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Problems with two recent Petri net 
analyses of Neanderthal adhesive 
technology
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Birch tar making by Neanderthals was one of the first transformative processes in human history. It has implica-
tions for our understanding of the cognitive capacity and cultures of early humans. However, it has been shown 
that birch tar finds cannot be standalone proxies for these processes. This is so because birch tar may be the result 
of condensation from burning bark onto flat stone  surfaces1, which can happen even in fortuitous accidents. Thus, 
the tar making techniques actually used must be investigated and their specific implications for cognition and 
culture must be properly understood. It is therefore generally welcome that Kozowyk et al.2 intend an interpreta-
tion of the condensation method’s implications. They do so for a specific application: the case where three cobbles 
act as condensation centers. Using the same approach, Fajardo et al.3 interpret the meaning of several birch tar 
making techniques. There are several problems with their approach, and here we will address three of them.

The need of “scaling up” the condensation method
The argument that several stones can be used simultaneously in the condensation method was initially brought 
 forward4 merely to show that efficiency estimations (as in Niekus et al.5) are not straightforward. It was not 
claimed that the amount of cobbles tested in that study (three) were actually used—and in this way—by Neander-
thals. And indeed, it has recently been  shown6 that Neanderthals made birch tar with an elaborate underground 
technique that was most likely the improvement of an earlier aboveground technique. Thus, a specific claim that 
the condensation method “likely needed to be scaled up”2 is not rooted in archaeological data.

Degree of freedom and subjectivity in Petri nets
Kozowyk et al.2 and Fajardo et al.3 argue for process complexity based on Petri nets, which are vector addition 
systems putting into relation “places” (conditions or locations) and “transitions” (things that are done or that 
happen). Petri nets are normally used for analysing hardware, software or business processes. Such nets can be 
generated using a semi-automated software, suggesting a certain degree of objectivity to an analyst. However, 
especially in archaeology, the choice of “places”, “transitions” and “arcs” (the constituting elements in Petri nets), 
can easily become arbitrary. To describe a process like tar making, these elements must largely be invented by 
the analyst. This is so because there are only indirect ways of knowing what people actually did while conduct-
ing processes. Examples from both  papers2,3 illustrating the problematic nature of this approach are for example 
elements called “place rocks” [on the ground], “bark extinguishes” or “start condensation”. Regardless of whether 
they describe something one must do or something that just happens, these elements count towards the com-
plexity of tar making in Petri  nets2 (Fig. 4). One might argue that there is a worrying inbuilt degree of freedom 
here. Analysts can choose other elements (additionally or instead), such as positioning rock relative to the wind, 
flattening the soil surface before placing the cobble, or processes such as cobbles are progressively getting hot, fire 
spreads to the remainder of the bark. Because there is no objective way to constrain and define these steps, the 
choice of elements reflects the analyst’s subjective interpretation. Even if chosen steps are encoded using the 
syntax of Petri nets (or anything similar) the number of places, transition, and arcs that are eventually counted 
to make comparative statements (Fig.  42; Table 13) is strongly influenced by the analyst’s subjective choices, an 
approach with predictable negative effects for reliability  measures7.
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Risk and decisions in three‑cobble‑condensation
Kozowyk et al.2 interpret their findings as follows. They claim that using three cobbles instead of one requires a 
massively greater amount of decision-making, attention capacity, working memory and inhibitory control. The 
reason for this is that, with three cobbles, there is greater risk that a flame could go off (and must be re-ignited on 
an “external source”2) or that tar would “burn away”2 from a cobble. Such incidents are explained to constitute 
failures in the tar making process that need to be anticipated. Based on these assumptions, the Petri net choice 
of Kozowyk et al.2 becomes more complex for the three-cobble-version, in fact ~ 120 times more complex (the 
metrics are called reachability graphs and ECyM). This is put in the context of 262 other Petri nets, made for 
hypothetical modern business decision processes, which are almost all described as  simpler8 (the adequacy of 
comparing ancient tar making with business processes remains unclear). Relatedly, some complex tasks are sug-
gested to exceed the cognitive capacities of individual  Neanderthals2, and their discussion paragraph suggests 
that the condensation method using three cobbles is one such task. Whether this is a realistic assumption or not 
can be tested experimentally. For example, from supplementary video 2 in Blessing and  Schmidt4, showing one 
of us (PS) conducting the three-cobble-condensation method, it can be seen that: all bark rolls are lit on other 
burning rolls (instead of an “external source”2); cobbles are scraped 10 times, their order changes; no tar is burn-
ing off any of the cobbles; eight times, flames go off and are reignited; in most cases, they are reignited by adding 
new burning bark to the same cobble so that flames jump over; during five (half) of the scraping processes, there 
is one cobble where no bark is burning; in the end, 0.3 g of birch tar are  produced4. Hence, there is no risk that 
tar burns off (we have never witnessed such an incident in any of our condensation method  experiments1,4,9–11). 
There is also no specific order of steps that must be followed during the process. Flames going off while another 
cobble is  scraped2 does not compromise the success of the method. In other words, it cannot be considered an 
error and needs no anticipation. Thus, Kozowyk et al.’s2 assumptions about risk are erroneous. They are based 
on misperceptions of the actual process space as well as on mistakenly equaling a slightly imperfect execution 
with a failed one. And indeed, several condensation experiments based on the same sequence but conducted by 
other operators were also  successful4,10. Two times, these experiments included the first attempt of an operator 
to conduct the method. Both first tries were immediately  successful4,10, highlighting that there was no (or little) 
learning curve. From the memory of one of us (PS), none of the operators experienced difficulties or reported 
stress during the experiments. Thus, at least for modern Homo sapiens, our observations appear to falsify Kozo-
wyk et al.’s2 hypothesis, which proposed that the three-cobble-condensation method represents a particularly 
high cognitive load. Whether this is also true for Neanderthals cannot be directly tested, but it appears likely.

Conclusion
Artefacts that document early transformative technology, such as ancient  adhesives5 or heat-treated  rocks12, are 
among our best material evidences that help understand the cognitive and cultural evolution of early humans. 
Several ways of interpreting archaeological artefacts and techniques have been  proposed13–15, providing a tool-kit 
archaeologists can use to pinpoint the advent of physical and cultural changes in human history. Interpreting the 
step-by-step complexity of ancient processes, even using methods like Petri  nets2,3, is among the least promis-
ing approaches because it includes the analyst’s preconceptions and biases, while not relying on reproducible 
or testable predictions.

Received: 3 October 2023; Accepted: 26 April 2024

References
 1. Schmidt, P. et al. Birch tar production does not prove Neanderthal behavioral complexity. Proc. Natl. Acad. Sci. 116, 17707. https:// 

doi. org/ 10. 1073/ pnas. 19111 37116 (2019).
 2. Kozowyk, P. R. B., Fajardo, S. & Langejans, G. H. J. Scaling Palaeolithic tar production processes exponentially increases behavioural 

complexity. Sci. Rep. 13, 14709. https:// doi. org/ 10. 1038/ s41598- 023- 41963-z (2023).
 3. Fajardo, S., Kozowyk, P. R. B. & Langejans, G. H. J. Measuring ancient technological complexity and its cognitive implications 

using Petri nets. Sci. Rep. 13, 14961. https:// doi. org/ 10. 1038/ s41598- 023- 42078-1 (2023).
 4. Blessing, M. & Schmidt, P. On the efficiency of Palaeolithic birch tar making. J. Archaeol. Sci. Rep. 38, 103096 (2021).
 5. Niekus, M. J. L. T. et al. Middle Paleolithic complex technology and a Neandertal tar-backed tool from the Dutch North Sea. Proc. 

Natl. Acad. Sci. https:// doi. org/ 10. 1073/ pnas. 19078 28116 (2019).
 6. Schmidt, P. et al. Production method of the Königsaue birch tar documents cumulative culture in Neanderthals. Archaeol. Anthro-

pol. Sci. 15, 84. https:// doi. org/ 10. 1007/ s12520- 023- 01789-2 (2023).
 7. Tennie, C. Oxford Handbook of Cultural Evolution (Oxford University Press, 2023).
 8. Lassen, K. B. & van der Aalst, W. M. P. Complexity metrics for Workflow nets. Inf. Softw. Technol. 51, 610–626. https:// doi. org/ 10. 

1016/j. infsof. 2008. 08. 005 (2009).
 9. Schmidt, P., Koch, T. J. & February, E. Archaeological adhesives made from Podocarpus document innovative potential in the 

African Middle Stone Age. Proc. Natl. Acad. Sci. 119, e2209592119. https:// doi. org/ 10. 1073/ pnas. 22095 92119 (2022).
 10. Koch, T. J. & Schmidt, P. A new method for birch tar making with materials available in the Stone Age. Sci. Rep. 12, 413. https:// 

doi. org/ 10. 1038/ s41598- 021- 04161-3 (2022).
 11. Schmidt, P., Blessing, M. A., Koch, T. J. & Nickel, K. G. On the performance of birch tar made with different techniques. Heritage 

Sci. 9, 140. https:// doi. org/ 10. 1186/ s40494- 021- 00621-1 (2021).
 12. Schmidt, P. & Högberg, A. Heat treatment in the Still Bay—A case study on Hollow Rock Shelter, South Africa. J. Archaeol. Sci. 

Rep. 21, 712–720 (2018).
 13. Schmidt, P. Steak tournedos or beef Wellington: An attempt to understand the meaning of Stone Age transformative techniques. 

Humanit. Soc. Sci. Commun. 8, 280. https:// doi. org/ 10. 1057/ s41599- 021- 00971-y (2021).
 14. Wadley, L. In The Oxford Handbook of Cognitive Archaeology (ed. Wynn, T.) C15S11-C15S15 (Oxford University Press, 2023).
 15. Snyder, W. D., Reeves, J. S. & Tennie, C. Early knapping techniques do not necessitate cultural transmission. Sci. Adv. 8, eabo2894. 

https:// doi. org/ 10. 1126/ sciadv. abo28 94 (2022).

https://doi.org/10.1073/pnas.1911137116
https://doi.org/10.1073/pnas.1911137116
https://doi.org/10.1038/s41598-023-41963-z
https://doi.org/10.1038/s41598-023-42078-1
https://doi.org/10.1073/pnas.1907828116
https://doi.org/10.1007/s12520-023-01789-2
https://doi.org/10.1016/j.infsof.2008.08.005
https://doi.org/10.1016/j.infsof.2008.08.005
https://doi.org/10.1073/pnas.2209592119
https://doi.org/10.1038/s41598-021-04161-3
https://doi.org/10.1038/s41598-021-04161-3
https://doi.org/10.1186/s40494-021-00621-1
https://doi.org/10.1057/s41599-021-00971-y
https://doi.org/10.1126/sciadv.abo2894


3

Vol.:(0123456789)

Scientific Reports |        (2024) 14:10481  | https://doi.org/10.1038/s41598-024-60793-1

www.nature.com/scientificreports/

Acknowledgements
We acknowledge support by Open Access Publishing Fund of University of Tübingen.

Author contributions
PS and CT wrote the text.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Problems with two recent Petri net analyses of Neanderthal adhesive technology
	The need of “scaling up” the condensation method
	Degree of freedom and subjectivity in Petri nets
	Risk and decisions in three-cobble-condensation
	Conclusion
	References
	Acknowledgements


