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Abstract 

  Research on collaborative memory shows that people recalling in groups rarely 

achieve optimal performance. Collaborative groups typically recall less than nominal groups, 

where performance for the latter is derived by pooling the non-overlapping information 

recalled by the same number of individuals working alone. While behavioural evidence has 

widely replicated this collaborative inhibition in free recall, little evidence speaks to the 

neurophysiological signatures of this counterintuitive phenomenon. Behavioural evidence 

also indicates that disruption to one’s preferred recall strategy, resulting from processing 

others’ recalled information, is a key mechanism underlying this effect. We aimed to identify 

the neural signatures indexing the recollection process and their disruption during 

collaborative recall. In three experiments, we replicated the standard collaborative inhibition 

effect with an EEG-adapted procedure (Experiment 1), and recorded EEG while people 

recalled in groups or in isolation (Experiments 2a, 2b). Comparisons showed increments in 

N400 and theta power, the neurophysiological components associated with interference, at 

shorter intervals for the collaborative compared to the nominal groups. Stronger theta power 

for collaborative than nominal recall, and for speakers than non-speakers in collaborative 

groups, were also evident at longer intervals and suggest demanding reinstatement of 

memory associated with collaborative recall. Together, the results suggest distinct neural 

processes underlying collaborative inhibition, with neural responses at shorter intervals 

signaling processes that are consistent with strategy disruption (stronger interference signaled 

by N400 and theta power increments), and further increments in theta at later times 

suggesting more demanding reinstatement processes during collaborative remembering. 

Keywords: Collaborative Memory, ERPs, Recall 
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Neurocognitive Mechanisms of Collaborative Recall 

  Memory retrieval is critical for a range of fundamental cognitive activities such as 

remembering past events, problem solving, imagining future actions, and planning. This 

critical role has propelled decades of research to understand the mechanisms that constrain 

learning, retrieval, and forgetting, and has produced an impressive body of theories and 

empirical evidence on the cognitive bases of human memory performance. To understand the 

neural substrates of these memory functions, neurocognitive techniques have provided data 

disentangling memory processes, systems and the neural networks underlying them 

(Moscovitch et al., 2016). From this line of research, we know that retrieving information 

from memory requires the coordination of the frontal lobes, the medial temporal lobes and 

other neocortical areas for selecting information and implementing reinstatement of retrieved 

information in distributed neocortical assemblies. This process unfolds in time with specific 

brain responses continuously occurring since the moment the individual attempts to recall to 

the evaluation of the actual output from memory (Moscovitch et al., 2016).  

  The advances in cognitive neurophysiological research have produced key theoretical 

and empirical insights into the neural basis of memory, but this work has almost exclusively 

involved people remembering in isolation. Yet, many social and work situations require 

humans to retrieve information in groups and to share this information with others. Group 

retrieval, in educational, work and social contexts, is motivated by the belief that people 

recall more and better information when remembering together than when remembering 

alone. However, a surge of recent behavioral research on collaborative memory shows that 

this is not always the case. In experimental studies, people recalling in groups, known as 

collaborative groups, rarely achieve optimal performance.  

The nature of collaborative recall is typically measured by comparing the recall 

performance of collaborative groups with that of nominal groups, or groups in name only 
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(Basden et al., 1997; Weldon & Bellinger, 1997). In a typical experiment, participants first 

study some information such as a list of words while working alone. At test, participants 

assigned to the collaborative group condition work together in small groups, typically 

consisting of three members, to recall the studied information. The manner of collaboration 

can be free flowing, where groups are asked to use their own preferences for how to 

collaborate and settle on the recalled items (e.g., Weldon & Bellinger, 1997), or require turn 

taking, where members take turns and attempt to recall one item on each of their turns 

(Basden et al., 1997). Thus, on each turn, one member serves as the speaker in the group, 

with the other two members being non-speakers who wait their turn. Nominal group 

performance is computed by using the recall of an equal number of participants (in this 

example, three) who worked alone to recall the studied information, where their recall is 

pooled and the overlapping items are counted only once. 

Regardless of the collaboration style, free flowing or turn taking, collaborative group 

recall is typically lower than that of nominal groups. This counterintuitive effect is termed 

collaborative inhibition in recall (Weldon & Bellinger, 1997) and has been replicated widely 

(Marion & Thorley, 2016), including for recall of word lists, stories, pictures, emotional 

stimuli, and film clips (Andersson, 2001; Marion & Thorley, 2016; Yaron-Antar & Nachson, 

2006), and with young and older adults (e.g., Blumen & Stern, 2011; Henkel & Rajaram, 

2011; Ross et al., 2008) as well as children (Andersson, 2001; Leman & Oldham, 2005).  

  A key explanation for the collaborative inhibition effect is retrieval strategy disruption 

(Basden et al., 1997). According to this explanation, listening to other group members’ recall 

interferes with the idiosyncratic way in which people organize their own recall. This 

disruption to the individual retrieval strategy lowers the recall of each group member, thereby 

that of the collaborative group, relative to the nominal group where such interference does 
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not occur. Considerable evidence supports retrieval strategy explanation for the collaborative 

inhibition effect (Marion & Thorley, 2016; Rajaram & Pereira-Pasarin, 2010). 

  An impressive body of research has accumulated on the behavioral components of 

social remembering in the past three decades, but the neural mechanisms associated with this 

phenomenon remain largely unknown. Furthermore, as we describe below, investigating the 

neural signatures of collaborative recall can offer insights into the neurocognitive 

mechanisms associated with not only the retrieval of the group member who is designated to 

recall on a given trial (speaker), but also the neural processes associated with the other group 

members who are designated to wait for their turn to recall (non-speakers). Behavioral 

research based on the recall output cannot elucidate these potential distinctions in the 

neurocognitive processes during collaborative recall.   

  A lack of neurophysiological evidence for the mechanisms underlying collaborative 

recall is not entirely surprising because considerable methodological challenges have deterred 

investigation of the neural activity during collaborative remembering. Specifically, the 

interactive component of collaborative remembering poses challenges to connect 

collaborative memory methods with neuroscience techniques. These challenges include 

questions about the feasibility of having individuals collaborate in neuroimaging settings and 

pragmatic constraints concerning space and communication (see Blumen et al., 2014). While 

modifications to the collaborative recall task may be made, including simulated 

collaborations using video, perceived group collaboration or collaboration with a confederate, 

these methods divert from the main manipulation where participants directly interact in face-

to-face settings and thereby reduce the ecological validity of the collaborative recall task.  

The EEG methodology offers an important breakthrough to study the neural bases of 

collaborative recall, since it enables simultaneous and synchronous neurophysiological 

recording of multiple participants during face-to-face interaction in real-time, as reported in 
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other domains of cognitive task performance (Astolfi, et al., 2011; Czeszumski, et al., 2020). 

Behavioral research based on only the recall output makes it impossible to identify the 

distinct cognitive and neural processes taking place in the mind of the individual group 

members while overtly recalling or when waiting to recall. However, EEG analyses can 

provide useful information to uncover possible consequences of active retrieval in the 

presence of others when acting as speakers as well as engaging in other mental activities 

while playing the role of the non-speaker. This study aims to also uncover possible 

distinctions in the speaker versus non-speaker processes, and to open new research venues to 

understand the underlying neural bases of the social and cognitive factors constraining 

collaborative recall. In this context, electrophysiological signals can serve as useful indices to 

explore the neural processes underlying collaborative memory. Given the novelty of our 

goals and a lack of neurophysiological evidence in the literature on collaborative recall, we 

draw upon the neurophysiological literature on individual memory. We review next those key 

findings from this literature that are relevant for the hypotheses we present for collaborative 

recall.    

Electrophysiological Signatures of Individual Memory Retrieval  

  Research on recognition memory and cued recall has identified ERP components and 

neural oscillations associated with recollection that are of interest here. Regarding ERPs, two 

components have been associated with successful retrieval. We focus on the recollective 

component in the recognition memory and cued recall tasks because this memory component 

is closely captured in the free recall procedure that is used during nominal recall and 

collaborative recall in our study. As little direct evidence is available for the ERP components 

associated with free recall in past literature, the ERP components associated with recollection 

in cued recall and recognition memory provide us the evidence that guides the predictions for 

free recall in our study. In particular, we draw upon past evidence for the ERP components of 
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LPP and FN400 and for theta neural oscillations in examining the relevant evidence. 

Furthermore, while in the interest of completeness we present the relevant findings from the 

recollective components of both cued recall and recognition, we note that our selection of 

components and frequencies were based on research done on recall and not on recognition.    

The ERP component of late parietal positivity (LPP) is thought to reflect the process 

of recollection. The late parietal positivity refers to a positive-going sustained old/new 

(recall/miss) effect over the parietal sites occurring around 500 msec after stimulus onset and 

extending in time to 1000 msec or later. This positive parietal amplitude is larger for correct 

recognition and for correct recall of source and context (Wilding, 2000; Wilding & Rugg, 

1996), and it is thought to reflect the involvement of the parietal cortex in reinstating 

information during recollection (Rugg & Curran, 2007). The late parietal positivity has been 

studied in recognition (old/new effects), but it has also been reported in cued recall 

(recall/miss) where its topography is more widely distributed than in recognition and where 

these neural responses have been sometimes thought to reflect slightly different processes 

(Allan et al., 1996; Tibon & Levy, 2014).  

In addition to the late parietal positivity signal, a frontal positive-going component 

occurring around 350–400 msec (FN400) post-stimulus onset has also been related to 

successful retrieval. In recognition memory tasks, the FN400 effect has been related to 

familiarity processes, with positive-going amplitudes in mid-frontal electrodes for old versus 

new items (Friedman & Johnson, 2000; Wilding, 2000; Wilding & Ranganath, 2011). In cued 

recall, this FN400 effect has been interpreted as reflecting perceptual or conceptual priming 

from previous presentation of the associative or perceptually similar cue (Paller et al., 2012; 

Tibon & Levy, 2014) or from the activation of associatively related items activated by the cue 

(Hellerstedt & Johansson, 2016). This component has also been related to the N400 effect 
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since direct comparison of semantic priming and recognition yields indistinguishable effects 

(Voss & Federmeier, 2011).  

  In addition to the ERP components, scalp-recorded neural oscillations have also been 

shown to play an important role in long-term memory (Hanslmayr et al., 2010).  Exploration 

of the oscillatory properties of the neural responses is important for two reasons. One, neural 

responses to events contain modulations in some frequency bands that are time-locked to the 

events, but not phase-locked, and thus cannot be extracted by ERPs.  Two, although ERPs 

offer precise information of the temporal parameters of the neural response, they do not offer 

information about interactions between brain regions that are thought to be reflected in 

modulations of power at a specific frequency. In addition, while ERPs components have been 

largely explored in recognition, with relatively fewer studies on cued recall than in 

recognition, the number of studies on recall using brain oscillations is considerable (Guderian 

& Düzel, 2005; Staresina & Wimber, 2019). In particular, oscillations in the theta (4-8 Hz) 

frequency ranges have been shown to play an important role during memory retrieval such 

that increments in theta power seem to be predictive of successful retrieval. Thus, theta power 

increases in hippocampal and posterior cortical regions for correctly remembered items than 

for new items (Düzel et al., 2003; Klimesch et al., 2000; Osipova et al., 2006) and for the 

retrieval of source information (Guderian & Düzel, 2005). These findings have been 

interpreted as the dynamic relation between hippocampal and cortical networks necessary for 

reinstating encoded information during recollection such that increments in theta power 

indicates stronger communication between the hippocampus and cortical network that usually 

result in successful recall.  

In other words, the ERPS signals of late parietal positivity (LPP), and to some extent 

FN400-N400, have been used as signaling retrieval processes during memory retrieval, 

whereas theta oscillations have provided information about the strength of the 
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communication between hippocampal and cortical regions.  Hence, comparison of these 

neural signals in the collaborative and nominal individual conditions may provide an answer 

to the extent to which remembering with others makes brain network communication as well 

as recollection more difficult.  

  Interestingly, theta oscillations seem to also reflect the neural mechanisms in charge 

of top-down control of episodic memory (Hsieh & Ranganath, 2014; Kahana et al., 2001). 

For example, research shows that oscillatory frontal theta activity is associated with 

interference during memory retrieval. Theta oscillations seem to index the amount of 

activated, competing information in memory (e.g., Khader & Rösler, 2011; Mecklinger et al., 

1992). In studies using the retrieval-practice paradigm, researchers found that a competitive 

retrieval condition elicited higher theta power compared to a non-competitive retrieval 

condition. This effect was most pronounced over frontal and left parietal sites and correlated 

with later forgetting. Similarly, larger theta power for retrieval conditions is also found where 

more competition was present (first vs. third retrieval practice cycle of retrieval practice) 

(Ferreira et al., 2014, 2019). To the extent that competition is larger in the collaborative than 

in individual recall and it is the source of disruption of retrieval strategies in collaborative 

recall, these early theta oscillations may provide a neural signature for strategy disruption.  

Thus, analyses of the theta frequency band can provide useful indices not only of successful 

recollection (at later times 500-1000 msec) as described earlier, but also of the neural 

signatures for competition (0-500 msec after cue presentation) that is expected to occur in 

collaborative recall due to the retrieval disruption process. In sum, indices of neural 

oscillations may help us infer two cognitive mechanisms that will be of particular interest 

when examining retrieval in collaborative contexts in our experiments, namely, successful 

recollection and retrieval competition.    
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Collaborative Memory  

  The typical procedure that produces the collaborative inhibition effect in group recall 

begins with a study phase where participants individually learn the study materials by 

performing some encoding task such as pleasantness ratings. After a brief delay, as noted 

earlier, collaborative groups, typically consisting of three participants, work together to recall 

the learned material, while participants from nominal groups, consisting of the same size, 

recall the materials individually. The recall period in both conditions typically goes from 7 to 

10 minutes. As noted earlier, a standard and widely replicated outcome of this comparison 

shows that collaborative groups exhibit a memory deficit, recalling significantly less than the 

nominal groups of equal size.   

  As also noted earlier, considerable evidence points to strategy disruption as a key 

mechanism underlying the collaborative inhibition effect (Basden et al., 1997; Rajaram & 

Maswood, 2017). Usually, people organize the learning material in an idiosyncratic manner, 

and this organization facilitates retrieval. Because different people may use different 

strategies, participants working in groups experience their preferred retrieval organization of 

information disrupted by other members’ recall output. Support for the role of this process in 

collaborative inhibition comes from experiments varying the retrieval conditions to increase 

or decrease organization and observing increments or reductions in the collaborative 

inhibition effect accordingly (Basden et al., 1997; Congleton & Rajaram, 2011; Pereira-

Pasarin & Rajaram, 2011). While some evidence shows that collaborative recall can also 

induce retrieval inhibition, the operation of this process is not yet widely documented and its 

test calls for substantial changes in the collaborative recall procedure (Barber, et al., 2015). 

Since we undertook the first neurocognitive exploration of collaborative recall, we focused 

on ERP and EEG processes that may be consistent with retrieval disruption given the 

extensive empirical support for this cognitive process in the standard collaborative recall 
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paradigm. Similarly, collaborative inhibition is reliably evident in free recall but either 

attenuated or absent in cued recall or recognition where a predetermined sequence of retrieval 

cues disrupts participants’ organization in both individual and collaborative recall conditions 

(Barber et al., 2010; Finlay et al., 2000). Therefore, we implemented the free recall 

procedure. At the same time, as we describe below, we included a signal for recall in each 

trial which helped us adapt the free recall procedure to a signaled recall procedure, thus 

making it amenable to EEG recordings as well as bring it closer to cued recall procedures in 

general.  

  In this series of experiments, we evaluate the ERPs and theta oscillations signaling 

recollection and competition during collaborative recall. Increments or decrements in 

recollective responses have been linked to late ERP parietal positivity and late theta 

oscillations, while interference might be related with early frontal ERP and theta oscillations. 

These neural indices can be used to examine whether collaborative recall modulates the late 

components representing hippocampal-cortical communication subserving recollection, the 

early components communicating frontal-hippocampal sites, or both. These neural signals 

can also be used to observe the brain activity of the collaborative participants across trials 

when they are in recalling, that is, the speaker, versus not-recalling, that is, the non-speaker 

roles, bringing into light the distinct covert processes underlying the speaker and non-speaker 

minds during collaborative memory.  

Current Study 

  In this study, we integrated the collaborative remembering paradigm with EEG 

methodology to identify the neural signatures indexing the recollection and disruption 

processes during collaborative recall (ERPs and theta oscillations). We created this 

neurocognitive paradigm with the aim to bring to light the cognitive and neural processes of 

participants in collaborative memory groups in trials where members of the collaborative 
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group were cued to recall in each trial. In order to make the standard collaborative memory 

paradigm compatible with the EEG/ERP requirements, we made a few modifications to the 

standard collaborative procedure. One challenge with the use of EEG recordings in 

collaborative memory is to implement hyperscanning, that is, the need to synchronize the 

neural signals from different participants and to lock the times to specific stimuli. 

Recognition and cued recall tasks can solve this challenge through cue or item presentation, 

respectively, but as we noted earlier, collaborative inhibition is negligible or attenuated in 

these tasks (Clark et al., 2000; Finlay et al., 2000). By contrast, collaborative inhibition 

occurs reliably in free recall where the role of retrieval organization is more relevant for 

retrieval success (Barber et al., 2010; Finlay et al., 2000; Rajaram & Pereira-Pasarin, 2010), 

making it the preferred task to investigate the neural signatures.  

  The use of free recall, where participants recall studied items at their own pace and in 

the absence of any cues, requires procedures that synchronize and lock the EEG signal to a 

particular event. To accomplish this precision in collaborative recall, we used the well-

established turn-taking procedure that is known to produce collaboration inhibition in group 

recall (Basden et al., 1997; Thorley & Dewhurst, 2007). We initiated each trial with a signal, 

where a specific number on the computer screen that represented the group member whose 

turn it was to retrieve information was presented, and we also used its presentation to lock the 

EEG signals for analyses. These features introduce minor variations, but because they are not 

typically included in the standard collaborative memory paradigm, we conducted a behavioral 

control study to first replicate the standard effects with this procedure (Experiment 1). Having 

established and replicated the key collaborative inhibition effect in group recall using this 

procedure, we proceeded to experiments that integrated behavioral and neural measurements 

during collaborative versus nominal group recall (Experiments 2a and 2b). 
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  To address our novel aims we performed analyses comparing nominal and 

collaborative recall, and speakers and non-speakers in the collaborative group. As mentioned, 

this last comparison is interesting because it provides a within-participant comparison of the 

electrophysiological activity when participants are taking an overt role in retrieving 

information relative to when they are required to wait for another group member to recall. 

Finally, we sought a systematic replication of our main neurophysiological findings by 

implementing our critical EEG recordings across two experiments, Experiment 2a and 2b, as 

noted. Hence, along the experimental series we established and replicated our procedures and 

findings across both the behavioral and neural experiments. Our aim in doing so was to 

ensure a systematic test of our adapted collaborative memory procedures aimed at replicating 

the standard effects obtained in standard procedures, and testing as well as replicating our 

novel hypotheses about the neurophysiological signals associated with the mnemonic 

consequences in group recall.  

  In the neurophysiological experiments, we tested three hypotheses. The first two 

hypotheses were directed at comparisons between the nominal and collaborative groups and 

focused on two memory processes that are expected to differ between collaborative and 

nominal recall - interference and degree of recollection, respectively. Thus, our first 

hypothesis was directed at capturing interference from others’ recall in the collaborative 

group. We analyzed early theta oscillations in the range of 0-500 msec that are typically 

associated with indexing competition and interference, to capture possible variations in the 

reactivation of encoded cortical information during retrieval and greater interference from it 

between the nominal and collaborative groups. We expected larger theta power in the 

collaborative group relative to the nominal group signaling the extent to which the 

collaborative procedure makes it difficult to reinstate for each member their preferred 

organization because of interference from other members’ recall.  
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  Our second hypothesis examined whether collaborative contexts that lead to poorer 

recollection of contextual information may produce a modulation on the LPP and theta power 

in time intervals 600 msec after cue presentation and longer. LPP and theta power have been 

associated with successful recollection, and therefore to the extent that the collaborative 

group is less efficient in retrieving information from memory than the nominal group, one 

would expect reduced LPP amplitude and theta power for the collaborative group relative to 

nominal recall. Also, while LPP has been interpreted as the amount and quality of the 

retrieved information (Donaldson, et al., 2009; Rugg, et al., 1995), late theta power effects 

have been associated with the coordination of recurrent hippocampal-neocortical interactions 

until reinstatement is completed (Staresina & Wimber, 2019). Therefore, it is possible that the 

expected, more difficult reinstatement process for collaborative retrieval produces larger theta 

increments for collaborative than nominal recall. 

  Finally, as the third hypothesis, we performed ERPs and theta oscillation analyses to 

explore the processes underlying speaker and non-speaker roles in the collaborative group. 

Note that during collaborative recall, each participant plays a role as a speaker (when they are 

cued to recall) or as a non-speaker (when it is not their turn to recall).  To compare the 

distinctions in this comparison, we focused on the waiting period starting with the time the 

cue to recall was presented and entailed the period before the speaker responded. Such 

within-participant comparisons of ERPs and theta oscillations across recall trials when groups 

members performed speaker versus non-speaker roles can provide useful information to 

uncover underlying processes while participants prepared for these respective roles on a 

given recall trial. Therefore, in this analysis we focused on the time following the 

presentation of the cue to recall and before the speaker’s response. 

Note that our hypotheses are based on previous cued recall studies that suggest critical 

early and late time intervals, and very widely distributed topography. Hence, we investigated 
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ERPs and theta modulations at the specific time periods identified in previous cued recall 

studies. Although time intervals for cued recall might not directly apply to our signaled free 

recall procedure, the fact that early and late intervals have been identified with different recall 

procedures and types of cues (Ferreira et al., 2019; Pastötter, & Bäuml, 2014; Staresina & 

Wimber, 2019) provides a basis for us to extrapolate these time intervals to our free recall 

procedures that also included a signal to initiate recall. For the spectral distribution, we used 

an analytical bottom-up approach, and used permutation cluster analyses to identify 

significant cluster of electrodes capturing the effects at each time interval. Furthermore, since 

the ERP-FN400, has been interpreted in different manners, we did not advance a priori 

hypotheses, and thus analyzed the distribution and shape in an exploratory manner.  

Method 

Experiment 1, 2a, and 2b 

  We present an integrated description of the Method for all experiments because the 

methodology was intentionally held as constant as possible across all experiments. As we 

elaborate below, the behavioral methodology was set up to be identical across all three 

experiments, with Experiment 1 serving as a behavioral adaptation of the standard 

collaborative memory paradigm for the EEG methodology, and providing a replication of the 

standard behavioral effects with this adapted method. Experiments 2a and 2b built on this 

adaptation to provide novel data and insights into the neurocognitive processes measured 

with the EEG technique.   

Participants and Design 

  A total of 288 college volunteers participated across three experiments, with 96 

participants (16 triads for the collaborative group condition, 48 individuals for the nominal 

group condition) in each experiment. Using the average effect size (d =1.11) from several 

related studies reporting collaborative inhibition (d = 0.44 to d = 2.52 (Basden et al., 1997; 
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Finlay et al., 2000; Weldon & Bellinger, 1997)) with an alpha level of .05 and two-tailed 

significance tests, a sample of 14 triads per condition was needed to ensure power of .80. 

Using these estimates, we tested 16 triads per condition in each experiment.  

  We conducted a series of three experiments to meet two critical goals; one, to develop 

and test a novel paradigm that integrates the collaborative memory paradigm with EEG 

measures, and two, to replicate across experiments both the key behavioral and neural effects 

of interest. Experiments 1 was a behavioral experiment that was developed to establish 

through replication a modified version of the collaborative memory paradigm that would 

allow for integration with EEG measures. Experiments 2a and 2b implemented and replicated 

both the behavioral and neural measures using the modified version of the collaborative 

memory paradigm. Experiment 1 was conducted at Stony Brook University and Experiments 

2a and 2b took place at the University of Granada. All participants were fluent speakers of 

English (Stony Brook) or Spanish (Granada). Compensation was either monetary payment or 

course credit.  

Materials  

  One hundred and eighty categorized words from 15 categories with 12 exemplars per 

category taken from Van Overschelde, et al. (2004) and previously used in collaborative 

memory research (Congleton & Rajaram, 2011) were used to form two separate study lists. 

The two lists consisted of a different set of 90 words each and were equated for taxonomic 

frequency and word length. Nine additional words from other categories served as buffer 

words. For the Granada participants, word lists were translated to Spanish with the closest 

equivalents.  

Procedure  

  The procedure included three main, sequential phases: study (completed individually), 

a 5-minute delay, free recall (completed collaboratively or individually). Prior to the start of 
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Experiments 2a and 2b, each participant was equipped with a 40 channel QuickCap for EEG 

measurement. 

 Study Phase 

  Participants studied items individually in two cycles. Each cycle consisted of 6 blocks 

of 15 words each (1-sec for fixation point, 6-sec for word presentation). Each block included 

one word from each category, with a randomized order of word presentation with respect to 

category membership. The study list also included 2 buffer words at the beginning and end of 

the list and 1 buffer word presented between each block. At study, participants assigned 

pleasantness ratings to each word on a scale from 1 to 5 (Craik & Lockhart, 1972), and 

incidental study instructions were used such that subsequent memory tests were not 

mentioned. Further, no mention was made about the possibility of working alone versus 

working in groups later. Participants in both the nominal and collaborative groups studied 

individually the words presented in individual computer screens.  

Delay 

  The 5-minute delay was unfilled, with participants in Experiment 1 simply waiting 

and in Experiments 2a and 2b having their EEG caps checked by the experimenter. 

Recall Phase 

  Participants recalled the studied words in any order, and either collaboratively or 

individually depending on the condition to which they were assigned (Basden et al., 1997; 

Weldon & Bellinger, 1997). Each collaborative group consisted of three strangers who 

worked together. Nominal groups consisted of three strangers who worked alone to 

individually recall the studied items and their recalled words were non-redundantly pooled 

afterwards. The nominal group was formed with the data of three successive participants.  

Recall in both the collaborative and nominal conditions consisted of 99 turns, each lasting 6 

sec, with a fixation dot (1 sec) between turns. Collaborative group members took turns to 
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recall. This turn-taking collaboration procedure has been commonly used in past 

collaborative memory work (e.g., Basden et al., 1997; Thorley & Dewhurst, 2007). The turns 

were in a random order (with each group member receiving a prompt and an equal number of 

turns). Text prompts on the computer screen cued participants for their turn (e.g., “Participant 

1” for group members in the collaborative condition; “Please recall” for individuals in the 

nominal condition). Participants were instructed to recall one word out loud on each turn, not 

to repeat words already recalled, and to remain silent when they could not recall on a given 

turn. If a participant did not recall within the allotted time, the next group member’s turn was 

automatically cued in the Collaborative condition, or the next turn for the individual in the 

Nominal condition. In both conditions, the experimenter typed the recalled words after each 

turn.  

 We selected the turn-taking procedure because it was conducive for integrating 

EEG/ERP measures with the collaborative memory paradigm in subsequent experiments and, 

as we noted earlier, it is known to reliably produce the collaborative inhibition effect in group 

recall (e.g., Basden, et al., 1997). The turn taking procedure permitted time-locked recordings 

of the neural activity during the recall phase of both the speaker group member when it was 

their turn to recall as well as the non-speaker group members during the retrieving 

collaborator’s turn to recall. During each turn to recall in collaborative groups, the text 

prompt with a group member’s designated number on the screen served as both a cue for that 

participant to recall (i.e., “Participant” 1, 2, or 3) and to time-lock neural responses in 

Experiments 2a and 2b. Following the procedure used in past studies, participants were 

instructed to remain silent outside of their turn to recall.  

Participants sat around one table facing two computer monitors (Fig. 1). One monitor 

displayed which participant’s turn it was to recall and the other displayed words recalled in 

sequence to enable participants to view all the words already recalled. Consistent with the 
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standard procedure for collaborative recall studies, items recalled remained in view of the 

participants for the entirety of the recall phase. Participants in the nominal condition 

individually recalled the studied words out loud with similar prompts to recall and monitor 

setup as collaborative groups.  In Experiment 2b a microphone was included to obtain 

exploratory measures of reaction times. As expected, the average reaction times (RTs) were 

faster in the collaborative condition with three participants contributing (M = 832 msec, SE = 

179.45) than in the nominal condition where each participant worked alone (M = 1329 msec, 

SE = 390.40), t(1,31) = 8.02, p < .001, d = 0.63), and will not be considered further. The last 

phase consisted of a recognition task that was not relevant to the present hypotheses and will 

not be considered further. Each of the experiments took about 90 minutes.  

EEG Recording and Analyses of Event-related Potentials (ERP)  

  The EEG signals were recorded continuously during the entire experiment, using the 

Neuroscan system. Acquisition was done using 40 Ag/AgCl electrodes, and signals were 

amplified by a Scan NuAmps system (Compumedics Ltd., VIC, Australia). EEG signals were 

referenced to the right mastoid, and digitally re-referenced to the average EEG signal 

recorded from all electrodes. Horizontal and vertical electrooculogram (EOG) activity were 

recorded with electrodes positioned at the lateral canthus of each eye and above and below 

the right eye. Impedances of all electrodes were kept below 10 kΩ and the sampling rate was 

set to 1000 Hz. An online filter (high pass: 0.5 Hz; low pass: 70 Hz) was used for the EEG 

signals. For the collaborative group, EEG recordings from each member were synchronized 

by connecting each of the amplifiers to a central computer with e-prime scripts (controlling 

stimulus presentation and triggers) (see Fig. 1). 

  The EEG data preprocessing and analysis were performed using custom MATLAB 

scripts operating in the EEGLAB environment (https://sccn.ucsd.edu/eeglab/index.php). For 

the off-line ERP analyses, a digital filter (low pass: 30 Hz) was used. Eye-movement artifacts 
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were detected by using independent component analysis (ICA) with the ‘runica’ function 

from the EEGLAB toolbox. Using standard procedures (e.g., Klimesch, et al., 2000; Tibon & 

Levy, 2014), the remaining artifacts were corrected by visual inspection. Channels with a 

high level of artifacts were detected by careful visual inspection and interpolated from 

neighbor’s electrodes. An epoch was excluded from analyses when any electrode exceeded 

the combined rejection threshold laid on ± 100 μV. A minimum of 75% accepted epochs 

(artifact-free trials in each response) was required from each participant to ensure an 

acceptable, signal-to-noise ratio. The complete ERP epoch included the time frame from 250 

msec pre-cue activity to 1000 msec post-cue activity. Epochs were corrected using a pre-

stimulus baseline window ranging from 200 msec pre-cue activity to 0 msec.   

For analyses, the ERP effects were quantified by calculating the mean amplitudes over two 

different epochs, 400-600 msec and 600-1000 msec post cue, and performing a non-

parametric cluster-based permutation analysis for each time interval (Maris & Oostenveld, 

2007) as implemented in Fieldtrip (Oostenveld et al., 2011). The electrodes for each 

significant comparison are included in the Appendix.  

  We implemented this analytical approach (a-priori selection of time intervals and 

permutation cluster analyses for electrode selection) because previous studies (Pastötter, & 

Bäuml, 2014; Staresina & Wimber, 2019) evidenced modulations of ERPs and theta oscillations 

associated with early and late time intervals, and therefore, it was possible to make a priori 

selection of the time-intervals based on previous experimental evidence. However, these 

studies also indicate that early and late effects are widely distributed in the scalp with specific 

electrodes varying from one study to another. In this situation, Cluster-based permutation 

analysis offers a more powerful technique than dividing electrodes sites and introducing them 

in the analyses (Fields & Kuperberg, 2020).  

EEG Analyses of Theta Oscillatory Power 
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  For time-frequency analyses, we used the Fieldtrip toolbox. Data were filtered in a 

frequency range from 1–60 Hz and applied the Morlet wavelet transform (7 cycles). Power 

changes were calculated in relation to a prestimulus baseline from −500 to -200 msec before 

cue onset and a time window from -500 to 1500 msec. Power changes were calculated by 

using the fieldtrip function ft-freqbaseline which uses the baseline as divisor.  Given our 

hypotheses, and based on previous cued recall studies (e.g., Ferreira et al., 2014, 2019; 

Pastötter, & Bäuml, 2014), we analyzed theta frequency range (4–8 Hz). and two time 

intervals (from 0 to 500 msec and from 500 to 1000 msec). For statistical analyses, power 

was averaged across frequencies (4-8 Hz). Similar to the ERP analyses, we performed non-

parametric cluster-based permutation analyses for each time interval.  

 

Fig. 1. Experimental set up during the recall phase for the collaborative groups in 

Experiments 2a and 2b (Experiment 1 simulated this set up behaviorally). 

Results 

Behavioral Results 

  Behavioral analyses in all three experiments compared the proportion of studied 

words recalled in collaborative and nominal groups, excluding buffer words. Intrusion rates 

were very low in all experiments (1-4%) and for this reason are not considered further. All   

three experiments replicated a significant collaborative inhibition effect for accurate recall 

such that collaborative groups recalled significantly less than nominal groups (the 
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nonredundantly pooled recall from three participants who recalled individually), with large 

effect sizes ranging from d = 1.2 to d = 2.28. Table 1 and Figure 1 display a summary of the 

methodological details and Table 1 also displays the behavioral results and statistical analyses 

across the three experiments.  

Table 1. Summary of Behavioral Results from the Three Experiments 

Experiment Nominal Group Collaborative Group Group Effect 

 Proportion 
Recalled 

95% CI Proportion 
Recalled 

95% CI t p d 

1 0.76 (0.02) 0.72-0.80 0.67 (0.02) 0.63-0.71 3.41 .002 1.20 

2a 0.80 (0.01) 0.70-0.90 0.63 (0.02) 0.47-0.73 6.45 <.001 2.28 

2b 0.79 (0.01) 0.68-0.88 0.69 (0.01) 0.60-0.76 5.20 <.001 1.83 

Note. Standard error is in parentheses. 

Electrophysiological Results (Experiment 2a and 2b) 

  We conducted three sets of analyses in both experiments, corresponding to the three 

hypotheses that guided these experiments. The first and second sets of analyses were aimed at 

directly comparing the nominal and the collaborative groups when participants in these 

conditions correctly recalled a studied word after presentation of the cue to recall at short 

intervals (for ERPs, 400-600 msec and for time-frequency 0-500 msec; the first set of analyses) 

and at longer intervals (for ERPs, 600-1000 msec and for time-frequency 500-1000 msec; the 

second set of analyses). Finally, the third set of analyses was conducted on only the 

collaborative groups and compared the ERPs and theta frequency for each participant when 

they performed the speaker versus the non-speaker roles. For these analyses, the EEG response 

was time-locked to the cue provided to participants to initiate recall on each trial and spanned 

1000 msec after the presentation of the cue to recall. As noted earlier, this duration preceded 

the onset of recall by the speaker.  
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Note that in light of using a free recall task, we are focusing on the time parameters of 

the components and not on their topography in all these analyses. This is so, since cued recall 

experiments, in contrast to recognition tasks, have shown a much widely distributed electrodes 

topography to capture these effects. The time intervals were selected based on the results from 

published literature (see Staresina & Wimber, 2019 for a review) and on eye-inspection of the 

figures as per standard practice. We used eye inspection as a check that the selected parameters 

coincide with the predicted changes. We did not change the parameters after eye inspection, 

and we kept the same parameters across experiments. For ERPs, 400-600 msec and 600-1000 

msec time intervals were defined. For theta frequency analyses, the intervals were 0-500 msec 

and 500-1000 msec. We report the results of Experiments 2a and 2b together to facilitate 

comparison across experiments since our aim in conducting Experiment 2b was to replicate 

Experiment 2a. For the three types of analyses, we first report results from Experiment 2a and 

then results from Experiment 2b.  When evaluating different time intervals, we report first all 

analyses for the first time interval and then analyses for the second interval. 

Nominal Versus Collaborative Recall 

  For this set of analyses, we used two time intervals corresponding to our hypotheses 1 

and 2, respectively. Analyses at the short interval tested the first hypothesis and were directed 

to explore effects associated with interference (increases in theta power at short post-cue 

intervals; (e.g., Ferreira et al., 2014), while analyses at longer intervals tested the second 

hypothesis and explored changes in amplitude and power associated with successful 

recollection (LPP and increments in theta power at longer post-cue interval; Klimesch et al., 

2000).  

  For ERPs, we observed a consistent negativity in the 400-600 msec time interval, and 

a positivity after 600 msec that extended over time. Cluster-based permutation analyses in the 

400-600 msec latency range for Experiment 2a revealed significant amplitude differences 
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between the collaborative (M = - 0.65, SD = 0.61) and nominal (M = -0.16, SD = 0.43) groups 

(p = .001) and these differences were most pronounced over frontal, central, parietal and 

occipital electrodes. Experiment 2b replicated the same pattern for collaborative (M = -0.39, 

SD = 0.86) versus nominal (M = -0.05, SD = 0.33) groups (p = .002) also over frontal, 

central, parietal and occipital electrodes. These amplitude differences for 400 to 600 msec are 

plotted in Fig. 2 (top rows-Experiment 2a and 2b). In the latency range from 600 to 1000 

msec post-cue interval, the cluster-based permutation test revealed no significant differences 

in either experiment (p > .05, note that all p values in the text, tables, and Figures refer to the 

clusters). 

  Analyses of theta power (4-8 hz) for 0-500 msec interval yielded a significant power 

increase in the collaborative (M = 0.55, SD = 0.35) groups relative to the nominal (M = 0.29, 

SD = 0.22) groups for Experiment 2a (p = .001,), widely distributed over frontal, temporal, 

central, parietal, temporal and occipital electrodes. This pattern replicated in Experiment 2b, 

with significant power increases for the collaborative (M =0.57, SD = 0.31) in comparison to 

the nominal (M = 0.31, SD = 0.21) groups (p = .001) distributed over frontal, temporal, 

central, parietal and occipital electrodes. The bottom rows in Fig. 2 for Experiment 2a and 2b 

represent these effects. Analysis of theta at longer intervals (500-1000 msec) in Experiment 

2a also showed significant differences between collaborative (M = 0.46, SD = 0.56) and 

nominal (M = 0.20, SD = 0.21) groups (p = .020) in two electrode-clusters, one of them over 

frontal and central electrodes and another over occipital and parietal electrodes. Experiment 

2b also showed significant group differences (M = 0.75, SD = 0.73 for the collaborative 

groups; M = 0.33, SD = 0.32 for the nominal groups; p = .006, located in frontal, temporal 

and central electrodes (see Fig. 2).
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Fig. 2. Differences between collaborative and nominal groups for recall responses in 

Experiments 2a (top panel) and 2b (bottom Panel). Top rows: (left) Amplitude differences 

from a representative electrode (PZ); and (right) topographic maps for amplitude differences 

for the significant early component (400-600 msec), averaged across 50 msec time intervals. 
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Bottom rows: (left) time x frequency; and (right) topographic maps for the (0-500 msec) and 

late (500-1000 msec) time intervals, averaged across 125 msec time intervals. 

In sum, comparisons between nominal and collaborative recall showed clear 

differences: 1) at shorter time intervals after cue presentation, both ERPs and time frequency 

analyses indicated that collaborative recall was associated with larger negative amplitudes 

and theta power than nominal recall, with these differences likely associated with detection of 

interference and incongruent information in collaborative recall; 2) at longer time intervals, 

the differences between the collaborative and nominal recall were evident in time x frequency 

analyses with stronger theta power for the collaborative groups. These differences were not 

evident in the ERPs for the late (600-1000 msec) parietal positivity in either experiment, 

indicating that while there are differences in recollection between the nominal and 

collaborative group as indicated by theta activity, these differences are not pervasive across 

EEG measures. 

Speakers Versus Non-speakers in Collaborative Groups 

  To test the third hypothesis in our study, we analyzed only the collaborative groups 

where the two roles (speaker and non-speaker) were present for each participant across trials. 

Thus, for each participant, we averaged the amplitude of the EEG responses when they were 

speakers versus when they were non-speakers. We analyzed ERPs and frequencies in the time 

range associated with interference (shorter time intervals) and recollection (longer time 

intervals) for trials when the speaker produced a correct response. Note again that the 

analyses were based on the time period beginning with the cue to recall and before the 

speaker responded, where participants were preparing to respond (speaker) or waiting for the 

speaker to respond (non-speaker), and once again we focused on the temporal period rather 

than the topography in light of using a free recall task.   
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  Short intervals (interference effects). For the ERP analyses in the latency range from 

400 to 600 msec post-stimulus, the permutation test revealed significant differences between 

the speaker (M = -0.59, SD = 0.60) and non-speaker (M = -0.10, SD = 0.51) amplitudes (p = 

.001) over frontal, central, parietal and occipital electrodes (see Fig. 3, top row Experiment 

2a). Similarly, Experiment 2b also showed significant differences between the speaker (M = - 

0.76, SD = 0.76) and non-speaker (M = -0.32, SD = 0.48), (p = .018), over central, parietal 

and occipital electrodes (Fig. 3, top row Experiment 2b).  Analyses on theta power (4-8 hz) at 

short interval (0-500 msec post cue) yielded a significant power increase (p = .001) for the 

speaker (M = 0.53, SD = 0.33) in comparison to the non-speaker (M = 0.37, SD = 0.75), 

widely distributed over frontal, temporal, central, parietal and occipital electrodes. This effect 

was also present for Experiment 2b (p = .001), again over frontal, temporal, central, parietal 

and occipital electrodes (M = 0.62, SD = 0.36 for the speaker; M = 0.36, SD = 0.20 for the 

non-speaker). Hence, both ERPs and theta power at short interval indicated larger 

interference (more negative amplitudes/power) for participants when they were assigned the 

role of speaker than when they were assigned the role of non-speaker, suggesting that 

different processes were taking place in the period where the speaker was preparing to recall. 

This pattern also suggests that interference is associated with actual attempts to recall (as it is 

the case for speakers).   

Long-Intervals (recollection effects).  In Experiment 2a, the permutation test on the 

longer 600-1000 msec time range was also significantly different between the speaker (M = 

0.87, SD = 0.97) and the non-speaker (M = 0.47, SD = 0.51), (p = .023), with neural 

responses distributed over central, temporal, parietal and occipital electrodes. However, the 

speaker-non-speaker difference in the 600-1000 msec interval was not significant in 

Experiment 2b (Fig. 3, top rows). 



NEUROCOGNITIVE MECHANISMS OF COLLABORATIVE RECALL 28 
 

 

  Analyses on theta power (4-8 hz) at longer intervals (500-1000 msec post-cue) for 

Experiment 2a showed significant differences between speakers (M = 0.58, SD = 0.53) and 

non-speakers (M = 0.28, SD = 0.36) (p = .002,) over parietal and occipital electrodes. These 

differences between speakers and non-speakers were replicated in Experiment 2b (M = 0.72, 

SD = 0.63 for the speaker; M = 0.35, SD = 0.32 for the non-speaker; (p = .001), with 

differences distributed over frontal, central, parietal and occipital electrodes (bottom rows, 

Fig. 3). Interestingly then, comparisons of the speaker and non-speaker neural responses 

indicated that overt retrieval (when the speaker prepared for overt recall) was associated with 

more interference (more negative N400 and stronger theta at short intervals) and more 

recollective activity (strongest theta power at 500-1000 msec) than mere thinking and 

preparing for the next recall trial as in the case of non-speaker.  

Overall, the behavioral as well as the EEG results show a very consistent pattern 

across experiments. Behaviorally, results of the three experiments indicated that the 

collaborative groups performed suboptimally in recall. Thus, the collaborative group recall 

was consistently lower than the recall of the nominal groups. At the neural level, comparisons 

of collaborative and nominal recall showed increments in N400 and theta power at shorter 

intervals, indicating more interference for the collaborative than the nominal groups. These 

differences were also evident when comparing speaker versus non-speaker roles in the 

collaborative groups, again suggesting that interference was more evident when the 

participant was asked to recall. In addition, some differences were also present at longer 

intervals with larger positive amplitudes and stronger theta power for collaborative than 
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nominal recall and for speakers than non-speakers in the collaborative groups. However, 

these late differences were less consistent within and across experiments. 

 

 

 

Fig. 3. Differences between speakers and non-speakers for collaborative groups in 

Experiment 2a (top panel) and 2b (bottom panel). Top rows: (left) Amplitude differences 
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from a representative electrode- PZ; and (right) topographic maps for amplitude differences 

for the significant early (400-600 msec) and late (600-1000) components, averaged across 50 

msec (early component) and 100 msec (late component) time intervals, as applicable. Bottom 

rows: (left) time x frequency; and (right) topographic maps for the (0-500 msec) and late 

(500-1000 msec) time intervals, averaged across 125 msec time intervals. 

Discussion 

  Collaborative inhibition in recall has emerged as a counterintuitive yet robust memory 

phenomenon. This reduction in group recall has been the subject of many cognitive 

experimental studies in recent years and has been replicated many times. As a consequence, 

much knowledge has been gained about the conditions that produce this effect and about the 

cognitive mechanisms that underlie it. While this knowledge has grown at the behavioral 

level, very little effort has been directed to date to identify the neural signatures associated 

with this effect or about the neural processes signaling the cognitive mechanisms producing 

it. In the experiments reported here, we aimed to identify these neural signatures and the way 

these signatures vary across conditions in the collaborative recall paradigm.  

Our key aim was to identify the neural signatures of the processes underlying the 

collaborative inhibition effect. Many behavioral experiments have provided evidence that 

strategy disruption plays a role in producing suboptimal collaborative recall (Basden et al., 

1997) but, to our knowledge, no EEG study has identified the neurocognitive processes 

underlying this mechanism. To this end, we leveraged the extensive neurophysiological 

literature on individual performance for memory retrieval to explore the neurocognitive 

mechanisms associated with collaborative retrieval. We adapted the standard collaborative 

memory paradigm to make it suitable for EEG recording using a signal to initiate recall, and 

first conducted a behavioural experiment with this procedure (Experiment 1). Next, we 

performed two more experiments where we recorded EEG and conducted ERPs and time x 
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frequency analyses to assess possible differences in the neural responses for the collaborative 

and nominal groups when trying to recollect the study words (Experiments 2a and 2b).  

  Across the three hypotheses we tested in this series of experiments, our results clearly 

point to the robustness of the collaborative inhibition effect. The behavioral data from three 

experiments consistently showed that when participants recalled in groups (collaborative 

groups), their performance did not achieve optimal levels compared to nominal groups of 

equal size. These replications occurred despite some methodological variations we introduced 

to adapt the behavioral procedure to EEG methodology. As we discuss below, the EEG 

patterns were also very consistent across experiments.   

Our first hypothesis was directed to capture interference in the collaborative group. 

To the extent that collaborative procedure makes it difficult for each member to reinstate their 

preferred retrieval organization, because other members’ recall interferes with being able to 

do so, we expected larger theta power in the collaborative group relative to the nominal 

group. To test this hypothesis, we explored differences between the collaborative and 

nominal groups in the amplitude of ERP components and theta power at shorter intervals 

after the presentation of the cue signaling recall (for ERPs, 400-600 msec and for time 

frequency 0-500 msec). Thus, we observed more negative amplitudes in central and parietal 

electrodes in the 400–600 msec time interval for collaborative than nominal recall. These 

negative amplitudes were parallel to the increments in theta (4-8 Hz) frequency band right 

after cue presentation for recall (0 to 500 msec).  

We interpret these two parallel effects across the ERP components and theta power as 

consistent with the interfering effect of collaborative recall that may lead to disruption of the 

retrieval strategy in the collaborative group. Thus, these differences are likely associated with 

detection of incongruent or interfering information in the collaborative group relative to the 

nominal group. This interpretation is mainly based on previous results indicating that classic 
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interference procedures such as Stroop or Flanker show increments in theta power in 

incongruent conditions (e.g., Ferreira et al., 2014; Hanslmayr et al., 2008), and in recent cued 

recall experiments showing increments in theta power in competitive retrieval conditions 

relative to non-competitive re-exposure conditions (Hanslmayr et al., 2010) or in conditions 

where more interference was to be expected (Ferreira et al., 2014, 2019). Hence the 

increments in theta power at short intervals might be due to the stronger competition coming 

from previous recall of other members in the collaborative group that might produce 

interference for the person trying to recall compared to the nominal group. Despite 

consistency with previous results, we nonetheless suggest that our interpretation regarding 

this effect would be strengthened by further research that involves manipulation of 

interference and strategy disruption conditions in collaborative procedure. This might be 

especially important considering that our predictions were based on studies using cued recall 

procedures where the effects might involve different timing and topographies than the 

signaled free recall procedure in our experiments. As our novel effects replicated across two 

neurocognitive experiments in this study, these findings pave the way for such explorations in 

future research.   

The more negative ERP amplitude for central parietal electrodes in the 400-600 msec 

time interval for collaborative than nominal groups might also reflect the neural response to 

incongruent information from disruption of organizational strategies. Note that the larger 

ERP negativity for the collaborative group does not exactly match the FN400 effect that it is 

usually found in recognition where more positive amplitudes have been related to familiarity 

processes (see Friedman & Johnson, 2000; Rugg & Curran, 2007; Wilding & Ranganath, 

2011), or in cued recall where they have been interpreted as reflecting perceptual or 

conceptual priming from previous presentation of the associative or perceptually similar cue 

(see Hanslmayr et al., 2008; Tibon & Levy, 2014) or from the activation of associative 
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related items activated by the cue. Our obtained effects are, however, similar to the N400 

effect signaling incongruent semantic information in language related tasks (Kutas & 

Federmeier, 2011; Pérez et al., 2015). As mentioned in the introduction, some researchers 

have argued that these two effects (FN400 and N400) are in fact the same component with 

differences in distribution due to item-type differences (Voss & Federmeier, 2011). Because 

the procedure of our experiments makes it difficult to interpret this effect as due to perceptual 

or conceptual priming (the cue signaling recall in our experiments consisted of the 

participant’s number that is obviously not perceptually or semantically related to the target 

words), the source of an N400 effect is more likely an increment in interference from 

previous recall of another group member with a different and possibly incongruent strategy. 

Although, this interpretation is congruent with analyses of theta oscillations in our 

experiments and with the results and arguments of other researchers (Voss & Federmeier, 

2011), it is still speculative, and it should be the subject of further research.    

  In the second hypothesis, we investigated whether retrieving information in 

collaborative contexts modulated the neural signatures associated with recollection such that 

collaborative contexts produce a modulation on the LPP and theta power in longer time 

intervals after cue presentation. To address this hypothesis, in Experiments 2a and 2b we 

compared theta power in time intervals 500-1000 msec after cue presentation, and the late 

parietal positivity (LPP) for collaborative and nominal recall.  Results of these two 

experiments showed increments in 500-1000 msec theta power for collaborative than nominal 

recall. These late increments in theta power associated with retrieval success have been 

interpreted to reflect the communication between hippocampal and cortical networks for 

reinstatement of the encoded information during recollection (Düzel et al., 2003; Klimesch et 

al., 2000; Osipova et al., 2006). The stronger increments in theta power in the collaborative 

condition might be related to the more demanding conditions for the collaborative group to 
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complete the reinstatement process during recollection. These patterns might suggest that 

exposure to information by other group members not only disrupts retrieval strategies but 

also introduces some mismatches between encoding and retrieval, making recollection a more 

difficult process and requiring more active exchanges between the hippocampal and cortical 

networks in the collaborative condition compared to the nominal condition (Meyer, et al., 

2015; Staresina, & Wimber, 2019).  It is also possible that these late oscillation effects were 

continuation of the early theta effects that we interpret as the result of collaborative 

interference and that these continuation effects may extend in time when free recall is used 

(relative to cued recall). However, the fact that they differ in topography and that they 

coincide with the results of previous studies, provide support for the “more difficult 

recollection” interpretation. Future research directed at this question can shed further light on 

this interpretation.  

  These stronger effects in neural oscillations were not evident in amplitude differences 

between collaborative and nominal recall in the LPP at the same time range (600-1000 msec), 

an effect that has also been attributed to recollection. Although it is not completely clear why 

these recollection effects are not consistently present in the ERP analyses, it is not infrequent 

that responses to specific events are reflected in the oscillatory activity linked to a frequency 

that is time-locked but not phase-locked to the event, and therefore cannot be extracted by 

ERPs (Bertrand & Tallon-Baudry, 2001; Pfurtscheller & Lopes da Silva, 1999). In addition, 

ERPs are only able to capture cortical activity while oscillations mainly reflect interaction 

between brain regions and it is possible that the source of the effect lies in the need for 

stronger hippocampal-cortical interconnection that is more readily captured by analysis of 

neural oscillations (El Karoui et al., 2015). A replication of these patterns across two 

experiments in our study supports this possibility. 
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  Our third hypothesis focused on the speaker and non-speaker comparisons in the 

collaborative group where we performed ERPs and theta oscillation analyses to explore the 

processes underlying speaker and non-speaker roles. Our aim was to capture whether 

participants were still trying to retrieve information even when it was not their turn to recall 

(i.e., when the cue appeared and another group member was signaled to recall, and they were 

playing a non-speaker role). To test this question, we compared ERPs and theta oscillations 

across recall trials when group members were signaled to recall (speaker role) with when they 

were not signaled to recall (non-speaker role).  Comparison of the speaker and non-speaker 

late parietal positivity and late theta power associated with recollection indicated that 

participants in non-speaking trials were not involved in recollecting information to the same 

extent than they were in speaking trials. Thus, late theta power was larger for speakers than 

non-speakers in the two experiments, and the amplitude of the late parietal positivity 

associated with recollection was smaller for non-speakers than for speakers in Experiment 2a, 

although this difference was not evident in Experiment 2b. Overall, these effects might 

indicate that participants engaged in more recollective activity when they were actively trying 

to recall than when they were merely thinking and preparing for the next recall trial where 

they might be asked to recall.  

  This same pattern was evident when looking at EEG signals associated with 

interference (early theta power increments and N400 amplitudes). Thus, in both experiments, 

there were significant power increments for the speakers in comparison to the non-speakers, 

and larger N400 amplitudes for speakers than for non- speakers, indicating that negotiating 

interference was linked to the retrieval attempts of the speakers.  Interestingly, although 

future research is needed to uncover the fuller range of cognitive processes that the 

collaborative members engage when they are not actively recalling (but waiting for their turn 
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to recall), our results suggest that their mental processes are different from those of the 

speakers, opening a new line of inquiry and a new methodology to explore these processes.  

  One possible alternative interpretation for the differences in the EEG pattern between 

the nominal and collaborative group might be related with the different expectations of 

participants in the two groups.  In the nominal recall condition, participants are required to 

recall information on each trial, whereas in the collaborative recall condition, only cues 

signaling that it is their turn require information to be recalled. Hence it is possible that 

different EEG patterns reflect differences in expectations. However, several factors favor an 

interpretation based on memory processes over alternative attentional explanations based on 

differential expectations. First, behavioral data on collaborative inhibition has consistently 

shown that the collaborative inhibition effect depends on whether information recalled by 

collaborative members can disrupt the retrieval strategies of other group members, and not on 

the expectancies created by turn taking turn or other retrieval schedules (Basden et al., 1997; 

Thorley & Dewhurst, 2007; Weldon & Bellinger, 1997). Second, our obtained pattern of 

results closely resembled the EEG effects that are usually obtained in other standard memory 

retrieval procedures indicating that memory retrieval processes are underlying our effect. 

However, future research should seek further evidence for our interpretation drawn from 

these initial, replicated findings.   

  It could also be argued that our signaled free recall collaborative procedure does not 

capture the timing in which retrieval processes occur since participants in the collaborative 

group might retrieve information at any point during the recall phase and withhold it in 

working memory until their turn to recall is signaled. Although possible, previous 

behavioural results by Diehl and Stroebe (1987) suggest that this is not what participants do 

when having to wait for their turn to respond. In their Experiment 4, they had their 

participants brainstorming freely or wait for a signal indicating that other participants were in 
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the process of producing solutions and they had to wait for giving their response. Results 

showed a large productivity drop when participants waited for their turn, suggesting that they 

did not engage in retrieval until the moment in which they could produce their responses. In 

addition, in our Experiments 2a and 2b, comparison of the neural responses of speakers and 

non-speakers suggest that non-speakers do not retrieve information or at least they do it to a 

lesser extent than speakers when they are not required to do so. Thus, changes in ERPs and 

theta powers indicating retrieval were reduced for non-speakers relative to speakers. Future 

experiments should clarify these points further by additionally showing that conditions that 

usually affect collaborative retrieval would also modulate our behavioral and neural indices.    

  In sum, results of our three experiments provide novel evidence regarding the 

neurocognitive mechanisms associated with the collaborative inhibition effect in group recall. 

This neural evidence is anchored on consistent replications of the behavioral effects of 

collaboration inhibition as well as replications of the neural patterns as well. The patterns of 

neural activity taken together suggest that during collaborative recall increments in negativity 

at 400-600 msec (N400) and increments in theta power (0-500 msec) at short intervals are 

associated with strategy disruption. These neural signals were accompanied at longer 

intervals by increments in theta power during collaborative recall likely linked to more 

demanding processing during collaborative recollection. In addition, comparisons of critical 

ERPs and theta power for speakers and non-speakers allowed us to assess differences that are 

not possible to detect from behavioural data. Our results indicated that participants in non-

speaking trials do not engage in processes leading to recollection to the same extent than they 

do when they are trying to recall in speaker trials.  

Finally, our EEG analyses also provide insights into the ERPs components and neural 

oscillations associated with recollection in free recall procedures, thus providing further 

evidence for the retrieval models (Staresina & Wimber, 2019) that highlight the central role 
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of theta oscillations in reinstatement of information for recollection. Research presented in 

this article provides a new methodological preparation and a set of novel foundational 

findings on the neural mechanisms of collaborative recall to guide future research on 

questions motivated by our findings. These questions may include collaborative conditions 

where the experimental set up induces participants to use similar retrieval strategies or where 

these strategies do not play an important role during retrieval (Bachrach, et al., 2019) opening 

a new window for understanding collaborative memory.   
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     Appendix 

Significant Electrode Clusters in each Hypothesis 
Hypothesis 1: Nominal versus Collaborative recall (Short interval) 

 Experiment 2a Experiment 2b 

N400: 
400-600 msec 

FCZ,FC4,CZ,C4,CPZ,CP4, 
PZ,P4,OZ,PO1 FZ,FCZ,F4,CZ,C4,CP4,PZ,P4,PO2 

Theta power: 
0-500 msec 

FP1,FP2,F7,FZ,F4,FT7,FCZ, 
FC4,C3,CZ,C4,CP3,CPZ,CP4, 
P3,PZ,P4,O1,O2,PO1,FT8,O2 

F3,FZ,F4,F8,FT7,FC3,FCZ,FC4, 
T8,C3,CZ,C4,TP7,CP3,CPZ,CP4, 

P3,PZ,P4,PO1,PO2,TP8 

Hypothesis 2: Nominal versus Collaborative recall (Long interval) 

 Experiment 2a Experiment 2b 

LPP:  
600-1000 msec n.s. n.s. 

Theta power: 
500-1000 msec 

1) FT7,FC3,FCZ,C3,F3  
2) OZ,O2, PO2 

F3,F4,F8,FT7,FC3, 
FCZ,FC4,FT8,C3 

Hypothesis 3:Speaker versus Non-speaker (Short interval) 

 Experiment 2a Experiment 2b 

N400:  
400-600 msec 

FCZ,FC4,C3,CZ,C4,CP3,CPZ, 
CZ,P4,P3,PZ,P4,OZ,PO1,PO2 

C3,CP3,CPZ,CP4,P3,PZ, 
P4,O1,OZ,PO1,PO2 

Theta power: 
0-500 msec 

FP1,FP2,F7,FZ,F4,F8,FT7,FC3, 
C3,CZ,C4,P7,CP3,CPZ,CP4,TP8, 

P3,PZ,P4,O1,OZ,O2,PO1,F3, 
FT8,PO2 

FP1,FP2,F7,F3,FZ,F4,F8, 
FT7,FC3,FCZ,FC4,FT8,C3, 

CZ,C4,TP7,CP3,CPZ,CP4,P3, 
PZ,P4,O1,OZ,O2,PO1,PO2 

Hypothesis 3: Speaker versus Non-speaker (Long interval) 

 Experiment 2a Experiment 2b 

LPP:  
600-1000 msec CPZ,CP4,PZ,P4,O2,PO2 n.s. 

Theta power: 
500-1000 msec P3,O1,OZ,O2,PO1,PO2 FP1,F7,F3,FZ,F4,F8,FT7,FC3,C4, 

FT8,C3,P4,OZ,O2,PO2,TP8 
 

Note. n.s. = not significant (cluster analysis has not revealed significant spatial groupings that 
show positive effects in this condition) 


