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The limited resource or strength model of self-control posits that the use of self-regulatory resources leads to depletion and
poorer performance on subsequent self-control tasks. We conducted four studies (two with community samples, two with
young adult samples) utilizing a frequently used depletion procedure (crossing out letters protocol) and the two most
frequently used dependent measures of self-control (handgrip perseverance and modified Stroop). In each study,
participants completed a baseline self-control measure, a depletion or control task (randomized), and then the same
measure of self-control a second time. There was no evidence for significant depletion effects in any of these four studies.
The null results obtained in four attempts to replicate using strong methodological approaches may indicate that depletion
has more limited effects than implied by prior publications. We encourage further efforts to replicate depletion (particularly
among community samples) with full disclosure of positive and negative results.
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Introduction

Self-control, the effortful regulation of the self to overcome
impulses and delay gratification, is an important capacity linked to
success and better outcomes in a variety of domains including
interpersonal relations, academics, and health [1]. One model of
self-control [2-3] posits that self-control is a finite resource akin to
muscle strength and is vulnerable to exhaustion after exertion.
Depletion (sometimes referred to as ego depletion) occurs when a
person’s self-control resources have been exhausted, and thus
performance on subsequent attempts at self-control is impaired.
This model has been tested in a number of studies and a meta-
analysis found support for a significant effect of ego depletion on
hindering subsequent self-control task performance [4]. However,
the majority of studies utilizing the strength model of self-control
have been conducted with college-age students, which is
problematic as the depletion effect may be specific to young
adults, and may not generalize to other age groups [5]. Some have
also questioned the existence of the depletion effect, suggesting
that it is likely to be significantly overestimated due to publication
bias [6].

Recently, attention has focused on developing interventions to
strengthen self-control and buffer against depletion [7]. As part of
such efforts, a reliable paradigm is needed to indicate whether
interventions succeed in increasing self-control and decreasing the
negative effects of depletion. The goal of the current investigation
was to identify such a paradigm. We conducted two depletion
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studies with community samples and then repeated the two studies
with young adult samples. We report here the results of these four
studies with the goal of encouraging further efforts to replicate
these paradigms with full disclosure of positive and negative
results.

Method

Overview of Procedures

All four studies used a repeated measure design in which self-
control was first assessed, followed by random assignment to a
depletion task or control task, and then the assessment of self-
control was repeated. The independent and dependent measures
used in these studies were selected based on a meta-analysis of ego-
depletion studies [4] and were chosen because they were the most
frequently used tasks with consistently large effect sizes. The
crossing out letters protocol (see detailed procedures below), was
selected for the manipulation (Depletion vs. Control) task, as it was
the most commonly used manipulation with a consistently large
effect size (@=0.77 across 20 studies). Handgrip persistence
(d=0.64 across 18 studies) and a modified Stroop task (d =0.76
across 15 studies) were selected as the dependent measures for use
in separate studies. Both dependent measures were tested first with
community adults. The same protocols were then repeated with
young adults, since the majority of prior studies were done with
this age group [4] and there is some evidence that the depletion
effect may be specific to young adults [5]. With a repeated
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measures design, an alpha of.035, and a 2-sided test of significance,
samples of N =40 (20 per group) for each study provided 91%
power to detect large effects (d=0.8) and 86% power to detect
medium-large effects (d=0.7) based on Cohen’s standards [8].
These effects are consistent with effect sizes observed in prior
studies with the crossing out letters protocol [4].

Participants

Community adults and young adults were recruited using a
large display board in a local hospital cafeteria or university dining
hall, respectively, and by word of mouth. To be eligible for the
study, community samples were required to be over the age of 18,
with no upper age limit, and young adults to be aged 18-25. The
only other eligibility criterion was to have fasted for two hours.
This criterion was used to help control for glucose levels, as glucose
may interfere with the depletion effect [9]. The research was
approved by the Institutional Review Board (IRB) of The Miriam
Hospital and in line with guidelines set by the IRB and The
Declaration of Helsinki, all participants provided informed written
consent. Participants received a $25 honorarium at the end of the
study.

Fifty two community adults (18 men and 34 women), with a
mean (£ SD) age of 41.6%15.3 years were recruited for the
handgrip protocol and 38 adults (11 men and 27 women) with a
mean (= SD) age of 43.6£12.9 years for the modified Stroop
protocol. There were no significant differences in age or ethnicity
between the community participants who were randomly assigned
to the depletion vs control condition in either protocol, all ps>.05.

Tifty young adults (32 men and 18 women), with a mean (=SD)
age of 19.7%1.3 years were recruited for the handgrip protocol
and 46 young adults (14 men and 32 women) with a mean (= SD)
age of 21.2%2.8 years for the modified Stroop protocol. Those
who were randomly assigned to the depletion condition did not
significantly differ from those in the control condition on age or
ethnicity, all ps>.05.

Manipulation task (Depletion versus Control)

The depletion task as described by Baumeister et al. [2] has
been used in many other studies [4]. Following the procedures
reported by Baumeister et al [2], all participants were first given an
easy task to complete, namely to cross out all instances of the letter
“e” on printed pages of text for a period of two minutes. This task
was used to establish a behavioral pattern. Subsequently, those
who were randomized to the control group were instructed to
continue to cross out every instance of the letter “e”” on additional
pages; those randomized to the depletion condition were given
pages of text where the print was very light and were instructed to
cross out all “e’s” that were not adjacent to or one letter away
from another vowel; this task required the use of self-control to
override a previously learned behavioral pattern. Both depletion
and control groups spent a total of 8 minutes on their task.

Handgrip Persistence

Handgrip persistence was determined using a protocol de-
scribed by Magen and Gross [10] and recommended by an expert
in the field (R. Baumeister, personal communication, 2013). This
protocol uses a hand dynamometer as the measuring device and
examines persistence at 70% of the individuals’ own maximum
grip strength. This approach was selected over earlier protocols
[11], that utilized a spring-based hand grip device (which could
not be calibrated to the individual) and had participants squeeze it
for as long as they could (measured based on how long it took for
an object that was inserted between the springs to fall), without
taking into account participants’ maximum strength level.
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As per Magen and Gross [10], the participants’ maximum grip
strength was first determined. Participants were seated with both
feet on the floor, and instructed to hold the hand dynamometer
(Lafayette Instruments Model 78010 Lafayette, Indiana) in their
dominant hand with their elbow bent at a 45 degree angle such
that the device was in their line of sight, and to squeeze the
dynamometer as hard as they could for 3 seconds; this was used as
participants’ maximum grip. After a short break, participants were
instructed to grip the dynamometer as they had before, squeeze it
at or above 70% of their maximum grip strength and hold it for as
long as possible. The instructions were read to each participant to
minimize variability and the 70% point was clearly indicated on
the dial so that participants were able to see the level at which they
needed to maintain their grip. Hand grip persistence was assessed
as time in seconds using a stop watch.

After completing the depletion/control task, all participants
were again asked to hold the hand dynamometer at 70% of their
maximum grip strength for as long as possible and persistence was
again assessed.

Modified Stroop

Versions of the modified Stroop computer task have been used
extensively in previous literature, and the version used herein was
based on the protocol reported in prior depletion studies [9,12—
13]. The task was conducted using Eprime Stimulus Presentation
Software running on a laptop computer. Participants viewed color
words (i.e., ‘red’, ‘yellow’, ‘green’, ‘blue’) that appeared one at a
time in an incongruent font color (e.g., ‘red’ may be displayed in
blue font) and the participant responded by pressing the key
corresponding to the font color rather than the word itself. Each
participant was given a brief practice round to orient them to the
modified Stroop task, after which they completed 20 self-paced
trials.

Upon completion of either the control or depletion protocol, all
participants completed a second set of the modified Stroop task
consisting of 80 trials, as has been done in prior studies [9,13]. The
primary outcome measure was the change in reaction time on the
correct trials of the Stroop task from pre-to-post; the secondary
outcome was pre-to-post change in the number of correct trials.

Statistical Analyses

For both community and young adult samples, repeated
measure analyses of variance were conducted, comparing the
effects of the depletion and control conditions on self-control
performance from pre-test to post-test. The primary outcome
measure was the Condition X Time interaction. Results are
presented as partial eta squares with the magnitudes of effect sizes
corresponding to Small =.01, Medium =.06, and Large =.14
[8]. To improve interpretation and comparison to previous
studies, we further calculated mean differences, Cohen’s d, and
confidence intervals around the mean differences between the
depletion and control groups, using pre-to-post change scores.

Results

As described above, the two protocols were first tested in
community samples and then repeated using college-aged young
adult samples. However, for ease of presentation, we present the
results for the handgrip perseverance protocol in the two different
samples and then present the findings for the Stroop protocol.

Handgrip Persistence (see Figure 1)

Within the community adults, hand grip persistence decreased
from pre- to post-testing (Mean * SE change of —4.96+2.08 s,
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Figure 1. Mean (+ SE) number of seconds that the dynamometer was held at pre-test and post-test in community adults and young
adults by condition. (Depletion = solid line, Control = dashed line).

doi:10.1371/journal.pone.0109950.g001

F(1,50)=5.28, p=.026, Ilgpmia] =. 096), but there was no
evidence that these changes differed between the DEPLETION
and CONTROL conditions [mean = SE change of —2.52*2.63
and —7.04%3.12 seconds, respectively, F(1,50)=1.178, p =.283,
1 pariiar = 023, mean difference = —4.52+4.16, d = —.302, 95%
CI of mean difference: —12.88, 3.84].

Likewise, there was a trend toward pre-to-post decreases in hand-
grip strength in the young adults (—2.78%=1.38 s, F(I, 47)=3.96,
p=.052, IZQPamal =.078), but changes in hand grip persistence in this
sample did not differ between the DEPLETION and CONTROL
conditions [mean * SE change in DEPLETION = —2.77%2.10 s,
and in CONTROL =-2.79*1.77 s, F(1,47)=0.001, p=.993,
112})2,m|<.001, mean difference = —0.02%2.79, d = —.002, 95% CI
of mean difference: —5.64, 5.59]. Combining the data from both
community adults and young adults again indicated no difference
between the depletion and control group [mean * SE change in
persistence DEPLETION = —2.65%1.65 s, CONTROL = —5.12*
1.90 s, F(1,99)=.963, p=.329, IZQPm;al =.010, mean difference
=—247%+252,d = —.195, 95% CI of mean difference: —7.48, 2.53].

Modified Stroop (see Figure 2)
Within the community adults, reaction time on the Stroop task
improved (i.e. decreased) from pre- to post-treatment [mean = SE

change = —147.38+33.50, F(1,36)= 18.31, p<<.001, 1° uriat = -337].
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However, there were no significant differences in changes in reaction
time (RT) for the DEPLETION versus the CONTROL group [mean
* SE change in RT DEPLETION = —130.12%x28.21 ms, mean =
SE change in RT CONTROL = —161.34%56.75 ms, F(1,36) =.210,
p=.649, IZQ},mm =.006; mean difference —31.22%68.11 ms,
d=—.149, 95% CI of mean difference: —169.35, 106.91].

Likewise, for young adults, reaction time on the Stroop task
improved (i.e. decreased) from pre- to post-treatment [mean = SE
change = —73.35+13.57 F(1,44)=28.51, p<<.001, JZQPmm] =.393].
However, there were no significant differences in changes in RT for
the DEPLETION versus the CONTROL group [mean change
* SE in RT DEPLETION = —82.56+20.22 ms, mean change in
RT CONTROL =—63.30=18.08 ms; F(1,44)=.497, p=.485,
Izgpmial: .011; mean difference =19.25+27.32 ms, d =.208, 95%
CI of mean difference: —35.80, 74.31]. Further, there were no
difference in changes in RT between the DEPLETION and
CONTROL groups when the data from the community adults and
young adults were combined, [mean change in RT DEPLE-
TION =-102.28%107.79 ms, mean change in RT CON-
TROL —111.18%€107.79 ms, F(1,82)=.066, p=.798,
JZQPama] =.001; mean difference —8.90+34.69 ms, d=
—.056, 95% CI of mean difference: —77.92, 60.11]. Since 80
Stroop trials were conducted following the manipulation task,
analyses were also done examining changes in each block of 20
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Figure 2. Mean (%= SE) response time (in milliseconds) for Stroop responses at pre-test and post-test in community adults and
young adults, by condition. (Depletion = solid line, Control = dashed line).

doi:10.1371/journal.pone.0109950.g002
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trials. We observed no significant differences between the
DEPLETION and CONTROL condition during any of the
blocks of trials, all ps>.05. Similarly, no differences in changes
in accuracy were observed between the DEPLETION and
CONTROL group in either community adults or young adults,
p=.330, 7’ parin=.026, and p=.915, [ .ia<-001, respec-
tively.

For ease of comparison, we have presented the Cohens d (plus
95% CI around d) for each analysis of the depletion paradigm in
Figure 3.

Discussion

Across four studies, two with community samples and two with
young adult samples, we found no evidence for the depletion
effect, despite employing the depletion protocol and dependent
measures of self-control that have shown consistently large effect
sizes and have been the most frequently used in the literature.
Interestingly, plotting the mean effect sizes for the four studies and
two combined samples (see Figure 3), showed that the direction of
the (non-significant) effects are actually the opposite of what would
be expected from the literature for every analysis except one
(Stroop young adults sample).

The strength model of self-control has generated a great deal of
interest. In this model, self-control is viewed as a limited resource;
this resource is depleted by efforts to inhibit a thought, emotion, or
behavior. A number of studies, done primarily with college age
students, have shown that exerting self-control in one situation
results in poorer self-control on a variety of subsequent tasks [4].
Based on the conception of self-control as a limited resource, the
field has begun to investigate ways in which the self-control
resource may be enhanced. Practicing small acts of self-control are
suggested to increase the self-control reserve, and hence a number
of studies are now examining the long-term effects of practicing
self-control on future success at changing behaviors, such as
smoking [7] and weight loss [14]. Given the potential importance
of this model for understanding and treating a variety of risky
behaviors (e.g., smoking, unhealthy eating), it is critical that a
reliable measure of the effects of depletion on self-control be
identified.

In this series of four studies, using the most commonly used
depletion paradigm and measures of self-control with the largest
effect sizes, we found no evidence that completion of a depleting
task led to decreases in self-control. Our first two studies were done
with community adults. When no effect of depletion was seen in
these studies, we considered the possibility that the age of the

0.2 A '|'
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participants was affecting the outcome, since there is some
evidence that the depletion effect may be specific to younger
adults [5]. Thus we repeated these two studies using college age
samples; again, we found no evidence that the depletion task
affected subsequent self-control.

We considered several possible explanations for these null
results. One possibility is that we did not use the appropriate tasks.
However, we selected crossing out letters as the depletion task
because it is the most frequently used task (used in 20 studies), with
the most consistently large effect sizes: an averaged corrected
standardized difference effect size of d=0.77 [4]. In addition, we
felt that with crossing out letters, both the depletion and the
control task could be administered consistently across subjects,
whereas other depleting tasks, such as affect regulation while
watching a video might vary across subjects who differed in their
reaction to the specific video. We also selected the two most
frequently used dependent tasks—handgrip and modified Stroop
and administered these using carefully controlled protocols,
including, as noted above, an updated protocol for handgrip
persistence.

Another possible explanation for our null results is that we had
insufficient power to detect a depletion effect. However, the
sample size used in our studies is comparable to that used in many
prior studies [4] and the use of a repeated measures design
increases power within this sample size. Post-hoc analyses suggest
that we had sufficient power to reject the null hypothesis.
Specifically, we conducted a sensitivity analysis to detect the
required effect size for each paradigm at 80% power (testing the
within-between interaction), given the sample size and correlation
between measures demonstrated in the current study. For the
handgrip test, given our combined sample size of 102 and a
correlation between measures of.74, the required effect size was
d=.22. For the Stroop test, given our combined sample of 83 and
a correlation between measures of.80, the required effect size was
d=.20. Thus, the current study was adequately powered to detect
the previously-reported effect sizes for handgrip and Stroop
(d=.63 and d=.076, respectively, from a recent meta-analysis)
[4].

The approach we used, in which pre- and post-measures were
obtained for subjects who were randomly assigned to a depletion
or control condition, is a stronger design than used in many of the
prior studies in this area. Multiple studies have utilized non-
experimental designs to investigate trait measures of self-control on
task performance [11;15-20]. In some cases, studies involve pre
and post assessments completed only on subjects exposed to
depletion (i.e. there was no control group that was not depleted)

Cohen'sd

Handgrip
Combined
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Adults

Handgrip College Stroop Combined
Students
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Adults
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Students

Study

Figure 3. Mean effect sizes (Cohen’s d) for each of the studies and combined samples, along with 95% confidence intervals.

doi:10.1371/journal.pone.0109950.g003
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[21]. Without a control group, the decreases in handgrip
persistence we observed over time might be taken, incorrectly,
as evidence of a depletion effect. In other studies, assessments are
conducted only after depletion or control, without a pre-depletion
assessment of the dependent measure [22-26]. Again, this could
lead to erroneous interpretation of results.

While other possible explanations for our null results can be
advanced, we suggest that our data may indicate that depletion has
more limited effects on self-control than implied by the publica-
tions in this field. That is, as Carter & McCullough [6,27] have
suggested, the depletion effect may be overestimated in the
literature due in part to publication bias. Currently there are few
papers in the literature that presents null depletion findings [28,29]

We would like to encourage publication of other studies using
depletion paradigms—regardless of whether the results were
positive, negative, or null. We recognize and support the goal of

References

1. Duckworth AL (2011) The significance of self-control. Proc Natl Acad Sci USA
108: 2639-2640. doi:10.1073/pnas.1019725108

2. Baumeister RF, Bratslavsky E, Muraven M, Tice DM (1998) Ego depletion: Is
the active self a limited resource? J Pers Soc Psychol 74: 1252-65. doi:10.1037/
0022-3514.74.5.1252

3. Muraven M, Baumeister RF (2000) Self-regulation and depletion of limited
resources: Does self-control resemble a muscle? Psychol Bull 126: 247-59.
doi:10.1037//0033-2909.126.2.247

4. Hagger MS, Wood C, Stiff C, Chatzisarantis NLD (2010) Ego depletion and the
strength model of self-control: A meta-analysis. Psychol Bull 136: 495-525.
doi:10.1037/20019486

5. Dahm T, Neshat-Doost HT, Golden A-M, Horn E, Hagger M, et al. (2011) Age
shall not weary us: Deleterious effects of self-regulation depletion are specific to
younger adults. PLoS ONE 6(10): €26351. doi:10.1371/journal.pone.0026351

6. Carter E, McCullough M (2013) Is ego depletion too incredible? Evidence for
the overestimation of the depletion effect. Behav Brain Sci 36: 683-684. doi:
10.1017/50140525X13000952.

7. Muraven M (2010) Practicing self-control lowers the risk of smoking lapse.
Psychol Addict Behav 24: 446-452. doi:10.1037/2a0018545

8. Cohen J (1988). Statistical Power Analysis for the Behavioral Sciences (2nd ed.).
Hillsdale, NJ: Lawrence Erlbaum Associates.

9. Gailliot MT, Baumeister RF, DeWall CN, Maner JK, Plant EA, et al. (2007)
Self-control relies on glucose as a limited energy source: Willpower is more than
a metaphor. J Pers Soc Psychol 92: 325-336. doi:10.1037/0022-3514.92.2.325

10. Magen E, Gross JJ (2007) Harnessing the need for immediate gratification:
Cognitive reconstrual modulates the reward value of temptations. Emotion 2(7):
415-428. doi:10.1037/1528-3542.7.2.415

11. Muraven M, Tice DM, Baumeister RF (1998) Self-control as a limited resource:
Regulatory depletion patterns. J Pers Soc Psychol 74(3): 774-789. doi:10.1037//
0022-3514.74.3.774

12. Bray SR, Martin Ginis KA, Hicks AL, Woodgate J (2008) Effects of self-
regulatory strength depletion on muscular performance and EMG activation.
Psychophysiology 45: 337-343. doi:10.1111/j.1469-8986.2007.00625.x

13. Webb TL, Sheeran P (2003) Can implementation intentions help to overcome
ego-depletion? J Exp Soc Psychol 39: 279-286. doi:10.1016/50022-
1031(02)00527-9

14. Leahey TM, Xu X, Unick JL, Wing RR (2013) A preliminary investigation of
the role of self-control in behavioral weight loss treatment. Obesity Res Clin
Practice. Epub ahead of print. doi:10.1016/j.0rcp.2012.12.005

15. Finkel EJ, Campbell WK (2001) Self-control and accommodation in close
relationships: An interdependence analysis. ] Pers Soc Psychol 81: 263-277.
doi:10.1037//0022-3514.81.2.263

PLOS ONE | www.plosone.org

Depletion Replication Failure

replication of results in psychological experiments, and feel that
this is an area in need of such endeavors.

Supporting Information

Data S1 De-identified data handgrip studies.
(XLSX)

Data S2
(XLSX)

De-identified data for Stroop studies.

Author Contributions

Conceived and designed the experiments: XX KED TML CH JT PC
KRM RRW. Performed the experiments: XX JT PC. Analyzed the data:
KED KRM RRW. Wrote the paper: XX KED TML CH JT PC KRM
RRW.

16. Muraven M, Collins RL, Shiffman S, Paty JA (2005) Daily fluctuations in self-
control demands and alcohol intake. Psychol Addict Behav 19: 140-147.
doi:10.1037/0893-164x.19.2.140

17. Schmeichel BJ, Zell A (2007) Trait self-control predicts performance on
behavioral tests of sclf-control. J Pers 75: 743-755. doi:10.1111/§.1467-
6494.2007.00455.x

18. Schmidt KH, Neubach B, Heuer H (2007) Self-control demands, cognitive
control deficits, and burnout. Work Stress 21: 142—154. doi:10.1080/
02678370701431680

19. Tangney JP, Baumeister RF, Boone AL (2004) High self-control predicts good
adjustment, less pathology, better grades, and interpersonal success. J Pers 72:
271-324. doi:10.1111/j.0022-3506.2004.00263.x

20. Wallace JC, Edwards BD, Shull A, Finch DM (2009) Examining the
consequences in the tendency to suppress and reappraise emotions on task-
related job performance. Human Performance, 22, 23-43. doi:10.1080/
08959280802540957

21. Muraven M (2008) Autonomous self-control is less depleting. J Res Pers 42:
763-770. doi:10.1016/j.jrp.2007.08.002

22. Alberts HJEM, Martijn C, Greb J, Merckelbach H, de Vries NK (2007)
Carrying on or giving in: The role of automatic processes in overcoming ego
depletion. Br J Soc Psychol 46: 383-399. doi:10.1348/014466606X130111

23. DeWall NC, Baumeister RF, Gailliot MT, Maner JK (2008) Depletion makes
the heart grow less helpful: Helping as a function of self-regulatory energy and
genetic relatedness. Pers Soc Psychol Bull 34: 1653-1662. doi:10.1177/
0146167208323981

24. DeWall NC, Baumeister RF, Stillman TF, Gailliot MT (2007) Violence
restrained: Effects of self-regulation and its depletion on aggression. J Exp Soc
Psychol 43: 62-76. doi:10.1016/j.jesp.2005.12.005

25. Fischer P, Greitemeyer T, Frey D (2007) Ego depletion and positive illusions:
Does the construction of positivity require regulatory resources? Pers Soc
Psychol Bull 33: 1306-1321. doi:10.1177/0146167207303025

26. Muraven M, Shmueli D (2006) The self-control costs of fighting the temptation
to drink. Psychol Addict Behav 20: 154-160. doi:10.1037/0893-164X.20.2.154

27. Carter EC, McCullough ME (2014) Publication bias and the limited strength
model of self-control: has the evidence for ego depletion been overestimated?
Front Psychol 5: 1-11. doi:10.3389/fpsyg.2014.00823

28. Murtagh AM, Todd SA (2004) Self-regulation: A challenge to the strength
model. J Articles Support Null Hypothesis, 3, 19-50.

29. Carter EC, McCullough ME (2013) After a pair of self-control-intensive tasks,
sucrose swishing improves subsequent working memory performance. BMC
Psychol 1: 22. doi:10.1186/2050-7283-1-22.

October 2014 | Volume 9 | Issue 10 | 109950



