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A N T H R O P O L O G Y

Early sociability fosters later exploratory tendency 
in wild immature orangutans
Caroline Schuppli1,2*, Maria van Noordwijk1, Suci Utami Atmoko3, Carel van Schaik1

Exploration is essential for skill acquisition and strongly facilitates cognitive performance. In humans, it is widely known 
that exploration and later cognitive performance are highly dependent on early social inputs. Here, we aim to shed light 
on the evolutionary roots of this process by studying the effects of variation in opportunities for social learning on the 
exploratory tendency of immature orangutans (Pongo spp.) in nature. We based our analyses on mixed cross-sectional, 
longitudinal data of exploration by immatures and their mothers. Current exploration rates were correlated with levels 
of past experienced sociability, but not with current food abundance or with maternal condition, and only partly with 
genetic similarity. We conclude that the dependence of cognitive development on socially triggered exploration, which 
underlies the construction of cognitive skills such as intelligence, existed before the emergence of the human lineage.

INTRODUCTION
Comparative psychology has shown that many species can be com-
pared not only on domain-specific but also on their domain-general 
cognitive abilities or intelligence, suggesting that the underlying 
cognitive capacity is an evolved trait and older than our own species 
(1). From an evolutionary perspective, cognitive capacities can only 
be favored by natural selection if they translate into adaptive skills. 
In any species, adult cognitive capacity will reflect genetic and de-
velopmental effects. However, the more intelligent a species is, the 
more incompetent its infants are at birth and the more they have to 
learn so as to acquire their extensive adult skill repertoires and be-
havioral flexibility (2, 3). This suggests that the developmental con-
struction of intelligence and its underlying neurobiological substrate 
critically depends on the quantity and quality of inputs during on-
togeny, be they from the social or nonsocial environment (4).

An individual’s cognitive potential is translated into actual skills 
through exploration and practice, which can happen independently 
or be socially induced (by associating with, interacting with, or ob-
serving other individuals or their products) (5). Exploration is often 
called “latent learning” and is not only  a key precondition for indepen-
dent learning (learning by doing) but, because virtually all forms of 
social learning entail an element of independent trial and error  
(6–8),  it is also critically involved in socially mediated learning (where 
attending to social cues triggers independent learning), arguably the 
most common type of social learning in nature (9). Individuals that 
explore more or more effectively should, therefore, be the best 
learners and so acquire the largest sets of learned skills. Moreover, 
the variability and persistence of an individual’s exploration behavior 
are correlated with problem-solving ability and innovation proba-
bility in a variety of species (10–14), indicating that it is also the pre-
cursor of innovations made independently by individuals. The tendency 
of human infants to explore the physical properties of objects or the 
surrounding environment has been shown to be linked with learning 
ability, general current cognitive performance, and later cognitive 
development (12, 14). Exploration in human children has also been 

shown to be dependent on an intrinsic underlying motivation—
curiosity—which most likely acted as a catalyst for turning our species’ 
unmatched innovation potential into an unprecedented level of cul-
tural evolution (15). Curiosity may reflect internal predispositions 
or organizational effects of external inputs.

Given the key role of exploration in the skill acquisition process and 
the evolution of human cognition, it is crucial to identify the conditions 
that foster it. In general, exploratory tendency could be regulated by 
immediate, activating factors in an individual’s environment, social 
inputs, or genetic predispositions, which may also interact.

For humans, there is ample evidence that social inputs during early 
childhood determine within-population variation in cognitive devel-
opment at least as much as, if not more than, genetic predispositions 
do (16). Children growing up with severely limited social inputs later 
show deficits in various cognitive domains (17), as well as correlated 
physiological and anatomical changes in the brain (18). Even subtle 
differences in the frequency and quality of social inputs during early 
childhood, such as the amount of social interactions or the degree and 
consistency of responsiveness of parents or caretakers, substantially 
affect cognitive development (19). Thus, social inputs appear to be 
necessary to construct the psychological motivation for effective explo-
ration that over time generates learned skills. This sensitivity to 
opportunities for social learning and the motivation to realize these 
opportunities may have underlain the evolution of our uniquely de-
rived skill transmission system and our cultural intelligence (20, 21).

Here, we ask how this system evolved. As a first step, we can investi-
gate what factors foster the development of exploratory tendency in our 
closest living relatives, the great apes. Recent studies underscore the 
similarity in skill development between great apes and humans, in that 
immatures critically rely on prolonged socially induced practice to acquire 
their extensive sets of learned skills (7, 8, 22–24). Maturing individuals 
acquire the full skill set of the local population in this way (8, 22), and 
studies also show that more social inputs are correlated with the acquisi-
tion of larger skill repertoires (25–27). However, despite these important 
similarities to the process seen in humans, there are also some differ-
ences, in particular, the presence of explicit teaching in humans and its 
virtual absence in apes (28). What remains unclear, then, is what drives 
nonsocially induced, i.e., independent, exploration of the environment 
in great apes, which is an important component of human curiosity.

The aim of the present study, therefore, was to investigate the link 
between social inputs (opportunities for social learning provided by 
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association with experienced and tolerant conspecifics) and ex-
ploratory tendency in wild orangutans. Specifically, we test the hy-
pothesis that early social inputs instill an exploratory drive in the 
maturing individual.

We base this test on natural variability between and within pop-
ulations in orangutan sociability levels, which set the social inputs. 
In some populations, mother-infant pairs are on their own for up to 
85% of their time, whereas, in others, they spend more than 50% of 
their time in association with others (29). The low mean and high 
variance in sociability, as well as the species’ slow development, make 
it possible to tease apart the effects of different social factors on cog-
nitive development. Immature orangutans virtually learn all their 
skills under social influence (8). Whereas the mother is an infant’s 
sole role model in the first years of life, older infants are increasingly 
attracted to individuals other than the mother and, by the time they 
become independent juveniles, focus exclusively on them, suggesting 
that inputs from role models other than the mother are essential for 
skill development (8). During the period in which immature orangutans 
acquire their skills, bouts of intensive, selective social attention im-
mediately induce practice and exploration. Accordingly, infant orang-
utans show a high rate of socially induced exploration (30, 31). Initial 
exploration rates are extremely low, steeply increase in age to a peak 
during mid-infancy, and then gradually drop to near-zero values 
around early adulthood (30, 31).

Adults and juveniles in a highly sociable orangutan population 
have been found to be more exploratory than individuals in a less 
sociable population even when alone (31). Although these findings 
support the notion that growing up in a more sociable population 
affects exploratory tendency, three uncertainties remain. First, the 
increased exploratory tendency of the more sociable population could 
also be explained by a genetic predisposition of the animals of the 
more sociable population to be more exploratory. Second, it remains 
unclear to what extent the sociability effect is indeed organizational 
(i.e., has long-lasting developmental effects) as opposed to merely 
activational (i.e., directly stimulating activity). Third, although broad 
differences in levels of sociability between populations may have an 
effect on the development of exploratory tendency, it remains un-
clear whether this effect also works on a more fine-grained level within 
populations. The exploratory tendencies of immature orangutans could, 
therefore, be explained by three, mutually nonexclusive factors: (i) 
immediate, activating factors such as the effect of food abundance 
on body condition or immediate social stimulation (i.e., social facil-
itation); (ii) developmental, organizational effects; and (iii) genetic 
predispositions. We develop predictions for each of them.

As for the immediate environmental effects, we would predict 
that (i) exploratory behavior by immatures is driven entirely by their 
energy balance: healthier, better nourished infants in better condi-
tion are more likely to explore their environment (32). We thus tested 
for the effects of food availability on exploratory tendency. An environ-
mental model also predicts that an infant’s condition will be affected 
by the mother’s health and condition, proxies for which are her age 
and/or dominance.

Orangutans are ideal to test for social effects because levels of 
sociability vary not only across populations but also between indi-
viduals of the same population and within individuals over time. As 
for immediate social effects, on the basis of our previous findings (31) 
and findings in other species (33, 34), we predict that (ii) during all 
stages of development, an individual’s exploratory tendency will be 
positively correlated with current sociability. As for the developmental 

effects, patterns observed in humans lead us to predict that opportu-
nities for social learning during development will affect orangutan 
exploratory tendency cumulatively and thus that (iii) an immature’s 
exploratory tendency will be positively correlated with its overall 
past experienced sociability (as a measure of opportunities for social 
learning).

If genetic effects on exploration predominate, we expect that (iv) 
the immature’s exploratory tendency is correlated with the exploratory 
tendency of its mother. Genetic effects also predict that matriline 
membership will explain some of the interindividual differences in 
exploratory tendency.

METHODS
The study was conducted over the course of 8 years at the Suaq 
Balimbing research site (35) in South Aceh, Indonesia and the Tuanan 
research site (36) in Central Kalimantan, Indonesia. Data were col-
lected during nest-to-nest focal animal follows on immature orang-
utans and their mothers: 12 immatures (aged 0.5 to 13.1 years; mean, 
6.5 years) and 7 mothers at Suaq and 8 immatures (aged 0.4 to 11.3 years; 
mean, 5.8 years) and 6 mothers at Tuanan. We differentiated between 
two classes of immatures: dependent immatures, which are still in 
permanent association with their mothers (dependency period, 0 to 
around 10 years at Suaq and around 8.5 years at Tuanan), and inde-
pendent immatures, which are no longer in permanent association 
with their mothers (defined as starting from the point of time at 
which the offspring had spent more than two consecutive full days 
away from the mother) but are not yet adults (29).

Exploration was defined as prolonged, nonrepetitive, usually de-
structive manipulation of, or feeding attempts on, objects (such as 
fruits, sticks, leaves, other plant material, animal products, etc.), ex-
cluding actual or subsequent ingestion, during which the individual’s 
visual and tactile focus is on the object (37). Exploration data were 
collected using all-occurrence sampling by C.S. and eight additional, 
highly experienced observers, whereby each exploration event was 
described in detail. Interobserver reliability was assessed separately 
for different age classes of immatures (young infants, 0 to 6 years; 
old infants, 6.1 to weaning age; juveniles, weaning age to adulthood). 
All observers surpassed 90% interobserver reliability on occurrence 
rates and nature of the described exploration events for the specific 
age classes on which their data were used.

Each age-individual exploration rate was based on individual focal 
data collected over a period of up to 5 months to obtain at least 40 
(40 to 111; mean, 63) follow hours per data point (see table S2 for 
details). This amount of data was needed to reach stable values (i.e., 
average exploration rates remain stable with increasing number of 
follow hours). Each individual immature contributed to one to four 
“age-individual data points,” producing a mixed longitudinal cross-
sectional dataset. The total sample contained 40 of these data points 
(28 from Suaq and 12 from Tuanan), for a total of 3103 explora-
tion events.

Sociability levels were based on 11 and 13 years of long-term focal 
data including association compositions assessed at 2-min intervals 
at Suaq and Tuanan, respectively. As a measure of sociability, we 
used the average number of daily association partners [including all 
age-sex classes, except the own mother during the dependency period 
(see above)], where associations were defined as being within 50 m 
of another individual. In a subset of detailed association data, we 
found this measure to be strongly correlated with the time spent in 
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association and the time spent in close proximity (see the Supple-
mentary Materials). We used two different measures of sociability: 
(i) past experienced sociability (“past sociability”) measured as the 
average number of past association partners from birth until the point 
of data collection and (ii) currently experienced sociability (“current 
sociability”), defined as the average number of association partners, 
averaged over the current data collection period for the specific data 
point. Average past sociability varied between and within individuals of 
the same population over time and ranged from 0.58 to 2.00 (mean, 1.45) 
daily association partners at Suaq and 0.56 to 1.29 (mean, 0.97) at 
Tuanan. Similarly, average current sociability ranged from 0.36 to 
3.83 (mean, 1.74) daily association partners at Suaq and 0 to 2.75 
(mean, 0.87) average association partners at Tuanan. Current and past 
sociabilities were not significantly correlated (r = +0.41, n = 40, P = 
0.24), allowing for multivariate analyses. Definitions of all other vari-
ables (food availability, dominance, maternal age, and matriline) 
and further details are provided in the Supplementary Materials.

Statistical analyses and graphs
All statistical analyses and graphs were performed using the R program-
ming language (38). Since exploration rates showed a strong depen-
dence on age and site, proper comparisons required correcting for 
these two factors. At both sites, exploration rates showed a nonlinear 
and highly similar age trajectory but with the Suaq rates for dependent 
immatures being consistently higher than at Tuanan (see fig. S1A). 
At the same time, several of our predictor variables showed a site 
effect in the same direction. However, in this study, we wanted to 
assess the effects of our predictor variables within each population, 
independent of this overall site difference. We, therefore, z-transformed 
the exploration rates at both sites to be able to fit the nonlinear age 
effect onto the complete sample (containing all data points) to max-
imize the resolution of this effect. We used a nonlinear least squares 
regression to fit the age effect on exploration rates using the nls 
functions, as implemented in the “stats” package in R (see fig. S1B 
and the Supplementary Materials for details). We then analyzed the 
effects of the predictor variables using linear mixed-effects models 
with z-transformed exploration rate as the response variable, age as 
a nonlinear effect (as described above), and individual as random 
factor to account for the fact that many individuals were sampled at 
multiple ages and thus occur multiple times in the dataset. We also 
z-transformed all the predictor variables that showed between site 
differences, namely, the two different measures of sociability, the mothers’ 
exploratory tendency, and food availability. All predictor variables 
except matriline were included as continuous variables in the models. 
Matriline was included as a categorical variable using Helmerts con-

trasts, as implemented in the stats package in R. All model fits were 
examined visually to assess whether they satisfied model assump-
tions and to check for the presence of influential observations (39).

As an alternative approach to the z transformation, we fitted the 
age effect on exploration rates while also including site as a factor in the 
initial nonlinear model (see fig. S2). This did not notably change any 
of the results (see the Supplementary Materials for detailed statistics). 
However, on the basis of the current data availability, we decided to 
present the z transformation approach here because it made it pos-
sible to fit the age effect using a larger sample.

We used forward model selection to assess the significance of the 
effects by comparing each model before and after the inclusion of 
each factor using the likelihood ratio test (40), in the order of our 
predictions. To investigate potential order effects or inflation of type 
I errors, we also analyzed the full model including all predictors us-
ing the cftest function implemented in the multcomp package in R.

To illustrate the effect of the different predictor variables on explor-
atory tendency, we showed residual plots of the linear mixed-effects 
models with z-transformed exploration rates, corrected for age. 
Throughout our analyses, we found no evidence for the effects of 
sex of the immatures.

RESULTS
Prediction 1: The immatures’ exploratory behavior is driven 
entirely by their energy balance and thus dependent 
on food availability
When comparing the models with and without the factor food 
availability using the likelihood ratio test, we found that the data do 
not warrant the inclusion of food availability as a factor in the model 
(likelihood ratio test, P = 0.913, ndata points = 39). We also tested for 
the effects of the mother’s dominance rank and age, but the data did 
not warrant the inclusion of either factor (likelihood ratio test, 
PDominance = 0.183, ndata points = 38; PAge = 0.417, ndata points = 40). 
Thus, we found no evidence that any of the factors used to approx-
imate an immature’s physical condition has an effect on their ex-
ploratory tendency.

Prediction 2: During all stages of development, current 
sociability will be positively correlated with an immature’s 
exploratory tendency
Model comparison showed that the data did not warrant the inclu-
sion of the factor current sociability (P = 0.758, ndata points = 40) as a 
factor in the model. Thus, there is no evidence that current sociability 
levels have an effect on an immature’s current exploratory tendency.

Table 1. Effects on immature exploratory tendency (model selection approach). Model selection of individual factors using the likelihood ratio test 
significantly supported the inclusion of the factor past sociability as a predictor of exploration rate. Age was included as a nonlinear control variable and the 
individual as a random effect. 

Factor Factor type Estimate SE
Confidence intervals

0.025 0.975

Intercept Intercept −0.01 0.06 −0.13 0.11

function(Age) Control 1.01 0.05 0.92 1.09

Individual Random — — — —

Past sociability Predictor 0.17 0.04 0.08 0.25
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Prediction 3: An immature’s past sociability will be positively 
correlated with overall exploratory tendency
Model comparison showed that the data strongly support the in-
clusion of the past sociability as a factor in the model (likelihood 
ratio test, P < 0.001; lmer, estimate = 0.17, ndata points = 40; Fig. 1 and 
Table 1). This suggests that the past experienced sociability levels 
have a significant positive effect on an immature’s current explor-
atory tendency.

Prediction 4: If genetic effects on exploration predominate, 
then an immature’s exploratory tendency will be positively 
correlated with that of its mother. In addition, the matriline or 
the identity of the mother of the immature should explain some 
of the interindividual differences in exploratory tendency
Model comparison showed that the data did not support the inclusion 
of the mother’s own exploratory tendency as a factor in the model 

(likelihood ratio test, P = 0.909, ndata points = 38). Furthermore, there 
was no support for the inclusion of the matriline in the model (like-
lihood ratio test, PMatriline = 0.107, ndata points = 40).

However, there was a significant difference in the raw (non–z-
transformed) exploration rates between the two sites. These differences 
persisted when controlling for differences in experienced sociability. 
It is therefore very likely that the site differences in exploratory tendency 
are also affected by genetic predispositions [non linear least-squares 
regression (NLS), PSite K = <0.001, estimateSite K = 3.95; see the Sup-
plementary Materials for details]. To avoid potential order effects 
or inflation of type I errors, we also analyzed the full statistical model 
including all tested factors, which resulted in the same results as the 
model selection approach (Table 2).

DISCUSSION
We analyzed the effects of different factors on exploratory tendency 
in wild immature orangutans. We found no evidence for effects of 
food availability, the mother’s age, or her dominance status on ex-
ploratory tendency. However, both sites have the highest-known 
orangutan density on Sumatra and Borneo, respectively (41), suggest-
ing a high level of food availability for orangutan habitats. The ab-
sence of any effects of food availability on exploration rates at Suaq 
and Tuanan, therefore, does not rule out that these effects may be 
present at other times or places where food availability falls below a 
critical threshold and then affects body condition and thus energy 
levels of individuals. Even so, the present study does not support the 
idea that ecological pressure (“necessity”) within the range studied 
increases rates of exploration and thus the probability of innovations.

In terms of social factors, we found no effect of the level of cur-
rent sociability on immature exploratory tendency. At first sight, this 
might indicate that infant orangutans get distracted by social stimuli 
(e.g., social play with infant association partners), which might cancel 
out any positive effects of a greater number of role models on explo-
ration. However, in an earlier study, we found that associations pos-
itively affected adult and juvenile orangutans’ exploratory tendency 
(31), presumably because they allow an individual to direct its atten-
tion to an object, while the association partner remains vigilant for 
potential surrounding threats [vigilance effect (33)]. The lack of 
such a positive effect on infants may reflect the fact that unlike adults 
and juveniles, infant orangutans are always in association with their 
mothers. This may provide them with enough time and energy to 
engage in exploration and presumably other energy-consuming ac-
tivities with no immediate function, whereas the presence of additional 
association partners does not have an additional effect. Accordingly, 
exploration rates of immatures drop around the onset of juvenility 
when the permanent association with the mother ends.

We found strong evidence that the past experienced sociability is 
a significant predictor of an immature’s exploratory tendency. Given 
that exploratory tendency has previously been shown to be a mea-
sure of problem-solving ability and thus cognitive ability (10, 12), 
our results suggest that in orangutans, opportunities for social learn-
ing during development are important for cognitive development. 
This is consistent with the finding that children growing up with an 
increased frequency and quality of social inputs during early devel-
opment later show increased exploratory behavior and cognitive 
performance (12, 19). It is also consistent with the finding that with 
increasing levels of enculturation, rehabilitant orangutans are more 
exploratory (42). Exploratory tendency has been shown to be an 

Fig. 1. Exploratory tendency as a function of past sociability. Exploratory tend
ency (z-transformed hourly exploration rates, corrected for age) as a function of 
past experienced sociability.
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important determinant of problem-solving success (10–12) and in-
novation probability (13, 43). Accordingly, we would expect that 
orangutans with a greater exploratory tendency as immatures will 
later generate more innovations, leading to larger repertoires of 
learned skills as adults. Following our immature study, animals into 
adulthood would allow this prediction to be tested.

It would be very interesting to see which kind of associations have 
the strongest effect on orangutan cognitive development. It may well 
be that stressful associations (e.g., mating consortships during which 
a male guards a female to prevent her from mating with other males) 
have no or even the opposite effect on the development of explor-
atory tendency, whereas voluntary associations have the strongest pos-
itive effects. It may also be that as in humans (44), there are specific 
time windows throughout development during which these effects 
are strongest. Pinpointing the importance of the type and timing of 
the associations will also allow us to investigate the mechanisms that 
underlie this phenomenon in more detail. In humans, it has been 
suggested that infants use others’ reactions to guide their own behavior 
in selective ways, depending on the characteristics of the role model 
and across different contexts, a process called social referencing. In 
combination with results on social learning, the results of the current 
study may in the future shed light on whether similar processes are 
at work in wild orangutans. Increasing our dataset over the coming 
years will allow for these more detailed analyses.

In terms of genetic effects, the overall differences in exploration 
rates between the two study populations Suaq and Tuanan found 
here offer support for innate population differences in exploratory 
tendency. However, since the two sites also differ in their level of 
sociability and social tolerance (31), the site difference in explora-
tion rates we observed in this study may also reflect differences in 
sociability experienced during development. To explore baseline 
differences in exploration rates corrected for sociability, a larger 
dataset will be needed.

Although there is evidence for heritable innate predispositions of 
exploratory tendency in orangutans at the species level (45), we 
found no evidence for more fine-grained genetic influences, including 

no effect of the mother’s own exploratory tendency on her offspring’s 
exploratory tendency. Our results suggest that opportunities for social 
learning provided by a larger number of different role models are the 
major influence on subsequent exploration rates, which is consistent 
with what has been shown experimentally in humans (46). In a previ-
ous study, we could show that around age 3, when orangutan infants 
have already acquired a basic skill set and some understanding of most 
skills, they show a steep increase in interest in role models other than 
the mother (8). In combination with the current findings, this sug-
gests that social effects become most prominent during late infancy.

The orangutan pattern contrasts with human studies, showing that 
genetic influences account for 40 to 80% of the variance in intellectual 
performance (16). The magnitude of genetic effects on intelligence, 
however, depends on the variance in the sample (47), thus, in the 
case of this study, the variance of both genetic background and so-
cial inputs. In humans, heritability in intelligence has been shown 
to be highly age dependent (48), which strongly suggests that we 
increasingly select the quantity and quality of social inputs as we 
become independent (49). In orangutans, ecological conditions (e.g., 
limited food availability) will generally prevent them from form-
ing extensive associations once they become an adult, leading to a 
stronger “shared environment” effect and a weaker impact of ge-
netic factors.

In conclusion, the social environment plays a key role in the de-
velopmental construction of cognitive abilities in both orangutans 
and humans, suggesting that this process has deep roots, going back 
at least to the common ancestors of all great apes. Specifically, they 
reveal a shared model of cognitive development in which social in-
puts can up-regulate the baseline level of exploration set by natural 
selection, because they allow the maturing individual to refine its 
assessment of nondangerous opportunities for exploration, and thus 
elicit an appropriate level of curiosity. These findings, therefore, 
support the cultural intelligence hypothesis (20) [see also (10, 27, 50)], 
which also predicts that over evolutionary time, increased opportu-
nities for social learning select for increased innate learning ability 
(45, 51), as arguably happened in human evolution (21, 52).

Table 2. Effects on immature exploratory tendency (full model). The analysis of the full model, containing all tested factors as predictor variables on 
exploration rate, as well as age as a nonlinear control variable and the individual as a random effect. 

Factor Factor type Estimate SE
Confidence intervals

P value (cf test)
0.025 0.975

Intercept Intercept −0.31 0.33 −0.79 0.23 0.348

function(Age) Control 1.01 0.07 0.91 1.13 <0.001

Fruit availability Predictor 0.01 0.05 −0.08 0.09 0.862

Mothers dominance Predictor 0.15 0.12 −0.06 0.33 0.222

Mothers age Predictor −0.02 0.11 −0.20 0.14 0.828

Current sociability Predictor −0.08 0.05 −0.17 0.01 0.159

Past sociability Predictor 0.20 0.06 0.11 0.29 <0.001

Mother’s exploratory 
tendency Predictor −0.10 0.07 −0.20 0.01 0.130

Matriline Predictor * * * * *

Individual Random — — — — —

 *Matriline was included as a categorical variable, whereby none of the contrasts showed a significant difference.

 on January 19, 2020
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Schuppli et al., Sci. Adv. 2020; 6 : eaaw2685     8 January 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 7

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/2/eaaw2685/DC1
Section S1. Details on the predictor variables
Section S2. Details on the statistical analyses presented in the main manuscript
Section S3. Alternative statistical approach
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