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Abstract
In prehistoric human populations, technologies played a fundamental role in the acquisition
of different resources and are represented in the main daily living activities, such as with
bone, wooden, and stone-tipped spears for hunting, and chipped-stone tools for butchering.
Considering that paleoanthropologists and archeologists are focused on the study of different
processes involved in the evolution of human behavior, investigating how hominins acted in
the past through the study of evidence on archeological artifacts is crucial. Thus, investigat-
ing tool use is of major importance for a comprehensive understanding of all processes that
characterize human choices of raw materials, techniques, and tool types. Many functional
assumptions of tool use have been based on tool design and morphology according to
archeologists’ interpretations and ethnographic observations. Such assumptions are used as
baselines when inferring human behavior and have driven an improvement in the methods
and techniques employed in functional studies over the past few decades. Here, while
arguing that use-wear analysis is a key discipline to assess past hominin tool use and to
interpret the organization and variability of artifact types in the archeological record, we aim
to review and discuss the current state-of-the-art methods, protocols, and their limitations. In
doing so, our discussion focuses on three main topics: (1) the need for fundamental
improvements by adopting established methods and techniques from similar research fields,
(2) the need to implement and combine different levels of experimentation, and (3) the
crucial need to establish standards and protocols in order to improve data quality, standard-
ization, repeatability, and reproducibility. By adopting this perspective, we believe that
studies will increase the reliability and applicability of use-wear methods on tool function.
The need for a holistic approach that combines not only use-wear traces but also tool
technology, design, curation, durability, and efficiency is also debated and revised. Such a
revision is a crucial step if archeologists want to build major inferences on human decision-
making behavior and biocultural evolution processes.
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Introduction

From the earliest manifestations of technology in modern societies, technologies have
enabled humans to adapt, express, and communicate (Foley and Lahr 2003; Holdaway
and Douglass 2012; Morgan et al. 2015; Stout et al. 2011). At the same time,
technologies likely reflect symbology, ethnic, and social status patterns, allowing the
recognition and interpretation of different traits in the evolution of human behavior
(d’Errico et al. 2003; Henshilwood et al. 2001). Technological changes were and still
are a key factor in the dynamics of human societies, raising questions such as how and
why those changes took place in earlier populations, and how people were able to
survive and expand based on their technological traditions, innovations, and novelties
(Brown et al. 2012; Klein 2000; Marean et al. 2007; McBrearty and Brooks 2000).

Since the Early Pleistocene—the longest and most defining period of our history—
technology has been characterized by the use of tools made from different materials,
such as stone, bone, and antler. Investigating how past hominins produced, designed,
and used their tools—including possible variation through time and space—is therefore
one of the key areas of research for understanding the evolution of human behavior
(Ambrose 2001; Odell 2000). Over the last decades, archeological research has focused
on diverse aspects of prehistoric tool-related behaviors of past humans, such as the
procurement of raw materials (Andrefsky 1994, 2009; Brantingham 2003), diversifica-
tion of manufacturing techniques (Kuhn 1992), the manipulation of physical proprieties
(e.g., heat treatment) (Domanski et al. 1994; Domanski and Webb 1992; Mackay et al.
2018; Schmitt et al. 2013), and actual tool use (Keeley 1974). To determine tool use,
use-wear analysis studies the characteristic patterns of macroscopic and microscopic
traces left on tools’ surfaces after being used (Fullagar 2014). The formation processes of
different types of use-wear traces have been shown to vary in response to changes in raw
material, tool morphology, design, and tool function (action performed on a given
worked material) (Astruc et al. 2003; Kamminga 1979; Lerner et al. 2007).

Thus, the current state-of-the-art in functional analysis heavily relies on experimental
reference collections that aim to replicate past potential uses and understand the formation
process of identifiable diagnostic traces, to which the archeological material can be
compared (Coles 1979). Nevertheless, although inferring tool use was embedded in
archeological research very early, the history of traceological studies is marked by several
conceptual shifts and methodological improvements (Bicho et al. 2015; Dunmore et al.
2018; Marreiros et al. 2015). The discipline has faced many adjustments and develop-
ments according to changes in its methodological and theoretical scope and in the main
research questions (Longo and Skakun 2008, Evans et al. 2014; Stemp et al. 2015; van
Gijn 2014). As a result, much recent discussion has taken place about terminology and
definitions of the discipline, most likely reflecting the continual improvement of different
methodological protocols (Bradfield 2016). From our perspective, the different terminol-
ogies also reflect different objectives and scales of analysis (Marreiros et al. 2015). Thus,
the term traceology refers to the study of all physical traces on an artifact’s surface,
including use-wear, traces of production, non-utilitarian wear, and post-depositional
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alterations. The study of wear traces resulting from post-depositional activities, for
example, can be used to infer site formation processes (e.g., Burroni 2002; Levi-Sala
1986; Asryan et al. 2014). Use-wear analysis refers to the study of traces present on the
artifact’s surfaces that result from the wear produced by human use. Both traceology and
use-wear are ideally combined with residue analysis as a complementary source of
evidence to infer the nature and character of the different traces (Pedergnana and Ollé
2017; Rots and Williamson 2004; Rots et al. 2015). On the other hand, and from our
perspective, the term functional analysis assumes a wider approach—referring to a
combination of methods and data—that allows researchers to assess tool design and
use. In this case, use-wear and residue studies are part of the methods included in
functional analysis, but not the only ones. Since the main goal of functional studies is to
infer artifact function and design, features other than wear traces and residues are
fundamental. Here, use-wear data should be combined with tool design, which includes
tool morphology, intentional modification (e.g., retouch and resharpening), tool durability,
and efficiency (Key and Lycett 2015; Key et al. 2015; Key 2020). When not used in
combination with use-wear data, this approach is often called techno-functional analysis
(Boëda 2001; Boëda and Auduze 2013; Lepot 1993). As the term indicates, this is based
mainly on the morphological aspects of tools, with a special focus on the location and
distribution of modified (i.e., retouched) and unmodified edges. These are in most cases
supported by ethnographic observations or, occasionally, experiments. From our point of
view, the so-called techno-functional method, based on tool design, can be used as an
approach to promote some functional interpretations that, although being crucial to plan
and design experiments, can only be tested when combined with use-wear and residue
analysis (Bonilauri 2010; Pedergnana 2017). One of the best examples for the lack of such
a complementary approach is the traditional descriptive lithic typology that often includes
functional interpretations (e.g., knife, scraper, point). Unlike techno-functional analysis,
traceological studies always include experimental replication and reference collections as
a proxy to identify and interpret the archeological evidence (Adams and Adams 2009).
Although it is beyond the scope of this paper to offer a new set of methods and/or
theoretical orientations, here, we aim to discuss this methodological and conceptual
trajectory. For this purpose, we address the major limitations of the discipline and propose
some new research avenues, as well as highlight the importance of using standards and
protocols in the discipline.

Traceology/Use-Wear Analysis: Brief Review of Methodological
Developments

In the literature, it seems clear that early archeologists, intrigued by the nature of the
artifact variability recovered from the archeological record, tried to evaluate tool use by
past hominin populations (Binford 1973, 2019). Use-wear and traceology researchers
would agree that since its beginnings, much has been said about the limitations of the
discipline (Keeley 1974). When looking at the trajectory of the discipline, it seems clear
to us that researchers invest a lot of effort on trying to improve their methods and
tackling the continuous limitations of the discipline (Grace 1996). At the same time,
such shifts can also be seen as the result of major changes in paradigms and theoretical
agendas in archeological research (Piggott and Trigger 1991; Trigger 1989).
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Initially embedded in the historical-culturalist approach that characterizes the
archeological research of the late nineteenth and early twentieth centuries, the first
attempts to study past tools aimed at understanding the technology (i.e., production)
and use of tools as a reflection of past evolutionary steps in human behavior (Anderson
et al. 1993). The variability of the archeological record was the main argument for the
chronological and later regional organization of the different technological complexes
in the Late Pleistocene and Early Holocene. Initially, functional interpretations were
mainly based on the morphology and intentional modification (i.e., retouch) of tools.
As such, retouched tools were interpreted per se as the crucial elements and used as
fossiles directeurs, which led researchers to question these functional assumptions and
interpretations (Bordes 1969; Bordes and de Sonneville–Bordes 1970).

These first attempts were followed by Semenov’s systematic work (Semenov 1957),
which is viewed by many as the pioneering work in the discipline of traceology
(Phillips 1988). Widely known to Western European scholars at the end of the 1960s,
after it was translated to English, his work was one of the first projects that established
systematic experiments as a major proxy for identifying and interpreting the nature of
the different wear traces. In fact, the relevance of experimental replication in Semenov’s
approach lies in the fact that it does not distinguish between technology and function.
When both are combined, they can serve as a fundamental proxy for inferring not only
the technological evolution but also the economic and social organization of past
populations. Semenov also advocated the systematic use of microscopic observations.
His predominant method was the so-called low-power approach, meaning the use of a
low magnification stereomicroscope. It was also during this phase that the term
traceology was coined, as a result of observations made during experiments, which
highlighted the complexity of the mechanisms responsible for the different wear
formation processes. These include both cultural (use-) and natural-wear processes.

In the early 1960’s, the emergence of New Archeology, with its emphasis on natural and
cultural phenomena as major factors for complex human social behavior (Binford 1962;
Longacre 2010), led to a new emphasis on traceological studies. This phase was marked by
testing the limitations pointed out by Semenov’swork (Semenov 1957, 1964), whichmainly
concerned the difficulties of identifying and interpreting the diversity of wear traces when
exclusively using a stereomicroscope (Keeley 1974; Odell 1975). To tackle this issue,
several projects started introducing the so-called high-power approach, ultimately highlight-
ing that both approaches are complementary and should be combined (Odell 2001). The
high-power method refers to the use of high magnification microscopic equipment, mostly
upright metallographic (light) microscopes. Mainly developed by Keeley (Keeley and
Newcomer 1977), this approach showed that different types of wear traces could be
recognized on tool surfaces (Hayden 1979). Experimental replication demonstrated that
wear patterns were correlated with associated worked materials, allowing the categorization
of diagnostic wear traces (Hardy andGarufi 1998; Hayden andVaughan 2006). Researchers
started realizing that such categorization was not always easy to interpret from archeological
artifacts and on some raw materials. In other words, researchers realized that this qualitative
analysis, while applicable to every raw material, requires that experiments be conducted for
every different raw material type, constraining comparison between experimental and
archeological assemblages (Burroni 2002; Evans and Donahue 2005).

While some researchers tried to improve the accuracy and reliability of the methodology
through the development of numerous and more detailed experiments and blind tests,
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others started arguing that use-wear analysis required new quantitative techniques (Grace
et al. 1985; Keeley 1974; Schiffer 1979; Moss 1987; Bamforth 1988; Hurcombe 1988;
Newcomer et al. 1986, Newcomer et al. 1988). Initially based on 2D images (Grace et al.
1985; Grace 1989), and later on 2D and 3D surface roughnessmeasurements, this approach
aims to create standardized criteria for variability within and between different types of
wear traces. Such improvement was also made possible with the introduction of a wide
range of imaging equipment and software, such as the tactile profilometer (Beyries et al.
1988), atomic force microscopy (Faulks et al. 2011; Kimball et al. 1995), interferometry
(d’Errico and Backwell 2009; Dumont 1982), laser profilometry (Stemp and Stemp 2001,
2003), confocal microscopy (Evans and Donahue 2008; Evans 2014; Macdonald et al.
2018; Stemp et al. 2013; Stemp and Chung 2011), image analysis, and surface metrology
software (Calandra et al. 2019a, b, c; d’Errico and Backwell 2009; Ibáñez et al. 2018;
Martisius et al. 2018; Sahle et al. 2013). This variety of imaging equipment reflects the
main aim of these approaches, which has focused on a quantitative identification and
analysis of the different types of use-wear traces (e.g., polish and striations, see definitions
below). Mainly applied to experimental replicas, from which the type of use-wear was
already known, researchers applied different imaging techniques and methods at different
scales. As a result, recent studies have shown that although quantitative methods can
measure and identify diagnostic microscopic surface textures, much needs to be done in
terms of data acquisition standardization so that data can be compared between experi-
mental libraries. Analogous trajectories have also been observed in related disciplines,
clearly illustrating continuous improvement in scientific fields (Calandra et al. 2019a).

This methodological discussion was also followed by a debate on the mechanical
processes behind the formation of wear traces. Quantitative methods are not absolute
but—like qualitative methods—require a suitable referential framework. This reference
can be provided by comparison with ethnographic material and/or experiments. Thus,
experimental design has also gained new attention and one could argue that it cannot be
dissociated from the debate mentioned above. However, the same revision did not seem to
have taken place with experimentation (Collins 2008). The properties of both the tool and
worked material (e.g., hardness, density, grain size, elasticity, and surface roughness, to
name a few) started to be seen as a major variable when trying to understand and identify
the origins of the different types of wear. In fact, here, we argue that only a critical review
and discussion of a combined approach consisting of (1) terminology, (2) microscopic
methods, (3) material science (e.g., raw material properties and tribology), and (4) exper-
iments can provide new insights and test the limitations of the discipline. Despite the fact
that much has been done, one cannot deny that current state-of-the-art methods and
protocols are still not mature and should, consequently, be improved. Here, we would like
to address the actual limitations of the discipline by reviewing its fourmain issues and at the
same time stress the need for implementing consensual standards and protocols in the field.

A Critical Review and New Insights

During the last decades, several researchers have pointed out limitations of the applied
methods and protocols (Collins 2008; Dibble et al. 2017; Shea 1987; Dunmore et al.
2018). These limitations are often related to the following main issues: (1)
archeological sampling and selection methods, (2) the lack of a clear and rigorous
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experimental framework, (3) the lack of a standardized analytical framework, (4)
subjective description of the wear traces, and (5) the absence of a holistic approach
when interpreting tool use. As in any other discipline, methodological improvements
do not necessarily reject previous work but rather aim to tackle fundamental limitations.
While some methodological shifts are technology-based (i.e., microscopy techniques),
others can be achieved by adopting clear standards and protocols already established in
other fields. In this section, we review these topics and rethink how these can be tackled
and improved.

Archeological Sampling and Selection Methods

In scientific research studies, sampling is amethod for selecting a subset of individuals from
within a statistical population (i.e. sample) to estimate characteristics of the whole popu-
lation. Sampling is dependent on research questions and goals, and can therefore be
performed by different methods. Sampling is fundamental in every field of scientific
research. In archeology, sampling is always present, either on a field excavation or survey,
artifact study, or data analysis (Nance 1994). For example, sampling strategies such as
excavation units and sampling from different excavation areas reflect the main research
questions of any given project, especially when the aim is to address questions such as a
site’s spatial organization. When compared with lithic technological and typological
studies, traceology has been seen as a time-consuming method of analysis in which tools
tend to be selectively sampled from the assemblage. Although this might not be a
significant limitation when compared with other disciplines such as biology or chemistry
(in which samples need long time preparation and analysis), researchers tend to use
sampling strategies to subset the whole artifact assemblage. Observations made by analyz-
ing this subset are then used to make inferences on the total assemblage. Traceological
sampling strategies have been criticized as biased and therefore as one of the limitations of
the discipline (e.g., Dibble et al. 2017). For example, in the analysis of lithic industries,
studies have traditionally suggested the following technological organization: (1) debris, (2)
debitage products, (3) cores, and (4) retouched tools. Here, because of their intentional
modification and based on ethnographic studies, retouched tools have been interpreted as
the most important tools for performing most of the tasks in the daily lives of past hominin
populations (e.g., hunting spears). Based on functional interpretations, these different stone
tools were often organized into different typologies used as fossiles directeurs for chronol-
ogies, geographies, and even techno-cultural contexts (Bordes 1988).

Seen as the only discipline for directly inferring tool use, use-wear analysis played a
significant role in this discussion, allowing primary assumptions and functional interpre-
tations to be addressed and tested (Semenov 1970). In contribution to this discussion, use-
wear studies prioritized the analysis of retouched tools and often disregarded other
technological classes, such as unmodified debitage products (i.e., unretouched flakes,
blades, and bladelets) (Marreiros et al. 2015). However, recent research seemed to provoke
a change in thinking concerning sampling, as traceological analysis of unmodified tools
has shown the presence of use-wear traces, validating that these tools were also used. If
analysis is limited to retouched tools, studies might be biased when interpreting the whole
lithic assemblage and the nature of the human occupation of the site.

Sampling strategies must always reflect the research questions and main goals of any
given study (Fig. 1). These in turn are highly dependent on the assumptions and/or
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hypotheses to be tested. On the one hand, research questions and objectives are crucial
when making decisions concerning sampling and applied methods; on the other, data
should be collected independently of interpretations. When transferred to use-wear sam-
plingmethods, the strategy should focus on selecting tools not only based on preconceived
functional categories or interpretations. In other words, one should not only select tools
which are assumed to have been used, e.g., retouched tools as mentioned above. In lithic
studies, for example, this can be easily done by sampling elements that represent all
technological categories present in the lithic assemblage (Fig. 1, scenario a).

On the other hand, if, for instance, the research question is to analyze a specific morpho-
type such as a group of lithic pointed blades, it makes sense that all elements that represent
this category be selected, but the study should in addition also include other morpho-types
as outgroups for comparison (Fig. 2, scenario b). As data from the study of the sampled tools
aim to generate inferences on the entire assemblage, a study that only includes pointed
blades cannot assess whether other tools show the same wear traces or not. In other words,
from our perspective, when studies include only one type of tool and argue that this tool has
been used in a specific motion, there is a risk that other excluded tools have been used to do
the same. If this is the case, the interpretation of the site would be biased. These supple-
mentary results may, however, be fundamental to further interpretations.

Fig. 1 Schematic representation of the different sampling and data collection strategies in functional studies
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Traceology Experimental Framework

Experimental Archeology as a Scientific Method

Archeologists primarily aim for a comprehensive understanding of human behavioral
evolution through inferring and reconstructing all past processes that shaped the
evidence found in the archeological record. Archeologists’ assumptions are mainly
based on definitions, concepts, and interpretations arguably created from ethnographic
or empirical observations and hypothesis testing (Binford 2019). Therefore, when
analyzing the archeological record, evidence used to understand and reconstruct the
evolution of human behavior heavily relies on experimental replication of potential past
human activities (Miller and Hayden 2006; Eren et al. 2016; Lin et al. 2018). In this
sense, it seems clear that if archeological research is to follow the scientific method,
experimental archeology should be viewed as being in no way separate from other
archeological sciences (Lin 2014; Lin et al. 2018). As a scientific “hypothetical-
deductive” method, experimentation in archeological research has been used to test
hypotheses and assumptions that are based on archeologists’ observations and inter-
pretations of the archeological record. This is clearly evident in technological studies, in
which archeological experiments, included in the category of processes and functional
experiments (Outram 2008), provide a crucial proxy for understanding and interpreting
how different tools were produced, designed, and used in the past. As such,
archeologists aim to run hypothesis-driven studies and acquire data independent from
assumptions which are formulated through repeated empirical observations.

In experimental hypothesis testing, the conclusion is never proven to be true even if
the tested premises are valid, and the predictions (i.e., tested assumptions, null hypoth-
esis) are fulfilled. In fact, the final result can only be proven to be false and temporarily
accepted as valid. This may be because scientific theories are based on observed effects
(effect-causation relation), and here, many causes can lead to the same observed effects
(equifinality; Eren et al. 2016). This phenomenon is amplified when experimental
replications involve human behavior, which is known for being complex and idiosyn-
cratically constrained.

In recent decades, several researchers have discussed the major limitations of
experiments in archeological research, which can be summarized and categorized as
follows: (a) lack of clear research questions, including hypothesis and assumptions to
be tested, (b) alternative hypotheses are rarely tested, (c) insufficient details on the
included material and methods, (d) lack of clear identification, organization, and
definition of the control and manipulation of the different variables, (e) the coexistence
of confounding variables, which refer to the presence of multiple variables included in
the experiment at the same time, and (f) dominance of qualitative methods rather than
quantitative (Collins 2008; Eren et al. 2016; Lin 2014). While these limitations in
experimental replication should be tackled in order to improve the discipline, others can
only be attributed to different hierarchical levels of experiments, these being dependent
upon the main goal and research questions, which deeply influence the experimental
organization, planning, and design. Organizing and planning experimental design are
fundamental, not only to distinguish between strong and weak abductive inferences but
also as a basis for others to use. From a scientific perspective, experiments should use
structured and replicable processes to test the validity of a hypothesis. In this sense,
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experiments are considered to be reliable (high internal validity) once they can be
repeated, and their parameters and variables can be controlled and manipulated as
needed and in multiple ways.

The importance of experimental organization and design has recently been
discussed in depth in several highly important studies for inference validation and
archeological interpretations (Ferguson and Neeley 2010). In this debate, re-
searchers highlight the need to improve the way archeologists plan and design
experiments, suggesting different levels of experimentation. These experiments,
although complementary and crucial when constructing analogical inferences,
should have different goals and seek different observations and types of data. In
other words, the different levels of experiments are not distinguished by how the
experiments are conducted but rather by which questions they aim to address.

Researchers have highlighted a distinction between two types of archeological
experiments identified as: (1) “actualistic,” “pilot,” or “exploratory” and (2)
“controlled,” “second generation,” or “laboratory” experiments. Due to their
nature and aims, the most traditional approach, “actualistic,” “pilot,” or “explor-
atory” experimental studies (sensu Eren et al. 2016) mainly involve qualitative
methods and a lower degree of variable control. These experiments are basically
characterized by replicating human actions and, therefore, the use of mechanical
apparatus is very limited. On the other hand, the so-called “controlled,” “second
generation,” or “laboratory” experiments refer to experiments seeking to test
individual variables and the interaction between them. In this case, these experi-
ments are sometimes conducted by mechanical devices, through which many
variables can be controlled and measured (Eren et al. 2016; Lin et al. 2018). As
stressed by others, these two different categories do not exclude each other and do
not reflect different research quality levels; rather, it is clear that both approaches
are crucial and fundamental and should be complementary when designing a
research project and addressing research questions. For example, the term “con-
trolled experiments,” which implies that variables are controlled during the ex-
periment, seems to be applicable to both types of experiments. Although some
variables are always controlled or measured, “controlled conditions” have differ-
ent meanings in both cases. As such, in our opinion, the terms first and second
generation experiments appear to be more appropriate, reflecting at the same time
the different levels but also the complementary character of both approaches that
should be combined when planning and designing experiments (Fig. 1). A detailed
discussion of this topic has been rigorously addressed by colleagues and is beyond
the scope of the present study. Based on this discussion, which has focused on
lithic technology, the aim here is to redirect this debate towards use-wear studies
by stressing the importance of different levels of experimentation and suggesting
the need for experimental standards and protocols that when reviewed and imple-
mented can help traceologists to develop new research questions and acquire more
crucial data. In use-wear studies, experiments are intended to test assumptions
about identifiable parameters of tool use through the application of a hypothesis
testing framework (Eren et al. 2016). In total accordance with this review, when
transported to use-wear studies, we propose below a more refined terminology
(Fig. 1).
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First Generation

The first generation experiments are fundamental for generating new hypotheses and
ideas and to help identify major variables that need to be tested individually as sole
predictors of the final outcome. Also, these experiments are crucial for making
preliminary observations on tool efficiency and durability, plus assessing the suitability
of certain tools for performing a given activity. Since experiments consume both time
and resources, these observations are also crucial for optimizing planning, costs, and
timing, since major questions can be selected and prioritized, and experiments can be
combined. In this case, we may safely assume that the first generation experiments
provide important insights into our understanding of past technologies. Without such
observations, our approach to technological studies would have followed different
directions. The use of mechanical devices is often not included in the first generation
experiments, where researchers replicate potential past technologies and aim to test
replicas of archeological tools. Here, testing the variability of the archeological record
is important, for example, by inferring the suitability of different raw materials for a
given task. Nevertheless, although sample variability is tested, researchers should
insure sample homogeneity, and therefore comparability. For example, if the goal is
to infer tool use, since the contact material is not being tested, it should remain constant
between experiments.

Second Generation

The second generation experiments involve more complex designs. This is due to the
nature of different variables, with the aim of addressing more basic questions regarding
some of the key properties of the archeological record, such as the diversity of rocks
used to produce stone tools. In fact, this approach does not aim to provide a direct
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Fig. 2 Diagram representing the different categories included in the experimental planning. For each category,
different aspects are discussed, concerning its objectives, design, sample preparation protocols, variable
control, and outcome
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explanation for the so-called big picture questions in a research project, but rather seeks
the development of units of analysis and measure. Unlike the first generation experi-
ments, the second generation experiments are built on principles that are not only
independent of an archeologist’s interpretations but are also built on uniformitarianism,
i.e., physical principles which operate uniformly across space and time. They can be
modeled independently of the research subject, aiming to detect patterns and build
methodological and analytical units. These units of measure should always be inde-
pendent from archeological interpretations, just as any data acquisition should be
independent from data interpretation. These analytical units provide concrete data for
the connections linking identified patterns and processes that can be used as proxies for
inferring past human behavior. Here, quantification methods and techniques should be
combined with qualitative descriptions in order to test and investigate previous as-
sumptions and interpretations while at the same time improving accuracy, data quality,
comparability, and enabling the evaluation of the final results. Thus, by following this
approach, researchers should maximize their efforts to reduce subjectivity, which is
inherent to qualitative analysis, and should preferentially include quantitative methods
known for being more resistant to subjective interpretations.

As most experimental designs involve different variables and the first generation
experiments seek the identification of major variables, these need to be tested individ-
ually in order to assess and evaluate their effect-causation and correlation with other
variables in the experiment. Based on this evaluation, the second generation experi-
ments often use mechanical or automated apparatuses which drastically reduces human
variability, all the while controlling and manipulating system variables (Aldeias et al.
2016; Dibble and Rezek 2009; Eren et al. 2011; Iovita et al. 2013; Key 2016; Magnani
et al. 2014; Schmidt et al. 2019; Astruc et al. 2003; Collins 2008 Lewis et al. 2011;
Pfleging et al. 2019; Tomenchuk 1985; Calandra et al. 2020).

The same approach is often transferred to the selection of samples for the second
generation experiments. It is very common to use standardized samples which imitate
certain features of archeological artifacts. Thus—from our perspective—the second
generation experiments are viewed by archeologists with a lot of criticism. This
criticism is likely based on the fact that artifact production or the experimental
replication of their usages is not related to human but rather to artificial activities.
Nevertheless, the tested variables can be organized into two main groups: those related
to (1) tool morphology and material properties and to (2) tool use per se. While
variables related to tool use are more directly applicable to the archeological record,
those related to the internal properties of the tool (e.g., edge angle and raw material) aim
to test and understand the cause-effect relations linking these variables and mechanical
processes.

In summary, from our perspective, compared with the first generation experiments,
the second generation experiments do not usually aim to directly replicate human action
or even real-life activities. Instead, they employ the so-called expert systems (mechan-
ical devices) (Grace 1985). Expert systems create basic principles by isolating, con-
trolling, and measuring the cause-effect of variables, from which a more detailed and
precise understanding of the process can be deduced. Traceology is the study of wear
traces resulting from mechanical actions (i.e., tribological phenomena that take place
when two or more surfaces are in mechanical contact with each other); therefore, those
uniformitarian mechanisms can be tested, and the causes for the observed effects can be
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used to understand and interpret the processes behind the formation of different types of
wear. These methods allow data analysis to measure effect sizes of the controlled
variables on the dependent variable (e.g., roughness parameters), and therefore enable
models to be built and tested using statistical analysis methods. Data analysis is also
fundamental here. In order to optimize experiment time and sample preparation, the
outcome data should be planned, and decisions regarding sample size and data
analytical methods should be made from the beginning (Fisher 1935).

Third Generation

As these models are based on the uniformitarian processes and recognized patterns
from the controlled experiments and standard samples, they need to be tested against
archeological-like assemblages created and used by archeologists, incorporating human
variability and varied actions but still independent of archeological interpretation. This
step in the experimental replication can be defined as a third step, and accordingly, here,
we call it a third generation experiment. Here, all generated models and patterns can be
evaluated in a “naturalistic,” human made environment in which the human variability
is included, and tools and actions similar to those identified in the archeological record
can be tested. In order to test the identified patterns, these studies should involve both
standardized and archeological-replica tools, where the latter can be tested against
artifacts from the archeological record. The experimental design should not only
involve the replication of potential past technologies, but human variability can also
be tested and measured if technologies such as multi-sensor systems for gesture
recognition are included (Key 2016; Pfleging et al. 2015; Williams-Hatala et al.
2018). Analysis of samples used in the third generation experiments can be conducted
blind, meaning that the specific use of each tool will be unknown prior to data
collection and the interpretation will be done via the combination of statistical modeling
and traditional use-wear observations (Evans 2014; Rots et al. 2016).

Raw Material Characterization

Another important topic is the raw material variability present in the archeological
assemblages. In the Late Pleistocene and Early Holocene research, differences in raw
material properties are widely assumed to have been a major determining factor of
variability in tool technology, production, and use (Delgado-Raack et al. 2009; Key
et al. 2020; Nonaka et al. 2010; Odell 1981; Eren et al. 2014). Thus, understanding the
nature of the major physical/mechanical properties is a pre-requisite for developing
more reliable analyses to address prehistoric technology and tool function. This is
especially true for use-wear studies where an understanding and a characterization of
the physical variability of lithic raw materials are fundamentally linked to the formation
and interpretation of use-wear traces (Lerner 2014). As an example, by identifying and
measuring stone or bone properties likely to influence polish formation (such as surface
hardness and roughness), greater insight can be gained into the nature of use-wear
formation, thereby improving interpretations. In lithic studies, systematic quantification
of fundamental properties of stone have led to advances in other areas of stone tool
analysis such as raw material procurement (e.g., sourcing), manufacturing techniques
(i.e., knapping), artifact morphology (i.e., typology), the manipulation of physical
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proprieties (e.g., heat treatment), and actual tool-use (e.g., edge durability) (Andrefsky
2009; Mackay et al. 2018; Schmidt et al. 2016; Key et al. 2020; Schoville et al. 2017).
These properties are also known to be responsible for the nature of different charac-
teristic patterns of polish and damage and, therefore, need to be taken into consideration
when experiments are designed (Evans 2014). Despite this, in functional studies,
although material properties and their physical characteristics are often considered as
a key factor, they are rarely tested and considered in the experimental design (Evans
2014).

A Complementary Experimental Workflow

As established earlier, the first step of the experimental planning is to define the
research questions. These questions are open lines of research to which some assump-
tions have been made and from which hypotheses have been or can be made. Here, the
hypotheses to be tested are mainly driven by previous observations, which are likely to
result either from direct observation (inductive) or by testing the most probable
explanation (abductive). Although a research question can be split into several hypoth-
eses, these should be tested independently. The main distinction between the first and
second generation experiments should be based on the research question to be ad-
dressed and the hypothesis to be tested.

For testing a given hypothesis, several types of variables need to be identified. In
experimental design, variables can be organized into three main groups: independent,
dependent, and confounding/random. Independent variables (inputs or causes) are
those to be manipulated in order to measure their effects on the final result. Within
the groups of independent variables, standardization is fundamental, and major param-
eters in the experiment should be constant unless testing them is an aim. Dependent
variables (outputs or outcomes) are those “dependent” on the independent variable,
which are expected to change based on the latter, and are therefore the ones being
measured. The independent and dependent variables may be viewed in terms of cause
and effect. If an independent variable is changed, then an effect is expected in the
dependent variable. Confounding variables are all those variables that—due to exper-
imental design constraints—are not identified as having an effect on the final result, or
cannot be manipulated, controlled, tested, or measured. It should be highlighted that the
variables can change their character according to the research questions, and testing
hypothesis and can be manipulated accordingly.

This organization is fundamental in all generations of experiments and should be
followed meticulously. As an example, experiments dealing with manual simulations
and non-standard samples should try to standardize as much as possible the indepen-
dent variable that is meant to be compared within and between experiments. Only such
an approach can lead to inference validity and avoid equifinality, which is fundamental
when comparisons are made and when pattern recognition is at the goal. Since all
experiments include errors, all known possible sources of error should also be reported
and taken into consideration when interpretations are made.

Traditionally used in use-wear studies, sequential experiments are intended to aid in
the analysis of the cumulative development of wear formation. In this approach, tools
are analyzed before and after cycles of use, with the aim not only of understanding how
wear forms on a given raw material but also for deducing which variables in the
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experiment (such as number of movements or cycles) are necessary for developing use-
wear. Either using 2D or 3D methods, experimental results can be analyzed and
compared if these experiments follow the same protocols and if the same location on
the tool’s surface is analyzed during the course of an experiment. Being able to relocate
the area of interest on a sample is also essential for reproducibility in use-wear studies.
Recently, a simple protocol to create a coordinate system directly on the experimental
samples has been proposed (Calandra et al. 2019c) since visual relocation has limited
applicability.

Finally—but not less importantly—experimental design should try to minimize the
problem of equifinality (Ferguson and Neeley 2010) and circular reasoning. Given the
fact that the same end results can potentially be reached by many processes, researchers
should try to include alternative hypotheses that do not assess just the original assump-
tions and final end interpretations. In other words (as mentioned earlier in the discus-
sion of sampling methods), if the research questions aim to understand if pointed blades
were used as projectiles, then experiments should not just replicate projectile activities
but also other actions that can be compared and rejected.

Lack of Standardization in Data Acquisition and Analysis

As traceology studies are highly dependent on microscopy, various pieces of imaging
equipment have been introduced as a result of the development of new methods and
improvements in the discipline and technological advances in microscopy. Budgetary
constraints limit the range of microscopes available in every laboratory; this is even
more critical when archeological collections cannot be transported to research labora-
tories. At the same time, the diversity of the archeological record—the wide variety of
raw materials, different shapes and sizes of artifacts, plus the diversity of use-wear
traces (Lerner et al. 2007; Lerner 2014)—makes it necessary to use different pieces of
imaging equipment. In fact, the diversity of use-wear traces is not only due to diversity
of raw material but also due to diversity of actions (movement, force, duration, worked
material) and other non-use processes. All of these aspects make it clear why
traceology, when compared with traditional lithic analysis, does not show a standard-
ized analytical framework (Calandra et al. 2019a). To further improve methods,
establishing a complete workflow and defining major standards and protocols on
sample preparation, data acquisition, and data analysis seem a logical step.

Traceologists have been trying to establish a research workflow that integrates
different scales of analysis and the identification of different types of use-wear traces
(Borel et al. 2014; Adams 2014; Langejans 2011). This workflow is often combined
with the technological and typological characterization of the artifact(s) studied, either
lithics or bones. It usually includes sequential steps of analysis, aiming to infer different
aspects: (1) preservation state, (2) macroscopic wear traces, (3) microscopic wear
traces, and (4) residues. All these steps are categorized accordingly, and the use-wear
position and distribution on the tool are recorded (see Fig. 3 as an example of a
database structure applied for use-wear analysis).

This analysis is frequently supported by 2D digital photography of the use-wear
traces, and an interpretation of the tool function can be proposed. In publications,
researchers typically print pictures that best illustrate the wear traces, a selection of
which sometimes under-represents the diversity of use-wear traces observed, but which
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Fig. 3 Chart of the different methodological and analytical steps in the research workflow
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does allow the wear traces to be easily and better understood by non-specialists.
Although seemingly adequate, this practice often does not clearly illustrate the differ-
ence between the wear traces and their interpretations, especially when different
worked materials are identified. Also, in the past, 2D images were sometimes of poor
quality due to the lack of high quality cameras and extended depth of focus methods.
Although these have been greatly improved in recent years, differences in resolution/
scale between observations, often done through oculars, and published pictures with
CCD/CMOS cameras, should be reported. Recent 3D microtexture methods focus on
the quantification of the surface roughness (International Organization for
Standardization 1996, 1997, 2012), allowing statistical analysis on the measured
surface parameters. In addition, different wear traces can be compared between and
within each other (Evans and MacDonald 2011; Galland et al. 2019; Ibáñez et al. 2018;
Macdonald et al. 2018; Ollé and Vergès 2014; Stemp et al. 2019; Tumung et al. 2015).

Nevertheless, when using quantitative methods, reproducibility and repeatability are
not automatic, and researchers need to be explicit, transparent, and extensive about their
accounts of the methodology and settings. In order to secure repeatability and repro-
ducibility in the discipline, standards and protocols are fundamental when studies aim
for comparison and are even more important when quantification methods are applied
(Calandra et al. 2019c). Quantification methods such as 3D microtexture analysis
should also not be used alone. These methods complement the more traditional
analyses and should be integrated in the analytical workflow (Evans 2014; van Gijn
2014). Qualitative low and high magnification observations are used to screen and
identify the location of interest, in which use-wear is identified and documented. These
areas are, in a second step, quantitatively analyzed for a more detailed characterization
and comparison. Failing to do so, strict quantitative studies will be limited in their
impact, as many researchers are not able to assess them and therefore integrate them in
their projects (Calandra et al. 2019a). In parallel to this, additional standards and
protocols need to be established, for example, concerning sample preparation proce-
dures, including cleaning, archiving, and other processes such as molding and casting
samples (Dunmore et al. 2018; Cnuts and Rots 2018; Langejans 2010; Macdonald et al.
2018). Although several protocols (e.g., cleaning solutions, Macdonalds and Evans
2014, Ollé and Vèrges 2014) have been published lately that seem suitable for the
visual identification of use-wear traces, it still needs to be evaluated how these
procedures affect the surface microtopography.

Nature and Subjective Description of the Wear Traces

Traceology is a key discipline and currently the most reliable method for obtaining
direct evidence on tool use by past hominins. The character of the discipline is based on
a pattern recognition method when assessing the typology, location, and distribution of
the different types of wear traces (Tringham et al. 1974). These studies became more
important in archeological research when, based on experimental replication, re-
searchers showed that wear patterns, especially polish, correlated with worked material
(Keeley 1980; Haslam et al. 2009; Rots 2013). Traceologists have long tried to
characterize observed wear patterns by describing not only their location and distribu-
tion but also their visual appearance. In the so-called qualitative approach, pattern
recognition is based on the visual identification and interpretations of different features
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(e.g., edge damage, diagnostic impact fractures, and striations) that characterize and
categorize a given type of use-wear (McPherron et al. 2014; Schoville 2014). Among
these different types, researchers have long argued that different types of polish
correlate with different worked materials. Polish refers to a modified area on a tool
surface, commonly described as a brighter or smoother area when observed with an
optical microscope. These modifications are known to be the result of the interaction
between different surfaces (i.e., tool and worked material) which causes a gradual
removal or deformations of the natural surface.

Thus, the classification and quantification of polish became one of the fundamental
questions to be addressed in use-wear analysis. During the last years the study of
different types of polish has shown experimentally that such categories are likely
related to many aspects such as the type of raw material, movement, number of cycles,
and worked material. This means wear can be visually different, even on tools used to
work the same contact material (Buc 2011). Taking into consideration that interpreta-
tions of tool use should not be based on polish only (discussed here later), the presence
of use-wear polish already shows evidence for tool use, even if one cannot necessarily
assess the worked material confidently.

Consequently, this approach has led to a broad variety of terms, mostly not under-
standable by others and lacking definition (e.g., wavy polish, here used as a basis for
discussion) and/or carrying functional interpretations (e.g., cutting polish). This has led
many researchers to highlight the two main limitations of the method: (1) a lack of
understanding of the nature and influence of the mechanical process responsible for the
formation of the different wear traces, and (2) unclear definitions and overlap of the so-
called diagnostic wear traces, which often cannot be attributed to a specific worked
material. In our opinion, although use-wear traces such as polish are not difficult to
visually identify, their interpretation is rather more complex. This discussion most
likely reflects the diversity of different types of wear traces (e.g., polish, striations,
edge damage). This is not surprising since wear traces are the result of (1) human
actions that are characterized by irregular movements even within the same action (e.g.,
cutting), meaning unsystematic movements, and (2) the contact of materials with
different properties, even within the same type of rock (e.g., flint). That being said,
much research needs to be done to fully understand the mechanisms behind the
formation of polish, not least due to the different properties between and within tool
raw materials (e.g., flint compared with quartzite and between the different types of
flint). Perhaps, such wear trace types need to be tested and compared. On the other
hand, such diversity has required site-based studies, which means that researchers often
run experiments using the same raw material(s) that are represented in an archeological
assemblage. In any typological approach, types are combined when assuming diagnos-
tic characteristics or features. This is also claimed to be the case for the different types
of wear polish, since researchers advocate the type of polish associated with bone work
is significantly different from polish resulting from wood working.

Aiming to improve use-wear methods and to compare results from different experi-
ments and from archeological sites, researchers have started proposing quantification
methods that focus on the distribution and intensity of polish. These methods were based
on digital image editing software (e.g., Fast Expert System, sensu Grace 1985) and GIS
analysis (Dries 1998). This approach was again significantly improved when 3D micro-
scopic quantification methods based on surface roughness measurements started to be
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applied to the archeological studies (Derndarsky and Ocklind 2001; Evans and Donahue
2008; González-Urquijo and Ibáñez-Estévez 2003; Kimball et al. 1995; Stemp and Stemp
2003). Nevertheless, such improvement still lacks an automated and standardized protocol
of data acquisition and analysis, as well as experimental planning based on fundamental
principles of reproducibility and repeatability, which would allow samples and data to be
compared. In fact, the study of surface features has been undertaken and long established
in a number of different fields in science and engineering (Calandra and Merceron 2016;
Scott et al. 2005; Ungar and Evans 2016). In the recent past, these methods have been
successfully harnessed in traceology to study artifacts by analyzing ISO parameters. This
approach has now reached a high degree of sophistication in the field, for both experi-
mental and archeological samples (Stemp 2014). Since quantification methods have
comparison and frames of reference as their main goals, researchers have realized that it
is fundamental to define standards and protocols that improve data repeatability, repro-
ducibility, and comparability (Adams 2014; Calandra et al. 2019b; Dubreuil and Savage
2014; Evans et al. 2014). This is of particular importance since different pieces of
equipment are used by various researchers, and different settings can be applied during
the analysis (Stemp et al. 2013, 2018). Nevertheless, these methods will not change the
fact that the nature of wear formation is diverse and is consequently represented in
different types (Stemp et al. 2016). Similar discussions have also taken place, for example,
in dental microwear studies, where researchers have shown that dental microwear patterns
correlate with diet. In archeological samples, the variation in wear patterns emphasizes the
need for protocols, standardization, and quantitative methods when documenting and
measuring surface textures (Calandra et al. 2019b).

Absence of Holistic Approach when Interpreting Tool Function and Use

Reiterating, tool functional interpretations have long been based on tool morphology
and intentional modification (i.e., retouch) and in analogy with the ethnographic record
(McCall 2012). During the last decades, use-wear studies have shown that tool design
does not always explain tool use (e.g., Evans 2014). Additionally, several studies have
documented the unexpected presence of use-wear on certain tools (e.g., unmodified
lithic implements such as cores, chunks, chips) or certain parts of a tool (e.g., broken
edge), where by interpretation, a functional area has not been immediately recognized.
This shows that humans use a huge panoply of elements in their daily life (Akoshima
and Kanomata 2015). Researchers have consequently pointed to a lack of an integrative
approach in use-wear studies when trying to reconstruct tool function and use (Rots
et al. 2015; Rots and Plisson 2014). In this perspective, traceologists have only recently
begun to incorporate their results into the technological and typological characterization
of the tool and the whole assemblage (Zupancich et al. 2016; Sánchez-Yustos et al.
2017). From our understanding and implicit for our definition of functional analysis,
data obtained by use-wear studies are a significant contributor to understanding tool
use. At the same time, other aspects such as the production, durability, and efficiency of
a given tool are crucial for addressing questions related to the understanding of
fundamental mechanisms within the evolution of human behavior, such as cognitive,
symbolical, and stylistic traits (Braun et al. 2008; Domínguez-Rodrigo and Pickering
2017; Pfleging et al. 2015).
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Discussion and Conclusions

In what concerns studies of past human technology, it can be argued that interpretations
of past human behavior depend exclusively on evidence from the archeological record,
and archeological disciplines such as use-wear studies seek those direct pieces of
evidence (Shea 2011). Based on experimental empirical observations and on analogy
inferences (cause-effect), referential linkages fundamental for interpreting the
archeological record can be deduced (Gaudzinski-Windheuser et al. 2018; Iovita
et al. 2013). Furthermore, units of observation can bring new insights into interpreta-
tions of the archeological record and into understanding the different processes that
shaped the evolution of human behavior.

Traceology is a fundamental field of investigation in archeological research. Our
historical overview showed that methods and paradigms of the discipline have shifted
over the past few decades, and the result is a well-established discipline that aims to
combine different lines of evidence. In this paper, we provided a critical review and
discussed major limitations of the discipline, at the same time highlighting and
suggesting approaches for how these could potentially be tackled by specialists in this
field. Our review shows that the nature of most of the limitations is no different from
any other fields in archeological research, reflecting the trajectory and major method-
ological and theoretical debates in the history of archeological thought.

It is clear that the terminology of the discipline involves different scales of analysis
and objectives, that each study addresses according to specific the research questions,
and that methods and techniques should be adjusted accordingly. It is nevertheless
important that researchers use a similar workflow and adhere to fundamental standards
and protocols. Although quantification is an important step towards the standardization
and calibration (sensu Evans et al. 2014) of the discipline, in the present paper, we
highlight that such an approach should serve to categorize and evaluate our qualitative
observations. Here, we point out that standards and protocols are important when—for
example—sampling, cleaning tools, comparing tools during sequential experiments,
and reporting all acquisition settings for different types of data. From our perspective,
experimental organization and design are important methods within traceology. By
discussing it and introducing a new category of experiments, we highlight how
different generations of experiments aim at different goals and should be combined
to achieve a more comprehensive understanding of all mechanisms.

Also, traceology or use-wear analysis is a significant part of functional analysis, and
therefore, we argue that all evidence should be amalgamated in order to allow a more
comprehensive interpretation of tool use. It is crucial that not only use-wear traces and
residues are assessed (including their characteristics, location, and distribution on the
tool surface) but also tool morphology, design, durability, and efficiency. From our
perspective, a well-supported argument should combine all these different lines of
evidence when experiments are planned and designed. Common standards and proto-
cols should be implemented to allow for the evaluation of different variable causation,
comparative results, and pattern recognition. By doing so, we believe that this approach
will provide the insight from which significant assumptions about past human behavior
can be made.

It should be said that the traditional descriptive terminology is still important, but
when quantification and comparison need to be achieved, terms on unambiguous
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definitions (i.e., standards) and protocols should be used. Therefore, it is fundamental to
develop a corresponding “taxonomic” classification between qualitative and quantita-
tive data. Since traceology relies on experimental reference collections and quantitative
methods that are elementary for pattern recognition, studies should adopt not only
fundamental standards and protocols but also methods of consistency and openness to
their data and analysis. Recent studies have shown that in order to move traceology
towards repeatability and standardization, acquisition and analysis settings need to be
reported to improve reproducibility and open access in the discipline. Due to the fact
that evidence originates from different sources and specific methodologies, we argue
that standards and protocols should and need to be refined and improved. These should
also be combined with a clear, detailed, and structured workflow for both experimental
and archeological use-wear studies.
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