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A B S T R A C T

Temporal Binding (TB) refers to the subjective compression of time between an action and its outcome. While TB 
has been demonstrated across various paradigms, questions remain about its methodological reliability, 
particularly in online settings where technical control is limited. The present study examined whether two 
common interval judgement methods, estimation and replication, yield comparable TB effects when imple
mented online and whether either method is differentially sensitive to social contextual framing.

In Experiment 1, participants judged action-effect intervals using estimation or replication, across action- 
reaction and observation conditions. Results revealed that the two methods produced different and often 
opposing patterns of results across action-effect intervals.

Experiment 2 introduced a minimal social manipulation in which participants were led to believe that a 
previous participant generated interval outcomes. Again, method-specific patterns emerged, depending on 
different action-effect intervals.

These findings raise concerns about the robustness of TB effects as measured in online environments. The 
observed divergences across methods suggest that interval judgement paradigms may be highly sensitive to 
procedural and contextual factors. We suggest that TB effects obtained through online interval estimation or 
replication should be interpreted with caution, as the presence or absence of a TB effect may be due to the 
specific method used or the presented action-effect intervals.

1. Introduction

Temporal Binding refers to the perceived compression of time be
tween a voluntary action and its sensory consequence (Borhani et al., 
2017; Buehner, 2012a; Haggard et al., 2002; Majchrowicz & Wierzchoń, 
2018). This compression is attributed to shifts in the perceived timing of 
the action (action shift), the outcome (outcome shift), or both (Libet, 
2002; Tanaka et al., 2019). Unlike Intentional Binding, which pre
supposes that the action must be intentional, Temporal Binding requires 
only a perceived causal link between the action and its effect (Buehner, 
2015; Moore & Obhi, 2012). This broader conceptualisation has sup
ported its widespread use in studies of causality, perception and Sense of 
Agency across both social and nonsocial domains.

Despite its broad applicability, findings from Temporal Binding 
studies vary considerably. Some research reports stronger binding at 
shorter action-effect intervals (e.g., Haggard et al., 2002; Ruess et al., 
2018), whereas other studies observed increased binding at longer in
tervals (e.g., Dewey & Knoblich, 2014; Humphreys & Buehner, 2009; 

Wen et al., 2015). These discrepancies raise concerns about the mea
surement reliability of Temporal Binding, potentially arising from 
methodological differences such as the specific intervals tested and the 
way perceived duration is measured (e.g., Ivanof et al., 2022; Siebertz & 
Jansen, 2022; Silver et al., 2025). For example, in Libet-style paradigms 
in which participants have to report where the dial of a clock was when 
they initiated an action or experienced an effect, clock speed has been 
shown to modulate binding (Ivanof et al., 2022), and action and 
outcome shifts have been found to be uncorrelated, suggesting different 
underlying mechanisms (Siebertz & Jansen, 2022; Tonn et al., 2021).

These concerns are especially relevant in online settings, where re
searchers have less control over factors such as screen refresh rates, 
input lag, and potential distractions in participants’ environments 
(Anwyl-Irvine et al., 2021; Barbosa et al., 2023). Such variability pre
sents particular challenges for studies investigating time-sensitive con
structs like Temporal Binding, which depend on the precise perception 
and reporting of temporal intervals. Several studies have demonstrated 
that Temporal Binding effects can be reliably observed in uncontrolled 
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online environments, suggesting that web-based methods are viable 
(Cubillaset al., 2020; Flanagan et al., 2025; Galang et al., 2021; Le et al., 
2026). However, they also highlighted that variability in hardware and 
software can influence the magnitude of binding effects, underscoring 
the importance of careful experimental design and timing control. Wider 
empirical evidence increasingly supports the viability of online methods 
for measuring a range of cognitive phenomena. Studies have shown that 
performance on tasks involving reaction time, attention, and temporal 
estimation is largely comparable between online and laboratory set
tings, provided that appropriate methodological safeguards are in place 
(Anwyl-Irvine et al., 2021; Germine et al., 2012). These safeguards 
include pre-screening for device compatibility, the use of browser-based 
calibration routines, implementing attention and compliance checks, 
and excluding participants based on timing irregularities or response 
latency distributions (Barbosa et al., 2023; Uittenhove et al., 2023). 
Although data collected online may show greater variability in timing 
precision due to uncontrolled hardware and environmental factors, ef
fect sizes and internal consistency often remain comparable to those 
observed in laboratory settings (Germine et al., 2012; Uittenhove et al., 
2023). Importantly, researchers may need to increase sample sizes to 
maintain statistical power when testing online, due to slightly elevated 
noise in response data (Barbosa et al., 2023). These findings suggest that 
while online platforms introduce specific challenges, well-designed 
studies can still yield reliable results. For paradigms such as Temporal 
Binding, which are highly sensitive to small perceptual differences in 
time, ongoing validation in web-based contexts remains essential.

The specific method used to assess perceived duration may, in itself, 
influence binding effects. Two widely used approaches are interval 
estimation and interval replication. Estimation involves reporting the 
perceived duration using a keyboard response, verbal report, or a visual 
analogue scale (Cravo et al., 2013; Imaizumi & Tanno, 2019; Vogel 
et al., 2021). Replication requires participants to reproduce the interval 
by initiating and terminating an action that matches the perceived 
duration (Stephenson et al., 2018). These methods impose different 
cognitive and motor demands. Replication may be affected by motor 
planning and execution constraints, especially for shorter intervals, 
which can artificially inflate binding effects (Gilden et al., 1995). Esti
mation, in contrast, can be performed without temporal pressure and 
may therefore be less susceptible to these confounds.

Despite these methodological differences, studies often compare 
Temporal Binding findings across estimation and replication paradigms 
without considering how the measurement method might influence re
sults. This is particularly problematic in studies of Social Agency, where 
Temporal Binding effects are often interpreted in light of differences 
between social and nonsocial conditions. For instance, Vogel et al. 
(2021, 2022) reported enhanced binding in social conditions but noted 
that extremely short intervals may approach the perceived limits of 
human response speed, potentially constraining the magnitude of 
binding.

The impact of the above described factors on temporal binding may 
differentially manifest depending on the method used. Temporal Bind
ing studies typically do not consider absolute amounts of subjective time 
compression, but compare the relative time compression between 
different conditions of interest. This means that between studies and 
sometimes within a study, it is not always easy or possible to assess the 
reliability of the method used and it is not always clear whether a 
Temporal Binding difference between conditions is a consequence of the 
method used, since usually only one method is being used in the first 
place.

The present study investigates whether estimation and replication 
measures produce comparable Temporal Binding effects when imple
mented online, and whether they do so consistently over a large number 
of action-effect intervals. In the first experiment, we addressed the 
typical comparison for Temporal Binding studies, comparing a condition 
in which a participant’s action produces an effect, with a condition in 
which the participant observes an action and its effect. We tested 

whether estimation and replication yield similar Temporal Binding 
patterns across different action-effect intervals when intervals were 
merely observed or initiated. In the second experiment, building on 
previous research into Temporal Binding in social contexts (Pfister et al., 
2014; Silver et al., 2025; Vogel et al., 2021; 2022), we assessed whether 
introducing a minimal social context, by presenting the effect as a pre- 
recorded human response, produces a modulation of Temporal Bind
ing and whether this effect depends on the measurement method.

The purpose of this research is not to determine which method is 
superior but rather to examine whether different measurement tech
niques yield consistent results or whether the methods interact with the 
target effects (observation/action or nonsocial/social). Observing dif
ferences in sensitivity between estimation and replication would suggest 
that online Temporal Binding effects are highly method-dependent. 
Such a finding would have implications for the interpretation of on
line Temporal Binding modulation.

2. General method

We conducted two experiments where the parameters of an interval 
judgement task were systematically manipulated. Experiment 1 exam
ined replication and estimation measurement methods in an interval 
judgement task, comparing the relative sensitivity of each measurement 
to Temporal Binding effects expressed as the difference between 
executed action-effect intervals and observed action-effect intervals. 
Experiment 1 was entirely nonsocial. Experiment 2 investigated the 
sensitivity of each measurement to social-nonsocial differences using 
online protocols. It introduced a deceptive social element: participants 
in the social conditions believed that the response to their action or the 
observed interval was created by a previous participant. It did not 
include an observation (control) condition, as it was primarily interested 
in the social-nonsocial difference. Methods common to both experiments 
are described first, and the specifics of each experiment follow.

2.1. Materials and apparatus

The experiments were conducted online through the Testable 
behavioural research platform (Rezlescu et al., 2020; see Bridges et al., 
2020 for timing accuracy compared to other platforms). Testable audi
ence settings were restricted to those using desktop or laptop computers 
only, not phones or tablets. The operating system, web browser, and 
screen size were not controlled.

The stimuli used throughout the study were a schematic ‘hand’ above 
a ‘button’. The ‘hand’ was a solid black hand icon ending at the wrist 
with only the index finger extended and pointing directly downwards, 
and all other fingers curled into the palm. The tip of the index finger 
always touched the top middle point of the ‘button’. The ‘button’ was 
made from two coloured rectangles. The base of the ‘button’ was a short, 
wide black rectangle. The ‘button’ itself was a narrower, taller coloured 
rectangle, either green or blue contingent on trial sequence parameters 
(see Fig. 1). The blue ‘button’ was also depicted as ‘pressed’ by reducing 
the height of the rectangle by half.

2.2. Procedure

The experiments began with the Testable in-built calibration pro
cedure. Then, participants were asked to read and complete on-screen 
instructions and demographic data questions (i.e., age, gender). They 
then completed 5 practice trials, followed by 60 experimental trials of 
whichever measurement method participants were assigned to. Experi
mental trials were presented with interval duration randomised. There 
were 2 break opportunities, after 20 and 40 trials. Practice trials fol
lowed the same stimuli/action sequence as experimental trials (see 
Fig. 1), and the intervals tested were sampled from the 7 in the main 
experiment; the shortest and longest intervals were always presented, 
and the other three were sampled at random from the rest of the 
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durations. Demographic data were once again collected, and partici
pants were asked an open-text box question to describe the task they had 
just completed; both served as attention checks (Buchanan & Scofield, 
2018).

The observation trial sequence (Fig. 1, panel a) started with the hand 
and blue button presented at the centre of the screen. 500 ms later, the 
button was pressed by the hand for 200 ms. After a variable interval 
(200–2600 ms, 400 ms increments; 7 durations total), the button turned 
green for 200 ms, returning to blue for a further 500 ms. Finally, 
depending on the condition, the replication or estimation task in
structions were displayed until response. Estimation instructions for the 
observation condition were ‘Using the number keys, state (in millisec
onds from 0− 3000) how long you estimate the interval between the 
button push and green flash’. Replication instructions for the observa
tion condition were ‘Press the SPACE key twice, replicating the time 
interval between the button push and green flash’. The action-reaction 
trial sequence (panel b) started in the same way as the observation 
condition. Participants were asked to push the SPACE key (as per on- 
screen instructions prior to trial start) at a time of their choosing. 
After a variable interval (same intervals as the observation condition 

above) the blue on-screen button was ‘pressed’ for 200 ms, returning to 
its original position for a further 500 ms before the task instructions. For 
the action-reaction condition, replication instructions were ‘Press the 
SPACE key twice, replicating the interval between your button push and 
the button push on-screen’ for the action-reaction condition, and esti
mation instructions were ‘Using the number keys, state (in milliseconds 
from 0− 3000) how long you estimate the interval between your space 
key push and the button push on-screen’. Instructions were displayed 
until response.

3. Experiment 1

This experiment aimed to investigate whether replicating or esti
mating interval durations revealed different sensitivities to typical 
Temporal Binding effects, i.e., the difference between a condition where 
participants actively cause an effect, versus a condition where partici
pants merely observe an action and an effect without active involvement 
(Buehner & Humphreys, 2009; Dewey & Knoblich, 2014; Haggard et al., 
2002; Ruess et al., 2018).

Fig. 1. Trial sequences for the observational (panel a) and action-reaction (panel b) conditions of the interval judgement paradigm.
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3.1. Method

3.1.1. Participants
210 participants (134 females, age 18–32 years; mean age = 23.2) 

were recruited either through Prolific (Prolific.com) or from among 
psychology undergraduate students registered on the University of 
Aberdeen’s SONA Systems. Participants by condition: estimation/ac
tion-reaction = 47, replication/action-reaction = 58, estimation/ 
observation = 56, replication/observation = 49. Sample size was 
determined as roughly 40 participants for each of the 4 groups (see 3.1.2 
Design). The Method × Action effect we wanted to investigate was not 
studied before, nor did we, in fact anticipate an effect of any particular 
size. Taking into account flaws of on-line data collection, we aimed for 
4x50 = 200 participants.

Participants’ data were rejected if they responded incorrectly on 
more than one attention check question (7 participants rejected prior to 
reaching the 210 participants above). Participants were either reim
bursed or received course credit for their time. Written informed consent 
was obtained. The study was approved by the Psychology Ethics Com
mittee, University of Aberdeen.

3.1.2. Design
The experiment used a 2 × 2 × 7 mixed design with two between- 

subjects factors of ‘Method’ (replication/estimation) and ‘Action’ (ac
tion-reaction/observation), and one within-subjects factor of ‘Interval 
Duration’ (200–2600 ms in 400 ms increments; 7 conditions total). 
Method and Action were tested in independent samples to keep the 
experiment within a reasonable duration for an online experiment and 
to avoid contamination between methods.

3.2. Statistical analysis

3.2.1. Outlier detection and exclusion criteria for participant-wise and trial- 
wise measures

First, any participant whose median response was less than 500 ms 
was excluded (39 participants excluded; 171 participants remaining). 
This hard criterion was implemented first to prevent participants not 
actively performing the task from skewing the other exclusion criteria. 
Then, participants for whom the correlation coefficient between the to- 
be-judged intervals and the corresponding interval estimations or rep
lications were more than 2.5 absolute deviations from the group median 
correlation coefficient were excluded (median correlation coefficient for 
estimation = 0.856, for replication = 0.851; MAD; b = 1.4826; Leys 
et al., 2013) (31 participants excluded; 140 participants remaining). 
This ensured that participants included in the analysis had engaged with 
the task. Next, individual trials where the percentage response (i.e., 
estimate/interval × 100) was more than 2.5 absolute deviations from 
the median percentage response across all trials (median percentage 
response = 101%) were excluded (MAD; b = 1.4826; Leys et al., 2013) 
(8.1% of trials excluded). This conservatively removed response out
liers. Finally, if any participant had more than 25% of their trials 
removed by the trial-wise criterion, they were excluded entirely from 
analyses (a further 4 participants were excluded). Participants included 
in the analysis after all exclusions were: 136 (96 females; 18 – 30 years; 
mean age = 24.4). Remaining participants after exclusions by condition: 
estimation/action-reaction = 26, replication/action-reaction = 35, 
estimation/observation = 38, replication/observation = 37.

3.2.2. Mixed linear Modelling: Fixed and random effect structure
Data were analysed using Mixed Linear Modelling (MLM; Kliegl 

et al., 2012). The fixed effects included in the MLM were as follows: 
categorical fixed effects of ‘Method’ and ‘Action’ with Helmert contrast 
coding, and a continuous fixed effect of ‘Interval Duration’ (200–2600 
ms), which was centred and scaled using the base R scale function 
(‘Interval_Scaled’; R Core Team, 2019) and wrapped in the poly function 
from the stats package (R Core Team, 2019), which fits polynomials up 

to degree 2 to scrutinise both linear and quadratic effects. ‘Participant’ 
was included in the MLM as a random effect; as ‘interval’ was a within- 
subject factor, it was important to include Participant to account for any 
individual differences within groups. The MLM was built using the lmer 
function of the lme4 package (Bates, Mächler, Bolker, & Walker, 2015) 
in the R Studio integrated development environment (Posit team, 2025); 
ggplot2 (Wickham, 2016) was used for plotting data.

The maximal MLM was used for analysis (Barr et al., 2013). Lmer 
(Bates et al., 2015) syntax of the maximal model is shown below: 

lmer (Percentage_Binding ~ 1 + poly(Interval_Scaled, 2) * Method * Action 
+ (1 + Interval_Scaled | Participant), control = lmerControl (optimizer =
“bobyqa”))                                                                                          

p-values for fixed effects within the MLM were generated using the 
summary function of base R (R Core Team, 2019) using Satterthwaite’s 
method.

3.3. Results

This experiment aimed to investigate whether the two methods used 
to assess Temporal Binding differed in their ability to detect differences 
between a condition where participants actively cause an effect, and a 
condition where participants merely observe an action and an effect 
without active involvement. As such, the interaction between the 
Method and Action variables is of crucial interest, potentially depending 
on Interval.

The results are depicted in Fig. 2, and the output of the MLM is shown 
in Table 1. There was a linear main effect of Interval, which was qual
ified by an interaction with Method, with replication showing a down
ward trend, and estimation an upward trend as interval durations 
increased. There was also a quadratic Interval × Method interaction, 
with both replication and estimation slopes flattening out towards 
longer intervals, but mirroring each other. There was a quadratic In
terval × Action interaction, with action-reaction curves starting steeper 
and curving more than observation curves.

Crucially, there was a quadratic Interval × Method × Action inter
action, suggesting that across various intervals, the observed difference 
between action-reaction and observation groups depends on the method 
through which they assessed interval duration.

Follow-up MLMs were run on the replication and estimation condi
tions separately to establish if they exhibited linear and/or quadratic 
trends across intervals. The replication condition showed both a linear, 
β = -1175.300, SE = 60.51, t = -19.42, p = 0<.001, and positive 
quadratic, β = 406.31, SE = 26.69, t = 15.23, p = 0<.001, main effect of 
Interval on replications. The estimation condition showed both a linear 
β = 228.943, SE = 109.17, t = 61.23, p = 0.040, and negative quadratic, 
β = -437.88, SE = 34.51, t = -12.69, p = 0<.001, main effect of Interval 
on estimations.

Of interest for our core hypothesis, we carried out follow-up 2x2 
Analyses of Variance (ANOVAs) for the variables Method and Action for 
each interval duration to investigate the 3-way Interval × Method ×
Action interaction; significance was adjusted for 7 comparisons using 
the Bonferroni-Holm method (Holm, 1979). Table 2 lists the Method ×
Action interactions, which were significant at the 200, 1000, 1400, 1800 
and 2200 ms interval durations. In addition, there was a main effect of 
Action in the 1400 (Sum Sq = 11502, F Value = 9.60, p = 0.002), 1800 
(Sum Sq = 4789, F Value = 5.39, p = 0.020) and 2600 ms (Sum Sq =
2552, F Value = 5.22, p = 0.023) interval durations.

3.4. Discussion

Experiment 1 showed that, at least in an online setting, detecting 
Temporal Binding effects (i.e., action-reaction vs observation condition 
differences, henceforth denoted ‘Action’) depended on the measurement 
method used (i.e., interval replication vs estimation) and varied across 
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action-effect interval durations. As it cannot be concluded which mea
surement method’s sensitivity is more reliable, this brings into question 
the online use of the Temporal Binding method in general. Analyses of 
the effect of Action within each method showed that while estimation 

was sensitive to the Action manipulation at the midmost intervals (1000, 
1400, 1800 ms), for replication, in contrast, this was only observed at 
200 ms.

Further caution is needed as all these effects were in the opposite 
direction from what was expected: observation eliciting shorter interval 
judgements than action-reaction. One would expect intervals to be 
judged as longer in the observation condition, compared with the action- 
reaction condition. The most obvious reason for this is that the to-be- 
judged interval in the observation condition was inherently shorter 
than that of the action-reaction condition. When observing an instant 
on-screen action initiation (i.e., single frame stimulus change), followed 
by an instant on-screen reaction, there is no ambiguity as to when the 
start and end of the interval is. In contrast, in the action condition, the 
participant initiates their hand and finger movement to perform the key 
press before the actual interval trigger is recorded (i.e., the button 
press). As a consequence, exactly when participants perceive the interval 
as having started is necessarily fuzzy and unknown. It is plausible that 
participants perceive the interval as having commenced when they 
decided to act, when they initiated movement, or when they pressed the 
button. The first two would make the perceived interval longer than the 
recorded interval and work against any recorded action-reaction time 

Fig. 2. Temporal Binding (%change relative to presented intervals) plotted as a function of interval for estimation (solid line), replication (dashed line), action- 
reaction (red) and observation (green) conditions. Error bars represent 95% confidence intervals. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Table 1 
Results of the Mixed Linear Model to predict Temporal Binding in Experiment 1. 
Significant predictors are highlighted in bold.

Fixed Effect b SE df t p

Intercept 0.68 1.65 131.52 0.41 0.680
Interval (linear) ¡665.86 86.49 131.80 ¡7.70 <0.001
Interval 

(quadratic)
–33.81 30.76 10813.71 − 1.10 0.272

Method − 3.52 3.30 131.52 − 1.07 0.288
Action 3.00 3.30 131.52 0.91 0.365
Interval (linear) 
× Method

1962.28 172.98 131.80 11.34 <0.001

Interval 
(quadratic) ×
Method

¡1202.07 61.52 10813.71 ¡19.54 <0.001

Interval (linear) ×
Action

38.00 172.98 131.80 0.22 0.826

Interval 
(quadratic) ×
Action

¡132.51 61.52 10813.71 ¡2.15 0.031

Method × Action 5.66 6.60 131.52 0.86 0.393
Interval (linear) ×

Method × Action
476.60 345.96 131.80 1.38 0.171

Interval 
(quadratic) ×
Method ×
Action

¡1065.28 123.04 10813.71 ¡8.66 <0.001

Random Effect ​ Element Variance SD Corr.
Participant ​ Intercept 350.4 18.72 ​
​ ​ Interval 78.9 8.88 − 0.40

Note: to check for robustness, the above analysis was also executed with 
different exclusion criteria (median = 400 ms and 3 × MAD), which yielded 
comparable outcomes.

Table 2 
Results of the follow-up ANOVAs scrutinising the Method × Action interaction 
for each interval duration. Bonferroni-Holm adjusted significance is denoted by 
bold font.

Interval Sum Sq F Value p

200 34346 17.74 <0.001
600 44 0.02 0.887

1000 38,390 23.07 <0.001
1400 20552 17.15 <0.001
1800 9941 11.20 <0.001
2200 5354 8.27 0.004
2600 267 0.55 0.460
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compression. In hindsight, a more appropriate observation condition 
would have had a button press animation start the action-reaction in
terval, introducing movement and therefore an extended period of time 
before the moment the on-screen button is pressed.

Despite this flaw, and hence the absence of typical Temporal Binding 
(“Action”) effects in the predicted direction, what is important is that the 
same observation condition was used for all methods and intervals, and 
hence the conclusion holds that the observed Action effect depends 
crucially on the method used to evaluate time intervals. Even if one 
assumes that both methods’ observation groups would, given an 
extended interval initiation such as a hand movement animation, judge 
those intervals as longer, the result might be an absence of Action effect 
with estimation and a clear effect of Action (in the expected direction) 
with replication, which would still reflect an important disparity be
tween methods. Still, it cannot be ruled out that a different, more 
appropriate control condition might have a different effect depending on 
the method used. For example, showing a longer video to initiate the 
action could lessen differences in interval estimation while leaving 
replication largely unaffected, or affecting it to a smaller extent. As the 
results diverge widely between methods, it is impossible to tell.

There was a pronounced over-replication of the shortest interval 
(200 ms), which was also reported by Silver et al. (2025), where repli
cation responses to short intervals were similarly inflated. Such over- 
replication is likely due to the difficulty in accurately reproducing 
such brief durations. Replication involves not just perceptual evaluation 
but also the initiation and termination of a motor response, which in
troduces a fixed motor delay (Gilden et al., 1995). This delay dispro
portionately affects shorter intervals and may reflect interference with 
internal timing mechanisms such as the Internal Clock (a neural pacing 
signal), which is sensitive to both stimulation and motor activity (Wenke 
and Haggard, 2009). Such over-replication could alternatively, or in 
addition, be due to Vierordt’s Law, leading to over-replicating shortest 
intervals and under-replicating longest intervals in any given duration 
range (Glasauer & Shi, 2021) Overall, as durations increased, replica
tions shortened in comparison to the to-be-judged interval. As predicted, 
this trend was not found when intervals were estimated. Estimations 
were shorter than the to-be-judged intervals at either end of the interval 
range (200, 600 and 2600 ms) and longer than the to-be-judged intervals 
1400 – 1800 ms. Temporal Binding studies in extant literature rarely test 
such a comprehensive range of action-effect intervals (there are excep
tions, see Humphreys & Buehner, 2009). Tentatively, the trend for in
terval replication is in line with Dewey and Knoblich (2014). 
Participants in that study replicated intervals of 200, 400 and 1200 ms; 
replication durations proportionally were compressed more as interval 
duration increased. Conversely, the trend for interval estimation con
tradicts those of extant literature. Humphreys and Buehner (2009) also 
report nonsocial Temporal Binding effects that increase as interval du
rations increase with comparable durations to the current study (0 – 
2000 ms) using an estimation method, and Vogel et al. (2021, 2022) 
report proportionally shorter estimations at 700 ms than 400 ms, for 
social and nonsocial conditions alike. In contrast, estimation results 
show that between 200 ms and 1400 ms, there is progressively less time 
compression, whereas over all durations, there is no linear trend.

4. Experiment 2

Experiment 2 was similar to Experiment 1 but investigated whether 
different measurement methods exhibited different sensitivity to a 
conservative social-nonsocial context manipulation, which typically 
yields stronger Temporal Binding in the social context (Silver et al., 
2025; Vogel et al., 2021; 2022). To this end, a ‘social’ condition was 
introduced where participants were told that the reactions to their ac
tions were pre-recorded from a previous participant. This new conser
vatively social condition would be analysed against the nonsocial 
action-reaction condition from Experiment 1. As results from Experi
ment 1 demonstrated that the observation condition was potentially 

flawed and hence the effect of Action difficult to interpret, the decision 
was made to exclude the observation condition from Experiment 2. This 
allowed us, as in Silver et al. (2025) Experiment 1, to focus solely on the 
relative comparison of social vs nonsocial conditions across intervals, as 
in Experiment 1.

4.1. Method

4.1.1. Participants
206 participants (112 females, age 18–38 years; mean age = 22.1) 

were recruited from among psychology undergraduate students regis
tered on the University of Aberdeen’s SONA Systems. Participants by 
condition: nonsocial/estimation = 47, nonsocial/replication = 58, so
cial/estimation = 57, social/replication = 44. This experiment was run 
in parallel to Experiment 1, hence we could not use Experiment 1′s effect 
size to guide sample size. Instead, we applied the same logic as for 
Experiment 1, aiming for roughly 4 × 50 = 200 participants.

Participants’ data were excluded if they responded incorrectly on 
more than one attention check question (4 participants were rejected 
prior to reaching the 206 participants above). Participants were reim
bursed monetarily or with course credits for their time. Written 
informed consent was obtained from all participants. The study was 
approved by the Psychology Ethics Committee, University of Aberdeen.

4.1.2. Design
Experiment 2 used a 2 × 2 × 7 mixed design with two between- 

subjects factors of ‘Socialness’ (social/nonsocial) and ‘Method’ (esti
mation/replication), and one within-subjects factor of ‘Interval Dura
tion’ (200–2600 ms in 400 ms increments; 7 conditions total).

4.1.3. Procedure
The procedure was the same as described in General Methods, with 

one additional element: in the social condition, participants were told 
that the reactions to their actions were pre-recorded from a previous 
participant. They were informed that the previous participant had been 
instructed to react to a ‘go’ signal at a time of their choosing. This in
formation was included in the task instructions before practice trials.

4.2. Statistical analysis

4.2.1. Outlier detection and exclusion criteria
Outlier detection and exclusion criteria were as in Experiment 1. 42 

participants were excluded for having median responses less than 500 
ms. 30 further participants were excluded because their interval/ 
response correlation coefficients were more than 2.5 times the MAD 
condition correlation coefficient (median correlation coefficient, esti
mation = 0.863, replication = 0.849). 7.4% of trials were removed 
because their percentage response (estimate/interval x 100) was more 
than 2.5 times the MAD of the overall median percentage response 
(median percentage response = 103%). Finally, another 5 participants 
were excluded as more than 25% of their trials had to be excluded using 
the trial-wise exclusion criterion mentioned above. One hundred and 
twenty-nine participants (83 females; 18 – 36 years; mean age = 22.1) 
were included in the analysis after all exclusions were applied in 
Experiment 2. Remaining participants after exclusions by condition: 
nonsocial/estimation = 26, nonsocial/replication = 35, social/estima
tion = 34, social/replication = 34.

4.2.2. MLM: Fixed and random effect structure
The fixed effects included in the MLM were as follows: categorical 

fixed effects of ‘Socialness’ and ‘Method’ with Helmert contrast coding, 
and a continuous fixed effect of ‘Interval Duration’ (200–2600 ms), which 
was centred and scaled and wrapped in the poly function, which fits 
polynomials up to degree 2 to scrutinise both linear and quadratic ef
fects. ‘Participant’ was included in the MLM as a random effect, as in 
Experiment 1.
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The maximal MLM was used for analysis (Barr et al., 2013). lmer 
(Bates et al., 2015) syntax of the maximal model for Experiment 2 is 
shown below: 

lmer (Percentage_Binding ~ 1 + poly(Interval_Scaled, 2) * Socialness * 
Method + (1 + Interval_Scaled | Participant), control = lmerControl (opti
mizer = “bobyqa”))                                                                             

4.3. Results

This experiment aimed to investigate whether the methods used to 
assess Temporal Binding are differentially sensitive to the socialness 
effect. As such, a Method × Socialness interaction is of crucial interest, 
potentially depending on Interval.

The results are depicted in Fig. 3 (data are available at https://osf. 
io/ahf4q/), and the output of the MLM is shown in Table 3. There was 
a linear main effect of Interval on Temporal Binding, which was quali
fied by an interaction with Method, replication showing a downward 
trend, estimation not. There was also a quadratic Interval × Method 
interaction, with the replication slope curving and flattening out to
wards longer intervals, curving from lesser to greater binding, estima
tion curving quadratically, with the least binding at midmost intervals. 
Crucially, there was a quadratic Interval × Method × Socialness 3-way 
interaction. This suggests that across various intervals, the observed 
difference between social and nonsocial groups depends on the interval 
judgement method used.

Follow-up MLMs were run on the replication and estimation condi
tions separately to establish if they exhibited linear and/or quadratic 
trends across intervals. The replication condition had both a linear, β =
-1195.98, SE = 61.15, t = -19.56, p = 0<.001, and quadratic, β =
424.90, SE = 27.34, t = 15.54, p = 0<.001, main effect of Interval. The 
estimation condition had an inversely signed quadratic, β = -465.47, SE 
= 36.44, t = -12.77, p = 0<.001, main effect of Interval.

Follow-up 2x2 Analyses of Variance (ANOVAs) for the variables 
Method and Socialness were carried out for each interval duration to 
investigate the 3-way Interval × Method × Socialness interaction; 

Fig. 3. Temporal Binding (% binding difference) plotted as a function of interval for estimation (solid line), replication (dashed line), nonsocial (red) and social 
(green) conditions. Error bars represent 95% confidence intervals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Table 3 
Results of the Mixed Linear Model to predict Temporal Binding in Experiment 2. 
Significant predictors are highlighted in bold.

Fixed Effect b SE df t p

Intercept 1.68 1.83 124.55 0.91 0.363
Interval (linear) ¡729.85 92.05 124.82 ¡7.93 <0.001
Interval 

(quadratic)
− 42.81 32.08 10447.89 − 1.34 0.182

Method − 1.72 3.67 124.55 − 0.47 0.640
Socialness 1.07 3.67 1242.55 0.29 0.772
Interval (linear) 
× Method

1903.10 184.10 124.82 10.34 <0.001

Interval 
(quadratic) ×
Method

¡1270.61 64.17 10447.89 ¡19.80 <0.001

Interval (linear) ×
Socialness

175.70 184.10 124.82 0.95 0.342

Interval 
(quadratic) ×
Socialness

− 122.01 64.16 10447.89 − 1.75 0.081

Method ×
Socialness

1.27 7.33 124.55 0.17 0.863

Interval (linear) ×
Method

518.60 368.20 124.82 1.41 0.162

Interval 
(quadratic) ×
Method ×
Socialness

¡904.42 128.33 10447.89 ¡7.05 <0.001

Random Effect ​ Element Variance SD Corr.
Participant ​ Intercept 414.92 20.37 ​
​ ​ Interval 88.83 9.43 − 0.54

Note: to check for robustness, the above analysis was also executed with 
different exclusion criteria (median = 400 ms and 3 × MAD), which yielded 
comparable outcomes.
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significance was adjusted for 7 comparisons using the Bonferroni-Holm 
method (Holm, 1979). Table 4 lists the Method × Socialness in
teractions, which were significant at the 200 and 1400 ms interval du
rations. Of note, in the follow-up ANOVA for 1800 ms there was a main 
effect of Socialness, Sum Sq = 6089, F Value = 6.78, p = 0.009. This was 
the only main effect of Socialness across interval duration ANOVAs.

4.4. Discussion

Experiment 2 showed that reliably detecting social-nonsocial dif
ferences in Temporal Binding effects differed between measurement 
methods and varied across action-effect interval durations. Measure
ment methods were differentially sensitive to the social-nonsocial dif
ferences at 200 and 1400 ms interval durations. While at durations of 
1000 ms and longer, the estimated intervals were numerically lower in 
the social than in the nonsocial condition (in line with Vogel et al., 2022; 
Vogel et al., 2021), conservative follow-up tests revealed that there was 
only a main effect of Socialness at 1800 ms.

A key limitation in interpreting these findings lies in the nature of the 
social manipulation used. Although the experiments were intentionally 
conducted online to evaluate the feasibility of detecting Temporal 
Binding effects in uncontrolled settings, the implementation of the social 
condition relied solely on a cover story. Participants were informed that 
the outcomes were pre-recorded responses from previous participants, 
but no direct or interactive social engagement occurred. As such, the 
manipulation should be considered a minimal or conservative test of 
social context. That method-specific differences were still observed 
suggests some sensitivity to this framing, but these results should not be 
taken as definitive evidence for or against a Socialness effect. Rather, the 
findings highlight the difficulty of isolating genuine binding effects from 
methodological influences in online paradigms, particularly when 
measuring perceived interval durations using different techniques.

5. General discussion

Two experiments investigated whether Temporal Binding effects can 
be robustly detected in online environments and whether these effects 
depend on the measurement method used. Across both experiments, 
estimation and replication methods revealed diverging patterns of 
Temporal Binding, with effects varying in both magnitude and direction 
depending on the interval duration and the manipulation. This diver
gence was not merely a matter of degree but included contradictory 
patterns.

In the first experiment, differences in measurement method led to 
divergent observed differences between conditions in which participants 
initiated an action, versus where they only observed an action, 
depending on interval duration (e.g., Hon, 2023; Siebertz & Jansen, 
2022). The degree to which estimation or replication detected action- 
observation differences, diverged at all action-effect intervals apart 
from 600 and 2600 ms. In general, replication responses became 
increasingly shorter relative to the to-be-judged intervals as durations 
increased, while estimation responses showed a non-linear pattern, with 
overestimations at midrange durations and underestimations at the 

shortest and longest intervals.
The second experiment tested whether a minimal social context (i.e., 

instruction that action-effect intervals were recorded from another 
person) modulated Temporal Binding (in line with Galang et. al., 2021). 
Results again differed between methods and intervals. The degree to 
which estimation or replication detected social-nonsocial differences, 
diverged at 200 and 1400 ms Estimation did show numerically lower 
judgements in the social condition at intervals of 1000 ms and longer, in 
line with previous work (Vogel et al., 2022; Vogel et al., 2021).

These findings raise methodological considerations. While both 
estimation and replication detected differences between action and 
observation conditions in Experiment 1, the timing and direction of 
these effects varied across virtually all intervals. For Estimation, obser
vation intervals were generally judged as shorter, even though standard 
Temporal Binding findings would predict the opposite pattern (Buehner, 
2012b). A likely explanation lies in the perceptual clarity of the interval 
onset in observation trials, which began and ended with discrete visual 
cues. In contrast, action trials may have introduced ambiguity around 
when the interval began, whether it was the intention to act, the motor 
initiation, or the actual button press (Libet, 2002; Tanaka et al., 2019). 
Such ambiguity could elongate perceived durations in action conditions, 
counteracting any expected binding. Introducing a visual cue at the 
onset of observation intervals might have helped match the temporal 
structure more closely across conditions. That said, the core issue re
mains the diverging sensitivity of the two measurement methods. Esti
mation may be more susceptible to perceptual or cognitive anchoring, 
while replication may rely on different attentional or memory-based 
processes. These differences complicate direct comparisons and high
light the need for caution when interpreting binding effects across 
methodological approaches.

These findings were complicated by the nature of the online setting. 
The social condition was minimal and entirely cover-story based, and no 
genuine social interaction or observation occurred. The fact that any 
pattern emerged at all suggests a potential sensitivity to this framing but 
does not clearly establish the reliability of a social effect. The experiment 
thus offers only tentative support for a social modulation of Temporal 
Binding. The minimal nature of the social context, coupled with the 
divergent outcomes across estimation and replication, makes it difficult 
to determine whether the observed effects reflect genuine social mod
ulation or methodological artefacts.

Previous work has suggested that Temporal Binding effects can be 
detected in online environments (Cubillaset al., 2020; Flanagan et al., 
2025; Le et al., 2026), but often using different paradigms such as the 
Libet clock method, which separates action and effect judgements and 
provides perceptual anchors (Galang et al., 2021). The present findings 
show that when estimation or replication methods are used in a standard 
interval judgement paradigm, Temporal Binding effects are not only 
inconsistent across intervals and manipulations but may also manifest in 
reversed or ambiguous directions depending on the method.

Overall, these experiments highlight fundamental challenges in 
reliably measuring Temporal Binding effects in online environments. 
The substantial divergence between estimation and replication methods 
(both in detecting effects and in the direction of those effects) raises 
serious concerns about the validity and reliability of online Temporal 
Binding paradigms. This variability suggests that Temporal Binding, as 
assessed through these interval judgement tasks, may be highly sensitive 
to methodological factors unrelated to the underlying perceptual phe
nomenon. Consequently, findings from online Temporal Binding studies 
using different measurement methods should be interpreted with 
caution, as the results may reflect measurement artefacts rather than 
genuine temporal distortions. Until there is clear evidence demon
strating consistent, replicable Temporal Binding effects across methods 
in online settings, claims about the presence or modulation of Temporal 
Binding in such contexts remain provisional at best. This underscores the 
urgent need for rigorous validation of online Temporal Binding para
digms before they can be confidently employed to study temporal 

Table 4 
Results of the follow-up ANOVAs scrutinising the Method × Socialness inter
action for each interval duration. Bonferroni-Holm adjusted significance deno
ted by bold font.

Interval Sum Sq F Value p

200 46083 21.15 <0.001
600 387 0.16 0.688
1000 3339 1.82 0.177
1400 13966 10.92 <0.001
1800 2551 2.84 0.092
2200 1032 1.43 0.232
2600 1 0.00 0.967
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perception or agency-related phenomena.
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