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SUMMARY

Humans occupy a wider range of environments, process more energy, and have greater biomass than any
other species because we are able to culturally evolve complex, locally adaptive technologies.1 Competing
models make different predictions about the role of causal knowledge in this process. Some argue that inno-
vation and transmission cannot occur without causal understanding,2–5 while others posit that complex tech-
nologies can evolve without causal understanding.1,6–10 Prior research on this topic has been restricted to
theoretical work and experimental studies with student participants.11–13 The Hadza are foragers who rely
on bows for subsistence.14–16 We interviewed skilled Hadza bowyers (bow-makers) and compared their be-
liefs regarding the tradeoffs in bow construction to those revealed by experimental and engineering research.
If bowyers understand the tradeoffs, it is plausible that cultural evolution is rooted in causal understanding,
while if they do not, the cultural accumulation of knowledge is likely more important in the process. We show
that Hadza bowyers understand some mechanical trade-offs but not others, and therefore the evolution of a
complex, highly adaptive technology is possible with incomplete causal knowledge regarding key mechan-
ical trade-offs. Instead, some important design choices made by subjects seem to reflect cultural norms.
Although previously published reports have suggested that some individuals are recognized by the Hadza
as being especially skilled or knowledgeable,14,17 our results do not indicate that some individuals are signif-
icantly more knowledgeable about bow-making than others, nor is there statistical evidence that causal
knowledge increases with age.

RESULTS

Following recent thinking in cognitive science,18,19 we define

‘‘causal knowledge’’ as the ability to predict the effect of an

intentional modification of a system. For example, bows vary in

the cross-sectional profile of their limbs. Hadza bows have a

round cross-section, but foragers elsewhere made bows with

flattened cross sections.20–22 Changing the cross-sectional

shape affects important aspects of bow performance such as

energy storage. A bowyer has causal knowledge if he can accu-

rately predict the effects of changing the cross-section. This

definition does not require knowledge of modern engineering

principles. To have causal knowledge, the bowyer does not

need to understand anything about mechanics or material sci-

ence, just what happens when design changes are made.

All else equal, bows with flat cross-sectional limbs store more

energy than bows with a round cross section.23 More energy

stored translates directly to more range and killing power, desir-

able features in a bow used for hunting. Of course, many other

factors may figure into the choice of bow design—ease of manu-

facture, availability of raw materials, durability, and so on. A

bowyer who knows that a flat cross section leads to more power

than a round one might still choose to make a round cross sec-

tion because the benefits of increased power are less than the

costs in terms of, for example, difficulty of manufacture. If this

were the case, causal knowledge plus a desire to make a useful

bow would explain the choice of bow design. If, however, the

bowyer does not know the effects of changing the cross section

then the costs and benefits of changing the cross section cannot

be balanced against other effects. In this scenario, assuming that

range and killing power are important, causal knowledge does

not explain bow design and a cultural explanation becomes

more plausible. A result such as this should not be interpreted

as suggesting the Hadza are anything other than excellent bow-

yers. It is their prowess in bowyery that makes this study

possible. Nor would it imply that the Hadza are unusual. In

fact, we believe that technology in a diverse range of societies

is usually transmitted with only partial causal knowledge.

Individuals possess partial cause-and-effect knowledge
Wedesigned this study to evaluatewhether Hadza bowyers have

chosen their bow design variant because they understand the
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costs and benefits of other designs that are close to their current

one. If they do, then one could say cultural evolution is rooted in

causal understanding. If not, longer term cultural processes are

likely more important. We interviewed 64 highly skilled, active

Hadza bowyers regarding important features of their bow. There

were 13 questions about bow attributes (Figure 1 and Table S1).

Our interview does not address all possible combinations of bow

attributes and is not a comprehensive sample of the

manufacturing choices available to bowyers.WecompareHadza

responses to the ‘‘correct’’ responses as revealed by experi-

mental and engineering research (see Table S2 for detailed

description of rationale for interview questions).23–33 We provide

summary data in the Supplemental information (SI) (see Table S3

for detailed results of interview responses). For eachquestion,we

compare the probability of a correct response by chance (pc) to

the observed fraction of answers that were correct and its 90%

highest probability density region (HPD). If the lower bound of

theHPD in an interviewquestion is larger thanpc, we say that par-

ticipants performed better than chance. If the upper bound of the

HPD for fraction correct Is less than pc we say that participants

performed worse than chance. We also compared the distribu-

tion of observed scores to a distribution of 100,000 simulated da-

tasets generated by random guessing. (We used a Monte Carlo

approach rather than binomial probabilities to account for the

fact that we are missing data for a few questions for some partic-

ipants.) The observed distribution of scores is significantly

different than predicted by chance (Wilcoxon Rank: V = 21, p =

0.036). Figure 1 shows that the bowyers’ responses were better

than chance on 7 of 13 questions, worse than chance on 5 ques-

tions, and equal to chanceon 1question. (See theSTARmethods

for a discussion of the data limitations due to misunderstanding,

tacit knowledge, and other factors.)

There is less causal understanding about design
choices than mechanical properties
To refine our understanding of the observed pattern, we per-

formed a post hoc comparison of the interview responses. We

partitioned the 13multiple-choice questions into two categories,

Design questions and Mechanical questions (Figure 1). Design

questions represent choices made by the bowyer during manu-

facture that effect the overall shape and appearance of the bow.

Mechanical questions refer to factors associated with the manu-

facture and use of the bow that, although they affect the bow’s

energy storage, are independent of a bowyer’s design choices.

Study subjects consistently scored higher on Mechanical ques-

tions than Design questions (Wilcoxon Rank Test: V = 219, p <

0.001).

Noevidence that some individuals are significantlymore
knowledgeable than others
To test for the presence of individuals who are more knowledge-

able than others, we generated 100,000 random datasets

assuming that all subjects have equal causal knowledge and

the likelihood of a correct response for each question was the

observed fraction of correct of responses for that question.

The frequency of observed scores was not significantly different

than the frequency of simulated scores (Wilcoxon Rank: V = 43,

p = 0.8888, Figure 2; Table S4). There is no evidence that some

individuals are more knowledgeable than average but there are

two outlier-low scorers, each answering only one question

correctly (Figure 2; Table S4). When the analysis was limited to

design questions and questions about mechanical properties,

the frequency of observed and predicted scores, respectively,

was not significantly different (Table S5; Wilcoxon Rank, Design:

V = 19 p = 0.73 Mechanical: V = 11, p = 1).

Figure 1. Distributions of responses from Design and Mechanical interview questions

The 90% highest probability density (HPD) interval associated with responses as compared to the probability of a correct response by chance (blue dots) (see

Table S1).
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No evidence that causal knowledge increases with age
We anticipated a positive effect of age on the probability of

providing an expected response as bow makers and hunters

gained familiarity and experience.34,35 However, a Bayesian

multilevel logistic regression model indicates there is no detecti-

ble effect of age on the probability of a correct response. The

posterior point estimate for the fixed effect of age is �0.0008

[�0.0123, 0.014], indicating no increase in knowledge with age

(see also Figure S1). However, if the actual value were at the up-

per bound of the interval estimate, which the model predicts

would occur about 2.5% of the time, the probability of a correct

answer would increase by 0.19 with a 60-year increase in age.

DISCUSSION

Our results suggest that partial causal knowledge of bowyer me-

chanics is sufficient for the manufacture and transmission of

highly adaptive bow technology among the Hadza. Bowyers

are more likely to express beliefs consistent with experimentally

verifiedmechanics when the variable of interest could be learned

through experience using a bow. Nearly all participants

possessed cause-and-effect knowledge about some mechani-

cal tradeoffs, such as the effect of bow deflex on arrow speed,

and they performed better than chance on the majority of Me-

chanical questions. Most participants lacked knowledge of

some tradeoffs involved in designing a bow, such as bow profile

and cross-sectional shape. For four of the eight Design ques-

tions bowyers shared beliefs about bow design that reflect a sys-

tematic misunderstanding of cause-and-effect knowledge, and

for one of the remaining four Design questions, the percent cor-

rect was not significantly different from chance. This difference

may be a product of our sample of interview questions.

Hadza bowyers consistently expressed beliefs about limb

cross section that diverge from what is known about bow me-

chanics (Figure 1 and Table S1: Questions 5 and 6). By varying

the shape of a bow’s cross section, a bowyer can control several

of a bow’s properties, such as the mass of the bow and its draw

weight. Experimental studies in bowyer mechanics indicate that

limbs that are flatter andmore rectangular are considerably more

energy efficient than other designs.23,27,29 Despite being aware

of other design options, the round cross-sectioned bow domi-

nates among Hadza bowyers. Most bowyers indicated that any

deviation from a bow with the round cross section would result

in a deleterious outcome. This, in turn, suggests that Hadza bow-

yers’ choice of cross-section shape is not the result of a causal

understanding of the efficiency of alternative shapes. Study par-

ticipants were asked why they believed a round cross sectional

shape to be best and 53% indicated that ‘‘it is the Hadza way,’’

32% stated that ‘‘this is the way the elders have instructed us,’’

10% expressed knowing through experience, and 5% stated

that, although they believed round to be better, they did not

have an explanation. This would suggest that a culturally pro-

vided design dominates this aspect of their bow, rather than an

understanding of how cross section shape affects bow

performance.

Bow profile provides a second example of incomplete under-

standing of bow mechanics and the role of cultural learning.

Design questions 1 and 8 (Figure 1 and Table S1) asked bowyers

to relate bow profile shape and arrow speed. Question 1 asked

bowyers to rank a series of three bows differing only in their de-

gree of deflex ranging from a near-straight profile to fully

deflexed (Figure 3A). 86% of subjects reported a belief that is

consistent with the known relationship between deflex and en-

ergy storage potential. Question 8 asked bowyers the same

question except now bowyers were asked to assay a straight,

reflexed (or recurved), and deflexed bow (Figure 3B). Even

though 83% of those interviewed reported familiarity with the

more energy-efficient recurved design, only 3%of subjects iden-

tified it as possessing greater energy storage potential. The dif-

ference between these two questions suggests that Hadza

Figure 2. The predicted frequency of correct responses compared to chance

On average, individuals did not score higher than was predicted, given the observed distributions of responses. Two individuals scored lower than predicted by

the null (both Predicted and Observed data are out of a total of 13 questions) (see Tables S4 and S5).
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bowyers possess partial cause-and-effect knowledge concern-

ing bow profile. Hadza bows typically exhibit a deflexed profile,

and most Hadza bowyers correctly predicted how changes in

amount of deflex affect energy storage. However, when the

bow variant deviates beyond the deflexed profile and becomes

reflexed, nearly all study participants rejected the design as be-

ing inferior despite being familiar with the design characteristic.

Hadza bowyers frequently alter the profile of their bows using

heat, water, and wax, and thus could reflex a bow’s limbs. How-

ever, this design variant appears to be outside the Hadza-bow

paradigm. The transition from a straight profile to a slightly

reflexed profile represents a relatively small shift in design, but

among Hadza bowyers this shift is almost universally viewed

as being deleterious. This suggest that their decision not to

construct reflexed bows is a culturally derived choice, not the

result of causal understanding.

Hadza bowyers manufacture finely crafted, high-performance

bows capable of killing a wide variety of prey using materials

available in the local environment. There are many tradeoffs in

bow design, and we measured knowledge relevant to only a

few of them. A round cross-section could be better because ma-

terials are more readily available, it is easier to manufacture, it is

more durable, it is less likely to fail, or because of other factors

currently unknown to us. The fact that the Hadza do not under-

stand some tradeoffs does not imply that their bows are subop-

timal. A bowwith a rectangular cross-section or a reflexed profile

might generate more arrow speed but be too time consuming to

make or too fragile. In the current study, we do not address

whether Hadza bows are optimal. Given that they are highly suc-

cessful hunters, we would be inclined to copy the Hadza if we

needed tomanufacture a bowusing localmaterials in Hadzaland.

More generally, it is a mistake to think that individual calculations

based on causal understanding must yield better solutions than

cultural learning. Individual learning and calculation can be costly

Figure 3. Interview questions regarding

bow profile

Interview Question 1 asked bowyers to evaluate

three profiles of unstrung bows exhibiting (1) near-

straight, (2) slightly deflex, and (3) deflex profiles

(A). Interview Question 8 asked bowyers to eval-

uate three profiles of unstrung bows exhibiting (1)

slightly recurved, (2) straight, and (3) deflex pro-

files (B).

and error prone, and itmay often be better

to adopt the solutions arrived at by your

culture over time. There is much theory

that suggests that this is possible,36 and

it is this conviction that stands behind

the hypothesis that it is cumulative cul-

tural evolution that has allowed our spe-

cies to be so successful over the last

50,000 years.

Our results also suggest that socially

acknowledged skill is not associated

with exceptional causal knowledge. Prior

writers have noted that some Hadza indi-

viduals have socially acknowledged skill

in areas such as hunting, honey gathering, and arrow making

[14:193, 17:268]. These reports are based on nominations by

other campmembers. Our results suggest that although specific

individuals within the population are perceived as more skilled

bowyers, this ranking does not coincide with greater causal

knowledge as measured here. In other words, bow-making skill

as perceived by Hadza bowyers does not appear to be predi-

cated on exceptional cause-and-effect knowledge of bow me-

chanics. Although we did not find evidence for exceptionally

high scorers, we did find evidence for two low-scoring individ-

uals, suggesting there are differences among individuals in their

likelihood of answering the questions correctly.

We found no significant effect of age on causal knowledge. A

variety of models of individual learning predict that accumulated

experience will allow learners to learn causal relation-

ships.34,35,37 Consistent with this view, a number of studies

show a central tendency for foraging skills to increase with

age.38–40 Importantly, in the current study we evaluate cause-

and-effect knowledge, not the skill required to manufacture a

bow. It is possible that bow making skill does increase over

the age range of participants, but causal knowledge about

bowmaking does not. It is also possible that essential bowmak-

ing knowledge is culturally learned in middle childhood, a range

of ages not included in our sample. Data on skill learning from

Fiji41 are consistent with this hypothesis. Finally, it is possible

that this result is due to lack of statistical power. If the effect of

age were at the upper bound of the 95% interval for the fixed ef-

fect of age, then older bowyers would have substantially better

causal knowledge than younger bowyers.

There is limited formal pedagogy among the Hadza,14

although Hadza children recently have been observed engaging

in a range of verbal exchanges that correspond with some defi-

nitions of teaching.42 The children’s verbal exchanges are all

informal and often occur in the context of play or other group
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activities in which verbal instructions serve multiple purposes,

including coordinating joint action.43,44 In the absence of formal

pedagogy, observational learning is subject to causal and teleo-

logical opacity.45,46 Although this problem can be mitigated

through trial-and-error learning,34,35 it requires considerable

time investment and may ultimately be unsuccessful. Until

now, it has been unknown whether the transfer of technological

knowledge included associated causal information.

This paper has shed light on the degree to which conventional

design choices are based on causal knowledge of bow me-

chanics. Our findings indicate that the evolution of complex

technologies, such as the bow, can occur with only partial causal

understanding. If expert-level causal understanding isn’t neces-

sary for cumulative culture in extant humans, then we should not

infer from the existence of complex, cumulatively evolved arti-

facts that other hominins had exceptional cognitive abilities. In

other words, causal reasoning alone is not the secret to our

success.1 This study provides a clear case of how culturally ac-

quired beliefs affect technological choices. A holistic under-

standing of technological evolution should not discount the

role of cultural conventions or our species’ exceptional, culturally

augmented cognitive abilities.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead Contact and Materials Availability

B Data and Code Availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS

B Study Population

B Interview Procedure

B Study Limitations

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.

cub.2021.01.096.

ACKNOWLEDGMENTS

We would like to thank the Hadza who agreed to participate in this research.

We thank Katelyn Bolhofner for providing valuable insights and comments

on earlier drafts of this paper. We also thank Maxime Derex, Helena Miton,

Tom Morgan, Joan Silk, and Kim Sterelny for providing comments on earlier

drafts. We would also like to thank Audax Z. Mabulla from the University of

Dar es Salaamwho facilitated the acquisition of research permits andMariamu

Anyawire, our field assistant and translator. Funding for this research was pro-

vided in part by a grant from the John Templeton Foundation to the Institute of

Human Origins at Arizona State University and the Max Planck Institute for

Evolutionary Anthropology. We thank the anonymous reviewers for detailed

comments that served to greatly improve this paper.

AUTHOR CONTRIBUTIONS

J.A.H., B.M.W., and R.B. designed the research. J.A.H. and B.M.W performed

the research, J.A.H., B.M.W., and R.B. analyzed the data and wrote the paper.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: September 26, 2020

Revised: November 25, 2020

Accepted: January 26, 2021

Published: February 24, 2021

REFERENCES

1. Henrich, J. (2017). The secret of our success: How culture is driving human

evolution, domesticating our species, and making us smarter (Princeton

University Press).

2. Tooby, J., and DeVore, I. (1987). The Reconstruction of Hominid Evolution

Through Strategic Modeling. In The Evolution of Human Behavior: Primate

Models, E.G. Kinzey, ed. (SUNY Press), pp. 183–237.

3. Pinker, S. (2010). Colloquium paper: the cognitive niche: coevolution of in-

telligence, sociality, and language. Proc. Natl. Acad. Sci. USA 107 (Suppl

2 ), 8993–8999.

4. Osiurak, F., and Reynaud, E. (2019). The elephant in the room: What mat-

ters cognitively in cumulative technological culture. Behav. Brain Sci. 43,

e156.

5. Osiurak, F., Cretel, C., Duhau-Marmon, N., Fournier, I., Marignier, L., De

Oliveira, E., Navarro, J., and Reynaud, E. (2021). The Pedagogue, the

Engineer, and the Friend : From Whom Do We Learn? Hum. Nat. 1–21.

6. Boyd, R., Richerson, P.J., and Henrich, J. (2011). The cultural niche: why

social learning is essential for human adaptation. Proc. Natl. Acad. Sci.

USA 108 (Suppl 2 ), 10918–10925.

7. Boyd, R., Richerson, P.J., and Henrich, J. (2013). The cultural evolution of

technology: facts and theories. Cultural evolution: society, technology,

language, and religion 12, 119–142.

8. Heyes, C. (2012). New thinking: the evolution of human cognition (The

Royal Society).

9. Richerson, P.J., and Boyd, R. (2005). Not by genes alone: how culture

transformed human evolution (University of Chicago Press).

10. Boyd, R. (2017). A different kind of animal: How culture transformed our

speciesVolume 46 (Princeton University Press).

11. Derex, M., Bonnefon, J.-F., Boyd, R., and Mesoudi, A. (2019). Causal un-

derstanding is not necessary for the improvement of culturally evolving

technology. Nat. Hum. Behav. 3, 446–452.

12. Morgan, T.J.H. (2016). Testing the Cognitive and Cultural Niche Theories

of Human Evolution. Curr. Anthropol. 57, 370–377.

13. Derex, M., and Boyd, R. (2015). The foundations of the human cultural

niche. Nat. Commun. 6, 8398.

14. Marlowe, F. (2010). The Hadza: hunter-gatherers of TanzaniaVolume 3

(University of California Press).

15. Pontzer, H., Raichlen, D.A., Basdeo, T., Harris, J.A., Mabulla, A.Z.P., and

Wood, B.M. (2017). Mechanics of archery among Hadza hunter-gatherers.

Journal of Archaeological Science: Reports 16, 57–64.

16. Woodburn, J. (1970). Hunters and Gatherers: the Material Culture of the

Nomadic Hadza (British Museum).

17. Blurton Jones, N. (2016). Demography and evolutionary ecology of Hadza

hunter-gatherersVolume 71 (Cambridge University Press).

18. Pearl, J., and Mackenzie, D. (2018). The book of why: the new science of

cause and effect (Basic Books).

19. Gopnik, A., Schulz, L., and Schulz, L.E. (2007). Causal learning:

Psychology, philosophy, and computation (Oxford University Press).

20. Krieger, H.W. (1926). The collection of primitive weapons and armor of the

Philippine Islands in the United States National Museum. Bulletin of the

United States National Museum (Washington, D. C.: Smithsonian

Institution).

ll

Current Biology 31, 1–6, April 26, 2021 5

Please cite this article in press as: Harris et al., The role of causal knowledge in the evolution of traditional technology, Current Biology (2021), https://
doi.org/10.1016/j.cub.2021.01.096

Report

https://doi.org/10.1016/j.cub.2021.01.096
https://doi.org/10.1016/j.cub.2021.01.096
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref1
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref1
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref1
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref2
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref2
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref2
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref3
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref3
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref3
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref3
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref4
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref4
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref4
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref5
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref5
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref5
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref6
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref6
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref6
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref6
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref7
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref7
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref7
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref8
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref8
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref9
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref9
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref10
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref10
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref11
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref11
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref11
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref12
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref12
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref13
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref13
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref14
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref14
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref15
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref15
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref15
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref16
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref16
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref17
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref17
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref18
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref18
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref19
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref19
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref20
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref20
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref20
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref20


21. Levi-Strauss, C. (1948). The Nambicuara. In Handbook of South American

Indians Vol. 3, 143, J. Steward, ed. (Washington D.C.: Bureau of American

Ethnology, Bulletin), pp. 361–369.

22. Grayson, C.E., French, M., and O’Brien, M.J. (2007). Traditional Archery

from Six Continents: The Charles E. Grayson Collection (University of

Missouri Press).

23. Baker, T. (1992). Bow design and performance. In The Traditional Bowyers

Bible, Volume 1, J. Hamm, ed. (Bois d’Arc Press).

24. Kooi, B.W. (1983). On theMechanics of the Bow and Arrow.Mathematisch

Instituut, Volume PhD (Rijksuniversiteit Groningen), p. 211.

25. Kooi, B. (1991). On the mechanics of the modern working-recurve bow.

Comput. Mech. 8, 291–304.

26. Timoshenko, S. (1955). Strength of materials (Van Nostrand Reinhold).

27. Klopsteg, P.E. (1943). Physics of bows and arrows. Am. J. Phys. 11,

175–192.

28. Baker, T., and Wescott, D. (2001). The causes of arrow speed. Primitive

Technology: Ancestral Skills 2, 107–114.

29. Hamm, J. (1992). Tillering. In The Traditional Bowyers Bible, J. Hamm, ed.

(Lyons Press), pp. 257–286.

30. Saunders, C.A. (1998). Bowstring sound dampener (Google Patents).

31. Tsai, S., and Hahn, H. (1980). Introduction to Composite Materials

(Technomic Publ. Co.).

32. Sorrells, B.J. (2004). Beginner’s Guide to Traditional Archery (Stackpole

Books).

33. Emil, P. (1961). Archery bow (Google Patents).

34. Luhmann, C.C., and Ahn, W.-k. (2003). Evaluating the causal role of unob-

served variables. Proceedings of the Annual Meeting of the Cognitive

Science Society 25.

35. Rescorla, R.A., and Wagner, A.R. (1972). A theory of Pavlovian condition-

ing: Variations in the effectiveness of reinforcement and nonreinforcement.

Classical conditioning II: Current research and theory 2, 64–99.

36. Perreault, C., Moya, C., and Boyd, R. (2012). A Bayesian approach to the

evolution of social learning. Evol. Hum. Behav. 33, 449–459.

37. Baker, A., Murphy, R.A., and Vall�ee-Tourangeau, F. (1996). Associative

and normativemodels of causal induction: Reacting to versus understand-

ing cause. In The psychology of learning and motivation: Vol. 34: Causal

learning, D.R. Shanks, K.J. Holyoak, and D.L. Medin, eds. (San Diego:

Academic Press), pp. 1–46.

38. Apicella, C.L. (2014). Upper-body strength predicts hunting reputation and

reproductive success in Hadza hunter-gatherers. Evol. Hum. Behav. 35,

508–518.

39. Koster, J., McElreath, R., Hill, K., Yu, D., Shepard, G., Van Vliet, N.,

Gurven, M., Trumble, B., Bird, R.B., and Bird, D. (2020). The life history

of human foraging: Cross-cultural and individual variation. Science ad-

vances 6, eaax9070.

40. Stibbard-Hawkes, D.N., Attenborough, R.D., and Marlowe, F.W. (2018). A

noisy signal: To what extent are Hadza hunting reputations predictive of

actual hunting skills? Evol. Hum. Behav. 39, 639–651.

41. Kline, M.A., Boyd, R., and Henrich, J. (2013). Teaching and the life history

of cultural transmission in Fijian villages. Hum. Nat. 24, 351–374.

42. Lew-Levy, S., Kissler, S.M., Boyette, A.H., Crittenden, A.N., Mabulla, I.A.,

and Hewlett, B.S. (2019). Who teaches children to forage? Exploring the

primacy of child-to-child teaching among Hadza and BaYaka Hunter-

Gatherers of Tanzania and Congo. Evol. Hum. Behav.

43. Crittenden, A.N. (2016). Children’s foraging and play among the Hadza.

Origins and implications of the evolution of childhood 34, 155–172.

44. Boyette, A.H. (2016). Children’s play and culture learning in an egalitarian

foraging society. Child Dev. 87, 759–769.

45. Csibra, G., and Gergely, G. (2011). Natural pedagogy as evolutionary

adaptation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 366, 1149–1157.

46. Csibra, G., and Gergely, G. (2009). Natural pedagogy. Trends Cogn. Sci.

13, 148–153.

47. Marlowe, F. (2002). Why the Hadza are still hunter-gatherers. Ethnicity,

huntergatherers, and the ‘Other,’, S. Kent, ed. (Smithsonian Institution

Press), pp. 247–281.

48. Gibbons, A. (2018). Hadza on the brink (American Association for the

Advancement of Science).

49. Marlowe, F.W. (2005). Hunter-gatherers and human evolution. Evol.

Anthropol. 14, 54–67.

50. Jones, N.B., and Marlowe, F.W. (2002). Selection for delayed maturity:

Does it take 20 years to learn to hunt and gather? Hum. Nat. 13, 199–238.

51. Pollom, T.R., Herlosky, K.N., Mabulla, I.A., and Crittenden, A.N. (2020).

Changes in Juvenile Foraging Behavior among the Hadza of Tanzania dur-

ing Early Transition to a Mixed-Subsistence Economy. Human Nature 31,

123–140.

52. Crittenden, A.N., Sorrentino, J., Moonie, S.A., Peterson, M., Mabulla, A.,

and Ungar, P.S. (2017). Oral health in transition: The Hadza foragers of

Tanzania. PLoS ONE 12, e0172197.

53. Bernard, H.R. (2017). Research methods in anthropology: Qualitative and

quantitative approaches (Rowman & Littlefield).

54. Dorai-Raj, S. (2014). binom: Binomial confidence intervals for several pa-

rameterizations. R package version 1, p. 1.

55. Wickham, H., Francois, R., and Henry, L. (2018). Dplyr: a Grammar of Data

Manipulation, https://CRAN.R-project.org/package=dplyr.

56. McElreath, R. (2018). Statistical rethinking: A Bayesian course with exam-

ples in R and Stan (Chapman and Hall/CRC).

57. Bürkner, P.-C. (2017). brms: An R package for Bayesian multilevel models

using Stan. J. Stat. Softw. 80, 1–28.

ll

6 Current Biology 31, 1–6, April 26, 2021

Please cite this article in press as: Harris et al., The role of causal knowledge in the evolution of traditional technology, Current Biology (2021), https://
doi.org/10.1016/j.cub.2021.01.096

Report

http://refhub.elsevier.com/S0960-9822(21)00161-5/sref21
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref21
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref21
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref22
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref22
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref22
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref23
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref23
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref24
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref24
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref25
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref25
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref26
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref27
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref27
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref28
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref28
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref29
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref29
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref30
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref31
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref31
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref32
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref32
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref33
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref34
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref34
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref34
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref35
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref35
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref35
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref36
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref36
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref37
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref37
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref37
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref37
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref37
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref37
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref38
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref38
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref38
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref39
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref39
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref39
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref39
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref40
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref40
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref40
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref41
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref41
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref42
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref42
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref42
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref42
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref43
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref43
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref44
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref44
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref45
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref45
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref46
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref46
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref47
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref47
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref47
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref48
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref48
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref49
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref49
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref49
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref50
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref50
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref51
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref51
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref51
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref51
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref52
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref52
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref52
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref53
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref53
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref54
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref54
https://CRAN.R-project.org/package=dplyr
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref56
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref56
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref57
http://refhub.elsevier.com/S0960-9822(21)00161-5/sref57


STAR+METHODS
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RESOURCE AVAILABILITY

Lead Contact and Materials Availability
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Jacob Harris

(jacobharris1809@gmail.com). This study did not generate new unique reagents.

Data and Code Availability
The datasets and codes supporting the current study have not been deposited in a public repository because these are part of further

investigation, but they are available from the corresponding author upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In 2017 and 2018 we interviewed 64 active Hadza bowyers from six different camps between the ages of 13 and 75 years old (mean =

40.03, standard deviation = 14.95) regarding bow manufacture and use. All study participants were male. All interviews were con-

ducted privately, and the participants’ responses were kept confidential. Permission to conduct research in Tanzania was received

from the Tanzanian Commission for Science and Technology (COSTECH). All consent procedures and research protocols were

approved by the Arizona State University Internal Review Board (IRB) and the University of California, Los Angeles IRB. Camp

and individual consent was obtained prior to all data collection.

METHOD DETAILS

In the current study we examine the importance and nature of cause-and-effect knowledge in the manufacturing of one of the most

significant technologies in human evolution – the bow and arrow. TheHadza of northern Tanzania are proficient bowmakers and have

been practicing the craft for many generations. Thus, the Hadza provide a unique opportunity to study the importance of causal

knowledge within this valuable context. However, it is important to recognize the Hadza are not culturally isolated, nor are they un-

changing in their technological choices. With changing environments and increased contact with pastoralist groups, agriculturists,

and even researchers, Hadza continue to modify their behavior and their technology. Thus, it is crucial that Hadza not be considered

‘‘living fossils’’47–49. Indeed, Hadza material culture has undergone observable change over time and in fact, since 2016, a new form

of projectile point has emerged and is growing in use (Wood andHarris, Unpublished data). One of the key values of this study is that it

represents the first step in a large-scale longitudinal study of Hadza technological evolution.

Study Population
The Hadza are hunter-gatherers living in a semiarid savannah region of northern Tanzania near lake Eyasi.14,17 While the Hadza are

not isolated from cash economies, and some Hadza go to school, experimental work by Blurton Jones and Marlowe50 show no

reduction in measured foraging skills owing to years of schooling. Thus, bow manufacture and hunting continue to play a crucial

role in the daily subsistence of those included in the current study. In recent years access to domestic foods such as corn and millet

has become more widespread.51,52 However, Hadza men still provide most of the protein and lipids in their diet by hunting game

using bows and arrows.14,17 Over 95% of Hadza men possess and regularly use bows and arrows (Wood, unpublished data). Hadza

men frequently manufacture new bows, occasionally manufacturing several bows in a year. Over the course of a lifetime a Hadza

hunter will likely use and manufacture well over 100 bows.

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

R 3.6.2 https://r-project.org

binom v1.1-1 47 CRAN (https://cran.r-project.org)

brms v2.11.1 48 CRAN (https://cran.r-project.org)

dplyr v1.0.3 49 CRAN (https://cran.r-project.org)

Other

Variable measurements and analysis

scripts

This paper N/A
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Interview Procedure
The primary interview consisted of 13 questions designed to assess the degree to which individual bowyers’ beliefs concerning the

mechanical properties of bows correlates with experimentally known principles of bowyer mechanics (Figure 1 and Table S1). Bows

can vary inmany dimensions, including length, limbwidth, limb thickness, limb cross section, degree of limb taper, crown height, and

profile shape. The current study represents an initial examination of Hadza bowyer knowledge and addresses a few of these dimen-

sions. For each interview question, it was explained to subjects that only the feature of interest was being varied and that all other

features of the bow were being held constant. These questions covered basic bowyer mechanical relationships, and questions

had an answer coded by the authors as ‘‘correct,’’ i.e., the expected response based on experimentally known principles of bowyer

mechanics (see SI Table S2). For each question, either arrow speed or noise reduction was of primary interest. In our assessment of

causal knowledge, we recognize it is also possible (though unlikely), that subjects might possess implicit causal knowledge that our

interview did not detect.

The interviews were administered in Kiswahili and Hadzane with the help of a research assistant fluent in English, Kiswahili, and

Hadzane andwere performed in a private location away from other campmembers.When administering the interview, a combination

of images as well as the participant’s own bow were used to assist in describing the variable of interest. Prior to administering the

interview, the first author and the research assistant discussed each question and all relevant variables at great length to ensure

the assistant was well versed in all concepts covered in the interview. This ensured the accurate conveyance of information to the

study participants. The interview questions (Table S1) represent the general template used. However, on occasion it was necessary

to expand into more detail regarding the concept of interest to ensure the information was being accurately conveyed and that the

subject fully understood the what was being asked (see Study Limitations).

There are inherent, well-known difficulties associated with interview-based study methods.53 To mitigate some of the more com-

mon issues, such as language barriers, an experienced and trusted translator fluent in English, Kiswahili, and Hadzane was em-

ployed. The translator was well-briefed on the interview and all concepts therein prior to administering the interview. To minimize

interviewee fatigue, interview length per subject was modest. Hadza subjects are accustomed to participating in much longer inter-

views than that associated with the current study. As a component of our larger research studies, we regularly engage in long inter-

views at the close of each period of data collection in a camp, gathering a variety of demographic and social data. These interviews

are typically longer than the 13-question interview regarding bowyer mechanics.

Study Limitations
Although many precautions were taken to ensure the rigor of the study methods, it is important to acknowledge the limitations. Pre-

cautions were taken to avoid language barriers, but it is nearly impossible to eliminate these completely. During the interview, if the

interviewee required additional clarification, this was administered with the assistance of the translator. By not rigidly adhering to the

interview form, we ensured the subject fully understood the question being asked, thus ensuring the fidelity of the responses. How-

ever, it is possible that different degrees of explanation could potentially affect the responses. Another limitation is the possibility that

not all study participants were as experienced in verbal causal reasoning as people fromWEIRD populations. There is the possibility

that some people may possess implicit causal knowledge that our interview was not able to detect. Finally, the current study ad-

dressed a subset of bowyer mechanical tradeoffs and therefore does not represent all possible causally important manufacturing

decision faced by a bowyer.

QUANTIFICATION AND STATISTICAL ANALYSIS

We estimated the probability of observed scores under the null hypothesis - guessing for each question and arriving at the correct

response by chance. To calculate the probability of correct responses by chance, we used aMonte Carlo approach rather than bino-

mial probabilities to account for the fact that we are missing data for a few questions for some participants. This was done for all

scored interview questions and repeated 100,000 times to generate 100,000 simulated datasets. We chose 100,000 in order to

be computationally straightforward. To account for some missing values in the observed data, we incorporated random missing

data into the simulated datasets at the same proportion observed in the raw data. We then calculated the cumulative distribution

function (CDF) for all simulated responses as well as each category, Design and Mechanical. From the CDFs we calculated the fre-

quency of scores expected by chance alone and compared to the observed frequency of scores. We also calculated the degree to

which participants did better, worse, or the same as chance for each multiple-choice question by comparing the 90% highest prob-

ability density (HPD) interval associated with the observed responses to the probability of a correct response under the null. Bayesian

HPD intervals were calculated using the R package ‘binom’54.

The probability of achieving the observed scores was estimated by generating simulated data using the distributions of observed

responses. Thus, rather than estimate the probability of score given the null, we calculate the probability of score given the observed

probabilities associated with each multiple-choice question. Given the observed distribution of scores therefore, this analysis asks;

what is the probability of getting a dataset that looks like the observed? We generated 100,000 simulated datasets to produce dis-

tributions of scores at specific intervals (e.g., 0 % x < 1/13, 1/13 % x < 2/13, etc.), making it possible to calculate the probability of

scoring into the respective ranges. These probabilities were used to calculate the expected frequency of score at each interval. We
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replicated this analysis by randomly shuffling our observed data and then calculating the probability of scoring into the respective

intervals, as above. The results of the two analyses yielded almost identical results. The R package ‘‘dplyr’’ was used to facilitate

analyses.55

For post hoc analyses, we partitioned the interview questions into two categories in order to identify patterns of bowyer knowledge

possessed by Hadza;Mechanical and Design. Both categories of question are directly related to the energy storage potential of the

bow, and the tradeoffs in each category are governed by mechanical principles associated with bowyer technology. The categories

differ, however, in thatDesign questions represent specific choicesmade by the bowyer that effect the overall shape and appearance

of the bow.Design variables such as bow profile (i.e., side-view shape) or bow length represent choices made by the bowyer that not

only affect the energy storage potential and performance of the bow, but also directly affect the overall shape and appearance of the

bow. In contrast, Mechanical questions refer to the subset that involve factors or metrics associated with the bow that, although

affect the energy storage potential, are independent of a bowyer’s specific design choices.

To assess the effect of age on the probability of providing an expected response, we used Bayesian multilevel logistic regression

models using fixed and random effects to estimate the probability of answering questions correctly. Age is treated as a fixed effect

and person, question, question category, and campmembership are treated as grouping variables to allow for the examination of the

random effect on individual responses. To accommodate different samples associated with the groups of interest, variables treated

as random effects are partially pooled, allowing for the sharing of information across groups.56 We implemented our model using the

R package ‘brms’57.
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