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Abstract
Extended free time between the encoding of list items enhances immediate memory for serial order. Previous research sug-
gests that this effect is predominantly proactive, free time improves memory for items presented after an extended interval 
but not for those presented before. This conclusion is based on two key findings. First, in forward serial recall, the benefit of 
free time increases with the serial position of the items (Mızrak & Oberauer, 2021, Oberauer, 2022b). Second, when a single 
inter-item interval is lengthened, the additional time primarily benefits items presented after that interval (Lu et al., 2024; 
Mızrak & Oberauer, 2021). Here we tested these two findings using both forward and random order recall and examined 
whether the relationship between free-time duration and the serial position of item differs when test order was changed. Our 
findings replicate the evidence for a proactive benefit of time in most conditions. Additional retroactive benefits of free time 
were apparent in some conditions. Retroactive benefits were more often observed when test order was random, in particular 
when participants could anticipate being tested in random order.
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Introduction

In immediate-serial recall tests, when items are presented at 
a slower pace, performance improves (Mızrak & Oberauer, 
2021; Oberauer, 2022b; Souza & Oberauer, 2017; Tan & 
Ward, 2008).1 This beneficial effect has been attributed to 
the possibility of engaging in more maintenance mecha-
nisms during the encoding process, where people covertly 
work on studied items by rehearsing, refreshing, or elaborat-
ing on them (Baddeley & Lewis, 1984; Bartsch & Oberauer, 
2021; Camos et al., 2018; Tan & Ward, 2008). However, 
several findings call this interpretation into question.

First, preventing articulatory rehearsal does not elimi-
nate the time benefit (Baddeley et al., 1984; Longoni et al., 
1993; Oberauer, 2022b). The time benefit therefore cannot 
be attributed to articulatory rehearsal. Second, the beneficial 
effect of longer inter-item time is predominantly proactive. 
This has been shown with two experimental designs. The 
presentation-rate design varies the list-wide presentation 
rate, so that all inter-item times in a list are shorter or longer 
(Fig. 1, left panel). The beneficial effect of a slower presen-
tation rate interacts with serial position: It is absent for the 
first item, and increases over serial positions towards the last 
item, suggesting a cumulative effect of longer inter-item time 
for subsequently encoded items (Oberauer, 2022b). In the 
single-gap design, a single temporal gap of variable length 
is inserted between presentation of two items (Fig. 1, right 
panel). Compared to a shorter gap, a longer gap mostly 
improved memory of items that were presented after it, 
with little effect (Lu et al., 2024) or none at all (Mızrak & 
Oberauer, 2021) on items presented before. If time between 
items was used for maintenance processes, these processes 
would have to operate on items presented before but not after 
that time. Therefore, an experimental variation of inter-item 
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1  This is the case regardless of whether or not items are presented for 
a longer time in the slower-paced conditions (Oberauer, 2022b).

http://crossmark.crossref.org/dialog/?doi=10.3758/s13423-026-02926-3&domain=pdf


	 Psychonomic Bulletin & Review          (2026) 33:156   156   Page 2 of 13

time should be expected to have a mostly retroactive effect: 
It should affect items encoded before the manipulated time, 
rather than those encoded after it.

Besides maintenance, other processes could be responsible 
for the effect of inter-item time: (1) Free time between presen-
tation of an item and the next could be used for short-term con-
solidation of the last-presented item, which means transform-
ing a fragile memory representation into a more robust one 
(Jolicoeur & Dell'Acqua, 1998; Ricker et al., 2018). (2) Longer 
inter-item time might result in more change of a temporal 
context, resulting in larger temporal distinctiveness of items, 
which makes them easier to recall (Brown et al., 2007). (3) 
Free time could help replenish a limited cognitive resource that 
becomes partially depleted during encoding but replenishes 
over time (Popov & Reder, 2020; Reder et al., 2016). Simula-
tions of these hypothetical processes (Oberauer, 2022b) have 
shown that they can explain the interaction of inter-item time 
with serial position in the presentation-rate design. Mızrak and 
Oberauer (2021) show that the resource-replenishment hypoth-
esis can also explain the proactive benefit of longer gaps in the 
single-gap design, though it does not explain the retroactive 
benefit sometimes observed (Lu et al., 2024).

So far, the effects of inter-item time have been investi-
gated only with tests of forward serial recall. This could 
be a problematic limitation because much of the evidence 
speaking to possible explanations of the effect comes from 
interactions of free time with serial position, either defined 
relative to the beginning of the list, or relative to the experi-
mentally manipulated gap within the list. In forward serial 
recall, the serial position of an item in the presented list 
(input position) is confounded with its serial position in the 
recall sequence (output position). Therefore, whether input 

position or output position is responsible for the modulation 
of the free-time benefit remains ambiguous.

The explanations for the free-time benefit discussed so far 
share the assumption that longer free time improves memory 
as a function of input position independent of their output 
position. An alternative explanation is that longer free time 
results in representations that are more robust against inter-
ference from events between encoding and retrieval, includ-
ing recall of other items (i.e., output interference; Cowan 
et al., 2002; Oberauer, 2003). Kowialiewski and Majerus 
(2024) have advanced this hypothesis. If it is true, then free 
time should be more beneficial for items later in the output 
sequence, because they suffer more interference from pre-
vious recall events. Consequently, in the presentation-rate 
paradigm (Fig. 1, left panel) free time should interact with 
output position rather than input position when the two are 
deconfounded. In the single-gap paradigm (Fig. 1, right) free 
time should have a benefit that increases with output position 
regardless of gap location. The aim of the present work is 
to deconfound input and output position by testing immedi-
ate memory for lists with probed recall, probing items in a 
random order that is uncorrelated with presentation order. 
Experiments 1a, 1b, and 1c use the presentation-rate design, 
and Experiments 2a and 2b use the single-gap design.

General method

Participants

Participants were healthy young adults, 18–35 years old; 
N = 48, 201, and 237 for Experiments 1a, 1b, and 1c, 

Fig. 1   Example list presentation schedules in different conditions of 
Experiments 1 and 2. Each row shows the time course of list pres-
entation in one condition. The numbers below each letter box show 
the presentation duration; the numbers above the letter boxes indicate 
the inter-stimulus interval (ISI; offset of preceding letter to onset of 
next letter), which was varied between conditions. Experiment 1 (left 

panel) shows the four levels of ISI. Experiment 2 (right panel): (A) 
No gap (baseline) condition; (B) short gap condition; (C) long gap 
condition. B and C show a gap in the first position, following the first 
list item. The gap appeared equally often in each of the six inter-item 
positions in the list
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respectively, and N = 97 and 175 in Experiments 2a and 2b, 
respectively. Sample sizes were chosen based on previous 
experiments that have shown beneficial effects of longer 
inter-item intervals; we approximately doubled those num-
bers to compensate for the less controlled environment of 
online experiments. Experiments lasted between 30 and 
60 min. Participants were recruited from the online data col-
lection platform Prolific and were reimbursed with 9 GBP 
per hour for their time. In all experiments, participants com-
pleted an online informed consent form and were debriefed 
at the end. The experimental protocol was in accordance 
with the ethics guidelines of the Faculty of Arts and Social 
Sciences of the University of Zurich.

We excluded participants based on the following criteria: 
They performed very poorly, that is, below 0.1 on average 
for multiple conditions (i.e., more than three conditions). 
Such low performance indicated that participants did not do 
the task properly. With this exclusion criteria, we excluded 
eight participants for Experiment 2a and eight participants 
for Experiment 2b.

Materials

For each list in Experiments 1a, 1b, 2a, and 2b, seven con-
sonants were randomly drawn without replacement from the 
consonants of the English alphabet. In Experiment 1c, lists 
consisted of six English nouns that were drawn at random 
from a large pool which were from Devereux et al. (2014). 
We selected words consisting of between four to eight letters 
and there were 474 words overall.

Procedure

Experiment 1a  The duration of inter-stimulus intervals 
(ISIs) was manipulated between lists. Each trial started 
with a fixation cross in the screen center for 500 ms. Then 
the seven consonants were presented one by one in the 
screen center. Each consonant was shown for 150 ms; then 
the screen went blank for the duration of the inter-stimulus 
interval (ISI), which could be 50 ms, 250 ms, 850 ms, or 
2,350 ms. ISI durations were the same for all inter-item 
positions in a list. After the last ISI, the word “Forward” 
or “Random” was shown for 1 s to inform about the recall 
order. Offset of that message was immediately followed by 
a centrally presented red digit that indicated the list position 
to be recalled next. In the forward-recall condition the digits 
appeared in the order 1 to 7, whereas in the random-recall 
condition they appeared in a new random order in every trial. 
In response to each digit the participant had to type a letter, 
which was displayed on the screen for 500 ms, replacing 
the digit. After a 500—ms blank screen the next digit was 
presented. After the last letter had been typed, there was a 

1.5—s inter-trial interval, after which the next trial started 
automatically.

The experiment was organized into blocks of eight trials. 
Within each block, each combination of the four ISIs with 
the two recall orders was realized in one trial. The eight 
trials were presented in a random order. In this way, par-
ticipants could not know which recall order they would be 
tested in before list presentation had been completed. Partici-
pants worked through eight test blocks. They were preceded 
by one practice block (also consisting of eight trials).

Experiments 1b and 1c  These experiments used the same 
method as Experiment 1a with small variations that moved 
them closer to the Experiment 3 of Kowialiewski and 
Majerus (2024), which used a similar design. Their experi-
ment realized only the random recall order, and therefore 
participants could anticipate that they would be tested in 
random order. To replicate that condition, Experiment 1b 
was identical to 1a but varied recall order between subjects 
(N = 107 in the forward-recall and N = 94 in the random-
recall condition). Experiment 1c was identical to Experiment 
1b except that lists were composed of six nouns, as in Kow-
ialiewski and Majerus (2024) (N = 106 in the forward-recall 
and N = 131 in the random-recall condition). Each word was 
presented for 450 ms, and each consonant was presented for 
150 ms which was followed by a fixed ISI. There were eight 
trials per ISI condition for both consonants and words. ISI 
conditions for consonants were 50, 250, 850, and 2,350 ms 
and for words were 50, 550, 1,550, and 3,550 ms.

Experiments 2a and 2b  There were three main conditions. In 
the baseline condition there was no gap; all ISIs were 50 ms. 
In the gap conditions there was a deviant ISI at one inter-
item position, which was either short (ISI = 500 ms) or long 
(ISI = 2,500 ms). Both created a temporal gap against the 
background of the remaining standard ISIs, which were all 
50 ms. Such a gap is known to give rise to temporal grouping 
(Ryan, 1969a), but as Ryan (1969b) has shown equivalent 
grouping effects for short and long gaps, we expected no 
difference in grouping effects between the short-gap and the 
long-gap condition. We investigated whether, on top of the 
common grouping benefit, the extra free time given in the 
long-gap condition improves the memory for items preced-
ing the free time or items subsequent to free time. There 
were six positions in the study list where the gap could be 
inserted: following the first item (1 +), second item (2 +), 
third item (3 +), fourth item (4 +), fifth item (5 +), or sixth 
item (6 +). In Experiment 2a, there were 13 conditions: The 
baseline condition without a gap, and two gap durations, 
each with six gap positions with three trials per condition 
and 39 trials in total. In Experiment 2b, there were the same 
13 conditions for each recall type (i.e., forward serial vs. 
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random cued) with five trials per condition and 130 trials 
in total.

Each trial began with a central fixation point presented 
for 500 ms followed by the study list presentation. Each list 
item was presented for 300 ms followed by a blank screen 
for the duration of the ISI. The last ISI was followed by a 
delay of 1,000 ms before testing commenced. In Experiment 
2a, items were always prompted in random order. Recall of 
each item was prompted by a digit indicating the list posi-
tion of the item to be recalled next. In Experiment 2b, the 
recall order was cued after list presentation by a digit on the 
screen. If recall was in random order, it was prompted as in 
Experiment 2a. If recall was in forward order, participants 
were asked to type in the letter sequence in their order of 
presentation. The recall type was cued by the colour of the 
input box on the screen. For random recall, participants saw 
a red input box with a red digit presented  next to it. For for-
ward recall, participants saw a black input box with a black 
digit presented next to it. In the case of forward recall, the 
digits appeared in the order 1 to 7, and for random recall, the 
digits appeared in a random order for each trial. There was 
also a small instruction at the bottom of the screen which 
was “type in the letter for this position” for random recall 
and “type in the letters in the order you have seen them” for 
forward recall. Once they typed in one letter, the screen went 
blank for 100 ms and they were asked to type in the next one.

Data analysis

We used Bayesian Generalized Linear Models with a logis-
tic link function to predict the number of correctly recalled 
items in each design cell for each participant. An item 
was counted as correct if it was recalled in its correct list 

position. The models were run with the brms package (Bürk-
ner, 2025) in R (R_Core_Team, 2024) with eight chains of 
30,000 iterations each. We contrast-coded binary predictor 
variables (i.e., output order) and z-standardized continuous 
predictor variables (i.e., ISI, serial position, lag), so that 
effect sizes are standardized. We used Cauchy priors with 
scale = 0.5 for the effect sizes of fixed effects, and Gamma 
(1, 0.01) priors for random effects.

For Experiments 1a, 1b, and 1c we used model com-
parisons through the Bayes factor (BF) estimated through 
the bridge-sampling algorithm (Gronau et al., 2017). We 
fit the full model, including random intercept and all ran-
dom slopes, to each data set. We first assessed the evidence 
for the inclusion of random slopes by comparing the full 
model as reference model to a model removing the random 
slopes. Random slopes were kept in the reference model if 
this model comparison supported them (Oberauer, 2022a). 
We next evaluated fixed effects one by one, starting with the 
highest-level interaction, by comparing the current reference 
model with a model removing the fixed effect in question 
(while keeping the corresponding random effect). If the BF 
yielded evidence more against than in favour of the fixed 
effect (i.e., BF < 1), the fixed effect was removed from the 
reference model for subsequent model comparisons. We 
report BFs in favour of an effect as BF10, and BFs in favour 
of the null hypothesis as BF01. For Experiments 2a and 2b 
we used a similar approach: We fit the full model and used 
it to estimate BFs for individual fixed effects through the 
Savage-Dickey density ratio (Wagenmakers et al., 2010).

Results

Experiment 1a

We ran a first analysis of all data including fixed effects of 
input position, ISI, and output order and all their interac-
tions, as well as a random intercept and random effects of all 
main effects and two-way interactions. The model equation 
in Wilkinson format is:

A second analysis on the trials with random output order 
used ISI and output position and their interaction as fixed 

Ncorrect
|
|
|
Nresponses ∼ inpos ∗ ISI ∗ outorder + (1 + inpos ∗ ISI + inpos ∗ outorder + ISI ∗ outorder)

|
|
|
id

effects, together with a random intercept and random slopes 
of both main effects:

The first two panels of Fig.  2 show serial-position 
curves for each ISI condition over input position. With for-
ward recall order, the pattern replicates the interaction of 

Ncorrect
|
|
|
Nresponses ∼ outpos ∗ ISI + (1 + outpos + ISI)

|
|
|
id
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input position with presentation rate (Oberauer, 2022b): 
Longer ISIs resulted in better performance, and that benefit 
increased with input position. With random recall order, we 
observed the same interaction. Across both recall orders, 
that interaction received unambiguous support (BF10 = 602). 
There was evidence against the three-way interaction of 
input position, presentation rate (ISI), and recall order 
(BF10 = 0.054; BF01 = 18.5), implying that recall order 
did not change the degree to which the free-time benefit 
increased over input positions.

The third panel of Fig. 2 shows serial-position curves 
over output position in the random output order. For this 
condition we analyzed whether ISI interacted with output 
order; it did not (BF01 = 15.3).

Kowialiewski and Majerus (2024) published an experi-
ment varying presentation rate consistently throughout the 
list and testing in random order. As opposed to our Experi-
ment 1a, their Experiment 3 showed a free-time benefit that 
was largely additive with input position, which implies that 
the effect is not purely proactive. They also found a tendency 
for the free-time benefit to increase with output position. 
There are a few differences in the details between our exper-
iment and theirs. We identified two differences that could 
plausibly be responsible for the different outcomes. First, 
they did not include a forward-recall condition. Therefore, 
participants knew that they would be tested in a random order 
in every trial. A person's expectation of test order could rea-
sonably influence how they use free time to encode a list, 
thereby affecting how the benefit of slower presentation rates 

is distributed across serial positions. Second, they used con-
crete words rather than letters as items. We ran two follow-up 
experiments to clarify whether these variables could explain 
the difference between their findings and ours. Experiments 
1b and 1c varied recall order between subjects, so that par-
ticipants in the random-order group could anticipate being 
tested in random order. Whereas Experiment 1b still used 
letter lists, in Experiment 1c we tested memory for word lists.

Experiment 1b

Figure 3 shows the results in the same format as for Experi-
ment 1a. The benefit of free time again increased with input 
position in both recall-order conditions. The interaction 
received unambiguous support (BF10 = 9.1 × 109). Differ-
ent from Experiment 1a, here the three-way interaction was 
supported, if only weakly (BF10 = 4.9). With random recall 
order the interaction of presentation rate with input position 
was less pronounced, and the evidence for it was ambiguous 
(BF10 = 0.77). In the group with random recall order, pres-
entation time did not interact with output order (BF01 = 33).

Experiment 1c

Figure 4 presents the results. This experiment, using word 
lists in a between-subjects manipulation of recall order, 
generated a result pattern similar to that of Kowialiewski 
and Majerus (2024, Exp. 3). Across both recall orders, the 

Fig. 2   Accuracy over input serial position for forward and random recall order, and over output position with random recall order, Experiment 
1a. Error bars are 95% confidence intervals for within-subject comparisons
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interaction of presentation time and input position was again 
strongly supported (BF10 = 4.0 × 107), but it was much less 
pronounced with random than with forward recall order, 
as reflected in clear evidence for the three-way interaction 
(BF10 = 6.9 × 107). With random recall order, there was no 
evidence for the interaction of free time with input position 

(BF10 = 0.33). Moreover, for the first time we found that the 
benefit of free time increased over output position in the 
random recall-order group (BF10 = 4.6 × 105).

Fig. 3   Accuracy over input serial position for forward and random recall order, and over output position with random recall order, Experiment 
1b

Fig. 4   Accuracy over input serial position for forward and random recall order, and over output position with random recall order, Experiment 1c
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Fig. 5   Serial-position effects by gap position, Experiment 2a. The dashed vertical bar indicates the position of the gap in the short-gap and long-
gap conditions. Error bars are 95% confidence intervals for within-subjects comparisons
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Experiment 2a

Figure 5 presents the serial-position curves over input posi-
tion for the three main conditions (baseline, short gap, and 
long gap). Each panel shows data for one gap position; the 
baseline data are repeated across panels. The short gap led 
to better performance than the baseline, and the long gap 
improved performance over and above the short gap. When 
split by gap position, these effects are overlaid with substan-
tial measurement noise. A clearer picture emerges when we 
combine the data across all gap positions. In Fig. 5 accuracy 
in the three main conditions is shown as a function of each 

item’s lag relative to the gap. The lag is the item’s input posi-
tion minus the gap position. Hence, negative lags indicate 
items preceding the gap, and positive lags indicate items 
following the gap. For instance, when the gap position is 
between items 3 and 4, input position 1 receives lag −3; 
input position 3 receives lag −1; input position 5 receives 
lag + 2.

Figure 6 shows that the beneficial effect of a longer gap 
extended into the retroactive direction (i.e., negative lags) as 
well as the proactive direction (i.e., positive lags). This was 
the case both for the contrast between baseline and short 
gap, and for the contrast between short and long gap. For the 

Fig. 6   Accuracy by lag from the gap, Experiment 2a. The vertical 
broken line denotes the location of the gap for which the duration was 
manipulated. Data from the baseline condition were assigned to a lag 
level by replicating them six times, each time with another virtual gap 

location. Lag was computed relative to that virtual gap location in the 
same way as it was computed relative to the actual gap location in the 
Gap conditions. Error bars are 95% confidence intervals for within-
subject comparisons

Table 1   Bayes factors in favour of effects in Experiments 2a and 2b

Effect Experiment 2a Experiment 2b (For-
ward)

Experiment 2b (Ran-
dom)

Experiment 
2b
(Interaction 
with Test 
Order)

Contrast C1 (Base-Short) 0.49 0.05 2.5 0.23
Contrast C2 (Short-Long) 64 0.10 550,149 0.92
C1(Base-Short) x Sign(Lag) 0.11 0.05 0.02 0.02
C2(Short-Long) x Sign(Lag) 0.16 9.67 0.03 6.4
C1(Base-Short) x abs(Lag) 142 1.7e13 423 4.3
C2(Short-Long) x abs(Lag) 17,878 3.6e20 4.8 4048
C1(Base-Short) x abs(Lag) x Sign(Lag) 0.13 273 0.34 0.04
C2(Short-Long) x abs(Lag) x Sign(Lag) 0.04 20 0.02 0.32



Psychonomic Bulletin & Review          (2026) 33:156 	 Page 9 of 13    156 

statistical analysis we broke down the lag variable into two 
orthogonal predictors. The sign of the lag reflects the direction 
of the effect (retroactive vs. proactive), whereas the absolute 
value of the lag reflects whether the effect is local, confined to 
small lags, or global, extending to larger lags. The three main 
conditions were coded by two contrasts. The first (C1) com-
pares baseline to short lags and is intended to reflect grouping 
effects. The second (C2) compares short and long lags and 
is intended to capture the effect of longer versus shorter free 
time. The full model is:

Table 1 shows the BFs for the contrast between base-
line and short-gap condition, and the contrast between 
the short-gap and long-gap conditions, as well as their 
interactions with the sign and the absolute value of the 
lag. The contrast of long versus short gaps (C2) measures 
the free-time effect independent of grouping effects. This 
contrast did not credibly interact with lag sign, reflecting 
an equally proactive and retroactive beneficial effect of 
free time. The interaction with absolute lag shows that the 
effect diminished with longer lags.

A second analysis investigated whether the free-time ben-
efit from a longer gap increases with output position. The 
model averaged over all gap positions:

Ncorrect
|
|
|
Nresponses ∼ abs(lag) ∗ sign(lag) ∗ C1 + abs(lag) ∗ sign(lag) ∗ C2 + (1 + abs(lag) ∗ C1 + abs(lag) ∗ C2 + sign(lag) ∗ C1 + sign(lag) ∗ C2

|
|
|
id

Ncorrect
|
|
|
Nresponses ∼ outpos ∗ C1 + outpos ∗ C2 + (1 + outpos + C1 + C2)

|
|
|
id

Figure 7 (left panel) shows that performance declines 
with output position, reflecting the commonly observed 
output interference. The beneficial effect of a longer over a 
shorter gap was largely additive with output position, with 
a weak tendency to decrease. The BF10 for the interaction 
between output position and the Short-Long contrast (C2) 
was 3.0. These results reject the hypothesis that free time 
protects items from adverse effects of recalling other items

Experiment 2b

Figure 8 shows accuracy as a function of gap condition and 
lag for forward and random recall orders. The data for the 
forward recall direction show a pattern similar to the one 
in Mizrak and Oberauer (2021), with an extended proac-
tive benefit of longer compared to shorter gaps. In addi-
tion, there was a retroactive benefit that was limited to short 
lags and reversed at longer lags. This retroactive benefit was 
more pronounced in the present data than in Mizrak and 
Oberauer (2021). With random recall order, there was again 
an extended proactive benefit of longer free time, accompa-
nied by a retroactive benefit that extended further into larger 
(negative) lags than with forward recall.

Table 1 summarizes the BFs for analyses run separately 
for forward and random recall direction, as well as the BFs 
for the interaction of all effects with output order (forward 

Fig. 7   Accuracy by output position for random-order recall, Experiment 2a (left) and Experiment 2b (right). Error bars are 95% confidence 
intervals for within-subject comparisons
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vs. random).2 Across both Experiment 2a and Experiment 2b 
these analyses revealed strong evidence for an interaction of 
gap duration with absolute lag, reflecting the finding that the 
free-time benefit was larger closer to the gap. In the forward-
recall condition of Experiment 2b, gap duration interacted 
with lag sign, providing evidence for more proactive than ret-
roactive benefits of longer gaps. This confirms the results of 
Mızrak and Oberauer (2021) and Lu et al. (2024), who found 
more proactive than retroactive beneficial effects of free time. 
By contrast, in the random-recall conditions of Experiments 
2a and 2b, there was evidence against an interaction of gap 
duration with lag sign, implying that the free-time benefit was 
about equally strong in proactive as in retroactive direction.

The right panel of Fig. 7 shows the data from the random 
recall order over output position. Again, the beneficial effect 
of free time was additive with output position, speaking 
against the hypothesis that free time protects items against 
output interference. The BF10 for the interaction of output 
position and the Short-Long contrast was 0.023.

Discussion

Longer free time in between encoding of list items is ben-
eficial for immediate memory of serial order. Previous work 
has found that this beneficial effect of free time is primarily 

proactive: Free time improves memory for items presented 
after the free-time interval but not items presented before. 
This conclusion rested on two observations. First, in forward 
serial recall, the free-time benefit increased with serial posi-
tion (Mızrak & Oberauer, 2021; Oberauer, 2022b). Second, 
when a single inter-item interval is increased, that added 
time primarily benefits items presented after that interval 
(Lu et al., 2024; Mızrak & Oberauer, 2021). Here we inves-
tigated whether these interactions of free-time duration with 
the serial position of item presentation changed when lists 
are tested in random rather than in forward order. We found 
that they do, though not consistently – additional variables 
play a role, too.

In Experiment 1a, free time was varied for all inter-item 
intervals of a list. The beneficial effect of free time increased 
with input serial position regardless of whether lists were 
tested in forward or in random order. In Experiments 1b and 
1c, in which participants could anticipate the test order (for-
ward or random), this interaction was no longer observed; 
free time was about equally beneficial at all input positions. 
This implies that free time also has a retroactive benefit, 
which could arise from participants using free time for 
rehearsing, refreshing, or elaborating previously presented 
items. Experiments 1a through c suggest that participants 
are more likely to do this when they anticipate being tested 
in random order than when they cannot anticipate this test 
order.

In Experiments 2a and 2b, the free time added in a single 
gap had an extended proactive beneficial effect regardless 
of recall order. A new observation in these experiments is 

Fig. 8   Accuracy by lag from the gap, Experiment 2b. The vertical broken line denotes the location of the gap for which the duration was manip-
ulated. Error bars are 95% confidence intervals for within-subject comparisons

2  The statistical model for the joint analysis was the same as for 
Experiment 2a with the addition that output order was included as a 
further predictor in all interaction terms for both fixed and random 
effects.
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Fig. 9   Simulations of temporal-distinctiveness predictions with the 
SIMPLE model. The simulation of the single-gap design placed the 
gap between the third and the fourth item, as indicated by the vertical 

black line. The generalization parameter in SIMPLE was set to c = 5 
because that value gave a good approximation to the observed overall 
performance
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the additional retroactive benefit of a single prolonged gap. 
Such a retroactive benefit has been observed before (Lu 
et al., 2024) but only with other conditions (faster presenta-
tion rate) or materials (words) than used here. We found that 
the retroactive effect was affected by recall order: It extended 
more into longer lags with random recall order.

Hence, both sets of experiments show that a retroactive 
benefit of free time becomes more likely when recall order 
is random. Experiments 1a through 1c suggest that this hap-
pens only when participants know ahead of time that test 
order will be random, suggesting that participants use free 
time differently when they anticipate being tested in random 
order. However, in Experiment 2b they could not anticipate 
this, casting doubt on a role of different encoding processes 
for whether or not free time has a retroactive effect. The 
observed pattern could be explained by the hypothesis of 
Kowialiewski and Majerus that free time protects items 
against output interference. This would lead to an increase 
of the free-time benefit with output position. In the forward-
recall condition later output positions are also later input 
positions, and this could explain why the free-time benefit 
increases with input position in the presentation-time design, 
and is most pronounced after the gap, that is, later in the 
list, in the single-gap design. In the random-recall condi-
tion input and output position are uncorrelated, and hence, 
a free-time benefit that increases with output position would 
not interact with input position.

This prediction matches with the findings from Experi-
ment 1c, and from Experiment 3 of Kowialiewski and Maje-
rus (2024). However, this explanation appears to work only 
for experiments with word lists. In the random recall order of 
Experiments 1a and 1b, the effect of presentation rate did not 
increase with output position. Moreover, in Experiments 2a 
and 2b the beneficial effect of a longer gap did not increase 
with output position, speaking against the hypothesis that 
free time generally protects against output interference.

Another explanation of the free-time effect that entails 
an interaction of input and output position is temporal dis-
tinctiveness. Longer free time separating items increases 
their distinctiveness; longer delays between encoding and 
retrieval reduce distinctiveness (Brown et al., 2007). As the 
output order affects the delay between encoding and retrieval 
of items in different input positions, temporal distinctiveness 
could explain why output order affects how the free-time 
benefit interacts with input position. To evaluate whether 
temporal distinctiveness could explain our findings, we sim-
ulated accuracy as a function of input and output position 
with the SIMPLE model of temporal distinctiveness (Brown 
et al., 2007) for both experimental designs. Figure 9 shows 
the results. Temporal distinctiveness predicts that the free-
time benefit increases with output position in both designs, 
which matches our findings in Experiment 1c, but is contrary 

to the results of the other four experiments. Therefore, it 
does not provide a viable explanation for our results.

In sum, the present experiments, together with previ-
ous results from the presentation-rate and the single-gap 
paradigm, show a consistent proactive benefit of free time 
between encoding of list items. In addition, there is evidence 
for a retroactive benefit of free time, which appears to be 
more volatile: It is found in some experiments and experi-
mental conditions but not in others. The same is true for the 
increase of free-time benefits with output position, which 
was observed only when word lists were tested.

These observations could be explained by the combi-
nation of a basic mechanism of memory that consistently 
generates the proactive benefit, together with the effects of 
encoding processes that sometimes do, sometimes do not use 
available free time, and cause a retroactive benefit when they 
do. The basic mechanism responsible for the proactive ben-
efit could be a resource that is partially depleted by encoding 
an item and gradually replenished during free time (Mızrak 
& Oberauer, 2021; Popov & Reder, 2020). The retroac-
tive benefit could arise from processes such as short-term 
consolidation that benefits from extended free time when 
the baseline presentation time of an item is not sufficient 
to complete consolidation (Lu et al., 2024), or elaboration 
that benefits from extended free time when people choose 
to engage in it.

Authors’ contributions  Both authors contributed equally to experimen-
tal design, data collection and analyses, and writing of the manuscript.

Funding  This research was supported by a grant from the Swiss 
National Science Foundation (Grant 192204) to K. Oberauer. E. Mizrak 
was also supported by a UKRI funded Marie Curie fellowship (Grant 
Ref EP/X030849/1).

All data reported in this article are available on the OSF: https://​
osf.​io/​b9zqv/

Data availability  The anonymized data are available on the Open Sci-
ence Framework (OSF) at: https://​osf.​io/​b9zqv/

Code availability  All materials including scripts for programming the 
experiments and scripts for data analysis are available at: https://​osf.​
io/​b9zqv/

Declarations 

Conflicts of interest  We declare no conflict of interests for this research.

Ethics approval  Ethics approval was not necessary for this research as 
the experimental protocol was in accordance with the ethics guidelines 
of the Faculty of Arts and Social Sciences of the University where the 
research was conducted.

Consent to participate  Informed consent was obtained from all partici-
pants before they started the experiment. Participants gave digital con-
sent by reading the consent form and ticking the boxes confirming they 
give consent to participate in the study before the experiment started.

https://osf.io/b9zqv/
https://osf.io/b9zqv/
https://osf.io/b9zqv/
https://osf.io/b9zqv/
https://osf.io/b9zqv/


Psychonomic Bulletin & Review          (2026) 33:156 	 Page 13 of 13    156 

Consent for publication  We did not ask for consent for publication 
of data for this study. The data were collected from Prolific and are 
completely anonymized.

Open practices statement  All materials including scripts for program-
ming the experiments and scripts for data analysis and the anonymized 
data are available on the OSF at: https://​osf.​io/​b9zqv/. The experiments 
were programmed using the free and open online experiment builder 
lab.js (Henninger et al., 2024). Data analyses and plotting were con-
ducted using open-source R and the R-packages.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Baddeley, A. D., & Lewis, V. (1984). When does rapid presentation 
enhance digit span? Bulletin of the Psychonomic Society, 22, 403–405.

Baddeley, A. D., Lewis, V. J., & Vallar, G. (1984). Exploring the articu-
latory loop. Quarterly Journal of Experimental Psychology, 36, 
233–252.

Bartsch, L. M., & Oberauer, K. (2021). The effects of elaboration on 
working memory and long-term memory across age. Journal of 
Memory and Language, 118, Article 104215. https://​doi.​org/​10.​
1016/j.​jml.​2020.​104215

Brown, G. D. A., Neath, I., & Chater, N. (2007). A temporal ratio 
model of memory. Psychological Review, 114, 539–576.

Bürkner, P.-C. (2025). brms: An R package for Bayesian multilevel 
models using Stan. Journal of Statistical Software, 80, 1–28. 
https://​doi.​org/​10.​18637/​jss.​v080.​i01

Camos, V., Johnson, M., Loaiza, V. M., Portrat, S., Souza, A. S., & 
Vergauwe, E. (2018). What is attentional refreshing in working 
memory? Annals of the New York Academy of Sciences, 1424(1), 
19–32. https://​doi.​org/​10.​1111/​nyas.​13616

Cowan, N., Saults, J. S., Elliott, E. M., & Moreno, M. V. (2002). 
Deconfounding serial recall. Journal of Memory and Language, 
46, 153–177.

Devereux, B. J., Tyler, L. K., Geertzen, J., & Randall, B. (2014). The 
Centre for Speech, Language and the Brain (CSLB) concept 
property norms. Behavior Research Methods, 46(4), 1119–1127. 
https://​doi.​org/​10.​3758/​s13428-​013-​0420-4

Gronau, Q. F., Sarafoglou, A., Matzke, D., Ly, A., Boehm, U., Mars-
man, M., Leslie, D. S., Forster, J. J., Wagenmakers, E.-J., & Ste-
ingroever, H. (2017). A tutorial on bridge sampling. Journal of 
Mathematical Psychology, 81, 80–97. https://​doi.​org/​10.​1016/j.​
jmp.​2017.​09.​005

Jolicoeur, P., & Dell’Acqua, R. (1998). The demonstration of short-
term consolidation. Cognitive Psychology, 36, 138–202.

Kowialiewski, B., & Majerus, S. (2024). Free time, sharper mind: A 
computational dive into working memory improvement. Cognitive 
Psychology, 155, Article 101701. https://​doi.​org/​10.​1016/j.​cogps​
ych.​2024.​101701

Longoni, A. M., Richardson, J. T. E., & Aiello, A. (1993). Articulatory 
rehearsal and phonological storage in working memory. Memory 
& Cognition, 21, 11–22.

Lu, R., Xu, Y., Xu, J., Wang, T., & Li, Z. (2024). Free time-induced 
retroactive effects in working memory: Evidence from the single-
gap paradigm. Journal of Experimental Psychology: Learning, 
Memory, and Cognition, 50(7), 1069–1078. https://​doi.​org/​10.​
1037/​xlm00​01313

Mızrak, E., & Oberauer, K. (2021). What is time good for in working 
memory? Psychological Science, 32(8), 1325–1337. https://​doi.​
org/​10.​1177/​09567​97621​996659

Oberauer, K. (2003). Understanding serial position curves in short-
term recognition and recall. Journal of Memory and Language, 
49(4), 469–483.

Oberauer, K. (2022a). The importance of random slopes in mixed mod-
els for Bayesian hypothesis testing. Psychological Science, 33(4), 
648–665. https://​doi.​org/​10.​1177/​09567​97621​10468​84

Oberauer, K. (2022b). When does working memory get better with 
longer time? Journal of Experimental Psychology: Learning, 
Memory, and Cognition, 48, 1754–1774. https://​doi.​org/​10.​1037/​
xlm00​01199

Popov, V., & Reder, L. M. (2020). Frequency effects on memory: A 
resource-limited theory. Psychological Review, 127, 1–46. https://​
doi.​org/​10.​1037/​rev00​00161

R_Core_Team. (2024). R: A language and environment for statistical 
computing. In (Version 4.4.2) R Foundation for Statistical Com-
puting. URL: http://​www.R-​proje​ct.​org

Reder, L. M., Liu, X. L., Keinath, A., & Popov, V. (2016). Building 
knowledge requires bricks, not sand: The critical role of familiar 
constituents in learning. Psychonomic Bulletin & Review, 23(1), 
271–277. https://​doi.​org/​10.​3758/​s13423-​015-​0889-1

Ricker, T. J., Nieuwenstein, M., Bayliss, D. M., & Barrouillet, P. 
(2018). Working memory consolidation: Insights from studies on 
attention and working memory. Annals of the New York Academy 
of Sciences, 1424, 8–18. https://​doi.​org/​10.​1111/​nyas.​13633

Ryan, J. (1969a). Grouping and short-term memory: Different means 
and patterns of grouping. Quarterly Journal of Experimental Psy-
chology, 21, 137–147.

Ryan, J. (1969b). Temporal grouping, rehearsal and short-term mem-
ory. Quarterly Journal of Experimental Psychology, 21, 148–155.

Souza, A. S., & Oberauer, K. (2017). Time to process information in 
working memory improves episodic memory. Journal of Memory 
& Language, 96, 155–167. https://​doi.​org/​10.​1016/j.​jml.​2017.​07.​
002

Tan, L., & Ward, G. (2008). Rehearsal in immediate serial recall. Psy-
chonomic Bulletin & Review, 15, 535–542.

Wagenmakers, E.-J., Lodewyckx, T., Kuriyal, H., & Grasman, R. P. P. 
P. (2010). Bayesian hypothesis testing for psychologists: A tuto-
rial on the Savage-Dickey method. Cognitive Psychology, 60, 
158–189.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://osf.io/b9zqv/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jml.2020.104215
https://doi.org/10.1016/j.jml.2020.104215
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1111/nyas.13616
https://doi.org/10.3758/s13428-013-0420-4
https://doi.org/10.1016/j.jmp.2017.09.005
https://doi.org/10.1016/j.jmp.2017.09.005
https://doi.org/10.1016/j.cogpsych.2024.101701
https://doi.org/10.1016/j.cogpsych.2024.101701
https://doi.org/10.1037/xlm0001313
https://doi.org/10.1037/xlm0001313
https://doi.org/10.1177/0956797621996659
https://doi.org/10.1177/0956797621996659
https://doi.org/10.1177/09567976211046884
https://doi.org/10.1037/xlm0001199
https://doi.org/10.1037/xlm0001199
https://doi.org/10.1037/rev0000161
https://doi.org/10.1037/rev0000161
http://www.R-project.org
https://doi.org/10.3758/s13423-015-0889-1
https://doi.org/10.1111/nyas.13633
https://doi.org/10.1016/j.jml.2017.07.002
https://doi.org/10.1016/j.jml.2017.07.002

	Does the benefit of time for working memory arise at encoding or retrieval?
	Abstract
	Introduction
	General method
	Participants
	Materials
	Procedure
	Data analysis
	Results
	Experiment 1a
	Experiment 1b
	Experiment 1c
	Experiment 2a
	Experiment 2b


	Discussion
	References


