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Abstract

The phenomenon of lithic miniaturization during the Late Pleistocene at times coincided with

increased artifact standardization and cutting edge efficiency–likely reflecting the use of

small, sharp artifacts as interchangeable inserts for composite cutting tools and hunting

weapons. During Marine Isotope Stage 2, Upper Paleolithic toolmakers in northern East

Asia specifically used pressure techniques to make small, highly standardized lithic artifacts

called microblades. However, little is currently known about how microblades affected the

cutting edge efficiency of the toolkits they were a part of. We applied three methods of ana-

lyzing cutting edge efficiency to two Upper Paleolithic assemblages recently excavated from

Tolbor-17, Mongolia, that document the periods before and after the introduction of micro-

blade technology to the Tolbor Valley. A model incorporating allometric relationships

between blank cutting edge length and mass suggests no difference in efficiency between

the two periods, while two more conventional approaches both indicate a significant

increase. The potential for improved cutting edge efficiency is only observed when the

microblade sample is artificially inflated via simulation. Our results highlight challenges

related to detecting and interpreting archaeological differences in cutting edge efficiency at

the assemblage level.
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Introduction

Blank production (i.e. the making of lithic flakes, blades, bladelets, etc.) is thought to have

emerged as an intentional technological behavior within the hominin lineage in part due to

the capacity for a blank to be used in a subsistence based cutting task [1–10]. Subsequent

changes in the procedural steps of blank production (methods) and physical means of blank

formation (techniques) [11] observed within the lithic archaeological record are at times

thought to have resulted in corresponding effects on blank cutting edge efficiency - often

defined as the length of a blank’s cutting edge relative to its volume [12–18]. From this per-

spective, as changes in hominin physiology [19–21] and paleoecology [9, 22, 23] occurred,

blank production methods and techniques which economized the amount of cutting edge

available to meet changing energy demands [24] would have represented a fitness benefit to

individuals that acquired them [17]. In other words, being able to make tools with high blank

cutting edge efficiency would have increased the biological fitness of toolmakers because they

would have had more energy to devote to other tasks.

Previous research suggests that blank cutting edge efficiency, and the variability around this

parameter, gradually increased throughout the Pleistocene [16–18]. However, it remains

unclear exactly how different blank production strategies contributed to this trend, as experi-

mental studies find little difference in cutting edge efficiency between systems of flake and

blade production like those employed by lithic toolmakers from the Early to Late Pleistocene

[13, 16, 25, 26]. Nonetheless, archaeological and experimental results suggest that blank stan-

dardization and cutting edge efficiency improved during the Late Pleistocene with the devel-

opment of methods of blank miniaturization [18, 27] and pressure techniques of blank

production [16, 27, 28] - with Late Upper Paleolithic microblade technologies notably repre-

senting a combination of both of these technical behaviors [29].

Microblades are small, elongated, very thin blanks often exhibiting a straight lateral profile,

narrow, parallel edges, a punctiform platform, and a small compact bulb [29]. These traits are

largely the result of the pressure techniques used to produce them [30], which involved the

application of a static force to the edge of a core’s striking platform using the pointed tip of a

pressure crutch, or tine, until detachment via the mechanics of blank formation [31–34]. The

small surface area of the tip of the tine would result in a laterally narrow blank platform, which

in controlled experiments has been shown to be foundational to the production of narrow

blanks [35, 36]. Static loading would also allow for precise control over platform depth and

angle of force, parameters which have been shown to predetermine blank size and shape [15,

37–39]. Finally, methods of microblade core shaping and maintenance [40, 41] would have

allowed for control over the morphology of the core’s flaking surface and exterior platform

angle, parameters which have been shown to have important effects on blank shape - particu-

larly blank thickness and elongation [15, 37, 42].

The development of microblade technology is generally thought to have been driven by a

need to increase artifact standardization, utility, and transportability during the Last Glacial

Maximum (LGM) climatic episode of Marine Isotope Stage 2 (MIS 2) [27, 43–50]. For humans

subsisting in the northern latitudes of East Asia, where microblade technologies first appeared

and spread [29], the LGM would have triggered a significant conflict between the availability

of food and lithic raw material on the landscape. With the onset of colder climates during the

LGM, the carrying capacity of these northern environments would have decreased [51], caus-

ing the large-bodied mammals that inhabited them to become more widely distributed [46,

49]. This in turn would have required human groups that relied on these animals as sources of

food and materials to increase their mobility and regularly operate further away from geo-

graphically fixed lithic raw material sources [44–46, 47, 50].
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From this perspective, microblades are thought to have been a technological solution to an

ecological dilemma, as methods and techniques underlying microblade production effectively

maximized the number of small, standardized blanks that could be made from more easily

transportable cores [16, 27, 43, 48, 50]. These blanks were possibly used in hand as small cut-

ting tools or inserted into the mortises of composite cutting tools [47] and hunting weapons

[27, 46, 49] - the latter suggested by their high degree of standardization and technological

investment [27, 52]. However, it is unclear if microblades increased the cutting edge efficiency

of the lithic toolkits they were a part of, as little work has attempted to measure their impact on

this parameter (though see Elston and Brantingham’s [43] rough comparison of microblade

and biface cutting edge efficiency; and studies on pressure macro-blade cutting edge efficiency

[16, 28]). To address this question, we first selected two lithic assemblages recently excavated

from the Upper Paleolithic site of Tolbor-17, Mongolia, which document the periods before

and after the adoption of microblade technology in the Tolbor Valley.

Tolbor-17

Tolbor-17 (T17) is an open-air site located in northern Mongolia along a low altitude pass

above the Ikh-Tolborin-Gol (‘Great Tolbor River’ in English), a tributary of the Selenga River

basin that flows into Lake Baikal to the north (Fig 1) [53, 54]. The site was originally identified

by A. Tabarev and S. Gladyshev who conducted the excavation of two test pits in 2010, and

suggested a MIS 3 occupation of the site based on the recovered lithic assemblage and an

obtained radiocarbon date [55, 56]. Full-scale excavation at T17 began in 2017, initially con-

sisting of two new 2x1 m test pits with, as of 2019, the excavated surface having been expanded

to ca. 18 m2. During each stage of excavation archaeological material >2 cm was piece plotted,

and excavated sediment was dry sieved using 4 mm and 2 mm mesh screens.

Three main lithological units are identified at T17. These include the LU1 Holocene soil

complex, the LU2 loess and loess-like deposits, and the LU3 laminar silt with gravel and cob-

bles. Depositional variability within LU3 is currently under investigation, with the eventual

possibility of further stratigraphic subdivision deeper within the unit. Our study samples two

artifact assemblages, one from LU3 and one from LU2 (Fig 1C), as these units document the

period before and after the appearance of microblade technology in the valley. The LU3 assem-

blage contains Early Upper Paleolithic (EUP) blade and bladelet technologies as well as diag-

nostic EUP tool types such as endscrapers and perforators. Previous test excavation at T17

dated a level that corresponds with the LU3 sample to 33–34 ka cal. BP [57, 58]. Stratigraphic

correlation with other Upper Paleolithic sites in the Tolbor Valley [53, 59] also places the mate-

rial from LU3 in the later period of MIS 3, or between ca. 37–32 ka cal. BP. The LU2 assem-

blage contains microblades and microblade cores characteristic of the Late Upper Paleolithic

(LUP). The equivalent unit to LU2 at other Tolbor sites is either younger than ca. 29 ka cal. BP

or yields an MIS 2 age [53, 59].

Other Upper Paleolithic sites discovered in the Tolbor Valley besides T17, such as T4, T15,

T16, and T21, also document periodic episodes of human occupation in the region - beginning

with the Initial Upper Paleolithic (IUP) and continuing to the end of the Pleistocene [53–61].

The appearance of the IUP in the Eurasian steppe coincides with the earliest fossil evidence of

Homo sapiens in the region, suggesting that the IUP documents the expansion of our species

eastward across North-Central Asia ca. 45 ka [53, 62–66]. The persistence of H. sapiens in the

fossil record of Mongolia [67] coinciding with the archaeological record preserved at T17, fur-

ther suggests that the Upper Paleolithic assemblages within the site were formed by members

of our species as well.
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To investigate the cutting edge efficiency of lithic assemblages in the Tolbor Valley during

the transition from MIS 3 to MIS 2, we ask: 1) whether the assemblage sampled from LU2 has

a higher signature of blank cutting edge efficiency than the LU3 assemblage and 2) if any

Fig 1. Location and stratigraphy of T17. A) Elevation map showing geographic location of T17; B) South facing view

of T17 during the 2017 excavation; C) Schematic section drawing of the stratigraphy at T17 with the approximate

location of artifact accumulations and denser artifact concentrations indicated by open (4) and closed (▲) triangles,

respectively. Colored bands indicate the vertical extent of the LU2 and LU3 lithic samples. Map modified after Geo-

atlas and Gallo et al. [54].

https://doi.org/10.1371/journal.pone.0305136.g001
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difference in cutting edge efficiency observed between the assemblages can be attributed to

microblade production.

Measuring blank cutting edge efficiency

There are multiple methods of measuring blank cutting edge efficiency, each with their own

built-in assumptions, strengths, and weaknesses [68]. While an assessment of each method

used in the literature is beyond the scope of this study, we provide a brief critical review of

those that are most relevant.

In many studies concerning blank cutting edge efficiency, ratios of blank perimeter length

to mass (as a proxy for volume) are commonly used. For example, the equation:

Perimeter Length=Mass

is in part used by Braun and Harris [12]. Similarly, Mackay [14] proxies blank perimeter length

using three linear measurements, producing the form:

Max LengthþMax WidthþMax Dimensionð Þ=Mass

which has been found to be closely correlated with the variable used by Braun and Harris [see

also 68]. Mackay’s proxy is the most widely used in the literature as it is easy to measure and

calculate, making comparisons between large datasets relatively straightforward [e.g. 10, 69–

74]. It should be noted however, that both equations use, or proxy, measurements of blank

perimeter to estimate cutting edge efficiency [12, 14], regardless of whether the entire perime-

ter of said blank is sharp enough to perform a cutting task (termed here as its “cutting edge

length”) [75, 76].

Sometimes the scaling exponent between blank cutting edge length and mass is assumed to

be 1/3, which implies that an increase in blank mass is analogous to an increase in volume

(given that the raw material has a uniform density). For example, Stout et al. [77] adjust Braun

and Harris’ [12] equation with the form:

Cutting edge Length=Mass1=3

to account for the nonlinear relationship between cutting edge and mass. Similarly, Morgan

et al. [78] use the form:

Cutting edge Length=Mass1=3∗ 1 � exp � 0:31∗ Max Dimension � 1:81ð Þ½ �ð Þ

to also account for the influence of a blank’s size on its cutting edge efficiency, rewarding

blanks for having high cutting edge efficiency and penalizing them for being small. Stout et al.

found that these two equations were highly correlated and produced qualitatively similar

results [77]. Notably both equations also specifically measure blank cutting edge length, rather

than the entire perimeter of a blank.

Other times the scaling relationship assumed in cutting edge analyses is not between blank

shape and mass. For example, Režek et al. [17] use the dimensionless form:

Length∗Widthð Þ=Thickness2:

In their analysis, blank volume is represented by blank thickness, which is “squared to

bring its variance and the variance of blank surface area to the same scale” [17]. Like Mackay’s

[14] estimate, this approach is attractive for dealing with large data sets from multiple sites, as

the measurements used to proxy blank surface area are easy to collect and extract from the lit-

erature. Also similar is the fact that Režek et al.’s [17] method uses a proxy for blank perimeter,

instead of blank cutting edge length.
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An alternative approach to those outlined above does not impose a particular scaling

between variables, and instead discovers what the scaling is from the artifacts themselves. For

example, blank cutting edge length and mass may be projected into a log-log Cartesian plane

[e.g. 12, 79]. Such an approach implies an allometric relationship between cutting edge length

and mass [68] in the form of a power-law:

Cutting edge ¼ m∗Massb:

Here there are two free parameters: μ, the allometric coefficient; and β, the allometric expo-

nent [80]; which characterize different aspects of cutting edge efficiency. Braun and Harris

[12] hint at an allometric relationship between cutting edge length and mass, as “two measures

of size that increase at different rates”. The change in allometry presented by Braun and Harris

[12: Fig 9] as an increase in cutting edge efficiency is illustrated here by panels C and C’ in Fig

2. As we show in Fig 2, other variations in allometry, also indicating changes in cutting edge

efficiency, are possible.

With these details in mind, we adapted Braun and Harris’ [12; see also 79] log-log approach

into a statistical model (described below) to test for changes in cutting edge efficiency corre-

sponding with the appearance of microblades at T17. We then compared the results with those

of the more widely used methods published by Mackay [14] and Režek et al [17].

Materials and methods

Qualitative and quantitative data collection

Lithic data collected from the LU3 and LU2 sample assemblages for this study included: 1)

blank completeness; 2) blank length, width, thickness, and mass; 3) blank production method

and technique; 4) the presence or absence of retouch; and 5) cutting edge length [81]. All com-

plete, unretouched blanks were included in this study given that incomplete or retouched

blanks are missing part of their initial mass and cutting edge length. Complete blanks are

defined here as blanks that preserve a distal termination, mesial edges, and proximal portion

including the platform. Blanks were not disqualified from our analysis due to their role within

a reduction sequence, whether predetermined or predetermining [81], as any blank with a cut-

ting edge could potentially have been used in a subsistence based cutting task [15, 18, 77, 82].

The total sample consisted of 433 blanks from LU3, and 156 blanks from LU2 - including 10

microblades (Fig 3 and Table A in S1 File). All artifacts studied are curated at the Institute of

Archaeology branch of the Mongolian Academy of Sciences in Ulaanbaatar. No permits were

required for the described study, which complied with all relevant regulations (S1 Checklist).

Metric data for the length and width of each blank were collected using the ‘box method’, as

described by Dogandžić et al [68: Fig 3B], which records the length and width dimensions of a

blank relative to its axis of percussion, or technological axis. These measurements also allow

for a comparison of the results of our model as described below with the more commonly used

methods of analyzing cutting edge efficiency developed by Mackay [14] and Režek et al. [17].

We note here that we risk tautological reasoning if we compare blank cutting edge efficiency

across blank type categories defined by different length to width relationships, such as blades

and flakes [81]. For example, idealized elliptically shaped blanks, having different length to

width ratios, will have deterministically different perimeter lengths, and therefore potentially

more cutting edge, per area (Fig 4). More elongated (i.e. blade-like) blanks will have greater

perimeter per area than less elongated (i.e. flake-like) blanks [see also 26]. Naïve comparison

of cutting edge length solely between blades and flakes may therefore fail to account for these

“built in” differences. Some studies presumably combine all blank types in cutting edge
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analyses for this reason when more than one blank type defined by length to width relation-

ships exists in the sample [e.g. 14, 17], and we also follow this approach here.

As in some studies [e.g. 18, 25, 77, 78, 84, 85], our definition of cutting edge length only

included the segments of a blank’s perimeter that exhibit a sharp edge between its dorsal and

ventral surface. Specifically, edge lengths exhibiting an angle<50˚ for blanks that are <40

mm, and an angle that that is<70˚ for blanks that are >40 mm. The definition of what consti-

tutes a viable cutting edge used here is based on what has been experimentally observed as the

threshold of a stone artifact edge to optimally cut through organic material [75, 76].

All relevant data were collected into an E4-MSAccess database (oldstoneage.com). For met-

ric data, a standard digital caliper, digital scale, and a metric sewing tape measure were used.

The sewing tape measure was used to record the length of a blank’s cutting edge to the nearest

5 mm to minimize precision error following the logic laid out by Dibble and Bernard [86].

Fig 2. Variations in the allometric relationship between cutting edge length and mass in the measurement scale, expressed as differences in intercepts

and/or slopes in the log-log scale. A and A’) no differences in slopes or intercepts; B and B’) different slopes with shared intercept; C and C’) different

intercepts with shared slope; D and D’) slopes and intercepts both different.

https://doi.org/10.1371/journal.pone.0305136.g002
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Statistical modeling

We test for differences in cutting edge efficiency between the LU3 and LU2 lithic assem-

blages using a statistical model which compares all blanks within the two assemblages. We

fit linear regression models for Log10 cutting edge length, the dependent variable, with

Log10 mass and assemblage (LU3 or LU2) as independent variables, like Braun and Harris

[12] and Braun [79]. A factorial ’Analysis of Covariance’ model allows for the possibility

that slopes and intercepts are unique for each group of blanks. Therefore, for blank b, in

Fig 3. Examples of blanks from LU2 and LU3 used in the study. Asterix denotes microblades.

https://doi.org/10.1371/journal.pone.0305136.g003
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assemblage a, the model has the form:

log
10
Cutting edge Lengthb;a� log

10
Massb;a∗Assemblagea þ εb;a: ð1Þ

Fig 4. Relationship between the perimeter of an elliptical flake and the ratio Length / (2 x Width). The perimeter is

given by Ramanujan’s second approximation [83: equation 50] and is scaled by the square-root of the ellipse’s area.

The ellipses shown in grey have identical areas and correspond to Length / (2 x Width) ratios 0.5, 0.9, and 1.3 as

depicted below the curve. The scaled perimeter increases as the ellipse becomes more elongated, suggesting greater

cutting edge length per area for more blade-like blanks.

https://doi.org/10.1371/journal.pone.0305136.g004
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Because heavier, and therefore larger, blanks offer the potential for greater variability in cut-

ting edge length, we apply regression weights of the form:

wb;a ¼ 1=log
10
Massb;a ð2Þ

implying that the variance of ε is proportional to log10 Mass [87: Section 5.1.1].

Some complete, unretouched blanks included in this study did not have any segment with a

useful cutting edge angle and were consequentially recorded as having 0 mm of useful cutting

edge length. Blanks with zero cutting edge length are shown in graphical displays but are not

included in the statistical models because of their small sample size (n = 10 across both assem-

blages) and unsuitability for log transformation. Larger numbers of blanks having zero cutting

edge length could, in principle, allow for a model that compares both failure rate and cutting

edge efficiency across levels [e.g. 88: the "Hurdle Model"].

For comparison with the statistical model, we also applied the approaches used by Mackay

[14] and Režek et al. [17] to test for significant differences in cutting edge efficiency between

the assemblages. In response to a reviewer’s feedback, we carried out additional sensitivity

checks to explore more fully the consequences of using direct or proxy measurements of blank

cutting edge length, in combination with inferred or imposed allometry (S1 File).

Simulated microblade sample

Although the microblade sample from T17 is relatively small (n = 10), the additional presence

of diagnostic microblade fragments and microblade cores within the LU2 assemblage indicates

that microblade production was one of the primary technological activities taking place on

site. This potential recovery-bias of microblades at T17 may be due to several factors,

including:

• The currently exposed area of the excavation relative to the true extent of the site, and the

possibility of a structured use of space by its residents

• The preferential washing away of microblades during site formation due to their small size

and light weight

• The preferential transport of microblades away from T17 by people living at the site for logis-

tical use elsewhere in and around the Tolbor Valley

For this reason, we simulated additional microblade cutting edge length and mass values to

better compare their allometric scaling with that of the non-microblade archaeological sample

from T17. The simulations proceeded as follows: 1) we fit a log-log model of cutting edge

length per unit of mass, similar to Eqs 1 and 2, to the archaeological microblade sample from

LU2 (n = 10); 2) we simulated microblade mass by generating Normally-distributed variables

having a mean equal to the average of the observed microblade mass after log10 transforma-

tion; 3) we simulated cutting edge lengths for the virtual samples from the fitted microblade

model; and 4) we varied the number of simulated microblades based on frequencies reported

from three other sites in East Asia dating to the MIS 2.

The sites we used to inform our simulated microblade samples were selected to show three

different scenarios of preservation frequency. To this end, we used the frequency of complete

microblades and proximal fragments (which together represent a minimum number of indi-

vidual artifacts) reported from: 1) Kovrizhka IV (Level 6; squares 21, 16, and 11) located in

northern Cisbaikal, Russia (n = 33) [89]; 2) Xishahe (Layer 3A) located in northern China

(n = 107) [90]; and 3) the Kashiwadai 1 site located in Hokkaido, Japan (n = 275) [91].
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Data analysis was performed in R [92] with the addition of the libraries Epi [93] and Scales

[94]. All data and code used to perform the analysis herein can be found in S1 Data and S2 File.

Results

Our statistical model found little difference in cutting edge efficiency between the lithic assem-

blages of LU3 and LU2 (Fig 5). Cutting edge length increases with blank mass in a predictable

way in both samples; however a difference in cutting edge efficiency between the two levels,

which would be indicated in the log-log plot by differences in intercepts, slopes, or both (Fig

2), is not supported. Though the LU2 central line is slightly above that for LU3, suggesting a

slight increase in efficiency, their lines are closely spaced and parallel, and their confidence

bands substantially overlap. A cone shaped scatter, widening as blank mass increases, affirms

that the variance in cutting edge length also increases with blank mass.

The estimated slopes from these models, reflecting the allometry exponents for the LU3

and LU2 samples [80], are typically less than 1/3. A slope of 1/3 is what would be expected

from a purely geometric relationship of a blank’s cutting edge (a linear measurement) with its

mass (a volumetric measurement) [77, 78]. The slopes for the LU2 and LU3 lines of central

tendency are each 0.18, and neither of their 95% confidence intervals contains the value 1/3.

Comparisons of cutting edge efficiency based on variables published by Mackay [14] and

Režek et al. [17] suggest significant differences between the LU3 and LU2 assemblages. A Wil-

coxon ranked sum test based on Mackay’s [14] equation using all blank types in each sample

returns the test statistic W = 40020 and a p-value of<0.001 (Fig 6), indicating that the blanks

Fig 5. Graphical display of the fitted model comparing all complete blanks from LU3 and LU2. Blanks with zero-cutting edge are

shown in grey and are positioned along the lower edge of the scatter plot, just above their Log 10 mass. Microblades from LU2 are

indicated by closed circles (●).

https://doi.org/10.1371/journal.pone.0305136.g005
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in LU2 are more efficient than the blanks in LU3. Similarly, a Wilcoxon rank sum test based

on Režek et al.’s [17] equation returns the test statistic W = 38614 and a p-value of<0.001 (Fig

7), also indicating that the blanks in LU2 are more efficient. We applied the rank sum test in

both cases for standardization purposes, although a two sample t test is suggested originally by

Mackay [14].

Our sensitivity checks for proxied cutting edge length and inferred allometry are reported

in the supplementary materials (S1 File). When proxied measurements for blank cutting edge

length are used in a log-log model with blank mass as a predictor, allowing the allometry to be

inferred, results are variable (Fig A in S1 File). Use of the Mackay proxy suggests a significant

difference between the assemblages, while the Režek et al. proxy does not. When direct mea-

surements for blank cutting edge length are used in equations that impose a certain allometry

(Mackay [14], and Režek et al. [17], respectively), both methods suggest significant differences

between assemblages (Figs B and C in S1 File).

Fig 6. Graphical display of ranked values of the cutting edge efficiency statistic in Mackay [14] for each blank in the LU2 and LU3 assemblages. Means of

ranked values are shown as horizontal lines, with shaded bands indicating two standard-error intervals around the means. Means and standard errors are shown

here only for visualization purposes and do not reflect the calculation of the Wilcoxon statistic explicitly.

https://doi.org/10.1371/journal.pone.0305136.g006
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Finally, when larger groups of microblades are simulated using data from LU2, we see them

appear as a distinct population relative to the rest of the archaeological blanks (Fig 8). The cut-

ting edge to mass ratios of these virtual microblades exceed those of the other archaeological

blanks of similar size, indicating greater efficiency and a unique scaling of cutting edge to mass.

Discussion

Scaling relationships matter

While the adoption of methods and techniques underlying microblade production during

MIS 2 may have a been a behavioral response to conditions which in part favored increasing

blank standardization [27] and cutting edge efficiency [17, 18, 28, 43], our primary model

finds little archaeological evidence for the latter at T17 (Fig 5). Our approach uses two free

parameters which characterize cutting edge efficiency [12] (Fig 2). This characterization does

not assume a particular scaling relationship between cutting edge length and mass, but instead

discovers what the scaling is from the lithic sample under investigation. This is crucial, as the

results of our simulations suggest that microblades have a different scaling relationship

between cutting edge length and mass than blanks made using percussion techniques (Fig 8) -

likely due to the influence that pressure techniques have on blank shape and size [27, 28, 95].

Fig 7. Graphical display of the ranked values of the cutting edge efficiency statistic in Režek et al. [17] for each blank in the LU2 and LU3 assemblages. Means

of ranked values are shown as horizontal lines, with shaded bands indicating two standard-error intervals around the means. Means and standard errors are shown

here only for visualization purposes and do not reflect the calculation of the Wilcoxon statistic explicitly.

https://doi.org/10.1371/journal.pone.0305136.g007
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Our sensitivity checks found that proxied measurements for cutting edge length following

Mackay [14] and Režek et al. [17], substituted for direct measures in our primary model (Eq

1), yield conflicting results regarding differences between LU3 and LU2 (Fig 9; Fig A in S1

File). While it may be tempting to suggest that proxy measurements perform reasonably well,

at least in some cases, on principle direct measurements of cutting edge length should be used

whenever possible. Finally, we note that proxy measurements of blank cutting edge length are

not able to identify blanks which have edges that are too dull to perform a cutting task.

While the primary model found no statistical difference in cutting edge efficiency between

the LU3 and LU2 samples, methods which assume particular scaling relationships did (Figs 6

and 7). The latter findings hold whether direct or proxied measurements of cutting edge length

are used (Fig 9; Figs B and C in S1 File). Additionally, we did not find an allometry exponent

of 1/3 in our model for either assemblage, implied in other analyses [77, 78]. Until we can bet-

ter understand the cause(s) of these discrepancies we caution against making assumptions

about how cutting edge length scales with mass, as doing so will have consequences for accu-

rately characterizing blank cutting edge efficiency when comparing archaeological assemblages

that contain blanks of various morphologies (S1 File) [see also 68].

At first glance our results seem to subvert expectations of a continuing trend of increasing

cutting edge efficiency during the Upper Paleolithic related to the development of novel meth-

ods of lithic miniaturization and the use of pressure techniques [16–18, 27, 28, 43, 95]. How-

ever, they might be better understood as an example of the increased variability around this

parameter also observed during the Late Pleistocene [17]. From this perspective the situation

at T17 may be that, within the environmental contexts of the region, microblades were not

made to increase blank cutting edge efficiency at the assemblage level between the EUP and

LUP. The appearance of microblade technologies at T17 may therefore reflect the economiza-

tion of other inter-related parameters of technological efficiency, such as raw material selec-

tion, artifact maintenance, artifact standardization, or artifact transportability [17, 27, 28].

Fig 8. Graphical display of simulation experiments using microblade data from LU2. Simulated sample sizes displayed from left to right are based on microblade

frequencies reported from Kovrizhka IV [89], Xishahe [90], and Kashiwadai 1 [91], respectively. In each display, simulated microblades are indicated by pink closed circles

(●), and archaeological materials from LU3 and LU2 are shown in grey while following the conventions described in Fig 5. The lines of central tendency for LU3 and LU2

are shown in each panel unmodified from Fig 5: in particular, the central line for LU2 was not re-estimated for the simulated microblades.

https://doi.org/10.1371/journal.pone.0305136.g008
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Assemblage level assumptions

Yet, that cutting edge efficiency did not change at the assemblage level with the adoption of

microblade technology at T17 does not necessarily mean that selection pressures on increasing

this parameter of lithic toolkit efficiency were absent. Selection pressures on increasing blank

cutting efficiency might not always result in adaptation of the entire blank assemblage, instead

only affecting the efficiency of certain blanks within a reduction system. For example, the

development of microblades may be in part due to selective pressures which favored their

increased cutting edge efficiency, yet the impact this had at the assemblage level may have

been offset by the presence of relatively less efficient technical blanks needed to shape and

maintain microblade cores [40, 41].

Such a scenario invites a reevaluation of the basic assumptions of blank cutting edge analy-

ses - particularly whether cutting edge efficiency at the assemblage level is a meaningful mea-

sure of change in the adaptive behaviors of Plio-Pleistocene hominins. While this may be the

case when each blank in a reduction sequence is an end-product, made with the intention of

being used in a cutting task [e.g. 12, 77], it may not be so for technological systems involving

the production of different types of predetermining and predetermined blanks. For example, a

core reduction system adapted to produce a blank of a specific shape and size, with a relatively

higher cutting edge efficiency, may be equally or even less efficient as other, more generic core

Fig 9. Sensitivity of results to different combinations of 1) the method of cutting edge length measurement (direct, and proxy [14, 17]); and 2)

statistical approaches that infer, or impose [14, 17], allometry between blank edge length and size.

https://doi.org/10.1371/journal.pone.0305136.g009
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reduction systems when all blanks, including byproducts, from each system are considered

together [e.g. 16, 26].

Without knowing which blanks from a production system were made for cutting tasks, and

which were merely byproducts of predetermination or retouch/recycling, our ability to recon-

struct the economy of hominin behavior surrounding blank cutting edge production and

model changes in its efficiency are severely limited. Compounding this issue is the fact that

most lithic assemblages are palimpsests, in which blanks from numerous different reduction

systems are mixed and fragmented via selection for retouch, recycling, and/or transportation

away from a site. The potential impact of site function and artifact transport on the frequency

of blank preservation within a lithic assemblage and its influence on archaeological measures

of blank cutting edge efficiency at T17 is of particular interest.

Interpreting microblade frequency

Although we see a new blank production technology appear at T17 during MIS 2, which per-

haps had a more efficient scaling of cutting edge length to mass (Fig 8), the way that the tech-

nology was utilized at the site does not seem to have significantly increased the efficiency of

the assemblage it was a part of (Fig 5). However, our simulations also suggest that if micro-

blades were discarded at T17 at a frequency seen at other MIS 2 microblade sites in East Asia, a

significant increase in cutting edge efficiency would likely be observable at the assemblage

level - see also Kadowaki et al.’s study [18] where bladelet frequency seems to positively affect

cutting edge efficiency. This could mean that microblade technologies might have indeed

appeared at T17 in a context where increasing cutting edge efficiency was advantageous at the

assemblage level, but preservation biases prevent us from observing this. In such a scenario

where microblade production was adopted due to the fitness benefit it provided when invested

in and made at a high enough frequency, how might we explain the preservation of only a

handful of complete microblades within the LU2 assemblage?

One explanation may be site excavation extent. As the area excavated at T17 is currently

only ca. 18 m2, the studied sample likely captures only a small part of the total site. The possi-

bility of site structuring, where some spaces of the site may have been preferentially used for

microblade related activities, could also mean that evidence for microblade production may be

better represented in areas which have not yet been systematically excavated. Future field work

at T17 will be able to better test this scenario.

A potential recovery bias of microblades at T17 may also be explained by taphonomic pro-

cesses. Because of their small size, microblades may have been preferentially transported away

from the site during erosional or sheet washing events. However, the preservation of micro-

blades alongside other small artifacts including small flakes, bladelets, lithic fragments, ostrich

eggshell beads, etc. suggest that the site is largely in situ.

Lastly, site function and preferential artifact transport are possible explanations for recovery

bias of microblades at T17. Though microblades could be used in hand for cutting tasks, or as

standardized interchangeable tenons for composite cutting tools used in domestic activities on

site [47], they also may have been inserted into the mortises of composite hunting weapons

strategically used outside of the site [27, 43, 44, 48–50]. In the latter case, these hunting weap-

ons, and the easily transportable microblade cores used to furnish them [45–47, 50], may have

been carried away from T17 during logistical hunting forays, meaning a large portion of the

production, use, and discard of microblades by people living at the site may have taken place

away from the excavated area [96]. Such a strategy may have been adaptive within the ecologi-

cal contexts of the Eurasian Steppe during MIS 2, where animal resources for needed for
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subsistence are thought to have been widely distributed in part due to a downturn in environ-

mental carrying capacity [51].

To recap, three scenarios concerning the appearance of microblades at T17, and the rela-

tionship of this event to parameters of cutting edge efficiency, could have affected our findings.

In the first scenario, the lack of difference in efficiency observed at the assemblage level may

indicate that the appearance of microblades at the site was not facilitated by selection pressure

on increasing cutting edge production, but perhaps on other parameters of lithic efficiency

and standardization [17, 27]. In the second, we posited that selection pressures may have

favored the appearance of microblade technology for its cutting edge efficiency, but the

assumption that fitness related changes in efficiency are only meaningful at the assemblage

level limits our ability to detect them. Lastly, we considered a scenario where the appearance of

microblades at T17 was facilitated by selection pressure on increasing cutting edge efficiency

at the assemblage level, but preservation bias of microblades related to artifact recovery, site

formation, and/or site function also prevents us from detecting this.

While we see no reason to favor any one of these three scenarios over the others, we do

think their consideration can help improve future studies of lithic technological change during

the Plio-Pleistocene. Investigations that make fewer assumptions about the scaling relation-

ships of lithic blanks and how changes in blank cutting edge efficiency manifest in the archaeo-

logical record will strengthen regional studies like ours, as well as larger-scale diachronic and

synchronic evolutionary studies of this critical lithic technological parameter.

Conclusions

We adapted an approach for analyzing blank cutting edge efficiency which does not make

assumptions about the scaling relationship between cutting edge length and mass, but instead

discovers what their scaling is from the lithic sample under investigation. We used this

approach to test if cutting edge efficiency increased within the Upper Paleolithic record of Tol-

bor-17 between periods before and after the introduction of microblade technology to the site.

Our model found no statistical difference in cutting edge efficiency between the two assem-

blages, yet more conventional methods which assume a particular scaling did. A signature of

improved cutting edge efficiency between the two levels is only observed within our model

when microblade frequencies are artificially increased via simulation. Our results highlight the

importance of properly identifying scaling relationships underlying blank cutting edge effi-

ciency, and questions current assumptions about how changes in cutting edge efficiency are

most dependably detected within the lithic archaeological record.
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