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Ancfient peopfle used perfishabfle resources much as peopfle do today. Such materfiafls do not preserve wefffl fin the
archaeoflogficafl record, and so there are types of fitems that woufld have been made from anfimafl skfins or vegetafl
matter flfie cflothfing, footwear, and contafiners that are not present fin many assembflages. Dfirect evfidence for such
fitems fis often flackfing, but findfirect evfidence fin the form of mficrowear traces can be found on more durabfle
materfiafls, such as bone toofls, that finteracted wfith these fless permanent fitems prfior to deposfitfion. In thfis study, 3D
mficroscopfic methods are appflfied to quantfitatfivefly evafluate traces from three perfishabfle materfiafls (semfi-fresh
anfimaf] skfin, processed spflfit fleather, and dry bark) on experfimentafl bone toofls. Bones were scanned on two
objectfives (20x and 100x) wfith a confocafl dfisc-scannfing mficroscope and evafluated usfing 3D surface texture
parameters. Quantfitatfive measurements of the bone surfaces varfied at the dfifferent scafles, but materfiafl wear
patterns were evfident and findficatfive of the dfifferences fin propertfies of the three materfiafls. Thfis study findficates
that the use of 3D mficroscopfic methods on bone toofls at mufltfipfle scafles fis usefufl for understandfing how contact
wfith perfishabfle materfiafls affects bone surfaces. Thfis method has the potentfiafl to findfirectfly evafluate ephemerafl
resources that once came finto contact wfith ancfient bone artfifacts and reconstruct some of the fless tangfibfle as-

pects of ancfient human behavfior.

1. Introduction

Humans expflofit the resources avafiflabfle to them finany envfironment,
and much of our materfiafl cuflture comes from organfic sources such as
pflants and anfimafls. The vast majorfity of these products are unflfikefly to
survfive over flong stretches of tfime, though there fissome dfirect evfidence
that human groups used wood and pflant ffibers as far back as the Mfiddfle
and Late Pflefistocene (Aranguren et afl, 2018, Hardy et afl, 2013, Hardy et
afl, 2020, Lerofi-Gourhan, 1982, Nadefl et afl, 1994, Oakfley et afl, 1977,
Schoch et afl, 2015, Soffer et afl, 2000, Thfieme et afl., 1985, Thfieme,
1997). There fiaflso findfirect evfidence for the processfing of anfimafl skfins
durfing simfiflar tfime frames (Coflflard et afl, 2016; d’Errfico et afl, 2003;
Gfiflfifigan, 2007, 2010; Haflflett et afl, 2021; Krueger et afl, 2019; Martfisfius
et afl, 2020a,b, 2022; Ocobock et afl, 2021; Rots et afl., 2015; Soressfi et
afl, 2013; Wafles, 2012). Whfifle dfirect archaeoflogficafl evfidence of ar-
tfifacts made from perfishabfle materfiafls fis mfinfimaf], these objects un-
doubtedfly made up a substantfiafl portfion of ancfient peopfles’
technoflogficafl and socfiafl repertofire (Hurcombe, 2014). Anfimafl skfins or

other anfimafl parts coufld have been used for cflothfing, footwear, sheflter,
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or contafiners. Some of these fitems flfiefly had muflifipfle components that
may have come from a varfiety of other perfishabfle materfiafls. Pflant ffibers
woufld have been fideafl for makfing cordage or twfine, as they are sfiflused
today. Unfortunatefly, fit fis more dfiffficuflt to access these parts of the
materfiafl past sfince objects made from pflant and anfimafl ffibers rarefly
preserve fin the archaeoflogficafl record. The resuflt fsa gap fin our under-
standfing of ancfient flfifeways, socfiafl dynamfics, and the day-to-day flfived
experfience.

Lfithfic or bone toofls, whfich preserve more readfifly, offer gflfimpses finto
mfissfing perfishabfle fitems and thefir functfion wfithfin ancfient popuflatfions.
The vaflfidfity of these objects as proxfies for processes finvoflvfing perfish-
abfle materfiafls has been estabflfished (e.g., Marrefiros et afl, 2015, Seme-
nov, 1964). Objects coflflected durfing ethnographfic research can be
compared wfith archaeoflogficafl artfifacts to deveflop fideas or finspfiratfion
for understandfing materfiafl cuflture and processes fin the past (Soffer,
2004, Stone, 2011b). Whfifle thfis fifire of research fis finsfightfufl, there fisa
tfisk fin equatfing the functfion of an object from one cuflture to a fimfiflafly
shaped object from archaeoflogficafl contexts (Stone, 2011b). Ancfient

peopfles may have been makfing and usfing materfiafls fin ways that
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ethnographfies cannot attest to. Common-sense anaflogfies may aflso heflp
to deduce the functfion of artfifacts (Stone, 2011b). A partficuflar toofl may
have certafin propertfies that make fit usefufl for a specfiffic task or certafin
features of an artfifact may pofint to a cflear use. A perforated object such as
a pendant woufld flfiefly have been strung together or sewn onto some
other materfiafl, possfibfly wfith twfine made from pflant materfiafl or a thfin
fleather cord. Even so, certafin objects, even those wfith dfistfinct mor-
phoflogfies seemfingfly sufited for specfiffic tasks, may have been used for
any number of purposes fin manfifofld ways.

Mficrowear traces fleft from the use of an object can provfide the
necessary suppflementaf] finformatfion for finferrfing an artfifact’s functfion.
Thfis has been accompflfished usfing tifiboflogficaf] prfincfipfles for how two
objects finteract wfith each other (Bradffiefld, 2020a, Chomko, 1975,
Lemofine, 1994). Based on materfiafl propertfies, specfiffic traces produced
durfing contact and fifictfion of known materfiafls shoufld be reproducfibfle
and therefore fidentfiffiabfle on the surfaces of archaeoflogficafl materfiafls
(Semenov, 1964). Experfimentafl studfies on a wfide varfiety of materfiafls
have been undertaken to test these prfincfipfles and bufifld reference cofl-
flectfions for assessfing object functfions (e.g., Buc, 2005, Campana, 1989,
Lemofine, 1997, van Gfijn, 2007). Varyfing experfimentafl approaches
attemptfing to repflficate past human actfions or focusfing on assessfing
basfic materfiaf] prfincfipfles are usefufl for evafluatfing potentfiafl artfifact uses.
Combfined, these approaches have the potentfiafl to bufifid a more com-
pflete understandfing of materfiafls present fin the archaeoflogficafl record
(Marrefiros et afl,, 2020).

Compared to stone, toofls made from bone are fideafl for assessfing
wear from perfishabfle materfiafls because they are they softer, accumu-
flatfing weflfl-devefloped mficrowear traces more readfifly than harder ma-
terfiafls. They aflso tend to be used repetfitfivefly for flong stretches of tfime to
transform materfiafls finto somethfing eflse entfirefly. Anfimafl and pflant
materfiafl can be made finto garments, sewn together, or woven finto
baskets, nets, and other usefufl objects. A great amount of work has been
dedficated to assessfing wear on bone from perfishabfle materfiafls at both
flow and hfigh magnfifficatfions (Buc, 2005, 2011; Buc and Loponte, 2007;
Campana, 1989; Chrfistfidou and Legrand, 2005; d’Errfico et afl, 1984;
Grfifffitts and Bonsaflfl, 2001; Legrand, 2007; LeMofine, 1991; Lemofine,
1997; Mafigrot, 2003; Oflsen, 1984; Shfipman and Rose, 1988; Sfidera,
1993; Stone, 2011a, 2013; van Gfijn, 2007; Legrand and Sfidera, 2007). A
key recognfitfion based on thfis corpus of work fisthat voflume deformatfion
and aflteratfions to the mficrotopography or mficroreflfief of bone surfaces
must be evafluated at dfifferent scafles (e.g., Bradffiefld, 2022; Buc, 2011,
Legrand and Sfidera, 2007). A combfined approach has heflped mficrowear
anaflysts to evafluate finteractfing materfiafls and use thefir observatfions and
understandfing of materfiafl propertfies to assess how certafin materfiafls
affect bone surfaces. Pflant ffibers, for exampfle, have thfick rfigfid ceflfl waflfls
that are often fintemaflfly aflfigned. These can be reasonabfly predficted to
cause wear on bone fin a pflanar fashfion wfith mfinfimafl edge roundfing
whfifle producfing structured and aflfigned strfiatfions (Stone, 2013, Stone,
2011a). On the other hand, anfimafl ffibers, rfich fin keratfin and coflflagen,
do not have ffigfid ceflfl waflfls, are fless orderfly, and often fincorporate
partficfles from other sources. Thfis combfinatfion may wear bone sub-
stantfiaflfly by roundfing the surface borders, finvadfing ¥l flayers of the
mficrotopography, whfifle producfing strfiatfions of varyfing shapes and sfizes
(Stone, 2013, Stone, 2011a). Even wfith a weflfl-founded understandfing of
perfishabfle materfiafl wear on bone, the finherent varfiatfion fin &¥1 these
materfiafls can confound finterpretatfions (Stone, 2013, Stone, 2011a).

Whfifle not a unfiversafl soflutfion to thfis fissue, a quantfitatfive method
that assesses measurabfle dfifferences of certafin surface features shoufld
ffirft any potentfiaflfly objectfive decfisfions based on ambfiguous features.
3D mficroscopy methods combfined wfith the anaflysfis of surface texture
parameters has been used fin recent years to more often measure the
mficrotopography of stone toofls (Evans and Donahue 2008, Evans and
Macdonafld 2011, Gfiusca et afl. 2012, Ibanez et afl. 2018, Macdonafld et afl.
2018, Macdonafld et afl. 2019, Macdonafld et afl, 2020, Pedergnana et afl.,
2020, Stemp and Chung 2011, Stemp et afl. 2015, Stevens et afl. 2010,
Werner 2018) but aflso bone surfaces (Bradffiefld, 2020b, d’Errfico and
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Backweflfl, 2009, Lesnfik, 2011, Martfisfius et afl, 2018, Martfisfius et afl,
2020a, Sfinet-Mathfiot et afl, 2021, Vfiettfi, 2016, Watson and Gfleason,
2016). Wfith the abfiflfity to quantfify how dfifferfing perfishabfle materfiafls
wear and aflter bone mficrotopography, statfistficafl modeflfing can ffine-tune
our understandfing of the resufltfing dfifferences and ufltfimatefly that of
ancfient artfifacts used on such materfiafls. To appfly these methods to
archaeoflogficafl bone artfifacts and have conffidence fin the resuflts and
finterpretatfions, foundatfionafl methodoflogficafl deveflopment fis cfitficafl
For exampfle, sfince bone fis composed of organfic materfiafls subject to
dfiagenesfis and other post-deposfitfionaf] processes, fit fisnot yet cflear how
these varfious processes affect the mficrotopography of bone and there-
fore the measurements used fin surface texture anaflysfis (Martfisfius et afl.,
2020a). Lfikewfise, addfitfionafl experfimentaf] anaflyses focused on assessfing
bone toofls used wfith dfifferent actfions on varfious contact materfiafls and
usfing a mufltfiscaflar approach fis needed (Bradffiefld, 2022; Lesnfik, 2011;
Watson and Gfleason, 2016; Legrand and Sfidera, 2007).

Thfis study bufiflds on prevfious work that used a mechanficafl setup to
controfl mufltfipfle varfiabfles and assess how bone wears due to contact
wfith dfifferent perfishabfle materfiafls (Martfisfius et afl, 2018). Surfaces
were then anaflyzed usfing confocafl dfisc-scannfing mficroscopy and 3D
surface texture anaflysfis software. Here, some of the same anaflytficafl
methods are used, but bones are worn fin a fless controflfled way to see fif
sfimfiflar resuflts are obtafined. If thfis fis the case, bone surface anaflysfis fis
one step cfloser to accuratefly assessfing objects wfith unknown uses.
Because dfifferent features are more apparent at dfifferent scafles,
appflyfing thfis method usfing two dfifferent magnfifficatfions shoufld provfide
varyfing resuflts, not just finthe vaflues obtafined across magnfifficatfions, but
fin the reflatfionshfip of the materfiafls to one another. Therefore, the mufl-
tfiscaflar approach presented here wfftl provfide a more compflete under-
standfing of the raw materfiafl propertfies of bone, varfious perfishabfle
materfiafls, and how they finteract wfith each other.

2. Materials and methods

Ffive Cervus elaphus rfibs from the same findfivfiduafl were obtafined from
a hunter. Aflrfibs were cfleaned and processed usfing a smaflfl amount of
detergent and macerated for severafl months at the Zooarchaeoflogy
Laboratory at the Unfiversfity of Caflfifornfia, Davfis. After processfing, the
tfibs were fleft to dry before any experfiments were performed. The rough,
firreguflar ventrafl end of the rfibs were removed usfing a hammerstone.
Rfibs were further shaped through grfindfing agafinst a dry ground stone
untfifl the modfiffied, dfistafl end of the experfimentafl toofl was spatufla
shaped. Grfindfing was most often performed at an obflfique angfle or
transversefly to the grafin of the bone. Modfifficatfions were thorough,
aflterfing the workfing end of the bone so that overflappfing grfindfing traces
were Vfififle over the entfire surface area to be uffiflfized Two of the ffive
1fibs used fin thfis study were reworked after thefir fifififl use to obtafin
addfitfionafl sampfles. In totafl, nfine toofls were manufactured and used for
thfis experfiment.

Each experfimentafl toofl was used on one of three materfiafls: semfi-
fresh skfin (goat, Capra hfircus), processed spflfit fleather (cow, Bos
taurus), and dry bark (flfinden, Tfilfia). The goat skfin was obtafined from a
farmer and came from a young anfimafl. Thfis skfin was stored fina freezer
for severafl months prfior to fits use fin thfis experfiment. The skfin’s mem-
brane was removed and the fintemafl surface was partfiaflfly worked usfing
other toofls. No externafl abrasfive substances were added to the skfin at
any pofint durfing the experfiment. The bone toofls made fin the current
study were used fin the flater stages of the process when the skfin was
begfinnfing to dry out. The processed spflfit fleather was obtafined from a
department store and was soft and suppfle. The bark was obtafined from
Archeoshop, an experfimentafl archaeoflogy vendor, and came fin strfips
from 1 to 2 cm wfide.

One findfivfiduafl used three toofls to work each materfiafl for 40 mfins,
most often wfith flongfitudfinafl and obflfique motfions. Toofl use was not
undertaken to achfieve an afltered state of the worked materfiafl, but rather

to ensure that wear traces were weflfl-devefloped on the surface of the
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dfistaf] toofl portfion. Thfis was done because the toof]l shape used fin thfis
experfiment may not have had a reafl-worfld appflficatfion for each of the
materfiafls worked.

Once a toofl was used on one of the three materfiafls, the dfistaf] portfion
(~10 cm) was grooved and snapped off and curated for anaflyses. Un-
fortunatefly, one of the bones used on the skfin was subsequentfly
damaged and coufld not be further studfied. Therefore, efight bone toofls
were anaflyzed (Tabfle 1).

2.1. 3D surface texture analysfis

Each bone toofl was scanned at two magnfifficatfions wfith a confocafl
dfisc-scannfing mficroscope (psurf mobfifle, Nanofocus AG, Oberhausen,
Germany), usfing a 20x (ffiefld of vfiew = 0.8 mm2) and 100x flens (ffiefld of
viiew = 0.16 mmz2). The 20x flens was chosen to aflflow for a dfirect com-
parfison of data wfith a prevfious study (Martfisfius et afl, 2018). The 100x
objectfive was seflected to ensure suffficfient contrast to the flower
magnfifficatfion used here. The numerficaf]l aperature vaflues for the 20x and
100x objectfives are 0.4 and 0.8, respectfivefly. Thfis dfifference shoufld
affect how the scans are acqufired gfiven that the dfifferent vaflues reflate to
each objectfives’ abfiflfity to gather flfight and resoflve ffine detafifl, wfith
hfigher vaflues generaflfly producfing more accurate resuflts (Caflandra et afl,,
2019, Leach, 2011).

Afflartfifacts were orfientated wfith the object’s flongfitudfinafl axfis aflong
the X-axfis of the psurf mobfifle and the dfistafl end (tfip) posfitfioned at the
extent of the X-axfis. From thfis pofint, a gifid was setup from a centrafl (C)
posfitfion fin the actfive workfing area of each object, most often 3.375 and
1.35 mm proxfimaflfly from the tfip for the 20x and 100x, respectfivefly
(Ffig. 1). Onfly one objectfive flens can be attached to the psurf mobfifle at a
tfime, so dFlscans on the 20x flens were taken prfior to those on the 100x.
Porous surface areas fimpeded systematfic sampflfing, so ffive scans were
captured wfithfin the mafin grfid area at each objectfive were captured
(Ffig. 1). A smaflfl number of scans taken wfith the 100x flens were flocated
wfithfin the scans taken at 20x (Ffig. 2). Quaflfity of scans were revfiewed
and accepted for further study fif95% or more of the surface pofints were
measured (Martfisfius et afl, 2018, Schuflz et afl, 2010, Schuflz et afl,
2013a). Lesser accuracy scans were re-measured by aflterfing brfightness,
exposure, gafin, or pfitch vaflues untfifl 95% of the surface was captured.

Meshed axfiomatfic 3D modefls of each scan were made wfithfin
MountafinsMap Premfium v. 7.4.8076 Anaflysfis software by Dfigfitafl Surf
(Besangon, France) foflflowfing standard procedures: fleveflfing (LS-pflane),
outflfier removafl (edge and fisoflated outflfier removafl, wfith normafl
strength, and fiFlfin pofints <225, nofise removafl), non-measured pofints
fiflfin (smoothfing method), and form removafl usfing a poflynomfiafl of 2nd
degree (Martfisfius et afl, 2018, Martfisfius et afl, 2020a, Schuflz et afl,, 2010,
Schuflz et afl., 2013a, Schuflz et afl., 2013b).

Nfine surface texture parameters were seflected for quantfifficatfion

usfing ISO 25178, fisotropy, and scafle-sensfitfive fractafl anaflysfis (SSFA).

Table 1

Experfimentaf]l and confocafl mficroscope scan detafifls. Bone toofls derfive from one
of ffive separate rfibs, each used on one of three materfiafls (dry bark, spflfit fleather,
and semfi-fresh skfin), and had up to ffive usabfle scans taken at each objectfive (20x
and 100x).

Bone tool Material Number of usable scans
(20x) (100x)

1 Dry bark 5 S

2 Dry bark 5 5

3 Dry bark 5 5

4a Spfffit fleather 5 5

4b Spfffit fleather 4 5

4c Semfi-fresh skfin 3 5

5a Spfifit fleather 5 5

5b Semfi-fresh skfin 5 5

5c Semfi-fresh skfin 0 0
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Parameters were chosen to be representatfive of nfine mafin characterfizfing
surface features (hefight, densfity, area, sflope, peak sharpness, pflateau
sfize, voflume, compflexfity, and dfirectfion) descrfibed fin Schuflz-Kornas et
afl. (2020) and based on prevfious experfience assessfing dfiagnostfic afl-
teratfions to bone mficrotopography as weflfl as on the predficted dfiffer-
ences fin perfishabfle materfiafls (Ffig. 3).

2.2. Staffistfical analysfis of surface texture parameters

A subset of the nfine surface texture parameters chosen for quantfiffi-
catfion were statfistficaflfly anaflyzed usfing Bayesfian modeflfing. Sfince many
parameters are correflated, four reflatfivefly findependent parameters were
chosen based on pafirwfise scatter pflots. Further, three of these parame-
ters (Sa, Sal, and Spc) were used fina prevfious study empfloyfing the same
statfistficafl modefl aflflowfing for a dfirect comparfison of data (Martfisfius et
afl, 2018). An addfitfionafl parameter (Smr1, upper materfiafl ratfio) used fin
the Martfisfius et afl. (2018) study coufld not be fincfluded here because fitwas
unobtafinabfle at both 20x and 100x magnfifficatfions. Instead, A fourth
parameter (Smr) representfing the same characterfizfing feature fis used
here.

Bayesfian modeflfing was empfloyed foflflowfing prevfious protocofls
(Martfisfius et afl, 2018, Martfisfius et afl, 2020a, Sfinet-Mathfiot et afl,
2021). Three fincreasfingfly compflex statfistficafl mufltfivarfiate mfixed modefls
of the form Y = XB +ZU +E (see Amemfiya, 1994) were empfloyed for the
four flog-transformed parameters from 77 meshed axfiomatfic 3D modefls
makfing Y a 4x77 matrfix (Tabfle 2). MO, the empty modefl wfith no ffixed
effects XB, fincfludes random effects ZU and resfiduafl error E. The fidfio-
syncratfic effects of findfivfiduafl 7fibs and measurement locatfions are repre-
sented by ZU, where U, an 82x4 matrfix, contafins a coflumn of 5 unfique
1fib effects and 77 measurement locatfion effects and a second coflumn of
the four surface texture parameters. Z fis a 77x82 matrfix of zeros and
ones findficatfing the rfib and measurement locatfion of each scan. E fsa 77x4
resfiduafl matrfix. The dfimensfions of XB are dependent on the number of
ffixed effects fin the modefl. M1 fincfludes the ffixed effects materfial and
magnfifficatfion, whfifle M2 aflso fincfludes the finteractfion of materfial and
magnfifficatfion. Leave-one-out cross-vaflfidatfion (LOO) scores of the modefls
(Vehtarfi et afl, 2017) found the most compflex desfign (M2) to generate
modefl predfictfions best (Tabfle 2), so B fin M2 contafins 6 ffixed effects for
each of the four surface texture parameters resufltfing fina 6x4 matrfix. X fisa
77x6 matrfix of zeroes and ones. Therefore, M2 fis a muflfiflevef], mufltfi-
varfiate Bayesfian modefl that fincfludes a pafirwfise finteractfion of ffixed ef-
fects (materfial and magnfifficatfion), random effects (fib and measurement
locatfion), and error.

A goodness of ffit check was appflfied to ensure that 7fib and measure-
ment locatfion random effects were adequatefly modefled usfing mufltfivar-
fiate Gaussfian dfistrfibutfions. For addfitfionafl modefl detafifls see Martfisfius
et afl. (2018). Effects were estfimated usfing a Hamfifltonfian Markov-chafin
Monte Carflo method, usfing the flfibrary rstan versfion 2.21.2 (Stan
Deveflopment Team, 2021) of the statfistficafl computfing flanguage R
versfion 4.1.0 (R Core Team, 2021) and aflflowed a 2000-fiteratfion warm-
up for four chafins generatfing 1000 parameter sampfles per chafin
resufltfing fin 4000 posterfior sampfles for finference. Scafled and squared
Mahaflanobfis dfistances were examfined between observatfions and pre-
dficted vaflues to check for goodness of ffit and dfistances were compared

to theoretficafl quantfifles of the F-dfistrfibutfion (Roth, 2013).
3. Results

A comparfison of nfine surface texture parameters wfith dfifferent ffieflds
of vfiew reveafls dfifferent vaflues for most parameters and materfiafl types
(Ffig. 4). Thfis was expected, gfiven the vastfly dfifferent scafles at whfich the
measurements were taken (Ffig. 5). In generafl, Sa, Sal, Sda, and Vwv
findficate smaflfler vaflues at hfigher magnfifficatfion, whfifle Sdq, Spc, and FD
are flarger, trends consfistent wfith each parameters’ unfit of measurement.
Smr and IsT exhfibfit overflappfing varfiatfion at both scafles, aflso consfistent

wfith thefir measurement unfits, whfich are expressed as percentages.



N.L. Martfisfius

Journal of Archaeological Science: Reports 45 (2022) 103634

.
DL | DL1 EDFH | DR
e = I
f g ]

i
| DIL | D1L1! D1 |D1R1!DIR

[ ]~ [7]

PiL | PIL1| P1 |P1R1|P1R |

t ! |
' PL | PL1 EI PR1 | PR |
| | |

| P3|

P4
| |
|

P5 |

Legend

: center

: distal

: left

: proximal

: right

. primary scanning locus
"1 secondary scanning locus

: point of reference for scans

> Y

Fig. 1. Exampfles of sampflfing method used for obtafinfing surface texture scans on the experfimentafl bone toofls at flocatfions C (center), D (dfistafl), P (proxfimafl), L (fleft),
and R (rfight). Addfitfionafl scanned flocatfions are represented by dashed boxes. Scanned areas are 0.8 and 0.16 mm? at 20x and 100x magnfifficatfion, respectfivefly, but

may not be depficted to scafle here.

Fig. 2. 2D fintensfity fimages of bone surface mficrotopography at 20x (a-c) and 100x (d-f) magnfifficatfion. Bone toofls 3 (a and d), 5b (b and e), and 4b (c and f) were

used on dry bark, spflfit fleather, and semfi-fresh skfin, respectfivefly.

Further, vaflues on the 20x flens exhfibfit wfider ranges for most of the
parameters and more overflap fin vaflues than at 100x.

When comparfing the reflatfionshfip fin the vaflues of the materfiafl types,
some parameters (Spc, Sda, Smr, and FD) findficate a sfimfiflar trend across

the two scafles. At both magnfifficatfions, the bones worn on bark exhfibfit
the hfighest vaflue fin Spc meanfing that the peaks of the surfaces are
sharper, whereas both skfin- and fleather-worn bones have more rounded
peaks (Ffig. 4). Further, the fleather-worn surfaces are the most rounded,
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Parameter Description Functional Standard | Unit Low High
group
Sa Arithmetic mean height or Height 1SO 25178 | um WA= e v/\_ /\/\\/\J (/]
mean surface roughness [ | |
Sal Autocorrelation length Density 1SO 25178 um
(s=0.2)
Sda Closed dale area Area ISO 25178 | um? Vl E( ’H—H
Sdq Root-mean-square gradient Slope ISO 25178 | no unit ’\/\/\/\/ ,\/\/\/\/\/\/
Spc Arithmetic mean peak Peak 1SO 25178 1 W W\/\/\/
curvature sharpness um
Areal material ratio, bearing =
Smr area at given height (c =1 | Plateau size | 1SO 25178 % v ~ ¢
um under the highest peak)
Void volume of the valleys at 3 J\J\/
Vwv a given material ratio Volume IS0 25178 | £ ‘\/\/,\,/,\/\,/\/l /\/\v/\ P
pm? |
(o = 80%)
FD Fractal dimension Complexity SSFA ! 5 l:\/q—j WVWL/\/\/
ym
IsT Texture isotropy Direction Isotropy % /////////////////////// Wf‘%\

Fig. 3. Surface texture parameter descrfiptfions wfith functfionafl group, standard, and unfits of parameters accordfing to ISO 25178, texture dfirectfion, and scafle-sensfitfive
fractaf] anaflysfis (SSFA). Orthographfic depfictfions findficate exampfles of surfaces wfith flow and hfigh vaflues (adapted/modfiffied from Kafiser et afl. (2016) and Martfisfius

et afl. (2018, 2020a, Sfinet-Mathfiot et afl., 2021)).

Table 2

Modefl effects fincfludfing thefir representatfion fin each modefl’s desfign space and
LOO expected flog predfictfive densfity (eflpd) and standard error (se) dfifferences
reflatfive to M2.

Model  Effects Design matrix a A se
elpd

M2 Ffixed + Materfiafl + magnfifficatfion + 0.0 0.0
random + materfiafl*magnfifficatfion + rfib +
pafirwfise measurement flocatfion + error
finteractfion

M1 Ffixed + random Materfiafl + magnfifficatfion + fib + 26.8 12.1

measurement flocatfion + error
MO Random Rfib + measurement flocatfion + 55.3 18.8

error

but aflso exhfibfit the most varfiatfion. Materfiafl type worn exhfibfits the same
reflatfionshfip across scafles for Sda. At both magnfifficatfions skfin-worn
surfaces have the flowest vaflues findficatfing a smaflfler cross-sectfionafl
dafle area fin the flower portfion of the surfaces, whfifle those worn by
fleather have the flargest dafle area (Ffig. 4). Interestfingfly, both Smr and FD
findficate that skfin-worn surfaces have some of the hfighest vaflues across
the scafles meanfing that such surfaces exhfibfit the flowest surface reflfiefs
whfifle havfing the most compflex surfaces, though the flarge amount of
varfiatfion fin the fleather sampfle at 100x findficates that some of the
fleather-worn surfaces have the flowest surface reflfiefs (>Smr). Further,
bones used wfith bark exhfibfit the hfighest surface reflfiefs (<Smr), whfifle
those wfith fleather have some of the fleast compflex surfaces (<FD) across
both magnfifficatfions.

The ffive other parameters (Sa, Sal, Sdq, Vvv, and IsT) show sflfight

dfifferences at the two magnfifficatfions. For Sa, skfin-worn surfaces have
the flowest vaflue, or fless surface roughness, on the 20x, whfifle bone used
on fleather fis flowest on 100x (Ffig. 4). The bark-worn surfaces appear to
be some of the roughest at both magnfifficatfions, aflbefit the fleather-worn
surfaces aflso exhfibfit hfigher vaflues at 20x. The pattern observed for Vvv fis
very simfiflar to that of Sa, whfich findficates that the surfaces that are most
rough (>Sa), such as the bark-worn surfaces, aflso have the flargest
voflume fin the vaflfleys of the surface (>Vvv). For Sal, bones used on
fleather have the flowest frequency surfaces (hfigher vaflues) on the 20x,
but on the 100x, both fleather- and bark-worn surfaces exhfibfit Sinfiflafly
flow frequency surfaces (Ffig. 4). On the other hand, bones used on skfin
and bark exhfibfit hfigher frequency surfaces at 20x, whfifle those used on
skfin are nearfly fisoflated wfith the hfighest frequency surfaces at 100x. In
generafl, the pattern observed for Sdq fis very dimfiflar to that of Spc
(descrfibed fin the prevfious paragraph) at both magnfifficatfions, whfich
findficates that the surfaces wfith the sharpest peaks (>Spc), such as the
bark-worn surfaces, aflso have the steepest surface sflopes (>Sdq). How-
ever, skfin-worn surfaces show a sIfightfly dfifferent pattern at the two
scafles. At flower magnfifficatfion, bones used on skfin and fleather are
simfiflar fin havfing graduaflfly sflopfing surfaces, whfifle at hfigher magnfifti-
catfion, skfin-worn surfaces are more flfke those used on bark and have
steeper sflopes. For IsT, bones used on bark have the flowest vaflues at 20x
but some of the hfighest vaflues at 100x, whfich findficates a more anfiso-
tropfic surface at flower magnfifficatfion and fisotropfic at hfigher magnfiffi-
catfion (Ffig. 4). An opposfite trend fis observed for surfaces used on skfin.
Overaflfl, the varfiatfion exhfibfited fin the IsT vaflues fis a mfixture of struc-
tured and fless structured surfaces for each materfiafl type as findficated by
the flarge amount of varfiatfion at both scafles for most materfiafl types,

though most vaflues are fless than 50% findficatfing anfisotropfic surfaces
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Fig. 4. Boxpflots of surface texture parameter vaflues for each materfiafl type at 20x magnfifficatfion (dark brown) and 100x magnfifficatfion (orange). Y-axes are on the flog
scafle, but tfick flabefls are fin orfigfinafl measurement unfits to fimprove finterpretabfiflfity between scafles. (For finterpretatfion of the references to coflor fin thfis ffigure flegend,

the reader fisreferred to the web versfion of thfis artficfle.)

overaflfl.

Whfifle an evafluatfion of scatterpflot matrfices aflso reveafls the same
trends as the boxpflots for the findfivfiduafl surface texture parameters at
dfifferent scafles (Ffig. 4), scatterpflots are usefufl for evafluatfing more than
one parameter at a tfime (Ffig. 6). In addfitfion, these pflots fincorporate
modefl effects exhfibfited by the flarge 95% posterfior contours for the
estfimated means of each pafired parameter (Ffig. 6), whfich gfiven the
fidfiosyncratfic varfiatfion fin bone surfaces, fis fimportant when makfing fin-
ferences from thfis type of data (mficroscopfic measurements). Further,
fincorporatfing the mufltfivarfiate modefl predfictfions reveafls sets of pa-
rameters that appear to be especfiaflfly usefufl for dfistfingufishfing materfiafl
type wear on bone artfifacts.

On the 20x flens, the 95% posterfior contours for bones used on skfin
findficate mfinfimef] overflap fin vaflues for Sa (fless rough) and Smr (flowest
surface reflfiefs) on thfis scafle compared to the other materfiafls (Ffig. 6).
Whfifle there fis overflap fin most other modefl predfictfions, fleather-worn
surfaces have some of the flower frequency surfaces (hfighest Sal
vaflues) at flower magnfifficatfion and those used on bark exhfibfit some of
the hfighest vaflues for Spc (fless smooth). These modefled comparfisons
findficate that Sa, Spc, and Smr are the more usefufl parameters for dfis-
tfingufishfing materfiafl type at flower magnfifficatfion.

At 100x, there fisbetter separatfion finthe 95% posterfior contours for

the estfimated means of some of the parameters (Ffig. 6). At thfis magnfi-
fficatfion, the modefl predfictfions for Sal findficate that bones used on skfin
are compfletefly dfistfingufishabfle from the other materfiafls and have the
hfighest frequency surfaces (<Sal). In addfitfion, the modefl predficts that
fleather-worn surfaces have mfinfimafl overflap fin vaflues usfing Spc
compared wfith other materfiafls, whfich findficates that bones used on
fleather exhfibfit the most rounded peaks (<Spc). In fact, the modefl pre-
dfictfions for the comparfison Sal:Spc findficates that #¥lthree materfiafl types

are cflearfly dfistfingufished at 100x (Ffig. 6b).

4. Discussion

Archaeoflogficaf]l bone toofls exhfibfit a serfies of traces findficatfive of thefir
flong flfife-hfistorfies. These are acqufired fin a compflex paflfimpsest as the
toofl fsmade and then used. Manufacturfing traces tend to be observabfle at
a macroscopfic scafle, wfith detafifls more cflearfly vfifibfle at the mficro-
scopfic flevef] (e.g., Campana, 1980, Lemofine, 1994, Newcomer, 1974).
Sfimfiflarfly, traces from an object’s use can be seen at mufltfipfle scafles, but
hfigher magnfifficatfions (generaflfly > 50x usfing optficafl mficroscopy) are
needed to observe any unfique features that may be findficatfive of the
materfiafl on whfich the bone was used (e.g., Bradffiefld, 2022; d’Errfico,
1993; Lemofine, 1994; Marrefiros et afl, 2015; Semenov, 1964). The
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Fig. 5. Meshed axfiomatfic 3D modefls of surfaces representatfive of the three types of perfishabfle materfiafl wear tested fin thfis study (a and c, dry bark; b and e, semfi-
fresh skfin; ¢ and f, spflfit grafin fleather) at 20x magnfifficatfion (a-c; 0.8 mm?) and 100x magnfifficatfion (d-e; 0.16 mm?). Coflor of surfaces correspond to hefight on the z-

axfis fin upper rfight-hand corner.

degree of magnfifficatfion depends on mficroscope settfings and contact
materfiafls, but objectfives wfith a ffiefld of vfiew approxfimatefly or narrower
than 2 mm?2 are generaflfly needed to assess mficrowear traces (e.g.,
Bradffiefld, 2015, 2022; Buc, 2011; Marrefiros et afl, 2015). Once a bone
toofl fis dfiscarded, fit may accumuflate addfitfionafl surface modfifficatfions
characterfistfic of dfifferfing taphonomfic processes (e.g., Behrensmeyer,
1978, Fernandez-Jaflvo and Andrews, 2016, Ffisher, 1995). Dfisentangflfing
traces of dfifferfing magnfitudes and dfimensfions produced durfing varfious
processes fis essentfiafl for any meanfingfufl finterpretatfion of ancfient
human behavfior. Thfis study fi focused on evafluatfing experfimentaflfly
produced mficrowear traces, and the resuflts findficate that there are
quantfiffiabfle ‘sfignatures’ for dfifferent materfiafls that change at the scafle
of measurement.

The dfifferent resuflts obtafined at the dfifferent ffieflds of vfiew have
fimpflficatfions for comparatfive mficrowear studfies. Dependfing on the
quantfitatfive parameter used, cross-scafle comparfisons are not advfisabfle,
even fif generafl trends are compared rather than specfiffic vaflues. It has
recentfly been shown that the objectfive and numerficafl aperture (na) used
for scannfing surfaces finffluences ISO 25178 parameters, even when used
at the same magnfifficatfion (Caflandra et afl, 2019). Dfifferences fin the na
vaflues of the 20x and 100x objectfives used fin the current study may
contrfibute to the dfifferences finmeasurements. It fisflikefly that the flowna
vaflue (0.4) of the 20x flens contrfibuted to the greater dfistrfibutfion of
vaflues at that scafle. Whifle fit fis fifikefly that na finffluences the vaflues ob-
tafined, fit fis unflfikefly to flead to compfletefly dfifferent trends for the sur-
faces worn by dfifferfing materfiafls. Caflandra et afl. (2019) found that an
objectfive wfith a hfigher na vaflue consfistentfly produced sfIfightfly flower Sa,
Sdq, and Vvv vaflues and sflfightfly hfigher Sal vaflues. The dfifferences fin
objectfives for Smr and Str (comparabfle to fisotropy parameter IsT) were
varfiabfle, but thfis resuflt fisnot finconsfistent wfith the unfit of measurement

for these parameters (scafle of 0 to 1). In fact, most of the parameters

tested wfith the two objectfives shfifted fin one consfistent dfirectfion (Cafl-
andra et afl, 2019). The dfifferent vaflues at the dfifferent magnfifficatfions
obtafined finthe present study for Sa, Sal, Sdq, Vvv, and IsT do not foflflow
the same trend. Instead, the flargest dfifferences are most often reflated to
one of the three materfiafl types, skfin. Further studfies usfing the same na
on objectfives wfith dfifferent magnfifficatfions fis needed to descrfibe the
dfifferences more cflearfly at the two scafles, but crucfiaflfly, fit fis fifikefly that
the trends observed at the dfifferent magnfifficatfions are reafl and findfica-
tfive of materfiafl wear and not due to mficroscope settfings.

Muflifiscafle studfies of measured surface topographfies of bone toofls are
¥l fin earfly stages of research but have been successfufl fin reflated ffieflds
fincfludfing pafleontoflogy and for the anaflysfis of stone toofls (e.g., Brown et
afl., 2018, Macdonafld et afl., 2020, Stemp, 2014, Stemp et afl, 2010). Two
prevfious studfies usfing flaser scannfing confocafl mficroscopy on bone toofls
showed that scafle sensfitfive fractaf] anaflysfis, often usfing area-scafle fractafl
compflexfity (Asfc), was usefufl for dfistfingufishfing dfifferent types of wear on
bone (Lesnfik, 2011, Watson and Gfleason, 2016). Nonethefless, sfimfiflar
anaflyses have not been appflfied more frequentfly. On the other hand,
quaflfitatfive mficrowear anaflysfis on bone fis commonfly appflfied at
muflfipfle scafles (e.g., Bradffiefld, 2022; Buc, 2011; Chrfistfidou and
Legrand, 2005; Grfifffitts, 2006; Legrand, 2007; Lemofine, 1994; Stone,
2013; van Gfijn, 2007; Legrand and Sfidera, 2007). To better dfistfingufish
dfifferent types of materfiafl wear, tradfitfionafl bone mficrowear anaflysts
often dfistfingufish between and descrfibe dfifferfing features of the mficro-
topography and the mficroreflfiefs (e.g., Buc, 2011, Legrand, 2007), whfich
may present very dfifferentfly. For exampfle, Buc (2011) descrfibes the
mficrotopography of experfimentafl awfls used for pfiercfing fresh skfin as
efither homogeneous or heterogeneous, dependfing on the bone object,
and wfith crossfing strfiatfions. Mficroreflfiefs are descrfibed as reguflar wfith
rough eflevatfions that exhfibfit deep, smooth strfiatfions (Buc, 2011). The

descrfiptfions of the observed features cflearfly change wfith the scafle of
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Fig. 6. Scatterpflot matrfices at 20x and 100x magnfifficatfion. Pflots show a¥l observatfions dfispflayed fin the pafirwfise space of parameters: surface roughness (Sa),
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fisreferred to the web versfion of thfis artficfle.)

observatfion. Whfifle comparfison between tradfitfionaf]l quaflfitatfive features
and quantfitatfive surface parameters do not descrfibe the exact same
features, the dfifferences at the dfifferent scafles fin the current study are
fifiefly reflated to the observatfions made by Buc (2011) and many others
(e.g., Bradffiefld, 2015, 2022; Chrfistfidou and Legrand, 2005; Grfifffitts,
2006; Legrand, 2007; Lemofine, 1994; Stone, 2013; van Gfijn, 2007;
Legrand and Sfidera, 2007).

In thfis study, skfin exhfibfits the greatest dfifferences at the two scafles as
findficated by the dfifferent trends finseverafl parameters (Sa, Sal, Sdq, Vvv,
and IsT). At flower magnfifficatfion, skfin appears to produce the smoothest
surfaces (<Sa) wfith the fleast amount of voflume fin the vaflfleys of the
surface mficrotopography (<Vvv), whfifle at hfigher magnfifficatfion,
fleather-worn surfaces exhfibfit these quaflfitfies, aflbefit bones used on skfin
are wfithfin the totafl range of the vaflues fin the fleather sampfle. A sfimfiflar
pattern fi observed for Sdq, whfich findficates that skfin-worn surfaces are
the fleast sfloped at flower magnfifficatfions, but aflong wfith bones used on
bark, have steeper sflopes at hfigher magnfifficatfion. The overaflfl pattern,
whfich fincfludes parameters that findficate a sfimfiflar trend across magnfi-
fficatfions (<Sda, smaflfl cross-sectfion of dafles, >Smr, flow surface reflfiefs,
>FD, greater compflexfity), fis consfistent wfith skfin befing more abrasfive
than the other materfiafls, therefore resufltfing fin fincreased attrfitfion and
thorough modfifficatfion of the mficrotopography across a flarge area
(LeMofine, 1991). At the same tfime, the abrasfive quaflfity of skfin, possfibfly
afided by exterfior fincflusfions, flfiefly resuflted fin slfightfly deeper and
steeper furrows addfing to fits roughness at hfigher magnfifficatfion.

The vaflues of Sal produced by the dfifferent perfishabfle materfiafls and
thefir reflatfionshfip to each other fis aflso dfifferent across magnfifficatfions.
Sal measures the waveflength of the surface, so those that are nearfly fflat
shoufld produce a flow vaflue (shorter waveflength). In generafl, flower
magnfifficatfion scans exhfibfit hfigher vaflues because flarger features such as
pores or the remnants of grfindfing traces are a component of many of
these scans. At thfis flower magnfifficatfion, the fleather-worn surfaces

preserve many of these flarger features. In generafl, scans at hfigher

magnfifficatfion produce Sal vaflues that are flower because these scans do
not fuffly capture the flarge features. Even so, the bones worn by fleather
and bark, to an extent, retafin features from the manufacturfing process
that were not fuflfly worn down, whfifle skfin-worn surfaces are nearfly fflat.
Thfis resuflt fis consfistent wfith skfin befing the most abrasfive of the tested
materfiafls, resufltfing fin thorough modfifficatfion of not onfly the mficro-
topography but of the mficroreflfiefs as weflfl

The semfi-fresh skfin and the processed spffit fleather used fin thfis study
are two dfifferent states of the same materfiafl type, so there shoufld be
simfiflarfitfies fin thefir effect on bone. Stone (2013, 2011a) produced a
trfiboflogficafl modefl for perfishabfle materfiafl wear on bone after compfiflfing
data from varfious sources (e.g., Buc, 2005, Buc and Loponte, 2007,
Chrfistfidou and Legrand, 2005, Grfifffitts, 2006, Legrand and Sfidera, 2007,
Lemofine, 1997, Mafigrot, 2003), and conffirmed that severafl features
were findficatfive of anfimafl materfiafl wear: finvasfive poflfish, rounded
mficrotopography, and varfiabfly present strfiatfions that are firreguflar fin
organfizatfion. Interestfingfly, many of the surface texture parameter
vaflues for the two dfifferent states of anfimafl skfin fin the current study
findficate dfifferent vaflues. However, more simfiflafifies are evfident at
flower magnfifficatfion, whfich fis the scafle at whfich the features descrfibed
by Stone (2013, 2011a) are d¥lcflearfly vfisfibfle. Of note are the sfimfiflafitfies
fin Sdq, Spc, and IsT, whfich findficate that the two anfimafl skfin materfiafls
produce graduaflfly sflopfing and rounded surface peaks and surfaces that
are varfiabfly dfirectfionaflfly orfiented (fie., varfiabfle strfiatfions). In thfis case,
these three surface texture parameters cflearfly measure the same features
that quaflfitatfive mficrowear studfies on bone have often descrfibed.

Whfifle skfin and fleather exhfibfit a few sfimfiflarfitfies at flower magnfiffi-
catfion, thefir unfique materfiafl propertfies resuflt fin some very cflear dfif-
ferences (Buc, 2011, LeMofine, 1991). As prevfiousfly descrfibed, surface
roughness (Sa) exhfibfits dfifferfing trends at the two scafles wfith skfin
producfing the smoothest surfaces at flower magnfifficatfion, whfifle fleather
does so at hfigher magnfifficatfion. Thfis findficates that skfin affects the entfire

mficrotopography of the bone surface, whereas fuflfly processed fleather
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appears to have thoroughfly smoothed some parts of the surface (most
often the upper reflfiefs). Thfis dfifference together wfith the consfistent
resuflt of fleather havfing some of the hfighest Sal and Sda vaflues (flonger
waveflength, flarger dafle area) and the flowest Spc, Sdq, and FD vaflues
(rounded peaks, graduafl sflopfing, fless compflex) on both scafles findficates
that fleather exhfibfits a poflfishfing effect where the materfiafl penetrates the
mficrotopography of the surface roundfing the peaks but does not resuflt fin
thorough attrfitfion of the bone surface.

Bones used on bark exhfibfit a serfies of characterfistfic features that
dfiffer from the anfimafl materfiafls. At flower magnfifficatfion, bark produces
surfaces that are more anfisotropfic (<IsT, more dfirectfionaflfly orfiented),
whfifle skfin-worn surfaces are the most anfisotropfic at hfigher magnfiffica-
tfion. Interestfingfly, bark appears to exhfibfit some of the most fisotropfic
surfaces at hfigher magnfifficatfion. Due to bark’s thfick, rfigfidfly aflfigned ceflfl
waflfls (Stone, 2011a), the presence of organfized strfiatfions or an anfiso-
tropfic surface fis expected as fis observed at flower magnfifficatfion. When
zoomed out, the flarger pattern fi flfiefly findficatfive of the overaflfl orga-
nfizatfion of the bark ceflfluflar structure, but when zoomed fin, a more
randomfized pattern mfight be caused by the firreguflar movement of
sfingfle cflfl structures or a smaflfl coflflectfion of them. The resuflt that skfin
produces anfisotropfic surfaces at hfigher magnfifficatfion fis surprfisfing gfiven
the softer cfffl structures that are fless organfized (Stone, 2011a). Though
the skfin-worn surface vaflues are flow, they sfif¥l £flfl wfithfin the range of
those used on fleather at both scafles and skfin at 20x. The flower vaflues
may be the resuflt of a smaflfler sampfle sfize avafiflabfle for bones used on
skfin.

The other characterfistfic resuflts for bark, hfigher Sa, Sdq, Spc, and Vvv
(rougher, steeper, sharper peaks, flarger vofid voflume), mfid-to-hfigh
vaflues for Sal (flong waveflength), and flow Smr vaflues (hfigh surface
reflfiefs), on both scafles are d¥lconsfistent wfith the expectatfions of pflant
ffiber wear on bone (Stone, 2013). Due to fits ffigfid structure, the materfiafl
does not penetrate and aflter &¥lthe flevefls of the bone mficrotopography
resufltfing fin rougher and flonger waveflength surfaces wfith hfigher surface
reflfiefs compared to the other materfiafls, especfiaflfly skfin. Further, bark
tends to produce sharper and steeper peaks of the bone mficrotopography
because fit fis fless pflfiabfle than anfimaf] skfin.

The resuflts of thfis study are comparabfle to those of a prevfious study
that used a controflfled, mechanfized setup to create wear on bones and
generate quantfitatfive data (Martfisfius et afl, 2018). The prevfious study
aflso used the same confocafl dfisc-scannfing mficroscope equfipped wfith
one of the flenses used finthe current study (20x). Both experfiments used
sfimfiflar perfishabfle materfiafls on herbfivore rfibs, though some of the anfi-
mafl materfiafls derfived from dfifferent taxa. A fresh Cervus elaphus skfin
and Bos taurus rfibs were used fin the prevfious study (Martfisfius et afl,
2018), whifle a semfi-fresh Capra hfircus skfin and Cervus elaphus fibs were
uffiflfized here. The other perfishabfle materfiafls (fleather and bark) were the
same. The mafin dfifference fin the experfimentaf] setup was the means of
creatfing wear on the bones: a hfighfly controflfled mechanfized movement
versus human motfion wfith added varfiabfiflfity used here. Further, the
prevfious study fincfluded a wfider range of measurements wfith many
scans of mfinfimaflfly worn areas, whfifle thfis study focused on the regfions
compfletefly modfiffied through use. When comparfing the surface texture
parameters (Sa, Sal, and Spc are common between studfies) of the most
worn surfaces (non-modefled observatfions fin Martfisfius et afl. (2018)) and
the reflatfionshfip of the materfiafl types worn between the two studfies at
20x, sfimfiflafifies are evfident. In both cases fresh- and semfi-fresh-skfin-
worn surfaces had the flowest Sa vaflues (fless rough), bones used on
fleather had the hfighest Sal vaflues (flow frequency), and those used wfith
bark had the hfigher Spc vaflues (sharper peaks). Whfifle the parameter
dfistrfibutfions of the three materfiafl types overflap to some degree, the
consfistent trend between the studfies findficates that they accuratefly
refflect the materfiafl propertfies of the contact materfiafls and thefir finter-
actfion wfith bone on the scafle observed, regardfless of the method of
experfimentatfion. Thfis provfides a dfirect flfinkand support for conductfing
mufltfi-generatfion experfimentafl studfies (Marrefiros et afl, 2020).
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5. Conclusion

The resuflts of thfis study findficate that 3D quantfitatfive mficroscopy fi
usefuf] for assessfing experfimentaflfly produced perfishabfle materfiafl wear
on bone toofls. Moreover, evafluatfion at muflfipfle scafles provfides addfi-
tfionafl key finsfights finto processes that occur when bone comes finto
repeated contact wfith dfifferent perfishabfle materfiafls. These quantfitatfive
resuflts are compflementary to quaflfitatfive mficrowear observatfions on
bone toofls. Both methods shoufld be combfined for a more compflete
understandfing of the processes that occur when bone toofls are used wfith
varfious materfiafls. The method presented here has the potentfiafl to aflflow
researchers to access finformatfion about materfiafls that have not been
preserved fin archaeoflogficafl deposfits. Sfiflf] a sufite of bone modfifficatfions
from varfious processes (e.g., manufacture, use, and post-deposfitfionafl
traces) may confound dfirect appflficatfions of 3D mficroscopy to archaeo-
flogficafl materfiafl. Therefore, further foundatfionafl studfies are essentfiafl
before thfis methodoflogy can reflfiabfly be used as an anaflytficafl toofl. At the
most basfic flevefl, future studfies coufld focus on the finherent varfiatfion
found finbone fitseflf (e.g., dfifferences due to taxa, skefletaf] eflement, bone
state). Further, artfifacts rarefly preserve one type of surface aflteratfion, so
future studfies coufld focus on assessfing bone toofls wfith dfifferfing
manufacturfing traces or mufltfipurpose toofls wfith a varfiety of mficrowear
traces. Taphonomfic modfifficatfions may be the bfiggest obstacfle to over-
come before archaeoflogficafl materfiafl can be accuratefly assessed usfing 3D
mficroscopy, sfince post-deposfitfionafl processes and thefir effects vary
dependfing on myrfiad factors. Combfinfing an approach flfie the one
presented here wfith Simfiflar methods desfigned for assessfing taphonomfic
aflteratfions wifflbe essentfiafl for estabflfishfing 3D mficroscopy as a reflfiabfle
functfionafl method for evafluatfing ancfient bones. Once quantfitatfive,
reproducfibfle methods are estabflfished, they can heflp to reconstruct those
ephemerafl fitems and fintangfibfle processes from the archaeoflogficafl re-
cord, provfidfing finsfight finto unknown—but not unknowa-
bfle—components of ancfient socfiafl and behavfiorafl patterns.
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