the remember/know
(K/R) procedure which explores judgments for the type of memory underpinning a retrieval
and is premised on the proposition that stimulus recognition comprises both recollection and
familiarity judgments (e.g. Wixted & Mickes, 2010; Yonelinas, 2002), and that these processes
are dissociated (e.g. Dudukovic, Dubrow, & Wagner, 2009; Evans & Wilding, 2012; Gardiner,
Java, & Richardson-Klavehn, 1996; Jacoby, 1991; Koen & Yonelinas, 2016; Olsson et al.,
2009; Yonelinas & Jacoby, 1994; for contrast cf. Dunn, 2008). Recollection judgments involve
the retrieval of qualitative information about a stimulus (e.g. identification, temporal
positioning, spatial location etc., e.g. Gardiner, Ramponi, & Richardson-Klavehn, 1998;
Jacoby, 1991; Tulving, 1985; Yonelinas, 1999). In contrast, familiarity judgments involve a
graded strength signal (Yonelinas, 1999, 2002) that must exceed a response criterion for correct
recognition (Yonelinas, 1999). Previous studies have applied the remember/know procedure to
olfactory memory tasks (Larsson, Oberg, & Backman, 2006; Olsson et al., 2009) and found
verbalisable odorants were associated with ‘remember’ responses t0 a greater extent than

unidentified odorants. Indeed, Olsson et al. argued that recognition for nameable odorants, in
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comparison to unidentified odorants, more closely resembled words (e.g. remember responses
were affected by encoding depth for nameable odorants and words, but not for unidentified

odorants).

This purported difference in the type of memory used for high and low verbalisable
odorants may explain the differences in n-back performance between high and low verbalisable
odorants (Jonsson et al., 2011). Recollective judgments in working memory have been linked
to controlled working memory resources (Baddeley, 2012; Barrett, Tugade, & Engle, 2004;
Loaiza, Rhodes, Camos, & McCabe, 2015); it is therefore possible that a high control strategy,
such as rehearsing the last n items within memory, may be employed for high verbalisable
odorants whereas an alternative strategy is used for low verbalisable odorants. This reliance on
different types of memory for high and low verbalisable odorants in the n-back task is explored
in Experiment 3. Indeed, more generally it is not clear how odorants are maintained in working
memory in order to perform the n-back task. If one assumes that the odorants (particularly low
verbalisable odorants) are not being rehearsed as verbal labels, one candidate mechanism is
attentional refreshing. This refers to a domain-general maintenance process that keeps a
representation active in attention (see Camos, Johnson, Loaiza, Portrat, Souza, & Vergauwe,
2018, for review). The important point being that this process is non-verbal and has been linked
to the maintenance of items within the episodic buffer and visuo-spatial sketchpad (Baddeley,
2012). It has been argued by some (e.g. Loaiza & McCabe, 2012; Oberauer, 2002) that a key
feature of refreshing is to strengthen the association that an item has with a context (e.g. binding
an item to a temporal context); this makes refreshing a good fit for the n-back task as accuracy
is dependent upon recollecting the position of the test probe in a preceding sequence.
Refreshing is, however, argued to be attentionally demanding (Barrouillet, Bernardin, &
Camos, 2004). In Experiment 2 we explore whether olfactory n-back performance is affected

by a secondary attentionally-demanding task that should disrupt refreshing.
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The present set of experiments are designed to both explore in detail the n-back
performance advantage for verbalisable odorants (JOnsson et al., 2011) and examine the extent
to which this quantitative difference reflects the employment of different memory processes.
Our overarching question concerns the extent to which working memory (assessed using the
n-back task) for olfactory stimuli is different to that of other more researched stimulus types
(e.g. visual and verbal stimuli) and whether this is moderated by the verbalisability of the

odorants.

Experiment 1

Experiment 1 is designed as a partial replication of Jonsson et al. (2011). The purpose
of this replication is threefold. First, above chance olfactory n-back performance has been
shown in only two previous studies (Dade et al., 2001; Jonsson et al., 2011) and shown once
with hard-to-name odorants (Jonsson et al., 2011). We seek to replicate this finding with a
different set of (high and low verbalisable) odorants. Second, this experiment can validate
recent normative data from our laboratory (Moss et al., 2016), by demonstrating the same
facilitative effect for highly verbalisable odorants as that reported by Jonsson et al. (2011).
Third, an increased number of n-back trials were used to investigate discriminability changes
due to perceptual and verbal learning throughout the task (Jonsson et al., 2011, Experiment 2,
employed 25 critical n-back trials with high verbalisable odorants and 25 critical trials with
low verbalisable odorants). That is, we examine the extent to which performance improves for
low verbalisability odorants as a result of repeated exposure to those odorants (in Experiment
1 we employ 48 critical n-back trials with high verbalisable odorants and 48 critical trials with
low verbalisable odorants). It is possible that repeated exposure to the odorants enables the

development and refinement of verbal labels and this process should manifest in a gradual
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improvement in memory for the low verbalisable odorants compared to the high verbalisable

odorants which already possess a verbal label.

In the present experiments we analyse an index of recognition ability using signal
detection (hits and false alarms are also reported). Signal detection is preferred over hits as a
dependent measure because it takes into account response biases. This is of particular
importance when examining the effects of odorant verbalisability, because unidentified
odorants have been shown to elicit a greater proportion of rejections at test (i.e., responding
that the test item is novel) compared to identified odorants (Frank et al., 2011). Fewer “old”
responses at test (i.e., responding that the test item was presented previously) therefore decrease
the likelihood of responding correctly for targets by chance. This response bias will, therefore,
artificially deflate the proportion of correct responses for targets (‘hits’) in the low verbalisable
condition. Moreover, A4’ is used as the measure of signal detection due to the unequal number

of targets and lures in the procedure (see also Jonsson et al., 2011).

For Experiment 1 three hypotheses are presented based upon previous evidence of an
n-back working memory advantage for verbalisable odorants. It is predicted that (1) working
memory performance will be above chance for low verbalisable odorants but, (2) performance
for high verbalisable odorants will be significantly better than that for low verbalisable odorants
(Jonsson et al., 2011). Across testing blocks, if repeated exposure to odorants leads to the
development and refinement of verbal labels (Nguyen, Ober, & Shenaut, 2012; Stevenson,
2001; Stevenson & Mahmut, 2013a), we predict (3) a gradual performance improvement for
low verbalisable odorants compared to high verbalisable odorants which already possess a

verbal label.
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Method

Participants

Twenty Bournemouth University undergraduates (12 males and 8 females, mean age =
20.0, SD = 2.7) participated in exchange for course credit. Participants who self-reported
olfactory impairments (e.g. symptoms of cold) and smoking (Katotomichelakis et al., 2007)
were excluded, as were participants aged over 40 years (Doty et al., 1984). Ethical approval

was obtained via the Bournemouth University Ethics Committee.

Materials

The odorants were selected from a corpus of 200 food and non-food related odorants,

prepared by Dale Air Ltd. (www.daleair.com), on the basis of normative scores reported by

Moss et al. (2016). Each odorant comprised 5ml of an oil-based liquid stored in an opaque test
tube in order to mask the odorant’s colour. Twelve odorants were selected for use in the n-back
task; 6 were selected at random from the 20 highest verbalisability scores and 6 were selected
at random from the 20 lowest verbalisability scores (Table 1). The verbalisability scores are
provided in Moss et al. (2016), and follow a modified version of the methodology described
by Jonsson et al. (2011). In Moss et al. (2016), each odorant was scored from 0-3 according to
the quality of the verbal labels provided, with a lower score indicating vague or absent labelling
and a higher score reflecting use of a specific noun (although this did not need to be the
veridical label). For the present 12-odorant stimulus set, verbalisability scores were
significantly higher for the high verbalisable odorants, #(12) =26.38, p <.0005, d = 15.23, BF1o

> 1,000 (Mhigh = 2.66, SDhigh = 0.11; Miow = 1.12, SDiow = 0.09).
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Two additional (non-analysed) odorants were used as buffer items at the start of each
testing sub-blocks. One odorant was additionally selected from the high verbalisable odorant

set and one was additionally selected from the low verbalisable odorant set.

Prior to the olfactory n-back task, participants completed a visual version of the task as
a practice trial. Eight line drawings, each printed on individual A5 sheets of paper, were taken
from Snodgrass and Vanderwart (1980) and used as the 2-back practice task. This practice task
comprised presentation of a 10-item sequence with eight lure trials (requiring a ‘no’ response)
and two target trials (requiring a ‘yes’ response). The drawings were presented on individual
pages in a booklet and the experimenter turned over each page in the booklet to display each
drawing. Participants responded verbally ‘yes’ or ‘no’ according to the 2-back task criteria,
described below, with each image displayed until participants provided a response. The
function was to ensure that participants understood the task demands and no participants

required more than 2-repetitions of the practice trial.

Design

A 2-factor (2x2) within-participants design was employed. The first factor refers to
odorant verbalisability (high versus low verbalisability) and the second to testing block (first
or second). Each block contained 52 n-back trials, where a trial comprised the presentation of
an odorant followed by a judgment as to whether that odorant matched the odorant presented
two trials earlier. The 52 trials within each block were divided further into two sub-blocks: one
sub-block of 26 trials comprising high verbalisable odorants and a second sub-block of 26 trials
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comprising low verbalisable odorants. Presentation order of the sub-blocks was
counterbalanced across participants. Presentation of the high and low verbalisable odorants
was blocked, rather than mixed, as Jonsson et al. (2011) reported stronger effects using a

blocked design.

Each 26 trial sub-block commenced with two presentations of the (non-analysed) buffer
odorant, e.g. for the high verbalisable odorant sub-block ‘pear’ is presented twice at the start.
Following double presentation of the buffer odorant, the remaining 24 experimental trials
comprised the same 6-odorants each being presented on four occasions: once as a ‘target’ (25%
of trials), and three times as a ‘lure’? (75% of trials). This, therefore, resulted in 6 target trials
and 18 lure trials within each sub-block. Target odorants were always presented two trials
earlier, and required a ‘yes’ response. In contrast, lure odorants were never presented two trials
earlier, and required a ‘no’ response. The positioning of the targets and lures within the
sequence was pseudo-randomised with the caveat that accidental target trials were avoided.
Given that participants undertook four 26-trial sub-blocks across the experiment, four different
26-trial orders were produced that contained a unique order of target and lure trials. These were

presented in a counterbalanced order across participants.

Procedure

The experiment was conducted in a quiet, well-ventilated room with a fan to circulate
fresh air. Participants were tested individually and sat opposite the experimenter, separated by

a wooden screen with a central fixation cross to prevent visual inspection of the odorants. Prior

2 Note that in the present experiment ‘lure’ refers to all non-targets (as was the case in Jonsson et al., 2011),
rather than just non-targets that are close to a potential target position (as used by Kane et al., 2007; Schmiedek,

Li, & Lindenberger, 2009). This issue is discussed and addressed in Experiment 4.
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to the olfactory task, participants completed the 10-item visual sequence of the 2-back task in

order to familiarise themselves with the procedure.

The 2-back task (Figure 1) comprised the presentation of a continuous sequence of
odorants, with each odorant then compared to the odorant presented 2 trials previous. Due to
the continuous nature of the task, participants are required to update memory through the
sequence in order to make comparisons in subsequent trials. Each trial comprised the
presentation of a single odorant under the nose of the participant for 2 seconds. Participants
were required to make a verbal ‘yes’ response if the odorant matched the odorant presented two
trials earlier and a verbal ‘no’ response if it did not. In order to follow the presentation rate of
Jonsson et al. (2011), an 8-second inter-stimulus-interval (ISI) separated odorant presentations.
There was a 5-minute rest session between the 52-odorant sequences during which participants

were encouraged to drink water. The complete experiment lasted approximately 30 minutes.

Analysis

Data in this and subsequent experiments were analysed using traditional analysis of
variance (ANOVA) and planned Bonferroni-corrected comparisons. In addition, Bayesian
ANOVA with default priors were also performed using JASP (Love et al., 2015; R. D. Morey
& Rouder, 2015; Rouder, Morey, Speckman, & Province, 2012). This is a model-based
approach, where models containing main effects and interactions can be compared. This
process produces a Bayes Factor value that indicates the ratio of support for one model over
another. Typically, the comparison will be between a particular model (for example, a model
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with both main effects) and the null model, producing a Bayes Factor indicating the level of
support for this model. However, Bayes Factors are transitive, and the assessment of models
additive, so a model with an interaction term added can also be compared to this main effects
model. This produces a Bayes Factor indicating the strength of evidence for an improvement

to the model when the interaction term is included.

A typical cut-off regarded as providing substantial support for the alternative hypothesis
is a Bayes Factor of 3 and a Bayes Factor below 1/3 provides substantial support for the null
hypothesis. A score between 1/3 and 3 indicates insensitivity to either hypothesis. Moreover, a
Bayes Factor can be interpreted as anecdotal evidence in support of a hypothesis if the direction
of evidence points towards the hypothesis but has not reached the required standard of evidence

(i.e. >3 or <1/3).

Bayes Factors are also calculated for paired comparisons, which, using the same cut-
offs above, outlines the strength of evidence for or against an alternative hypothesis. For the
present set of experiments, we use a default Cauchi prior distribution (Rouder et al., 2012).
These are presented with p values and #-test results where appropriate, in the format BF10o when
testing the alternative hypothesis against the null, and BFo; when testing the null hypothesis
against the alternative hypothesis. That is, BF10< 0.33 and BFo1 > 3 would indicate identical

support for the null hypothesis.

The number of correct target identifications (hits) and incorrect identifications of a lure
as a target (false alarms, FA) were recorded and used to compute the proportion of hits to FAs
via 4’ (as described by Jonsson et al., 2011). This measure of signal detection theory was
selected due to the unequal trial numbers for lures and targets, and allows the number of FAs
to exceed that for hits. 4’ was calculated as 0.5 + ((hits — FA) x (1 + hits — FA)) / ((4 x hits) x

(1 — FA)) when hits exceeded FA, and as 0.5 — ((FA — hits) x (1 + FA—hits)) / ((4 x FA) x (1 —
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hits)) when FA exceeded hits. Unlike d’ where hit rates of one or FA rates of zero result in an

indefinite value, use of 4’ allows these results to remain unadjusted.

The same analysis is conducted across the 4’ sensitivity measure, hits, and false alarms.

Results

A’ sensitivity

Figure 2a reports A’ for the high and low verbalisability groups, across experimental
blocks. A 2-factor (2x2) within-participants ANOVA was performed with the factors odorant
verbalisability (high vs low odorant verbalisability) and block (first and second). A significant
main effect of odorant category was evident, F(1, 19) = 5.95, p = .025, n,*> = .24, reflecting
greater sensitivity for the high verbalisability odorants (M = .84, SEM = .01) compared to low
verbalisability odorants (M = .79, SEM = .02). The main effect of testing block was non-
significant, F(1, 19) = 0.35, p = .560, 0> = .02, indicating no overall change in recognition
sensitivity between the first and the second block. Of interest in respect to the refinement of
verbal labels over time, the interaction between odorant verbalisability and experimental block
was significant, F(1, 19) = 8.32, p = .010, np,> = .31. Bayesian ANOVA indicated strongest
support for a model with main effects and an interaction between verbalisability and block (BF
= 4.42 vs the null model), preferring this model over a main effects model by a factor of 8.75.
The interaction indicates that the memory difference between high and low verbalisable
odorants was moderated by testing block. This interaction, reported through both frequentist
and Bayesian analyses, is shown in Figure 2a and be can explained descriptively by the

advantage for high compared to low verbalisable odorants developing in the second block only.

Indeed, to explore this interaction statistically, follow-on Bonferroni-corrected paired

comparisons (o = .025) and Bayes Factor analyses were conducted. This analysis revealed no
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difference between the high verbalisability odorants (M = .80, SD = .09) and the low
verbalisability odorants (M = .81 SD = .10) in the first testing block, #(19) = .41, p =.690, d =
12, BF10 = 0.25. However, the second block saw strong evidence for higher recognition
sensitivity for high verbalisability odorants (M = .88, SD =.07) compared to low verbalisability
odorants (M = .77, SD = .16), #(19) = -3.58, p = .002, d = -.92, BF10 = 40.40. That is, an effect
of greater recognition sensitivity for highly verbalisable odorants was present only in the
second testing block. Indeed, this effect appears to be driven by improvement in recognition
sensitivity for the high verbalisable odorants across testing blocks. This is shown by
significantly higher recognition sensitivity for the high verbalisable odorants in the second
block compared to the first block, #19) = -2.92, p = .009, d = -91, BF10 = 5.69. Whereas in
contrast, there was anecdotal evidence (BF0 > 0.33) in support of no difference between testing

blocks for the low verbalisable odorants, #(19) = 1.27, p = .220, d = .36, BF'10 = 0.47.

Using a single sample t-test, 4’ sensitivity scores were also analysed against a chance
score of 0.5. There was strong evidence for above chance performance for the low
verbalisability odorants in both the first, #(19) = 13.60, p <.001, d = 6.24, BF1o> 1,000, and

second blocks, #19) =7.63, p <.001, d = 3.50, BF1o> 1,000.

In summary, these analyses demonstrate that in both testing blocks, sensitivity was
above chance for the low verbalisable odorants, illustrating that the 2-back task can be
performed successfully with low verbalisable odorants. A recognition advantage for high
verbalisable was evident in the second block only, suggesting that the advantage for high

verbalisable odorants developed over repeated exposure to the odorants.

The same trends as reported for A4~ are observed for both hits and false alarms (see
Figures 2b and 2c, respectively). For brevity, the statistics for these dependent measures are

available in the supplementary material.
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Discussion

Experiment 1 has replicated the key findings of Jénsson et al. (2011) by demonstrating
(1) above chance performance for low verbalisable odorants despite, (2) superior n-back
performance for verbalisable odorants. Whilst the present findings replicate Jonsson et al. with
a different odorant set, these findings also provide validation for the normative ratings reported
by Moss et al. (2016). Specifically, odorants identified as highly verbalisable in Moss et al.
show the same n-back advantage as the odorants identified as verbalisable from Jonsson et al.’s

pilot work.

Superior n-back performance for high verbalisable odorants is consistent with a range
of previous studies showing a memory benefit for nameable odorants (e.g. Frank, etal., 2011;
Jehl etal., 1997; Jonsson et al., 2011; K&rnekull et al., 2015; Lyman and McDaniel, 1986). One
explanation for this advantage in Experiment 1 is that memory for high verbalisable odorants
can be supported by effective verbal labels, such that these labels are used in a high-control
verbal rehearsal strategy (e.g. Chatham et al., 2011; Juvina & Taatgen, 2007). In contrast, low
verbalisable odorants cannot effectively employ such a strategy because of impoverished or

unrefined labelling.

However, an unexpected finding for Experiment 1 was that the advantage between high
and low verbalisable odorants was evident for the second block of trials only. This finding
contrasts with that of Jonsson et al. (2011) where superior recognition for high verbalisable

odorants was found following 50 trials (the equivalent number of trials to our first block). One
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possible explanation for this interaction between block number and verbalisability in the
present study is that for high verbalisable odorants participants initially ascribed poor quality
verbal labels that were gradually refined following multiple stimulus exposures (see Stevenson,
2001). Alternatively, one might argue that over trials, the association between the labels and
the odorants strengthens, thereby enabling the label to be used as more effective additional

information. This unexpected finding is re-tested in the subsequent experiments.

In summary, Experiment 1 has replicated both the above chance n-back performance
for low verbalisable odorants and superior sensitivity for high verbalisable odorants reported
by Jonsson et al. (2011). Unexpectedly, the advantage for high verbalisable odorants was only
found in the second block, whereas performance for low verbalisable odorants did not improve
following repeated exposure to the stimuli. The role of experiment block will be examined
further in the following experiments but it is also worth future studies considering the extent to

which n-back peformance and strategies change over multiple blocks.

Experiment 2

The superior n-back performance for verbalisable odorants reported in Experiment 1
can be interpreted as reflecting participants’ verbal recoding and rehearsal of the high
verbalisable odorants. However, we note that the difference between high and low verbalisable
odorants reported in Experiment 1 was evident for the second block of trials only. This suggests
that verbal recoding and rehearsal of the high verbalisable odorants developed following

repeated exposures to those odorants.

In Experiment 2, we test directly the assumption that the n-back benefit for verbalisable
odorants emerges as a consequence of verbal labelling and rehearsal of those verbal labels.

This is achieved via a dual-task paradigm in which a secondary concurrent verbal task is
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employed. Concurrent articulation (CA) is a secondary task commonly employed for
suppression of the articulatory rehearsal process (e.g. Cocchini et al., 2002). This methodology
is known to remove the effects of both word length (e.g. Baddeley et al., 1975) and
phonological similarity (e.g. Baddeley et al., 1984; Saito, Logie, Morita, & Law, 2008) for
visually presented words, suggesting that the conversion of verbal stimuli into phonological
representations is disrupted. Here, by parallel reasoning, we aim to disrupt the verbal recoding
and rehearsal of odorants using CA. In addition, we include a mental rotation task during the
inter-trial interval as a control secondary task (there is some unpublished evidence that mental
rotation impairs performance on a verbal n-back task due to increased use of executive
resources, Simmons, 2000). The mental rotation task allows examination of the extent to which
any observed detrimental effects of CA may be explained by the act of performing a secondary

task per se, rather than the specific disruption of verbal processing.

Indeed, the inclusion of secondary tasks allows us to directly test the purported role of
attentional refreshing in the olfactory n-back task. Refreshing is argued to be attentionally
demanding (Barrouillet et al., 2004) and has been shown to be disrupted by the inclusion of a
secondary task (Barrouillet et al., 2004; Barrouillet, Portrat, & Camos, 2011; Vergauwe,
Barrouillet, & Camos, 2010). Given that the attentional demands of refreshing are argued to be
domain general (see Camos et al., 2018, for review), it should not matter that the secondary
task involves a different modality stimulus (e.g. visual-spatial representations) as attention is
drawn from the same finite pool of resources. Moreover, if n-back of high verbalisable
odorants is more reliant on verbal coding (and therefore verbal rehearsal) compared to the
refreshing-reliant low verbalisable odorants, one might predict that high verbalisable odorants
would be more resilient to the secondary mental rotation task. This is because sub-vocal
rehearsal is argued to be less reliant upon attentional resources compared to refreshing (Camos

& Barrouillet, 2014). In contrast, if high verbalisable odorants are reliant upon verbal rehearsal,
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one might predict that CA would impair n-back performance to a greater extent than mental

rotation.

Previous studies applying CA to olfactory memory tasks have produced mixed results.
For example, Andrade and Donaldson (2007, Experiment 2) found that a secondary digit recall
task did not impair performance on a primary olfactory yes/no recognition task. In contrast,
Miles and Hodder (2005) reported a main effect of CA on a 2-alterntaive forced choice odorant
recognition task (a similar but non-significant trend was also observed in Reed, 2000). The
extent to which these findings can be extrapolated to our n-back task is questionable, however.
Specifically, the memory demands for the n-back procedure (continually updating memory and
making recognition judgments regarding the item occurring n items earlier) differ to those for
standard recognition tasks. It is, therefore, possible that these varying task demands
differentially affect the requirement for verbal recoding. Additionally, whilst the
aforementioned studies (Andrade & Donaldson, 2007; Miles & Hodder, 2005; Reed, 2000)
used commercially available aromatherapy odours, the extent to which these odorants were
amenable to verbalisation is unknown. This is of importance because we suggest that CA

should differentially affect memory for high and low verbalisable odorants.

Experiment 2, thus, tests directly the extent to which the n-back working memory
benefit for high verbalisable odorants is due to verbal labelling and rehearsal of those verbal
labels. Specifically, this is the first experiment to apply CA to the olfactory n-back task. We
replicate the olfactory n-back methodology described for Experiment 1 and include concurrent
secondary tasks in the inter-trial interval. It has been suggested that the representation of
unfamiliar, hard-to verbalise odorants is determined by the olfactory perceptual code in
working memory (e.g. Zelano et al., 2009). In contrast, it is argued that the representation of a

verbalisable odorant is determined by both a perceptual code and a verbal label (Paivio, 1990;

24



Stevenson & Wilson, 2007; Yeshurun, Dudai, & Sobel, 2008). By including CA during the
inter-trial interval (a manipulation shown to disrupt verbal rehearsal in a visual n-back task,
Vuontela, R&mé&, Raninen, Aronen, & Carlson, 1999), we disrupt the rehearsal of those odorant-
derived verbal labels. We predict, therefore, greater impairment for high verbalisable odorants
compared to low verbalisable odorants due to the former’s greater reliance on verbal labels. By
including the secondary mental rotation task, we test directly the extent to which test
performance of a secondary task, irrespective of secondary task modality, impairs olfactory n-
back performance. This directly tests the proposition that refreshing is the mechanism by which
odorants are maintained within working memory. Since refreshing is purportedly attentional
demanding and sensitive to secondary tasks (Barrouillet et al., 2004; Barrouillet et al., 2011;
Vergauwe et al., 2010), we predict a main effect of secondary task. Moreover, if high
verbalisable odorants are supported by verbal rehearsal of labels (a process that is less reliant
upon attention, Camos & Barrouillet, 2014), we predict secondary task to interact with
verbalisability of odorant, such that low verbalisable odorant memory will be

disproportionately impaired due to the disruption of refreshing by increased attentional load.

Additionally, in Experiment 2 we seek to replicate the unexpected finding from
Experiment 1, that the recognition advantage for high verbalisable odorants is evident for the

second block only.

Method

Participants

Seventy-two Bournemouth University undergraduates (mean age = 19.82, SD =2.93,

61 females, 11 males) participated in exchange for course credit and were randomly assigned
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in equal numbers to one of three experimental groups. None had participated in Experiment

1, and the same exclusion criteria as described for Experiment 1 were applied.

Materials

The olfactory stimuli were as described for Experiment 1.

The mental rotation task consisted of 104 pictures with each comprising pairs of
horizontal 3-dimensional objects in the style of that reported by Shepard and Metzler (1971)
and obtained from Ganis and Kievit (2015). The 3-dimensional objects were white on a black
background and comprised 8-11 cubes connected end-to-end to form a continuous shape with
four arms (see Figure 3). The left object of the pair functioned as the baseline object with which
the right target object of the pair was compared. In 50% of the trials the baseline and target
objects were identical (congruent trials). In the remaining trials, the objects differed
(incongruent trials) such that the baseline and target objects were identical with the exception
of a single arm pointing in the opposite direction for the target object. In each of these trials the
target object was a rotation (clockwise on a vertical axis 100 or 150 degrees) of the baseline
object, with participants required to mentally rotate the target object to determine whether it
matched the baseline object. Images were 800x427px and displayed in the centre of a 22-inch
60Hz monitor using stimulus presentation software OpenSesame (Mathdt, Schreij, &

Theeuwes, 2012).

Design

A 3-factor (3x2x2) mixed design was employed. The between-participants factor was
secondary task type (no secondary task, CA, and mental rotation). The first within-participants

factor was odorant verbalisability (high or low) and the second was experimental block (first
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or second). The construction of blocks and sub-blocks was as described for Experiment 1. The

dependent variables were 4’ sensitivity, hits, and FAs.

Procedure

The n-back procedure followed that described for Experiment 1 with the exception that
participants made their 2-back decision using a 7-button Cedrus Response Box (Cedrus
Corporation, San Pedro, USA). Participants pressed the left button for a ‘no’ response and the
right button for a ‘yes’ response using the index and middle finger of their dominant hand
(speeded responses were not requested nor were reaction times analysed). The primary
difference compared to Experiment 1 concerned the between-participants inclusion of

concurrent task (see Figure 3).

Concurrent articulation group. Participants (N = 24) were required to count repeatedly
(1,2,3,4,1,2...) throughout the 8-second inter-trial interval. Participants were presented with
an odorant and made a ‘yes’ or ‘no’ 2-back match response. Participants then immediately
counted out loud at a rate of approximately 2-3 digits per second, for 8-seconds until

presentation of the next odorant.

Concurrent mental rotation group. Participants (N = 24) were required to perform a
visual mental rotation task during the 8-second inter-trial interval. Participants received a single
pair of adjacently positioned 3-dimensional objects presented simultaneously on the screen and
were required to judge whether the two objects were identical. Responses were made on a
computer keyboard with stickers over the ‘z’ key for a ‘no’ response, and ‘v’ key for a ‘yes’
response. Participants made a ‘yes’ response if the objects were congruent and ‘no’ response if

non-congruent. Following a response, the objects disappeared from the screen.
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Within each 26-trial sub-block of the olfactory n-back task, participants therefore
completed 26 mental rotation trials. Across these sub-blocks there were an equal number of
congruent and non-congruent trials. The presentation order of the congruent and non-congruent

trials was randomised.

Control group. The control group (N = 24) performed the n-back task as described for

Experiment 1.

Results

Figure 4(a-c) displays recognition sensitivity (4°), the proportion of hits, and the
proportion of false-alarms across the three experimental groups and is collapsed across block.
The experimental block variable is not included because, as can be seen below, there was

evidence against any main effect or interaction with block number.

A’ sensitivity

Figure 4a shows the mean A4’ for each of the three experimental groups across the two
odorant verbalisability conditions, collapsed across block number. A mixed 3-factor (3x2x2)
ANOVA was computed with the between-participants factor secondary task type (no task, CA,
and mental rotation), and the within-participants factors odorant verbalisability (high versus
low) and experimental block (first versus second). The main effect of secondary task type was
non-significant, F(2, 69) = 0.91, p = .407, np? = .03. There was a significant main effect of
odorant verbalisability, F(1, 69) = 10.64, p = .002, n,> = .13, with poorer performance for low
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verbalisability odorants (M = 0.76, SEM = 0.01) compared to high (M = 0.80, SEM = 0.01).
The main effect of testing block was non-significant, F(1, 69) = 0.37, p = .3548, n,?> = .01. The
predicted 2-way interaction between secondary task type and odorant verbalisability was non-
significant, F(2, 69) = 0.24, p = .785, np? = .01, as was the predicted 3-way interaction between
secondary task type, odorant verbalisability, and experimental block, F(1, 69) = 0.27, p =.762,
np? = .01. In contrast to Experiment 1, the 2-way interaction between odorant verbalisability

and experimental block was non-significant, F(1, 69) = 0.27, p = .603, n? < .01.

Bayesian ANOVA indicated strongest support for a model with a single main effect of
odorant verbalisability (BF' = 15.15 vs a null model), and that this model was strongly preferred

over all interaction models.

Hit rates

Figure 4b shows the mean hit rate for each of the three experimental groups and two
odorant verbalisability conditions, collapsed across block number. The same ANOVA as
described for A’ was computed and revealed non-significant main effects of secondary task
type, F(2, 69) = 1.35, p = .267, np> = .04, odorant verbalisability, F(1, 69) = 3.11, p = .082, n,°
= .04, and experimental block, F(1, 69) = 0.53, p = .467, np? = .01. The predicted 2-way
interaction between secondary task type and odorant verbalisability was non-significant, F(2,
69) = 0.34, p = .690, np? = .01, as was the predicted 3-way interaction between secondary task

type, odorant verbalisability, and experimental block, F(2, 69) = 0.40, p = .668, np? = .01. In

29



contrast to Experiment 1, the 2-way interaction between odorant verbalisability and

experimental block was non-significant, F(1, 69) = 2.08, p = .154, n,*> = .03.

Bayesian ANOVA revealed all models to be in favour of the null. Analysis of the hit

rates, therefore, shows no difference between the conditions.

False Alarms

Figure 4c shows the false alarm rates for low and high verbalisability odorants, across
the three experimental groups. The same ANOVA as described for 4’ was conducted. Analysis
revealed a significant main effect of secondary task type, F(2, 46) = 3.92, p = .024, n,> = .10.
Post-hoc Bonferroni-corrected comparisons revealed a significantly higher false alarm rate
(prons=.030) in the mental rotation task group (M = .26, SEM = .02) than the control group (M
=.20, SEM = .02). A non-significant difference was observed (prons= .18) between false alarms
in the mental rotation task group and the CA group (M = .22, SEM = .02), and a non-significant
difference was found between the CA and quiet groups (prons> .999). A significant main effect
of odorant verbalisability was also observed, where there were more false alarms for low
verbalisability odorants (M = .25, SEM = .01) than high verbalisability odorants (M = .20, SEM
=.01), F(1, 69) = 18.14, p < .001, n,*> = .21. This was inconsistent with Experiment 1, where
the main effect of verbalisability was non-significant. A non-significant main effect of
experimental block was observed, F(1, 69) = 3.02, p = .087, n,> = .04. The predicted 2-way
interaction between secondary task type, and odorant verbalisability was non-significant, F(2,
69) = 1.42, p = .250, np> = .04, as was the predicted 3-way interaction between secondary task
type, odorant verbalisability, and experimental block, F(2, 69) = 0.12, p = .884, np? < .01.
Contrasting Experiment 1, the 2-way interaction between odorant verbalisability and

experimental block was non-significant, F(1, 69) = 1.02, p = .316, n,> = .02.
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Bayesian ANOVA revealed the best model to contain main effects of verbalisability and
secondary task group (1010.97 vs. the null model). This model got substantially worse by the
inclusion of all main effects, or the inclusion of any interaction terms. Together, these findings

suggest evidence against any interaction with concurrent task group or with experimental

block.

Discussion

Experiment 2 is the first to apply CA to an olfactory n-back task and we report four key
findings. First, we replicate the performance advantage for high verbalisable odorants reported
for Experiment 1 (see also Jonsson et al., 2011). Second, in Experiment 2 we fail to replicate
the unexpected finding from Experiment 1 that the advantage for high verbalisable odorants is
found only in the second experimental block. Here we find this advantage in both experimental
blocks (consistent with Jonsson et al., 2011, who found the effect in a single set of ~50 trials).
It is not clear why the effect of block has not been replicated. The only methodological
difference between Experiment 1 and the control condition in Experiment 2 is how responses
are outputted (verbally in Experiment 1 and via a response box in Experiment 2). It is possible
that the verbal outputting process in Experiment 1 attenuated the development of verbal
labelling and therefore delayed the onset of the verbalisability advantage. However, this
account is speculative and requires further investigation. Third, we report no main effect of
secondary task (with the exception of FAs, see below) and no interaction between secondary
task and verbalisability of the odorants. Specifically, CA did not impair n-back performance
overall or disproportionately affect memory for high verbalisable odorants. This finding is
important given our working hypothesis that verbal rehearsal of the odorants’ names underpins
the memory advantage for high verbalisable odorants. However, despite restricting verbal

rehearsal opportunities (via CA), the advantage for high verbalisable odorants persisted.
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Fourth, related to the preceding point, the evidence for a secondary task disrupting overall n-
back performance was equivocal. Whilst there was no main effect of secondary task on 4’ and
hits, FAs were significantly increased following mental rotation relative to the control
condition. This provides only partial support for the proposition that refreshing is used during

the olfactory n-back task, as the secondary task only affected FAs.

That mental rotation nominally affected olfactory n-back performance is consistent
with refreshing being employed to maintain odorants within working memory. Given that
refreshing is attentionally demanding (Barrouillet et al., 2004), the secondary mental rotation
task used finite domain general attentional resources (Camos et al., 2018) that would otherwise
be employed in refreshing. However, there are two important caveats to this observation. First,
the main effect of secondary task was only found with FAs and was absent for both 4’ and hits.
This suggests that loading attention (via mental rotation) had neither a generalised nor
catastrophic effect on task performance. Indeed, overall memory sensitivity (4’) was
unaffected by secondary task. One possible explanation is that mental rotation was
insufficiently taxing to induce large effects, with FAs more sensitive to load (e.g. see Pelegrina
etal., 2015, for evidence for hits and FAs being differentially affected by age). A second caveat
is that the effect of secondary task on FAs was found only following mental rotation and not
CA. It may be the case that CA employs limited attentional resources (see Camos & Barrouillet,
2014) and therefore employs only limited resources from the domain general pool. However,
an alternative explanation for the detrimental effect of mental rotation was highlighted during
the review process. Experiment 2 changed the response format (and modality of response) from
a verbal output to a button press. It is possible that use of the response box added an additional
spatial component to the task and may have contributed to the increase in false alarms following
mental rotation. Similarly, both the primary n-back task and the secondary mental rotation task

required yes/no responses (albeit one via a response box and one via a keyboard press). It is
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also possible that interference between these identical response judgments caused the
impairment. Notwithstanding these alternative explanations, it is important to emphasise that

the detrimental effects of secondary task on olfactory n-back performance were limited.

That CA did not impair olfactory n-back performance is consistent with the proposal
that olfactory working memory is supported by an olfactory, rather than verbal, slave system
(Andrade & Donaldson, 2007). If one accepts that CA disrupts the sub-vocal rehearsal of verbal
labels (although cf. Jalbert, Neath, & Surprenant, 2011), Experiment 2 suggests that verbal
rehearsal for the high verbalisable odorants cannot account solely for the memory advantage
for these odorants. If verbal rehearsal is unable to explain the n-back advantage for verbalisable
odorants, then what does enable superior recognition? One possible candidate mechanism is
highlighted by Jonsson et al. (2011) who reported that the high verblisable odorants in their
study were easier to discriminate (tested by a same/different judgment on odorant pairs). If one
can more accurately distinguish between odorants at the perceptual stage, it follows that there
will be fewer errors at encoding and, therefore, fewer subsequent errors at the recognition
phase. This perceptual advantage for the high verbalisable odorants may derive from initial
verbal recoding during the presentation phase of the odorant (i.e. whilst sniffing an odorant,
using a label accentuates the differences between items). Alternatively, the memory advantage
for the verbalisable odorants might be explained by the high verbalisable odorants having
greater familiarity for the participant (Moss et al., 2016, report a strong positive correlation
between verbalisability and familiarity: r = .88). Indeed, it has been proposed that exposure to
familiar odorants activates more specific olfactory representations in memory compared to
unfamiliar odorants (Stevenson & Mahmut, 2013b; Wilson & Stevenson, 2006). It follows that
more specificity in the olfactory representation would lead to less confusion in memory
judgments due to high verbalisable odorants being more perceptually discrete. Indeed, if

familiar odorants are easier to differentiate at both the encoding and test phases (e.g. see also
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Rabin, 1988), then fewer working memory resources will be required when performing the task
(Reder, Liu, Keinath, & Popov, 2015). That is, fewer resources are needed to resolve the
perceptual confusions between odorants. Given that the type of representation activated for
high and low verbalisable odorants has been argued to differ (Stevenson & Mahmut, 2013b;
Wilson & Stevenson, 2006), we suggest that participants employ different processes in
performing the n-back task for high and low verbalisable odorants. Experiment 3 is designed
to explore evidence for the proposition that qualitative differences exist between the n-back
memory processes used for high and low verbalisable odorants by including metacognitive

judgments after each n-back response.

Experiment 3

Experiment 2 replicated the n-back performance advantage for high verbalisable
odorants. Our working hypothesis was that this advantage is a result of verbal labelling and
rehearsal of the high verbalisable odorant. However, in contrast to our prediction, this
advantage was not attenuated by a secondary concurrent verbal task. Our finding thereby
contradicts verbal rehearsal during the inter-trial-interval as a viable mechanism underpinning
the n-back performance difference between the high and low verbalisable odorants. Experiment
3 is designed to examine the extent to which the performance difference can be explained by
different memory processes being used for high and low verbalisable odorants. Our rationale
for this investigation is premised on the finding that the metacognitive judgments applied to
identified and unidentified odorants differed (Larsson et al., 2006; Olsson et al., 2009).
Specifically, they found that identified/nameable odorants exhibited more recollection
judgments compared to unidentified odorants. Experiment 3 uses the remember/know
procedure to identify if different types of memory processes (e.g. familiarity versus

recollection) support the n-back task for high and low verbalisable odorants.
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The application of the remember-know procedure to the n-back task is quite different
to its conventional use in yes/no recognition tasks. In these tasks (e.g., Evans & Wilding, 2012;
Koen & Yonelinas, 2016; Tulving, 1985; Yonelinas, 2002), following presentation of a long
sequence, participants are required to provide a binary ‘old’ or ‘new’ recognition judgment for
a test item (with K/R judgments following an ‘old’ response). That is, participants judge
whether the item is experimentally novel. However, in the n-back task the memory demand is
different, with participants required to judge whether the current item is the same item as that
presented 2-items earlier. Indeed, given that the same 6 odorants are used throughout each
presentation block, odorants rapidly cease to be experimentally novel. Therefore, in our n-back
task, and in contrast to the yes/no recognition task, participants are not deciding whether the
probe item is experimentally novel. As a result, the n-back metacognitive judgement requires
participants to judge not only whether a test odorant is ‘old’ but, in addition, to judge ‘how
old’. To be clear, in the m-back task it is not an effective strategy to use familiarity
dichotomously (i.e., familiar or unfamiliar), since all items will be experimentally familiar.
Instead, for an effective familiarity (K) response, participants must assess how long ago an item
was presented based upon the strength of familiarity for the probe item (e.g. see Schmiedek, Li
et al., 2009; Oberauer, 2005). Specifically, the strength of the familiarity signal for the probe
item could be used to determine whether the probe was presented 2-trials previous (e.g., the
item is very familiar suggesting it was previously presently very recently and potentially
warrants a “yes” response). In contrast to familiarity, an n-back recollection (R) judgment
requires positional recall, presumably as a result of a successful binding between item and
context (Oberauer, 2005). That is, participants explicitly recall that this test probe was
presented two trials previous. Such a judgment is consistent with participants storing the last
n-items within a dynamically updated maintenance window. In addition, the present experiment

also employs a guess (G) response as one of the metacognitive judgments. A G response is used
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in the n-back task in the same way that it is employed for other recognition tasks; that is, for
situations in which a correct response is made in the absence of any recollective experience or

strategy (Gardiner, Ramponi, & Richardson-Klavehn, 2002).

Experiment 3 is designed to replicate the methodology of Experiment 1, with the
additional requirement for a metacognitive judgement. Specifically, after cach ‘yes’ response,
participants are required to provide a K (know, i.e. familiarity), R (remember, i.e. recollection),
or G (guess) judgment. The inclusion of such metacognitive judgments is to determine
differences in n-back strategy between high and low verbalisable odorants. We argue that
different memory processes (e.g. using familiarity, recollection etc.) may indicate the
employment of different n-back strategies. This claim is based upon recollective judgments
being linked to controlled working memory resources (Baddeley, 2012; Barrett et al., 2004;
Loaiza et al., 2015), e.g., active rehearsal/refreshing of the last n items. We therefore suggest
that R responses are indicative of participants actively rehearsing and updating items (akin to
the conventional view of how working memory is employed in the n-back task, e.g. Kane et
al., 2007). Here, we directly compare whether the proportion of R responses differs between
high and low verbalisable odorants. Indeed, given that high, compared to low, verbalisable
odorants are more likely to be recollected (Larsson et al., 2006; Olsson et al., 2009), it is
predicted that high verbalisable odorants will exhibit a greater proportion of recollection (R)

responses in the olfactory n-back task.
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Method

Participants

Twenty-four female Bournemouth University undergraduates (mean age = 20.21, SD =
3.19) participated in exchange for course credit. The same exclusion criteria as described for

Experiments 1 and 2 were applied and none had participated in Experiments 1 or 2.

Materials

The olfactory stimuli were taken from the same corpus of odorants described for
Experiment 1. A set of twelve odorants (6 categorised as high verbalisable and 6 categorised
as low verbalisable, and not employed in Experiment 1 and 2, see Table 2) were selected. The
high verbalisable odorants (M = 2.64, SD = 0.11) exhibited significantly higher verbalisability
scores than the low verbalisable odorants (M = 1.34, SD = 0.26), #(10) = 11.54, p <.001, d =
6.66, BF10 > 100. As noted above, verbalisability correlates strongly with familiarity (Moss et
al., 2016) and consequently the high verbalisable odorants also exhibited significantly higher
familiarity ratings (M = 5.83, SD = 0.18) compared to the low verbalisability odours (M = 3.33,

SD = 0.25), #(10) = 19.87, p < .001, d = 11.47, BF10 > 100.

In Experiment 3, we matched the two groups of odorants on other dimensions assessed
in Moss et al. (2016). The high and low odorants did not differ significantly on measures of
intensity, #(10) = 1.81, p = .101, d = 1.04, BFo1 = 0.83, or hedonic strength (a measure of each
pleasantness rating’s deviation from a neutral midpoint), #(10) = 0.79, p = .449, d = 0.46, BFy

=1.76.
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Design

A 2-factor (2x2) within-participants design was employed with the factors odorant
verbalisability (high or low) and experimental block (first or second). Unlike Experiment 1,
where high and low verbalisable odorant trials were grouped together, high and low
verbalisable trials were randomly ordered within a single block. High and low verbalisable
trials were presented in a randomised order (i.e. a mixed design) to promote variance in
metacognitive responses (i.e. our working hypothesis is that there will be more R responses for
high verbalisable odorants). That is, with a continuous block of high verbalisable odorants,
participants may become self-conscious of repeatedly responding ‘R’ and therefore alternate
their responses. If the memory processes for high and low verbalisable odorants do indeed
differ, using a mixed design will make these differences salient to the participant. We argue that
employment of a mixed, rather than blocked, design should not remove the n-back advantage
for high verbalisable odorants, as although Jonsson et al. (2011) reported a stronger effect for

a blocked design (Experiment 2), it was still present following a mixed design (Experiment 1).

In Experiment 3, the number of trials within each experimental block was reduced in
order to match exactly the procedure reported in Jonsson et al. (2011, Experiment 1). An
experimental block began with 2 non-analysed buffer trials and was then followed by 36 trials
(comprising 18 high verbalisable odorants and 18 low verbalisable odorants). To further match
Jonsson et al. (2011, Experiment 1), each odorant was presented on three occasions: once as a

target (33.3% of trials) and twice as a lure (66.6% of trials). These ratios differ to that used in
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Experiment 1. Whilst changing these ratios may affect hits and false alarms (due to the
proportion of hits that would be correct following a guessed response), any effects of response

bias are accounted for by the use of signal detection (4°).

The dependent variables were again 4~ sensitivity, hits, and FAs. In addition, for the

hits and FAs, we report the proportion of ‘R’, ‘K’, and ‘G’ responses.

Procedure

The procedure followed that described for Experiment 1 with an additional requirement
at the testing stage. Following a ‘yes’ response, participants were required to provide a
metacognitive judgement. Instructions for this response were a modification of those described
by Rajaram (1993): an R response was required when participants explicitly recollected the
odorant and its occurrence in its correct n-back position; a K response was required when the
‘yes’ response was based on familiarity for the odorant; and a G response was required when
participants made a ‘yes’ decision based on some other reasoning, strategy, or if they were
unsure why they had responded ‘yes’. As in Experiment 2, responses were made on a Cedrus
Response Box and the input recorded using Superlab 4.5 (Cedrus Corporation, San Pedro,

USA).

Results

Figure 5(a-c) displays recognition sensitivity (4°), the proportion of hits, and the
proportion of false alarms as a function of verbalisability. For the latter two analyses, hit and
false alarm guess responses were removed (see Olsson et al., 2009, for a similar application of
this method; although it should be noted that including guess responses did not change the

outcome from the analysis detailed below). Consistent with Experiment 2, initial analyses
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revealed null effects of experimental block (all Fs<1); consequently for the purpose of analysis

performance was collapsed across experimental block.

Working Memory Performance

For the 4’sensitivity, hits, and false alarms paired z-tests were conducted comparing the
high and low verbalisable odorants. 4’ sensitivity for high verbalisable odorants (M = .88, SD
= .08) was significantly higher than that for low verbalisable odorants (M = .80, SD = .16),
#23)=3.02, p =.006, d = .62, BF1o = 7.41. Similarly, hits for high verbalisable odorants (M =
.74, SD = .16) were significantly higher than those for low verbalisable odorants (M = .58, SD
=.23), #(23) =3.69, p = .001, d = 0.75, BF1o = 29.70. There was a non-significant difference
between high and low verbalisable odorants for FAs, #23) = 1.15, p = .264, d = 0.23, BF0 =

0.39, with anecdotal support for the null hypothesis.

Metacognitive Responses: Analytical Approach

We analysed all ‘yes’ responses and divided them into hits (correct responses) and FAs
(incorrect responses). We then calculated the proportion of ‘yes’ responses that were remember
(R), know (K), and guess (G) judgments. This was calculated for both hits and FAs. This is a

relative calculation that gives the proportion of a response type without consideration to the
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absolute number of ‘yes’ responses given (see Larsson et al., 2006, for an example of this

analysis applied to remember-know responses).®

For both hits and false alarms, the proportion of metacognitive responses are analysed
using a 2-factor (2x3) within-participants ANOVA, with the factors odorant verbalisability (low

versus high) and metacognitive judgment type (R, K, and G).

Metacognitive Responses: Hits

Figure 6a shows the proportion of response types for correct target (‘yes’) responses.
With respect to the ANOVA, the main effect of odorant verbalisability was not assessed because
the sum proportion of K, R, and G responses totalled 1 for both high and low verbalisable
odorants. The main effect of response type was non-significant, F(2, 46) = 3.19, p = .050, 1,
= .12. However, the theoretically important interaction between verbalisability and
metacognitive judgment was significant, F(2, 46) = 6.48, p = .003, n,> = .22. A Bayesian
ANOVA indicated strong support for a model that included a metacognitive judgment main
effect and an interaction between verbalisability and metacognitive judgment (BF = 350.43 vs
a null model). This model was preferred to a metacognitive judgment main effect model by a
factor of 79.42. That is, there is strong evidence for an interaction between experimental

condition and metacognitive judgment.

In order to examine this interaction in more detail, the difference between the proportion
of responses for low and high verbalisability odorants was compared independently for each

response type. Paired ¢-tests revealed fewer G responses for high verbalisability odorants (M =

3 We computed an alternative analysis of recollective experience that takes into account the absolute
number of ‘yes’ responses and this revealed the same pattern of results (applied in Olsson et al., 2009). These

results are not reported.
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.19, SD = .20) compared to low verbalisability odorants (M = .39, SD = .22), #(23) =5.15,p <
.001, d = 1.05, BF10o = 756.10. In contrast, there was evidence against a difference in K
responses between high and low verbalisability odorants, #23)=-0.37,p=.713,d=0.08, BFo
= (.23. Finally, significantly more R responses were found for high verbalisability odorants (M
=.51, SD = .24) compared to low verbalisability odorants (M = .33, SD = .25), t(23)=2.51, p

=.020,d = 0.51, BF1o = 2.75 (although the Bayes Factor was anecdotal).

Metacognitive Responses: False Alarms

Figure 6b shows the proportion of response types for false alarms. The ANOVA
revealed a main effect of metacognitive judgment, F(2, 46) = 3.65, p = .034, > = .137, with
more G responses (see Figure 5b) reflecting less certainty in these erroneous responses.
Metacognitive judgment did not, however, interact with odorant verbalisability, (2, 46)=0.36,
p =.703, np* = .015. The preferred model contained only a main effect of response type (BF =

37.41 vs. a null model).

Discussion

Experiment 3 is the first to apply the K/R procedure to the olfactory n-back task.
Consistent with Experiments 1 and 2, we again report an n-back advantage for verbalisable
odorants (and consistent with Experiment 2, an effect that was found across experimental
blocks) and replicate the effect using a different set of odorants. In addition, this effect was

evident in Experiment 3 when high and low verbalisable odorants were presented using a mixed
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trial design (as used in Experiment 1 of Jonsson et al., 2011). Importantly, the inclusion of
know/remember/guess judgments revealed different patterns of metacognitive judgments for
both the accuracy of response (hit and FA) and the odorant type (high and low verbalisable). A
greater proportion of ‘guess’ responses was observed for false alarms relative to hits (see Figure
5); this reflects less certainty with respect to erroneous responses. Second, a different pattern
of metacognitive responses was found for high and low verbalisable odorants. The proportion
of hits that received a ‘remember’ (R) response was higher for verbalisable odorants compared
to low verbalisable odorants. This finding is, therefore, consistent with greater recollection of
contextual details (e.g. temporal position etc.) for high verbalisable odorants. There was no
difference in ‘know’ (K) responses between high and low verbalisable odorants, but there were
more guess (G) responses for low relative to high verbalisable odorants. This latter finding
demonstrates a general reduction in certainty for the low verbalisable odorants, suggesting a

weaker memory trace for these odorants (see Wixted & Mickes, 2010).

That high verbalisable odorants exhibited more recollection judgments than low
verbalisable odorants, is consistent with other olfactory studies that used the K/R procedure
(albeit with a different memory task) (Larsson et al., 2006; Olsson et al., 2009). The greater
proportion of R responses could suggest different strategies being used for high and low
verbalisable odorants; with R responses indicating that participants were able to remember the
position in which the probe was originally presented (i.e. 2 trials previous). Indeed, the ability
to remember the position of the test item in the preceding sequence requires maintenance and
updating within memory. In contrast, a greater proportion of guess responses were reported for
the low verbalisable odorants. This reflects less information being accessible for these low
verbalisable odorants (see Stevenson & Mahmut, 2013b; Wilson & Stevenson, 2006).
However, whilst the proportion of the recollection (R) responses was less for low verbalisable

odorants, some were reported (33% of all correct responses). This suggests that participants are
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capable of recollecting low verbalisable odorants in the n-back task but these odorants are less

amenable to recollection than high verbalisable odorants.

An alternative explanation for the difference in the proportion of R and G metacognitive
judgments for high and low verbalisable odorants concerns the strength of the memory signal.
Rather than via the use of different memory processes, the inflated guess rate for low
verbalisable odorants may simply reflect a weaker memory trace and reduced confidence for
these items. Indeed, that the memory trace is weaker for low verbalisable odorants is supported
by consistently lower working memory scores relative to high verbalisable odorants
(Experiments 1-3). However, rather than memory for high and low odorants existing along the
same continuum, it is worth noting that previous work identified differences in susceptibility
to PI between these two types of odorants (Moss et al., 2018); a finding that suggests qualitative

differences between these two stimulus types.

It is worthy of note that for both high and low verbalisable odorants, a relatively high
proportion of correct responses were based upon familiarity (K) judgments (for high and low
verbalisable odorants = .302 and .275, respectively). One possible explanation for the use of
familiarity in order to perform the task relates to the lack of control over ‘lures’. In Experiments
1-3, we made no distinction between ‘recent’ and ‘non-recent’ lures. If the lures are
experimentally non-recent, it follows that they will possess lower levels of familiarity. In
contrast, for hits, the odorant was only presented 2-trials previous and would therefore possess
higher levels of experimental familiarity. It is possible, therefore, that participants could be
making judgments based upon the strength of the familiarity signal rather than via the use of

working memory. This limitation is addressed in Experiment 4.

In summary, Experiment 3 has shown differences in the metacognitive judgments for

high and low verbalisable odorants during the n-back task. That is, whilst a quantitative
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difference exists with respect to performance levels, even when only correct responses are
analysed, recollection is greater for high verbalisable odorants. Our findings in Experiments 1-
3, along with other studies (e.g. proactive interference in Moss et al., 2018; and metacognition
in Olsson et al.,, 2009), suggest that memories for low verbalisable odorants may be
qualitatively different to those of other stimulus types. Specifically, our working hypothesis is
that memory processes for low verbalisable odorants are different to that of high verbalisable
odorants; with high verbalisable odorant memory processes being more similar to that of
verbal/visual memory (see also Moss et al., 2018; Olsson et al., 2009; Zelano et al., 2009). In
Experiment 4 we test this proposition by examining shared variance for the n-back task across
different stimulus types. We argue that the employment of similar memory processes will be
demonstrated by cross-modal correlations in performance. That is, n-back performance for
verbal and visual stimuli should correlate with high verbalisable odorants but not with low

verbalisable odorants.

Experiment 4

Cross-Modal N-Back Correlations

Taken together, the results of Experiments 1-3 demonstrate that quantitative differences
exist in memory for high and low odorants using the n-back task. Previous work has suggested
that high verbalisable odorants are similar to verbal and visual stimuli with respect to both
metacognitive judgments (Larsson et al., 2006; Olsson et al., 2009) and susceptibility to
proactive interference (Moss et al., 2018); whereas memory for low verbalisable odorants
differs qualitatively to these stimulus types. If the processes underpinning memory for high
verbalisable odorants are those underpinning visual/verbal memory, then it follows that
performance patterns should positively correlate. Specifically, when we compare n-back

performance for high verbalisable odorants, visual stimuli, and verbal stimuli, then shared
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variance should be evident due to common processes governing task performance. In contrast,
if memory for low verbalisable odorants is qualitatively different, one might predict an absence
of shared variance with verbal and visual n-back performance. This prediction is tested directly
in Experiment 4 by examining the correlations in n-back performance between high

verbalisable odorants, low verbalisable odorants, letters, and abstract shapes.

Defining Lure Trials

In Experiment 4 we also include an important methodological amendment to the n-back
procedure described for Experiments 1-3. As noted above, in our preceding experiments (as in
Jonsson et al., 2011) we made no distinction between ‘recent’ and ‘non-recent’ lures when
reporting false alarms and computing A4’ sensitivity. A recent lure is defined as a trial in which
the current test odorant was previously presented in a serial position close to that of the target
2-back serial position, i.e., it was presented 1- or 3-trials earlier. A non-recent lure is defined as
a trial in which the current test odorant was previously presented in a trial distant to the target
2-back serial position, e.g. 6-back. It is plausible that participants will adopt different strategies
when responding to recent and non-recent lures. For example, for non-recent lures,
experimental familiarity for that lure will be relatively low and a participant can use that low
familiarity signal to judge that the lure was not presented 2-trials earlier and, therefore, reject
the item (a ‘no’ response). However, if the item was presented 1- or 3-back (a recent lure),
when, in relative terms, experimental familiarity for that item is high, then judgements
premised on item familiarity will be less effective when differentiating between targets and
lures. Because Experiments 1-3 did not distinguish between recent and non-recent lures, it is
plausible that, for non-recent lures, participants made their judgements based on the familiarity
strength of the test probe. To be clear, it is therefore possible that above chance performance in

Experiments 1-3 (and Jonsson et al., 2011) was not a result of using working memory but
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instead by using the familiarity strength of the probe. Therefore, to provide a more valid
measure of olfactory working memory, the present experiment only analyses recent lures to
compute 4’ and report false alarms. Specifically, we analyse only those lures that were
presented either 1- or 3-back, and, as a consequence, their familiarity closely matches that of

the 2-back item.

Predictions

The aim of Experiment 4 is to assess the n-back performance correlations between high
verbalisable odorants, low verbalisable odorants, consonants (verbal memory), and polygons
(non-verbal visual memory). To date, research suggests that memory for verbalisable odours
may share memory processes with those underpinning verbal memory (e.g. Larsson et al.,
2006; Moss et al., 2018; Olsson et al., 2009; for imaging evidence see Zelano et al., 2009). On
this basis, we predict a significant positive correlation between n-back performance for high
verbalisable odorants and consonants (verbal working memory). Given the reported significant
correlation between n-back performance for verbal and visual stimuli (r = .66, Schmiedek et
al., 2014), and by implication the shared resources used for the tasks (supported by similar
brain regions being implicated in n-back performance cross-modally, Nystrom et al., 2000;
Owen et al.,, 2005), we additionally predict that n-back performance for visual stimuli
(polygons) and high verbalisable odorants should also correlate positively. Of particular
theoretical interest is the correlation between low verbalisable odorants and both verbal
(consonants) and visual (polygons) n-back performance. Given that the memory processes for
low verbalisable odorants appear to differ to that of visual and verbal stimuli, we predict that
the correlation between low verbalisable n-back performance and that for visual and verbal

stimuli will be weaker.
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Method

Participants

Fifty-six Bournemouth University undergraduates (44 females, 12 males, mean age =
23.91, SD = 6.64) participated for a course credit requirement. The same exclusion criteria were

applied as described for Experiment 1 and none had participated in Experiments 1-3.

Materials

The olfactory stimuli were taken from the same corpus of odorants as described for
Experiment 1. A set of twelve odorants (6 categorised as high verbalisable and 6 categorised
as low verbalisable, plus two buffer odorants, see Table 3) were selected. The high verbalisable
odorants (M = 2.63, SD = 0.11) exhibited significantly higher verbalisability scores (M = 1.05,
SD =0.24), (12) = 12.96, p <.001, d = 6.93, BF190> 1,000, and significantly higher familiarity
ratings (M = 5.83, SD = 0.18) compared to the low verbalisability odorants (M = 3.33, SD =
0.25),#12)=22.22,p<.001,d=11.88, BF10> 1,000. The odour sets did not differ significantly
on intensity, #(12) =-0.19, p = .851, BFo1 = 2.21, or hedonic strength (deviance from a neutral
midpoint on the pleasantness rating scale), #(12) = 0.67, p = .515, BFo1 = 1.93. Responses were
collected using a Cedrus Response Box, and recorded using Superlab 5 (Cedrus Corporation,

San Pedro, USA).

Visual stimuli. Seven irregularly-shaped polygons (taken from Chuah, Maybery, & Fox,
2004, see Figure 7 for example) designed to prevent verbal rehearsal strategies (Attneave,
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Arnoult, & Attneave, 1956; Smith et al., 1995) were used in the visual 2-back task. These were
presented using OpenSesame (Mathét et al., 2012) in the centre of a 22-inch 60hz monitor as
black line drawings on a white background, within a black border square of 62px by 62px

(approximately 17mm x 17mm).

Verbal stimuli. Eight phonologically dissimilar consonants were selected (B, F, H, K,
M, Q, R, X) (Kane et al., 2007), and displayed individually and centrally on a 22-inch 60hz
monitor in size 21pt. monospaced font. Consonants were presented in lower or upper case in
order to both minimise visual similarities between the letters and to promote the use of verbal
rather than visual memory. Stimulus presentation timings and trial responses (see Figure 7)

were controlled by OpenSesame.

Design

A correlational design was employed that compared performance on the high
verbalisable odorant 2-back task, the low verbalisable odorant 2-back task, the visual 2-back

task, and the verbal 3-back task.

Olfactory 2-back task. The task was a shortened version of that described for
Experiment 1. A single 52-trial block was employed using an equal number of high and low
verbalisable odorants. As in Experiment 1, the high and low verbalisable odorants were tested
in 26-trial sub-blocks (each beginning with 2 buffer odorants), and the order of these sub-blocks
was counterbalanced across participants. Excluding the initial 2-buffer odorants, each sub-
blocks contained 6 targets and 18 lures. Two different 26-trial sequences were created and they

were also counterbalanced across the high and low verbalisable odorants.

An important deviation from Experiment 1 is the focus upon recent-lures. Recent-lures

are trials in which the test odorant does not match the odorant presented 2-trials earlier (thereby
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requiring a ‘no’ response) but it does match the odorant presented either 1- or 3-trials earlier.
Consequently, a recent-lure will exhibit high levels of familiarity, and, therefore, limit the
extent to which participants can use a ‘strength of familiarity’ judgement in order to distinguish
between targets and lures (Ralph, 2014). This is because the 1-, 2-, and 3-back items should
have similar levels of experimental familiarity compared to non-recent lures (e.g. if the odorant
was presented 6-items previous). By only using recent lures, the familiarity signal has less
diagnostic power in distinguishing between hits and lures. As a result, the task has increased
validity as a measure of working memory (i.e. maintaining and updating memory for odorants).
Within each block of high and low verbalisable odorants there are 5-6 recent-lures and 6 targets.
Reponses for non-recent-lures are now discarded, with the recent-lures used to compute both

working memory sensitivity (A’) and false alarm rates.

Visual 2-back task. The visual 2-back task consisted of 2 blocks each of 26 items. Two
identical buffer images preceded the 24 critical 2-back trials in each block, and did not occur
again in either block. Recent-lures were included as described for the olfactory n-back task.
The presentation order of the two visual blocks was randomised across participants. 4’ was

used as the dependent variable.

Verbal 3-back task. Pilot work suggested that performance on the 2-back task with
verbal stimuli was close to ceiling (= 98%). Consequently, a 3-back task was employed
requiring participants to state whether the current item matched the item presented 3 items
earlier. Participants completed 3-blocks of 40 trials comprising 32 lures and 8 targets. The lures
for each block included 7-10 recent-lures (i.e. the lure had been presented 1-, 2-, or 4-items

previous).
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Procedure.

Participants were tested individually in a well-ventilated laboratory at Bournemouth
University, and each completed the three versions of the n-back task in a single session lasting
~1hr. Participants performed the computer-based (verbal and visual) and olfactory n-back tasks
in a partially-counterbalanced order. Specifically, participants completed either the olfactory or
computer-based tasks first, but always completed the two computer-based tasks adjacently

(though these were themselves performed in a counterbalanced order).

Olfactory 2-back task. Participants sat opposite the experimenter, separated by a

wooden screen. The procedure followed that described for Experiment 1.

Computer-based tasks. The computer-based verbal and visual n-back tasks were
performed with participants sat approximately 50cm in front of a computer monitor.
Instructions were presented to participants prior to each n-back task (i.e., the 2-back visual and
3-back verbal task). Participants completed 10 practice trials prior to each version of the n-back

task.

In the visual 2-back task, each abstract polygon was displayed for 2000ms, followed by
a fixation cross presented for 2000ms. Presentation time of the visual stimuli was extended,
relative to verbal stimuli (see below), due to pilot data showing that 500ms presentation rates

resulted in low performance levels. For targets, participants were required to press the ‘1’ key
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and for lures participants pressed the 3 key. Responses could be made whilst the test stimulus

was presented or during the inter-stimulus-interval.

In the verbal 3-back task, each letter was displayed for 500ms, followed by a fixation
cross presented for 2000ms. These timings are based on that described by Jaeggi et al. (2010)
for a similar 3-back verbal task. The response procedure followed that described for the visual

task.

Results

A different approach to analysis described for previous experiments was undertaken in
Experiment 4. Specifically, only recent-lures were used to assess FAs, with non-recent lures
discarded. The unique use of recent-lures in calculating the false alarm rate produces an A’
score that is not inflated by easy non-recent lure rejections; this provides a more sensitive
assessment of differences in working memory ability, but necessarily at the expense of using

fewer trials (Ralph, 2014).

Working Memory (N-Back) Performance

A’ sensitivity. Across the four n-back tasks (high verbalisable odorants, low
verbalisable, letters, and polygons) above-chance performance was assessed using one sample
t-tests against an 4’ score of 0.5. All comparisons were significant (ps. < .001), and the data

strongly supported above-chance performance, BFi, > 1,000.

Figure 8 shows the mean A4’ sensitivity score across the four n-back tasks. Any direct
comparison between performance levels of the different modality n-backs is confounded by
methodological differences (e.g. presentation times, size of n etc.); therefore only direct
comparison between A4’ scores for the high and low verbalisable odorants was conducted.

Consistent with Experiments 1-3, 4’ scores were significantly superior for the high, relative to
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the low, verbalisable odorants, #(55) = 2.930, p = .005, d = 0.392, BF1o = 6.656.). This finding
is of importance, because it replicates the verbalisable advantage reported in Experiments 1-3

using a more stringent calculation of A4 ’sensitivity.

Correlational Matrix

Table 4 shows a correlation matrix computed for 4’ scores as a function of task type.
Comparisons between n-back performance revealed anecdotal (BF < 3) support for a moderate
positive correlation between low and high verbalisable odorant working memory, » = .27 (95%
CI [.005,.495]), p = .047, BF10= 2.24. For high verbalisable odorants there was support for
moderate correlations with both and visual, »=.30 (95% CI[.035,.518]), p =.027, BF10=3.52,
and verbal n-back performance, » = .30 (95% CI[.038,.520]), p =.026, BF10=3.70. In contrast,
there was anecdotal evidence against a positive correlation between low verbalisability odours
and both visual, » = .14 (95% CI [-.124,.391]), p = .292, BF10 = 0.49, and verbal n-back
performance, » = .19 (95% CI [-.080,.429]), p = .168, BF10= 0.77. Finally, there was strong
support for a moderate positive correlation between verbal and visual working memory, » = .49

(95% CI [.255,.664]), p < .001, BF10=371.28.
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Discussion

Experiment 4 is the first to compare directly olfactory n-back performance for high and
low verbalisable odorants against other stimulus types. Consistent with the results of
Experiments 1-3, we report superior recognition sensitivity performance for high, compared to
low, verbalisable odorants. This effect was replicated despite only using recent-lures, and
discarding non-recent-lures, in the calculation of false-alarm rates. That is, the effect is
replicated with less statistical power (through the employment of fewer trials) and when using
a more valid measure of olfactory working memory (i.e. participants could no longer rely upon
relatively weak familiarity signals in order to reject the lures). It is worth noting that despite no
longer including non-recent-lures in the false alarm calculation, working memory sensitivity
(4°) remained significantly above chance for the low verbalisable odorants. This demonstrates,
using a more valid measure of working memory, that participants can perform the n-back task
with low verbalisable odorants. Indeed, it is worth noting that the inclusion of non-recent lures
in the 4’ calculation for Experiments 1-3 may have added variance to the data that is unrelated

to working memory resources (i.e. reliance on the strength of a familiarity signal).

Absolute n-back performance differences between olfactory, visual, and verbal
memory (see Figure 8) are difficult to interpret due to the methodological differences across
tasks. For example, it is unsurprising that performance on the visual n-back task is superior to
that of the verbal n-back because the former is a 2-back and the latter is a 3-back task.
Moreover, presentation times (and the total retention time between n presentations of the same
item) vary dramatically between the olfactory stimuli and the verbal/visual stimuli. Such
methodological differences may affect how the n-back tasks are performed and the resources
that are employed. Indeed, it is possible that the methodological differences produced task-

specific variance that reduced/masked the relationship across n-back tasks. However,
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notwithstanding these limitations, cross-modality correlations were observed that suggest
similar memory processes being employed. Consistent with past research (Schmiedek et al.
2014), a strong correlation (r = .49) is evident between n-back for visual and verbal stimuli.
This strong correlation is consistent with the proposed employment of a general (stimulus non-
specific) process when performing the n-back task (e.g. Schmiedek, Hildebrandt et al., 2009;
Schmiedek et al., 2014; Wilhelm, Hildebrandt, & Oberauer, 2013). We show that n-back
performance for high verbalisable odorants correlate significantly with low verbalisable
odorants (r = .27), abstract shapes (r = .30), and letters (r = .30). This relationship is found
despite the methodological differences described above. Low verbalisable odorants fail to
significantly correlate with either abstract shapes (r =.14) or letters (r = .19). Our design does
not allow us to identify the use of specific strategies in performance of the n-back task;
however, we argue that shared variance across tasks indicates the employment of common
processes irrespective of what those may be. That both verbal and visual n-back performance
correlates with high verbalisable odorants, suggests common cross-modal processes across
stimulus types. This was not found for low verbalisable odorants. We acknowledge that
contrasting the absence and presence of these correlations for low and high verbalisable
odorants does not of itself mean that the correlations involving high and low verbalisable
odorants differ in size (see for example, Nieuwenhuis, Forstmann, & Wagenmakers, 2011).
However, the data does indicate substantial evidence for a relationship between high
verbalisable odorants and both the visual and verbal stimuli (via the significance test,
confidence intervals, and Bayes Factors). There is no evidence in support of these correlations
for low verbalisable odorants (with confidence intervals spanning 0 and Bayes Factors

anecdotally supporting the null).

Despite low verbalisable odorants not correlating significantly with visual and verbal

stimuli, high and low verbalisable odorants n-back performance correlated (r = .27, although
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BF10 < 3). It is possible that this shared variance reflected methodological similarities (e.g.
perceptual experience due to type of stimuli, presentation times etc.), given that these features
were unique to the olfactory n-back tasks. As noted earlier, direct comparisons between
olfactory and visual/verbal n-back tasks are confounded by the methodological differences
across tasks. However, both high and low verbalisable odorants possess the same
methodological disparities with the visual/verbal stimuli, and yet, despite having the same
procedure, it is important to note that high verbalisable odorant n-back performance correlated

with visual and verbal stimuli but low verbalisable odorants did not.

General Discussion

Across a series of four experiments we have shown a consistent n-back memory benefit
for high, relative to low, verbalisable odorants (replicating the initial finding of Jonsson et al.,
2011). A prosaic explanation for this difference was the utilisation of verbal rehearsal for high
verbalisable odorants during the inter-trial interval. However, in Experiment 2, opportunities
for verbal rehearsal were limited by the inclusion of CA and the performance difference
between high and low verbalisable odorants remained. In Experiment 3 we investigated the
extent to which n-back metacognitive judgments for high and low verbalisable odorants
differed. Applying the ‘remember-know’ procedure (Tulving, 1985) to the olfactory n-back
task, we reported a greater proportion of recollective judgments for high, relative to low,
verbalisable odorants. This finding suggests different memory processes being used in the n-
back task for high and low verbalisable odorants (see also Olsson et al., 2009) (although as
noted earlier, these metacognitive differences may be explained in respect to the strengths of
the respective memory traces). Consistent with our working assumption that the memory

processes for low verbalisable odorants is different to that of other stimulus types, Experiment
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4 showed that visual and verbal n-back performance correlated with high, but not low,

verbalisable odorants.

Experiments 1-4 each produced above chance performance for low verbalisable
odorants (see also Jonsson et al., 2011). Whilst we cannot discount the use of impoverished
verbal recoding in performance of the task, the use of low verbalisable odorants coupled with
a null effect of CA (Experiment 2) suggests that the olfactory n-back task does not simply
reflect the use of verbal memory. Moreover, Experiment 4 used a more valid measure of
working memory by only including recent lures in the analysis and above chance performance
remained for the low verbalisable odorants. Indeed, above chance n-back performance for low
verbalisable odorants is consistent with n-back findings for a range of non-verbal stimuli (e.g.
Dade et al., 2001; Jaeggi et al., 2010; Schmiedek et al., 2014). Together, these findings
demonstrate that the n-back task can be successfully performed without reliance upon verbal

memory.

That above chance n-back performance remains without the employment of verbal
rehearsal raises the question of how olfactory representations are maintained within working
memory. We suggested that a non-verbal refreshing mechanism could be employed wherein
these items are maintained within the episodic buffer (Baddeley, 2012) or indeed an olfactory
specific store (Andrade & Donaldson, 2007). Given that refreshing is attentionally demanding
and sensitive to secondary tasks (Barrouillet et al., 2004; Barrouillet et al., 2011; Vergauwe et
al., 2010), we predicted olfactory n-back performance would be impaired by the inclusion of a
secondary task. In Experiment 2, we found limited support for this proposition (with only FAs
affected by mental rotation). Future work should explore in more depth the effects of cognitive

load on the olfactory n-back as it may be that the secondary tasks used in the Experiment 2
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were insufficiently taxing to disrupt refreshing. Alternatively, it may be that refreshing is not

the mechanism used to maintain olfactory representations within working memory.

Notwithstanding the above chance n-back performance for low verbalisable odorants,
performance for high verbalisable odorants was consistently superior across the four
experiments (in line with Jonsson et al., 2011). Our findings in Experiment 2 suggest that this
difference is not due to verbal rehearsal during the inter-trial interval, as CA neither affected
overall performance or the difference between high and low verbalisable odorants. Analysis of
metacognitive judgments in Experiment 3 did, however, suggest differences in the memory
processes employed, with more recollection for high verbalisable odorants (see also Larsson et
al., 2006; Olsson et al., 2009) and more guessed responses for low verbalisable odorants. Use
of recollection has been associated with a high-control working memory strategy (Baddeley,
2012; Barrett et al., 2004; Loaiza et al., 2015) such as maintenance and updating within a
‘rehearsal window’. Whilst recollection responses were not unique to high verbalisable
odorants (proportion of correct responses using recollection for high and low verbalisable
odorants = .508 and .334, respectively), it is possible therefore that high verbalisable odorants
are generally more amenable to working memory processes. However, the findings of
Experiment 2 suggest that use of a ‘rehearsal window’ within working memory is not a verbal
process, and instead odorants may be maintained within an olfactory store (see Andrade &
Donaldson, 2007). In contrast, both a reduction in recollection and an increase in guessed
responses for low verbalisable odorants are indicative of a general reduction in memory

certainty for these stimuli (Wixted & Mickes, 2010).

It is not clear what drives this difference in memory processes between high and low
verbalisable odorants. Whilst we argue that the difference between high and low verbalisable

odorants cannot be explained by verbal rehearsal (due to the null effect of CA in Experiment
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2), it is possible that generating a meaningful verbal label during presentation of the odorant
may facilitate encoding. Indeed, high verbalisable odorants may be characterised by the
availability of semantic information, with working memory resources accessing these stored
representations (Tomiczek & Stevenson, 2009). Alternatively, the differences between high
and low verbalisable odorants may be driven not by verbalisability but a latent covariable. For
example, Moss et al. (2016) reported a high correlation between verbalisability and familiarity
(r = .88), and it has been argued that highly familiar items require less working memory

resources (Oberauer, 2005; Reder et al., 2015).

The correlational analysis of Experiment 4 suggests similarities between high
verbalisable odorants and other stimulus types. In contrast, the data suggest that low
verbalisable odorants do not correlate with verbal and visual n-back performance. These
findings are consistent both with previous imagining research showing different patterns of
neural activation (Zelano et al., 2009) and qualitative behavioural differences (Moss et al.,
2018; Olsson et al., 2009) for high and low verbalisable odorants. Previous research has
considered evidence for modularity in olfactory memory (i.e., the employment of a functionally
separate olfactory store, e.g. Andrade & Donaldson, 2007; Johnson & Miles, 2009) by
examining the extent to which olfactory memory tasks produce qualitatively different patterns
of performance relative to other stimulus types. These studies have reported contradictory
evidence. That is, some studies show olfactory memory producing patterns of performance
consistent with other stimulus types (e.g. Dade et al., 2001; Miles & Hodder, 2005; Miles &
Jenkins, 2000; Johnson & Miles, 2007; Moss et al., 2018; White & Treisman, 1997), whereas
other studies show olfactory memory to be inconsistent (Johnson & Miles, 2009; Johnson et
al., 2013; Moss et al., 2018; Reed, 2000). The current set of results present a possible
explanation for such contradictory findings, indicating that high and low verbalisable odorants

may be functionally separable (with such division reflected anatomically, Zelano et al., 2009,
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and behaviourally, Moss et al., 2018). High verbalisable odorants share resources with visual
and verbal memory, whereas low verbalisable odorants function differently. Future research
should explore further the functional differences and attempt to explain why these differences

occur.

In summary, the present set of experiments provides a detailed examination of olfactory
n-back performance. Building upon the two existing reports of this task (Dade et al., 2001;
Jonsson et al., 2011) we show both quantitative and qualitative differences between working
memory for high and low verbalisable odorants. Our data support the proposition that memory

for low, but not high, verbalisable odorants is qualitatively different to other stimulus types.
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Figure Legends

Figure 1. Schematic diagram of the 2-back task. Two buffer items precede the 24 test trials.

Figure 2 (a-c). A’ sensitivity (a), proportion of hit rates (b), and proportion of false alarms (c),
for low and high verbalisability odorants, across testing blocks. Error bars denote the mean

standard error.

Figure 3. Schematic figure of the n-back procedure with dual-tasks. Participants were allocated
to a group that, during the inter-trial interval, performed one of the following: counting task,

mental rotation task, and no concurrent tasks.

Figure 4(a-c). The mean A’ sensitivity (a), hit rates (b), and false alarms (c), for low and high
odorant verbalisability, across the three secondary task groups. Error bars denote the mean

standard error.

Figure 5(a-c). Low and high verbalisability odorant 4’ sensitivity (a), hit rates (b), and false

alarm rates (c). Error bars denote the mean standard error.

Figure 6(a-b). Proportion of metacognitive response types for hits (a) and false alarms (b)

across odorant verbalisability. Error bars denote the mean standard error.

Figure 7. Schematic diagram of verbal 3-back and visual 2-back tasks.

Figure 8. Mean A’ sensitivity scores across the four different modality n-back tasks. Error

bars denote the mean standard error.
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Table Legends

Table 1.

Odorant verbalisability scores and low or high verbalisability categorisation.

Table 2.

Normative ratings and grouping of olfactory stimuli used in the low and high verbalisability
odour n-back tasks. Normative scores for verbalisability (Verb), familiarity (Fam), intensity

(Int), pleasantness (Pleas), and hedonic strength (Hed. Str.) are reported.

Table 3
Normative ratings and grouping of olfactory stimuli used in the low and high verbalisability
odour n-back tasks. Normative scores for verbalisability (Verb), familiarity (Fam), intensity

(Int), pleasantness (Pleas), and hedonic strength (Hed. Str.) are reported.

Table 4

Correlation matrix of A' scores for the four n-back tasks.
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Figure 2(a-c)

17 a
0.9 -
0.8 -
0.7 -
206 -
2
=]
§ 05 - @ Low
wv .
< 04 - O High
0.3 -
0.2 -
0.1 -
0 T T 1
Block 1 Block 2
1 - b 1 - Cc
0.9 4 0.9 -
0.8 - 08 -
0.7 - o 0.7 -
-
0.6 - S 06 -
§ . § .
(0] (T
£ 05 - 2 05 -
Q
T 04 - 2 04 -
[T
0.3 A 0.3 -
0.2 - 0.2 A
0.1 4 0.1 -
0 T 1 0 T 1
Block 1 Block 2 Block 1 Block 2

78



Figure 3
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Figure 4(a-c)
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Figure 5(a-c)
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Figure 6(a-b)
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Figure 7
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Figure 8
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Table 1

85

Odour Verbalisability Category Verbalisability Score
Carbolic Soap Low 1.05
Sandalwood Low 1.17
Nutmeg Low 1.25
Cuban Cigar Smoke  Low 1.05
Nag Champa* Low 1.28
Wood Chip Low 1.18
Cinder Toffee Low 1.02
Eucalyptus High 2.45
Garden Mint High 2.62
Lime High 2.73
Marzipan High 2.73
Pear* High 2.62
Spearmint High 2.71
Sports Rub High 2.69

*buffer items not included in n-back analysis.



Table 2

Odour Task Verb. Fam. Int. Hed. Str.
Lime High 2.73 5.70 5.06 1.40
Pear High 2.62 5.82 5.16 1.40
Eucalyptus High 2.45 5.88 5.42 1.06
Marzipan High 2.73 6.12 5.27 1.65
Garden Mint High 2.62 5.84 5.08 1.66
Sports Rub High 2.69 5.60 5.52 1.08
Cuban Cigar Smoke Low 1.05 3.61 5.10 1.33
Sea Shore Low 1.53 2.96 5.20 1.84
Rum Barrel Low 1.26 3.10 5.18 1.56
Carbolic Soap Low 1.05 3.61 5.10 1.33
Patchouli Low 1.62 3.55 5.06 1.31
Mouse Low 1.53 3.36 5.06 1.50
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Table 3

Odour Task Verb. Fam. Int. Hed. Str.
Lime* High 2.73 5.70 5.06 1.40
Pear High 2.62 5.82 5.16 1.40
Blackcurrant High 2.44 5.67 4.85 1.73
Marzipan High 2.73 6.12 5.27 1.65
Spearmint High 2.71 5.90 4.96 1.48
Aniseed Balls High 2.61 5.88 5.40 1.50
Sports Rub High 2.69 5.60 5.52 1.08
Cheddar Cheese* Low 1.24 3.14 5.27 1.86
Ginger Low 1.66 3.39 5.22 1.39
Sea Shore Low 1.53 2.96 5.20 1.84
Rum Barrel Low 1.26 3.10 5.18 1.56
Carbolic Soap Low 1.05 3.61 5.10 1.33
Patchouli Low 1.62 3.55 5.06 131
Mouse Low 1.53 3.36 5.06 1.50

* Buffer items not included in analysis
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Table 4
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. Verbal 3-back

2. 3. 4.
Low verbalisable odour 2-back 27 14 .19
High verbalisable odour 2-back — .30* .30*
. Visual 2-back —  A49**

*p<.05

% 1) <001



