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ABSTRACT

The introduction of lithic microwear research into the wider archamallogommunity by Keeley
(1980) was concurrent with the development of the processual paradigm and the adotii®n of
scientific method. Subsequently, lithic microwear research has benefited frem35 years of
innovation, including the introduction of novel methodological and analytical procedinegresent
study employs a citation network to objectively analyse the development of micresearch. Given
developments in technology, as well as the institutional isolation of early microessarch, the
present analysis considers the citation network that stems from Keeley's sE98dialolume . The
363 papers identified as having cited Keeley (1980) in the subsequent 35 yearseaiea ds
individual nodes within the citation network. Before analysis, nodes wsignad attributes, including
the type of research published and whether they were supportive ekthraspects of Keeley’s
experimental program: the ability to determine the function of the tool and tdaasdbe type of
worked material from microwear, as well as the use of high-powered micrasobpygues. Emergent
properties of the papernscluding closeness centraliydegree and betweenness centrality, are used
to test for significant differences between paper attributes. Similanlystering algorithm is used to
objectively define distinct clusters of important papers within theiglise. Results indicate that a
small number of nodes in the network maintain statistically significdiueince on the form of the
citation network. These important nodes anddiséinct ‘schools of thought’ identified are discussed

in the context oKeeley’s initial contribution to the sub-field.

Keywords: graph theory; use-wear analysis; traceology; processualism; archaeological theory
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1. Introduction

The advent of processual archaeology in the 1960’s (Binford and Binford, 1968; Clarke, 1973) marked
the adoption of progressively scientific methods within archaeological cesddne timing of this shift

to include more quantitative methods closely aligns with the developmerttiofniicrowear analysis
as a sub-field of archaeological research. In turn, lithic microwear research offers a ranagpo
examine howa subfield’s accepted knowledge developed in context of the wider adoption of the
scientific method. Although many of the key ideas of lithic microwear resemech originally
conceived of by Semenat957) in the 1950’s, its introduction into the wider academic community
would not occur until the 1960’s (Semenov, 1964)eveloping through the 1970°s (Tringham, 1974,
Keeley, 1974; Odell, 1975; Hayden, 1979) and resulting in its establishment as apéseadisu Kuhn,
1962) inthe 1980’s subsequent to Keeley’s seminal volume (Keeley, 1980). An excellent review of this
development was conducted by Stemp et al. (2015) who note that Keeley (1980) wasethdtiv
publish, atleast in part, by what he viewed as the limited applications of Semenov’s original methods

in the 1970’s. Further, immediately subsequent to this period the introduction of highrpdw
microscopy marked the beginning of a trend of increasingly sophisticated metrotogidebological
instruments utilised by the sub-field (Stemp et al., 2015). Perhaps ag afrdseiproliferation of these
technologies, as well as the continued use of expert qualitative analysis, many nogikseduirrently
exist within microwear studies and there have been calls for standardisation ¢Eghn2014; Van
Gijn, 2014). Yet, in some form, microwear analysis is replete in thatliter as it is often included in
site reports and therefore can be considered a substanki-field.

In the spirit of "critical selzonsciousness” (Clarke, 1973:7), synonymous with processual archaeology,
a citation network analysis of lithic microwear studies is employed heobjéatively assess the
development of three key ideas in this sub-field. Several other fields have emgagchl, reflexive
analysis, including medicine (Greenberg, 2009, 2011), ecology (Barto and Riollig, 20Xjreatids
(Voracek, 2014). These studies have all employed citation network analysis, which applieshedtabl
mathematical graph theory to the network of citations connecting articlesotingrise the core of
accepted knowledge in a given discipline. The development of common knowledge inravtiblds
many other materials and processes including: books, conference discussion, postersoimabrper
interactions and, increasingly, content on social media. However, peer-reviewed joiciesl aré a
detailed, standardisl record of academic discourse, which can be used to distinguish accepted
knowledge at the core of a field from more contentious ideas, and are amenableot& aaddysis.
This method is particularly advantageous as it is largely objective, estyirinitial assumptions, and

is increasingly practical with the availability of platforms to conduct it.

We consider the distribution of papers that find evidence for and againstémieal tenets dfeeley’s
(1980) experimental microwear prograf;.that with the use of high magnification...one can almost
always isolate the used portion of the tool and reconstruct its movement dseings well as, in the
majority of cases, determine exactly which material Wwasag worked” (Ibid.:78). Specifically we
assess support for: the use of high-powered microscopy methods within micregesach, and the
use of this method to determine both tool function and the type of wonkéetial. Since worked
material and implement function determination are based on identifying ttieoiden of a toolas
described by Keeley above, we do not focus on this latter aspect of his worke3dwat pinalysis makes
no comment on the efficacy or suitability of microwear analysis orethodologies but instead asks
to what extent the sub-field is still characterisedKleyley’s (1980) formative ideas. The network is
predicted to be mostly supportive thiese ideas since they initially defined the sub-field. Similarly,
types of paper and their position in the network are also analysed to ideatifyost influential types
of papers in the sub-field. Review papers are predicted to be the most iafltygrgi of paper since
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124  they draw together the current state of the field at the time of publishing aoftesreeferenced as
125  primer for the reader of original research articles. Finally, emergent propertiesrattvork and sub-
126  clusters within it are analysenl an effort to identify distinct ‘schools of thought” within the discipline.

127 2. METHODS
128 2.1 Node Selection

129  Given developments in technology, as well as the political isolation lgf #tadies in the field, the

130  present analysis considers the citation network that stems from Keeley’s 1980 volume. A list of potential

131  papers that could be in the citation network was drawn from journaleartitht cited Keeley (1980)

132  and were published in the subsequent 35 years to May 2015. From these papers only those which
133 concerned microwear in some way and were written in English were validated asrbdasetwork.

134  Only English language papers were validated as broadening this selectidawotdd likely result in
135  strong language barriers obscuring more subtle structural variation, analysetb hehart the
136  development of key ideas in the discipliféorks preceding Keeley (1980) were not included in the
137  analysis as, although they may reveal much about the establishment of microwsal-digld in the
138  western archaeological literature, they are much fewer in number than thosectresid it and were
139  not written when the sub-field was established per se. It would, for exabgpli@appropriate to
140 categorise these early artickesbeing supportive adcentral idea of the sub-field before this paradigm
141  was formalised in the literature.

142 To sample the relevant literature other citation network studies havendsedd databases of research
143  articles, such as Scopus or PubMed. In the case of archaeology, which has many oltaifgoubl
144  titles, these databases may not cover the same amount of literature as Google Scholarl(Goog
145  2015) and so this non-indexed database was used. Book chapters are omitted from nhapabsss

146  asthey are not always available online and so were not compatible withalteltkttion method used
147  here. Further the availability of printed resources and the potential lackemraeview process for
148  book chapters may introduce additional variation to the citation networktlfigndistinct publishing

149  process. It would be of interest to extend this analysis to book chapters and non-English &anguag
150 research in the future, but it is beyond the scope of this paper. It could be amjuad the network is

151  a snapshot of the sub-field in 2015, any papers with a high number of citatiosgnale the

152  beneficiaries of time. Certainly, the longer something has been part litethéure, the greater the
153  likelihood it has been cited. This would, however, be the case at any @a@rofd and controlling for

154  the effects of time by weighting citations may artificially distort theicttire of the network in

155  unforeseeable ways. Nevertheless, this potential effect of published year is noted in the discussion.

156  The 363 validated papers were then treated as nodes in the network and each was assigned several
157  attributes separately by authors AK and CD. In rare cases of discrepancy each was re-evaluated.

158  Papers were first categorised as independently supportive, neutral or unsupportive of three teey aspec
159  Keeley’s (1980) model: the ability to determine the function of the tool and determine the type of

160  worked material from microwear traces, as well as the use of high-powered microsclopganet

161  Direct quotes reflecting these respective views from each paper are given in Supplementary

162 Information 1. The criteria used to assasupport categorisation for each variable are given in Table

163 1. Each paper was also assigned a type dependent on the main academic focus of the work (Table 2).
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167
168
169
170
171
172
173
174

Aspect of

Keeley's (1980) Supportive Neutral Unsupportive
model
The article applies or testg The article uses only a lov]
high-power microscopy | The articlecites Keeley’s power/ non-microscopy
The use of s \ . . : g
high-power and fmds it satlsfgqtory or se_mmal role in developing approach or find&eeley’s
: otherwise states it is this methodology but doeq (1980) high-power
mr'ﬁé?rslggsy effective for microwear not applyor testit, nor approach is not effective

analysis following Keeley
(1980).

comment on its efficacy.

for microwear analysis in
some way.

The function of
tools can be
visually
identified from
microwear

The article states that the
function of an implement
can be identified from
microwear traces
following Keeley (1980).
This may be a referenca,
test of the method or its
application to material.

The article is equivocal on
whether function can be
identified from microwear
traces using Keeley’s
methods or does not maks
reference to this idea.

The article holds that the
function of an implement
cannot be reliably inferred
from microwear traces
following Keeley (1980).
This may be a reference,
test of the method or its
application to material.

Type of worked
material can be
visually
identified from
microwear

The article states that the
type worked material an
implement was used on,
can be identified from
microwear traces
following Keeley (1980).
This may be a reference,
test of the method or its

application to material.

The article is equivocal on
whether worked material
can be identified from
microwear traces using
Keeley’s methods or does
not make reference to this
idea.

The article holds that the
worked material of an
implement cannot be
reliably inferred from
microwear traces
following Keeley (1980).
This may be a reference,
test of the method or its
application to material.

Table 1: Definitions of support for the three key aspects of Keeley’s model analysed here.

Type of Paper

Definition

EMR — Experimental Microweal
Research

Published research examining an aspect of lithic microwea
theory through experimental means.

AA — Assemblage Analysis

Publications applying microwear analysis techniques/methg
to the analysis of lithic artefacts with the intention of inferrin
information relating to the tool’s use.

R - Review

Review publication focussing upon aspects of lithic microws
research (including its reliability, developmental mechanics
application to artefacts etc.)

Publications that cite Keeley (1980) but are not specifically

focussed upon lithic microwear research. Includes microwe
research which is not focussed upon lithic artefacts (e.g. ba
tools, or landscape use).

Table 2 Definitions of paper types according to the main research focus of the published work.

OF - Other Focus

2.2 Network Creation

In order to build the network connections between nodes each citagineated as directed edge.
The edges were directed since papers could not cite future literature and thefeforation could
only pass through the network in a directed manner. In order to compute all thénetthgesetwork
the reference or bibliography section from papers was either gathered manaallyrdermatted text
file or, where possible, as a standardised .ris file. Due to natural languageistecmiss across
reference lists in papers (such as abbreviations or the inclusion of speciakchgractatural language
processing algorithm written in Python 2.7.13 (van Rossum and Drake, 1995) by BP wasuseadito
occurrences of paper titles in these reference lists. From this newly structured getph could be
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198
199
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201
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204
205
206
207
208
209
210

211

generated by assigning directed edges from title papers (sources) to cited pajaisy.(ta order to
control for Type 1 errors, matching titles were evaluated for percentage chairadseity and any
above 80%wvere manually verifiedseither a correct citation or a similar but different paper. This was
important for papers that discussed sites with special characters mattmeithat could be transliterated
differently depending on the formatting. Further samgortant papers in the field contain ‘nested

titles’ that contain the full title of another paper preceded by something akin‘treply to” or suffixed

by “in context”. Since these titles were longer, the exact character match only represented a percentage
of the full titte and manual verification was able to eliminate irexrcitations of similarly worded
paper titles. Finally where papers appeared to reference each other reflehivalyas manually
verified (see results). This process generated a network containing 1132 citations.

2.3 Network Visualisation and Analysis

The network was visualised in Cytoscape 3.4.0 (Shannon et al., 26G8)en source software with a
library of plug-ins capable of performing network analysis. Global and nodal rkettadistics are used
to describe the network and were generated using the Networkx module for RyHuberg et al.,
2008).

Perhaps the simplest way to assess the importance of papers is by how many times theytheircited:;
indegree. Here, indegree was normalized by dividing a’edqdeindegreei) by the number of nodes
in the network (n) minus 1, since a paper cannot cite itself.

G0 = ——
Indegree, however, lacks any positional information about the node in the veiger 4rhigh indegree
paper could be cited many times by papers who are not themselves cited ainthamrxtremities of
the graph, or by many of the papers at the centre of the graph which are refévenced by many
others. Closeness centrality;JConversely, describes how close the node is to the centre of the network.
It is calculated as the average of the length of the shortest(d)thstween the no(x) and each of
the other node(y) in the networkA higher closeness centrality value indicates a work cites or is cited
by many other papers (Bavelas, 1950; Opsahl et al., 2010). In a sense, closenesy isentraasure
of how quickly ideas can spread through the sub-field, here representedagntark, rather than how
often thegiven paper’s ideas are cited.

n—1
Yhcid(x,y)

Together indegree and closeness centrality capture much of the information in thd bettvare based
on the number of connections each node has with little emphasis on the importhase obnnections.
Betweenness centrality g0nstead reflects the importance of a given paper in controlling theofiow
information around a network. This measure of centrality is calculated by sngethg number of
times the node in questi@w) lies on the shortest path between each pair of Ngde$in the network
(Freeman, 1978; Brandes, 2001). A paper with high betweenness centrality indicati&gstteat
important‘bridge for information to flow between otherwise less connected parts of the network.

Sy FEx#+2z <_(y,z) |x>
Cb(x) = 1 (y,Z)

(n-1Dn-2)

Ce(x) =
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224
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227
228
229
230
231
232
233
234
235

236
237
238
239
240
241

Kruskal-wallis tests with post-hoc, Bonferroni corrected, Mann-Whitnegdis were run in PAST
(Hammer et al., 2001tp test for significant differences between in-degree, closeness cgraradit
betweenness centrality statistics of each support classification. The same appemaattedsto the
analysis of the type classifications of each papeinvestigate if distinct ‘schools of thought’ exist in
the network MCODE plugin (Bader and Hogue, 2003) for Cytoscape was used toehyjdictil highly
inter-connected clusters in the network. These clusters represent sub-networks ttallyineéerence
each other more than they do other parts of the network. In-turn these clusteaisked so that the
first cluster represents the core of the network. The parameters used degeee cut-off of 2, a node
score cut-off of 0.2, a minimum Kore of 2 and the ‘haircut’ correction was applied, to remove nodes
only connected to clusters by one citation ([pid.

Figure 1. The network with Keeley (1980) added to the centre (yellow). Each blueptesents one
of the 363 validated papers that make up the network.

3. RESULTS

The network (Fig. 1) generated from the 363 validated papers is relatively sntladl amximum
distance from one paper to another is 10 citations (network diameter), yet it is also quite diffuse wi
skewed distribution oihdegree; some papers are heavily cited whilst many more are not cited within
the network (Fig. 2). In two instances a pair of papers referenced each®they were by the same
authors and both in press in 1985-1986. Roughly one third of the gaper$29) were considered
terminal nodes as they were not cited by any other paper in the neteatisplayed an outdegree of
zero. Of these, around half (n=)&2hly referenced Keeley (1980) and comprise a review paper (R)
which mainly cites Japanese literature (Akoshima and Kanomata 2015), and othe(Gbyusr
assemblage analysis (AA) papers.

Of the 363 papers in the network only 9% were classified as unsupportive of thpohigied approach
advocated by Keeley (1980) while 42% were neutral on the subject and 49%uyppoetive. Half of
the papers in the network were supportive efly’s (1980) position that the function of an implement
could be discerned from microwear, while 43% were neutral and just 7% were unsupportialySimil
45% of the articles analysed were supportive of the idea that worked maperdidlbe discerned &i
Keeley’s (Ibid.) experimental program, while and 44% were neutral and 10% were unsupportive.
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255
256
257
258

259
260
261
262
263
264
265
266
267
268

269

270

Due to the disparity of these sample sizes as well as significaatidagifrom normality, as tested via
significant Shapiro-Wilk results, Kruskal-Wallis and Mann-Whitney U paeapost-hoc tests were
used to test for significant differences in network statistics between tlegesgA Kruskal-Wallis of
indegree between the categories of support for the high powered approach wasrsigHific®.289

p =0.0489) and post-hoc pairwise tests show this was the result of supportive Ipaiper cited
significantly, but only slightly, more often than neutral ones (p =0.037RJuskal-Wallis of closeness
centrality was significant (H= 6.637, p=0.0362) but after applying a Bonferoorection there were
no significant differences in network position between papers thatetifin their support for the high-
powered method. The same omnibus test revealed no significant differences imhessamntrality
between these support groups.

Conversely, article support fdfe determination of implement function via Keeley’s (1980) microwear
methodology did demonstrate significant differences in network statigiiaoskal-Wallis tests of
indegree (H= 8.93, p=0.0115), closeness (H= 11.28, p=0.0035) and betweenness centrality (H= 14.65,
p=0.0007) were all significant and driven by significantly higher vaioesnsupportive articles than

either neutral or supportive papers. Therefore it appears that, despite being a swiathparétwork,
unsupportive papers are cited significantly more, are closer to the cetiteeraftwork and are more
important in bridging the flow of information than either neutral or supportive pégiers).

Average indegree was significantly different when papers were gtibypheir support for Keeley’s

(1980) claim that worked material can be discerned from microwear (H= 20.00Qq1) as

unsupportive papers were cited significantly more often than neutral or supportive papers. €losenes
centrality showed a similar but more graduated pattern with significant differences (H= 6.487
p=0.0390) being driven solely by the fact that unsupportive papers were significantly moreientral
the network than supportive papers, while neutral papers had an intermediate value not significantl
different from either other category. Betweenness centrality showed further sigritictnatsts (i

14.65, p<0.001) due to significantly more important edges in the network passing through
unsupportive papers as opposed to neutral or supportive papers with regard to the deterrmination o
worked material (Fig.3).

160
140
120

100

Frequency (No. of Papers)

30 40 50
In-degree

Figure 2: Histogram of the distribution of indegree in the network.
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Support for High-Powered Microscopy Support for Implement Function Support for Worked Material

Betweenness Centrality Closeness Centrality

Figure 3: Boxplots of normalised average centrality measures by support of each efatinened
aspects of Keeley’s (1980) model. Significant differences, at p<0.05 subsequent to a Bonferroni
correction, from post-hoc Mann-Whitney U pairwise comparisons are indicated by black arrows.
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283
284
285
286
287
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290
2901
292
293
294

295

Supportive
Neutral
Unsupportive

Figure 4: The network of 363 validated research papers with each node coloured by its support of
Keeley’s (1980) claim that worked material can be discerned from his microwear methodology.

Nodes placed at the bottom of the figure represent papers that only cited Keeley (1980) antd were no
cited by other articles within the network.

3.1 Type

As can be seen in Figure 5, AA and OF papers comprise the 36% and 42% of the nodgsaphthe
respectively, with Experimental Microwear Research (EMR) and R pagmessenting just 16% and
6%, each. Indegree comparisons demonstrated significant differences between the types of paper (H =
87.22, p< .000)). Specifically, the small number EMR and R papers showed a significantly higher
number of citations than AA or OF papers, and while EMR did receive more cittisngas not
statistically distinguishable from R papers (Fig. 6). Closeness cgnalsit demonstrated significant
differences (H= 25.72 p <.0001) between the types of paper with a clear separation of AA and OF
papers from the EMR and R papers. However, here EMR papers closeness centratiggt was
significantly higher than AA, while R papers were slightly more central than gafRers (Fig. 6). As
hypothesied, betweenness centrality values were significantly higher for the R ghparsther types

(H= 42.28, p <.0001) though it was not significantly larger than EMR pagi¢er the Bonferroni
correction.
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Artifact Analysis

Experimental Microwear Research

s Other Focus
Review

Figure 5: The network of 363 validated research papers with each node coloured hyethHdyes
placed at the bottom of the figure represent papers that only cited Keeley (1980) and witzd hpt c
other articles within the network. Note that the core of the netisaémprised of EMR and R papers.

Figure 6. Boxplots of normalied average centrality measures by article type. Significant differences,
at p<0.05 subsequent to a Bonferroni correction, from post-hoc Mann-Whitney U paowigarisons
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are indicated by black arrows.

3.2 Cluster Analysis
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Using standard parameters th&€®IDE algorithm was able to identify 10 unique sub-clusters within

the network as visualised in Figures 7 and 8. The 71 nodes within these clusters represent ~20% of the
total network and represent ~71% of the total citations in the entinketThe first two clusters
represent the ‘core’ of the network with MCODE scores of 8.125 and 8, respectively, whereas clusters

3-10 have scores from 3.5562.667. Clusters 5-10 represent specific concentrations; Cluster 10
comprises papers concerned with residue analysis and hafting (e.g.Dinnis2€08),, Cluster 9
represents several analyses by E.H. Moss (1983, 1986, 1987), Cluster 8 concerns a#uiogych
(Atherton, 1983; Agorsah, 1990; Cunningham, 2003), Cluster 7 represents papers concerning Paleo-
Indian of North America by D.B. Bamforth (1985, 1986, 1991), Cluster 6 com@i8egntury papers

on blind-testing as a methodology (Rots et al., 2006; Evans, 2014; Evan2814).and Cluster 5

mainly concerns Paleo-Indian bladelets (Yerkes, 1994; Kay and Mainfort, 2014; Rdlet, 2015).

Cluster 4, containing 15 nodes, is dominated by assemblage analyses from the Levant, Africa and
Europe but is also rooted in two papers that consider the effect of post-depositional and environmental
factors on surface microwear (Sala, 1986; Burroni et al., 2002). CRistentains 16 nodes mostly
focussed on quantifying microwear with microscopy and other processes that @amplaetformation

of microwear (Grace et al., 1985; Stemp et al., 2012; Lerner, 2014; Olle and Verges, 2014).

Cluster 2 only contains 9 nodes but comprises 23% of the citations in the netiwsrt{uster is almost
entirely EMR papers concerning metrology, quantification and the development of micumsiregar

new microscopic methods (Stemp and Stemp, 2001, 2003; Evans and Macdonald, 2011; Borel et a
2014; Key et al., 2015), although it also includes one of the oldest interferometrg paper field
(Dumont, 1982). Indeed, even the single AA paper in Cluster 2 employs atomic microscopy (Faulks et
al., 2011). Cluster 1 is the core of the graph with 17 nodes and integral to 3d&ociations in the
network. The papers in this cluster are all EMR and R papers, including those wuntegroriginal

debate over blind testing methodology from the (I98Newcomer et al., 1986, 1988; Moss, 1987,
Bamforth, 1988), as well as quantitative analyses and methodological testing(Bgragset al., 2008,

2009, 2010 ,2014; Evans and Donahue, 2005; Evans et al., 2014). Both Clusters 1 and 2 have articles
mostly unsupportive (56%@f Keeley’s (1980) assertion that worked material can be identified from
microwear in contrast to all of the other identified clusters (Fig.8). For the de&dioni of implement
function Cluster 2 has one more neutral than for worked material but is oth#revsseme. Conversely,
Cluster 1 is predominantly neutral for implement function with less unsupportives{8pé6) and one
further supportive article than the two for worked material.

Artifact Analysis

Experimental Microwear Research
m Other Focus /

Review \>/ﬂ<\
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338  Figure 7: The 10 sub-clusters of the graph identified by the MCODE module, coloured by paper typ
339 and ordered by the most central sub-cluster to the least central, from lefittoQitgtions within

340 networks are represented by solid white lines whereas citations between algstepesented as thin
341  grey lines.

® Supportive
Neutral
4 Unsupportive

342  Figure 8 The 10 sub-clusters ascending from left to right of the graph identifiedebiCODE
343  module, as in Figure 7, but coloured by support of the identification of worked ahaldote the
344  preponderance of supportive (green circles) papers to the right and unsupportive t(@agigs) to
345  the left.

346 4. DISCUSSION
347  The Network

348 The aim of this paper was to analyse the development of common or ackemidddge in lithic
349  microwear analysis research from its establishment by Keeley in 1980 as edprems objectively
350 created network of citations. With this retroactive snapshot of the fi@@i5 it was possible to test to
351  what extent Keeley’s (1980) experimental microwear program still characterises the sub-field.

352  Itis clear from the structure of the network that there is a centraloégrapers that form the nucleus
353  of the sub-field and a relatively large periphery of papers that only é&e athers in the network
354  (Figs. 1, 2, 4, and 5). This disparity in connectivity is perhaps clearestureBig and 5 where ~17%
355  of the papers only cite Keeley (1980) or each other and would not be in the nbwwdde this
356  definition of the sub-field. The skewed distribution of connectivity indicatéiatsre of the citation
357 network in which there are some particularly influential papers. Whigetitie that papers published
358 in 2015 are less likely to be cited as often, the 10 most cited papers span 1982-20€@8gritisa
359  structure is not simply a function of time.

360  Support

361  High-powered microscopy is central to Keeley’s (1980) program and is perhaps one of the clearest
362  aspects in which his work departs from earlier studies such as Semenov ([1%&dhsl of number of
363  papers, the network was 49% neutral and 42% supportive of this aspect of Keeley’s work. While not

364  statistically significant, supportive papers, that largely employed the techorcpesemblage analysis,
365  were cited more often in the network than neutral or unsupportive articles (Fig.3). Theyoifigasit

366  difference regarding high-powered microscopy was that unsupportive papers serdakhe centre
367 of network that neutral papers, though not more so that supportive ones. Unseppag@ers
368  constituted older papers that applied a low-power approach (e.g. Stafford and Stafford, 1988st&enm
369  1990); those that still believed the low power approach had more informatioeldo(gg. Moss 1983,
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370 Odell 1985) and later researchergork thatis dissatisfied with the qualitative data provided by
371  Keeley’s approach (e.g. Gonzalez-Urquijo and Ibanez-Estevez 2003, Macdonald, 2014). Therefore, it
372  appears that the while the high-powered method characterises much of the subyfedds3in, new

373  technologies and methods as well as the lower-power approach are present across the network.

374  In absolute terms, the network is characterised by mostly neutral and suppapgérs in relation to
375  both the determination of implement function (90%) and the type of worked ré@8es). However,
376  the centrality analyses reveal that the small number of papers unsuppbitivih @spects is cited
377  significantly more often than neutral or supportive papers. These unsuppadities grovide more
378 important links between sections of the network and display signifidaigther betweenness centrality
379  (Fig. 3). For the determination of implement function unsupportive papers weificaigtly closer to
380 the centre of the network than neutral or unsupportive articles. Converselytdaptiee determination
381  of worked material types was only significantly different in closeness tgnbatween unsupportive
382  and supportive papersidicating a more gradual trend to be supportive of this tenet of Keeley’s (1980)
383  work, toward the periphery of the network (Figs. 3 & 4). In sumséhesults are likely driven by the
384 fact that eight of the temost cited papers were unsupportive of Keeley’s (1980) claim that type of
385  worked material can be discerned form microwear via his methodology, inclhdingpist cited paper
386  of the network with an indegree of 53 (Newcomer et al., 1986).

387 It could be argued, that perhaps these significant differences regarding the uhgigpoups were

388  simply the result of a relatively small sample size with no tail oetogentrality papers. In statistical

389  terms this would hold if samples were drawn from a larger population afsepe unsupportive papers

390 were under-sampled, however, the present data are the full enumeration of thequopslgkr the

391 network definition. Further, a smaller number of nodes would, with all other théing equal, reduce

392  the chances of being cited purely because there are fewer papers to cite. This @ubor the high-

393  powered microscopy support results which show that the same network produces almost no significant
394  differences and more supportive citations when a different aspect of Keeley’s (1980) model is

395 considered (Fig. 3).

396  The two top clusters in the network, together responsible for ~57% of citatfiast these centrality
397 trends. While theses clusters are generally supportive (46%) of the high-powerestopy aspect of
398  Keeley’s (1980) approach, this trend is negated for the determination of implement use (50% neutral,
399  39% unsupportive) and reversed for determination of worked material. Thetynajdtiese top two
400 cluster papers are unsupportive of this aspect (54%) and only two articles (Mos8daiiFth, 1988)
401  are in support of it (Fig. 8).

402  While most papers are supportive of high-powered microscopy and this methodesmibe widely-
403  used, it appears that unsupportive papers regarding function and worked materisgibathetcentre
404  of this citation network contra our prediction. The formative ideaKedley (1980) regarding
405 determination of implement function and type of worked material via his microwear methodreref
406  seem to no longer characterise the centre of the lithic microwear sub-field, butitagheriphery.

407  Type

408  The distribution of paper types in the network also indicated struatitinen the network. The most
409  numerous types of paper in the network wefeand papers with a focus other than microwear research
410 or application. The former is, perhaps, expected given that application afwear analysis should
411  make up the majority of the field. The Efthowever, requires some explanation. It is tempting to
412  ascribe the large amount OfF papers to a loose definition of the field yet all employed microwear
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some way and referenced Keeley (1980). The relative abunda@éepafpers may best be explained
by the fact that microwear analysis is a small and relatively receffietdiiof archaeology, and as such,
its techniques are employed as an additional rather than a principle methodology archaeological
studies

There are relatively few EMR papers and even fewer R papers in the netwuokighlthe latter is
expected since they can only be written subsequent to other articles hdlegsrEMR and R articles
maintain significantly higher centrality values than the AA and OF papers, with the exceEiRof
and AA closeness centrality, which was not significantly larger for EM& 6). Though the EMR and
R were not significantly different it is interesting to note BBIR papers were cited the most, and that
the closeness centralities of the two papers types were similar. This iohoinghe cluster analysis
where the two major sub-clusters identified by the algonitlene almost completely EMR and R papers
(Fig. 7). The largest difference between EMR and R articles actually occonesdian betweenness
centrality where R papers were more often a ‘bridge’ connecting many papers in the network. This
accords well with the prediction that authors would tend to frequentlsesiiw papers focused on the
theoretical grounding of their present research.

Perhaps unsurprisingly the paper type analyses demonstrate that the core of the microweddrisub-f
experimental microwear research as well as review papers. The EMR articles tefide or test
methodologies in the sub-field and therefore are cited when these are applied, aiftitdeR draw
together the common or accepted knowledge of the sub-field at the time afagiabli There is,
however, a clear separation between this core of the field and the applicatiorknbthlisdge in the
assemblage analyses. Indeed, 28 of the 64 unconnected papers that only referepcd $&®)l are
assemblage analyses (Fig. 5). This can be explained byetbEKeeley’s (Ibid), or a similar qualitative
methodology, in these artefactual applications of microwear research, rathehehgnantitative
experimental microwear methodologies that have since been published andhdocentre of the
research network, especially those in Cluster 2 (e.g. Stemp and Stemp, 2001, Evaonsama,D
2008) It could be argued that applications of microwear should be less cemteatisey are employing
a method to conduct an archaeological site analysis rather than attemptingetonetfiodology. Still,
the lack of a dialogue between these article types (EMR and AA) impliesriatnethodological
improvements or equivocations are not employed in artefactual applications andselynveew
methodologies are not frequently tested in the complex field environment.

Implications

The present meta-analysis demonstrafieg while Keeley’s (1980) high magnification light
microscopy method is widely supported in the sub-field, this level of support is relatively unstructured
in the network and is also enjoyed by other methodologies. Though it should bénabtedrte modern
approaches scored as unsupportive of Keeley’s (Ibid.) microscopy method do hold to the ethos of his
approach but feel it needs refining (e.g. Stemp et al. 2015b). The results aighathihe core of the
citation network comprising the sub-field of lithidcrowear research is characterised by experimental
research and review papers that are generally, though not exclusively, neutral or unsupportiv
Keeley’s (1980) original tenets regarding implement use and type of worked material. Conversely, the
first layer surrounding the core is characterised by lithic artefact assenmdnatyses that are largely
supportive of the two aspects of Keeley’s (1980) model. The periphery of the network is largely
neutral articles with another focus. Indeed a test of these associatildsssygmificant associations
between these typesreported in Table 3.
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Adjusted residualsfor Support for the use of high-power microscopy methads (
186.14, p =<0.001, V=0.5064)

Unsupportive Neutral Supportive
AA 0.5248 -10.932* 10.776
EMR 2.4692 -3.3238* 1.9493
OF -2.0261 12.352 -11.353*
R -0.6750 1.6389 -1.2729
Adjusted residualsfor Support for the function of tools can be visually identified
from microwear k2= 107.78,p =<0.001, V=0.3853)

Unsupportive Neutral Supportive
AA -2.0757 -7.5824* 8.5502
EMR 5.8602 -0.3597 -2.5556
OF -2.162 7.2615 -6.1259*
R -0.3514 0.8432 -0.6615
Adjusted residualsfor Support for the type of worked material can be visually
identified from microwearX? = 177.24, p =<0.001, V=0.4941

Unsupportive Neutral Supportive
AA -2.7864 -8.5401* 10.25
EMR 8.3889 -0.8312 -4.3326*
OF -3.7919* 9.0239 -6.6848*
R 0.5887 -0.1682 -0.1943

Table 3 Adjusted residuals of the chi-Square tests for association between type chpdpgoe of
support. Subsequent to a Bonferroni correction results significant & @b or critical value +3 are
marked in bold (following Sharpe 2015). *Indicagesignificant negative result.

It may be reasonably inferred that the sub-field of microwear, as definedhasrmoved away from
Keeley’s (1980) original conception of the discipline. This shift reflects the adoption of the processual
paradigm in the field, as a whole, and increasingly utilised complex metrol@gidatribological
technologies, not available to Keeley in 1980. Experimental microwear research papel® m
unsupportive of Keeley (1980) as they have continued to develop or refine his and8eifi®57)
initial insights. This article makes no-comment on either the efficaapiofowear analysis or the
various methodologies it empleyNeither do we mear imply that Keeley’s (1980) qualitative
approach is not effective. Yet it is clear that the methodological cdahésdield has developed into a
distinct ‘school of thought from that originally proposed by Keeley (1980). As Van Gijn (2014:168)
has expressed{tlhe method itself has gone through a similar historical trajectory feex otew
disciplines: from a period of high, unrealistic expectations (1975-1985), throwghuituous period

of rejection and pessimism when the limitations became clear (1985-1990), to the gcadptdnce

of the inferential limits, the development of new techniques and the accumulation ofcalmpiri
evidence”. Still, the qualitative method continues to be employed during the analysidetdcta
assemblages and thei® significant support for Keeley’s (1980) optimistic assertion that both
implement use and type of worked material can be determined via his experimeragalgar program
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480 (e.g. Lynch and Hermo, 2015). From the analysis presented here it appears that mieesazah has
481 developed into twodistinct ‘schools of thought’ characterised by methodologically focussed
482  quantitative studies and more qualitative artefact studies interpretiegahat the field. This analysis,
483  therefore, objectively underlines the calls for standardisation withiauhsdield (Evans et al., 2014;
484  Van Gijn,2014) and the need for these distinct ‘schools of thought’ to reintegrate to produce a more
485  cohesive microwear discipline.

486 5. CONCLUSION

487  The present study generated a citation network to objectively anh/skevelopment of microwear
488 research subsequent to its introduction into the wider academic community bsy K&6BO0),
489  concurrent with the development of the processual paradigm in archaeologysvaeasures of the
490 importance were generated by centrality algorithms for each of theegBé6s that formed the network
491 while a clustering algorithm delineated the distinct sub-clusters that weits abre. Results
492  demonstrated that the principle two clusters at the centre of the networkhieftg comprised of
493  small number of experimental microwear research and review papers that wereumstiplyortive of
494  Keeley’s (1980) assertions that his model of microwear analysis could determirimplement’s
495  function and the type of material worked. These papers were responsible for thgy rogptations
496  within the network. Conversely assemblage analyses, which were gesapgibyrtive of these aspects
497  of Keeley’s model (Ibid), and papers with another focus that were neutral towards the foodel
498 the less cited periphery of the network. $&gvo objectively identifiedschools of thought’ broadly
499 reflect more quantitative and recent articles, as opposed to more vagehed qualitative
500 methodologies akin to Keeley’s model. For the first time, this distinction adds objective and statistical
501 weight to recent calls for standardisation within microwear analy$isrsy continue to be a growing,
502  cohesive sub-field.
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