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Abstract
This paper concludes a long-term experimental study to examine the role of bipolar and freehand reduction as strategies for lithic
miniaturization on milky quartz and flint. The experiments provide clear quantifiable guidelines for identifying bipolar reduction
in archeological assemblages. They suggest that with bipolar reduction—a straightforward and time-efficient strategy to learn—
toolmakers could easily surpass the cutting edge/mass efficiency levels of more derived lithic reduction strategies such as
pressure blade production. Here we compared the efficiency and technological attributes on the experiment’s milky quartz and
flint flakes. The results show few practically significant differences between the two flake samples. The strongest differences are
in the flakes’ ventral surface and platform features. Otherwise, we concur with previous experimental studies that show certain
types ofmilky quartz behave in essentially the sameway as other brittle materials such as flint. Our results aid the identification of
bipolar reduction with a focus on cores and flakes. They contribute to a growing body of literature showing the importance of
simple, but not simplistic, technological strategies in prehistoric human decision-making.
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Introduction

This paper brings together the results of a long-term compara-
tive study investigating the energetics, efficiency, and

identification of bipolar and freehand reduction in contexts of
lithic miniaturization (Pargeter and de la Peña 2017; Pargeter
and Eren 2017). The paper’s main aim is to draw the experi-
mental project to a close by comparing the miniaturized flake
assemblages made on milky quartz and flint and to explore
potential differences between them. Our experiments follow-
ed the same protocols and were designed to achieve the same
production goal: the manufacture of small elongated flakes.
The results and discussion that follow have implications for
archeologists interested in measures of blade/bladelet and
small flake production and its relationship to aspects of raw
material variation, technological variability, and the effects of
raw material differences on choices of technology.

Bipolar reduction is Pleistocene archeology’s most en-
during lithic strategy (Sánchez-Yustos et al. 2017) and
nineteenth- and twentieth-century knappers still used it
(Weedman 2006; Witthoft 1966). Bipolar reduction, in its
basic definition, involves the use of a hammer and anvil for
flake production and flake modification. This technique is
relatively simple to learn and to transmit, and it allows tool-
makers to stabilize smaller cores during flake production
(Callahan 1987; Flenniken 1981). More complex variations
of bipolar reduction involve anvil-assisted flaking in which
freehand cores are modified after being placed on an anvil
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(Callahan 1987; Pargeter and Tweedie 2018) and bipolar
cobble splitting (Duke and Pargeter 2015). Despite its wide-
spread occurrence in the archeological record, bipolar reduc-
tion is still generally perceived of as a second-rate lithic
reduction strategy, even by one of us recently (e.g. Eren
2010).

Bipolar reduction’s study in archeology has an ignominious
history. Hayden (1973: 216) once noted, Bit was probably the
lazy and inept stone knappers who originally adopted the bipo-
lar method.^ Odell (2000: 294) echoed Hayden’s sentiments
when he noted in North America, B[Bipolar reduction] would
not be worthy of mention^ and bipolar reduction is a strategy
Bnobody would normally engage in.^ Some North American
archeologists rejected the possibility of bipolar reduction as a
legitimate reduction strategy, preferring to see it as a reflection
of entropy and chaos in lithic reduction (Sollberger and
Patterson 1976). Not all archeologists share Sollberger and
Patterson’s perspectives (e.g. Binford and Quimby 1963;
Goodyear 1993; Shott 1989a), but they have influenced
archeological thought about bipolar reduction. Furthermore,
archeologists working in North America and in Europe have
dealt extensively with confusion between the use of wedges and
chisels and the by-products of bipolar knapping (de la Peña
2011; Hayden 1980; Le Brun-Ricalens 1989, 2006; Shott
1989a, 1999). Africanist archeologists have historically been
more inclined to see bipolar reduction as a legitimate core re-
duction strategy (i.e., Barham, 1987) and to include it as a major
component in many of the continent’s lithic techno-complexes
and industries, particularly for those assigned to the Later Stone
Age (de la Peña 2015a).

Despite bipolar reduction’s ignominious history in arche-
ology, it is now a widely theorized and discussed set of lithic
reduction strategies (Shott andTostevin2015).There are three
main explanations for bipolar reduction’s increased impor-
tance. First, bipolar reduction occurs in nearly all prehistoric
contexts in which humans made and modified stone artifacts.
From the earliest flake production and block modification
using hammers and anvils to Late Pleistocene bipolar bladelet
production, toolmakers used bipolar technology formanydif-
ferent purposes (de la Peña 2015a; Shott and Tostevin 2015).
Second, traditional lithic systematics focused on reduction
strategies that are more difficult to learn and transmit tended
to underplay the importance of simple technologies in human
behavioral evolution. The growth in evolutionary perspec-
tives (e.g. Buchanan et al. 2014; Eren et al. 2015; Kuhn and
Miller 2015; Lycett and Cramon-Taubadel, 2014; Muller and
Clarkson 2016; O’Brien et al. 2015; Schillinger et al. 2015;
Shott 1989b; Surovell 2012), that on the other hand aim to
understand strategic variation in human behavior and its ma-
terial manifestations, have accommodated the co-occurrence
and reoccurrence of simpler and more complex technologies.
Third, bipolar reduction is relatively simple to learn and to
execute. As Callahan (1987) phrased, it a simple but not a

simplistic strategy, its use usually is related to expedient
(time) strategies and sometimes tomore 'complex' technologies
onother rawmaterials (suchaswoodorbone). Italsoappearsas if
bipolar reduction's simplicity inperformance is inverselypropor-
tional to its identification in the archaeological record.

Experimental and ethnoarchaeological research have
helped archeologists to explore potential motivating fac-
tors for why and how humans used bipolar reduction.
Experiments have shown how certain techniques of bi-
polar reduction (e.g. splitting quartz cobbles) need con-
siderable skill (Duke and Pargeter 2015). Others have
shown how expert toolmakers converted bipolar core
mass into flakes and cutting edge more efficiently than
novices (Morgan et al. 2015). Ethnoarchaeological re-
search among the Konso hide workers in Ethiopia
shows that they use bipolar techniques to produce and
modify small (c. 10–30 mm long) stone hide scrapers
and to conserve time and raw materials. They do so
because the distances to rock sources are relatively far
(up to 25 km away) (Arthur 2010). The Duna-speaking
groups of the Papua New Guinea highlands (White
1968), on the other hand, use bipolar techniques to pro-
duce expedient (quick), standardized, and thin cutting
edges. They also conserve time and energy for raw ma-
terial procurement. Here, bipolar reduction is a situa-
tional response to low tool stone supply and time con-
straints. In brief, such studies show that time for tool
production and the associated time for raw material pro-
curement toolmakers’ choice to use bipolar reduction
(also see Schillinger et al. 2014; Torrence 1983).

Archeological investigations add to the ethnographic
observations to show how toolmakers wove bipolar
technology into other more complex lithic reduction
strategies. Stone toolmakers used bipolar technology to
test raw materials before reduction, to manage core re-
duction, and to extend small cores’ use-lives (Flenniken
1981; Hiscock 2015; Pargeter 2016; Prous et al. 2010;
Pargeter and Tweedie 2018). Bipolar reduction’s benefits
accrue with relatively fewer costs regarding the skills
necessary to learn the technique. Moreover, they reduce
the time for raw material procurement and tool
production.

Bipolar reduction is an especially profitable strategy
for lithic miniaturization that is the systematic produc-
tion of small stone tools from small cores (Pargeter
2016). Foremost, this approach provides maximum sta-
bility for small cores’ reduction (Hiscock 2015). It al-
lows for the extraction of long and thin flakes that ex-
tend most way down the core face (Callahan 1987)
thereby exploiting a core's maximum surface area.
Bipolar reduction can facilitate flake reduction from
small, narrow, and crushed core platform edges, thereby
opening new possibilities to reduce small cores with
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platform morphologies that would otherwise pose signif-
icant challenges.

Southern African Late Pleistocene LSA (LPLSA) (c. 44–
12 kcal BP)miniaturized lithic assemblages show a unique com-
bination of high bladelet production, low retouch frequencies,
fine-grained rawmaterial use, and high rates of bipolar reduction
(Low and Mackay 2016; Pargeter 2016; Porraz et al. 2016).
Initially, archeologists referred to these miniaturized bipolar
cores as Bwedges^ or pièces esquillées, outils écaillés, and
core-reduced pieces following western European analytical tra-
ditions (see Deacon 1984; Mitchell 1988). Subsequent experi-
mental work and archeological analyses have demonstrated that
bipolar cores were also a key component of the small flake and
bladelet production strategies in several LPLSA lithic assem-
blages (Pargeter 2016 Deacon 1984; Mitchell 1988; Low and
Mackay 2016; Porraz et al. 2016) archaeologists have. However,
questions still remained as to the relationship between bipolar
reduction and bladelet production and what decision-making
criteria might compel toolmakers to use this strategy over other
available options in southern Africa and elsewhere (i.e.,
Brantingham et al. 2004). Our experimental project was borne
from these archeological questions, and we designed the exper-
iments to simulate reduction scenarios relevant to the southern
African Late Pleistocene lithic record.

Experimental background

Archeologists have made extensive use of experimental data to
identify and describe bipolar products in lithic collections
(Callahan 1987; Curtoni 1996; de la Peña 2011; Díez-Martín
et al. 2009a; Díez-Martín et al. 2011; Driscoll 2011; Eren et al.
2013; Flenniken 1981). Most studies focus on bipolar cores
(Jeske and Lurie 1993) as these are relatively straightforward
to identify and describe (Díez-Martín et al. 2011). Yet, because
bipolar reduction tends to increase core discard thresholds, it
tends to produce lower core to flake ratios. This leaves the
numerically superior flake components large components of
bipolar dominated lithic assemblages unidentified and
unquantified. Fewer studies have focused on these more ubiq-
uitous bipolar flakes (Eren et al. 2013).

Barham’s (1987) quartz and chalcedony bipolar experi-
ments were among the first to provide clear bipolar flake de-
scriptions, which he described as Bbroad and irregular in plan
view with crushed butts and sheared bulbs of percussion^
(Fig. 1c, d, e, and h). Barham noted that different raw materials
respond differently during bipolar reduction with friable quartz
resulting in greater frequencies of crushed butts than chalcedo-
ny. Kuijt et al. (1995) used high-grade trachydacite to produce
nine bipolar flake assemblages with a wrapped core bipolar
method (cf. White 1968). They describe bipolar flake assem-
blages as having high degrees of flake fragmentation and high
cortex retention (Ahler 1989). Other authors have pointed to

the high incidence of flake fragmentation in quartz bipolar flake
assemblages (Driscoll 2010; Mourre 2004). Díez Martin et al.
(2011) compared the features of flakes produced through bipo-
lar and freehand reduction on Naibor Soit quartz. Their exper-
iments highlight metric differences between freehand and bi-
polar flakes with bipolar flakes being shorter, narrower, but
overall thicker than freehand flakes. They also show greater
wedging initiation frequencies with few clear bulbs and
crushing on both the proximal and distal ends of bipolar flakes
(cf. Bradbury and Carr 2012; Jeske and Lurie 1993). Contrary
to popular belief (e.g. Kobayashi 1975), bipolar flakes do not
always show double bulbs of percussion or crushed ends. de la
Peña (2015b) focused on the qualitative recognition of bipolar
knapping on quartz and flint cores and flakes. She recognized a
wide variety of bipolar blanks including flakes, bladelets, and
'chunks.' Some of the by-products are what Cotterell and
Kamminga (1987: 685) term "compression" flakes whereby
flakes are 'squeezed' off of cores rather than 'peeled' as in free-
hand reduction. Some blanks develop compression flake char-
acteristics on both extremities (no bulbs of force, crushing, and
a flat ventral surface), others on one side only. Flint bipolar
flakes show fissured, linear, and broken platforms; they do
not exhibit a distinguishable impact point, sometimes the rip-
ples on the bulbar faces are very marked and close to one
another. Flint bipolar flake profiles tend to be rectilinear and,
as a specific feature of bipolar flint blanks, sometimes they
show a Bpronounced hinged bulb^ (Fig. 1b). Quartz bipolar
blanks often exhibit a marked blunted whitish edge; they also
show broken, fissured, and linear platforms. Their profiles tend
to be rectilinear with low frequencies of hinge and step termi-
nations, features they share with flint bipolar flakes. One of de
la Peña’s (2015b) main conclusions was that the distinction
between freehand and bipolar knapping on quartz is not clear
from a qualitative point of view. She argued that quantitative
approaches, such as the ones proposed in Pargeter and de la
Peña (2017) and in this paper could help unpack some of these
complexities.

Several experimental studies have begun to generate data on
bipolar reduction’s efficiency by recording its relative cutting
edge to flaked mass ratios. Díez Martin et al.’s (2011) experi-
ments show no statistically significant differences between free-
hand and bipolar flakes’ cutting edge to mass values. Both flake
populations showed values of 0.85 and 0.89 mm/g respectively.
Morgan et al.’ (2015) experiments on small chert nodules show
significantly higher mean cutting edge to mass values for free-
hand flakes (18.08 mm/g) compared to their bipolar flakes
(7.65 mm/g). More recently, Muller and Clarkson (2016) creat-
ed bipolar flake assemblages with lower mean cutting edge to
mass values (10.36 mm/g) when compared to the other eight
reduction strategies in their experiment (the others were all >
16 mm/g). Because bipolar reduction is relatively less efficient
in some contexts, there must have been several reasons prehis-
toric humans chose to use it so often.
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Gurtov and colleagues (2014) tested the widely held percep-
tion that human’s use of bipolar reduction reflects limitations in
the quality of specific rawmaterials (also see Bradbury and Carr
2012; Gurtov and Eren 2014). Their experiments compared
flake shape and efficiency (number of flakes made per original
core mass per unit time) on quartzite and basalt bipolar flakes
with a specific reference to the Earlier and Middle Stone Age
lithic records at Olduvai Gorge, Tanzania (cf. Díez Martin et al.
2009b). They found no significant shape differences be-
tween the quartzite and basalt flake samples. They did,
find significant differences in the number of flakes made
per original core mass per unit time with each of the raw
materials. They interpret this result to mean that the asso-
ciation between quartzite and bipolar reduction at Olduvai
Gorge can be explained by constraints and advantages of
both quartz and basalt alike. Duke and Pargeter’s (2015)
bipolar cobble splitting experiments demonstrated how
efficient this strategy is to open quartz cobbles for further
freehand and bipolar reduction bipolar reduction's time-
budgeting qualities would have created strong incentives
for toolmakers to choose this stratetgy over others.

One problem with the energetics and efficiency
arguments outline above is they contrast bipolar
reduction experiments designed to replicate widely
differing reduction goals. Díez Martin et al. (2011) and
Gurtov and Eren (2014) were concerned with replicating
flake shapes and sizes relevant to the Earlier and
Middle Stone Ages in eastern Africa. Morgan and
colleagues and Muller and Clarkson (2016) were simply
concerned with trying to extract small flakes from small
bipolar cores while Duke and Pargeter (2015) tested
questions relevant to larger quartz cobble flaking.
Experimental outcomes differ dependent on whether
toolmakers produce small elongated flakes, larger flakes,
initiate flaking on cobbles, or simply bash a cobble to

produce flakes (Hiscock 2015). Because bipolar reduc-
tion is so variable in its application, it is particularly
susceptible to variations in the resulting flakes and com-
parative analyses and experiments need to account for
this factor.

An experiment examining bipolar and freehand
reduction in the context of lithic miniaturization

Our work built on these previous experimental studies
with added emphasis on the costs and benefits of bipolar
versus freehand reduction on flint and quartz (Pargeter
and de la Peña 2017; Pargeter and Eren 2017). To clarify
issues of reduction outcomes, it focused on a single re-
duction goal: the production of small elongated flakes. To
minimize ambiguity around the type of bipolar reduction,
we used a pure axial technique in which toolmakers aimed
their blows directly down into the core. This reduction
goal references broad processes of lithic miniaturization
and bladelet production characteristic of the southern
African Late Pleistocene and other regions of the world
(Brantingham et al. 2004; Deacon 1984; Low and Mackay
2016; Pargeter 2016; Porraz et al. 2016). The experiments
addressed two key questions:

1. In contexts of lithic miniaturization, what benefits in time,
energy, and efficiency does axial bipolar reduction pro-
vide over freehand reduction?

2. Can we reliably distinguish the products of axial bipolar
reduction from those produced with freehand reduction?

We collected a total of 40 nodules/cobbles of quartz and
flint for each of the experiments (see Pargeter and de la Peña
2017 Pargeter and Eren 2017 for further details).We randomly
assigned 20 nodules to each of the reduction experiments

Fig. 1 Flint and quartz flake attributes. a Hertzian cone, b hinged bulb, c sheared bulb, d sheared bulb (quartz), e crushed ventral surface (quartz), f
hertzian cone (quartz), g platforms with shape (flint), h crushed platforms (quartz)
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(axial bipolar reduction and freehand reduction). Paloma de la
Peña and Metin Eren, two expert quartz and flint knappers
respectively, made the experimental assemblages, while
Justin Pargeter recorded the energetics data and analyzed the
assemblages. We acknowledge at the outset that the effects of
two different knappers may confound the effects of raw ma-
terial variability in comparisons of quartz and flint. However,
it is common for archeologists to compare results across ex-
periments made by different knappers. Moreover, our experi-
mental controls are designed to minimize the effects of indi-
vidual knapper’s idiosyncratic behavior on our results. The
following section provides details on these experimental de-
sign criteria.

The experiments’ overall goal was to reduce the cores
until accidents (step and hinge fractures, obtuse flake an-
gles) were insurmountable and when bipolar cores were
small enough to endanger the knapper’s fingers. For free-
hand reduction, the initial preparation of the striking plat-
form was done by simply removing a flake to create an
appropriate flake release angle, taking into account the
initial shape of the nodule. During reduction, the knapper
placed their hand over the flake release surface in order to
avoid, as much as possible, the formation of hinge and
step fractures on the resulting flakes. This protective mea-
sure also ensured the production of as many elongated
blanks as possible in keeping with the goal of the exper-
iments. In the bipolar reduction experiments, knappers
held the core with the long axis perpendicular to the an-
vil’s surface and then struck downwards into the core
from directly above. This strategy involved immobilizing
and compressing the core between the anvil and the ham-
mer. Cores were rotated when necessary and to ensure the
striking platform remained viable.

We used a large plastic canvas sheet to recover all chips,
chunks, and flakes from each core. Using a random number
generator, we then selected 20 flakes, regardless of size, from
each of the core debris bags. The total sample from each raw
material amounted to 800 flakes (20 flakes per core, 400
flakes per reduction strategy) (Table 1). We then conducted
attribute analysis and calculated cutting-edge measurements
on the 1600 randomly selected flakes. All the cores were an-
alyzed, but this paper focuses specifically on the flake
patterns.

Results overview and background to the raw material
comparisons

The answers to our experiments’ questions provided surprising
results. On both rawmaterials, bipolar reduction yielded a greater
amount of cutting edge per gram of rock than freehand reduction.
As expected, it also reduced a significantly larger core volume. It
achieved both goals in less time andwith less energy expenditure
than freehand reduction. Bipolar reduction also yielded more
bladelets than freehand reduction. These results suggest bipolar
reduction is a more effective and efficient strategy for lithic min-
iaturization than freehand reduction. Our results support the hy-
pothesis that we should expect to find increased bipolar reduction
in contexts where there were strong incentives to economize raw
material in the context of lithic miniturization.

This project identified a series of attributes to distinguish
bipolar and freehand cores and flakes statistically. Some tech-
nological attributes agree with previous experimental obser-
vations (i.e. bulb and platform crushing). Other novel attri-
butes included sheared bulbs (Fig. 1c, d), splintered flake ter-
minations, and several core shape attributes. These attributes
are relatively straightforward to identify and measure
archeologists can use them to standardize their language in
future bipolar reduction studies. The experiments replicated
most Bsmall^ core subtypes in southern African Late
Pleistocene typologies (i.e., flat bladelet cores, rice-grain
cores, core-reduced pieces) without purposefully doing so
(Pargeter and de la Peña 2017; Pargeter and Eren 2017). Our
results showed that these core types are the products of axial
bipolar reduction, not separate and distinct or specialized re-
duction strategies (e.g. wrapped bipolar reduction) as typically
argued (e.g. Deacon 1984).

The project used statistically significant technological attri-
butes to generate a series of multi-variate generalized linear
predictive models for distinguishing bipolar cores and flakes.
Applied to the combined bipolar and freehand experimental
assemblage, the predictive models worked well (> 90% pre-
diction accuracy rates) with sample sizes of c. 400 flakes and
> 20 cores (Pargeter and Eren 2017). One would not expect
predictive power to decline among larger samples in
archeological contexts unless the technological contexts dif-
fered from our experimental framework.

Following from this brief background to the experiment, we
now compare the quartz and flint experimental results with a
specific focus on patterns of variation in the milky quartz and
flint flake assemblages. Our comparison addresses several key
aspects of flake variability holding flake production goals con-
stant. First, our comparison focuses on the flake cutting edge to
mass values generated in the two experiments to assess the
degree to which raw material differences effect these values.
Second, we compare flake fragmentation rates between the
two experiments to test the long-held assumption that quartz
bipolar reduction will result in greater flake fragmentation than

Table 1 Overview of experimental sample and sample sizes

Raw material Flaking condition Flake sample size

Quartz Freehand 400

Bipolar 400

Flint Freehand 400

Bipolar 400
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non-quartz bipolar reduction. Third, we compare several tech-
nological attributes on the flakes’ ventral surfaces, distal ends,
and platforms to assess the degree to which raw material differ-
ences effect differences in the structure of these attributes.
Fourth, we use ANOVAs to provide insight into the respective
roles of raw material variability and technological strategy in
flake shape variations. Following recent calls for greater trans-
parency and reproducibility in research (e.g. Marwick 2017),
we include our R code and raw data as supplementary materials
(see Supplementary documents 1 and 2). The code files and
datasets can also be found through our Open Science
Framework project at DOI https://doi.org/10.17605/OSF.IO/
38TSN.

We chose not to start with identical saw-cut quartz and flint
blocks, but to sacrifice absolute control of block size and
shape for a more actualistic framework (i.e., higher external
validity, Eren et al. 2016) in which the knapper’s selection was
allowed to constrain the reduction process. Although the se-
lected nodules varied in size and shape, the range of blocks
picked for the two experiments is comparable (Fig. 2). A one-
way ANOVA showed statistically significant differences be-
tween the range of flint and quartz nodule forms (flatness/

elongation) values [F(1, 78) = 5.08, p = 0.027, d = 0.25]
(Table 2). The ANOVA test effect size (the proportion of the
variation in a response variable that is associated with mem-
bership of the different groups) is low (< 0.3, see d value
above) suggesting that nodule form accounts for a low overall
amount of variance across the flint and quartz nodules. The
flint and quartz nodule populations have close enough shape
equivalence for inter assemblage comparisons.

To further avoid the confounding effects of size differences
in our experimental flakes, we compared the cutting edge
(mm) produced in terms of each flake’s mass. We follow the
protocols set forth in Mackay (2008) and Brown (2011) to
calculate the flake cutting edge to mass ratios on our two
samples. Brown’s (2011) methodology corrects for the prob-
lem of negative linear correlation between flake cutting edge
and flake size (cf. Dibble and Rezek 2009) by dividing cutting
edge values by the cube root of mass, which results in a linear
relationship between the two variables. Flakes were compared
in terms of shape instead of size variables to further reduce the
effects of core size differences on these results. We used the R
statistical program (R Core Team 2013) for all statistical
analyses.
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Results

Figure 3 depicts the flake cutting edge to mass values for the
milky quartz and flint bipolar and freehand flake assemblages.
These data exhibit marked differences with respect to their
location, scale, and shape. Bipolar and freehand milky quartz
flakes show lower cutting edge to mass values compared with
the flint bipolar and freehand flakes. A two-way ANOVA
comparing cutting edge to mass, raw material, and technolog-
ical strategy, and their interactions show significant differ-
ences (Table 3). Raw material [F(1, 698) = 161.19, p = <
0.0001, d = 0.48] and technological strategy [F(1, 698) =
9.665, p = 0.002, d = 0.12] and their interaction [F(1, 698) =
15.88, p = < 0.0001, d = 0.15] influence cutting edge to mass
production. This result suggests that raw material's effect on
the flake cutting edge to mass ratio is dependent or contingent
on the knapping strategy. In our case, freehand reduction

produced greater flake cutting edge to mass ratios than bipolar
reduction on flint flakes but not on quartz flakes.

Flake fragmentation

Overall, we find a difference between the flake fragmentation
patters in the bipolar and freehand flake samples (Fig. 4). A
chi-square test shows significant differences between the two
samples, with bipolar flakes showing greater complete flake
and non-identifiable flake fragment counts (X2 [1, N =
1600] = 10.67, p = 0.001, phi = 0.01). The effect size statistic
(phi = 0.01) suggests a low practical significance to this out-
come. Figure 4 shows the complete flake and flake fragment
counts. Complete flakes include flakes with proximal, mesial,
and distal flake portions, while flake fragments include flake
elements. When analyzing quartz assemblages, some
archeologists refer to these fragmented elements as Bblock or

Table 2 ANOVA analysis output
for the model comparing nodule
form and raw material

Df Sum sq Mean sq F value Pr (> F) Cohen’s f effect size

Nodule form by raw material 1 0.599 0.5995 5.081 0.027 0.25

Residuals 78 9.202 0.118
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Fig. 3 Flake cutting edge to mass compared across raw materials
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shatter^ (e.g. Bernstein et al. 1993). These data show several
differences driven by raw material variations within the bipo-
lar and freehand flake classes. Flint bipolar flakes show higher
complete flake counts than quartz bipolar flakes. A chi-square
test with modified alpha level (i.e., Bonferroni correction) to
adjust for multiple testing and reduce type-I error, shows sig-
nificant differences in the milky quartz and flint bipolar flake
fragmentation categories (X2 [1, N = 800] = 56.09, p = <
0.0001, phi = 0.18) with low practical significance
(phi = 0.18). The flint freehand flakes show higher complete
flakes compared to the milky quartz freehand flakes (X2 [2,
N = 800] = 73.31, p = <0.0001, phi = 0.3). The effect size sta-
tistic (phi = 0.3) suggests a medium practical significance for
this outcome.

Technological attributes

The bipolar and freehand flake samples show marked differ-
ences in the frequency of various technological attributes on the
flake platforms, ventral surfaces, and distal ends. Figure 5
shows the count of crushed and shaped (i.e., platforms with
an identifiable morphology) platforms relative to raw material
and technological strategy (see Figs. 5 and 1e, h). The bipolar
flakes show statistically significant differences (X2 [1, N =
566] = 154.67, p = < 0.0001, phi = 0.52) with the quartz
sample showing higher crushed platforms and lower plat-
forms with shape to them (quadrangular, rectilinear, and
punctiform platforms). This effect size statistic is high
(phi = 0.52). The quartz freehand flakes show non-

Table 3 ANOVA analysis output
for the model to determine the
relative influences of
technological strategy and raw
material variability on cutting
edge to mass production

Df Sum sq Mean sq F value Pr (> F) Cohen’s F effect size

Raw material 1 18,882 18,882 161.185 < 0.0001 0.48

Flaking condition 1 1132 1132 9.665 0.00195 0.12

Flaking condition: raw
material

1 1860 1860 15.88 < 0.0001 0.15

Residuals 698 81,769 117
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significant differences (X2 [1, N = 527] = 1.223, p = 0.668,
phi = 0.04) with the flint flakes showing higher shaped plat-
form counts.

Figure 6 depicts the counts of ventral surface features on
the bipolar and freehand flakes by raw material. The Bother^
category depicted in this figure includes identifiable bulbs of
force and/or errailueur scars. The milky quartz bipolar flakes
show significant differences in their higher ventral surface
crushing and shearing (Fig. 1c–e) and lower frequencies of
identifiable Hertzian cones (X2 [2, N = 566] = 224.18, p = <
0.0001, phi= 0.62) (see Figs. 6 and 1). This effect size is large
(phi = 0.62). The flint bipolar flakes, on the other hand are
more likely to show bulbs of force and errailueur scars. The
milky quartz freehand flakes also show significant differences
(X2 [2, N = 566] = 25.87, p = < 0.0001, phi = 0.22) driven
largely by their higher incidence of ventral surface crushing
(Fig. 1e) and lower bulb counts. The practical significance of
this result is low (phi = 0.22).

The final technological attribute we examined was the
presence of absence of rebound force scars on the distal
ends of the flakes. Rebound force scars should occur more
often on bipolar flakes as their distal ends come into

contact with an anvil during the reduction process. The
data depicted in Fig. 7 show higher overall rebound force
scar counts in the bipolar flake sample demonstrating that
this assumption is correct. However, the counts do differ
by raw material type. The flint bipolar flakes show signif-
icantly higher elements with no rebound force scars com-
pared to the milky quartz flakes (X2 [1, N = 588] = 51.82,
p = <0.0001, phi = 0.29). This result has a medium to low
practical significance (phi = 0.29). The milky quartz and
flint freehand flakes both show similar and non-
significant patterns of rebound force scarring (X2 [1, N =
588] = 4.06, p = 0.0436, phi = 0.08).

Flake shape, technological strategy, and raw material
variability

An ANOVA analysis was conducted to determine the relative
influences of technological strategy and raw material vari-
ability in flake shape variation. We used flake form (elon-
gation/flatness) as an outcome variable and technological
strategy (bipolar or freehand), and raw material (quartz or
flint) as the independent variables. The model includes an
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interaction term to describe the relationship between raw
material type and technological strategy. We log trans-
formed the flake shape variable that was prior to the analy-
sis to ensure it did not deviate from the ANOVA assumption
of normality.

Table 4 presents the ANOVA model outputs. The two-
way ANOVA yielded a main effect for raw material type,
F(1,1091) = 23.65, p < 0.0001, such that the average flake
form was significantly different for quartz (median = 0.58;
range: 0.06–3.62) compared to flint (mean = 0.44; max:
0.01–3.90). The main effect of flaking condition was also
significant, F(1, 1091) = 14.09, p = 0.0008 with the aver-
age flake form significantly different for bipolar (medi-
an = 0.53; range: 0.01–3.9) compared to freehand flakes
(mean = 0.44; max: 0.06–2.9) (Fig. 8). The effect sizes
for flaking condition (0.1) and raw material (0.14) are
however both small. The interaction effect between raw
material and flaking strategy was not significant, F(1,
1091) = 1.75, p = 0.18, indicating that variations in flake
form are better explained by raw material type and flaking
strategy alone.

Discussion

Before discussing the implications of our present experiment, we
must acknowledge some limitations of the data as generated in
this paper. At present, our sample size of knappers (n = 2) is small
and will not reflect the total amount of variance in the
archeological record. Moreover, because our experiment focused
on the difference between bipolar and freehand reduction, we did
not explicitly test the effects of knapper variability on our results.
We did, however, attempt to minimize these differences by using
a standardized replication framework and explicit protocols. Our
approach follows other experimental studies (e.g. Jennings et al.
2010; Shott 1994; Shott et al. 2000) that compare the results of
knapped debris and cores made by several knappers to gain
insight into other variables, such as fracture mechanics, raw ma-
terial differences, or technological organization. In spite of these
limitations, we offer several novel insights into the role of simple,
but not simplistic, technological strategies in prehistoric human
decision-making. Pending further experiments and more detailed
comparisons with archeological assemblages, our findings are
best considered working hypotheses.

132

28 27

208

113

58

30

7

178

286

10
16

bipolar freehand

Crushing Other Shearing Crushing Other Shearing

0

100

200

300

Ventral Surface Marks

A
rt

ef
ac

t c
ou

nt

Flint

Quartz

Marks on the ventral surface by raw material and technology

Fig. 6 Flake ventral surface feature counts (counts provided atop bars) by raw material and reduction strategy

Archaeol Anthropol Sci (2019) 11:5893–59075902



Our experimental results provide the opportunity to revisit
several long-standing questions in research on bipolar tech-
nology. These include to what extent flake efficiency mea-
sures (cutting edge to mass), technological stigmata, fragmen-
tation rates, and flake shapes are affected by differences in
flaking strategies and raw material variability. Our experimen-
tal protocols controlled for knapping goals allowing us to
assess these various questions irrespective of knapping mo-
tives. Our quartz and flint experimental nodules showed sim-
ilar patterns of variation allowing us to contrast the flake prod-
ucts on these two rock types.

Our cutting edge to mass comparisons show that flint bipolar
and freehand flakes show significantly higher cutting-edge pro-
duction values compared to the quartz bipolar and freehand
flakes. However, this outcome had greater effective significance
(a higher effect size score) in the freehand flakes compared to the
bipolar flakes. This result suggests that when flaking efficiency is
the primary production goal (which it need not always be) tool-
makers are better off deploying a freehand strategy on flint com-
pared to quartz (e.g.Morgan et al. 2015). The result also suggests
that the two rawmaterial's cutting edge to mass outcome is more
likely to converge with bipolar reduction.

Our bipolar reduction efficiency results speak to the
broader issue of flaking goals and flaking strategies. Our
previous experimental work as well as those of colleagues
addressing similar questions (e.g. Flenniken 1981; Morgan
et al. 2015) show that bipolar reduction outcomes differ
dependent on whether toolmakers produce small elongated
flakes or simply bash a cobble to produce flakes. We de-
signed this project’s experiments to produce small, elongat-
ed flakes, and to simulate reduction scenarios relevant to
the Late Pleistocene in southern Africa. Given the well-
known economic advantages of bladelet production (Eren
et al. 2008), it is no surprise that when bipolar experiments
are designed to produce larger, longer, wider, flakes, they
fall short of this project’s reduction efficiency and economy
measures. This discrepancy, may well explain the dissimi-
larities between ours and other bipolar reduction experi-
ments. It is also logical then to hypothesize that these dif-
ferent bipolar modalities might have an impact on the qual-
itative and quantitative characteristics of the assemblages
produced. The source of variation among different bipolar
experiments discussed here might be mitigated by these
different reduction goals. Further research comparing
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different types of bipolar reduction but controlling for raw
material and flaking goals are warranted.

Comparisons of the flake fragmentation patterns show the
flint and quartz bipolar flakes with statistically distinguishable
complete flakes and flake fragment counts, but with low practical
effect sizes. Overall, the bipolar flakes show higher complete
flake counts than the freehand flakes. The freehand versus bipo-
lar flake fragmentation data partially support two surprising, but
commonly discussed, aspects of bipolar reduction. First, that
when bipolar reduction is used as a controlled reduction strategy,
it leads to greater complete flake production (i.e., Flenniken
1981). Our data show that this is the case for quartz flakes, but
not for flint flakes, which instead showed similar complete flake
frequencies in the bipolar and quartz samples. Second, that axial
bipolar reduction can produce relatively thin and intact flakes and
flakes of an even thickness (Manninen 2016). These may have
been two of the many factors motivating toolmakers to employ
bipolar reduction as a strategy for lithic miniaturization. Raw
material comparisons support the notion that flint and quartz
bipolar and freehand reduction differ in their fragmentation
patterns. However, this result has greater practical significance
for our freehand sample in which quartz showed higher flake
fragment counts. Regardless, it is possible that archeologists
underplay the importance of flake fragments in prehistoric
toolkits. For example, Knutsson et al. (2015) conducted use-
wear analysis on a large (n = 544) sample of Scandinavian
Mesolithic and Neolithic shattered quartz bipolar flake frag-
ments. Their data show that > 100 of these flake fragments were
used.

Our previous analyses (Pargeter and de la Peña 2017;
Pargeter and Eren 2017) outlined in detail the differences in
technological attribute states between our quartz and flint bi-
polar and freehand flakes. The results showed clear quantita-
tive and qualitative differences between these two flaking
strategies on the two raw materials. Following calls by de la
Peña (2015b), we argue that quantitative comparisons of these
attribute states show differences structured by raw material
type. The bipolar and freehand flakes show different platform,
ventral surface, and distal termination configurations depend-
ing on what raw material is referenced. The effect size values
suggest relatively high practical significance for these differ-
ences. Our results show that the application of attribute-based

approaches to identifying bipolar reduction need to account
for this degree of raw material variability.

Lastly, our linear model showed the complex and subtle
contributions of technology and raw material variability to
the form of bipolar and freehand flakes. These results
speak to previous findings by Gurtov and Eren (2014)
and Gurtov et al. (2015) suggesting that raw material var-
iability plays a minor role in determining bipolar flake
shape, which in turn is a conclusion broadly consistent
with a wide array of experimental and archeological find-
ings suggesting raw material is rarely the predominate
source of variation in stone tool morphology (Bar-Yosef
et al. 2012; see also Clarkson 2010; Costa 2010; Eren
et al. 2011b, 2014 and references therein). Our results
show that while raw material variability and technological
strategy both contribute to variations in flake forms, they
do so at a low level of practical significance (low overall
effect size statistics). The data suggest that subtle varia-
tions in raw material morphology may govern flake form
differences, but larger factors are also responsible. Our
alternative hypothesis is that flaking goals and consider-
ations of production efficiency are more important factors
(other than raw materials) when considering variations in
the form of bipolar and freehand flakes.

These results also provide interesting insights into variation
attributed to individual knappers. One would intuitively ex-
pect large differences in the products from two knappers re-
ducing two different raw materials. Yet, this is not on average
what our results show. We found that most of the significant
differences between our flint and quartz flakes were of low
practical value. Those that showedmedium to high effect sizes
(i.e., ventral surface features and platform types), are most
likely linked to differences in the structural qualities of the
two rawmaterials. Tallavaara et al. (2010) argue that increased
toolmaker skill will decrease variation between individual
knappers. While this observation is almost certainly task de-
pendent, the fact that our two knappers are both experienced
knappers probably contributed to the lack of overall variance
between the two experiments. Moreover, we hypothesize that
bipolar reduction requires considerably less skill than free-
hand reduction for small bladelet production. Thus, while
some of the significant differences we found between flint

Table 4 ANOVA analysis output
for the model to determine the
relative influences of
technological strategy and raw
material variability in flake shape
variation. We used flake form
(elongation/flatness) as an
outcome variable, technological
strategy (bipolar or freehand), raw
material (quartz or flint), and their
interaction as the independent
variables

Df Sum
sq

Mean
sq

F
value

Pr (> F) Cohen’s F effect
size

Flaking condition 1 6.7 6.738 11.303 0.0008 0.1

Raw material 1 14.1 14.099 23.653 < 0.0001 0.14

Flaking condition: raw
material

1 1 1.044 1.751 0.186015 0.04

Residuals 1091 650.3 0.596
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and quartz bipolar reduction might be attributed to differences
in toolmaker skill (Bleed 2008; Eren et al. 2011a; Morgan
et al. 2015; Stout 2002), or experience (Eren et al. 2011b),
or slight variations in technique or tools (e.g. Schillinger
et al. 2015, 2017), all of this means that raw material’s contri-
bution to bipolar flake shape is in all likelihood even smaller
than the pittance it already seems to be supplying. That said,
future work should certainly focus on controlling for the knap-
per by having one knapper work with multiple raw materials.

Conclusions

This project established the first controlled experimental base-
line for lithic miniaturization production variability in south-
ern Africa. Its experiments build on a foundation of clear
protocols and production goals. The two elements were criti-
cal for the bipolar reduction experiments. The experimental
outcomes would have differed if our goal was to simply to
bash rocks. Here we compared the efficiency and technolog-
ical attributes on the experiment’s milky quartz and flint
flakes. The results show few practically significant differences
between the two flake samples. The strongest differences are

in the flakes’ ventral surface and platform features. Otherwise,
we confer with previous experimental studies that show cer-
tain types of milky quartz behave in essentially the same way
as other brittle materials such as flint. Although our experi-
mental results were not expected to explain the use of bipolar
reduction or lithic miniaturization everywhere, because their
production goals were explicit, the results speak to wider cases
where toolmakers used bipolar and freehand reduction to
make bladelets on quartz and flint, such as in northern Asia,
eastern Africa, and Europe.

Acknowledgements The authors would like to thank John Shea for com-
ments on earlier versions of the text and data.

Funding information This study is supported by the Justin Pargeter’s
National Science Foundation DDIG fellowship for financial support. The
Leakey Foundation Mosher Baldwin Fellowship and the Dan David Prize

References

Ahler SA (1989) Experimental knapping with KRF and mid continental
cherts: overview and applications. In: Amick DS, Mauldin RP (eds)
Experiments in lithic technology. Archaeopress, Oxford, pp 199–
234

bipolar freehand

Flint Quartz Flint Quartz

−3

−2

−1

0

1

2

Raw Material

Lo
g 

ar
te

fa
ct

 fo
rm

Flake elongation by Raw Material and Reduction Strategy

Fig. 8 Flake shape comparisons by raw material and technology

Archaeol Anthropol Sci (2019) 11:5893–5907 5905



Arthur KW (2010) Feminine knowledge and skill reconsidered: women
and flaked stone tools. Amer Anthrop 112:228–243

Barham LS (1987) The bipolar technique in southern Africa: a replication
experiment. S Afr Arc Bul 42:45–50

Bar-Yosef O, Eren MI, Yuan J, Cohen DJ, Li Y (2012) Were bamboo
tools made in prehistoric Southeast Asia? An experimental view
from South China. Quatern Int 269:9–21

Bernstein D, Lenardi MJ, Merwin D (1993) Archaeological investiga-
tions at Eagles Nest, Mount Sinai, Town of Brookhaven, Suffolk
County, New York. The Institute for Long Island Archaeology,
Stony Brook

Binford LR, Quimby GI (1963) Indian sites and chipped stone materials
in the Northern Lake Michigan area. Fieldiana Anthropol 36:277–
307

Bleed P (2008) Skill matters. J Archaeol Method Theory 15:154–166.
https://doi.org/10.2307/40345999

Bradbury AP, Carr PJ (2012) Examining the role of blade and bipolar
technologies in the organization of early archaic lithic technology.
In: Carr PJ, Bradbury AP, Price SE (eds) Contemporary lithic anal-
ysis in the southeast: problems, solutions, and interpretations.
University of Alabama Press, Montgomery, pp 79–95

Brantingham PJ, Gao X, Madsen DB, Bettinger RL, Elston RG (2004)
The initial upper Paleolithic at Shuidonggou, Northwestern China.
In: Brantingham PJ, Kuhn SL, Kerry KW (eds) The Early Upper
Paleolithic beyond Western Europe, vol Berkeley. University of
California Press, Berkeley, pp 223–241

Brown KS (2011) The sword in the stone: lithic raw material exploitation
in the middle stone age at pinnacle point site 5–6, Southern Cape,
South Africa. Unpublished PhD Thesis. University of Cape Town

Le Brun-Ricalens F (1989) Contribution à l’étude des pièces esquillées:
La présence de percuteurs à ‘cupules. BSPF 86:196–200

Le Brun-Ricalens F (2006) Les pièces esquillées: état des connaissances
après un siècle de reconnaissance. Paléo: Rev D'archaeol
Préhisorique 18:95–114 http://paleo.revues.org/index181.html

Buchanan B, O’Brien MJ, Collard M (2014) Continent-wide or region-
specific? A geometric morphometrics-based assessment of variation
in Clovis point shape. Archaeol Anthropol Sci 6:145–162

Callahan E (1987) An evaluation of the lithic technology in Middle
Sweden during the Mesolithic and Neolithic. Societas
Archaeologica Upsaliensis, Upsalla

Clarkson C (2010) Regional diversity within the core technology of the
Howiesons Poort techno-complex. In: Lycett SJ, Chauhan PR (eds)
New perspectives on old stones. Springer, New York, pp 43–59

Costa AG (2010) A geometric morphometric assessment of plan shape in
bone and stone Acheulean bifaces from the Middle Pleistocene site
of Castel di Guido, Latium, Italy. In: Lycett S, Chauhan P (eds) New
perspectives on old stones. Springer, New York, pp 23–41

Cotterell B, Kamminga J (1987) The formation of flakes. AmerAnt 52:
675–708

Curtoni RP (1996) Experimentando con bipolares: indicadores e implicancias
arqueológicas. Relaciones Soc Argent Antropol 21:187–214

Deacon J (1984) The later stone age of southernmost Africa.
Archaeopress, BAR International Series, Oxford

de la Peña P (2011) Sobre la identificación macroscópica de las piezas
astilladas: propuesta experimental. Trab Prehist 68:79–98

de la Peña P (2015a) The interpretation of bipolar knapping in African
Stone Age studies. CurrAnthr 56:911–923

de la Peña P (2015b) A qualitative guide to recognize bipolar knapping
for flint and quartz. Lith Technol 4:1–16

Dibble HL, Rezek Z (2009) Introducing a new experimental design for
controlled studies of flake formation: results for exterior platform
angle, platform depth, angle of blow, velocity, and force. JAS 36:
1945–1954

Díez-Martín F et al (2009a) The Middle to Later Stone Age technological
transition in East Africa. New data fromMumba Rockshelter Bed V

(Tanzania) and their implications for the origin of modern human
behavior. J Afr Archaeol 7:147–173

Diez-Martin, FP, Yustos M, Dominguez-Rodrigo A, Mabulla R, Barba
(2009b) Were olduvai mominins making butchering tools or
battering tools? Analysis of a recently excavated lithic assemblage
fromBK (Bed II, Olduvai Gorge, Tanzania). J Afr Archaeol 28:274-
289

Díez-Martín F, Yustos P, Domínguez-Rodrigo M, Prendergast M (2011)
An experimental study of bipolar and freehand knapping of Naibor
Soit quartz from Olduvai Gorge (Tanzania). AmerAnt 76:690–708

Driscoll K (2010) Understanding quartz technology in early prehistoric
Ireland. PhD, University College Dublin

Driscoll K (2011) Vein quartz in lithic traditions: an analysis based on
experimental archaeology. JAS 38:734–745. https://doi.org/10.
1016/j.jas.2010.10.027

Duke H, Pargeter J (2015) Weaving simple solutions to complex prob-
lems: an experimental study of skill in bipolar cobble-splitting. Lith
Tech 40(4):349–366

Eren MI, Greenspan A, Sampson GC (2008) Are upper paleolithic blade
cores more productive than middle paleolithic discoidal coresV a
replication experiment. Journal of Human Evolution. 55(6):952–
961

Eren MI (2010) Anvil reduction at the early paleoindian site of paleo
Crossing (33ME274), Northeast Ohio. Curr Res Pleistocene 27

Eren MI, Bradley B, Sampson CG (2011a) Middle Paleolithic skill level
and the individual knapper: an experiment. AmerAnt 76:229–251

ErenMI, Lycett SJ, Roos CI, Sampson CG (2011b) Toolstone constraints
on knapping skill: Levallois reduction with two different raw mate-
rials. JAS 38:2731–2739

ErenMI, Díez-Martin F, Dominguez-RodrigoM (2013) An empirical test
of the relative frequency of bipolar reduction in BedsVI, V, and III at
Mumba Rockshelter, Tanzania: implications for the East African
Middle to Late Stone Age transition. JAS 40:248–256

Eren MI, Roos CI, Story BA, von Cramon-Taubadel N, Lycett SJ (2014)
The role of raw material differences in stone tool shape variation: an
experimental assessment. JAS 49:472–487

ErenMI, Buchanan B, O'Brien MJ (2015) Social learning and technolog-
ical evolution during the Clovis colonization of the New World. J
Hum Evol 80:159–170

Eren MI, Lycett SJ, Patten RJ, Buchanan B, Pargeter J, O'Brien MJ
(2016) Test, model, and method validation: the role of experimental
stone artifact replication in hypothesis-driven archaeology.
Ethnoarchaeology 8:103–136. https://doi.org/10.1080/19442890.
2016.1213972

Flenniken JJ (1981) Replicative systems analysis: a model applied to the
vein quartz artifacts from the Hoko River site. Washington State
University Laboratory of Anthropology, Pullman

Goodyear AC (1993) Tool kit entropy and bipolar reduction: a study of
interassemblage lithic variability among Paleo-Indian sites in the
northeastern United States. N Amer Archaeol 14:1–23

Gurtov AN, Eren MI (2014) Lower Paleolithic bipolar reduction and
hominin selection of quartz at Olduvai Gorge, Tanzania: what’s
the connection? Quatern Int 322:285–291

Gurtov AN, Buchanan B, Eren MI (2015) BDissecting^ quartzite and
basalt bipolar flake shape: a morphometric comparison of experi-
mental replications from Olduvai Gorge, Tanzania. Lith Technol 4:
1–10

Hayden B (1973) Analysis of a BTaap^ composite knife. Archaeol Phys
Anthropol Oceania 8:116–126

Hayden B (1980) Confusion in the bipolar world: bashed pebbles and
splintered pieces. Lith Technol 9:2–7

Hiscock P (2015) Making it small in the Palaeolithic: bipolar stone-work-
ing, miniature artefacts andmodels of core recycling.WorldArch 47:
158–169

Archaeol Anthropol Sci (2019) 11:5893–59075906

https://doi.org/10.2307/40345999
http://paleo.revues.org/index181.html
https://doi.org/10.1016/j.jas.2010.10.027
https://doi.org/10.1016/j.jas.2010.10.027
https://doi.org/10.1080/19442890.2016.1213972
https://doi.org/10.1080/19442890.2016.1213972


Jennings TA, Pevny CD, Dickens WA (2010) A biface and blade core
efficiency experiment: implications for Early Paleoindian techno-
logical organization. JAS 37:2155–2164

Jeske RJ, Lurie R (1993) The archaeological visibility of bipolar technol-
ogy: an example from the Koster site. Midcont J Archaeol 18:131–
160

Knutsson H, Knutsson K, Taipale N, Tallavaara M, Darmark K (2015)
How shattered flakes were used: micro-wear analysis of quartz flake
fragments. J Archaeol Sci Rep 2:517–531

Kobayashi H (1975) The experimental study of bipolar flakes. In:
Swanson E (ed) Lithic technology: making and using stone tools.
Mouton Publishers, Paris, pp 115–127

Kuhn SL, Miller DS (2015) Artifacts as patches: the marginal value
theorem and stone tool life histories. In: Kuhn SL, Miller SD,
Goodale N, Andrefsky W (eds) Lithic technological systems and
evolutionary Theory, vol 172, pp 172–197

Kuijt I, Prentiss WC, Pokotylo DL (1995) Bipolar reduction: an experi-
mental study of debitage variability. Lith Technol 20:116–127

LowM,Mackay A (2016) The late Pleistocenemicrolithic at Putslaagte 8
rockshelter in the Western Cape, South Africa. S Afr Archaeol Bull
71:146–159

Lycett SJ, von Cramon-Taubadel N (2014) Toward a Bquantitative
genetic^ approach to lithic variation. J Archaeol Method Theory
22(2):646–675. https://doi.org/10.1007/s10816-013-9200-9

Mackay A (2008) A method for estimating edge length from flake di-
mensions: use and implications for technological change in the
southern African MSA. JAS 35:614–622

Manninen MA (2016) The effect of raw material properties on flake and
flake-tool dimensions: a comparison between quartz and chert.
Quatern Int 424:24–31. https://doi.org/10.1016/j.quaint.2015.12.
096

Marwick B (2017) Computational reproducibility in archaeological re-
search: basic principles and a case study of their implementation. J
Archaeol Method Theory 24:424–450

Morgan B, Eren MI, Khreisheh N, Hill G, Bradley B, Jennings T,
Smallwood A (2015) Clovis bipolar lithic reduction at Paleo
Crossing, Ohio: a reinterpretation based on the examination of ex-
perimental replications. In: Thomas J, Ashley S (eds) Clovis: current
perspectives on technology, chronology, and adaptations. Texas
A&M Press, College Station, pp 121–143

Mourre V (2004) Le débitage sur enclume au Paléolithique moyen dans le
Sud-Ouest de la France. In: Sd C (ed) Session 5: middle Paleolithic.
Acts of the XIVth UISPP congress. BAR international series, vol
S1239. Archaeopress, Oxford, pp 29–38

Muller A, Clarkson C (2016) Identifying major transitions in the evolu-
tion of lithic cutting edge production rates. PLoS One 11:e0167244.
https://doi.org/10.1371/journal.pone.0167244

O’Brien MJ et al (2015) Design space and cultural transmission: case
studies from Paleoindian eastern North America. J Archaeol
Method Theory 23:692–740

Odell GH (2000) Stone tool research at the end of the millennium: pro-
curement and technology. J Archaeol Res 9:269–331

Pargeter J (2016) Lithic miniaturization in Late Pleistocene southern
Africa. J Archaeol Sci Rep 10:221–236

Pargeter J, de la Peña P (2017) Milky quartz bipolar reduction and lithic
miniaturization: experimental results and archaeological implica-
tions. J Field Archaeol: Page numbers to follow

Pargeter J, Eren MI (2017) Quantifying and comparing bipolar versus
freehand flake morphologies, production currencies, and reduction
energetics during lithic miniaturization. Lith Technol 42:90–108.
https://doi.org/10.1080/01977261.2017.1345442

Pargeter J, Tweedie M.S. 2018. Bipolar reduction and behavioral vari-
ability during the mid-late holocene at eagle's nest, Mount Sinai
Harbor, New York. The Journal of Island and Coastal
Archaeology. (Forthcoming)

Porraz G, Igreja M, Schmidt P, Parkington JE (2016) A shape to the
microlithic Robberg from Elands Bay Cave (South Africa). South
Afr Humanit 29:203–247

Prous A, Alonso M, Souza GNd, Lima AP, Amoreli F (2010) La place et
les caractéristiques du débitage sur enclume (Bbipolaire^) dans les
industries brésiliennes. PALEO Rev D'archéol Préhistorique: 201–
219

Sánchez-Yustos P, Garriga JG,Martínez K (2017) Experimental approach
to the study of the European Mode 1 lithic record: the bipolar core
technology at Vallparadís (Barcelona, Spain). EJA:1–24 doi:https://
doi.org/10.1017/eaa.2016.9

Schillinger K, Mesoudi A, Lycett SJ (2014) Considering the role of time
budgets on copy-error rates in material culture traditions: an exper-
imental assessment. PLoS One 9:e97157

Schillinger K, Mesoudi A, Lycett SJ (2015) The impact of imitative versus
emulative learning mechanisms on artifactual variation: implications
for the evolution of material culture. Evol Hum Behav 36:446–455

Schillinger K, Mesoudi A, Lycett SJ (2017) Differences in manufacturing
traditions and assemblage-level patterns: the origins of cultural dif-
ferences in archaeological data. J Archaeol Method Theory 24:640–
658

Shott MJ (1989a) Bipolar industries: ethnographic evidence and archae-
ological implications. N Amer Archaeol 10:1–24

Shott MJ (1989b) Diversity, organization, and behavior in the material
record: ethnographic and archaeological examples. CurrAnthr 30:
283–315

Shott MJ (1994) Size and form in the analysis of flake debris: review and
recent approaches. J Archaeol Method Theory 1:69–110

Shott MJ (1999) On bipolar reduction and splintered pieces. N Amer
Archaeol 20:217–238

Shott MJ, Tostevin G (2015) Diversity under the bipolar umbrella. Lith
Technol 40:377–384

Shott MJ, Bradbury AP, Carr PJ, Odell GH (2000) Flake size from plat-
form attributes: predictive and empirical approaches. JAS 27:877–
894

Sollberger J, Patterson L (1976) The myth of bipolar flaking industries.
Lith Technol 5:40–41

Stout D (2002) Skill and cognition in stone tool production: an ethno-
graphic case study from Irian Jaya. CurrAnthr 43:693–722

Surovell TA (2012) Toward a behavioral ecology of lithic technology:
cases from Paleoindian archaeology. University of Arizona Press,
Tucson

Tallavaara M, Manninen MA, Hertell E, Rankama T (2010) How flakes
shatter: a critical evaluation of quartz fracture analysis. JAS 37:
2442–2448. https://doi.org/10.1016/j.jas.2010.05.005

Torrence R (1983) Time-budgeting and hunter-gatherer technology. In:
Bailey G (ed) Hunter-gatherer economy in prehistory: a European
perspective. Cambridge University press, Cambridge, pp 11–22

Weedman K (2006) An ethnoarchaeological study of hafting and stone
tool diversity among the Gamo of Ethiopia. J Archaeol Method
Theory 13:188–237

White PJ (1968) Ston naip bilong tumbuna: the living stone age in New
Guinea. In: Bordes F, de Sonneville-Bordes D (eds) La Préhistoire:
Problèmes et Tendances. CNRS, Paris, pp 511–516

Witthoft J (1966) A history of gunflints. Pennsylvania Archaeol 36:12–49

Archaeol Anthropol Sci (2019) 11:5893–5907 5907

https://doi.org/10.1007/s10816-013-9200-9
https://doi.org/10.1016/j.quaint.2015.12.096
https://doi.org/10.1016/j.quaint.2015.12.096
https://doi.org/10.1371/journal.pone.0167244
https://doi.org/10.1080/01977261.2017.1345442
https://doi.org/10.1017/eaa.2016.9
https://doi.org/10.1017/eaa.2016.9
https://doi.org/10.1016/j.jas.2010.05.005

	Assessing...
	Abstract
	Introduction
	Experimental background
	An experiment examining bipolar and freehand reduction in the context of lithic miniaturization
	Results overview and background to the raw material comparisons

	Results
	Flake fragmentation
	Technological attributes
	Flake shape, technological strategy, and raw material variability

	Discussion
	Conclusions
	References


