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Although ecological forces are known to shape the expression of
sociality across a broad range of biological taxa, their role in
shaping human behavior is currently disputed. Both comparative
and experimental evidence indicate that beliefs in moralizing high
gods promote cooperation among humans, a behavioral attribute
known to correlate with environmental harshness in nonhuman
animals. Here we combine fine-grained bioclimatic data with the
latest statistical tools from ecology and the social sciences to
evaluate the potential effects of environmental forces, language
history, and culture on the global distribution of belief in moral-
izing high gods (n = 583 societies). After simultaneously accounting
for potential nonindependence among societies because of shared
ancestry and cultural diffusion, we find that these beliefs are more
prevalent among societies that inhabit poorer environments and
are more prone to ecological duress. In addition, we find that these
beliefs are more likely in politically complex societies that recognize
rights to movable property. Overall, our multimodel inference ap-
proach predicts the global distribution of beliefs in moralizing high
gods with an accuracy of 91%, and estimates the relative impor-
tance of different potential mechanisms by which this spatial pat-
tern may have arisen. The emerging picture is neither one of pure
cultural transmission nor of simple ecological determinism, but
rather a complex mixture of social, cultural, and environmental
influences. Our methods and findings provide a blueprint for
how the increasing wealth of ecological, linguistic, and historical
data can be leveraged to understand the forces that have shaped
the behavior of our own species.

religion | cultural evolution | environmental effects | ecological risk |
supernatural beliefs

Ecological uncertainty has long been implicated in the ex-
pression of cooperation and conflict in animal societies (1).
For example, climatic variation predicts the incidence and dis-
tribution of cooperative breeding in birds (2, 3), and ecological
uncertainty is associated with group living in mammals (4). These
findings suggest that ecological duress can promote sociality
when the benefits of cooperating during difficult periods outweigh
the potential costs during benign ones (3). Although similar eco-
logical pressures are likely to act upon humans (5, 6), the extent to
which they have shaped the development of our own sociality
remains disputed and is currently unclear (7-9).

Human behavior is often mediated by socially transmitted
conventions—that is, cultural norms—that govern expectations
and behaviors during social interactions (10, 11). In particular,
religious beliefs are thought to be a powerful mechanism for the
enforcement of social rules (12-15). In support of these ideas,
comparative studies have shown that a belief in moralizing high
gods—defined as supernatural beings believed to have created
or govern all reality, intervene in human affairs, and enforce or
support human morality (7)—tends to be more prevalent among
societies that recognize rights to movable property (9, 16), as
well as in those that exhibit higher levels of political complexity
(17), subsistence productivity (17), and norm compliance (18). In
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addition, psychological experiments have found that moralizing
high god concepts can reduce levels of cheating (14) and increase
willingness to be fair (19) and to cooperate (13). Such findings
have provoked speculation that the prominence of moralizing
gods at the level of cultures is a better predictor of cooperation
in humans than individual religious beliefs (20). However, debates
persist because statistical models assessing historical and regional
dependencies are rare (e.g., refs. 7 and 9), and those that exist are
limited in scope (21).

It has long been theorized that the global distribution of re-
ligious beliefs may be shaped by ecological factors (7-9). Recent
empirical findings indicate that beliefs in moralizing high gods
not only intensify (22-27), but also promote cooperation (28-33)
in situations of increased environmental risk. In addition, these
findings indicate that ecological threats can strengthen mecha-
nisms of norm enforcement in human groups (34). Given the
strong correlation between cooperation and ecological uncertainty
in nonhuman animals (2, 3), these findings are especially sugges-
tive of a link between ecology and religion. In particular, the
similarity between the global distribution of belief in moralizing
high gods (Fig. 1), and that of social cooperation in birds (see
figure 1A in ref. 2), raises the possibility that the distribution of
this type of religious belief might also be shaped by ecological
factors. Nevertheless, the evidence for an association between
religion and ecology is currently mixed. For example, prior studies
have indicated that resource scarcity is both positively (8, 9) and
negatively (7) associated with a belief in moralizing high gods.
These apparently contradictory findings may be the product of
methodological issues. Specifically, some of the studies involved
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Fig. 1. Global distribution of societies that exhibit beliefs in moralizing high
gods (blue) or not (i.e., atheism or beliefs in nonmoralizing deities or spirits
in red). The underlying map depicts the mean values of net primary pro-
ductivity (i.e., the net balance of monthly consumption relative to pro-
duction of carbon dioxide by living plants) in gray scale. Darker localities
reflect places with greater potential for overall plant growth.

(7, 8) failed to account for the nonindependence of societies as
a result of spatial proximity and common ancestry [Galton’s
problem (35)], whereas others were based on a relatively small
sample of cultures (9) that may have been unduly influenced by
a few preclassical cultures (21). In addition, all of these studies
used extremely coarse metrics of ecology [e.g., subjective ratings of
resource abundance in (7, 8), or indirect measures of agricultural
potential in (9)] that could have led to a distorted view of the role
of environmental factors in shaping the spatial variation of
religious beliefs.

To rigorously test for an association between ecology and
beliefs in moralizing high gods, we systematically modeled the
effects of basic environmental variables while accounting for the
effects of known covariates of religious beliefs and simulta-
neously adjusting for potential dependencies related to shared
cultural ancestry—as measured by patterns of shared language
origin (35)—and spatial diffusion—as measured by the effects of
cultural traits in neighboring groups (Methods). We consider the
following covariates in our models, all positively correlated with
a belief in moralizing high gods: political complexity (17), prac-
tice of agriculture (17), and recognition of rights to movable
property, as measured by the practice of animal husbandry (9,
16). Our analysis is based on a global cross-cultural sample of
583 human societies (36, 37) that occupy a range of different
habitats and are exposed to a wide array of environmental con-
ditions (Fig. 1). Through a comprehensive characterization of
key political and cultural variables, together with a rigorous
treatment of key environmental factors, we offer a systematic test
for whether the global distribution of belief in moralizing high
gods is associated with underlying variation in ecological
parameters.

Results

Environmental variables are often highly correlated (see ref. 38)
and this multicollinearity is likely to lead to inaccurate and un-
stable estimates of statistical effects in ecological analyses (38,
39). To prevent these issues, we began by reducing the original
set of ecological predictors to a smaller number of composite
variables using principal components analysis (PCA) (Methods
and Table 1). PC1, labeled resource abundance, captures a gra-
dient of increasing exposure to more abundant rainfall, higher
primary productivity, and greater biodiversity. This composite
variable can therefore be broadly interpreted as a relative in-
dicator of the abundance of natural resources that an environ-
ment has to offer [note that societies with similar PC1 scores may
nevertheless differ in the type of resources they rely on, as well as
on the extent to which they depend on them (5)]. PC2, labeled
climate stability, captures a gradient of increasing exposure to
more predictable annual cycles of precipitation and temperature,
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as well as to warmer, more stable temperatures throughout the
year. As expected, both PC1 (Pearson’s p = —0.52, P < 0.001)
and PC2 scores (p = —0.76, P < 0.001) decrease with latitude in
our sample.

Having derived independent ecological indicators for re-
source abundance and stability, we subsequently ran multiple
statistical models that explored all of the possible combinations
of predictors within our candidate set. These models were es-
timated from the same randomly chosen subset of two-thirds of
societies in our dataset (n = 389 societies) (Methods). We ex-
cluded from this analysis all models that considered the effects
of agriculture and animal husbandry simultaneously because
these variables are highly correlated (Pearson’s y* = 114.3, df =
1, P < 0.001) and exhibit an almost one-to-one coding corre-
spondence (i.e., in 82% of societies, agriculture and animal
husbandry are either both absent or both present). Because no
single model parameterization was clearly better supported
than the others (Table 2), all inferences below are based on an
average model (Table 3) computed using the multimodel in-
ference procedures outlined in ref. 40 (Methods). Model averaging
is a formal way to account for model uncertainty and reduce
model selection bias (40). Briefly, the process involves estimating
the overall effect of a given predictor by adding its estimated
effects in the different candidate models weighted by their cor-
responding Akaike weights (40).

Our results confirm that societies that share a common lan-
guage origin or coexist in close spatial proximity are likely to
exhibit similar types of religious beliefs (Table 3). Similarly, they
indicate that even after accounting for such historical and spatial
dependencies, other predictors in our candidate set provide
meaningful information on the probability of belief in moralizing
high gods (Table 3). Overall, we find that belief in moralizing
high gods is more prevalent in societies that practice animal
husbandry (Fig. 24), exhibit greater political complexity (Fig. 2B),

Table 1. PCA of ecological variables, with varimax rotation with
main contributors identified in boldface type
Resource Climate
abundance stability

Variable (PC1) (PC2) Uniqueness

sqgrt (annual mean 0.85 0.13 0.27
precipitation)

sgrt (net primary 0.84 -0.09 0.29
production)

sqrt (vascular 0.82 0.04 0.33
plant richness)

In (annual 0.78 0.21 0.34
precipitation
variance)

In (amphibian 0.76 0.37 0.28
richness)

sgrt (mammal 0.74 0.43 0.27
richness)

sqrt (bird richness) 0.71 0.46 0.29

In (annual —-0.64 -0.67 0.13
temperature
variance)

Temperature 0.56 0.67 0.24
predictability

(Annual mean 0.24 0.85 0.22
temperature)?

Precipitation -0.15 0.62 0.60
predictability

SS loadings 5.12 2.61

Cumulative variables 0.47 0.70
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Table 2. Support for alternative parameterizations of our
model of religious beliefs (only the 10 best supported models are
shown here)

AIC

Model parameters AAIC  weight

Spatial proximity + Political complexity 0.00 0.12
+ Animal husbandry + Abundance

Spatial proximity + Political complexity 0.72 0.09
+ Animal husbandry + Abundance
+ Stability + Abundance x Stability

Spatial proximity + Political complexity 0.92 0.08
+ Abundance

Spatial proximity + Political complexity 1.08 0.07
+ Agriculture

Spatial proximity + Political complexity 1.58 0.06
+ Agriculture + Abundance

Spatial proximity + Political complexity 1.70 0.05
+ Abundance + Stability + Abundance x Stability

Spatial proximity + Political complexity 1.90 0.05
+ Animal husbandry + Abundance + Stability

Spatial proximity + Political complexity 1.96 0.05
+ Agriculture + Stability

Spatial proximity + Political complexity 2.01 0.04

+ Agriculture + Abundance + Stability
+ Abundance x Stability
Spatial proximity + Political complexity 2.10 0.04
+ Animal husbandry + Abundance
+ Stability + Abundance x Stability
+ Language family

and have less access to food and water (Fig. 2C). In addition, we
find that the potential effects of agriculture on this type of re-
ligious beliefs are not only weakly supported (see low relative
variable importance and predictive value in Table 3), but also
likely to be explained by the correlation between agriculture and
animal husbandry (Supporting Information and Tables S1 and
S2). We also find that for the vast majority of societies (i.e., those
above the 15th percentile of resource abundance), there is a
further increase in the probability of belief in moralizing high
gods when environments are more variable and unpredictable
(closed circles and solid line in Fig. 2D). However, in societies
that are chronically exposed to very low resource abundance
levels (open circles and dashed line in Fig. 2D), we see an in-
crease in the probability of belief with increasing environmental
stability. The different effect of stability in extremely poor en-
vironments is also consistent with the idea that beliefs in mor-
alizing high gods are more prevalent in societies that are more
likely to be exposed to ecological duress: when environmental
conditions are already as harsh as they can be, climatic changes
imply that conditions may actually improve (i.e., environmental
changes could bring about a sudden influx of rain or an un-
expected period of milder temperatures).

We now ask: How well does our model predict the distribution
of beliefs in moralizing high gods? We computed the area under
receiver operating characteristic curves (41), hereafter AUC
(Methods), to evaluate the accuracy of our predictions for the
beliefs of the 194 societies that were initially excluded from the
analysis. Briefly, an AUC value of 1 indicates perfect discrimi-
nation whereas a value of 0.5 implies that predictive ability is no
better than chance. The average model (Table 3) exhibits an
AUC of 0.91, which indicates an excellent predictive accuracy
(41) and suggests that our analysis has captured the main cova-
riates of this aspect of religious beliefs.
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Discussion

Through the systematic analysis of a broad sample of human
societies we have shown that the global distribution of beliefs in
moralizing high gods is well explained by the combined effects
of spatial proximity, political complexity, ecology, animal hus-
bandry, agriculture, and language origin. The predictive accuracy
of our model is equivalent or greater than that of a recent model
of prosocial behavior in birds (AUC range = 0.67-0.92 in ref. 2).
We note that in the (human) social sciences a predictive accuracy
of AUC = 0.75 is already considered a large effect (42).

Our results support earlier claims of a link between religion
and social behavior by demonstrating that the belief in moral-
izing high gods is more prevalent in societies that recognize
rights to movable property (9, 16), and have achieved higher
levels of political complexity (9). Similarly, our finding that the
recognition of rights to movable property is a better predictor of
the global distribution of belief in moralizing high gods than
agriculture (Table 2 and Supporting Information), is consistent
with the idea that the prosocial effects of moralizing high gods
are not specific to very large (“ultrasocial”) communities (43).
We note as well that there appears to be no solid evidence of
a quadratic effect of political complexity (see ref. 9) and that
even when such an effect was considered, the nonlinear effect
was minor and led to a similar fit to the one shown in Fig. 2B
(thus indicating potential overfitting of the quadratic effect to
the very few societies that have achieved the highest level of
political complexity).

In general, our findings are consistent with the notion that
a shared belief in moralizing high gods can improve a group’s
ability to deal with environmental duress and may therefore be
ecologically adaptive (44). Philosophers have long hypothesized
that the belief in morally concerned deities can reduce both
anxiety (45) and existential suffering (46), and that environ-
mental harshness can increase the appeal of a cosmic authority
(47). Accordingly, we have uncovered robust evidence of a posi-
tive association between societal acceptance of moralizing high
god concepts and both resource scarcity (9) and ecological risk.
We emphasize that this inference applies only to variation in

Table 3. Multimodel average for the candidate set of models of
religious beliefs presented in Table 2

Relative
Posterior variable Predictive

Parameter distribution (B + SE) importance* value®

Intercept —3.740 + 0.604 1.00 0.50

Political 0.652 + 0.169 1.00 0.78
complexity

Animal 0.988 + 0.623 0.40 0.64
husbandry

Agriculture -0.716 + 0.461 0.33 0.50

Resource —-0.333 £ 0.216 0.73 0.78
abundance

Climate —0.040 + 0.238 0.48 0.42
stability

Abundance x —-0.398 + 0.224 0.25 0.68
Stability

Spatial 5.867 + 0.967 1.00 0.86
proximity

Language — 0.26 0.89
Family*

*Computed as the sum of AIC weights across all of the models in the set
where the variable occurs.

TComputed as the AUC of a model in which the variable is the only predictor.
*Language family was fitted as a random effect. Thus, we report only the
relative importance and the AUC.
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Fig. 2. Probability of belief in moralizing high gods among societies that
vary in (A) the use of animal husbandry, (B) political complexity, (C) resource
abundance, and (D) climate stability. Colors depict the belief (blue), or ab-
sence thereof (red), in moralizing high gods and lines indicate the fits of the
model presented in Table 2. To facilitate the visual assessment of fits in Cand
D, we present here the frequency of moralizing high gods in eight equally
spaced bins. In D, filled circles and the solid line depict societies above the
15th percentile of resource abundance (i.e., moderate- to high-abundance),
whereas open circles and the dashed line depict societies in the lowest 15th
percentile of abundance (i.e., resource-poor habitats).

beliefs among social groups (as opposed to individual variation
within them) because entire societies—not individual beliefs—
are the unit of analysis in our study. Thus, overall, our findings
indicate that the global prevalence of societies that believe in
moralizing high gods is associated with higher prospects of
ecological duress (i.e., conditions that are more likely to vary in
reasonably productive environments or more likely to stay the
same in environments that are already quite poor). In addition,
the findings suggest that isolated reports of a soothing effect of
ritualistic behavior in the face of randomness (48), or of the
intensification of religious beliefs (22-27) and the propensity to
cooperate (28-33) in riskier environments, are likely to be
reflections of a general human response to threat.

Other potentially important mechanisms that could help ex-
plain the global distribution of beliefs in moralizing high gods are
cultural diffusion and shared ancestry. For example, the strong
effects of spatial proximity in Tables 2 and 3 remind us that
religious beliefs can sometimes spread by virtue of contact and
proselytism. Similarly, the observed effects of language family
suggest that religious beliefs could sometimes be carried along
with other political and cultural traits as the descendants of
ancestral cultural groups successfully colonize new sites and give
rise to new societies (21). Nevertheless, although spatial prox-
imity exhibits a high relative variable importance in our analysis,
language family does not, indicating that the latter is less in-
formative in this context (Table 3). It is interesting to note that
relative variable importance [i.e., the sum of Akaike information
criterion corrected for finite samples (AICc) weights of all of the
models that include a given predictor] and predictive value (i.e.,
the predictive accuracy or AUC of the model that considers only
that predictor) paint very different pictures of the role of cultural
ancestry in shaping religious beliefs: although an effect of
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language family is poorly supported by the data (i.e., low relative
variable importance), the predictive accuracy of this predictor is
almost as good as the AUC of the multimodel average. A pos-
sible reason for this apparent discrepancy is that the spread of
culture is likely to be shaped by both space and ecology. For
example, cultural diasporas may be more successful in colonizing
habitats to which they are already well adapted, and neighboring
localities are likely to offer similar climates and resource levels
(Fig. 3). Thus, language family may not only be a good indicator
of shared cultural ancestry, but also a reasonably good proxy for
ecology and spatial proximity.

Overall, our results demonstrate the power of combining the
tools of ecology and the social sciences to unravel the complex
fabric of human history. Through a careful consideration of the
historical, spatial, and ecological circumstances under which a
wide variety of human societies exist, we have shown that the
global prevalence of religious beliefs in moralizing high gods arises
through a combination of social and ecological factors. A prom-
ising avenue for future research will therefore be to assess the
extent to which cultural beliefs are initially transmitted through
conquest, trade, proselytism, and borrowing (12, 49)—that is, the
mechanisms most directly associated with spatial proximity and, to
a lesser extent, with shared ancestry—and subsequently conserved
or modified by the adaptive benefits they confer in their eco-
logical settings. In moving forward we caution that the coarse
estimates of shared history currently provided by language
family classifications should eventually be replaced by more ac-
curate cultural phylogenies, some of which are already available at
smaller scales (50-52). Similarly, we note that the belief in mor-
alizing high gods is only one of the many aspects of religious
beliefs and practices that are important for human social be-
havior and may be amenable to the analytical approach we have
illustrated here.

Methods

Data and Data Sources. All data collated for this study are included in Dataset
S1. Our unit of analysis is a human society, defined as a geographically
distinct group of people with a shared cultural identity at the time and place
of sampling (36, 37). In 988 of the 1,267 societies included in the Ethno-
graphic Atlas, cultural identity is reflected in the use of a unique language.
In the remaining cases, groups that share a common language have been
recognized as distinct societies because they exhibit pronounced differences
in their regional dialects or cultural practices. The following variables were
obtained from descriptions in the Ethnographic Atlas (36, 37): geographic
location (v104 and v106), religious beliefs [v34, recoded as supportive of
human morality (category 4) versus not (categories 1-3)], agriculture [v28,
recoded as present (categories 2-6) or absent (category 1)], animal hus-
bandry [v40, recoded as presence (categories 2-7) or absence of large
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Fig. 3. Similarity by distance in resource abundance (black line) and climate
stability (gray line). More positive values of Moran's | indicate that societies
exhibit greater similarity than expected purely by chance at a given distance,
whereas more negative values indicate greater than expected negative
auto-correlation.
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domestic animals (category 1)], and political complexity (v33, number of
jurisdictional hierarchy levels beyond local communities). In accordance with
ref. 9, we used the presence of animal husbandry as a proxy for movable
property and explored nonlinear effects of political complexity in
our models.

Biogeographic analyses have historically relied on latitude as a convenient
proxy to characterize the series of well-known environmental changes that
occur as we move away from the tropics. By taking advantage of the recent
availability of high-resolution global datasets, we have replaced such im-
perfect surrogates with the actual ecological variables of interest to gain
a better mechanistic understanding of the potential ecological factors un-
derlying spatial variation in religious beliefs. Precipitation and temperature
data were extracted from monthly global maps in the CRU-TS 3.1 Climate
Database (53) at a resolution of 0.5 x 0.5° cells. For each society we measured
the annual mean, variance, and predictability of climate variables from 1901
to 1950 in the corresponding cell containing its sampling locality as listed in
the Ethnographic Atlas. Observations were restricted to this time frame to
match the period during which the majority of the societies in our dataset
were actually sampled. Predictability of climate patterns was measured via
Colwell’'s P (54), an information theory index that captures year-to-year
variation in the onset, intensity, and duration of periodic phenomena. Colwell’s
P ranges from 0 (completely unpredictable) to 1 (fully predictable). Other data
sources include NASA’s Moderate Resolution Imaging Spectroradiometer data,
MODIS, for net primary productivity (downloaded from neo.sci.gsfc.nasa.gov,
accessed December 5, 2013), Jenkins et al. (55) for vertebrate richness, and Kreft
and Jetz (56) for vascular plant richness. Of the 775 societies for which data on
religious beliefs are available in the Ethnographic Atlas, we retained only the
583 societies with complete information on all other environmental and cul-
tural variables described above.

Statistics. Ecological variables were normalized [when needed (57)], cen-
tered, and scaled before PCA and the number of factors retained for sub-
sequent analyses was informed by the Kaiser rule and parallel analysis (58).
To explore the potential effects of cultural contact and spatial proximity, we

1. Rubenstein DI, Wrangham RW (1986) Ecological Aspects of Social Evolution (Princeton
Univ Press, Princeton).

2. Jetz W, Rubenstein DR (2011) Environmental uncertainty and the global bio-
geography of cooperative breeding in birds. Curr Biol 21(1):72-78.

. Rubenstein DR, Lovette 1J (2007) Temporal environmental variability drives the evo-
lution of cooperative breeding in birds. Curr Biol 17(16):1414-1419.

4. Schradin C, et al. (2012) Social flexibility and social evolution in mammals: A case study
of the African striped mouse (Rhabdomys pumilio). Mol Ecol 21(3):541-553.

. Smaldino PE, Newson L, Schank JC, Richerson PJ (2013) Simulating the evolution of
the human family: Cooperative breeding increases in harsh environments. PLoS ONE
8(11):e80753.

. Emlen ST (1995) An evolutionary theory of the family. Proc Nat/ Acad Sci USA 92(18):
8092-8099.

. Roes FL, Raymond M (2003) Belief in moralizing gods. Evol Hum Behav 24(2):126-135.

. Snarey J (1996) The natural environment’s impact upon religious ethics: A cross-cul-
tural study. J Sci Study Relig 35(2):85-96.

. Brown C & Eff EA (2010) The state and the supernatural: Support for prosocial be-
havior. Structure and Dynamics 4(1).

10. Bicchieri C (2006) The Grammar of Society: The Nature and Dynamics of Social Norms

(Cambridge Univ Press, Cambridge, UK).

11. Boyd R, Richerson PJ (2002) Group beneficial norms can spread rapidly in a structured
population. J Theor Biol 215(3):287-296.

12. Norenzayan A (2013) Big Gods—How Religion Transformed Cooperation and Conflict
(Princeton Univ Press, Princeton).

13. Shariff AF, Norenzayan A (2007) God is watching you: Priming God concepts increases
prosocial behavior in an anonymous economic game. Psychol Sci 18(9):803-809.

14. Shariff AF, Norenzayan A (2011) Mean gods make good people: Different views of
god predict cheating behavior. Int J Psychol Relig 21(2):85-96.

15. Schloss JP, Murray MJ (2011) Evolutionary accounts of belief in supernatural pun-
ishment: A critical review. Religion Brain & Behavior 1(1):46-99.

16. Rudmin FW (1995) Cross-cultural correlates of the ownership of private property: Two
samples of Murdock’s data. J Socio-Economics 24(2):345-373.

17. Peoples HC, Marlowe FW (2012) Subsistence and the evolution of religion. Hum Nat
23(3):253-269.

18. Johnson DDP (2005) God'’s punishment and public goods: A test of the supernatural
punishment hypothesis in 186 world cultures. Human Nature: an Interdisciplinary
Biosocial Perspective 16(4):410-446.

19. Henrich J, et al. (2010) Markets, religion, community size, and the evolution of fair-
ness and punishment. Science 327(5972):1480-1484.

20. Norenzayan A, Henrich J, Slingerland E (2013) Religious prosociality: A synthesis.
Cultural Evolution: Society, Technology, Language and Religion, eds Richerson P,
Christiansen M (MIT Press, Cambridge, MA).

. Atkinson QD, Latham AJ, Watts J (2014) Are big gods a big deal in the emergence of
big groups? Religion Brain Behav, 10.1080/2153599X.2014.928351.

w

4]

o

00 N

©

2

=

16788 | www.pnas.org/cgi/doi/10.1073/pnas.1408701111

included the average belief score (moralizing high gods = 1; no moralizing
high gods = 0) among the 10 nearest neighbors for a given observation as
a covariate in our model. In addition, we controlled for the nonindependence
of societies that share a common cultural background by including language
family as a random effect. Because language family classifications have
changed substantially since the Ethnographic Atlas was first published, we
used the updated version in ref. 59, as curated by linguists C. Bowern, De-
partment of Linguistics, Yale University, New Haven, CT and M. Dunn, Max
Planck Institute for Psycholinguistics, 6500 AH Nijmegen, The Netherlands.
Although this is the best currently available estimate of dependencies be-
cause of shared cultural ancestry among human societies at a global scale, we
note that cultural evolution need not map neatly onto the language family
categories of the Ethnographic Atlas, and therefore caution against the
possibility of measurement error when inferring conclusions about human
history. All generalized linear models and generalized linear mixed models
were fitted in R (60) using the Ime4 (61) and MuMin (62) packages. We ran all
possible models based on the alternative combinations of predictors in our
candidate set and calculated the AlCc for each model. Model weights were
calculated from the AlCc values and used to determine model average pa-
rameter estimates and unconditional SEs (40).

To assess the performance of a given model, we estimated the coefficients
from a randomly selected subset of two-thirds of societies in Dataset S1 and
computed the AUC on our predictions for the missing one-third of our data
(41). Predictive values in Table 3 were assessed by computing the AUC of
models that included only the predictor or parameter of interest.

ACKNOWLEDGMENTS. We thank Q. Atkinson and K. Sterelny for comments,
J. McCarter for help in the curation of the Ethnographic Atlas data, and two
anonymous reviewers and our managing editor for helpful suggestions that
greatly improved the clarity of our text. This work was supported in part by
Grant/Cooperative Agreement G10AC00624 from the US Geological Survey
(to C.AB.), the New Zealand Marsden Fund (R.D.G.), the Templeton Foundation
(28745), the Royal Society of New Zealand (11- UOA-239), and the National
Evolutionary Synthesis Center (EF-0905606).

22. Atran S (2002) In Gods We Trust: The Evolutionary Landscape of Religion (Oxford Univ
Press, Oxford).

23. Gray K, Wegner DM (2010) Blaming god for our pain: Human suffering and the divine
mind. Pers Soc Psychol Rev 14(1):7-16.

24. Kay AC, Moscovitch DA, Laurin K (2010) Randomness, attributions of arousal, and
belief in god. Psychol Sci 21(2):216-218.

25. Norenzayan A, Hansen IG (2006) Belief in supernatural agents in the face of death.
Pers Soc Psychol Bull 32(2):174-187.

26. Trevino KM, Pargament KL (2007) Religious coping with terrorism and natural di-
saster. South Med J 100(9):946-947.

27. Bentzen J (2013) Origins of religiousness: The role of natural disasters. University of
Copenhagen, Department of Economics Discussion Paper No. 13-02. Available at
ssrn.com/abstract=2221859 or dx.doi.org/10.2139/ssrn.2221859. Accessed May 4, 2014.

28. Chen D (2010) Club goods and group identity: Evidence from Islamic resurgence
during the Indonesian financial crisis, earlier version with model. J Polit Econ 118(2):
300-354.

29. Irons W (2001) Religion as hard-to-fake sign of commitment. Evolution and the Ca-
pacity for Commitment, ed Nesse RM (Russell Sage Foundation, New York), pp
292-309.

30. Sibley CG, Bulbulia J (2012) Faith after an earthquake: A longitudinal study of religion
and perceived health before and after the 2011 Christchurch New Zealand Earth-
quake. PLoS ONE 7(12):e49648.

31. Sosis R, Bulbulia J (2011) The behavioral ecology of religion: The benefits and costs of
one evolutionary approach. Religion 41(3):341-362.

32. Sosis R, Handwerker WP (2011) Psalms and coping with uncertainty: Religious Israeli
women's responses to the 2006 Lebanon war. Am Anthropol 113(1):40-55.

33. Norenzayan A, Gervais WM (2013) The origins of religious disbelief. Trends Cogn Sci
17(1):20-25.

34. Gelfand MJ, et al. (2011) Differences between tight and loose cultures: A 33-nation
study. Science 332(6033):1100-1104.

35. Mace R, Pagel M (1994) The comparative method in anthropology. Curr Anthropol
35(5):549-564.

36. Murdock GP (1967) Ethnographic Atlas (Univ of Pittsburgh Press, Pittsburgh).

37. Gray JP (1999) A corrected Ethnographic Atlas. World Cultures 10(1):24-85.

38. Botero CA, Dor R, McCain CM, Safran RJ (2013) Environmental harshness is positively
correlated with intraspecific divergence in mammals and birds. Mol Ecol 23(2):
259-268.

39. Farrar DE, Glauber RR (1967) Multicollinearity in regression analysis: The problem
revisited. Rev Econ Stat 49(1):92-107.

40. Burnham KP, Anderson DR (2002) Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach (Springer, Heidelberg), 2nd Ed.

41. Fawcett T (2006) An introduction to ROC analysis. Pattern Recognit Lett 27:861-874.

42. Dolan M, Doyle M (2000) Violence risk prediction. Clinical and actuarial measures and
the role of the Psychopathy Checklist. Br J Psychiatry 177(4):303-311.

Botero et al.


http://neo.sci.gsfc.nasa.gov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408701111/-/DCSupplemental/pnas.1408701111.sd01.csv
http://ssrn.com/abstract=2221859
http://dx.doi.org/10.2139/ssrn.2221859
www.pnas.org/cgi/doi/10.1073/pnas.1408701111

43.

44,
45,
46.
47.
48.

49.

50.

51.

52.

Turchin P (2013) The puzzle of ultrasociality: How did large-scale complex human
societies evolve? Cultural Evolution: Society, Technology, Language and Religion, eds
Richerson P, Christiansen M (MIT Press, Cambridge, MA), pp 61-73.

Crespi B, Summers K (2014) Inclusive fitness theory for the evolution of religion. Anim
Behav 92:313-323.

Feuerbach L (1967) Lectures on the Essence of Religion, trans Manheim R (Harper &
Row, New York).

Marx K (2002) Marx on Religion (Temple Univ Press, Philadelphia).

Freud S (1927) Future of an Illusion (WW Norton and Company, New York).

Legare CH, Souza AL (2014) Searching for control: Priming randomness increases the
evaluation of ritual efficacy. Cogn Sci 38(1):152-161.

Slingerland E, Henrich J, Norenzayan A (2013) The evolution of prosocial religions.
Cultural Evolution: Society, Technology, Language and Religion, eds Richerson P,
Christiansen M (MIT Press, Cambridge, MA), pp 335-348.

Gray RD, Drummond AJ, Greenhill SJ (2009) Language phylogenies reveal expansion
pulses and pauses in Pacific settlement. Science 323(5913):479-483.

Bouckaert R, et al. (2012) Mapping the origins and expansion of the first Indo-
European language family. Science 337(6097):957-960.

Currie T, Meade A, Guillon M, Mace R (2013) Cultural phylogeography of the Bantu
Languages of sub-Saharan Africa. Proc R Soc Biol Sci 280(1762):20130695.

Botero et al.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Mitchell TD, Jones PD (2005) An improved method of constructing a database of monthly
climate observations and associated high-resolution grids. Int J Climatol 25(6):693-712.
Colwell RK (1974) Predictability, constancy, and contingency of periodic phenomena.
Ecology 55(5):1148-1153.

Jenkins CN, Pimm SL, Joppa LN (2013) Global patterns of terrestrial vertebrate di-
versity and conservation. Proc Nat/ Acad Sci USA 110(28):E2602-E2610.

Kreft H, Jetz W (2007) Global patterns and determinants of vascular plant diversity.
Proc Natl Acad Sci USA 104(14):5925-5930.

Osborne J (2002) Notes on the use of data transformations. Practical Assessment,
Research and Evaluation 8(6).

Raiche G, Riopel M, Blais J-G (2006) Non graphical solutions for the Cattell’s scree test.
International Annual Meeting of the Psychometric Society (Montreal).

Lewis M, Simons G, Fennig C, eds (2013) Ethnologue: Languages of the World (SIL
International, Dallas), 17th Ed.

R_Development_Core_Team (2011) R: A Language and Environment for Statistical
Computing (R Foundation for Statistical Computing, Vienna).

Bates D, Maechler M, Bolker B, Walker S (2014) Ime4: Linear mixed-effects models using
Eigen and S4. R package version 1.0-6. Available at CRAN.R-project.org/package=Ime4).
Accessed May 4, 2014.

Barton K (2013) MuMIn: Multi-model inference. R package version 1.9.13. Available at
CRAN.R-project.org/package=MuMIn. Accessed May 4, 2014.

PNAS | November 25,2014 | vol. 111 | no.47 | 16789

ECOLOGY

SOCIAL SCIENCES


http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=MuMIn

