Science Author Reprints and Color Reimbursement

Administered and Produced by The Sheridan Press

Cindy Eyler, Reprint Customer Service Rep

The Sheridan Press, 450 Fame Avenue, Hanover, PA 17331

(800) 635-7181 ext. # 8008, (717) 632-3535, or fax (717) 633-8929
cindy.eyler@sheridan.com

Science

MVAAAS

Order reprints and pay color figure charges online at www.sheridan.com/aaas/eoc

Dear Author:

Science has a combined online form for ordering reprints and
paying charges on color figures. Please follow the link
mentioned above to pay for or receive an invoice for your color
figure charges. To start your order, you’ll need to enter the
entire DOl number of your paper (for example:
10.1126/science.1194732). After filling out the order form, an
email will be sent for your records. An invoice will be sent with
the reprints. You can pay at the time of your order, indicate that
you have a purchase order, or ask to be billed.

Reimbursement for Use of Color in Science

As stated in Information for Contributors and your acceptance
letter, authors requesting the use of color are required to pay
$650 for the first color figure and $450 for each additional figure
to help defray costs related to publishing color in the Science
issue. These charges are not related to your reprint order,
but are billed on the same form. Authors of solicited Reviews,
Special Issue Perspectives, and Special Issue Reviews are
exempt from these charges.

Printed Reprints

Author reprints must be used solely for the author's personal use.
If commercial or for-profit use is intended, please contact
Rockwater, Inc. at brocheleau@rockwaterinc.com or (803) 429-
4933.

Only one invoice will be issued for group orders to multiple
locations. Additional order forms may be obtained by contacting
The Sheridan Press. All orders must be received within 60
days of publication date or additional charges will apply.

Prepayment or an institution purchase order is required to
process your order. The online form will provide an invoice.

Delivery

Your order will be shipped within 3 weeks of the Science issue
date. Allow extra time for delivery. If quicker delivery is
necessary, please call for pricing and availability. UPS ground
postage and handling are included in the prices (1-5 day
delivery). Orders shipped to authors outside the continental US
are mailed via an expedited air service at an additional charge.
Orders for articles over 1 year past publication will require
additional time to produce.

Corrections

If a serious error occurs in the published version of the paper, the
error can be corrected in reprints if the editorial office is notified
promptly. Please contact the editor or copy editor of your paper
with the corrections.

Reprint Order Specifications

All reprints will include either a title page (in black and white or
color, depending upon the type of reprint ordered) or the cover
of Science from the issue in which your article appears. If the
cover of Science is selected, there will be a $100 additional fee
(cover will appear in black & white or color, depending on the
type of reprints ordered). This adds one page to the length of
your paper.

Pricing

Reprint pricing is shown in the following tables. Orders are
limited to 500 copies per author. To convert color articles to
black & white reprints, add $200. For articles over 12 months
past publication, please contact The Sheridan Press for pricing.
This pricing is valid within 60 days of publication date.

Black and White Reprints

Quantity | 100 200 300 400 500
<4 pages | 300 350 395 435 470
<8pages | 460 520 575 625 670
<12 pages| 600 665 725 780 830

Color Reprints

100 200 300 400 500
1800 1890 1960 2020 2070
<8 pages | 2140 2235 2310 2375 2430
<12 pages| 2485 2585 2665 2735 2795

Quantity

<4 pages

Air Shipping Charges
(orders shipped outside the continental US only)

$120 — 8 pages or less and 200 copies or less
$175 — More than 8 pages or more than 200 copies



Instructions for Handling PDF Galley Proofs

It is important that you return galley corrections within 48 hours directly
to your copy editor. Please let your copy editor know immediately if there

AVAAAS will be any delay.

Dear Author:

Thank you for publishing in Science. This letter explains how to mark this PDF file and transmit corrections
to your galley proofs. This PDF file includes the following:

1. Instructions for ordering reprints and paying for use of color in figures (p. 1).
2. Detailed instructions for marking the proof (pp. 2-4)
3. Galley proofs of your paper (starting on p. 5).

If your manuscript contains color figures, the colors and resolution in the proofs may appear different
from those of the final published figures. Our art department will send separate color figure proofs. Also,
although your paper begins at the top of a page in the proofs, it may not when printed in Science.

A separate PDF file showing editorial changes to your paper has been, or shortly will be, e-mailed to you by
your copy editor. Please use this in checking your proofs, but do not mark corrections on it.

In order to make galley corrections:
1. Please pay color figure charges online at www.sheridan.com/aaas/eoc. The same online form can be used
to order reprints.

2. Mark all changes on the galley proofs (this file) directly using Acrobat Reader (free) v. X (available at:
http://get.adobe.com/reader/).
3. Additional instructions for marking text are given on the next two pages. To start, select the Comment
button on the upper right side of the Adobe Reader screen.

a. All edits of the text and text corrections should be made with “Text Edits” using insert, replace, or
delete/cross out selections. Please do not use sticky notes, comments, or other tools for actual text
edits.

You can control formatting (e.g., italics or bold) by selecting edited text.

c. Indicate edits to special or Greek characters with a comment. Use the “sticky note” for comments.
Please refrain from using other tools.

d. Please collect all corrections into one file; import comments provided by multiple authors into one
file only (Document menu/Comments/Import Comments).

e. Be sure to save the marked file and keep a copy.

4. Respond to all of the copy editor’s queries listed at the end of the edited manuscript or as embedded PDF
notes in the copyedited manuscript, by directly editing the galley text in the PDF with the annotation
tools or using sticky notes on the galley PDF.

5. Check reference titles and additional supplementary references on the edited word file sent to you by
your copyeditor. Address any edits here in the note back to your copyeditor.

6. Check all equations, special characters, and tables carefully. Check spelling of all author names for
accuracy.

7. Make a copy of the corrected galley proofs for yourself. Return the corrected galley proofs to the Science
copy editor as an attachment to an email.

8. If you cannot mark the proofs electronically, please e-mail a list of corrections to the copy editor.

Thank you for your prompt attention,
The Editors

Headquarters
1200 New York Avenue, NW Washington, DC 20005 USA Telephone: (+1) 202-326-6550 Fax (+1) 202-789-4669
Europe Office
Bateman House, 82-88 Hills road, Cambridge CB2 1LQ, UK Telephone: (+44) 1223-326500 Fax: (+44) 1223 326501
Published by the American Association for the Advancement of Science



E-Corrections through PDF Annotation 6 Straivem

Instructions on how to annotate your galley PDF file using Adobe Acrobat Reader X

To view, annotate and print your galley, you will need Adobe Reader X. This free software can be
downloaded from: http://get.adobe.com/reader/. It is available for Windows, Mac, LINUX, SOLARIS, and
Android. The system requirements can also be found at this URL.

To make corrections and annotations in your galley PDF with Adobe Reader X, use the commenting tools
feature, located by clicking Comment at the upper right of your screen. You should then see the Annotations
Palette with the following annotation tools. (These tools can also be accessed through
View>Comment>Annotations.

Although all the files from SPI will have these commenting tools available, occasionally this feature will not
be enabled on a particular PDF. In these cases, you can use the two default commenting tools to annotate
your files: Sticky Note and Highlight Text.

Tools Sign Comment

sign Comment Extended

v AnnOta1View or add commentsh

S P & @ &
T. 3% =2 T B

» Drawing Markups
v Comments List (0)

To start adding comments, select the appropriate commenting tool from the Annotation Palette.

TO INDICATE INSERT, REPLACE, OR REMOVE TEXTS

e Insert Text

T
Click the ® button on the Commenting Palette. Click to set the cursor location in the text and
start typing. The text will appear in a commenting box. You may also cut-and-paste text from another
file into the commenting box.

e Replace Text

e
Click the @ button on the Commenting Palette. To highlight the text to be replaced, click and
drag the cursor over the text. Then type in the replacement text. The replacement text will appear in
a commenting box. You may also cut-and-paste text from another file into this box.

¢ Remove Text

Click the button on the Commenting Palette. Click and drag over the text to be deleted. The
text to be deleted will then emphasize with a strikethrough.



E-Corrections through PDF Annotation 6 Straivem

LEAVE A NOTE / COMMENT

e Add Note to Text

Click the T@ button on the Commenting Palette. Click to set the location of the note on the
document and simply start typing. Kindly refrain from using this feature to make text edits

e Add Sticky Note

Click the @ button on the Commenting Palette. Click to set the location of the note on the
document and simply start typing. Kindly refrain from using this feature to make text edits

HIGHLIGHT TEXT / MAKE A COMMENT

e Click the button on the Commenting Palette. Click and drag over the text. To make a comment,
double click on the highlighted text and simply start typing.

REVIEW
All comments added in the active document are listed in Comments List Palette. Navigate by clicking on a
correction in the list.

sign Comment Extended

v Annotati
| View or add comments

© B e ® &-
T. 3% 2 T B

» Drawing Markups

Comments List (2)

3 @~ B-

ATTACH A FILE

For equations, tables and figures that need to be added or replaced, or for a large section of text that needs
to be inserted, users will find it better to just attach a file.

Click @ button on the Commenting Palette. And then click on the figure, table or formatted text to be
replaced. A window will automatically open allowing you to attach the file.



LEARNING

How 8 years of social and
individual learning interact to
shape ecological competence
in orangutans
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Cultural learning permeates human skill and knowledge
acquisition. To understand its importance for nonhuman apes,
we analyzed just under 7000 records of behavioral bouts of
social and individual learning across wild orangutans’ 8-year
dependency period to assess their combined effects on
ecological competence, which is crucial for independent
survival. Social learning was five times more frequent than
individual learning and influenced subsequent learning for
hours. Immature orangutans varied substantially in their
learning propensities, and those with heightened social and
individual learning propensities developed the most expansive
diet profiles at independence. Furthermore, social learning had
a compensatory effect on diet profile development when
individual learning was low. Our findings advance the science of
cultural evolution by showing how multiyear social and
individual learning interact to shape great apes’ broad
ecological competence.

Until as recently as the middle of the past century, culture was thought
to be distinctly human (7). Recent research has revealed that to the
contrary, culture defined as “information capable of affecting individu-
als’ behavior that they acquire from other members of their species
through ... forms of social transmission” (2) is widespread in the ani-
mal kingdom, extending to all main vertebrate taxa and even inverte-
brates, including insects (3-5). Although social learning establishes
information as cultural, such information originates from innovations
(6), which are usually generated through individual learning processes
(7). Therefore, culture is dependent on both social and individual
learning processes (6).

Although social learning has garnered much of the attention in
animal culture research, the concomitant role of individual learning
is poorly understood. Individual learning refers to learning through
one’s own efforts, such as through targeted exploration and practice
or iterative problem-solving, without apparent immediate social in-
fluences. Generally, individual learning is thought to be less efficient
and to entail greater risks, such as poisoning and predation, than
social learning (8). However, because individual learning enables
direct assessment of current environmental conditions, it enhances
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Behavior, Konstanz, Germany. “Department of Biology, Graduate Program, Faculty of Biology
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Statistics, TU Dortmund University, Dortmund, Germany. *Corresponding author. Email:
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information reliability and provides more complete and up-to-date
information about the payoff structure and variability of different
behavioral options than what socially transmitted information alone
can offer (9). As a result, a strict reliance on social learning alone
can compromise individuals’ adaptability to changing conditions (10)
and may eventually lead to repertoire erosion because of incomplete
information transmission (11). Furthermore, especially in the case of
complex skills, precise social learning of the entire skill may often
not be possible. Complex skills involve unobservable elements, such
as effective usage of a tool inside concealed spaces such as a tree hole
to extract food items (1I). They also comprise multiple steps, all of
which cannot be observed or learned through social learning alone
without independent practice (12), resulting in only elements—but
not the whole functional sequence—of a skKill being socially learned.
Therefore, individual learning is likely required to learn complex
skills and, in these cases, contingent upon social learning.

Although numerous studies now point to the existence of social
learning capacities and pervasive cultural transmission in animals’
lives (3-5, 12-21), none capture the scale of what culture in the wild is
thought to entail: specifically, the capacity to learn a multitude of
things in the course of individuals’ development, generating a corre-
sponding breadth of competence necessary for successful adult life. In
particular, how animals draw on both social and individual learning
during their multiyear development to acquire such broad, survival-
relevant ecological competences has remained entirely unknown.

Focusing on the Sumatran orangutan (Pongo abelii), we bridged
this gap by testing whether and how social and individual learning
during development interact to shape the extent of ecological com-
petence acquired by immature orangutans (immatures) at weaning.
Adult Sumatran orangutan diet encompasses a challenging total of
around 250 different food items, many of which require preingestive
processing steps (including tool use for some items), which are se-
lected from thousands of different options in the forest (22). To de-
velop their diet profiles, individuals need to learn which food items
to eat (know-what), how to process them before ingestion (know-
how), and when and where to find the food items (know-when and
know-where, respectively). Because immatures need to indepen-
dently survive in the wild after their lengthy developmental period
of about 8 years, acquiring their diets while in constant association
with their mothers during development is vital. Diet profile breadth
(the cumulative number of different food items eaten by the time of
independence) is thus a measure of broad ecological competence,
with high survival relevance.

To answer our question, we examined more than 6700 detailed all-
occurrence records of visual peering (Fig. 1A) and exploration (Fig. 1B)
behavior, collected during more than 1700 hours of detailed direct ob-
servation of 21 immatures during a 12-year period at the Suaq Balimbing
research area. We sampled immatures when they were between 0.51
and 8.72 years of age (fig. S1), resulting in a total of 257 focal follows.
Peering is defined as sustained, attentive, close-range observation of the
behaviors of conspecifics (23). The Suaq orangutans are estimated to
peer around 40,000 times over the course of their lifetime (24). After
peering, immatures often engage in targeted explorations, likely to prac-
tice what they observed (23, 25). This suggests that individuals may use
peering to socially acquire ecological competence, including know-what
and know-how components (23, 25, 26). We therefore used peering rate
(number of events/hour) as a measure of an individual’s propensity to
engage in social learning. Exploration is a key component of individual
learning (27, 28). We defined exploration as sustained—often destruc-
tive—manipulation of objects or attempted feeding without successful
ingestion of food items (28). Through exploration, individuals can find
out whether an object is a food item or a substrate of a food item, or
whether it can be used as a tool to access embedded food items. We thus
used exploration rate as a measure of an individual’s propensity to en-
gage in individual learning.
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Fig. 1. An immature Sumatran orangutan. The immature is (A) peering at its
mother, who is feeding on Neesia fruit (Neesia aquatica), and (B) exploring the fruit
using a stick tool.

We identified a total of 303 distinct food items eaten by 13 im-
matures over their developmental period (table S1 and figs. S1to S4).
These data were collected through instantaneous scan sampling at
2-min intervals during ~4700 observation hours (n = 453 follows) to
quantify the breadth of immatures’ diet profiles. We considered only
feeding scans during which the immatures fully ingested the food
items without any preingestive processing of the food items (23, 29)
by their mothers.

Focal immatures were followed from the morning nest (~06:00)
until the night nest (~18:00) when possible. All of the researchers
underwent a training period, and the data collected by a new re-
searcher was included for analysis only when the interobserver reli-
ability reached a minimum of 85% with experienced researchers for
simultaneous focal follows. In addition, we controlled for potential
observer-to-observer differences in our models by including a ran-
dom intercept for observers. Data collectors were blind to the aims
and objectives of the current study.

To predict the contributions of different forms of learning to com-
petence development in wild individuals, we developed a three-step
analytical approach (Fig. 2), in which we linked an individual’s aver-
age learning propensities during development to the extent of eco-
logical competence acquired by it at the onset of independence from
its mother. Previous research indicates that peering elicits an im-
mediate increase in exploration (23), which suggests that not all
explorations are truly indicative of individual learning, without im-
mediate social influences. Therefore, we first conducted a hazard
analysis to estimate the time point at which the instantaneous rate
of exploration stabilized after a peering event, indicating a return to
baseline exploration rates. Using the time cutoff indicated by the
hazard analysis, we split the recorded exploration events into either
socially initiated (those that occurred at or before the time cutoff)
or individually initiated (those that occurred after the time cutoff)
exploration events.

As anext step, we estimated the average rates of these behaviors shown
by each immature during the developmental period. To do so, we analyzed
the rates at which immatures engaged in peering, socially initiated explora-
tion, and individually initiated exploration during each follow using three
univariate Bayesian generalized linear mixed-effects models (U1 to U3).
We controlled for age and sex of the focal individual, prevailing habitat-
wide food availability, and daily average association size because they are
known to influence peering and exploration in this population (23-25,
28, 30, 31). We therefore refer to the resulting measures as the immatures’
social, socially initiated, and individually initiated learning propensities.
By controlling for the number of association partners, we accounted for
any differences in social learning opportunities experienced by the focal
immatures. Because these immatures live in highly overlapping home
ranges (32), systematic habitat-induced differences in individual learning
opportunities are unlikely. We included a random intercept of immature
identity to estimate social and individual learning propensities of each
immature and the variation in these propensities among them.

2

To answer our main question, as the final step, we modeled the breadths
of the diet profiles as a function of the interaction between individuals’
estimated average social and individually initiated learning propensities
(NM1). Diet profiles broaden rapidly during early development and then
plateau toward the end of the dependency period (fig. S4). We modeled
this nonlinear effect of age through the Michaelis-Menten equation, imple-
mented by use of a Bayesian framework.

Most explorations are elicited by prior peering

We observed a total of 2113 peering and 4649 exploration events over
the developmental period of 21 immatures (fig. S1). On average, im-
matures peered at a rate of 1.25 events/hour (SD = 1.205) and explored
at a rate of 3.71 events/hour (SD = 4.112), seemingly suggesting that
they have a higher propensity to engage in individual than social
learning. However, we found that most exploration events are far from
truly individually initiated. On average, exploration events became
independent of prior peering only after 145 min (fig. S5), highlighting
a previously underexplored, intimate intertwining of social and indi-
vidual learning at the immediate, proximate level. We therefore refer
to the exploration events that occurred at or within 145 min of the
preceding peering event and before the subsequent peering event as
socially initiated explorations (n = 4235 events) and those that occurred
beyond 145 min as individually initiated explorations (n = 414 events).
Immatures individually initiated explorations at a rate of only 0.25 events/
hour, (SD = 0.801), which was one-fifth and one-sixth of the peering
and socially initiated exploration rates (fig. S6), respectively, indicat-
ing that truly individual learning events are relatively rare in wild
orangutans.

Social and individual learning propensities are

individual specific

We found variation among immatures in peering and socially initi-
ated and individually initiated exploration propensities (table S2),
indicating that on average, immatures differed substantially from
one another in how much they engaged in social and socially initiated
and individually initiated learning. Immatures differed from one
another to a lesser extent in social learning propensity {U1, SD [95%

confidence interval (CI)] = 0.69 (0.16, 1.42)} (Fig. 3A) than in socially F3

initiated [U2: SD (95% CI) = 1.24:(0.09, 2.80)] (Fig. 3B) or individually
initiated [U3: SD (95% CI) = 1.05 (0.11, 2.56)] (Fig. 3C) learning pro-
pensity. When we performed sensitivity analyses using three new
thresholds to classify explorations as independent of peering (70-min,
130-min, and 160-min cutoffs), the results on individual variation in
individually initiated learning propensity remained substantial (ta-
ble S2, SU1 to SU3), but with shorter time cutoffs, the variation be-
came comparable with that observed in social learning propensity
(table S3, SM1 to SM3).

Within individuals, propensities of different forms of learning
are not correlated

Before testing the interaction effect of social and individual learning
on diet profile development, we fit three multivariate models to test
for individual-level correlations among social, socially initiated, and
individually initiated learning propensities. These models showed
no evidence for a correlation between immatures’ different learning
propensities (Fig. 3, D to F, and table S3, M1 to M3). Overall, these
results suggest that immatures who showed a higher propensity for
social learning did not systematically also show higher propensities
for other forms of learning. However, there appears to be a putative
positive association between social and socially initiated learning
propensities (Fig. 3E). To avoid variance inflation, we therefore did
not test the combined effects of social and socially initiated learning
propensities on diet profile development. However, the learning ef-
fects associated with socially initiated explorations may be implicitly
captured when testing the effects of social and individually initiated
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Fig. 2. Testing the effects of social and individual learning on the development
of a broad ecological competence. In step 1, the first row of dots indicates
immatures’ peering and exploration events, which were recorded by following
individuals throughout their daily active period, whenever possible. The second row
illustrates how the exploration events were classified as either socially or
individually initiated exploration events by using a time threshold (gray). This
procedure resulted in the identification of three different forms of learning events,
shown in the third row of dots. Step 2 illustrates the estimation of individuals’
average learning propensities over the entire dependency period. Step 3 illustrates
how we tested whether the breadths of the diet profiles at independence are
predicted by individuals' learning propensities. Steps 2 and 3 are depicted as
statistical models.

learning propensities on diet profile development. Last, as expected
by the immediate, heightened effect of peering on explorations, a
fourth multivariate model showed that total exploration, which var-
ied substantially among immatures (table S2, U4), and peering pro-
pensities were positively correlated in immatures (table S3, M4).

With increasing social and individual learning propensities,
immatures develop a broader ecological competence

The interaction between estimated average social and individually
initiated learning propensities significantly predicted the breadth
of the diet profile at independence (Fig. 4A, in which the effect size
of the interaction is indicated by the differences in the effect of
social learning propensity on diet breadth across the three levels of
individually initiated learning propensity, and table S4). In general,
immatures with high social and individually initiated learning pro-
pensities developed broader diet profiles by the onset of indepen-
dence (Fig. 4A).

Social learning has a compensatory effect on ecological
competence development

We found a significant negative effect of the interaction on the esti-
mated breadth of the diet profile at independence [estimate (95% CI)
= -36.65 (-70.11, -3.82) food items]. Specifically, the effect of social
learning on diet profile breadth was more pronounced when individu-
ally initiated learning propensities were low. Among immatures with
high individually initiated learning propensities, those who displayed
high propensities for social learning had developed diet profiles that
were 1.2 times greater than those of immatures who displayed lower
social learning propensities (Fig. 4B). Under low propensities of in-
dividually initiated learning, the diet profiles of those who displayed
high social learning propensities had developed diet profiles that were
1.5 times greater than those who displayed lower social learning pro-
pensities (Fig. 4B). Sensitivity analyses by using the three different
time thresholds used to extract individually initiated learning events
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(70, 130, and 160 min) yielded consistent results (tables S5 to S7),
indicating robust findings.

Discussion

We leveraged 12 years of long-term data to demonstrate the role that
different forms of learning play in the development of a broad and
survival-relevant ecological competence in a wild great ape. Our first
main finding was that the relative expression of social, socially initi-
ated, and individually initiated learning appear to vary substantially
among individuals, as has been shown to be the case in human chil-
dren (33) and both captive (34) and wild chimpanzees (35). Several
factors can lead to individual variation in tendencies to engage in
social or individual learning, as well as in learning abilities. Across
species, these include genetic differences (36), differential develop-
mental influences such as early parental care (37), and experienced
differences in the reliability of social information (38), or a combina-
tion of genetic and developmental factors. In orangutans, differences
in maternal behavior may be particularly important because offspring-
directed behavior is documented to be systematically variable among
mothers (39).

Whereas studies on other taxa provide mixed evidence for covaria-
tion between individuals’ experimentally measured immediate social
and individual learning abilities or the reliance on such information
(40-42), we found that individuals’ natural, average propensities to
engage in the three forms of learning over the developmental period
did not covary. The absence of a negative correlation between indi-
viduals’ social and individual learning propensities argues against
trade-offs between investment in the two forms of learning and thus
against strict individual-specific reliance on a specific form of learn-
ing (behavioral specialization) in the wild (43).

We found that individual variation was lower in social than indi-
vidual learning propensities, suggesting that there may be a selection
pressure on maintaining rates of social, but not individual, learning
above a significant threshold. This may be because individual learn-
ing likely carries substantial risks in the wild (8). However, the higher
individual variation in individual learning propensities as compared
with social learning propensities may also partly stem from our choice
of an empirically derived cutoff to classify exploration as independent
of peering, because we found that the extent of individual variation
in individually initiated learning propensity, although substantial,
decreased with shorter time cutoffs.

The level of individual variation in social and individual learning
propensities observed in this study is unexpected because learning pro-
pensities are likely tied to fitness and therefore may have important
consequences in this and many other species. Therefore, individual dif-
ferences in learning merit further investigation, especially through lon-
gitudinal field studies, to understand their underlying causes, which
may be environmental, developmental, and/or genetic (44).

Our second major finding was that the commonly made binary
distinction between social and individual (“asocial”) learning (45-49)
is inadequate in helping us to understand how the development of
cultural traits operates in wild animals. In general, peering exerts
an influence on exploration for as long as around 2.5 hours in orang-
utans. We found that the greatest proportion of exploration, in the
form of socially initiated learning, is consequent on peering and thus
falls at the intersection between social and individual learning. This
supports our distinction between what we label here as “socially
initiated learning” stimulated by peering within this period—which
we accordingly place within the broader conception of social learn-
ing (Fig. 5)—and “individually initiated learning” that occurs at
other times.

Socially initiated learning occurred at a rate six times greater
than individually initiated learning and likely involves selective
exploration of the peered-at food item (23). It is easy to appreciate
that learning through peering alone (what we call “strictly social
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Fig. 3. Individual variation in learning propensities and within-individual relationships between propensities of different forms of learning. (A to C) Posterior
distributions of the estimated average (A) social, (B) socially initiated, and (C) individually initiated learning propensities for 21 immatures over their 8.5-year developmental

period. The dashed black line indicates the population average, and the yellow diamond
dashed line indicate less than population average propensities, and those to the right in
orangutans’ posterior mean for (D) social and individually initiated, (E) social and social

indicates the posterior mean of the estimate for each immature. Values to the left of the
dicate greater than population average propensities. (D to F) Scatterplots of individual
ly initiated, and (F) socially and individually initiated learning propensities for the

21 immatures. Circle size indicates the total observation duration for each immature between birth and 8.5 years of age (n = 2 to 360 hours). Correlation coefficient (r) and

posterior probabilities for the hypothesis “r > 0" are shown.

learning”), and socially initiated learning may act synergistically in
the development of a diet profile. Peering stimulates socially initi-
ated learning and, through effects such as prompting individuals
to practice recently observed activities, allows developing individu-
als to gradually perfect their skills, including complex skills such
as tool use (50). Our study suggests that during most of the devel-
opmental period, immatures engage in both strictly social learning
and socially initiated learning, which poses a challenge in estimat-
ing their separate effects (an attempt to assess the effect of strictly
social learning on diet profile development is provided in fig. S7).
Strictly social learning may likely be used by wild orangutans for
learning about food items of low preingestive processing intensity
such as leaves, which usually involves pick-and-eat techniques (23).

Our third and overarching finding is that variation in the totality of
social and individual learning propensities that individuals express

4

throughout development shapes the ecological competence that is so
critical for the achievement of competent independence. We believe
that this constitutes the most important contribution to the field of
cultural evolution. Although there are other competencies that a young
ape must learn, acquiring ecological competence is likely directly rel-
evant for lifetime fitness and includes the learning of a broad range
of skills and knowledge types. At all levels of individually initiated
learning, increases in social learning through peering led to greater
ecological competence, but the effect of social learning on ecological
competence was more pronounced when individually initiated learn-
ing was low. This suggests that when immatures do not engage in
heightened individual learning to acquire a competence, social learn-
ing may compensate for the lack of individual effort. These results
reveal how social and individual learning interact to shape diet profile
development (Fig. 5).
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Fig. 4. Predicted effects of social and individual learning propensities on the
development of a broad ecological competence. (A) Estimated development of the
breadths of the diet profiles of immatures between birth and the onset of indepen-
dence. (B) Estimated breadths of the diet profiles at independence, as a function of
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Fig. 5. Overview of the forms of learning involved in diet profile development in
Sumatran orangutans. (1) Peering triggers socially initiated learning. (2) Social
learning and individually initiated learning interact to influence ecological competence
development.
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Our study extends our understanding of the pervasiveness of cul-
tural learning in great apes into another dimension, by demonstrating
the central role of cultural learning in achieving the extensive diet
breadth that sustains great apes’ mature, independent foraging. In
doing so, we revealed a previously underappreciated interplay between
the social and individual components of learning. Our work shows
that great ape cultural learning mechanisms are closer to the complexi-
ties of the underlying mechanisms of human culture. Because orang-
utans, the other great apes, and humans share a common ancestry, it
is apparent that the extraordinary heights of human cultural learning
were likely built on already substantial evolutionary foundations.
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