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INTRODUCTION

Archaeologists often use data and quantitative statistical methods to evaluate their ideas.
Although there are various statistical frameworks for decision-making in archaeology and science
in general, in this chapter, we provide a simple explanation of Bayesian statistics. To contextualize
the Bayesian statistical framework, we briefly compare it to the more widespread null hypothesis
significance testing (NHST) approach. We also provide a simple example to illustrate how
archaeologists use data and the Bayesian framework to compare hypotheses and evaluate their
uncertainty. We then review how archaeologists have applied Bayesian statistics to solve research
problems related to radiocarbon dating and chronology, lithic, ceramic, zooarchaeological,
bioarchaeological, and spatial analyses. Because recent work has reviewed Bayesian applications
in archaeology from the 2000s up to 2017 (Buck 2001; Buck, et al. 1996; Otarola-Castillo and
Torquato 2018), this work considers the relevant literature published since 2017.

Null hypothesis significance testing

Archaeologists use NHST to assess the extent to which well-observed material culture
recovered from archaeological sites aligns with their hypotheses about past people. Statisticians
pioneered the NHST inferential structure in the early 20th century and, thanks to its success in
research practice, it became widely available to scientists of the time (e.g., Fisher 1925; Neyman
and Pearson 1933: 294). In the 1950s, various science-oriented archaeological works introduced
NHST methodology to the field (e.g., Binford 1964; Clarke 1968; Myers 1950; Spaulding 1953).
Today, numerous textbooks continue to teach archaeological scientists introductory NHST
statistical concepts such as confidence intervals and p-values (e.g.,Banning 2000; Carlson 2017;
Fletcher and Lock 2005; McCall 2018).

Statistical methods that follow the NHST framework provide inference by estimating the
parameters of a probability model used to represent the salient features of a population (e.g., the
mean, variance). Scientists usually hypothesize the value of the population’s parameters—the so-
called “null” hypothesis—and design experiments or observational studies to generate quantifiable
data that can be used to test it. After observation, the data are compared to the null hypothesis’
assumptions using a probability measure known as the p-value. This comparative procedure first
assumes a probability model for the underlying population, then evaluates whether the data
collected are expected or probable outcomes of that population, and thus whether the null
hypothesis is (plausibly) true.

A large p-value, usually greater than 0.05, indicates that the data are not extreme and “fails
to reject” the null hypothesis. By contrast, a small or “significant” p-value, usually less than 0.05,
indicates that the data are extreme and have a low probability with respect to the assumptions
stated in the null hypothesis. In this case, investigators may “reject the null” in favor of an
alternative hypothesis. In short, to arbitrate between hypotheses, NHST uses the probability that
the stated null hypothesis generated the data.
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Although this approach is one of the most widely used inferential frameworks across the
sciences, it has had its share of criticism (e.g., Gelman 2018; Gelman and Stern 2006; Vidgen and
Yasseri 2016). For example, statisticians have recently targeted p-values mainly for their
arbitrariness and misuse (Wasserstein, et al. 2019). Although some mistake statistical significance
for practical significance (e.g., Kramer, et al. 2016), the interpretation of significant p-values, in
terms of rejecting the null hypothesis is well understood. However, how to interpret non-significant
p-values is less clear. Similarly, the NHST toolkit does not include acceptance of a null hypothesis.
Nevertheless, some misunderstand this point and attempt to use NHST to verify their null
hypotheses.

Language appears to be part of the problem here, but failing to reject a null hypothesis is
not synonymous with accepting it. Instead, “failing to reject” means that there is not enough
evidence to invalidate the null hypothesis. Moreover, the relationship between probabilities and
alternative hypotheses is not clear and is often misunderstood (Benjamin and Berger 2019). In
particular, it is challenging to evaluate multiple alternative hypotheses within the NHST
framework. Indeed, the ability to assign probabilities to multiple hypotheses in light of the data is
one of the many reasons researchers have turned to Bayesian statistics.

Bayesian statistics

During the late twentieth century, scientists popularized Bayesian inference, a statistical
approach developed in the 18th century by Reverend Thomas Bayes (1763). Bayes was an English
Presbyterian minister and mathematician who solved problems in probability involving
conditional and prior probabilities (Bellhouse 2004). Soon after that, archaeologists incorporated
Bayesian methods into their toolkits to evaluate hypotheses (e.g., Buck 1996). Today, Bayesian
methods have proliferated throughout the scientific literature. Thanks to its widespread
application, anthropological and archaeological scientists’ use of Bayesian methods has increased
(Gelman, et al. 2014; McElreath 2020; Otarola-Castillo and Torquato 2018). In the past, feasible
execution of Bayesian methods was difficult because some calculations are intractable and require
intensive computation. Today’s powerful personal computers and high-speed Markov Chain
Monte Carlo (MCMC) algorithms, such as the Metropolis-Hastings, Gibbs, and Hamiltonian
procedures have helped to overcome this obstacle and further popularize the approach (e.g.,
Dunson and Johndrow 2020; Howson and Urbach 2006:xi; Robert and Casella 2011).

Another reason for Bayesian approaches’ increased popularity might be the simplicity of
interpreting probabilities compared to the p-values used in NHST (Otarola-Castillo and Torquato
2018). Scientists apply Bayesian inference to compute the probability of a hypothesis directly and
thus obtain clearer and more direct interpretations than those available from NHST. Also, as with
NHST, the degree to which the given hypothesis supports the data is computed, usually via an
explicit probability model, known as a likelihood. We formally define these terms below, but in
summary, the likelihood is a statistical function whose form is determined by the specific
probability model we are using. Crucially, Bayesian inference enables researchers to incorporate
their expert (or prior) knowledge about the hypothesis into the statistical analysis. Experts’ prior
knowledge in a field can be quite valuable; however, it is not often operationalized. Practitioners
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of Bayesian inference convert prior knowledge into prior probabilities and use them as part of
statistical analyses. Once the prior probability has been determined, as with NHST, new data are
observed to test the hypothesis. The likelihood is combined with (or weighted by) the prior to give
the Bayesian posterior distribution. From this, the probability of the hypothesis given the
observed data and the prior knowledge can be computed (Buck, et al. 1996). These steps, including
the formalisation of a simple prior probability, likelihood, and computation of the posterior will
be exemplified below in a simple archaeological example.

The primary advantage of Bayesian statistics over NHST is the clarity of the inferences
drawn from the analysis. Furthermore, by formally including previous experience or expert
information, prior probabilities offer useful improvements over NHST, typically reducing
uncertainty in the conclusions reached (Cowgill 2001). Including prior knowledge produces a
comprehensive understanding of the proposed hypothesis’ relevance to a larger body of
knowledge. Moreover, incorporating prior probabilities enables Bayesian inferences to be
“updated,” creating a cyclical effect as new knowledge becomes prior knowledge for future
studies. As Dennis Lindley (1972) stated, “today’s posterior is tomorrow’s prior.” Helpfully, it is
also possible to use what is known as a flat, vague, or uninformative prior (as we do in our example
below) in situations where little or no expert prior knowledge is available, but we wish to take
advantage of the other features of the Bayesian framework.

To further contextualize the application of Bayesian statistics, we provide an example that
illustrates how one can use Bayesian statistics to select a hypothesis and solve an archaeological
research problem. The example demonstrates how archaeologists can make probabilistic
inferences using data and simple prior information about a hypothesis, how to evaluate the
uncertainty surrounding a hypothesis, why this approach seems less ambiguous than NHST, and
thus why it is becoming increasingly popular. We also formally define the Bayesian framework
and review recent Bayesian statistics applications in the archaeological literature.

A SIMPLE ARCHAEOLOGICAL EXAMPLE

(Otérola-Castillo and Torquato 2018) introduced a simple example to contrast NHST and Bayesian
inference. They presented a simulated case study where an archaeologist proposed to infer
projectile throwing technology from its relationship to stone projectile morphology. In their
simulation, the archaeologist used the known relationship between projectile point launching
technology and point size, from an ethnographic context, to infer the propelling technology of a
sample of stone projectile points derived from a multi-component archaeological site. Using
known measurements of each technology type, they demonstrated how archaeologists could use
NHST and a Bayesian framework to infer the most likely propelling technology (Table 1).

Table 1. Summary statistics of the simulated projectile point maximum length
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data recovered from the Early and Late Period archaeological contexts, and
the point maximum lengths associated with different propelling technologies.
The latter are used as the hypotheses to be evaluated using the archaeological
data.

Archaeological Projectile Data

Early Period | Late Period
Mean Length (cm) 6.1 13
SD (cm) 13 3.2
N 10 9

Propelling Hypotheses

Arrow Dart Spear
Mean Length (cm) 6.9 11 14
SD (cm) 2 2 2

The simulated data are maximum length measurements of projectile points from the Early
(N=10) and Late (N=9) components of an archaeological site (upper part of Table 1). The
archaeologist also has the maximum length measurements of a large sample of ethnographic
projectile points, summarized in the lower part of Table 1 by their means and standard deviations.
The hypotheses to be tested are that the archaeological data from the Late and Early Period derive
from each of the three ethnographically observed propelling technologies: 1) bow and arrow, 2)
atlatl and dart, and 3) hand-thrown spear.

Analysis using NHST

The archaeologist tested the hypotheses of whether the archaeological data were expected
or extreme values of each propelling technology. To do this, they used the mean data (1) in Table
1.

Table 2. Null and alternative hypotheses used for NHST.

H, — the null hypotheses:
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Early Period Late Period
'uEarly Period 'uLate Period = Uarrow
= HUarrow Hiate Period — MbDart
HEarty period Hiate perioa = Mspear
= HUpart
”Early Period
= Uspear

H,- the alternative hypotheses:

Early Period Late Period

HEarly perioa * Harrow Hiate perioa * Harrow

”EarlyPeriod # HUpart Hiate Period F Upart

'uEarlyPeriod * ”Spear 'uLatePeriod * :“Spear

They assumed these were summary statistics for samples from populations distributed
under “Normal” probability models and then applied the well-known z-test. The same Normal
probability model assumptions will also be useful to generate the likelihood function in the
Bayesian analysis, later on. Knowing the means and standard deviations of the ethnographic and
archaeological data, Otarola-Castillo and Torquato computed the z-scores and the associated p-
values (Table 3).

Table 3. Results of z-score hypothesis tests in text including p-values.
Early Period Late Period
z-score p-value z-score p-value
Arrow -1.26 0.21 5.71 <0.001
Dart Tips -7.75 <0.001 1.87 0.06
Spear Tips -12.49 <0.001 0.94 0.35

Using this method, because p-values were less-than 0.001, they rejected the null hypotheses
that the means of the Early Period projectile points resembled that of darts or spears (Tables 2 and
3). Instead, they determined that the points may have come from a population of arrow projectile
points because the associated p-value is greater than 0.05 (Table 3). Thus there was not enough
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evidence to reject this null hypothesis. The hypothesis tests allow archaeologists to infer that “the
Early Period sample does not have a low probability of resulting from a population of arrow tips”
and does not reject this hypothesis.

Early Period
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Figure 1. Plot of archaeological maximum length data (red dashed) for
the Early (top) and Late (bottom) periods after estimating the Normal
parameters that generate maximum likelihood values. For comparison,
black lines depict simulation of values generated using the maximum
likelihood parameter estimates across a range of maximum length
values greater than the range observed archaeologically.

Following this exact procedure for the Late Period, the authors obtained a p-value less-than
0.001 for the arrow hypothesis. However, the p-values for the “spear-tip” and dart tip hypotheses
are both greater than 0.05. Therefore, although they can reject the arrow hypothesis, the inference
cannot be distinguished between “the sample does not have a low probability of resulting from a
population of dart tips” and “the sample does not have a low probability of resulting from a

’

population of spear tips.’

Bayesian analysis
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Otarola-Castillo and Torquato then compared the NHST analysis to one using a Bayesian
framework. They did this to show how archaeologists can assign probabilities to the hypotheses
that the sample projectile points functioned as arrows, dart tips, or spear tips, given the data.

This approach is advantageous when a scientist uses multiple working hypotheses and is
interested in deciding which is most probably supported by the data. The Bayesian framework can
achieve this goal by using the same assumptions about the underlying probability distributions
(from which the samples are obtained) as those in the NHST approach. Prior knowledge is then
represented as a corresponding prior probability distribution and one then calculates each
hypothesis’ posterior probability using Bayes theorem.

Otarola-Castillo and Torquato modeled the likelihood of the maximum projectile length
using the “Normal” probability model (Figure 1). To reflect no prior information but to
demonstrate the probabilistic approach to hypothesis selection the authors used a simple uniform
prior, where the probabilities of all projectile lengths were identical. The resulting Bayesian
inference lets scientists make fully probabilistic statements about their hypotheses and thus make
more explicit comparisons than those provided by the NHST framework.

After computing the posterior probability of each hypothesis (Table 4; Figure 2), the
authors determined that the Early period sample points were most probably used as arrows and
likely propelled by a bow-like mechanism. This mode of stone point propelling changed during
the Late Period when the people living on this site began to use mainly hand-thrown spears. The
interpretations of the hypotheses are different from the p-value based NHST. In this inferential
framework, Bayes theorem provides scientists with measures of the probability that the data
support the hypotheses.

Table 4. Posterior probabilities that the Early and Late Period point maximum lengths were the result
of arrow, dart, and spear propelling technologies.

Posterior Probability
Function Range Early Period Late Period
Arrow 6.9+2 0.97 0.001
Dart Tips 11+£2 0.004 0.16
Spear Tips 14+2 0.00003 0.89
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Figure 2. Bayesian posterior probability distributions of each of three propelling technology
hypotheses: a) Arrow, b) Dart, c) Spear in the Early (top) and Late (bottom) periods. The amount of
area under the curve reflects the probability of each hypothesis.

WHAT IS BAYES’ THEOREM?

Bayes’ theorem is an algorithm for obtaining the value of a conditional probability
statement, when one knows its inverse. It is usually exemplified by considering two related events,
A and B. Put simply, Bayes’ theorem states that:

P(B|A) P(4)

P(AlR) = 22
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In this case, to obtain the conditional probability of 4 given B, P(A|B) - here P represents
probability and | is read as ‘given’ - one needs to divide the joint probability of 4 and B, P(4 and
B), by the marginal probability of B, P(B). The product of P(B|4) and P(A) is the joint probability
P(A and B). The formula then generalizes to:

P(Aand B
P(4|B) = ZET2

where the joint probability is divided by the marginal P(B). Statisticians call P(4|B) the posterior

probability of 4 given B, P(B|A) the inverse conditional (or likelihood) of B given 4, and P(4) the
prior probability of 4.

)

The link between Bayes theorem, Inference, Data and Hypotheses

The simulated archaeological scenario above provided a tangible applied example of the
different components of a Bayesian analysis, including an event’s probability, the probability of
one event given another, prior and posterior probabilities. Although the procedure here is specific
to archaeological data, Bayes theorem is a very general algorithm that is useful for a wide variety
of data and data-generating processes. This section generalizes Bayes’ theorem to a variety of other
scenarios.

We stated earlier that Bayesian statistics uses the data in hand, (D), to assign probabilities
to hypotheses about a population (/). The statement P(H|D), i.e., the probability of the hypothesis
given the data, formalizes this relationship. To operationalize this statement in the context of data
and hypotheses, Bayes’ theorem functions as

P(D|H) - P(H
P(H|D) = ( IP()D) ( )'
where P(H|D) is the posterior probability, P is the probability of the data given the hypothesis, or
the “likelihood” of the observed data, P(H) is the prior probability of the hypothesis (before the
data were observed), and P(D) is the probability of the data in hand out of all possible values of
the data. Alternatively, using modern statistical vernacular this operation can then be expressed in
a slightly different form as
Likelihood - Prior

Posterior = ,
P(Data)

although one might see a different variation of the symbolic expression, P(H|D) = Posterior.

In the simulated example, the hypotheses represented the belief that the observed Early
and Late period projectile point length data represented samples of populations of measurements
respectively derived from a particular propelling technology. The data were modeled by the
normal probability distribution, and the hypotheses were characterized by the values of the
model’s parameters. Although the normal probability model is characterized by two parameters,
mean and standard deviation, the example mainly focused on the means of the data.
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We use the symbol x to represent the observed data and the symbol 4 to represent the
parameter(s) of our model of the population that we are trying to learn about. Given x and a
model with parameter(s) 6, we can more formally describe Bayes’ theorem and its three
components: the /ikelihood, the prior, and the posterior.

The likelihood is a statistical function. Its form is determined by the specific probability
model we are using but, in general terms it is represented by P(x| 8). Consequently, the
likelihood is the probability of observing particular data values given some specific values of the
unknown parameters. Thus this is a formal statement of the relationship between what we want
to learn and the data we collect.

The prior is also a function and can be represented by P(6). In simple terms, we can think
of this as the probability we attach to observing specified values of the unknown parameters
before (a priori) we observe the data. In other words, this is a formal statement of what we knew
before the latest data were collected.

The posterior is what we want to obtain (a combination of the information contained in
the data, the likelihood and the prior) and can be represented by P(0|x). In simple terms, we can
think of this as the probability we attach to specified values of the unknown parameters after
observing the data. In this more technical context, we can express Bayes theorem as:

__ P(x]6) - P(6)

P@|x) = e

In addition, the numerator, the product of the likelihood and the prior probability without the
normalizing denominator P (x)is proportional to () the posterior and may be computed and
expressed by

P(B|x) < P(x|8) -P(0),or,
Posterior « Likelihood - Prior.

In this manner, Bayesian statistics offers an alternative statistical framework for evaluating
hypotheses through a mechanism for obtaining a posteriori information about the parameter values
of interest based upon the data, a model, and appropriately formulated prior information. In other
words, given an explicit statement of our a priori information, a clearly defined statistical model
and a desire to obtain a posteriori understanding, Bayes’ theorem provides us with a probabilistic
framework within which to make interpretations.

In addition to the coherent and explicit nature of the framework, there is another attractive
feature of adopting the Bayesian paradigm in that it allows us to learn from experience. Priors
enable the explicit contextualization of previous knowledge or beliefs about the topic under
investigation (Buck et al. 1996, Cowgill 1993). This should be a natural feature to archaeologists
for whom context is quite meaningful, or as Buck et al. (1996) discuss, archaeologists interpret the
discovery of new artifacts in conjunction with artifacts that have already been discovered.

10
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Moreover, today’s posterior information (based on current data and prior information) is in a
suitable form to become the prior for further work if and when more data becomes available. Few
other interpretative frameworks offer a clear structure for updating belief in the light of new
information and yet it is such an important part of most intuitive approaches to learning about the
world in which we live.

OTHER ARCHAEOLOGICAL APPLICATIONS

Chronological modeling

The reliable construction of chronologies is an integral part of all archaeological research.
Consequently, an abundance of research has been conducted to create more robust chronologies
that assist archaeologists in interpreting past events. Early work by Buck and colleagues (1991;
1992) laid the foundation for the use of Bayesian method in chronological modeling to improve
precision. The advent and continued improvement of user-friendly modeling software, including
BCal (Buck, et al. 1999) and OxCal (Bronk Ramsey 1994, 2017), has enabled many archaeologists
to employ Bayesian chronological modeling in their research. In fact, the construction of
chronologies has been described as the one archaeological application of Bayesian methods that is
routine (Buck and Meson 2015).

There has been a documented increase in the use of Bayesian chronological modeling over
the last decade (Bayliss 2015; Hamilton and Krus 2018), as numerous studies have reexamined
radiocarbon dates to refine regional chronologies. Although these methods were initially used by
archaeologists in the United Kingdom (Hamilton and Krus 2018), Bayesian chronological studies
have now been conducted in nearly every region of archaeological interest, including 1) Central
America (Inomata, et al. 2017; Mendelsohn 2018; Tsukamoto, et al. 2020); 2) South America
(Marsh, et al. 2017; Wynveldt, et al. 2017); 3) Europe (Arvaniti and Maniatis 2018; Jiménez, et
al. 2018; Krajcarz, et al. 2018; Manning, et al. 2018; Paulsson 2019; Ricci, et al. 2018); 4) Asia
(Birch-Chapman and Jenkins 2019; Long, et al. 2017; Ricci, et al. 2018; Yang, et al. 2019); 5)
Africa (Brandt, et al. 2017; Kramer, et al. 2016; Loftus, et al. 2019; Sadr, et al. 2017) and 6)
Oceania (Brockwell, et al. 2017; David, et al. 2019; Kirch and Swift 2017; Urwin 2018).

Additionally, many archaeologists now report calibrated radiocarbon dates. The process of
calibration relies on Bayesian statistics (Bronk Ramsey 1995), and the curves used during this
process of wiggle-matching are updated as more information becomes available. The most recent
radiocarbon calibration curves (IntCal20, SHCal20, and Marine20) are grounded in Bayesian
inference. These curves were constructed using a Bayesian spline approach to combine data from
tree rings, floating tree-ring chronologies, lacustrine and marine sediments, speleothems, and
corals (Reimer, et al. 2020).

Archaeologists have applied Bayesian methods to other methods of absolute dating. For
example, recent studies have constructed chronological models using optically-stimulated
luminescence (OSL) dates (Clarkson, et al. 2017; Combés and Philippe 2017a, 2017b; Demuro, et
al. 2019; Heydari, et al. 2020; Jiménez, et al. 2018; Veth 2017) and dendrochronology (Hassan, et
al. 2019; Lorentzen, et al. 2020).

11
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Perhaps most significantly, Bayesian chronological modeling enables archaeologists to
include numerous sources of archaeological dates in a single interpretive framework, including
those drawn from relative dating and absolute dating, to create chronologies of hard-to-date
contexts. By combining relative dating and absolute dating methods with Bayesian modeling,
archaeologists can produce more precise and accurate dates (Cowgill 2015). For example, Croix,
et al. (2019) used Bayesian modeling to combine artifact chronologies, coin dates, and radiocarbon
dating to date earthworks in Denmark. The reuse of building materials in antiquity combined with
the limited survival of dateable artifacts had made it difficult for archaeologists to date these
structures. The construction of a Bayesian chronological model using coin age and radiocarbon
dates improved the precision of dating the earthworks. Furthermore, DiNapoli, et al. (2020) used
a Bayesian modeling approach to combine radiocarbon dates, stratigraphy, and ethnohistoric
accounts to examine the collapse and resilience of populations on Rapa Nui. Other examples of
studies include those combining absolute dating methods (e.g., Anyon, et al. 2017; Fitzsimmons,
et al. 2017; Smith, et al. 2017) and those drawing on relative and absolute dating methods (e.g.,
Douka, et al. 2019; Guérin, et al. 2017).

Other studies have used Bayesian modeling to clarify the complex relationship between
humans and the environment. For example, Banks and colleagues (2019) utilized Bayesian
hierarchical modeling to determine the date for cultures from Upper Paleolithic France. These
dates were then compared to paleoecological records to determine the paleoclimatic variability
during each period. Similarly, Kearney (2019) used Bayesian methods to combine archaeological
and paleoecological chronologies in a study examining the connection between vegetation changes
and human activity near a megalithic tomb dating to the Neolithic in Ireland. Using this method,
he was able to determine if significant palynological events occured before, after or during the
construction and use of the tomb. Ultimately, he determined that the clearing of the woodland
occurred prior to the construction of the megalith.

Artifact analysis

Bayesian inference has been applied in numerous ways to study artifacts, including
ceramics, stone tools, and bone tools. Early applications examined the provenance of artifacts and
the seriation of ceramics (e.g., Buck, et al. 1996; Buck and Litton 1990; Halekoh and Vach 1999;
Robertson 1999). Continued research examining ceramics has utilized Bayesian modeling of
radiocarbon dates to determine the chronologies of ceramic artifacts by combining absolute dating
and studies of ceramic typologies (e.g., Naylor and Smith 1988). Similar methods have been used
to examine ceramics traditions in Europe (Krol, et al. 2020), Bolivia (Marsh, et al. 2019),
Guatemala (Arroyo, et al. 2020), and Papua New Guinea (Skelly, et al. 2018). The combination of
chronological modeling and ceramic data has been used to examine the dispersal and spread of
ceramic cultures (e.g., Binder, et al. 2018; Méhault 2017).

Recently, the application of Bayesian modeling to artifact analysis has extended beyond
seriation. For example, Fernandes, et al. (2018) used a Bayesian approach to identify the types of
food that created residues in prehistoric European pottery. By analyzing carbon isotope
measurements and comparing them with measurements from known sources, the authors were able
to determine which foods had contributed to the residues and thus how the pots had been used.
Since pots are reused to prepare multiple types of foods, results can be ambiguous when identifying

12
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the foods contributing to residues. The use of Bayesian methods addressed this ambiguity by
estimating the contribution of various food types to the residues.

Furthermore, Bayesian methods have been integral in the study of stone and bone tools.
Researchers have used Bayesian methods to test hypotheses about stone tool assemblages (e.g.,
Marwick, et al. 2016) and develop techniques for studying stone tools. These techniques allow
research to assign probabilities to the phenomenon being studied. For example, Murray, et al.
(2020) developed a novel method combining 3D microscopic analyses of surface roughness and a
Bayesian probability model to evaluate if Middle Stone Age silcrete tools from Pinnacle Point 13
B (South Africa) had been heat treated. The model assigns a probability measuring if a tool has
been heat treated and allows for the continued updating from future heat treatment experiments.
Similarly, researchers combined a taphonomic analysis of the surface of unworked bone and bone
tools with multivariate Bayesian modeling to quantify the taphonomic changes on the surfaces of
the unworked and worked bones to predict the original surface of the bone tools (Martisius, et al.
2020; Martisius, et al. 2018).

Zooarchaeology

Researchers have used Bayesian statistics to study zooarchaeological trends. Pioneering
work by Fisher (1987) used Bayesian inference to determine whether scavenging or hunting led to
the creation of butchery marks on proboscidean assemblages. Recent work has focused on studying
seasonality and domestication. For example, Parkington, et al. (2020) used a Bayesian approach
to study the seasonal use of archaeological sites in South Africa. By analyzing the predicted months
when seals likely died, they were able to determine when hunter-gatherers would have used the
sites where seal remains were found. Additionally, scholars have used Bayesian methods to
construct phylogenies examining the domestication of animals, including swamp buffalo (Wang,
et al. 2017) and pigs (Xiang, et al. 2017). Other research has examined the foods consumed by
domesticated animals. Blanz, et al. (2020) used Bayesian modeling to examine the diets of modern
sheep, specifically the amount of seaweed consumed, which can be used as a reference sample for
identifying similar consumption patterns in archaeological contexts.

Additionally, archaeologists have used Bayesian methods to study faunal assemblages and
make inferences about their use. For example, Osborn (2019) constructed a Bayesian network
model using ethnographic, ethnohistoric, and archaeological data to determine whether Andean
faunal assemblages indicated feasting, sacrifice, or daily refuse. The primary benefit of using a
Bayesian approach in the study is the resulting replicable analysis that eliminates the subjectivity
present in interpreting faunal assemblages. Rather, this method reports the probabilities of the
faunal assemblage representing each type of behavior. Furthermore, Baumann, et al. (2020) used
Bayesian methods to estimate the abundance of foxes and hares in Paleolithic Europe to determine
how their abundance changed over time as they were hunted by humans for their meat, fur, and
teeth. The use of Bayesian method in this study allowed the researchers to overcome a small
sample size while modeling animal abundance.

Bayesian techniques have been used to develop and re-examine the methods used in
zooarchaeological research. Researchers have used Bayesian inference to develop a reliable and
replicable probabilistic method to distinguish between sheep and goat bones in archaeological
contexts (Wolfhagen and Price 2017). Since goats and sheep are very similar species that share
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many traits, it can be difficult to distinguish between them. This method provides the probability
that a specimen is a goat given the identified traits. Furthermore, Wolfhagen (2020) has re-
examined the “logarithm size index” (LSI), a method for comparing the body sizes of animals
between assemblages that is typically used in studies of animal domestication. He suggests
adopting Bayesian multilevel LSI models to examine hypotheses about faunal assemblages.

Bioarchaeology

The use of Bayesian methods in bioarchaeological analyses was pioneered by Konigsberg
and colleagues for studying age-at-death and stature estimation (e.g., Konigsberg and Frankenberg
1992; Konigsberg and Frankenberg 1994; Konigsberg, et al. 1998; Lucy, et al. 1996). Recent
research has continued to apply Bayesian statistics to the construction of biological profiles. For
example, Anzellini and Toyne (2019) proposed the use of Bayesian logistic regression to account
for uncertainty in the sample when estimating the sex of individuals found in commingled contexts
in the Andes. Although the frequentist and Bayesian approaches produced similar results, the
authors demonstrated the validity of using Bayesian methods to account for uncertainty and to
produce usable demographic profiles in bioarchaeological studies. Furthermore, Rosenstock, et al.
(2019) used Bayesian additive mixed modeling to examine the global spatio-temporal trend in
stature. This method enabled the researchers to account for spatiotemporally patchy data as well
as fragmentary skeletal samples.

Further studies have utilized Bayesian mixing models to reconstruct prehistoric diets.
Typically, these methods have used carbon and nitrogen stable isotope data to determine the types
of foods people were eating. One popular method is called the food reconstruction using isotopic
transferred signals (FRUITS) approach, which can account for multiple dietary sources and the
uncertainty inherent in dietary inference. For example, Pezo-Lanfranco, et al. (2018) used
Bayesian mixed models to quantify the proportion of three sources of food: plants, marine
mammals, and terrestrial mammals. They determined that the people of the Atlantic Forest of
South America consumed a large amount of carbohydrates, suggesting a unique diet compared to
other populations in the area during the Middle Holocene. Using various Bayesian mixing models,
other studies have examined prehistoric dietary trends in Europe (Boethius and Ahlstrom 2018;
Bownes, et al. 2017; Cubas, et al. 2019; Sjogren 2017), South America (Gordon, et al. 2018), and
Africa (Maurer, et al. 2017). Recent studies have used Bayesian mixed modeling to study
prehistoric weaning trends (King, et al. 2017). Specifically, using the FRUITS method, De
Angelis, et al. (2020) reconstructed the diet of those buried at the Quarto Cappello del Prete
analysis. From this reconstruction, they determined that Roman children were weaned around three
years of age.

Other researchers have used multilevel/hierarchical modeling approaches. For example,
Perri, et al. (2019) examined the canine diet as a proxy for human diets in archaeological contexts
in Nicaragua. To infer the probability of the model’s parameters the authors used a Bayesian
approach including MCMC to estimate the denominator of Bayes theorem. Hierarchical models in
this context are flexible and scalable (Gelman and Hill 2006). They can include individual and
group level data in a model. This flexibility provides improved inference on the parameters in
question, resulting in more accurate estimates of the model’s parameters(Katahira 2016).

Spatial archaeology
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By combining prior knowledge regarding geographical data, archaeologists have been able
to study spatial trends. For example, researchers have used Bayesian methods to examine the
placement of archaeological sites on the landscape (Wright, et al. 2014) and predict the locations
and settlement patterns of archaeological sites (Ortman, et al. 2007; Stewart, et al. 2017). Other
research has incorporated Bayesian chronological modeling into spatial archaeological analyses.
For example, Snitker, et al. (2018) combined prehistoric land use maps generated by surveys,
chronological data, and Bayesian methods to examine shifting occupation and land use patterns in
Spain. The use of Bayesian methods in this study was critical as it allowed the researchers to make
probabilistic inferences regarding the most likely occupation period at archaeological sites that
may have been reused throughout history. Similarly, Wright, et al. (2020) used Bayesian
chronological modeling of radiocarbon dates to construct a summed probability distribution
estimating occupation events during the Baekje Kingdom of Korea. The researchers proceeded to
use these data as part of a larger model examining the spatial distribution and dynamics of human
activity areas over time. These methods allowed the researchers to make probabilistic statements
regarding the settlement patterns when occupation patterns were thought to be changing.

SOME PRACTICALITIES

Modeling

Although numerous probability models exist, many archaeological problems are
statistically non-standard. This has often meant that the close collaboration of a number of
specialists, including statisticians, is required to build useful models. Fortunately, statisticians have
often found archaeological problems to be interesting and challenging and so this kind of
collaboration is not too unusual. Nonetheless, although applications of Bayesian analysis to
archaeology have been around for more than 30 years, they are by no means standard and further
collaboration is certainly needed.

Specifying the prior

One of the major stumbling blocks to the more widespread use of Bayesian techniques in
archaeology is the perceived difficulty of specifying prior information. Some archaeologists do
not acknowledge that reliable prior information exists and others have philosophical objections to
the use of subjective opinions in formal inference. Both such groups typically prefer to continue
using exploratory methods or traditional NHST-based ones. Others have expert knowledge and
would like to use it, but have difficulty expressing their ideas in a suitable form because of their
lack of knowledge about the mathematics that underlie the models they wish to use. Tackling this
problem requires further collaboration, clear communication, and an acceptance that different
researchers will have varying views on which interpretive framework to use or which specific
model to adopt. Most importantly, there is no need for everyone to agree. Researchers who adopt
the Bayesian framework are forced to be explicit about what they believe. As a result, different
workers can compute posteriors based on their own prior information and compare them formally
with the inferences of others.

Evaluating the posteriors
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Early applications of the Bayesian framework to archaeology (as with other disciplines)
were restricted to likelihoods and priors for which the necessary calculations could easily be
undertaken. However, since the mathematical integrations required for some models are not
analytically soluble, a fair number of real questions simply could not be tackled. These problems
have now largely been overcome by the widespread adoption of numerical techniques that allow
the posterior information to be sampled rather than obtained exactly. Some of the earliest
illustrations of the use of these techniques for evaluating Bayesian posteriors were in Bayesian
radiocarbon calibration (Buck, et al. 1999; Buck, et al. ; Buck, et al. 1992; Litton and Buck 1996).
Advances in algorithms to create and sample from Markov chain Monte Carlo simulations
(MCMC) such as Metropolis-Hastings, Gibbs sampling, and the Hamiltonian procedures such as
No U-Turn Sampling (NUTS) (e.g., Dunson and Johndrow 2020; Hoffman and Gelman 2014)
implemented by popular software like BUGS, JAGS , and STAN (Gilks, et al. 1994; Plummer
2003; Sturtz, et al. 2005; Team 2019)have helped to alleviate this problem.

Interpretation

Ultimately, the most important part of any statistical investigation is the interpretation of
the results obtained. The posterior distributions that arise from Bayesian analyses can be very
complex and are sometimes not directly interpretable in terms of the original problem. This means
that exploratory methods of data analysis may be needed to help investigate, interpret, and report
upon the posterior distributions obtained. When making such interpretations, the level of
confidence in the posteriors is affected by their sensitivity to changes in the data, priors, or model.
Such sensitivity should be investigated as part of the interpretation of all posterior information. It
is always useful to relax some of the prior assumptions and re-compute the posteriors to see what
effect this has. All reports of Bayesian analyses should make reference to sensitivity analyses of
this type, since without them we cannot be sure how robust the results are and thus how reliable
they would be as prior information for future research.

HOPES FOR THE FUTURE

We have discussed the positive contributions of Bayesian inference to archaeological
thinking. In addition to providing a fully probabilistic framework, Bayesian statistics requires that
one makes existing prior knowledge explicit to use in statistical analyses. By doing so, scientists
take advantage of a more comprehensive set of information when evaluating hypotheses. This is a
major advantage over NHST and the related Maximum Likelihood, and Information Theory
approaches to model selection (Murtaugh 2014). Increases in archaeological Bayesian applications
to date are likely due to the recognition of these features. To continue this trend, we outline an
ambitious set of initiatives we hope to see in the future of Bayesian application in archaeology.

A framework for Archaeological Science

The Bayesian approach provides a systematic learning procedure using evidence to update
one’s beliefs of hypotheses until reaching a confident and accurate level of knowledge. This
evidence-based learning algorithm inherently resembles the scientific process of hypothesis
generation and evaluation. As a science, data-laden inference about the past is also inherent to
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archaeology. New knowledge from archaeological data recovery through excavation, survey, or
analytical activities constantly update archaeologists’ state of knowledge and revise the degree of
support for prior hypotheses (e.g., the initial colonization of the Americas and out of Aftrica origins
of Homo sapiens).

Increase Diversity of Bayesian Applications

Bayesian applications are increasing in archaeology. Gauging by the seemingly
exponential increase in the number of Bayesian papers in archaeology in the 2000s to the 2010s
(Otarola-Castillo and Torquato 2018, Fig 1) , not only has the Bayesian inferential framework
increased in popularity in the general sciences, but also in archaeology. This jump in usage is also
evidenced by the number of Bayesian papers, posters, and symposia at conferences (e.g., Otarola-
Castillo and Wolthagen Bayesian Symposium at SAA in 2021).

The increase in application is welcomed. It is due in part to purpose-written software and
libraries, tailored specifically to the needs of archaeologists (e.g. OxCal, BCal, Bchron in R (Haslett
and Parnell 2008)). Increasingly, however, as archaeologists become more confident to write their
own code, simple-to-use and accessible software like STAN, JAGS, and BUGS (Gilks, et al. 1994;
Plummer 2003; Sturtz, et al. 2005; Team 2019) are also being adopted. For R users, for example,
the RStan package (Team 2020) has simplified the access to this software, and so has the
development of “higher level” code R-packages like Rstanarm and BRMS (Biirkner 2017;
Goodrich, et al. 2020).

Training in underlying theory

With accessibility, however, some technical sophistication and attention to detail might be
missed. Adopting easy-to-access software might hide some of the Bayesian approach’s complexity
that is necessary for fully understanding the framework and taking responsibility for the modelling
choices inherent in adopting them.

As such, one of our hopes for the future is an influx of training opportunities for
archaeologists in the statistical and theoretical details underlying Bayesian inference, and technical
details of implementation in any coding language. In our opinion, greater knowledge of these two
steps will generate a deeper understanding and more responsible adoption of the Bayesian
framework for inference.

This leads to the type of student training we hope to see in the future. Training students to
become aware of and fluent in the theory underlying NHST and Bayesian inference will need some
remodeling to current curricula. Integrating statistical and computational theory into
archaeological programs of study would be one step towards providing students with the expertise
to evaluate and develop reliable Bayesian solutions for themselves. It would, of course, also allow
them to more responsibly evaluate the modelling work of others, thus leading to a better informed
and more articulate body of reviewers for archaeological journals.

The power of algorithmic thinking
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Training in probability theory and coding alone will not change a discipline, but together
with an encouragement to formalise thinking they might. Archaeologists are widely known for our
meticulous record keeping. We propose that archaeologists continue our reputation for
documenting, and add formalization to our thinking and hypothesis workflow. Coders do this of
necessity, but it is not routine practice in most of archaeology.

There are, of course, widely used and highly regarded field manuals that encourage step-
by-step record keeping (Crow Canyon Archaeological Center 2001; Hester, et al. 2016; White and
King 2016)and many modern excavations follow these closely (do you have examples?). However,
beyond the field, data handling and modeling procedures have been traditionally less emphasized
, although there are, and have been, notable examples (e.g., Banning 2000; Carlson 2017; McCall
2018). Processes such as phasing a site or interpretation of the archaeological record in an entire
landscape, require the handling of very large amounts of information, typically held in many
different computer files. The field would benefit if this processing were systematically recorded
and replicable. The consequence of not doing this might be an undocumented workflow that even
those involved struggle to fully recreate if needed.

Those with coding experience know that this is not a sustainable approach to information
management. What’s needed instead is a step-by-step or flow-diagram approach to planning and
documenting the post-excavation workflow. Setting up such approaches is time-consuming, of
course, but the advantages for reproducibility are immeasurable. Fortunately, archaeologists are
increasingly open to adopt some of these processes (Marwick 2017). Moreover, there are now
several well-established environments that encourage researchers to take this approach. One such
is Rmarkdown (Allaire, et al. 2020) which allows users to embed R code and output within a text
document. Those of us who use such environments have found that we naturally document the
data management and analysis process, as we work, and can write-up and archive our work much
more quickly and accurately too.
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