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ARTICLE INFO ABSTRACT

Keywords: Compared to what is found in many other scientific disciplines, archaeological data are typically scarce, biased
Archaeological methods and fragmented. This, coupled with the fact that archaeologists can rarely test their hypotheses using experi-
Rabbithole

mental design, makes archaeological inference and our ability to assess the robustness of quantitative methods
used to make such inferences challenging.

Archaeoriddle is a project that was born as an attempt to compare archaeological methods in an artificial
scenario where the behaviour to be reconstructed was known. In this project we organised an experiment where
a virtual archaeological record generated from a simulated interaction between hunter-gatherers and early
farmers in a fictional landscape was shared with interested participants. Three archaeological questions were
posed and the participants were challenged to answer them with the data that the developer team made
available. The model and the generative processes behind the virtual record were known to the developers of the
virtual world (Rabbithole) but not to the participants. Additionally, players were allowed to sample only a subset
of the data from Rabbithole, mimicking real-life archaeological research and sampling efforts.

The long-term aim of the project is to assess how different methods performed under a controlled environment
since, in this case, we knew the correct answers to the questions posed. This experience provided us with some
insights into (1) how efficient various archaeological methods are in answering complex questions; (2) the degree
of interest from archaeologists in improving their analytical techniques; and (3) the potential of archaeological
method when free from external constraints (e.g. budget, fieldwork, etc.).

Interaction processes
Tactical simulation
Tournament

* Corresponding author. Department of Archaeology, University of Cambridge, Downing Street, Cambridge, CB2 3DZ, United Kingdom.
E-mail address: alfredo_cortell_nicolau@eva.mpg.de (A. Cortell-Nicolau).

https://doi.org/10.1016/j.jas.2025.106179

Received 17 August 2024; Received in revised form 12 February 2025; Accepted 16 February 2025

Available online 22 February 2025

0305-4403/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-1982-6403
https://orcid.org/0000-0003-1982-6403
mailto:alfredo_cortell_nicolau@eva.mpg.de
www.sciencedirect.com/science/journal/03054403
https://www.elsevier.com/locate/jas
https://doi.org/10.1016/j.jas.2025.106179
https://doi.org/10.1016/j.jas.2025.106179
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jas.2025.106179&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Cortell-Nicolau et al.
1. Introduction

The last few decades have witnessed a dramatic increase in the
quantity, quality, and diversity of analytical methods in archaeology.
Although considerable methodological advances were made during the
1960s through the 1980s (Binford and Binford, 1966; Clark, 1982;
Clarke, 1968; Thomas, 1978), the enthusiasm associated with those
early attempts stalled in the 1990s (Cogwill, 2001; O’Brien et al., 2005;
O’Brien and Thomas, 2022; although see Aldenderfer, 1998 for a more
optimistic view), perhaps a result, at least in part, of the rise of
post-processualism (Earle et al., 1987). Although archaeological science
never completely abandoned quantitative and computational ap-
proaches, the past 10-15 years, however, have witnessed a renewed
interest in them (e.g. Bevan and Lake, 2013; Crema et al., 2014;
Gonzalez-Pérez et al., 2023; Grosman, 2016). Contemporary archae-
ology is inherently interdisciplinary, thus demanding collaboration and
integration with fields such as genomics (Allentoft et al., 2024; Arzelier
et al., 2022; Olalde et al, 2019; Posth et al., 2023), chemistry
(Dolbunova et al., 2023; Gallello et al., 2021; Wells, 2010), mathematics
(Barcelo and Bogdanovic, 2015; Fort, 2023; Steele, 2009), statistics
(Eren and Buchanan, 2023; Eren et al., 2016; Leonard and Jones, 1989),
ecology and environmental studies (Ellis et al., 2021; Hardesty, 1980;
Piskin et al., 2018; Rick and Sandweiss, 2020; Xu et al., 2020), biology
(Laland and O’Brien, 2010; Murray et al., 2021; Piperno et al., 2017;
Prentiss, 2021) and cultural evolutionary studies, especially cultural
transmission (e.g. Cochrane and Gardner, 2011; O’Brien, 2008; O’Brien
and Lyman, 2000). This interdisciplinary framework often entails
borrowing and adapting methods originally developed for different
purposes and in different scientific fields (e.g. phylogenetic analysis,
network analysis, artificial intelligence) but also the creation of tailored
solutions for specific archaeological problems (e.g. seriation, palae-
odemography, phase characterisation).

Determining the extent to which these solutions can provide
conceptually robust inference and the ability to test scientific hypothe-
ses remains a subject of debate, given that archaeology studies ‘unob-
servable behaviour patterns [ ...] from indirect traces in bad samples’
(Clarke, 1973, 17). As a result, most of these methods rely on untested
assumptions that can profoundly impact the inferential process. The
Archaeoriddle competition described in section 3 was designed to
address this issue by testing the robustness of different analytical
methods on a simulated dataset. Because the behavioural processes
generating the artificial record were known, we can determine the
extent to which a particular method is able to reconstruct the generative
processes behind the observed data.

Archaeoriddle relies on ‘research gamification’, inspired by previous
work in the social and behavioural sciences (Axelrod, 1980; Rendell
et al., 2010; but see also Miu et al., 2024 for a similar, more recent
approach), where participants searched for solutions to specific ques-
tions as they made their way through tournaments. Similar attempts to
investigate the robustness of inferential techniques have been carried
out in statistical science. For example, Silberzahn and colleagues (2018)
compared statistical analyses on the extent of racial bias in football
referees by contrasting the analyses carried out by 61 groups of scientists
of the same dataset. Breznau et al. (2022) carried out a similar experi-
ment, this time with a contribution of 161 groups of scientists, who
examined a dataset on immigration and social policies. These studies
demonstrate that different statistical approaches on the same data can
lead to divergent conclusions based on prior assumptions, selection of
variables and other factors. A similar approach could be carried out on
archaeological datasets, but because there are few examples of the same
dataset being re-analysed in multiple studies in order to assess inde-
pendently the robustness of each approach, such an experiment becomes
much harder to carry out. An alternative solution, adopted in the
Archaeoriddle project, is to carry out similar studies on simulated data-
sets. To our knowledge, with the notable exception of a similar attempt
carried out by Henry Harpending during a workshop on prehistoric

Journal of Archaeological Science 177 (2025) 106179

demography and population genetics in Harpending (2008), our work
represents the first attempt to explore the robustness of archaeological
methods by means of a combination of simulated dataset and partici-
patory research.

The volume of the material produced during the three-year project
duration, with the involvement of several researchers, is substantive.
Therefore, we have decided to divide its output into two separate pub-
lications. In this first paper we present the project, its concept, moti-
vation and theoretical framework, the outline of the modelling
approaches used, the resources it produced (including website, an R
package, bookdown project, media content and reproducibility con-
tent), the results of participation and a brief comment on the partici-
pants’ contributions. In the second paper we will present a thorough
analysis of the methods proposed by the participants. Here, each pro-
posal will be tested under varying modelling assumptions, data collec-
tion protocols and data quality in order to exhaustively assess their
performance and robustness.

2. Tactical simulation and archaeology

Archaeoriddle is an example of what some archaeologists refer to as
‘tactical simulation’. In contrast to hypothesis testing or heuristic
modelling, tactical simulation refers to the process of producing an in
silico dataset with the objective of assessing either the quality and per-
formance of the method or the data supporting any specific inferential
context (Lake, 2014). Often referred to by different names (e.g. toy
model, methodological simulation, artificial scenario or benchmark
analysis), the practice of evaluating the performance of a particular
method using simulated datasets is widely employed outside archae-
ology (e.g. Benazzo et al., 2017; Bi et al., 2022; Smith et al., 2002).
Tactical simulation was introduced into archaeology by Orton (1973)
and subsequently used in numerous other studies. For example, Kintigh
(1984), and later Rhode (1988), examined simulated data to explore the
relation between artefact diversity and sample size. Mithen (1988)
studied the relationship between different subsistence strategies and
priorities (e.g. maximisation of energy intake, minimisation of foraging
time and risk control) and faunal-assemblage diversity by developing
and examining the output of an agent-based model. In the subsequent
decade, Yorston and colleagues (1990) explored the impact of
post-depositional movement and ploughing in spatial analyses; Paine
and Harpending (1996) examined the robustness of methods for infer-
ring fertility from age-at-death ratios using simulated osteo-
archaeological assemblages; and Varien and Potter (1997) studied the
extent to which one can infer the occupational length of sites based on
patterns in discarded cooking vessels.

Many of the themes explored at the end of the twentieth century
continue to play a prominent role in archaeology. The impacts of
taphonomy, sample size and time averaging (Brantingham et al., 2007;
Daems et al., 2024; Davies et al., 2016; Premo, 2014; Rubio Campillo
et al., 2012; Surovell et al., 2009; Surovell and Brantingham, 2007), for
example, continue to be of a vital concern, but perhaps the most
prominent feature characterising the use of tactical simulation is the
assessment of new techniques, either independently developed or
adopted for archaeological applications. Examples include the applica-
tion of phylogenetic and related methods (Currie et al., 2010; Klopfstein
et al, 2017; Nunn et al, 2006), geometric morphometrics
(Cortell-Nicolau et al., 2023; Courtenay, 2022; Klingenberg, 2022) and
various approaches for inferring cultural transmission (Carrignon et al.,
2023; Lipo et al., 1997; Premo, 2014) and mobility (Loog et al., 2017). A
research area that has seen particularly fruitful applications of tactical
simulation is the analysis of time-frequency data, in particular radio-
carbon dates used to infer past population dynamics (Bevan and Crema,
2021; Carleton and Groucutt, 2021; Crema, 2022; Crema and Shoda,
2021; Timpson et al., 2021).

A special subset of tactical simulation is what Buck and Meson
(2015) referred to as ‘what-if experiments. These are often used in the
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context of Bayesian inference to explore the sensitivity of the output to a
specific choice of priors (a form of what is known as ‘prior-predictive
checks’) or the impact of sample size on the precision of parameter es-
timates (Bayesian power analyses). Again, most archaeological exam-
ples of this method involve radiocarbon dates (Bayliss et al., 2007;
Bayliss and Bronk Ramsey, 2004; Bayliss and Woodman, 2009; Christen
and Buck, 1998; Crema et al., 2022; Crema and Shoda, 2021; Hol-
land-Lulewicz and Ritchison, 2021), although the basic principles are
the same for any application involving Bayesian analysis. It is worth
noting that, in contrast to most other forms of tactical simulation, the
simulated data-generating process and the inferential engine are effec-
tively the same—that is, they use the same probability distributions and
parameters. As a result, what-if experiments focus on a narrower and
more specific range of objectives than other kinds of tactical simulations,
where there is no symmetry between the inferential machinery and the
data-generating process.

3. Archaeoriddle

Archaeoriddle is a tactical simulation in which the robustness of
different methods and approaches are explored through participatory
research. The project was divided into two stages. First, the modelling
group (see below) developed a complete, easy-to-use open-source
framework that combines multiple models to simulate human de-
mographic, ecological and cultural dynamics and generate a realistic
archaeological record from these simulated dynamics. Second, we con-
ducted an open competition in which a specific output of the framework
was selected, and specific questions were posed to the scientific com-
munity to test the abilities of different methods to retrieve the original
parameters and processes that generated the selected dynamics.

The framework relies on an agent-based model to create a virtual
world called Rabbithole, where a simulated population of hunter-
—gatherers—the Rabbit-skinners—interacts with a population of early
farmers—the Poppy-chewers. The rationale for creating Rabbithole was to
propose a series of archaeological questions related to an interaction
process in the virtual world where participants would submit method-
ological proposals to answer such questions. The project was first pre-
sented at the Computer Applications and Quantitative Methods in
Archaeology conference (CAA) at the University of Oxford in 2022, and
soon after we started receiving proposals. Early work included the
development of a dedicated ShinyApp (https://theia.arch.cam.ac.uk/a
rchaeoriddle) with detailed information about the project and links for
downloading the data. Results, along with solutions to the questions
posed, were compiled during a workshop at the European Association of
Archaeologists (EAA) annual meeting in Belfast in 2023. We selected
this format in order to give time to the participants to prepare their
proposals and to give non-coders the chance to participate. However,
other formats (e.g. hackathon) were considered and are indeed an
interesting way forward for potential future expansions of the project.

We generated artificial archaeological data in the form of.

@ A sample of radiocarbon dates from multiple site-contexts.

@ Cultural affiliation (whether the occupation was by foragers or
farmers).

@ A raster map representing spatial variation in occupation suitability,
i.e. a resource map, based on arbitrary metrics where this occupation
suitability was the same for both foragers and farmers (see below).

We employed different subroutines that simulated taphonomic loss
to generate our artificial archaeological record. The model (section 4)
was implemented as a spatially situated agent-based model, and par-
ticipants were asked to answer the following questions.

RQ1. What was the relationship between Rabbit-skinners (foragers)
and Poppy-chewers (farmers)? Was it hostile or peaceful?

RQ2. What was the population trajectory of each group?
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RQ3. What was the rate of dispersal of the Poppy-chewers?

Participants were provided with a set of identical data, including a
DEM raster map representing Rabbithole and the geographic coordinates
of 39 settlements and 120 radiocarbon dates, each matched to one of the
two cultural affiliations. Sampling locations were obtained for five out of
a total of 100 cells (Fig. 1). Participants were then asked to identify five
more cells from which to obtain additional simulated data, providing
them an opportunity to devise the most suitable sampling strategy.
Given that the full simulation model included outputs of all the behav-
ioural processes, the ‘correct’ answers to all three questions were known
to the developers of the model but not to the participants. This provided
an opportunity to compare different methods over the same archaeo-
logical context and, at least partially, the same dataset, while simulta-
neously being able to compare the results against what really happened.

4. The Archaeoriddle model

The model is the result of a collaboration among members of the
Computational and Digital Archaeology Laboratory (CDAL) at the Uni-
versity of Cambridge. The model and all post-processing functions, were
written in R (R Core Team, 2023) and are contained within a stand-alone
R package, together with the detailed descriptions of the project in a
reproducible book generated by the bookdown R package (Xie, 2016),
whose rendered output can be found at https://thearchaeoriddle.org.
The simulation was structured in five stages: (1) the virtual landscape
and the initial conditions, (2) population growth, dispersal and inter-
action, (3) formation of the archaeological record, (4) taphonomic loss
and (5) generation of the archaeological remains. In order to ensure the
reproducibility of this article as it stands here, and due to potential
further development of the documentation reported above, all of the
material is additionally stored at the zenodo repository: https://zenodo.
org/records/14024547. The repository also contains the participants’
proposals as they were presented in the tournament. These proposals
have also been provided by the participants in individual repositories
(section 5)

4.1. Virtual landscape and initial conditions

For the first stage, we created a virtual map with an area corre-
sponding approximately to a real-world surface of 305,000 km?
including a large body of water to explore how this could affect
expansion and interaction patterns. The map was generated by creating
a raster that represented different elevations using two-dimensional
autocorrelated Perlin noise (Perlin, 1985), which is commonly used
for the virtual generation of digital elevation models (DEMs). Di-
mensions of the map and resolution of the DEM raster were selected to
create a realistic environment while at the same time keeping reasonable
computation times to facilitate reproducibility. The next step consisted
of positioning the initial settlements on the map, assigning their cultural
identities and establishing their population size and growth dynamics.
We started with a population of 30 communities, with hunter-gatherers
taking most of the space and farmers confined to the southwestern
quadrant. We then generated the resource map defining areas of
maximum environmental suitability. Random points were arbitrarily
selected as the centres of maximum environmental suitability, or fitness,
from which resources decayed exponentially with distance.

4.2. Population dynamics
We selected different per-settlement carrying capacities for both

groups. The maximum for hunter—gatherers was set at 30 (see Bird et al.,
2019) individuals and for farmers at 120 individuals (a conservative

1 https://github.com/acortell3/archaeoriddle/.
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Fig. 1. The different rasters, elevation models and layers that create Rabbithole. The publicly available dates layer represents the settlements for which dates were
provided to all participants. The available areas consist of cells that divide the world and that users could select to obtain dates of the settlement located within the cell
they chose. All the available dates generated during the simulation are represented in the available dates layer with their associated culture, while the initial conditions
layer shows where the initial sites were located. The resource map is a raster that defines how likely new settlements are to be created and will also modulate the
carrying capacity of the settlements. Meanwhile, the DEM Raster defines the elevation of the world, thus allowing the participants to determine slope, underwater
area and higher regions. The two rasters were publicly available to anyone, but the initial conditions layer was not.

estimate from Bocquet-Appel, 2011), given that hunter-gatherer set-
tlements tend to be smaller and house fewer people than farmer sites.
These culture-dependent baseline carrying capacities were then
adjusted in light of resource availability at the site locations, extracted
from the resource map. Reaching the carrying capacity would result in
increased mortality and/or group fission. Additionally, we created both
an initial age-structured population for each settlement and a set of
age-specific probabilities that included (1) the probability of giving birth
(based on the number of fertile women) within each group, (2) a
decrease in population when it exceeded carrying capacity, (3) a prob-
ability of settlement fission when the community exceeded its carrying
capacity and (4) the probability of joining a new settlement after a
fission event.

Recall that the first research question asked participants whether the
relationship between farmers and foragers was peaceful or hostile. We
opted for the latter, and to achieve this we implemented the following
rules. We defined a probability of hostile contact between the two
populations that depended on the population size of a settlement and its
proximity to a settlement of the opposing group. This meant that larger
settlements would have a higher probability of engaging in conflict with
an opposing group over broader areas, whereas conflict would be un-
likely for very small, isolated settlements or those surrounded by
friendly neighbours. In case of conflict, the outcome would be a prob-
ability determined by the size of the groups involved (inspired by the
linear model described in Rubio-Campillo, 2016) with no major tech-
nological differences between the two communities. Although in a
real-world environment, there would probably be an aggregation of
communities, perhaps based on kinship, in the case of conflict (Turchin,
2013), we did not develop this option in order to keep the model simple.
The subroutine is thus stochastically conditioned by demographic pro-
cesses only (growth and fission to new locations). Given that both car-
rying capacity and growth rates were higher for farming populations,
their likelihood of prevailing in a conflict was assured, as was the

extinction of the hunter-gatherers.
4.3. Formation of the archaeological record

Creation of the archaeological record was modelled as an outcome of
anthropogenic (humans producing waste) and natural forces (e.g.
deposition rates). For the anthropogenic elements, we designed a
stratigraphic model in which the archaeological record was deposited at
each time step, with its vertical density dependent on natural-deposition
rates. We decided not to include per-site variation in post-depositional
disturbance. The record generated at that stage consisted of only
radiocarbon dates, each associated with a culture affiliation, and a
geographic location. The deposition of simulated material culture could
be considered in future developments of the model but is not currently
implemented. Each group produced a number of non-calibrated radio-
carbon dates based on the potentially generated faunal remains. A group
would produce a specific amount of faunal waste at each time step t
based on population size at that time step, their caloric intake and their
economic and social regime (e.g. representativeness of fauna within the
diet or amount of food consumed within the settlement). Finally, and
considering deposition rates, the faunal waste was deposited at specific
times and then covered by layers of sediment (Fig. 2).

4.4. Taphonomic loss

We created an algorithm to emulate the taphonomic loss character-
istic of most prehistoric archaeological records. We initially considered
using existing models of taphonomic loss developed by Surovell
(Surovell et al., 2009; Surovell and Brantingham, 2007; Surovell and
Pelton, 2016), but we opted to create our own because Surovell’s
techniques were applied to bulk assemblages whereas we were model-
ling the loss of only one specific class of artefacts: animal bones. We
considered two types of loss, short-term and long-term. Both are
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Remaining sample

nsamples

200 400 600 800 1000

0
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Depth

Single date

180.2 cm 179.8 cm 179.4 cm 179 cm 178.6 cm 178.2cm

Fig. 2. General simulation of record loss and taphonomic deposition. We consider three phases for this process (1) high population, (2) population crisis and (3)
strong population increase, each with different patterns of fauna consumption (parameters in published code). The top-left panel shows the simulated population
curve; the top-right panel the archaeological waste produced by that population under different parameters after taphonomic loss, where the colour gradient in-
dicates the different years of deposition, and the bottom panel illustrates a snapshot (highlighting in red the deposition belonging to one specific year) of how that
record would be distributed along the sequence as it is buried, according to pre-specified deposition rates. This can be used in further exercises to explore potential
post-depositional effects. A detailed explanation regarding this simulation can be found in the bookdown project and the github repository.

modelled as the proportion of the record remaining at time t from the
record present at t-1, where each t is one year/one simulation time-step.
The difference is that, for the short-term loss, we considered specific
high-impact activities that might occur immediately after the initial
deposition when the bones are still exposed. These might include
cleaning of the area by later groups and scavenging by animals. This
implements an increased proportional loss of record, but it acts only one
time on the original deposition. Conversely, for the long-term loss, we
considered factors such as soil pH and bioturbation in its myriad forms
(Wood and Lee johnson, 1978). In this case, the yearly loss of the record
is minimal, but the algorithm acts at every t on the remaining record
from the moment of deposition up until the site is excavated. Thus, it can
have a large cumulative impact despite the yearly probability of loss
being close to zero.

4.5. Generation of archaeological remains

The final step involved combining the previous four steps. All the
different subroutines described above were executed at each time step
for a total of 1000 steps, with each step representing a year. The taph-
onomic loss was then applied from the moment of deposition of a dating
element until the present, where, from the moment of abandonment of
the site (or end of the simulation for that matter) the only process
occurring was taphonomic loss. This produced an archaeological record
for each site. Archaeological sites might or might not have existed
throughout the complete time span of the simulation because of intersite
conflicts but also because of their internal demographic dynamics,
which were mediated by their carrying capacity, the proximity to high-

sustainability environmental spots and their own demographic sto-
chastic dynamics when populations were low. As a result, we produced a
distribution map for each time step, where we logged the age- and sex-
structured population matrix for each site at each step, alongside the
results of any conflict.

Participants, however, received a single map, or more exactly, data
from 10 cells on that single map (five common to all of them and five
chosen by the participants), where the existing sites might or might not
have existed during the full span of the simulation. To assess this pos-
sibility (how long did each site exist), participants had radiocarbon
dates, which depended broadly on the population size at each time step,
as explained in section 4. It follows that, for equal population, sites with
longer time spans would have a higher number of radiocarbon dates,
given that each bone assemblage and potential date(s) were generated at
each time step. Finally, to stay within a game-like setup and to facilitate
discussion, we used a random-name generator for the sites present
within the common cells. Participants were encouraged to give their
own names to the sites they found in their cells.

5. Proposals and discussion

The five proposals that we received used different methods to answer
the research questions: agent-based modelling (ABM), species-
distribution modelling, hierarchical Bayesian-phase modelling, point-
process modelling (PPM), and a qualitative assessment of the data pro-
vided. It is worth noting that there was no overlap in the choice of the
methods employed by the participants, hence we were not able to
determine the extent to which a particular technique could have been
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employed differently to answer the same set of questions. It also follows
that the exact choices made by the participants do not necessarily reflect
the only way to use a particular technique to examine the provided
dataset and hence our experiment cannot be used to make general claims
about the robustness of the techniques explored by the participants.

Before commenting on the proposals, we list the answers to the three
research questions.

RQ1. The Poppy-chewers and Rabbit-skinners had a hostile relationship.

RQ2. Poppy-chewers followed an exponential population growth,
whereas the Rabbit-skinners eventually stalled and then decreased as a
function of the other group’s increase (Fig. 3).

RQ3. The rate of dispersal varied across the landscape, with an
average of ~0.62 km/year, faster for the sea crossing (~1.11 km/year)
and slowest (~0.57 km/year) in the northeastern quadrant.

5.1. The proposals

Although an exhaustive presentation of the methods proposed and
how they behave under different assumptions of data quality will be the
focus of the upcoming paper, we briefly describe them here in no
particular order. Summaries were provided by the participants, along
with links to the proposals.

Priss and Kahlenberg’s proposal (https://doi.org/10.5281/zenodo
.14062675) was based on ABM combined with exploratory data anal-
ysis. It first studied the land of Rabbithole and calibrated the dates pro-
vided, which were then used to infer trajectories of dispersal and study
site preference using ArcGIS pro and R. The suggested dispersal rates
(120 km/100a) over land and water were close to the Archaeoriddle
solution. The proposal then used the results of its analyses to fit the ABM,
which was built using NetLogo. For the ABM, moving groups of hunt-
er—gatherers and farmers, as well as the different settlements, were
treated as agents, with starting values obtained from the exploratory
data analysis and relevant literature. Additionally, it introduced
behavioural rules, including movement and site preference, reaction to
population threshold or reaction to interaction. After running the model
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Fig. 3. Population trajectories of the hunter—gatherers (represented in blue)
and the farmers (represented in red) are depicted alongside black bars, which
represent the summed deaths per conflict over a 10-year moving window.
Initially, farmers constitute a minority, and for the first 200 years, no conflicts
arise as the two groups flourish separately. However, after this period, groups of
migrants begin to settle in closer proximity to one another, leading to an in-
crease in deaths due to conflict, while both populations continue to grow. Over
time, the farmers, with their higher growth rates and their ability to sustain
larger settlements, gradually begin to supplant the hunter-gatherers, whose
population starts to decline.
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several times with different parameters, it correctly predicted a hostile
relation between the two groups and inferred an initial location of the
Rabbit-skinners in the northeastern quadrant and the Poppy-chewers in
the southwestern quadrant, while also detecting the latter’s northward
movement. The expansion rate was not captured by the initial
assumption of logistic growth in the areas already densely inhabited by
Poppy-chewers, which makes sense considering the different population
trajectories of the two groups.

Zhang’s point process model (https://doi.org/10.5281/zenodo
.12803445) focused initially on the sampling process to build first-
order models combining fitness and the available cells to predict po-
tential occupation. It then focused on the question of whether there was
conflict between the two groups. After building different archaeological
phases, it computed the clustering patterns of the groups under the
assumption that higher clustering could lead to higher conflict (Field,
2004). Following this, it computed the interaction distance between
groups of settlements of hunter-gatherers and farmers through a mul-
titype Strauss model. According to the results, hostilities increased over
time. In the original model, the rules for hostility were not time
dependent, but we have seen that, even if the rules for conflict did not
change, as the population grew and the number of settlements increased,
there was more probability of contact and thus more probability of
conflict, which finally resulted in an increased mortality.

Yaworsky (https://doi.org/10.5281/zenodo.8260754) used species-
distribution modelling in R to develop a four-stage research design. The
first stage focused on determining which additional cells would result in
a representative sample of the range variables (elevation and resource
quality) present within the data. The second stage focused on data
exploration to identify internal temporal, spatial and farmer and forager
patterns. In the third stage, it generated summed probability distribu-
tions from the calibrated radiocarbon dates to generate relative esti-
mates of population size through time for foragers and farmers. The
fourth stage combined these data into a spatiotemporal species-
distribution model, where both time and space were explicit pre-
dictors used to estimate the distribution of farmers and foragers in 100-
year intervals. The spatiotemporal species distribution was successful in
reproducing the directionality of the farming dispersal (from south to
north) as well as the decline in hunter-gatherer populations.

Mes (https://doi.org/10.5281/zenodo.14218979) first developed a
strategy to aid in the selection of additional data using a friction
calculation that considered the distance from a putative origin region,
the elevation of the region and its environmental suitability. Using R,
analysis focused on capturing local complexity in the dispersal of Poppy-
chewers in the study area. To track this, it used a hierarchical Bayesian
phase model that was informed by all the selected settlements, both the
ones held in common with other proposals and the ones obtained after
calculations for additional sampling. This method allowed uncertainty
to be introduced. It divided Rabbithole into 25 subareas and calculated
the times of arrival of the Poppy-chewers for each area, including their
high-probability density intervals, resulting in a successful approach to
expansion rates.

Hromada (http://doi.org/10.13140/RG.2.2.10753.47207) applied
what he described as the NALANA method—a "naive, laic, and narra-
tive" approach—to address the question: Was the relationship between
farmers and gatherers peaceful or hostile? Hromada’s approach com-
bined logical reasoning with more data-driven analysis proposed by
GPT-4 (https://doi.org/10.5281/zenodo.14207474). A key observation
has been an abrupt replacement of hunter-gatherer settlements by
farming communities, suggesting conflict rather than peaceful coexis-
tence. The analysis led to the formulation of the "Persistence Disruption
Conjecture," which posits that in contexts where cultural territories
overlap, a significant reduction in the settlement persistence of one
group often signals dominance by the other. While the broader appli-
cability of this conjecture has yet to be verified or falsified by exposure
to real archaeological data, Hromada’s NALANA approach explores the
value of blending computational methods proposed by generative Al
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with more human narrative hermeneutics and logical reasoning.

5.2. Joint consideration (by all authors)

As mentioned before, although a detailed analysis of the methods
performance, their robustness and the questions addressed will be
further detailed in the upcoming paper paired to this one, a brief
comment here is due.

One noticeable aspect of the modelling was the effort that went into
selecting the additional cells, where participants used different ap-
proaches to select the best cells to sample. Traditionally, archaeology
has relied on the recovery of samples that were found by chance, either
through fortuitous discoveries, for example, through information from
local individuals or construction projects (Friman and Lageras, 2023;
Takata and Yanase, 2021) or via carefully designed field surveys
(Bintliff, 2023; Cegielski et al., 2023; Mueller, 1974; Schiffer et al.,
1978). Surveys, however, are often limited by a series of constraints
(Bevan and Conolly, 2004) —ground cover being a major one—which
Rabbithole was free of. Since these were not an issue for participants,
they were able to develop thoughtful sampling methods without actual
physical constraints. We did not consider differential preservation biases
when setting up the model, which means that the taphonomic loss rate
had the same probability for every site regardless of location. Finally, we
did not include the effects of modern land use on the archaeological
record of Rabbithole.

As shown in Table 1, not all five proposals addressed each of the
three research questions, although most attempted to answer the first
one: Was the relationship between the hunter-gatherers and farmers
hostile or peaceful? This is interesting because unless there is clear ev-
idence of violence among groups of farmers (Alt et al., 2020; Meyer
et al., 2015) or between farmers and hunter—gatherers (Roksandic et al.,
2006)—for example, bone trauma or the presence of embedded pro-
jectile points (information that was not provided by the Archaeoriddle
sample)—archaeologists are purposely cautious when inferring conflict.
There are, however, proxies that can be used to infer intergroup
violence. For example, Priss and Kahlenberg successfully developed
their own ABM considering potential conflict by including their own
behavioural rules, whereas Zhang’s analysis was based on the assump-
tion that higher clustering would lead to greater conflict, and Hromada
used a qualitative approach based on assumptions about settlement
duration. As an important aside, participants were able to openly pro-
pose their findings because they were not writing history but rather
playing a game, and they knew (1) that they would eventually know the
actual processes involved and (2) that the negative consequences of
being wrong were greatly minimised, having nothing of their own
research at stake. Thus, participants were free to take more risks in their
analyses.

Another area in which participants were successful was the direc-
tionality of population expansion (despite the fact that this was not one
of the RQs), although accurate rates of spread were particularly chal-
lenging to estimate. It is true that, in this regard, if we compare the ratio
of data available against the total geographic frame, the participants had
fewer data than what are common in archaeological practice, since the
cells provided covered only minimal parts of Rabbithole. This might have

Table 1
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hindered the exploration of this research question.

A puzzling aspect of the Archaeoriddle project was the small number
of proposals that were submitted, despite a cash prize (although
significantly less than those offered in similar challenges from other
disciplines). This was unexpected, given the initial interest expressed by
numerous colleagues, the amount of advertising that was done and the
fact that our questions were related to Kintigh et al.’s (2014) grand
challenges (more in particular, our questions and their consequences
could be related to Kintigh et al.’s A4, A7, B1, B2, B3, C2, E2 and E5). To
assess why participation was low, we surveyed a number of archaeolo-
gists who regularly contribute to methodological development. We
received 31 answers (all answers are available in SI1 and a minimal
visualisation is provided here: https://thearchaeoriddle.org/s
urvey_analysis.html). Fourteen addressed why they did not partici-
pate, of which one did not specify, one did not understand the purpose of
the project, one did not know about the project, two did participate and
nine stated that, despite finding the project interesting, they did not
have the time, which couples with the significant amount of work that
each active participant put in developing their answer. As for the reasons
that brought researchers to at least consider participating, we obtained
15 responses. Thirteen mentioned as their main motivation the scientific
interest of the project, whereas one researcher was interested in the
financial prize and another thought that it was a good and fast way to
improve their curriculum vitae. Two other aspects of the challenge are
worth noting. One is the strong gender bias in the responses (12 men and
three women) and the other is career stage, where, of those who did
include this information, six respondents were at a faculty level, four at
the postdoctoral level and five at predoctoral level, showing essentially
an equal research interest in the matter for any career stage. In terms of
participants, however, one was faculty level, another one postdoctoral
level and the rest were all PhD students.

These responses caused us to carefully consider factors that might
complicate any project of this nature. First, it was essentially compu-
tational archaeologists who engaged with the project and, in this regard,
the critical mass of computational archaeologists is probably still not
large enough to support an endeavour such as Archaeoriddle. Indeed,
and although the current increase on the use of computational methods
by archaeologists is out of discussion (e.g. reproducibility advisors,
open-data policies, CAA conferences, etc.), archaeology retains overall a
rather qualitative approach. How can we combine quantitative formal
methods with a solid theoretical understanding of the discipline and its
specific problems in terms of data, research questions and interpretation
is one of the main upcoming theoretical challenges for the future of the
discipline. Assessing why the project did not extend to the wider
archaeological community remains speculative, but it could be related
either to the developers’ own network, theoretical stands or simply pure
interest. A proper answer to this question exceeds the scope of the
Archaeoriddle project. Adding to this, and despite the best of intentions,
the project was not the prime interest of possible entrants and was
placed on the back burner. On the positive side, Rabbithole remains an
open resource for the archaeological community, and further explora-
tion of different questions might continue in the future with different
challenges, thus increasing the body of literature supporting these syn-
thetic experiments.

Summary of participants’ proposals, based on survey SI2 sent to all participants. ABM refers to Agent-Based Modelling, PPM to Point-Process Modelling and SDM to

Spatial Distribution Modelling.

Proposal Question answered Approach Different than authors’ usual methods Main programming language
RQ1 RQ2 RQ3

Priss & Kahlenberg partially Yes Yes ABM No NetLogo

Hromada No No Yes qualitative Yes Natural language

Zhang Yes No No PPM No R

Yaworsky Yes Yes Yes SDM & others No R

Mes No No Yes Bayesian hierarchical phase modelling No R



https://thearchaeoriddle.org/survey_analysis.html
https://thearchaeoriddle.org/survey_analysis.html

A. Cortell-Nicolau et al.

The range of methods used and the details provided illustrate how
archaeologists are aware of the necessity to improve their inferential
tools. In this regard, it is interesting to see that the answers to the
question “which inferential methods do you use more frequently in your
own work?” (in the survey SI1) spanned a variety of potential responses,
most of which do not relate to the methods used by the participants. This
reinforces the argument that quantitative and computational methods in
archaeology are currently far from being standardised. This is particu-
larly relevant when compared to the fact that most of the participants
(except one not from the field of archaeology) chose the methods they
used in the challenge on the basis of what they were most familiar with
(Table 1). It is difficult to say at this stage whether choosing known
methods was due to the nature of this project (e.g. limited time) or if it is
a more general tendency within the archaeological discipline, but in any
case it certainly demands a reflection on how archaeologists choose the
most proper methods to answer their research questions. We hope that
Archaeoriddle is a first step in that direction and the subsequent paper
builds on this framework to allow further exploration of these problems.

6. Conclusion and future work

Archaeoriddle provided a playful yet serious opportunity to test
different approaches to datasets generated through a process with a
known outcome. This is a valuable tool for archaeologists, who can
usually only indirectly assess the validity of their proposals. Moreover,
the quality of the proposals received shows a commitment to improving
archaeological methods and a strong willingness to push toward trans-
parency, openness and reproducibility. Nonetheless, the low number of
participants also indicates that there is still a substantial amount of work
to do in terms of increasing methodological awareness within the
archaeological community. Regardless of the complexity of the model
and questions posed, the experimental design for this specific use of
tactical simulation is simple: One researcher/group develops a model
and research questions, and another researcher/group, unaware of the
actual parameters, design or rationale of the model, develops the
methods to address the questions.

Toy models are considered as vital tools for the generation of novel
ideas (Marzuoli, 2008). The Archaeoriddle framework, if extended, can
exponentially increase the power of archaeological inference as more
questions, research topics and datasets are brought into play. Indeed, it
provides high levels of flexibility for the design of complex research
questions while also bringing, for the participants, an environment in
which to test their methods and check results against real outcomes. The
choice of using an open-source R package ensures that anyone interested
in developing different and more-complex versions of the model can do
so. New versions might include algorithms for differential taphonomic
loss patterns, implementing different ways of assessing cultural drift on
material culture or analysing complex socio-economic interaction
among settlements. The data used during the original competition have
already been shared and can be used as an educational tool in a similar
fashion to other projects such as AtlantGIS (https://github.com/kacebe/
AtlantGIS). Moreover, the complete process to develop new ‘Rabbitholes’
to explore different questions and test different methods, has been
shared online as an interactive book produced with the bookdown R
package (Xie, 2016), which is fully replicable and modifiable. Thus,
interested researchers can develop their own environment and replicate
or modify it according to their specific needs. In the original challenge
described here, we gave only partial data to the participants. However,
to assess how the poor quality of archaeological data (Perreault, 2019)
affects actual archaeological inference, one could gradually increase the
amount of data available, which we will cover in the second paper.

Finally, Archaeoriddle can be used as a teaching resource, enabling
students to understand the specific ways in which archaeological data is
generated and understood, as well as encouraging not only experimen-
tation and computational method development, but also broader
methodological and theoretical debates not necessarily confined to the
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computational community. This is the presentation and first publication
of a project that intends to be collaborative, and we invite any interested
researchers to engage with us and to propose additional solutions,
methods and modifications. Our goal is to provide a collaborative tool
that can help the archaeological community better assess archaeological
data and methods, teach these methods to the broadest audience and
allow archaeologists to propose better inferential frameworks.
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