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A Primer on Bayesian Model-Averaged
Meta-Analysis
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Julia M. Haaf'®, and Eric-Jan Wagenmakers'
Department of Psychology, University of Amsterdam, Amsterdam, the Netherlands, and *Department of
Psychology, Philipps-Universitit Marburg, Marburg, Germany

Abstract

Meta-analysis is the predominant approach for quantitatively synthesizing a set of studies. If the studies themselves
are of high quality, meta-analysis can provide valuable insights into the current scientific state of knowledge about a
particular phenomenon. In psychological science, the most common approach is to conduct frequentist meta-analysis.
In this primer, we discuss an alternative method, Bayesian model-averaged meta-analysis. This procedure combines the
results of four Bayesian meta-analysis models: (a) fixed-effect null hypothesis, (b) fixed-effect alternative hypothesis, (¢)
random-effects null hypothesis, and (d) random-effects alternative hypothesis. These models are combined according
to their plausibilities given the observed data to address the two key questions “Is the overall effect nonzero?” and “Is
there between-study variability in effect size?” Bayesian model-averaged meta-analysis therefore avoids the need to select
either a fixed-effect or random-effects model and instead takes into account model uncertainty in a principled manner.
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Over the last decade, data collection in psychological
science has become vastly more rigorous. Currently,
experiments are often preregistered, and the generally
accepted best practice for investigating a particular
effect is to conduct a many-labs Registered Report (e.g.,
Chambers et al., 2013; Hagger et al., 2016; Klein et al.,
2018; Landy et al., 2020; Wagenmakers, Beek, et al.,
2016). Although researchers now invest a lot of time and
effort in preregistering their studies to ensure data of
high quality, the way researchers analyze the resulting
data has not changed markedly. Currently, the most
popular analysis approach is still frequentist meta-
analysis with p values and confidence intervals (e.g.,
Borenstein et al., 2009; Simons et al., 2014). Here we
present a primer on an alternative method: Bayesian
model-averaged meta-analysis (e.g., Gronau, van Erp,
et al., 2017; Haaf et al., 2020; Hinne et al., 2019;
Hoogeveen et al., 2018; Scheibehenne et al., 2017; Vohs
et al., in press). This method combines the results of
Bayesian fixed-effect and Bayesian random-effects mod-
els according to the models’ plausibilities given the data.

Compared with the standard frequentist procedure, the
Bayesian procedure affords researchers a number of
pragmatic benefits (for a general introduction to Bayesian
inference and its benefits, see the special issue in Psycho-
nomic Bulletin & Review; Vandekerckhove et al., 2018).
Specifically, the Bayesian procedure allows researchers
to

e assess the degree to which data make a claim more
or less plausible. By quantifying evidence on a
continuous scale, the Bayesian approach encour-
ages more nuanced conclusions instead of all-or-
none decisions. For instance, one may make
statements of the form “compared with the effect-
absent hypothesis, the data have made the
effect-present hypothesis 10 times more likely than
it was before.”
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e discriminate evidence of absence from absence of
evidence. This enables researchers to disentangle
whether there is evidence for the null hypothesis
or whether the data are inconclusive. For instance,
one may conclude that there is absence of evi-
dence when the data support both the null hypoth-
esis and the alternative hypothesis about equally.
In meta-analysis, this scenario is most likely when
the number of studies is small. Alternatively, one
may conclude there is evidence of absence in case
the data support the null hypothesis much more
than the alternative hypothesis.

e update evidence and posterior distributions as
experiments accumulate. This enables open-ended,
sequential testing and estimation that is both effi-
cient and ethical. For instance, if one planned to
test 100 participants but the evidence is already
compelling after 50, one may stop data collection
early. Likewise, researchers can update a Bayesian
meta-analysis with data from new studies after the
initial set has already been analyzed.

e make direct and intuitive statements concerning
the plausibility of models and parameters. This
enables a straightforward interpretation of the
results. For instance, one may state that given the
observed data, the alternative hypothesis receives
probability 0.75 or that the probability is 0.50 that
the effect size is between 0.1 and 0.3.

e include expert knowledge for more diagnostic
tests. This enables the incorporation of expert
knowledge not only in the design of a study but
also in the analysis of the resulting data. For
instance, an expert may state that the most likely
effect size is 0.3, with 95% uncertainty interval
ranging from 0.1 to 0.5. This can be incorporated
in the analysis in the form of an informed prior
distribution for effect size. Robustness of the
results can easily be checked by comparing the
results to those obtained when using a default or
less informative prior.

e model-average across fixed-effect and random-
effects models, which takes into account model
uncertainty. This prevents overconfidence and
allows for a graceful transition to more compli-
cated models as data accumulate. For instance,
when addressing the question whether the meta-
analytic effect size is zero, model averaging allows
one to take into account uncertainty with respect
to whether there is heterogeneity in effect size
across studies.

In this primer, we provide an introduction to Bayesian
model-averaged meta-analysis, and we demonstrate the
procedure using a concrete example from the literature.

The goal of this primer is to (a) highlight the pragmatic
benefits of a Bayesian model-averaged meta-analysis,
(b) provide readers with the knowledge to correctly
interpret the results of such an analysis, and (¢) demon-
strate that applied researchers can straightforwardly con-
duct these analyses in practice using the R (R Core Team,
2019) package metaBMA (Heck et al., 2019) or JASP
(JASP Team, 2019).

Bayesian Meta-Analysis

In Bayesian meta-analysis (e.g., Higgins et al., 2009;
Rouder & Morey, 2011; T. C. Smith et al., 1995; Sutton &
Abrams, 2001), the most common approach is to use a
random-effects model. Below, we first introduce the
random-effects model and then outline hypotheses of
interest about the model parameters. For an alternative
Bayesian meta-analysis approach that focuses on the
question of whether the effects in all studies are in the
same direction, see Rouder et al. (2019).

The random-effects model

In line with the frequentist meta-analysis procedure,
Bayesian meta-analysis takes as input an observed effect
size, y,, and a corresponding standard error, SE,, for each
study i =1, 2, ..., K. To accommodate studies with dif-
ferent dependent measures and designs, these effect
sizes are typically standardized measures such as Cohen’s
d or Fisher’s z. The random-effects model assumes that
the observed effect size p, is drawn from a normal dis-
tribution with mean equal to the latent true study effect
0, and standard deviation fixed to the observed SE,.!
The latent study effects 0, are themselves drawn from
a normal distribution, with mean given by the overall
effect size p and standard deviation given by the
between-study heterogeneity parameter t. This setup is
illustrated in Figure 1. The model parameters p and 7t
are assigned prior distributions denoted by g(-) and h(.),
respectively (see Box 1 for recommendations on how to
choose these prior distributions). In sum, the model is
specified as follows:

y, ~ Normal(0,, SE})
0, ~ Normal(y, t*)
n~ gl

T~ h().

D

Note that when the between-study standard deviation
parameter T = 0, the model implies that the effect for
each study is identical and is equal to pu (i.e., fixed
effect).? In contrast, when 1 > 0, the model assumes that
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Distribution of study effects:
6,~ Normal(yt, t?)

Study effects:
0 0, Oyrenns 0,

Distribution of observed effects:
¥~ Normal(®,, SE?)

Observed effects:
Vi Yoo Yy

Fig. 1. Meta-analytic random-effects model. The prior distributions
for the overall effect size p and the between-study standard deviation
7 are not displayed. Available at https://tinyurl.com/y7jgqyow under
CC license https://creativecommons.org/licenses/by/2.0/.

the latent true effect varies across studies (i.e., random
effects).

Limitations of the random-effects
model

Existing Bayesian meta-analysis procedures often focus on
estimating the model parameters u and t of the random-
effects model (T. C. Smith et al., 1995; Stangl & Berry,
2000). Specifically, they focus on interpreting the posterior
distribution and possibly summaries of the posterior dis-
tribution such as the mean, median, or 95% CI. However,
simply fitting a random-effects model assumes that both
p and t are nonzero—implying that there is an effect and
heterogeneity in the effect across studies—and then
focuses on estimating the size of pu and 1. Nevertheless,
it has been argued that before one estimates a parameter,
one should test whether there is anything to be estimated
(i.e., testing whether a parameter is equal to zero should
precede parameter estimation; Fisher, 1928, p. 274; Haaf
et al., 2019; Jeffreys, 1939, p. 345). Consequently, before
estimating the parameters p and t, one should address,
in a principled manner, two questions:

Question 1 (Q1): Is the overall effect nonzero?

Question 2 (Q2): Is there between-study variability in
effect size?

Below we outline how to address these questions using
Bayesian hypothesis testing in combination with Bayes-
ian model averaging.? We have applied this framework

to analyze power posing studies (Gronau, van Erp, et al.,
2017), to investigate the effectiveness of descriptive social
norms in facilitating ecological behavior (Scheibehenne
et al., 2017), to test the compensatory control theory
(Hoogeveen et al., 2018), to analyze facial feedback rep-
lication studies (Hinne et al., 2019), to analyze how
research results are influenced by subjective decisions
that scientists make as they design studies (Landy et al.,
2020), and to reanalyze the Many Labs 4 data (Haaf et al.,
2020). Furthermore, we have applied this methodology
to analyze a set of replication studies concerning the ego
depletion effect (Vohs et al., in press).

Four rival bypotheses

Our Bayesian model-averaged meta-analysis framework
considers four candidate hypotheses (e.g., Gronau, van
Erp, et al., 2017; Scheibehenne et al., 2017).% These cor-
respond to the four possibilities for fixing to zero either
p or T, both, or neither:

1. the fixed-effect null hypothesis H;: =0, ©=0;
2. the fixed-effect alternative hypothesis H/:

p~gl, t1=0;
3. the random-effects null hypothesis H; : nu=0,
T~ h();

4. the random-effects alternative hypothesis H; :
n~gl, t~hC).

Figure 3 displays the differences in prior specification
for the four hypotheses (each hypothesis corresponds
to a separate row).’ Specifically, the first column displays
the prior on the overall effect size p, and the second
column displays the prior on the between-study standard
deviation t. For the hypotheses in which the prior is not
a point mass at zero, we have used the default prior
recommendations from Box 1 (i.e., a zero-centered Cauchy
prior with scale 1/+2 on p and an Inverse-Gamma
[1, 0.15] prior on 1). The third column displays the
implied joint prior on two hypothetical latent true study
effects, 0, and 9],.6 The fixed-effect null hypothesis H
fixes p and t to zero (Fig. 3, Row 1, Columns 1 and 2).
Consequently, the true latent study effect is exactly zero
for each study (Fig. 3, Row 1, Column 3). The fixed-effect
alternative hypothesis H/ fixes 1 to zero (Fig. 3, Row
2, Column 2) but allows u to differ from zero (i.e., u is
assigned a continuous prior distribution; Fig. 3, Row 2,
Column 1). Consequently, the latent true study effects
can differ from zero. However, because H/ does not
specify any between-study variability (i.e., t=0), all
studies have the identical latent true effect size. Hence,
the implied joint prior on two latent true study effects
0, and 0, assigns nonzero probability mass only to the

7
diagonal line where 6, and 6, are identical (Fig. 3, Row
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Box 1. Recommendations for Choosing the Parameter Prior Distributions

4 -

-0.5 0.0 0.5 1.0
Tl

Fig. 2. Example of an informed prior distribution for the overall
effect size pu: A t distribution with location 0.35, scale 0.102, and
3 df, truncated below at zero. This “Oosterwijk” prior (Gronau
et al., 2020) will be used later in the example. Available at https://
tinyurl.com/ycc965f2 under CC license https://creativecommons
.org/licenses/by/2.0/.

To apply the Bayesian model-averaged meta-analysis framework in practice, one needs to specify a prior dis-
tribution for the overall effect size p and the between-study standard deviation parameter t. Here we describe
our approach to choosing theses prior distributions when the considered effect size is a standardized mean
difference (i.e., Cohen’s d or Hedges’s g).* For the between-study standard deviation parameter t, we recom-
mend an empirically informed prior distribution. This prior is based on the distribution of nonzero between-
study standard deviation estimates for standardized mean difference effect sizes from meta-analyses reported
in Psychological Bulletin in the years 1990 to 2013 (van Erp et al., 2017). Specifically, Gronau, van Erp, et al.
(2017) approximated this empirical distribution by an Inverse-Gamma(l, 0.15) prior on t (see Fig. 3). For the
overall effect size parameter p, we recommend to consider both a default choice and an informed choice. By
default, we refer to a prior distribution that is (a) centered on zero and (b) not overly narrow or overly wide
(Jeffreys, 1939; Lindley, 1957). We typically use a Cauchy prior with scale 1/42 ~ 0.707 (see Fig. 3). This is
the default choice for standardized mean differences in the BayesFactor package (Morey & Rouder, 2015). Nev-
ertheless, other choices like a zero-centered normal prior also appear reasonable. By informed, we refer to a
prior distribution that is based on expert knowledge about the studied effect or based on a literature review.
An informed prior is typically centered on a value different from zero to capture existing knowledge about

effect size. In addition, informed priors use expert
knowledge to indicate the expected direction of an
effect by truncating the prior distribution (e.g.,
practicing should increase memory performance). An
example informed prior distribution is displayed in
Figure 2. Considering both a default and informed
prior for p serves as a robustness check: In case the
results do not change qualitatively, the results are
robust across different plausible prior choices. In
case the results do change qualitatively, it needs to
be accepted that the data may not be very informa-
tive and that the conclusion hinges on the prior
specification. Another robustness check can be
conducted by varying the width of the default prior
on .

4Other effect size measures are, of course, possible
and can be easily analyzed using the referenced soft-
ware. Nevertheless, the parameter prior distributions
need to be adjusted for other effect size measures.

2, Column 3). The random-effects null hypothesis H,
fixes the overall effect size p to zero (Fig. 2, Row 3,
Column 1) but allows the between-study standard devia-
tion 7 to differ from zero (i.e., T is assigned a continuous
prior distribution; Fig. 3, Row 3, Column 2). Conse-
quently, the latent true study effects may be different,
but their distribution is centered on zero because the
overall effect size p is fixed to zero (Fig. 3, Row 3, Col-
umn 3). Finally, the random-effects alternative hypoth-
esis H, allows both p and t to differ from zero (Fig. 3,
Row 4, Columns 1 and 2). Consequently, each latent true
study effect is unique. The latent true study effects are
correlated because their size depends on the specific
values for p and t. Hence, a priori, one latent true study
effect being large implies that another one will likely
also be large. The distribution of two hypothetical latent

true study effects is still centered on zero because the
prior on the overall effect p is centered on zero. How-
ever, the prior under H, spreads out its mass across a
larger range of effect size values than the prior under
H, because p is assigned a continuous prior that allows
values other than zero.

Bayesian bypotbesis testing

Each of the four rival hypotheses corresponds to one
possible combination of the effect being present or
absent and heterogeneity being present or absent. The
goal is to assess the evidence for each of the four
hypotheses by updating their plausibility according to
the observed data. Given the shift in plausibility, one
can then address Q1 and Q2 in a principled manner.
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Fig. 3. Parameter prior specifications for the four hypotheses of interest. Each row corresponds to one hypothesis (i.e., the fixed-effect
null hypothesis [7-4-)/], the fixed-effect alternative hypothesis [Hlf], the random-effects null hypothesis [Hy 1, and the random-effects
alternative hypothesis [ H]). The first column displays the prior distribution on the overall effect size p, and the second column
displays the prior distribution on the between-study standard deviation 1. For the hypotheses for which the prior is not a point mass
at zero, we have used the default prior recommendations from Box 1 (i.e., a zero-centered Cauchy prior with scale 1/42 on p and
an Inverse-Gammal(1l, 0.15] prior on ). The third column displays the implied joint prior on two hypothetical latent true study effects,
0, and 97 For the random-effects hypotheses, the contours reflect 5%, 25%, 50%, 75%, and 95% of probability within the area. Avail-
able at https://tinyurl.com/y98wqg5t under CC license https://creativecommons.org/licenses/by/2.0/.
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In the Bayesian framework, evidence for a model
relative to another model is quantified using the Bayes
factor (BF; Etz & Wagenmakers, 2017; Jeffreys, 1935,
1961; Kass & Raftery, 1995; Wrinch & Jeffreys, 1921). For
example, one may be interested in the evidence for the
fixed-effect model with an effect as opposed to the
fixed-effect model with zero effect. The BF between
these two models is

_ pldatalH)
L pdatalH)’ @)
BF —_—

. . Relative predictive
for effect p
accuracy

in which p(data |H) denotes how well a hypothesis H
predicted the data at hand. Therefore, the BF may be
interpreted as the relative predictive accuracy of two
models (Rouder & Morey, 2019).

Here, we focus on an additional interpretation of the
BF that comes from rearranging the terms of Bayes rule.
According to the additional interpretation, the BF quanti-
fies the change in beliefs about the hypotheses brought
about by the data (i.e., the change from prior to posterior
odds of two hypotheses):

~ p(H/|data) |, p(H)

BE,, ., = 7 / ~

T p(H [data) - p(HY) 3
\_q,_—/

BF

for effect

Posterior odds Prior odds

for effect for effect

In this equation, p(H/) denotes the prior probab1l1ty
of the fixed-effect alternative hypothesis H/ and
p(H/ |data) denotes the posterior probability of H/
(i.e., after having updated one’s knowledge according
to observed data). Likewise, p(H{) denotes the prior
probability of the fixed-effect null hypothesis #,, and
p(H/ |data) denotes the posterior probability of H,.

To illustrate how to quantify change in beliefs using
the BF, we consider a hypothetical example. Figure 4
displays hypothetical prior and posterior probabilities
for the four rival hypotheses. The top part of the plot
shows prior probabilities of the hypotheses (i.e., plau-
sibility before having seen any data), and by default, all
of them are set to 0.25. The bottom panel of Figure 4
displays hypothetical posterior probabilities of the
hypotheses (i.e., plausibility after having updated one’s
knowledge according to observed data). In contrast to
the prior probabilities, these are not equal anymore
because the data have shifted one’s beliefs.

We are now ready to calculate the BF from Equation
3. For the hypothetical example in Figure 4, the prior
odds are given by 0.25/0.25 = 1, and the posterior odds
are given by 0.40/0.15 =~ 2.67. Consequently, the BF is

BFH/J&/’ ~2.67 /1=2.67, which indicates that—assuming

a fixed-effect model—the data have made the effect-
present hypothesis 2.7 times more likely than it was
before compared with the effect-absent hypothesis. In
a similar fashion, one could compute BE, w 1O quantify
the evidence for the effect being nonzero assuming
random effects. The prior odds are again given by
0.25/0.25=1, and the posterior odds are given by
0.35/0.10 = 3.5. Consequently, the BF is BE,, ,, =3.5/1=
3.5, which indicates that—assuming a ranzf/om effects
model—the data have made the effect-present hypoth-
esis 3.5 times more likely than it was before compared
with the effect-absent hypothesis.

To address the question of whether there is hetero-
geneity in the effect across studies (Q2; i.e., test for fixed
effect or random effects), one may compute BFH; e This
BF compares the random-effects hypothesis with the
fixed-effect hypothesis under the assumption that effect
size n is nonzero. For the hypothetical example in Figure
4, the prior odds are given by 0.25/0.25 =1, and the
posterior odds are given by 0.35 /0.40 = 0.875. Conse-
quently, BF , =(0.35/0.40) /1=0.875 or, equiva-
lently, BF,, ” —1/BF ~1.14 . This BF indicates
that—assummo that an effect is present—the data have
made the heterogeneity-absent hypothesis about 1.14
times more likely than it was before, compared with the
heterogeneity-present hypothesis.

Bayesian model averaging

For the fictional scenario above, one could conclude
that the BF in favor of the effect-present hypothesis is
either BF, . =35 (if there is heterogeneity in the
effect) or BF o 2.67 (if there is no heterogeneity).
Furthermore, the data support both the random-effects
alternative hypothesis and the fixed-effect alternative
hypothesis about equally (i.e., assuming an effect,
BE,, w = 1.14). Hence, considerable uncertainty remains
W1th respect to whether a fixed-effect or a random-
effects model is more appropriate. Instead of ignoring
this uncertainty for final inference, one can take this
uncertainty into account by considering all four hypoth-
eses simultaneously according to their plausibility in
light of the observed data. This procedure is known as
Bayesian model averaging (e.g., Hinne et al., 2019;
Hoeting et al., 1999).

To quantify the evidence for the effect being present
while taking into account uncertainty with respect to
choosing a fixed-effect or random-effects model, one
can compute a model-averaged inclusion BF. This BF
contrasts all hypotheses that allow the effect to be non-
zero (i.e., M/ and H,) to all hypotheses that constrain
the effect to be exactly zero (i.e., H/ and H]) and thus
fully takes into account model uncertainty with respect
to choosing a fixed-effect or random-effects model.® Fig-
ure 4 illustrates how this model-averaged inclusion BF
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Fig. 4. Prior probabilities of the hypotheses and computation of the model-averaged prior inclusion
odds (top) and exemplary posterior probabilities and computation of the model-averaged posterior
inclusion odds (bottom). Available at https://www.bayesianspectacles.org/library/ under CC license

https://creativecommons.org/licenses/by/2.0/.

is computed. This BF, just as any BF, is given by the
change from prior to posterior odds. However, this time,
these are prior and posterior inclusion odds. The top
panel of Figure 4 displays the prior probabilities of the
hypotheses. By default, all of them are set to 0.25. The
left scale shows how to compute the prior inclusion odds
for the presence of an effect. Specifically, the hypotheses
that allow u to differ from zero (i.e., H/ and H/) are
contrasted with the hypotheses that fix p to zero Gi.e.,
H, and H/). Because the combined prior probability of
the hypotheses that allow p to differ from zero is 0.50
and the combined prior probability of the hypotheses
that fix p to zero is also 0.50, the prior inclusion odds
are equal to 1.2 The bottom panel of Figure 4 illustrates

how to compute the posterior inclusion odds using hypo-
thetical posterior probabilities. In contrast to the prior
probabilities, these are not equal anymore after having
updated one’s knowledge according to observed data.
The left scale in Figure 4 compares the hypotheses that
allow p to differ from zero with the hypotheses that fix
1 to zero. Given the posterior probabilities, this compari-
son favors the hypotheses that allow p to be nonzero
(combined posterior probability of 0.75) over the hypoth-
eses that fix p to zero (combined posterior probability
of 0.25). Consequently, the posterior inclusion odds are
given by 0.75/0.25 = 3. Finally, the model-averaged
inclusion BF for an effect is obtained by dividing the
posterior inclusion odds by the prior inclusion odds!?:
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In this example, dividing the posterior inclusion odds
by the prior inclusion odds yields BE, =3 /1=3. This
BF indicates that compared with the effect-absent
hypothesis, the data have made the effect-present
hypothesis 3 times more likely than it was before.

In a similar fashion, one can compute a model-aver-
aged inclusion BF to compare all hypotheses that allow
the between-study standard deviation 1t to be nonzero
(i.e., Hy and H, ) to all hypotheses that fix t to zero
Gie., H/ and H/):

o p(H;|data) + p(H, |data)
e PO

Inclusion BF

PCHD + p(HD)
data) + p(H/|data) * p(H )+ p(H )

Posterior inclusion odds

for heterogeneity Prior inclusion odds

for heterogeneity for heterogeneity

5

The computation of this BF is also illustrated in Figure
4 (i.e., scales on the right). The prior inclusion odds for
heterogeneity are equal to 1, and the posterior inclusion
odds are equal to 0.45/0.55 =~ 0.82. Consequently,
BE, =(0.45/0.55) /1~ 0.82, or expressed in favor of no
heterogeneity, BF, ~ 1.22. This BF indicates that com-
pared with the heterogeneity-present hypothesis, the
data have made the heterogeneity-absent hypothesis
about 1.22 times more likely than it was before.

One may also use model averaging in estimation to
obtain a model-averaged posterior distribution for the
parameters p and t. These model-averaged posterior
distributions combine the posterior for each hypothesis
by weighting them with the posterior probability of each
hypothesis. There are two useful ways of obtaining
model-averaged posteriors. First, one may combine the
posterior for, say, p for all four hypotheses according to
their posterior probabilities. Because two of the hypoth-
eses fix p a priori to zero (i.e., H{ and H; ), the model-
averaged posterior will be a mixture between a
point-mass at zero and a continuous component. Sec-
ond, one could choose to focus only on the hypotheses
that do not fix the parameter to zero. This yields a
model-averaged posterior without a spike at zero. Impor-
tantly, in this case, one needs to be clear about the fact
that this represents the model-averaged posterior under
the assumption that the effect is nonzero. In the software
that we use below (i.e., metaBMA and JASP), only the
latter approach has currently been implemented (i.e.,
displaying the model-averaged posterior conditional on
assuming that the effect is present).

According to the self-concept maintenance theory (Mazar
et al., 2008), people will cheat to maximize self-profit,
but only to the extent that they can still maintain a posi-
tive self-view. In their Experiment 1, Mazar et al. (2008)
gave participants an incentive and opportunity to cheat.
Before working on a problem-solving task, participants
either recalled, as a moral reminder, the Ten Command-
ments or, as a neutral condition, 10 books they had read
in high school. In line with the self-concept maintenance
hypothesis, participants in the moral reminder condition
reported having solved fewer problems than those in
the neutral condition, which also reflected their actual
performance better. Recently, a Registered Replication
Report (Verschuere et al., 2018) attempted to replicate
this finding. Here we focus on the primary meta-analysis
that included data from 19 labs. Figure 5 displays the
observed Cohen’s d effect size and corresponding 95%
CI for each lab.!! Negative effect sizes are in line with
the self-concept maintenance hypothesis (i.e., the self-
concept maintenance theory predicts that participants
in the Ten Commandments condition cheat less than
participants in the neutral condition, not more), whereas
positive effect sizes are opposite to what the theory
predicts.

For the primary analysis, Verschuere et al. (2018)
reported a meta-analytic Cohen’s d of 0.04 (95% CI =
[-0.04, 0.12]).'? Consequently, the effect was nonsignifi-
cant and in the opposite direction of the effect size in
the original study. Furthermore, Verschuere et al. con-
cluded that there was no heterogeneity across labs:
=0, Q(18) = 13.16, p =.78. Here we conduct a reanal-
ysis using the Bayesian model-averaged meta-analysis
approach.

Parameter prior settings

We use three different parameter prior specifications.
These specifications differ only in the prior for p because
the prior for t is always an Inverse-Gamma(l, 0.15) dis-
tribution. The first specification assigns p a default zero-
centered Cauchy prior distribution with scale 1/ V2. This
specification will be referred to as defaull (two-sided).
The second specification is very similar but truncates the
default Cauchy prior distribution at zero to incorporate
the directedness of the self-concept maintenance hypoth-
esis (i.e., participants in the Ten Commandments condi-
tion are expected to cheat less than participants in the
neutral condition, not more). This specification will be
referred to as default (one-sided). Finally, the third speci-
fication uses as an informed prior for p a ¢ distribution
that is centered on —0.35, with scale 0.102 and 3 df. This
prior is also truncated at zero to preclude effect sizes in
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Fig. 5. Observed effect sizes (Cohen’s d) with corresponding 95% confidence intervals for the Registered Replica-
tion Report by Verschuere et al. (2018). Only the 19 labs that were included in the primary analysis are displayed.
Available at https://tinyurl.com/ydad5k7p under CC license https://creativecommons.org/licenses/by/2.0/.

the direction opposite to what the hypothesis predicts.
This “Oosterwijk” prior has been elicited for a reanalysis
of a social psychology study (Gronau et al., 2020), but
we believe it is a reasonable prior for psychological stud-
ies more generally.!? This specification will be referred
to as informed (one-sided).

Results

Hypotheses posterior probabilities. Table 1 displays
the prior and posterior probabilities of the hypotheses for
each of the three different prior specifications. The order-
ing of the posterior probabilities is identical for all three
prior specifications: The fixed-effect null hypothesis
(H/) receives most posterior probability, followed by
the random-effects null hypothesis (H; ), the fixed-effect

alternative hypothesis (), and the random-effects alter-
native hypothesis (H; ).

Model-averaged BF for an overall effect. To address
the question of whether the meta-analytic effect is non-
zero (i.e., Q1), we compute the model-averaged BF, BF,,,
for each prior setting. This can be achieved solely using the
probabilities presented in Table 1. For the default (two-
sided) prior setting, the posterior inclusion odds for an
effectare given by (0.087 +0.016) / (0.754 + 0.143) =~ 0.115.
Because the prior inclusion odds are equal to 1, this num-
ber equals the model-averaged BF, BF,, = 0.115. Conse-
quently, BF,, =1/BF,, = 8.696, which indicates moderate
evidence for the absence of an effect. For the default (one-
sided) prior setting, the posterior inclusion odds for an

Table 1. Prior and Posterior Probabilities of the Four Hypotheses of Interest

p(H|data)
Hypothesis PCHD Default (two-sided) Default (one-sided) Informed (one-sided)
H 0.25 0.754 0.823 0.837
Hlf 0.25 0.087 0.017 0.004
H 0.25 0.143 0.156 0.159
H 0.25 0.016 0.004 0.001

Note: Data from Verschuere et al. (2018). Hof = fixed-effect null hypothesis; H]'/ ' = fixed-effect alternative
hypothesis; ‘H; = random-effects null hypothesis; H; = random-effects alternative hypothesis.
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Fig. 6. Sequential analysis. The posterior probability for each of the four hypotheses
is displayed as a function of the number of studies included in the analysis. Figure

from JASP (jasp-stats.org).

effect are given by (0.017 +0.004) /(0.823 + 0.156) ~ 0.021;
this number equals the model-averaged BF, BF,, = 0.021.
Consequently, BF, =1/ BF,, ~ 47.619, which indicates very
strong evidence for the absence of an effect. For the informed
(one-sided) prior setting, the posterior inclusion odds are
calculated in the same fashion. The model-averaged BF
is therefore BF,,=(0.004 + 0.001) /(0.837 + 0.159) = 0.005.
Consequently, BF, =1/ BF,, ~ 200, which indicates ex-
treme evidence for the absence of an effect. In sum, for all
prior settings, the model-averaged BF indicates evidence
in favor of the null hypothesis of no effect. However, the
degree of evidence differs across prior settings. The rea-
son why the default (one-sided) and the informed (one-
sided) prior setting yield more evidence for the absence of
an effect is that, as reported by Verschuere et al. (2018),
the meta-analytic effect goes in the direction opposite of
what the theory predicts, and these priors for p do not
assign any mass to population effect size values that go in
the opposite direction.

Model-averaged BF for beterogeneity. To address the
question of whether there is heterogeneity in effect size
across studies (i.e., Q2), we compute the model-averaged
BF, BF,, for each prior setting. This can again be achieved
solely using the probabilities presented in Table 1. For the
default (two-sided) prior setting, the posterior inclusion
odds for heterogeneity are given by (0.143 +0.016) /
(0.754 + 0.087) = 0.189. Because the prior inclusion odds
are equal to 1, this number equals the model-averaged
BF, BF,, ~ 0.189. Consequently, BF, =1/BF, ~5.291,
which indicates moderate evidence for the absence of
heterogeneity. For the default (one-sided) prior setting,

the posterior inclusion odds for heterogeneity are given
by (0.156 +0.004) / (0.823 + 0.017) = 0.190; this number
equals the model-averaged BF, BF,,~ 0.190. Consequently,
BF, =1/BF, ~5.263, which indicates moderate evi-
dence for the absence of heterogeneity. For the informed
(one-sided) prior setting, the model-averaged BF is given
by BE, ~(0.159 +0.001) / (0.837 + 0.004) ~ 0.190. Conse-
quently, BF, =1/ BE, ~5.263, which indicates moderate
evidence for the absence of heterogeneity. In sum, for all
prior settings, the model-averaged BF indicates evidence
in favor of the null hypothesis of no heterogeneity. The
degree of evidence is very similar across prior settings,
which indicates moderate evidence for the absence of
heterogeneity.

Sequential analysis. For this particular example, stud-
ies were conducted at about the same time, and we do not
know the order in which they finished. However, in other
cases, the temporal order may be known and of interest.
This is especially the case for meta-analyses combining
studies from several decades because trends in the field
may affect study design and results. Here we demonstrate
how to conduct a sequential analysis that displays the evi-
dence as studies accumulate. Because the presented
approach is Bayesian, current knowledge can be updated
by new evidence without having to worry about optional
stopping (Rouder, 2014). To demonstrate the sequential
analysis, we make the arbitrary assumption that the tem-
poral order of the studies coincides with the alphabetical
order of the last names of the labs’ leading researchers.
Furthermore, for demonstration purposes, we focus on
one prior setting, default (two-sided). Figure 6 displays
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Fig. 7. Posterior distribution for the effect size parameter p. The
posterior is displayed for both hypotheses that do not fix u to zero.
In addition, the model-averaged posterior distribution is displayed.
The prior distribution is shown as a dotted line. Figure from JASP
(jasp-stats.org).

how the posterior probability for each of the four hypoth-
eses changes as studies accumulate. Note that at the zero
point of the x-axis, all hypotheses have “posterior” prob-
ability 0.25: Without any data, the posterior probability
equals the prior probability. Figure 6 highlights that the
posterior probability for the fixed-effect null hypothesis,
Hof , increases as more studies become available. Com-
pared with the prior probability, all other hypotheses
decrease in plausibility over time. Note that both hypoth-
eses that fix effect size p to zero (H/ and H]) have a
higher posterior probability than the two hypotheses that
allow p to differ from zero (H/ and H)). The lines end
with the inclusion of Study 19, and this point describes the
current state of evidence. However, as more studies
become available, one could extend this analysis further
and interpret the updated state of evidence (Berger &
Wolpert, 1988; Rouder, 2014; Wagenmakers, Gronau, &
Vandekerckhove, 2018).

Parameter posterior distribution. As shown above,
all prior settings resulted in evidence against the self-con-
cept maintenance theory. It could be argued that this makes
estimation of the population effect size unnecessary—the
data offer no reason to consider an estimate other than
p = 0. Nevertheless, in practice, it may still be of interest
to show how small or large the effect size is estimated
under the assumption that the effect is nonzero. In gen-
eral, we believe that for parameter estimation, it is advis-
able to not use a truncated prior for the parameter of
interest (van Doorn et al., 2019). The reason is that, as in
the present example, the effect may be in the direction
opposite to what the hypothesis predicts. Whenever a
prior is truncated to allow only effect sizes that align with
the hypothesis, it is impossible to obtain a posterior that
assigns probability mass to effect sizes in the opposite

direction. As a consequence, a posterior distribution based
on truncated priors may be misleading (in the present
example, the truncated posterior would be left-skewed
with almost all probability mass close to zero). Figure 7
displays the posterior distribution for p using the default
(two-sided) prior setting. Posteriors are shown for both
hypotheses that allow u to differ from zero (H/ and H,)
and, additionally, the model-averaged posterior that is
obtained by combining these two posteriors according to
the plausibility of the hypotheses according to the data.
Figure 7 shows that, assuming p is not exactly equal to
zero, it is likely to be small and have most posterior mass
in the direction opposite to what the theory predicts. Fur-
thermore, the posterior distributions under both hypothe-
ses are very similar, which results in a model-averaged
posterior that is also very similar.

Discussion

In this primer, we have discussed Bayesian model-aver-
aged meta-analysis as a method for quantitatively syn-
thesizing the results of a set of studies. This procedure
affords researchers the well-known pragmatic benefits
of a Bayesian method (Wagenmakers, Marsman, et al.,
2018; Wagenmakers, Morey, & Lee, 2016). In addition, it
allows researchers to take into account model uncertainty
with respect to choosing a fixed-effect or random-effects
model when addressing the two key questions of whether
the overall effect is nonzero (Q1) and whether there is
between-study variability in effect size (Q2).

Effects of prior settings

There are two a priori settings to consider for a Bayesian
model-averaged meta-analysis: the prior probabilities for
the four models (i.e., prior model probabilities) and the
prior distributions for the overall effect u and the study
heterogeneity t (i.e., prior parameter distributions). We
now discuss each setting in turn.

Concerning the prior model probabilities, in the
Appendix we show how the results change as a function
of how the prior probability is distributed across the four
models. When comparing two models, the choice of
prior model probabilities does not affect the BF; how-
ever, this is no longer the case when more than two
models are in play. In such scenarios, the model-averaged
BFs are generally sensitive to the choice of prior model
probabilities. For unequal prior probabilities, the poste-
rior probabilities may change quite drastically. In our
application to the data from Verschuere et al. (2018),
however, the pattern of BF is relatively robust to reason-
able changes in the prior model probabilities (see
Appendix). Nevertheless, we recommend using uniform
prior probability settings across the models if there are
no clear theoretical reasons for different settings.
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Concerning the prior distributions for the model
parameters, concrete recommendations are provided in
Box 1. We showed that in our application to the data
from Verschuere et al. (2018), for some reasonably
informed choices, the pattern of evidence from the BFs
is comparable. The more informed a prior distribution
is (e.g., choosing a one-sided prior distribution for the
overall effect size), the faster evidence accumulates for
or against this hypothesis. When in doubt about these
settings, we recommend conducting a robustness analy-
sis in which researchers choose several reasonable prior
settings and check how these choices affect the results.
Note that in this primer, we focused on standardized
mean difference effect sizes (i.e., Cohen’s d or Hedges’s
2 and provided recommendations for how to choose
the prior distributions for this case. If the observed effect
sizes are not standardized mean differences, one needs
to adjust these prior distributions. Providing recommen-
dations for other cases such as Fisher’s z and log odd
ratios is left to future research.

Justification of the models

Up to this point, we have tacitly assumed that each of
the four models under consideration is a reasonable
abstraction of a possible real-world phenomenon that a
researcher is interested in. We do not believe that any
of the models are “true” in the sense that they corre-
spond to reality exactly. As stated by A. F. M. Smith
(1981),

as soon as we make any selection from the huge
complex of assumptions (i.e. models) available to
us, we are entering into a kind of metaphor. A//
models are metaphors. We must always recognize
that underlying everything we do is an “as if”
philosophy. We should always be saying (as loudly
as possible) “I am going to condition on certain
assumptions, and anything I say has to be
interpreted as if (at this moment) I believe in those
assumptions.” (p. 121)

Nevertheless, the usefulness of some of the models
in our set may be disputed. This holds particularly for
the fixed-effect models, which assume that the true effect
size is identical across all studies, and the random-effects
null hypothesis, which assumes that each experiment
has a nonzero effect but that the group mean equals
zero exactly. We will discuss these models in turn.

Fixed-effect models. Some methodologists have argued
that a parameter is never truly equal to zero (e.g., Bakan,
1966; Cohen, 1994; Laplace, 1774/1986; Meehl, 1967, 1978,;
Nunnally, 1960; Schmidt & Hunter, 1997; Tukey, 1991).

From this perspective, the fixed-effect models are deemed
utterly implausible from the outset because the between-
studies variability t is assumed to equal zero exactly (but
see Hedges & Vevea, 1998)." In line with the quotation
from Adrian Smith (1981) above, our view is that all mod-
els are abstractions and should be interpreted as meta-
phors. Fixing © = 0 is an implementation of the theoretical
position that between-study variability is negligible. Of
course, with infinitely many studies, T may not be exactly
zero. With a finite number of studies, however, the models
that fix 1 to zero may outpredict the competition, particu-
larly if the number of available studies is small. Random-
effects models are less parsimonious and require more
studies for their parameters to be estimated accurately. If
between-study variability t is indeed nonzero, the plausi-
bility of the fixed-effect models will wane as studies accu-
mulate, and the plausibility of the random-effects models
will wax. At any point, the relative influence of the fixed-
effect as opposed to the random-effects models is a func-
tion of predictive performance: If the fixed-effect models
indeed predict the observed data poorly, they will simply
not receive much posterior probability, and model-
averaged inference will be driven primarily by the
random-effects models. Finally, the results produced by
assuming a point-null hypothesis T = 0 will be similar to
those produced by assuming a peri-null hypothesis that
assigns t a distribution that is highly concentrated near
zero. Researchers who are uncomfortable with point-null
hypotheses may view them as mathematically convenient
approximations to more realistic peri-null hypotheses that
assume T to be negligibly small (but not equal to zero
exactly).

Random-effects null bypotbesis. Researchers who
believe a parameter is never truly equal to zero may simi-
larly object to the random-effects null hypothesis that fixes
the group mean p to zero. In fact, for the case of the
random-effects null hypothesis, there is an added con-
cern: How could it be possible that each study effect itself
is nonzero but the group mean of the study effects hap-
pens to average out to zero exactly? Even if the group
mean were virtually zero at some stage, adding another
study would almost certainly move it away from zero
again.'® We agree that these are valid objections. Neverthe-
less, we remain convinced that including this model in the
model-averaging procedure is sound rather than silly.'” As
before, one may consider the random-effects null hypoth-
esis as a mathematically convenient approximation of the
peri-null hypothesis that states the effect is not exactly
zero but falls in an interval close to zero. In other words,
the model effectively assumes that any changes in the
group mean are dwarfed by study-specific effects (e.g.,
due to unknown moderators). If this model were excluded,
any systematic variation in effects across studies will
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greatly heighten the plausibility of the random-effects H,,
which also states that there is an effect on the group mean.
In other words, without the random-effects null hypoth-
esis in the model set, a single experiment with a clear
effect suffices to conclude that there exists an effect across
all experiments as well. We believe that both skeptical and
pragmatic researchers will find this conclusion premature.
Thus, including the random-effects null hypothesis pro-
vides a check on the random-effects alternative hypothe-
sis, dampens the impact of outlying experiments, and
generally makes the inference more robust to model mis-
specification. Finally, if the random-effects null hypothesis
truly provides a terrible account of the observed data, its
posterior probability will be close to zero, and it will play
a negligible role in the model-averaging procedure.

Cavealts

There exist a number of caveats for both the proposed
Bayesian meta-analysis approach specifically and meta-
analysis in general. The main danger is that researchers
treat the outcome of a meta-analysis as definitive without
taking into account the assumptions and limitations of
the approach. In general, there are many uncertainties
when applying meta-analysis; the proposed approach
attempts to address one of these uncertainties (i.e.,
should a fixed-effect or random-effects model be used)
using Bayesian model averaging. One uncertainty that
is not addressed by the approach is whether the assump-
tion of a normal distribution of true study effects is
plausible. It may be argued that this assumption is prob-
lematic because of a number of reasons. For example,
there may be dependencies between different effect
sizes due to including multiple effect sizes from the same
articles or multiple studies from the same lab. Moreover,
there may be sequential dependencies given that
researchers may inform their study designs by reading
the literature (this may be less of a concern for many-
labs meta-analyses). Furthermore, researchers should be
aware that there may be measurement-error and range-
restriction issues. A number of methods have been pro-
posed to address these caveats (e.g., Cheung & Chan,
2008; Schmidt & Hunter, 2015; Tipton, 2015). Another
caveat is that the presence of publication bias may dis-
tort the meta-analytic result. Publication bias can be
ruled out in case the complete set of studies has been
preregistered (e.g., in the form of a Registered Replica-
tion Report, Chambers, 2017; van Elk et al., 2015). When-
ever publication bias cannot be ruled out, a number of
methods have been proposed for estimating the extent
of this publication bias and for correcting the meta-
analytic effect size estimate (e.g., Gronau, Duizer, et al.,
2017; Simonsohn et al., 2014a, 2014b; van Assen et al.,
2015).'8 Furthermore, our lab has recently proposed an

extension of the Bayesian model-averaged meta-analysis
procedure that takes into account the possibility of pub-
lication bias (Barto$ et al., 2020; Maier et al., 2020). In
any case, it is important to emphasize that researchers
should not blindly trust meta-analysis results but should
take into account substantive expertise and knowledge
about the limitations of the procedure.

Beyond overall effects

In addition to the key questions Q1 and Q2, researchers
may often be interested in incorporating discrete and
continuous moderators at the study level. Although we
did not discuss this possibility here, the metaBMA pack-
age does provide functionality for including moderators.
Including moderators in the analysis is one way of
accounting for the fact that different subsets of studies
might have different latent effect sizes. Another possible
way of incorporating and testing this assumption would
be to change the distribution of the latent study effects.
Instead of assuming a single continuous normal distribu-
tion of effect sizes, one could assume a latent mixture
of normal distributions and then test how many compo-
nents are necessary to describe the distribution of latent
study effects best (e.g., Moreau & Corballis, 2019).

An additional approach to a Bayesian meta-analysis
is to focus on the entire distribution of study effects
instead of the overall effect. For instance, Rouder et al.
(2019) proposed to test whether all studies in the meta-
analytic sample show an effect in the same, expected
direction or whether some studies show an opposite
effect. An appropriate model for this analysis is one in
which both the distribution of the overall effect and the
distribution of individual study effects are truncated; the
latter truncation is imposed to allow individual study
effects in one direction only (upper level of Fig. 1). This
model can then be compared with the unconstrained
alternative (i.e., the random-effects alternative). Similar
tests have been proposed in the clinical literature, in
which meta-analysis also serves the purpose to test
whether one treatment is superior for one patient popu-
lation and another treatment is superior for another
patient population (Gail & Simon, 1985). Such a “Does
every study show an effect?” analysis is implemented in
the metaBMA package.

As a final word of caution, we would like to stress again
that, in line with the adage “garbage in, garbage out,” no
statistical analysis can provide high-quality inference based
on low-quality data that might be the result of problematic
study design, shortcomings of the implementation or sam-
ple, publication bias, significance chasing, and so on;
Bayesian model-averaged meta-analysis is no exception.
For instance, one may use the procedure to analyze studies
that have not been preregistered; however, the conclusions
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might need to be interpreted with skepticism in case the
quality of the included studies is questionable or if the
included studies represent a biased sample of all con-
ducted studies in a field. In contrast, when the set of
studies is of high quality, preregistered, and possibly even
the result of a Registered (Replication) Report, we believe
that Bayesian model-averaged meta-analysis can be a valu-
able tool that allows researchers to address key questions
of interest in a principled manner.

Appendix

Changing the prior probabilities
of the bypotheses

When computing Bayes factors (BFs) that compare two
models, such as BE, ;s (see Equation 2 and Equation
3), the prior probabilities of the hypotheses do not affect
the resulting BE. For instance, when inserting the expres-
sions for the posterior probabilities in Equation 3, the
prior probabilities cancel out:

_ ptdaa) ), pCH)  pldatal)
H pldata|H O p(H Y "~ p(H)  p(data|H/ )

6)

In contrast, when computing incl/usion BFs that involve
more than two models, the prior probabilities affect the
resulting BFs. For instance, when inserting the expres-
sions for the posterior probabilities in Equation 4, the
prior probabilities do not cancel out:*”

_ p(data|H/ ) pCH) + p(datalH)) pCH,)
~ p(datalH) p(H ) + p(datalH)) p(H; )
PCH Y+ p(H)
PCHD + p(HD

10

@)

Here we demonstrate the effect of changing the prior
probabilities of the hypotheses using the self-concept
maintenance example. Specifically, we show how the
posterior probabilities of the hypotheses and the inclu-
sion BFs change when (a) increasing the prior probabil-
ity of the winning hypothesis H{ from 0.25 to 0.70 and
(b) increasing the prior probability of the worst hypoth-
esis H, from 0.25 to 0.70.

The remaining prior probability, 0.30, is distributed
evenly across the other three hypotheses (i.e., each of the
remaining hypotheses is assigned prior probability 0.10).

Increasing the prior probability of ’Hof

Hypotheses posterior probabilities. Table 2 displays the
prior probabilities of the hypotheses and the posterior
probabilities of the hypotheses for each of the three

different prior specifications for p. Although the num-
bers changed, the ordering of the posterior probabilities
is identical to the one obtained when using equal prior
probabilities for all four hypotheses: For all prior speci-
fications, the fixed-effect null hypothesis (/) receives
most posterior probability, followed by the random-effects
null hypothesis (H; ), the fixed-effect alternative hypoth-
esis (H/), and the random-effects alternative hypothesis

(HD.

Model-averaged BF for an overall effect. For the default
(two-sided) prior setting, BF,, = 0.077. Consequently, BF,, =
12.987, which indicates strong evidence for the absence of
an effect. Recall that equal prior probabilities for all four
hypotheses yielded BF,, ~ 8.696, which indicates moder-
ate evidence for the absence of an effect. For the default
(one-sided) prior setting, BF,, = 0.016. Consequently,
BF,, = 62.5, which indicates very strong evidence for the
absence of an effect. Equal prior probabilities for all four
hypotheses yielded BF,, = 47.619, which also indicates
very strong evidence for the absence of an effect. For the
informed (one-sided) prior setting, BF,, = 0.004. Conse-
quently, BF, = 250, which indicates extreme evidence for
the absence of an effect. Equal prior probabilities for all
four hypotheses yielded BF, = 200, which also indicates
extreme evidence for the absence of an effect. In sum, the
inclusion BFs based on the different setting of the prior
probabilities of the four hypotheses (see Table 2) quali-
tatively agree with the ones obtained when using equal
prior probabilities: There is evidence for the absence of an
effect. However, they differ in the degree of evidence for
the absence of an effect.

Model-averaged BF for beterogeneity. For the default
(two-sided) prior setting, BF,, ~ 0.119. Consequently,
BF,, ~ 8.403, which indicates moderate evidence for the
absence of heterogeneity. Recall that equal prior prob-
abilities for all four hypotheses yielded BF, ~ 5.291,
which also indicates moderate evidence for the absence
of heterogeneity. For the default (one-sided) prior setting,
BF,,~ 0.111. Consequently, BF, ~ 9.009 indicates moder-
ate evidence for the absence of heterogeneity. Equal prior
probabilities for all four hypotheses yielded BF, ~ 5.263,
which also indicates moderate evidence for the absence
of heterogeneity. For the informed (one-sided) prior set-
ting, BF,,~ 0.107. Consequently, BF, ~ 9.346, which indi-
cates moderate evidence for the absence of heterogeneity.
Equal prior probabilities for all four hypotheses yielded
BF,. ~ 5.263, which also indicates moderate evidence for
the absence of heterogeneity. In sum, the inclusion BFs
based on the different setting of the prior probabilities
of the four hypotheses (see Table 2) qualitatively agree
with the ones obtained when using equal prior probabili-
ties: There is evidence for the absence of heterogeneity.
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Table 2. Prior and Posterior Probabilities of the Four Hypotheses of Interest

p(H|data)
Hypothesis ~ p(H)  Default (two-sided) Default (one-sided) Informed (one-sided)
H 0.70 0.955 0.970 0.973
H 0.10 0.016 0.003 0.001
H 0.10 0.026 0.026 0.026
Hy 0.10 0.003 0.001 0.000

Note: Data from Verschuere et al. (2018). The posterior probabilities are dlﬂplayed for three dlfferent prior
settings for the effect size /parameter . Note that the prior probability of 7‘/0 is set to 0.70. 7‘10 = fixed-

effect null hypothesis; H{
H{ = random-effects alternatwe hypothesis.

However, they differ in the degree of evidence for the
absence of heterogeneity.

Increasing the prior probability of H

Hypotheses posterior probabilities. Table 3 displays the
prior probabilities of the hypotheses and the posterior
probabilities of the hypotheses for each of the three dif-
ferent prior specifications for p. Although the numbers
changed, the ordering of the posterior probabilities is
similar to the one obtained when using equal prior prob-
abilities for all four hypotheses: For all pr1or specifica-
tions, the fixed-effect null hypothesis H{ receives most
posterior probability, followed by the random-effects null
hypothesis 7—(0 However, now the fixed-effect alternative
hypothesis H/ receives less posterior probability than the
random-effects alternative hypothesis H, .

Model-averaged BF for an overall effect. For the default
(two-sided) prior setting, BF,, = 0.056. Consequently,
BF,, = 17.857, which indicates strong evidence for the
absence of an effect. Recall that equal prior probabilities
for all four hypotheses yielded BF,, ~ 8.696, which indi-
cates moderate evidence for the absence of an effect. For
the default (one-sided) prior setting, BF,, = 0.011. Conse-
quently, BF,, = 90.909, which indicates very strong evi-
dence for the absence of an effect. Equal prior probabilities
for all four hypotheses yielded BF,, = 47.619, which also

fixed-effect alternative hypothesis; H; = random-effects null hypothesis;

indicates very strong evidence for the absence of an effect.
For the informed (one-sided) prior setting, BF,, = 0.003.
Consequently, BF,, = 333.333, which indicates extreme
evidence for the absence of an effect. Equal prior prob-
abilities for all four hypotheses yielded BF,, = 200, which
also indicates extreme evidence for the absence of an
effect. In sum, the inclusion BFs based on the different set-
ting of the prior probabilities of the four hypotheses (see
Table 3) qualitatively agree with the ones obtained when
using equal prior probabilities: There is evidence for the
absence of an effect. However, they differ in the degree of
evidence for the absence of an effect.

Model-averaged BF for heterogeneity. For the default
(two-sided) prior setting, BF, ~ 0.076. Consequently,
BF,, ~ 13.158, which indicates strong evidence for the
absence of heterogeneity. Recall that equal prior prob-
abilities for all four hypotheses yielded BF, ~ 5.291,
which indicates moderate evidence for the absence of
heterogeneity. For the default (one-sided) prior setting,
BF,,~ 0.054. Consequently, BF, ~ 18.519, which indicates
strong evidence for the absence of heterogeneity. Equal
prior probabilities for all four hypotheses yielded BF,, ~
5.263, which indicates moderate evidence for the absence
of heterogeneity. For the informed (one-sided) prior set-
ting, BF,,~ 0.049. Consequently, BF, ~ 20.408, which indi-
cates strong evidence for the absence of heterogeneity.

Table 3. Prior and Posterior Probabilities of the Four Hypotheses of Interest

p(H|data)
Hypothesis p(HD Default (two-sided) Default (one-sided) Informed (one-sided)
H 0.10 0.687 0.805 0.833
H 0.10 0.079 0.017 0.004
7'4: 0.10 0.130 0.153 0.158
le 0.70 0.104 0.026 0.006

Note: Data from Verschuere et al. (2018). The posterior probabilities are displayed for three d1fferer1t prior
settings for the effect size parametel p. Note that the prior probablllty of H{ is set to 0.70. 7'4) = fixed-
effect null hypothesis; Hl = fixed-effect alternative hypothesis; Hy = random-effects null hypothesis;

H; = random-effects alternative hypothesis.
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Equal prior probabilities for all four hypotheses yielded
BF,, » 5.263, which indicates moderate evidence for the
absence of heterogeneity. In sum, the inclusion BFs
based on the different setting of the prior probabilities
of the four hypotheses (see Table 2) qualitatively agree
with the ones obtained when using equal prior probabil-
ities: There is evidence for the absence of heterogeneity.
However, they differ in the degree of evidence for the
absence of heterogeneity.

Summary

In sum, changing the prior probabilities of the hypoth-
eses—as expected—has an effect on the posterior prob-
abilities of the hypotheses. Furthermore, it also has an
effect on the inclusion BFs, that is, it has an effect on
the degree of model-averaged evidence. However, in
this particular example, using the particular changes to
the prior probability that we used, it does not change
the qualitative overall conclusions that there is evi-
dence for the absence of an effect and that there is
evidence for the absence of heterogeneity. In general,
we believe that unless there is strong prior knowledge
that suggests to set the prior probabilities differently,
it is prudent to set the prior probabilities of all four
hypotheses uniformly to 0.25.
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Notes

1. The use of the observed SE; as a plug-in estimate is a
widely used simplification that may not always be appropriate
(Dominguez Islas & Rice, 2018).

2. We use the term fixed effect to be consistent with the meta-
analysis literature; the term common effect may be more appro-
priate (e.g., Rouder et al., 2019).

3. Note that this framework does not preclude parameter
estimation.

4. The terms hypothesis and model are used interchangeably.

5. This figure was inspired by Haaf and Rouder (2017), Figure 3.
6. Note that 0, and 0, correspond to two Jatent true study effects
and do not refer to the observed effect sizes.

7. Note that when comparing exactly two models, the prior prob-
abilities do not affect the resulting BF because they cancel out
(see Appendix).

8. The term inclusion BF refers to the fact that it contrasts all
hypotheses that include p as a free parameter with all hypoth-
eses that do not include p as a free parameter but fix it to zero.
9. Note that this may not be the case when the prior probabilities
of the hypotheses are not set equal.

10. Note that in contrast to BFs that compare only two models,
inclusion BFs that involve more than two models are affected by
the setting of the prior probabilities because they do not cancel
out (see Appendix).

11. We converted the raw effect sizes to standardized effect sizes
(Cohen’s d) with corresponding standard errors.

12. Note that Verschuere et al. (2018) attached a minus sign to
this effect size to indicate that the effect goes in the direction
opposite to that of the hypothesis.

13. We flipped the sign of the location parameter to align with
the way the data are coded (i.e., the theory predicts negative
effect sizes).

14. Hedges and Vevea (1998) argued that there are cases in
which the fixed-effect model is appropriate even when there is
substantial between-study variability in effect sizes. Specifically,
they argued that the fixed-effect model is appropriate when
the goal is conditional inference, that is, when one wishes
to make inference only about the set of studies observed (in
contrast to unconditional inference, in which one wishes
to generalize to a population of studies). We believe this
more descriptive purpose (conditional inference) is at odds
with our methodology. Specifically, for our Bayesian imple-
mentation, we commit to a particular data-generating model
for the fixed-effect case that indeed assumes zero between-
studies variability.
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15. Olsson-Collentine et al. (2020) reported that in many
direct replication studies in cognitive and social psychology,
between-study variability is negligible.

16. One reviewer called the random-effects null hypothesis
“nothing short of silly. It specifies that the parent distribution
governing the sampling of studies is perfectly balanced such that
in the world studies vary but exactly half are positive and exactly
half are negative. What a ridiculous proposition. It is not in the
interest of the readership to advance this silly model.”

17. We note that there were disagreements within the author
team regarding the usefulness of this model. One of the team
members notes that in comparison with the random-effects alter-
native hypothesis, this model is only mildly more restrictive. And
the interpretation that all nonzero study effects sum to zero is
unsatisfactory at best. Therefore, this team member believes that
in cases in which this model might be preferred, researchers may
as well pay the price and consider the random-effects alternative
hypothesis as the best theoretically plausible model.

18. See also http://shinyapps.org/apps/metaExplorer/.

19. The prior probabilities do cancel out when the models that
allow for an effect (i.e., H/ and M) are assigned equal prior
probability ¢, and the models that do not allow for an effect
(i.e., 'HO/ and Hy) are assigned equal prior probability ¢,. Note
that ¢, and ¢, can be different. However, in that case, the model-
averaged BF for testing the presence of between-study heteroge-
neity, BF,, will be affected because the prior probabilities do not
cancel out. Likewise, for BF,, the prior probabilities do cancel out
when the models that allow for heterogeneity (i.e., H, and H,)
are assigned equal prior probability ¢; and the models that do
not allow for heterogeneity (i.e., HO/ and qu ) are assigned equal
prior probability ¢,. However, in that case, the model-averaged BF
for testing the presence of an effect BF,, will be affected because
the prior probabilities do not cancel out anymore.

References

Bakan, D. (1966). The test of significance in psychological
research. Psychological Bulletin, 66, 423-437.

Bartos, F., Maier, M., & Wagenmakers, E.-J. (2020). Adjusting
Sfor publication bias in JASP—Selection models and robust
Bayesian meta—analysis. PysArXiv. https://doi.org/10
.31234/0sf.io/75bqn

Berger, J. O., & Wolpert, R. L. (1988). The likelihood principle
(2nd ed.). Institute of Mathematical Statistics.

Borenstein, M., Hedges, L. V., Higgins, J. P. T., & Rothstein,
H. R. (2009). Introduction to meta-analysis. John Wiley
& Sons.

Chambers, C. D. (2017). The seven deadly sins of psychology:
A manifesto for reforming the culture of scientific practice.
Princeton University Press.

Chambers, C. D., & Munafo, M., & More Than 80 Signatories.
(2013, June 5). Trust in science would be improved by
study pre-registration. The Guardian. https://www.the
guardian.com/science/blog/2013/jun/05/trust-in-science-
study-pre-registration

Cheung, S. F., & Chan, D. K.-S. (2008). Dependent correlations
in meta-analysis: The case of heterogeneous dependence.
Educational and Psychological Measurement, 68, 760-777.

Cohen, J. (1994). The earth is round (p < .05). American Psycho-
logist, 49, 997-1003.

Dominguez Islas, C., & Rice, K. M. (2018). Addressing the
estimation of standard errors in fixed effects meta-analysis.
Statistics in Medicine, 37, 1788-1809.

Etz, A., & Wagenmakers, E.-J. (2017). J. B. S. Haldane’s con-
tribution to the Bayes factor hypothesis test. Statistical
Science, 32, 313-329.

Fisher, R. A. (1928). Statistical methods for research workers
(2nd ed.). Oliver and Boyd.

Gail, M., & Simon, R. (1985). Testing for qualitative interactions
between treatment effects and patient subsets. Biometrics,
41(2), 361-372.

Gronau, Q. F., Duizer, M., Bakker, M., & Wagenmakers, E.-J.
(2017). Bayesian mixture modeling of significant p values:
A meta-analytic method to estimate the degree of con-
tamination from HO. Journal of Experimental Psychology:
General, 146, 1223-1233.

Gronau, Q. F., Ly, A., & Wagenmakers, E.-J. (2020). Informed
Bayesian t-tests. The American Statistician, 74, 137-143.

Gronau, Q. F., van Erp, S., Heck, D. W., Cesario, J., Jonas, K. J.,
& Wagenmakers, E.-]. (2017). A Bayesian model-averaged
meta-analysis of the power pose effect with informed and
default priors: The case of felt power. Comprebensive
Results in Social Psychology, 2, 123-138.

Haaf, J. M., Hoogeveen, S., Berkhout, S., Gronau, Q. F., &
Wagenmakers, E.-J. (2020). A Bayesian multiverse analysis
of Many Labs 4: Quantifying the evidence against mortality
salience. PsyArXiv. https://doi.org/10.31234/0sf.io/cb9er

Haaf, J. M., Ly, A., & Wagenmakers, E.-]. (2019). Retire signifi-
cance, but still test hypotheses. Nature, 567, Article 461.
https://doi.org/10.1038/d41586-019-00972-7

Haaf, J. M., & Rouder, J. N. (2017). Developing constraint
in Bayesian mixed models. Psychological Methods, 22,
779-798.

Hagger, M. S., Chatzisarantis, N. L. D., Alberts, H., Anggono,
C. O., Batailler, C., Birt, A., Brand, R., Brandt, M. J.,
Brewer, G., Bruyneel, S., Calvillo, D. P., Campbell, W. K,
Cannon, P. R., Carlucci, M., Carruth, N. P., Cheung, T.,
Crowell, A., De Ridder, D., Dewitte, S., . . . Zwienenberg,
M. (2016). A multi-lab pre-registered replication of the
ego—depletion effect. Perspectives on Psychological Science,
11(4), 546-573. https://doi.org/10.1177/1745691616652873

Heck, D. W., Gronau, Q. F., & Wagenmakers, E.-J. (2019).
metaBMA: Bayesian model averaging for random and fixed
effects meta-analysis (R package version 0.6.1). https://
CRAN.R-project.org/package=metaBMA

Hedges, L. V., & Vevea, J. L. (1998). Fixed- and random-
effects models in meta-analysis. Psychological Methods,
3, 486-504.

Higgins, J. P. T., Thompson, S. G., & Spiegelhalter, D. J. (2009).
A re-evaluation of random-effects meta-analysis. Journal
of the Royal Statistical Society A, 172, 137-159.

Hinne, M., Gronau, Q. F., van den Bergh, D., & Wagenmakers,
E.-J. (2019). A conceptual introduction to Bayesian model
averaging. PsyArXiv. https://doi.org/10.31234/0sf.io/
wgh64

Hoeting, J. A., Madigan, D., Raftery, A. E., & Volinsky, C. T.
(1999). Bayesian model averaging: A tutorial. Statistical
Science, 14, 382-417.

Hoogeveen, S., Wagenmakers, E.-J., Kay, A. C., & Elk, M. V.
(2018). Compensatory control and religious beliefs:


http://shinyapps.org/apps/metaExplorer/
https://doi.org/10.31234/osf.io/75bqn
https://doi.org/10.31234/osf.io/75bqn
https://www.theguardian.com/science/blog/2013/jun/05/trust-in-science-study-pre-registration
https://www.theguardian.com/science/blog/2013/jun/05/trust-in-science-study-pre-registration
https://www.theguardian.com/science/blog/2013/jun/05/trust-in-science-study-pre-registration
https://doi.org/10.31234/osf.io/cb9er
https://doi.org/10.1038/d41586-019-00972-7
https://doi.org/10.1177/1745691616652873
https://CRAN.R-project.org/package=metaBMA
https://CRAN.R-project.org/package=metaBMA
https://doi.org/10.31234/osf.io/wgb64
https://doi.org/10.31234/osf.io/wgb64

18

Gronau et al.

A registered replication report across two countries.
Comprebensive Results in Social Psychology, 1(3), 299-317.
https://doi.org/10.1177/2515245918781032

JASP Team. (2019). JASP (Version 0.11.1) [Computer software].
https://jasp-stats.org/

Jeffreys, H. (1935). Some tests of significance, treated by
the theory of probability. Proceedings of the Cambridge
Philosophy Society, 31, 203-222.

Jeffreys, H. (1939). Theory of probability (1st ed.). Oxford
University Press.

Jeffreys, H. (1961). Theory of probability (3rd ed.). Oxford
University Press.

Kass, R. E.; & Raftery, A. E. (1995). Bayes factors. Journal of
the American Statistical Association, 90, 773-795.

Klein, R. A., Vianello, M., Hasselman, F., Adams, B. G.,
Reginald, B., Adams, J., Alper, S., Aveyard, M., Axt,
J. R., Babalola, M. T., Bahnik, S., Batra, R., Berkics, M.,
Bernstein, M. J., Berry, D. R., Bialobrzeska, O., Binan,
E. D., Bocian, K., Brandt, M. J., Busching, R., . . . Nosek,
B. A. (2018). Many Labs 2: Investigating variation in repli-
cability across samples and settings. Advances in Methods
and Practices in Psychological Science, 1(4), 443-490.
https://doi.org/10.1177/2515245918810225

Landy, J. F., Jia, M., Ding, I. L., Viganola, D., Tierney, W.,
Dreber, A., Johannesson, M., Pfeiffer, T., Ebersole, C. R.,
Gronau, Q. F., Ly, A., van den Bergh, D., Marsman, M.,
Derks, K., Wagenmakers, E. J., Proctor, A., Bartels, D. M.,
Bauman, C. W., Brady, W. J., . . . Uhlmann, E. L. (2020).
Crowdsourcing hypothesis tests: Making transparent how
design choices shape research results. Psychological Bulletin,
146(5), 451-479. https://doi.org/10.1037/bul0000220

Laplace, P.-S. (1774/1986). Memoir on the probability of the
causes of events. Statistical Science, 1, 364-378.

Lindley, D. V. (1957). A statistical paradox. Biometrika, 44,
187-192.

Maier, M., Bartos, F., & Wagenmakers, E.-J. (2020). Robust
Bayesian meta-analysis: Addressing publication bias with
model-averaging. PsyArXiv. https://doi.org/10.31234/0sf
.io/u4cns

Mazar, N., Amir, O., & Ariely, D. (2008). The dishonesty of
honest people: A theory of self-concept maintenance.
Journal of Marketing Research, 45, 633-644.

Meehl, P. E. (1967). Theory-testing in psychology and phys-
ics: A methodological paradox. Philosophy of Science, 34,
103-115.

Meehl, P. E. (1978). Theoretical risks and tabular asterisks: Sir
Karl, Sir Ronald, and the slow progress of soft psychol-
ogy. Journal of Consulting and Clinical Psychology, 46,
806-834.

Moreau, D., & Corballis, M. C. (2019). When averaging goes
wrong: The case for mixture model estimation in psy-
chological science. Journal of Experimental Psychology:
General, 148, 1615-1627.

Morey, R. D., & Rouder, J. N. (2015). BayesFactor 0.9.111.
Comprehensive R Archive Network. http://cran.r-project
.org/web/packages/BayesFactor/index.html

Nunnally, J. (1960). The place of statistics in psychology.
Educational and Psychological Measurement, 20, 641-650.

Olsson-Collentine, A., Wicherts, J. M., & van Assen, M. A. L. M.
(2020). Heterogeneity in direct replications in psychology
and its association with effect size. Psychological Bulletin,
146, 922-940.

R Core Team. (2019). R: A language and environment for sta-
tistical computing [Computer software manual]. https://
www.R-project.org/

Rouder, J. N. (2014). Optional stopping: No problem for
Bayesians. Psychonomic Bulletin & Review, 21, 301-308.

Rouder, J. N., Haaf, J. M., Davis-Stober, C. P., & Hilgard, J.
(2019). Beyond overall effects: A Bayesian approach to
finding constraints in meta-analysis. Psychological Methods,
24, 606-621.

Rouder, J. N., & Morey, R. D. (2011). A Bayes—factor meta anal-
ysis of Bem’s ESP claim. Psychonomic Bulletin & Review,
18, 682-689.

Rouder, J. N., & Morey, R. D. (2019). Teaching Bayes’ theorem:
Strength of evidence as predictive accuracy. The American
Statistician, 73, 186-190.

Scheibehenne, B., Gronau, Q. F., Jamil, T., & Wagenmakers,
E.-J. (2017). Fixed or random? A resolution through model-
averaging. Reply to Carlsson, Schimmack, Williams, and
Burkner. Psychological Science, 28, 1698-1701.

Schmidt, F. L., & Hunter, J. E. (1997). Eight common but false
objections to the discontinuation of significance testing in
the analysis of research data. In L. L. Harlow, S. A. Mulaik,
& J. H. Steiger (Eds.), What if there were no significance
tests? (pp. 37-64). Erlbaum.

Schmidt, F. L., & Hunter, J. E. (2015). Methods of meta-analysis:
Correcting error and bias in research findings (3rd ed.).
SAGE.

Simons, D. J., Holcombe, A. O., & Spellman, B. A. (2014). An
introduction to registered replication reports at perspec-
tives on psychological science. Perspectives on Psycho-
logical Science, 9, 552-555.

Simonsohn, U., Nelson, L. D., & Simmons, J. P. (2014a).
P-curve: A key to the file-drawer. Journal of Experimental
Psychology: General, 143, 534-547.

Simonsohn, U., Nelson, L. D., & Simmons, J. P. (2014b).
P-curve and effect size: Correcting for publication bias
using only significant results. Perspectives on Psychological
Science, 9, 666-681.

Smith, A. F. M. (1981). Comment on “Revising previsions: A
geometric interpretation” by Michael Goldstein. Journal of
the Royal Statistical Society Series B, 43, 121-122.

Smith, T. C., Spiegelhalter, D. J., & Thomas, A. (1995). Bayesian
approaches to random-effects meta-analysis: A compara-
tive study. Statistics in Medicine, 14, 2685-2699.

Stangl, D., & Berry, D. A. (2000). Meta-analysis in medicine
and health policy. Marcel Dekker.

Sutton, A. J., & Abrams, K. R. (2001). Bayesian methods in
meta-analysis and evidence synthesis. Statistical Methods
in Medical Research, 10, 277-303.

Tipton, E. (2015). Small sample adjustments for robust variance
estimation with meta-regression. Psychological Methods,
20, 375-393.

Tukey, J. W. (1991). The philosophy of multiple comparisons.
Statistical Science, 6, 100-116.


https://doi.org/10.1177/2515245918781032
https://jasp-stats.org/
https://doi.org/10.1177/2515245918810225
https://doi.org/10.1037/bul0000220
https://doi.org/10.31234/osf.io/u4cns
https://doi.org/10.31234/osf.io/u4cns
http://cran.r-project.org/web/packages/BayesFactor/index.html
http://cran.r-project.org/web/packages/BayesFactor/index.html
https://www.R-project.org/
https://www.R-project.org/

Bayesian Model-Averaged Meta-Analysis

19

van Assen, M. A. L. M., van Aert, R. C. M., & Wicherts, J. M. (2015).
Meta-analysis using effect size distributions of only statisti-
cally significant studies. Psychological Methods, 20, 293-3009.

Vandekerckhove, J., Rouder, J. N., & Kruschke, J. K. (2018).
Editorial: Bayesian methods for advancing psychological
science. Psychonomic Bulletin & Review, 25, 1-4.

van Doorn, J., van den Bergh, D., Bohm, U., Dablander, F.,
Derks, K., Draws, T., Etz, A., Evans, N. J., Gronau, Q. F.,
Haaf, J. M., Hinne, M., Kucharsky, S., Ly, A., marsman,
m., Matzke, D., Raj, A., Sarafoglou, A., Stefan, A., Voelkel,
J. G., & Wagenmakers, E.-J. (2019). The JASP guidelines for
conducting and reporting a Bayesian analysis. PsyArXiv.
https://doi.org/10.31234/0sf.io/yqxfr

van Elk, M., Matzke, D., Gronau, Q. F., Guan, M., Vandekerckhove,
J., & Wagenmakers, E.-J. (2015). Meta-analyses are no sub-
stitute for registered replications: A skeptical perspective
on religious priming. Frontiers in Psychology, 6, Article
1365. https://doi.org/10.3389/fpsyg.2015.01365

van Erp, S., Verhagen, A. J., Grasman, R. P. P. P., & Wagenmakers,
E.-J. (2017). Estimates of between-study heterogeneity for
705 meta-analyses reported in Psychological Bulletin from
1990-2013. Journal of Open Psychology Data, 5(1), Article
4. https://doi.org/10.5334/jopd.33

Verschuere, B., Meijer, E. H., Jim, A., Hoogesteyn, K., Orthey,
R., McCarthy, R. J., Skowronski, J. J., Acar, O. A., Aczel, B.,
Bakos, B. E., Barbosa, F., Baskin, E., Begue, L., Ben-Shakhar,
G., Birt, A. R., Blatz, L., Charman, S. D., Claesen, A., Clay,
S. L., ... Yildiz, E. (2018). Registered replication report on
Mazar, Amir, and Ariely (2008). Advances in Methods and
Practices in Psychological Science, 1(3), 299-317. https://
doi.org/10.1177/2515245918781032

Vohs, K. D., Schmeichel, B. J., Lohmann, S., Gronau, Q. F.,
Finley, A., Ainsworth, S. E., Alquist, J. L., Baker, M. D.,
Brizi, A., Bunyi, A., Butschek, G. J., Campbell, C.,
Capaldi, J., Cau, C., Chambers, H., Chatzisarantis, N. L. D.,
Christensen, W. J., Clay, S. L., Cuttis, J., . . . Albarracin, D.
(in press). A multi-site preregistered paradigmatic test of
the ego depletion effect. Psychological Science.

Wagenmakers, E.-J., Beek, T., Dijkhoff, L., Gronau, Q. F., Acosta,
A., Adams, R., Albohn, D. N., Allard, E. S., Benning, S. D.,
Blouin-Hudon, E.-M., Bulnes, L. C., Caldwell, T. L., Calin-
Jageman, R. J., Capaldi, C. A., Carfagno, N. S., Chasten, K. T.,
Cleeremans, A., Connell, L., DeCicco, J. M., . .. Zwaan,
R. A. (2016). Registered replication report: Strack, Martin,
& Stepper (1988). Perspectives on Psychological Science, 11,
917-928. https://doi.org/10.1177/1745691616674458

Wagenmakers, E.-J., Gronau, Q. F., & Vandekerckhove, J.
(2018). Five Bayesian intuitions for the stopping rule prin-
ciple. PsyArXiv. https://doi.org/10.31234/0sf.io/5ntkd

Wagenmakers, E.-J., Marsman, M., Jamil, T., Ly, A., Verhagen,
A.J., Love, J., Selker, R., Gronau, Q. F., Smira, M., Epskamp,
S., Matzke, D., Rouder, J. N., & Morey, R. D. (2018).
Bayesian inference for psychology. Part I: Theoretical
advantages and practical ramifications. Psychonomic
Bulletin & Review, 25(1), 35-57. https://doi.org/10.3758/
$13423-017-1343-3

Wagenmakers, E.-J., Morey, R. D., & Lee, M. D. (2016). Bayesian
benefits for the pragmatic researcher. Current Directions
in Psychological Science, 25, 169-176.

Wrinch, D., & Jeffreys, H. (1921). On certain fundamental
principles of scientific inquiry. Philosophical Magazine,
42, 369-390.


https://doi.org/10.31234/osf.io/yqxfr
https://doi.org/10.3389/fpsyg.2015.01365
https://doi.org/10.5334/jopd.33
https://doi.org/10.1177/2515245918781032
https://doi.org/10.1177/2515245918781032
https://doi.org/10.1177/1745691616674458
https://doi.org/10.31234/osf.io/5ntkd
https://doi.org/10.3758/s13423-017-1343-3
https://doi.org/10.3758/s13423-017-1343-3

