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ABSTRACT

Cultural transmission across generations is key to cumulative cultural evolution. While several mechanisms—such as vertical,
horizontal, and oblique transmission—have been studied for decades, how these mechanisms change across the life course,
beyond childhood. Furthermore, it remains under-explored whether different mechanisms apply to distinct forms of learning
processes: long-term learning—where individuals invest time and effort to acquire skills—and short-term learning—where
individuals share information of immediate use. To investigate the network structure of these two types of knowledge
transmission—long-term learning of foraging skills and short-term learning of food location information—we present social
network data (1,633 nominations) collected from all 132 inhabitants (aged 4 to 75) of a BaYaka community in the Republic
of the Congo. Applying latent network models that estimate and adjust for measurement biases typical to self-reported data,
we find that the demographic structure of a population—age distribution, sex, kinship, and marriage—shapes the dynamics
of community-wide knowledge transmission. Foraging skills are transmitted within smaller, sparser networks with limited
reciprocity, whereas food location information is exchanged more widely and reciprocally among peers. Both long-term and
short-term knowledge transmission extend into adulthood, with adults learning from older adults, peers, and marital partners,
and sharing knowledge with younger generations. Crucially, individuals tend to report more accurately about the partners with
whom they shared knowledge than about those from whom they received knowledge. Our findings provide important empirical
evidence on how community-wide cultural transmission is structured by demography and perception, and how these factors
operate across different learning processes in a real-world foraging society.

Introduction
Humans depend on cultural transmission—the transfer of information between individuals and across generations—for
successful adaptation to diverse environments [1, 2, 3, 4]. Theory in cultural evolution has emphasized the roles of several
mechanisms that guide how and when individuals learn [5] and shape who individuals learn from [6, 7, 8]. Recent formal
theoretical (i.e., computational or mathematical) models have also shown that cultural learning strategies can vary depending
on the type of information being transmitted [9] and environmental conditions [10], and that they are also influenced by
cognitive factors such as fallible memory [11]. In this study, we categorize cultural learning into two types of learning processes:
long-term learning, where individuals acquire skills that take time and effort to develop (e.g., foraging techniques), and
short-term learning, where individuals share information that is of immediate use to others (e.g., food locations). We then
compare the network structure of these two types of learning within a foraging population.

Long-term cultural learning can typically occur through three primary pathways: vertical, horizontal, and oblique trans-
mission [12] (see [13] for expanded categories). In the multi-stage learning model, these pathways evolve over the course of
childhood: children begin by learning from their parents (i.e., vertical transmission), then gradually expand their knowledge
by engaging with peers (i.e., horizontal transmission) and other knowledgeable adults (i.e., oblique transmission) [12, 14, 15,
9, 16, 17, 18, 13]. In foraging societies, where subsistence knowledge and skills are essential, childhood represents a critical
period for acquiring ecological knowledge and subsistence-related skills [19, 20]. Children often begin learning from their
parents [21, 22, 23] and by practicing these skills through play with peers [24, 25, 26, 27, 28]. Adolescents learn more complex
tasks, such as hunting and tool-making, from skilled non-kin adults [29, 14, 17, 21, 30, 16]. Learning, however, does not end in
adolescence; it continues throughout life, as many complex skills—such as hunting—require years to refine and master [31, 19,



32, 20]. Despite this, most empirical research on hunter-gatherer cultural learning has focused on children (e.g., [17, 33, 30,
34, 25, 24, 35, 13]). While a few experimental studies suggest that adults also preferentially learn from more experienced or
older individuals (e.g., [36]), empirical data on adult learning patterns remain limited (but see [22]). Given this, it remains
unclear from whom individuals learn, and how this changes across the life course—from childhood to adulthood—in real-world
settings (but see [37, 38, 39]).

In addition to the long-term learning of foraging skills, transmitting immediate-use information, such as food locations, is
also crucial in foraging societies. To reduce daily variability in food returns, individuals cooperate in subsistence activities and
share food [40, 41, 42, 43]. In such contexts, sharing information about food locations—particularly temporary food sources,
such as mushroom patches, wild yam patches, tress with ripe fruits or honey, or animal nests that they encounter—with group
members is fundamental for cooperative foraging. Central-place foraging, a key feature of hunter–gatherer social organization,
facilitates such information sharing as foragers return to a central location after their foraging trips [44]. Despite the importance
of sharing immediate-use information, it remains an open question whether such short-term learning is structured by the same
mechanisms as long-term learning, such as preferences for learning from close kin [45], same-sex individuals [46], or certain
age-structured learning [47], as predicted by cultural evolutionary models.

A recent theoretical model has proposed a set of predictions regarding age-structured learning, distinguishing between
learning strategies that can be favored in long-term versus short-term learning processes. While a ’copy-the-old’ strategy—
learning from older, experienced individuals—is beneficial in stable environments where adaptive behaviors are difficult to
acquire but critical for survival, strategies like ’copy-the-young’—which combine individual learning with the use of social
information—appear to be more favorable for rapid adaptation in less stable, changing environments [10]. Building on
these insights, one might expect that short-term, practical knowledge (e.g., food locations) may be transmitted through more
flexible mechanisms, such as reciprocal exchanges, rather than through the ’copy-the-old’ strategy, which is more effective for
transmitting difficult-to-acquire skills (e.g., foraging techniques). In addition to age structure, the type of knowledge being
shared can also shape the mechanisms that direct its transmission, such as biases toward kin, spouses, and same-sex individuals.
Empirical research has shown how demographic factors structure knowledge transmission, particularly in long-term learning
processes. For example, knowledge about food plants and social norms tends to be shared broadly within a community, whereas
medicinal plant knowledge is shared more selectively, primarily between spouses and close kin [48]. Moreover, individuals
often learn from same-sex peers, but exhibit biases toward men in male-oriented domains (e.g., fishing, wild yam foraging)
and toward women in female-oriented domains (e.g., medicinal plants) [49]. However, there remains a gap in understanding
how these demographic factors influence short-term knowledge transmission and how it compares to long-term knowledge
transmission, particularly from network perspectives, which have been emphasized as crucial for understanding cultural learning
processes in hunter-gatherers [50].

Here, we investigate the mechanisms that shape community-wide knowledge transmission networks in a BaYaka forager
community in the Republic of the Congo. The BaYaka are a group of Congo Basin forest foragers who engage in hunting and
gathering for daily food acquisition, alongside small-scale crop cultivation [51, 52]. Consequently, learning foraging techniques
and skills during childhood is crucial [53, 33]. The BaYaka often go on foraging trips with a group of other individuals [54]
and share food to mitigate the risks of variable foraging returns [55]. As such, sharing information about food locations is a
critical component of their cooperative subsistence activities. We surveyed all 132 BaYaka inhabitants (aged from 4 to 75) of
the village, asking them self-reported, directed, and doubled sample network questions. These questions focused on with whom
they shared important foraging skills and techniques (i.e., long-term knowledge transmission) and with whom they shared food
location information (i.e., short-term knowledge transmission).

To examine whether these two distinct knowledge transmission networks exhibit unique structural patterns, we compare how
kinship [45], sex-based homophily, marital partnership, age structure, and reciprocity [56, 57] characterize these networks. First,
we predict that kinship plays an important role in knowledge transmission networks for both foraging skills and information
about food locations. However, non-kin friendships may also be important, particularly when sharing food location information
(see [58]). Second, given the sexual division of labor typical to many foraging societies [59, 60], we predict that sex-based
homophily will structure knowledge transmission networks: females are more likely to share foraging skills and information on
food locations with other females, whereas males are likely to share with other males. Third, we also anticipate that marital
partnerships will facilitate knowledge sharing, particularly of food locations. In foraging societies, men and women engage in
complementary subsistence activities—i.e., men primarily hunt animals, while women predominantly gather more reliable
food sources, such as plants [61, 62, 63, 59, 64]. In such contexts, husbands and wives would share not only food at the end of
the day, but would also exchange information about food locations that they encounter during subsistence activities. Fourth,
we expect that foraging skill-sharing networks will be more influenced by age structure, reflecting the stability of adaptive
foraging knowledge across generations. In contrast, food location-sharing networks are expected to be more flexible across age
groups, where reciprocity and mutual information exchange play a crucial role. Lastly, in light of recent theories suggesting
that cultural transmission may be influenced by memory biases [11], we further explore whether individuals’ perceptions
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of knowledge-sharing partners vary based on the direction through which knowledge is being transmitted (i.e., whether an
individual is sending or receiving knowledge). By examining these dynamics, we provide new empirical insights from a
real-world foraging community, contributing to a broader understanding of how demographic factors and individual perceptions
shape both long-term and short-term knowledge transmission networks.

(a) Long-term knowledge transmission (Foraging
skills) (b) Short-term knowledge transmission (Food locations)

Figure 1. Knowledge transmission networks exhibit different structures in the contexts of long-term and short-term
learning. Here, we show digraphs of (a) long-term and (b) short-term knowledge transmission networks. These digraphs
represent our models’ predictions, with each node (i.e., circle) representing an individual and each tie (i.e., line) indicating
knowledge transmission between individuals. Nodes are sized by the number of outgoing ties. Nodes are colored by age class,
with children and adolescents in purple (younger age classes in lighter purple and older older age classes in darker purple) and
adults in green (younger adults in lighter green and older adults in darker green). Black ties represent knowledge transmission
between spouses, while grey ties indicate knowledge transmission between non-spouses. (a) Long-term knowledge
transmission tends to cluster into smaller mixed-age units within the community, whereas (b) short-term knowledge transmission
is less fragmented but appears to cluster by age, with connections present between children of different ages (i.e., the purple
nodes in the figures) and between adults of different ages (i.e., the green nodes).

Results

Throughout the study, individuals made 1,633 nominations in our double-sampled social network questions regarding the
transmission of foraging skills and food location information. We applied latent network models to analyze these data, as they
allow us to estimate the individual-level (e.g., sex, age) and dyadic-level (e.g., kinship, spouseship) factors that influence the
long-term and short-term learning networks, while also estimating and adjusting for individual-level tendencies to over- or
under-report ties [see 65, for a detailed outline and validation of the models]. We then extracted predicted networks from
the models for long-term transmission (foraging skills; Figure 1a) and short-term transmission (food locations; Figure 1b).
The inferred networks exhibit very different structures, with the long-term transmission network having fewer nominations
and being less dense (Nties = 408,density = 0.013) than the short-term network (Nties = 689,density = 0.021). Alongside this,
the long-term transmission network of foraging skills was characterized by very low levels of reciprocity, with only 8% of
ties being reciprocated, while 45% of ties were reciprocated in the short-term transmission network of food locations (see
Table 1 in Supplementary Information). As shown in Figure 1, long-term knowledge transmission tends to cluster into smaller
mixed-age units within the community—which we expect to be family units—whereas short-term knowledge transmission is
less fragmented but appears to cluster by age, with connections present between children of different ages (i.e., the purple nodes
in the figures) and between adults of different ages (i.e., the green nodes). We now turn to our analytical results to understand
why these networks are structured in this way. Unless otherwise stated, we present our results as the posterior median (θ ) and
90% credible intervals (CI).
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Both short-term and long-term learning occur between spouses and kin
As shown in Figure 2a, both long-term transmission (θ = 13.299,CI = [12.655,13.912]) and short-term transmission (θ =
10.703,CI = [9.976,11.396]) are much more likely to occur between kin. Spouses exchange information about food locations
(θ = 6.187,CI = [5.434,6.841]). Although less frequent than the sharing of food location information, spouses also share
foraging skills with one another (θ = 3.751,CI = [2.631,4.976]).

Knowledge transmission is structured by sex-based homophily
Here, we present contrast coefficients (∆) and 90% credible intervals. The contrast coefficients represent the difference in
the likelihood of observing ties between dyadic sex combinations, using ties between women (i.e., ’female to female’) as a
reference. As shown in Figure 2b, we observe a negative ∆, with a CI that does not overlap 0, for dyads of different sexes (i.e.,
’male-to-female’, ’female-to-male’) in both the food location information (navy circles) and foraging skill (orange circles)
transmission networks. Dyads between men (i.e., ‘male to male’) in food location information transmission networks (navy
circles) have a negative ∆ (∆ = -3.529, CI = [-5.175, -1.509]). In contrast, the ∆ for sharing foraging skills between males
centres around zero (∆ = 0.038, CI = [-0.336, 0.450]), indicating that males share foraging skills with other males just as
frequently as females share them with other females. Taken together, these results suggest a lower likelihood of both long-term
foraging skill and short-term food location information transmission occurring between different sexes, and that females are
most likely to share food location information with other females.

(a) Dyad-level effects

Dyadic effects SD

Dyadic reciprocity

Generalized reciprocity

Genetic relatedness

Spouseship

0 5 10

Estimate (90% CI)

(b) Contrast plot for sex-based homophily

Female to Male

Male to Female

Male to Male

−6 −4 −2 0

Contrast (90% CI)

Food location

Foraging skill

(c) False positive rate (over-reporting of ties)

Incoming

Outgoing

−10.0 −7.5 −5.0 −2.5 0.0

Estimate (90% CI)

Intercepts

0.0 0.5 1.0 1.5 2.0 2.5

Dispersion

(d) Recall of true ties

Incoming

Outgoing

−6 −3 0 3 6

Estimate (90% CI)

Intercepts

0.0 0.5 1.0 1.5 2.0

Dispersion

Food location

Foraging skill

Figure 2. Both long-term and short-term learning are shaped by kinship, marital partnerships, and sex-based
homophily, and individuals were more likely to forget from whom they acquire knowledge. We present the following: (a)
dyadic parameter estimates, (b) a contrast plot for sex-based homophily, (c) the false positive rate, and (d) recall bias of true ties,
in both long-term learning of foraging skills (yellow) and short-term learning of food locations (blue). (a) The model baselines are
based on unrelated, non-spouse dyads. (b) In the contrast plot, the reference is the probability of transmitting knowledge
between female-to-female dyads. The plot displays the differences between this reference (female-to-female dyads) and
male-to-male, male-to-female, and female-to-male dyads. A negative coefficient, with a confidence interval (CI) that does not
overlap 0, indicates a significantly lower likelihood of knowledge transmission in male-to-male, male-to-female, and
female-to-male dyads compared to female-to-female dyads. (c) Individuals rarely falsely reported either incoming or outgoing ties
that did not exist, across both long-term and short-term transmission networks. (d) Individuals were more likely to forget incoming
ties, while outgoing ties were reported more accurately. This pattern was more prominent in the transmission of foraging skills.

Short-term learning is reciprocal, but long-term learning is asymmetric
Reflecting the descriptive features of our knowledge transmission networks (see Figure 1), our results show that long-term
transmission of foraging skills does not exhibit a clear pattern of dyadic reciprocity (θ = 0.018,CI = [−0.667,0.689]; see
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Figure 2a). Additionally, individuals who transmitted foraging skills to many others did not reliably receive skills in return (i.e.,
the correlation between sending and receiving ties, often referred to as generalized reciprocity in the literature: θ = 0.306,CI =
[−0.33,0.835]). These findings suggest that individuals who share foraging skills do not necessarily receive them from the same
individuals, and those who share foraging skills widely within the community are not more likely to receive them in return from
various individuals. In contrast, we found mixed evidence that short-term transmission of food location information is patterned
by dyadic reciprocity. After conditioning on other covariates (e.g., genetic relatedness, which might explain some reciprocity),
our estimate of residual dyadic reciprocity was positive but encompassed 0 (θ = 0.565,CI = [−0.3,0.986]). Individuals who
shared food location information with many others in the community were more likely to receive food location information
from many others (θ = 0.572,CI = [0.354,0.783]).

The age-structure of knowledge transmission explains why long-term learning is asymmetric
Figure 3 displays the results related to age class. While our analyses provide rich insights into how knowledge transmission is
structured by age, we will focus on the most important findings here. Our results suggest that individuals, in general, tend to
share foraging skills with people who are the same age or younger (see Figure 3a). A similar pattern is observed with food
location ties, which are denser in terms of the number of connections (see Figure 3b).

The age structure of long-term foraging skill transmission (shown in the contrast plot in Figure 3a) mirrors the pattern
observed in the hive plot: individuals generally share foraging skills with those who are the same age or younger. Specifically,
children in early childhood are most likely to transmit foraging skills to their peers in early childhood. Similarly, those in
middle childhood and adolescence are more likely to share foraging skills with their peers and younger children. Individuals
in early adulthood tend to transmit foraging skills to children across all age classes, providing evidence of both vertical and
oblique transmission of foraging skills. A similar pattern is observed for individuals in middle adulthood, who are more likely
to share foraging skills with younger age classes and less likely to share with those in late adulthood, compared to sharing
with their peers in middle adulthood. Interestingly, individuals in late adulthood are more likely to share foraging skills with
younger adults, but less likely to share with younger children. This suggests that learning foraging skills continues throughout
adulthood, with older individuals still passing on their knowledge to younger adults.

However, we observed different age structures in the short-term transmission of food location information (Figure 3b).
Children in early childhood share food location information with individuals from different age groups, including those in early
adulthood and middle adulthood—likely their parents—as well as peers in the same age class and older children in middle
childhood. In contrast, as observed in the foraging skill transmission networks, children in middle childhood and adolescence
tend to share food location information primarily with peers in their own age class, likely because they often forage in peer
groups. Adults in early and middle adulthood are more likely to share food location information with peers in their own age
class, as well as with adolescents and other adults in similar age classes. Individuals in late adulthood are most likely to share
food location information with individuals in early adulthood, who are likely their offspring.

In sum, the age structure of long-term transmission networks suggests that foraging skills are more commonly shared from
older to younger individuals, which explains the asymmetry observed in long-term learning (Figure 2a). In contrast, short-term
transmission networks are less patterned by hierarchical age structures and are more shaped by reciprocal interactions among
peers or individuals in similar age groups, which accounts for the generalized reciprocity observed in food location information
sharing (Figure 2a).

Individuals forget from whom they receive knowledge
Our latent network models incorporate a measurement model that explicitly estimates and adjusts for measurement biases
typically found in self-reported social network data. For a detailed outline of the model, see [65]. This estimation of individuals’
biases in reporting who they give and/or receive long-term and short-term knowledge transmission is made possible as we have
collected double-sampled network data—where individuals report both sides of the directed knowledge transmission ties. This
allows us to obtain information about each tie from both the sender’s and receiver’s perspectives. Given this approach, we
assessed whether individuals tend to provide discordant reports about the ties they are involved in, compared to the reports
of others involved in the same ties. We further estimated the average tendencies across our sample, such as the likelihood
of reporting ties that do not exist or forgetting to report ties that do exist. As shown in Figure 2c, our results indicate that,
on average, individuals rarely falsely reported either incoming or outgoing ties that did not exist, across both long-term and
short-term transmission networks. There was also little variation across individuals in terms of false reporting. Importantly,
we found that individuals, on average, were more likely to forget who shared foraging skills with them (i.e., incoming ties),
while they reported more accurately with whom they shared foraging skills (i.e., outgoing ties) (Figure 2d). We observed
similar patterns of bias in the transmission of food location information, although the bias was smaller and more variable across
individuals.
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(a) Long-term knowledge transmission (Foraging skills) (b) Short-term knowledge transmission (Food locations)

Figure 3. The age-structure of knowledge transmission in-part explains why long-term learning is asymmetric Here, we
show hive plots (upper row) and contrast plots (lower row) of (a) long-term and (b) short-term knowledge transmission, as
predicted by our latent network models. In the hive plots (upper row), squares on the left axis represent individuals sending
knowledge, while squares on the right represent individuals receiving knowledge. These individuals are colored according to
their age class, with the oldest age class at the top of the figure and the youngest at the bottom. The lines connecting individuals
represent reported events of knowledge transmission ties. In the contrast plots (lower row), the reference is the probability of
transmitting knowledge between peers (within-class ties) in each age-class category. The plots display the differences between
the reference (within-class ties) and between-class ties (combinations of focal age-class and other age-classes). A positive
coefficient, with a CI not overlapping 0, represents a robust higher likelihood of ties between age-classes than between peers,
while a negative coefficient would suggest the opposite.

Discussion
The present study provides important insights into the structure of cultural transmission networks within a BaYaka forager
community, highlighting key distinctions between long-term, skill-intensive learning and short-term, information-based
learning processes. Our findings reveal that both types of learning are structured by kinship, sex-based homophily, and
marital partnerships, but differ in network density, age patterning, and reciprocity. Specifically, foraging skills are transmitted
asymmetrically—from experienced, older individuals to younger ones—along with horizontal transmission occurring among
peers during childhood (Figure 3a). These results align with theories of cultural evolution that emphasize the value of skill
accumulation and inter-generational knowledge transfer [12]. In contrast, the transmission of food location information is
broader and more reciprocal, especially among peers, and this horizontal transmission extends from childhood through to
adulthood (Figure 3b). Young children, in particular, share food location information across all age groups, interacting with
both peers and older individuals. This pattern suggests that immediate, adaptive information may be more fluidly shared across
ages. These findings support theories proposing that, in rapidly changing environments, younger individuals serve as crucial
sources of up-to-date knowledge and information [10]. Below, we interpret these age-based differences in knowledge-sharing
networks through the lens of cultural evolution theory, emphasizing how these patterns reflect demographic factors that shape
diverse learning processes within a population.

Our findings show that long-term and short-term learning networks exhibit distinct structures, reflecting the differing
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opportunity costs associated with each type of learning. For example, teaching and learning specific skills needed to efficiently
extract wild yams or collect honey (i.e., long-term learning) require considerably more time and energy than sharing information
about the location of a tree with ripe fruit that someone has spotted (i.e., short-term learning). Therefore, foraging skills—which
are costly and time-intensive to teach and learn—are typically shared within smaller, close-knit networks with lower reciprocity,
often among close kin and peer groups. While the transmission of foraging skills often follows age-structured pathways
from experienced elders to younger individuals, our results highlight the critical role of peer learning from early childhood
to adolescence. This pattern aligns with theories in cultural evolution that predict children acquire skills from elders through
vertical (parent-to-child) and oblique (from older non-parent adults) transmission, as well as from peers through horizontal
(peer-to-peer) transmission during play and practice [15, 12]. Thus, our results reinforce the idea that while learning from older
individuals is crucial for acquiring complex foraging skills, horizontal transmission among peers is also an essential mechanism
of skill development in childhood. This supports theoretical models and empirical studies on optimal learning processes and
peer-based skill exchange (see [66, 67]).

Crucially, our findings extend the multi-stage learning model [15] beyond childhood, demonstrating the continued relevance
of the theory in understanding learning throughout adulthood. Previous studies with Tsimane horticulturalists in Bolivia
have shown that reproductive-aged adults continue to learn about food resources—primarily to meet the demands of their
offspring—and that post-reproductive adults possess the most extensive knowledge [68, 39, 22]. Our results support this
finding and provide further empirical evidence that older, post-reproductive individuals in late adulthood pass down their
expertise to younger adults in early and middle adulthood, who then transmit these foraging skills to younger generations. This
highlights the role of post-reproductive individuals in cultural transmission, which has not received much attention (see [13]).
This inter-generational transmission also suggests that adults not only continue to learn from experienced elders, but also play
a crucial bridging role in facilitating the flow of knowledge between children and the older generation. This bridging role
mirrors patterns observed in middle childhood, where individuals in middle childhood seem to facilitate knowledge transfer
between younger children and adolescents (see [54]). Such patterns emphasize the applicability of the multi-stage learning
model across the lifespan, supporting the idea that skill acquisition in foraging societies is a lifelong, cumulative process
shaped by inter-generational learning. Therefore, these findings shed light on how the need for and development of embodied
capital (i.e., an individual’s physical and cognitive abilities) persist into adulthood. This expands the scope of embodied capital
theory—which primarily focused on explaining the extended childhood period [19]—and raises new questions about how this
continuous learning throughout adulthood may shape human life history more broadly.

In contrast to the age-structured transmission of foraging skills, food location information is shared horizontally among
peers, both in childhood and adulthood (Figure 3b). This highlights the important role of peer interactions, not only in practicing
and learning foraging skills during childhood but also in the continuous exchange of information throughout adulthood. Such
exchanges are likely driven by reciprocity, reflecting the collaborative nature of subsistence activities in foraging societies like
the BaYaka. In societies where foraging returns vary from day to day, individuals share resources (e.g., food or information)
with community members based on reciprocity to buffer the risks of food scarcity [69, 70]. Our findings—that individuals who
share information with many others also receive food location information in return from many others—suggest that these
reciprocal exchanges foster trust and cooperation within the community. Notably, we found differences in partner preferences
for sharing food location information between early childhood and other age groups. Compared to other age groups—such as
those from middle childhood to adulthood who exhibit a strong preference for horizontal transmission among peers—young
children exchange food location information more broadly, interacting with both peers and older individuals, likely including
parents and grandparents. This reflects that in early childhood, children interact with a larger number of community members
compared to middle childhood and adolescence, likely due to the cooperative childcare they receive [71]. Such broader
interactions in early childhood with a wide range of individuals further support the idea that the intimate living conditions
of hunter-gatherer societies facilitate cultural knowledge to be embodied in children, creating opportunities for cumulative
transmission, as recently proposed by Hewlett et al. [13]. As children grow older, they tend to narrow their choice of partners
for skill and information sharing, which likely strengthens reciprocal bonds and mutual trust within peer groups, thereby
fostering cooperative relationships that can persist into adulthood.

Our ethnographic observations provide further insight into this pattern. Young BaYaka children often join their mothers in
mixed-age foraging groups, compared to children in middle childhood and adolescence who go foraging mostly in peer groups.
With their small body size and fewer responsibilities for food collection, young children have the freedom to explore forest
areas and often venture into spots that are less accessible to adults, while adults are more focused on gathering food and tend
to stay on established walking trails. Upon spotting food sources, however, young children typically share this information
with others—including older children and adults—rather than attempting to collect the food themselves, due to their limited
access to tools and insufficient physical strength or foraging skills. Previous research has acknowledged that, even when young
children lack the skills for full participation, they support adult foraging efforts—such as by providing indirect childcare to
infants while mothers are foraging [72, 73]. Our findings provide new insights into another specific way children contribute to
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subsistence activities: by sharing food location information they discover. This aligns with the pooled energy budget model,
which emphasizes that all group members contribute resources and energy to a shared pool based on their age and abilities
[74]. Our findings provide empirical evidence of how young children contribute to the community’s pooled energy budget and
highlight the conditions that facilitate learning from younger individuals.

Our results further highlight the role of kinship, sex, and marital partnerships in shaping knowledge-sharing networks
(Figure 2a). Kin-based transmission aligns with theories of parental teaching and cooperation among relatives due to shared
genetic interests [45]. Sex-based homophily also shapes knowledge exchange, with foraging skills typically shared within
the same sex due to the sexual division of labor, where women focus on gathering and fishing, and men on hunting [63, 60].
Notably, sex-segregated patterns shift when it comes to sharing food location information: women frequently share such
information with each other, while men are less likely to share among themselves, reflecting BaYaka women’s collaborative
group foraging [54] compared to men’s often solitary hunting [75, 76]. Marital partnerships also play a crucial role in knowledge
transmission. Spouses share food location information with each other that is critical for family provisioning. For example,
BaYaka women share honey tree locations with their husbands that they spotted during foraging trips with other women, and
couples often gather honey together shortly thereafter. Similarly, BaYaka men inform their wives about wild yam patches
that they encountered while hunting. Beyond sharing such information, spouses also exchange foraging skills, which can be
particularly important when one partner relocates to the other’s natal village and must adapt to local foraging techniques (e.g.,
pond fishing techniques [77]). This dynamic not only supports a key assumption of cumulative cultural evolution by facilitating
the acquisition of locally relevant skills [3, 2], but it also aligns with a recent theoretical model highlighting the importance of
postmarital transmission [78]. Together, these demographic factors, in addition to the age structuring of knowledge-sharing
networks, serve an adaptive function by optimizing learning efficiency and guiding individuals to appropriate knowledge
sources based on their life stage and learning needs.

Lastly, our findings suggest a cognitive bias in knowledge transmission: individuals tend to forget some of the sources from
which they acquire knowledge but more accurately recall the recipients of the knowledge they share (Figure 2d). This pattern
suggests a stronger awareness of one’s role in actively sharing knowledge with others, rather than receiving it, which may shape
network dynamics in both long- and short-term contexts. These initial findings highlight the importance of understanding
individual perceptions of learning and underscore the need for caution when measuring and modeling social learning in
real-world settings. Mixed-methods approaches—combining observational data, double-sampled interviews that assess ties
from both the sender’s and receiver’s perspectives, and carefully constructed measurement models that account for relevant
biases—can enhance inferences about real-world transmission dynamics. By addressing these biases, our study was able to
capture directionality-based perception errors, supporting recent cultural evolution theory that suggests fallible memory can
influence learning strategies [11]. Our findings open fruitful avenues for future theoretical and empirical research to further
explore how perception may bias learning and how these biases may impact cultural evolutionary dynamics.

In conclusion, our study provides quantitative, empirical insights into cultural transmission within a foraging society,
highlighting how knowledge-sharing networks are structured by age-specific pathways that distinguish long-term and short-term
learning, along with demographic factors such as sex, kinship, and marital ties. Our findings demonstrate how varying costs
and acquisition times of knowledge shape the age structure of these learning networks, supporting theoretical models of
cultural evolution that link learning strategies to the type of knowledge shared, which may enhance learning efficiency by
channeling knowledge through appropriate social connections [9, 10]. Our study further posits that cultural learning continues
into adulthood, empirically demonstrating that cultural transmission extends beyond childhood and highlighting the importance
of lifelong learning in adapting to changing environments. In sum, our findings shed light on how the foraging culture of a
society is reflected in its knowledge transmission networks, and how these networks may facilitate human adaptation to diverse
environments through both long-term, stable learning and short-term, flexible learning processes. This study deepens our
understanding of how cultural knowledge is transmitted across generations within a community, providing valuable evidence of
the mechanisms that support human resilience and cumulative cultural evolution in real-world contexts.

Methods
Ethics & Inclusion Statement Permissions to conduct research in the Republic of the Congo were obtained from the Institut
de Recherche en Sciences Exactes et Naturelles (IRSEN) and the Institut National de Recherche en Sciences Sociales et
Humaines (INRSSH) in Brazzaville. Our study procedures and methods were carried out in accordance with the national
laws, as well as the relevant guidelines and regulations of the Republic of the Congo. The study protocol was approved by the
Institut National de Recherche en Sciences Sociales et Humaines (Approval No: 007/MESRSIT/INRSSH-DG) and by the Max
Planck Society’s Ethics Council in Germany (Application No: 2022_7). H.J. presented an overview of the project, including
the research aim and methods, at a public meeting with all the inhabitants of the study village and obtained informed consent
from the community. Consent from each inhabitant was obtained after the meeting, while collecting basic demographic and
household-level data. All interview data and individual information were anonymized.
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Data collection. The data presented in this manuscript were collected in collaboration with a Bayaka community in a village
along the Motaba River in the Likouala Department, the Republic of the Congo. Data were collected between August and
October in 2022. All of 35 households in the study village were surveyed, and the village census counted 181 individuals. At
the beginning of the study period, we conducted a household survey for each household in the village and collected demographic
and household-level data for each family unit, including the sex and age class of all residents. Age classes were defined as
follows: infancy and toddlerhood (from 0 to 3 years; N= 36), early childhood (from 4 to 6 years; N= 25), middle childhood
(from 7 to 13 years; N= 28), adolescence (from 14 to 19 years; N= 13), early adulthood (from 20 to 39 years; N= 48), middle
adulthood (from 40 to 59 years; N= 20), and late adulthood (≥ 60 years; N= 11). We also collected marital data and observed
32 marriages within the community (referred to as spouses throughout the manuscript). Kinship relationships were determined
through genealogical interviews, and genetic relatedness [i.e., Wright’s coefficient of relatedness: 79] was calculated among all
residents using the kinship2 package [v.1.8.5; 80].

Long-term and short-term knowledge transmission network interviews. To collect data on the full knowledge transmission
networks, we conducted self-reported ‘name generator’ interviews with all 132 inhabitants in the study village (66 females, 66
males) who were older than 4 years (aged from 4 to 75). Our network data were ’double sampled’, meaning that we asked each
individual about both directions of their knowledge transmission ties. This approach allows us to gather perspectives on the
same directed ties from both individuals involved [81]. For long-term knowledge transmission, we asked individuals, ’Who
did you share foraging skills with?’ and then ’Who shared foraging skills with you?’. For short-term knowledge transmission,
we asked, ’Who did you share food location information with?’ and then ’Who shared food location information with you?’.
Interviewees freely listed individuals, not limited to village residents, until they indicated that there were no more to name (i.e.,
there was no upper limit to the number of individuals that could be nominated). However, for the analyses, non-residents and
deceased individuals were excluded to create complete community-wide networks.

Latent Network Models. To analyse the structure of our knowledge transmission networks, we applied a bespoke latent
network model that combines a sub-model for estimating the social network structure—integrating the social relations model
[82] and the stochastic blockmodel [83]—with a measurement model that estimates and adjusts for the measurement biases
typically present in ’name generator’ data [see; 84, 85, for recent discussions of measurement biases]. For a full outline of the
model structure, prior specifications, and exhaustive model validation, see [65]. Within the latent network model, we specified
parameters that capture variation at the individual level, including parameters for the variation in the number of ties individuals
send and receive, as well as the correlation between sending and receiving ties (referred to here as generalized reciprocity).
To examine how knowledge transmission networks were structured at the dyadic level, we included parameters for dyadic
reciprocity, as well as the dyad-level effects that capture whether individuals were more likely to share knowledge with those (i)
who were genetically related to themselves and (ii) who were their marital partners. We further included age class and sex as
known grouping variables in our stochastic block submodels to directly test our predictions regarding the age- and sex-based
structure of knowledge transmission. This allowed us to estimate the probability of knowledge transmission both within and
between each age class and sex. To estimate and adjust for the measurement biases associated with self-reported network data,
we included parameters that capture individual tendencies to erroneously report ties that do not exist, to forget ties that do exist,
and to duplicate reports across the double sampled questions (which were always asked in the same order). All analyses were
conducted in R [86]. The latent network models were coded in ‘cmdstanr’ [87, 88] and fitted using the ‘STRAND’ package [65,
89], with two chains, 2,000 warm-up iterations, and 4,000 sampling iterations. We diagnosed model fit and Markov Chain
Monte Carlo performance using trace plots, R̂, and reported effective sample sizes. All diagnostics indicated good model fit.

Data and material availability. All relevant data and code for reproducing the analyses and figures are available at the
following GitHub repository: https://github.com/haneuljangkr/bayaka-knowledge-transmission
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Supplementary Information

Table 1. Network descriptives of long-term transmission of foraging skills and short-term transmission of food locations. The
inferred networks represent the extracted predicted networks from the latent network models.

Type N_ties Density Reciprocity Transitivity Centrali-
zation

Mean
degree

In-
degree

Out-
degree

Foraging skills
inferred 408 0.013 0.083 0.431 0.024 2.254 0 - 10 0 - 8
give 430 0.013 0.079 0.379 0.037 2.376 0 - 18 0 - 8
receive 230 0.007 0.078 0.325 0.049 1.271 0 - 15 0 - 8
Food locations
inferred 686 0.021 0.449 0.365 0.077 3.79 0 - 17 0 - 18
give 556 0.017 0.417 0.349 0.058 3.072 0 - 16 0 - 14
receive 417 0.013 0.321 0.334 0.057 2.304 0 - 18 0 - 10

Table 2. Results of dyadic effects and measurement of false positive rate and recall biases of true ties in long-term
transmission of foraging skills and short-term transmission of food locations

Network Type Variable Median LowerCI UpperCI

Foraging skills

Dyadic Effects

Genetic relatedness 13.299 12.655 13.912
Spouseship 3.751 2.631 4.976
Generalized reciprocity 0.306 -0.33 0.835
Dyadic reciprocity 0.018 -0.667 0.689
Dyadic effects SD 0.103 0 0.249

False Positive Rate

False positive rate intercept (outgoing) -8.933 -9.876 -7.98
False positive rate intercept (incoming) -9.492 -10.376 -8.61
False positive rate SD (outgoing) 1.941 1.369 2.504
False positive rate SD (incoming) 0.292 0.001 0.788

Recall of True Ties

Recall of true ties intercept (outgoing) 4.888 3.428 6.482
Recall of true ties intercept (incoming) -4.851 -5.721 -3.978
Recall of true ties SD (outgoing) 0.514 0 1.454
Recall of true ties SD (incoming) 0.278 0.002 0.749

Sender Effects Sender effects SD 0.698 0.493 0.928
Receiver Effects Receiver effects SD 0.147 0.001 0.313

Food locations

Dyadic Effects

Genetic relatedness 10.703 9.976 11.396
Spouseship 6.187 5.434 6.841
Generalized reciprocity 0.572 0.354 0.783
Dyadic reciprocity 0.565 -0.3 0.986
Dyadic effects SD 0.357 0.002 0.947

False Positive Rate

False positive rate intercept (outgoing) -8.719 -9.743 -7.846
False positive rate intercept (incoming) -8.485 -9.335 -7.622
False positive rate SD (outgoing) 0.322 0 0.861
False positive rate SD (incoming) 0.412 0.001 1.204

Recall of True Ties

Recall of true ties intercept (outgoing) 0.824 0.538 1.133
Recall of true ties intercept (incoming) -2.107 -2.57 -1.697
Recall of true ties SD (outgoing) 1.021 0.697 1.428
Recall of true ties SD (incoming) 1.702 1.208 2.183

Sender Effects Sender effects SD 0.844 0.658 1.004
Receiver Effects Receiver effects SD 0.721 0.56 0.864
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Table 3. Results of gender block effects in long-term transmission of foraging skills and short-term transmission of food
locations

Network Variable Median LowerCI UpperCI

Foraging skills

Female to Female -3.715 -5.875 -1.948
Female to Male -4.27 -6.079 -2.094
Male to Female -4.798 -6.63 -2.649
Male to Male -3.676 -5.611 -1.662

Food locations

Female to Female -2.509 -4.437 -0.677
Female to Male -4.698 -6.38 -2.635
Male to Female -4.603 -6.491 -2.739
Male to Male -3.529 -5.259 -1.474
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Table 4. Results of age block effects in long-term transmission of foraging skills

Network Sender Type Receiver Type Median LowerCI UpperCI

Foraging skills

Infancy and Toddlerhood

Infancy and Toddlerhood -8.253 -10.437 -6.276
Early childhood -9.001 -11.712 -6.82
Middle childhood -8.679 -11.265 -5.996
Adolescence -8.127 -10.838 -5.465
Early Adulthood -9.521 -12.027 -7.411
Middle Adulthood -8.625 -11.498 -6.326
Late Adulthood -7.356 -10.268 -4.331

Early childhood

Infancy and Toddlerhood -5.318 -6.403 -4.397
Early childhood -3.879 -4.901 -2.838
Middle childhood -5.513 -6.561 -4.384
Adolescence -8.496 -10.986 -5.987
Early Adulthood -7.24 -8.672 -5.864
Middle Adulthood -8.55 -11.087 -6.089
Late Adulthood -7.149 -10.353 -4.367

Middle childhood

Infancy and Toddlerhood -4.687 -5.733 -3.627
Early childhood -3.137 -3.986 -2.206
Middle childhood -2.416 -3.289 -1.555
Adolescence -4.592 -5.611 -3.449
Early Adulthood -9.163 -11.67 -6.732
Middle Adulthood -8.797 -11.438 -6.683
Late Adulthood -7.175 -10.149 -4.05

Adolescence

Infancy and Toddlerhood -4.71 -5.98 -3.426
Early childhood -4.101 -5.218 -2.934
Middle childhood -3.749 -4.773 -2.692
Adolescence -2.751 -4.246 -1.333
Early Adulthood -8.576 -11.18 -6.225
Middle Adulthood -7.075 -9.268 -4.849
Late Adulthood -6.671 -9.672 -3.626

Early Adulthood

Infancy and Toddlerhood -3.211 -3.993 -2.426
Early childhood -2.819 -3.599 -1.971
Middle childhood -3.167 -3.984 -2.363
Adolescence -3.501 -4.398 -2.454
Early Adulthood -5.113 -5.896 -4.2
Middle Adulthood -6.578 -7.789 -5.36
Late Adulthood -8.368 -11.145 -6.143

Middle Adulthood

Infancy and Toddlerhood -3.423 -4.34 -2.478
Early childhood -3.557 -4.599 -2.579
Middle childhood -3.311 -4.2 -2.373
Adolescence -3.093 -4.064 -1.996
Early Adulthood -3.204 -4.038 -2.385
Middle Adulthood -5.482 -6.879 -4.09
Late Adulthood -7.826 -10.597 -5.228

Late Adulthood

Infancy and Toddlerhood -7.269 -10.248 -4.175
Early childhood -5.475 -8.379 -2.876
Middle childhood -5.009 -7.429 -3.147
Adolescence -3.485 -5.176 -1.942
Early Adulthood -2.443 -3.323 -1.505
Middle Adulthood -2.866 -4.048 -1.632
Late Adulthood -3.86 -5.604 -2.406
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Table 5. Results of age block effects in short-term transmission of food locations

Network Sender Type Receiver Type Median LowerCI UpperCI

Food locations

Infancy and Toddlerhood

Infancy and Toddlerhood -8.705 -10.831 -6.468
Early childhood -8.401 -10.192 -6.746
Middle childhood -9.068 -11.504 -6.698
Adolescence -8.51 -11.177 -6.131
Early Adulthood -7.513 -8.706 -6.393
Middle Adulthood -8.991 -11.496 -6.714
Late Adulthood -8.104 -10.871 -5.601

Early childhood

Infancy and Toddlerhood -9.668 -12.023 -7.344
Early childhood -5.799 -7.002 -4.535
Middle childhood -5.864 -7.017 -4.831
Adolescence -7.143 -9.063 -5.464
Early Adulthood -5.378 -6.206 -4.412
Middle Adulthood -5.733 -6.964 -4.61
Late Adulthood -6.387 -8.765 -4.279

Middle childhood

Infancy and Toddlerhood -9.169 -11.876 -6.924
Early childhood -5.104 -6.063 -4.182
Middle childhood -1.988 -2.793 -1.151
Adolescence -3.12 -3.993 -2.195
Early Adulthood -5.775 -6.75 -4.811
Middle Adulthood -6.15 -7.236 -4.904
Late Adulthood -6.305 -8.593 -4.429

Adolescence

Infancy and Toddlerhood -8.512 -11.539 -6.286
Early childhood -4.938 -6.141 -3.81
Middle childhood -3.202 -4.202 -2.341
Adolescence -2.203 -3.245 -1.225
Early Adulthood -3.629 -4.436 -2.706
Middle Adulthood -3.481 -4.429 -2.381
Late Adulthood -4.347 -5.703 -3.003

Early Adulthood

Infancy and Toddlerhood -7.552 -8.826 -6.564
Early childhood -5.079 -5.891 -4.213
Middle childhood -4.599 -5.495 -3.816
Adolescence -3.26 -4.077 -2.394
Early Adulthood -2.828 -3.552 -2.03
Middle Adulthood -3.215 -4.03 -2.459
Late Adulthood -5.19 -6.277 -4.153

Middle Adulthood

Infancy and Toddlerhood -6.894 -8.451 -5.486
Early childhood -5.665 -6.896 -4.556
Middle childhood -4.687 -5.614 -3.68
Adolescence -3.795 -4.743 -2.741
Early Adulthood -3.305 -4.065 -2.498
Middle Adulthood -3.672 -4.614 -2.585
Late Adulthood -5.673 -7.296 -4.104

Late Adulthood

Infancy and Toddlerhood -7.997 -10.774 -5.185
Early childhood -7.911 -10.73 -5.336
Middle childhood -5.374 -7.116 -3.577
Adolescence -4.937 -6.544 -3.377
Early Adulthood -3.158 -3.974 -2.279
Middle Adulthood -4.511 -5.769 -3.311
Late Adulthood -3.922 -5.239 -2.371
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