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Abstract
Agricultural origins and dispersals are subjectiuoflamental importance to archaeology as
well as many other scholarly disciplines. Thesegtigations are world-wide in scope and
require significant amounts of paleobotanical @dtesting to the exploitation of wild
progenitors of crop plants and subsequent domésticand spread. Accordingly, for the past
few decades the development of methods for idengfthe remains of wild and domesticated
plant species has been a focus of paleo-ethnohd®dryyolith analysis has increasingly taken its
place as an important independent contributor td dwall areas of the globe, and the volume of
literature on the subject is now both very subsidand disseminated in a range of international
journals. In this paper, experts who have carrigictioe hands-on work review the utility and
importance of phytolith analysis in documenting doenestication and dispersals of crop plants
around the world. It will serve as an importanorgse both to paleo-ethnobotanists and other
scholars interested in the development and sprieagriculture.
Keywords: Phytoliths, Crop Plants, Diagnostic Grée
1. Introduction

The domestication of plants and development anebsipof agriculture were transformative
events in human and ecological history. Presemtrdscshow that beginning around 11,000 to
10,000 years ago plant cultivation and domestioadieveloped independently in at least seven

to eight regions of the world, shortly after spriegdnto others (Larson et al., 2014).
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Understanding agricultural origins through archagmal enquiry is of fundamental importance
for a diversity of scholarly disciplines in additido anthropology, including genetics,
environmental history, and agronomy. Accordinglgyeloping methods for identifying the
remains of crop plants and their wild progenitaas been a focus of paleoethnobotany during
the past 25 years. Phytoliths have increasinglgridkeir place in these endeavors alongside
macro-remains, pollen, and starch grains in alloregyof the world (for reviews see Pearsall,
2000, 2015a; Piperno, 2006, 2009; Hart, 2014; Marst al., 2014). Standardization of
identification criteria for various crops and wadcestors is now accomplished, and on-line
resources along with monographs and books contamimerous phytolith images for wide
dissemination of criteria used to discriminate taxaalready substantial and growing. Among
the web resources are: 1) the Pearsall Neotropioablith data base--

http://phytolith.missouri.edu, 2) the PhytCore megional Data base housed by GEPEG,

University of Barcelona and co-ordinated by Rosbef and colleagues, which will be a single
source with phytolith data bases and images fromyrsaholars around the world—access is

through www.archeoscience.com, 3) the InstitutArchaeology, London’s web page on Old

World phytoliths-- www.homepages.ucl.ac.uk/~tcraghytoliths.html, and 4) the Department
of Archaeology, University of Sheffield (UK) Wikirndine tutorial--

http://archaeobotany.dept.shef.ac.uk/wiki/index/pgn_Page. For monographs and books

with numerous phytolith images for various worldions also see Piperno and Pearsall, 1998a,
Piperno, 1988, 2006, and Kealhofer and Piperno8199

The volume of phytolith-related work on prehistaaigriculture along with its appearance in
numerous journals published in different countigesuch that few archaeologists and other

interested scholars may have the time or expddigeep up with the literature. This paper
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addresses this issue by reviewing the state-o&thef phytolith analysis for documenting the
origin and spread of crop plants around the w@ldce the last review of the subject (Piperno,
2006) new crops have been investigated, refinenntentification techniques for others have
taken place, and archaeological applications hapareled. Investigations also now routinely
incorporate analysis of numerous wild speciesedl& crop plants, including their wild
ancestors when known, as well as constructionargelmodern reference collections of regional
flora. Table 1 contains a summary of findings fromps and wild progenitors that have been
examined in detall (it also contains informationlititte understood crops not discussed in the
text). More information on the phytoliths follows.
2. Crops of the Americas

A number of major and now-minor New World crops teitrute phytoliths diagnostic at either
the genus or species level, while others contributas identifiable at higher taxonomic levels
such as the family, sub-family, or tribe.
2.1 Zea mays L. (Maize)

Maize is the pre-eminent cereal crop of theefipas and is now known to be native to the
Central Balsas River region of tropical southwestxio (e.g., van Heerwaarden et al., 2011).
The ability to isolate plant remains and identifgize and teosinte (wildeg in environments
inimical to the preservation of macroremains, whitdludes maize’s homeland, is fundamental
to understanding the domestication and early histad spread of this crop. More than three
decades of research has demonstrated that maizntbaob phytoliths are diagnostic and
distinguishable from those of its wild ancestog teosint&Zea mayssp.parviglumis and wild
non-Zeagrasses native to North, Central, and South AraeRtiytoliths will be of high utility in

investigations of wild maize use, early stagesarhdstication, and subsequent spread. Present
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phytolith and starch grain evidence from the Céfedsas region in Mexico indicates maize
was domesticated by 8700 cal BP (Piperno et ab92Ranere et al., 2009), and phytolith
research has contributed greatly to documentingermgpread and usage throughout the
Americas (e.g., Piperno et al., 1985; Pearsallp260al., 2004; Bozarth, 1993, et al., 2009;
Mulholland, 1993; Hart et al., 2003, 2007; Iriagteal., 2004; Thompson et al., 2004; Piperno,
2006:140-153; Zarillo et al., 2008; Boyd and Swe2010; Dickau et al., 2012; Iriarte et al.,
2012; Logan et al., 2012; Hart and Lovis 2013; 281 4; Biwar and VanDerwarker, 2015;
Corteletti et al., 2015).

Identification criteria employ size and morpholognd as with phytoliths from other crop
plants (below), deposition of vegetative and irdkirence structures can be distinguished (leaf,
stalk, seed chaff), making the phytoliths potertals also for examining hypotheses related to
teosinte and maize usage in different periods egmns (e.g., whether early cultivation was for
alcohol from stalk sugar) (Piperno et al., 2009g&w et al., 2012; Biwar and VanDerwarker,
2015). Size and three-dimensional morphologiesadszshaped phytoliths from maize
distinguish maize from wild grasses other t@@aandTripsacum(Pearsall, 1978; Piperno,
1984; Piperno and Pearsall, 1993; Iriarte, 2008eiio, 2006:52-60) (Fig. 1). Cross-shaped
phytoliths also distinguish maize frofmipsacumand wildZeaif representation of these taxa in
phytolith assemblages is ruled out using other ghttypes found in their fruitcases that are
diagnostic to genus (below) (Piperno and Pearsad3; Piperno, 2006:60-65).

With respect to inflorescence phytoliths, a bemof phytolith types in teosinte fruitcases (the
hard structure composed of a glume and rachidethelbses the teosinte kernel) and maize cobs
separate teosinte from maize (e.g., Piperno ans&led 993; Pearsall, et al., 2003; Piperno,

2006:60-65), and both maize and teosinte from Zeawild grasses native to the Americas
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(e.g., Bozarth, 1993; Mulholland, 1993; Pearsadllet2003; Hart et al., 2003, 2007, 2011,
Thompson, 2006; Logan et al., 2012). The formatibtihese phytoliths is genetically controlled
by the major maize domestication geeesinte glume architecture(igal), which also
underwrites fruitcase hardness (lignification) éimel degree to which the kernel is enveloped by
the glume (Dorweiler and Doebley 1997; Piperno,&260, 63). The fruitcase and cob phytolith
types were formalized by Pearsall et al. (2003) whmpared maize and teosinte phytoliths
with those from numerous wild grasses common iridivand Neotropics. They showed that
previously described phytoliths produced in cold famitcases (Bozarth, 1993; Mulholland,
1993; Piperno and Pearsall, 1993), called wavyadmnd ruffle-topped rondels (rondels are
often circular to oval or square) are diagnostimaize andea(maize/teosinte), respectively, in
the Neotropical lowlands (Fig. 2). Blind-testingtbeir protocol showed that there was little
chance of mis-identifying wild grass phytolithsmagize cob bodies, although wavy-top rondels
may be under-identified (Pearsall et al, 2003).drogt al. 2012 subsequently examined
phytolith production in leaf and inflorescence nnialeof numerous species from all grass genera
native to the Andes above 3000 m. and found coreditie overlap occurs between some rondel
types produced in maize cobs and those producgehgses of this high elevation region. Two
phytolith morphotypes were found to be unique inzaglumes and cupules in this setting; the
ruffle top rondel, and a new diagnostic, the naredengate rondel.

A number of other types of fruitcase phytoliths di@gnostic of teosinte (Piperno and
Pearsall, 1993; Pearsall et al., 2003, Pipernog B0065) (Fig. 3)Tripsacumspecies produce
their own set of unique fruitcase phytoliths diagtimto the genus (Fig. 4) (Piperno and Pearsall,
1993; Piperno, 2006:61). A recent study using rpldtdiscriminant analyses of rondel

phytoliths also showed that the different specied sub-species of teosinte can be discriminated,
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which will potentially enhance understanding ofdiete use before domestication when
appropriately-aged sites are found (Hart et all,120
2.2 Squashes and gourds of Cucurbita and other iteceae

As with maize, squashes and gourds of theg€naurbitaand other
Cucurbitaceae genera were major early cultivarsdamadesticates of the Americas, were spread
considerably outside their areas of origin, andlpoe phytoliths of high utility in archaeological
documentation of their history. Six different specranging from eastern North America to
southern South America were domesticated in pretyisand phytolith research points to an
early Holocene domestication of species nativéédawland Neotropics of Mesoamerica (
argyrospermaand northern South Americ&.(moschataandC. ecuadorensisthe latter was
probably semi-domesticated) (Piperno and StotB8A3; Piperno et al., 2009, Piperno, 2011).
Many parts of the plants make high amounts of dhigiy those derived from fruit rinds are the
most diagnostic and are well-preserved over longpgs of time. Intensive studies of different
regional floras of the Americas including the Cumtaceae show th&ucurbitafruit rinds
produce genus and, probably in some cases, spgmesic phytoliths (see Piperno, 2006:65-
66). They are spherical, aspherical, or elliptfoams with deeply and contiguously scalloped
surfaces (Fig. 5) (Bozarth, 1987, 1992; Pipern@6266-71, Piperno et al., 2000, 2002; Pearsall,
2015b). As with maize and teosinte, the formatibthese fruit phytoliths is genetically
controlled by a gene callddard rind (Hr) that also underwrites fruit lignification (Piperet al.,
2002).

Size and/or morphology are used to discriminate/éen wild and domesticat€licurbita
species. Domesticated fruits often have much laagdrthicker phytoliths than their wild

ancestors and other wild squashes and there gmdicant relationship between fruit size and
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phytolith length (Piperno, 2006: 68-69 and Fig3. &-c therein). Thus, as with macro-remain
analysis phytolith size can be a straightforwastdminator between wild and domesticated
Cucurbita Studies of modern fruits undertaken to date sisygest that species-specific
identifications will sometimes be possible basedrmmphological attributes. Examples &e
maxima another South American domesticate, and its priddjenitorC. maximasubsp.
andreanaand varieties o€. moschatgPiperno, 2006:67 and Figs. 3.6 d-f therein, Ripeat
al., 2000).

A potentially complicating factor in searching foucurbitaphytoliths in ancient contexts is
that because prehistoric farmers sometimes selémtadfter fruits over time, and tiér gene
controls both hardness (lignification) and phytofibrmation, soft-rinded fruits will have left a
slim or no phytolith record. This particularly apps to be the case for deposits dating to the last
4000 to 5000 years of prehistory or so (Pipern©62D43-144). On the other hand, all wild
Cucurbitaspecies, possessing the domirtdngene for lignification/silicification, have very
hard rinds with high amounts of scalloped phytaglitand should be visible if they were
exploited. As with maize, numerous archaeologitgt@lith records exist for early domesticated
Cucurbitaspp. and their spread throughout the Americas, (Bigerno and Pearsall, 1998b;
Piperno et al., 2000; Hart et al., 2003, 2007 rtei@t al., 2004; Pearsall, 2003; Piperno and
Stothert, 2003; Pohl et al., 2006; Bozarth et24lQ9; Piperno et al., 2009; Dickau et al., 2012;
Corteletti et al., 2015).

Bottle gourdl(agenaria sicerariqiis indigenous to Africa from whence it spreadtoer
continents by the early Holocene. Its large, spaitbphytoliths from fruit rinds can be identified

through morphological attributes to species inAhgericas (Fig. 6) (Piperno, 2006:71; Pearsall



184 et al. 2015b) and have been recovered from earlgddae-aged and later deposits in Central
185 and South America (e.g., Piperno and Stothert, 2BQfrno et al., 2009; Piperno, 2011).

186 2.3 The Tropical Root Crops: Maranta and Calathaadwroot and llerén, Marantaceae);

187 Canna (achira, Cannaceae); manioc (Manihot escalgBuphorbiaceae)

188 These crops, grown for their underground rootigornes, tubers, and corms, are, with the
189 exception of manioc, minor root crops today. Howepaytolith evidence has shown they had
190 greater importance in prehistory (below). The Zimgales (Marantaceae and Cannaceae) overall
191 are abundant phytolith producers, and order, fargiéyus, and species level diagnostics are
192 present (Piperno 1989, 2006; Chen and Smith, 20h&@ndler-Ezell et al. 2006; Pearsall,

193 2015b). An important class of silicified epiderncalls are complex cylindrical phytoliths

194 produced in seed and root epidermis of the Maraam€alathea allouiaseeds produce one
195 type of diagnostic cylinder, other diagnostic foranse produced iMaranta arundinaceaeeds
196 andCalathearhizomes (Figs. 7, 8). While not as abundantlydpoed as Marantaceae leaf
197 phytoliths, seed and root phytoliths of this famale fairly robust and have been recovered
198 archaeologicallyCannaproduces the type of sphere characteristic of thgiZerales as a

199 whole--a robust form with an irregularly angledéfet! surface--while large (> 12 pM), well-
200 silicified spheres with smooth to slightly roughdrsarfaces (not rugose) have only been

201 observed irCanna(Pearsall, 2015b).

202 Manioc, one of the major root crops of the Amesjdaas long been known to be a low silica
203 accumulator (Piperno, 1988). By processing largantjties of tissues, Chandler-Ezell et al.
204 (2006) were able to document the presence offglitsecretory bodies (resembling pores or
205 nectaries) in manioc root rind, leaf, stem, andt.fithese occurred rarely in one wild species

206 testedM. hunzikerii Manioc secretory phytoliths were subsequentlpveoed from
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pounding/grinding stones from the Real Alto site. @000 to 5000 cal BP), in association with
silicified transport tissues of roots and fruitgine starch and phytoliths, and microfossils of
arrowroot,Calathea andCanna(Chandler-Ezell et al., 2006). A phytolith mataite
description of a manioc secretory cell was recalvém@m the raised fields of Campo Espafia,
western Llanos de Moxos, Bolivia (R. Dickau, pexanm.). Ecuadorean and Panamanian pre-
ceramic deposits dating from ca. 9000 to 7000 BRuently contain phytoliths from arrowroot
and llerén, indicating these now-minor root crogsensignificant components of early
horticultural systems in the Neotropics (Piperral D).

3. Crops of Southwest Asia

3.1 TriticumandHordeumspp. (Wheat and Barley)

Wheat and barley species are heavy silica accuaraldtat produce many phytolith
morphotypes. Morphotypes produced by silicificatad epidermal cells such as short cells, long
cells, cork cells, papillae, trichomes, and tricleopases are the most characteristic and
diagnostic for the taxa, as well as the most ofteserved in archaeological samples (Figs. 9-11).
Both morphotypic and morphometric studies have lvemducted to name, describe and
discriminate among the phytoliths produced by wiaeat barley taxa. Morphotypic studies
include Kaplan et al. (1992), Mulholland and Rap992), Rosen (1992), Tubb et al. (1993), and
Ball et al. (1993, 1999, 2001, 2009). Morphomettiedies include Tubb et al. (1993) and Ball et
al. (1993, 1999, 2001, 2009). Some studies repmtl guccess at discriminating among wheat
and barley species at the genus level, and soncestiat the species level, primarily based on
the morphotypic and/or morphometric differenceseolsd in the short cell (rondel), dendritic,
and/or papilla phytoliths produced by the taxa.(Bagl et al., 1999; Rosen, 1992; Tubb et al.,

1993).

10
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Moreover, some features of the anatomy displayete medial section of the glume,
lemma, and palea epidermal tissue differ betweeergeof cereals and small-grained grasses.
Thus, there is the potential to identify wheat arléy phytoliths and to distinguish them from
wild weed grasses by examining the features ofirnalt phytoliths that are produced in the
Triticeae. Distinguishing features include a comalion of the wave height, amplitude and
frequency of the joined dendritic long-cell walise size and configuration of the papillae, and
the shape of the cork cells (Figs. 9-11). Confideincthese determinations varies by the
numbers of characteristics visible on an individualti-cell phytolith (Rosen, 1992).

Phytoliths produced by wheat or barley are redyifaund in archaeological contexts and
have been used to make inferences about plantitenase (e.g. Albert et al., 2008; Cabanes et
al., 2009; Ishida et.al., 2003; Madella et al. 2(Rdrtillo et al., 2012; Power et al., 2014; Rosen,
2010; ; Shillito, 2011a; Zhang et al., 2013), abiool and vessel use (e.g. Anderson et al., 2000;
Berlin et al., 2003; Hart, 2011; Ma et al., 201at)put irrigation (e.g. Jenkins et al., 2011;
Madella et al., 2009; Rosen and Weiner, 1994) &oditttaphonomy (e.g. Cabanes et al., 2012;
Shillito, 2011Db).

4. Cropsof East Asia
4.1 Setaria and Panicum Millets (Foxtail and Broamtmillets)

Phytoliths from the genuSetariaandPanicumare highly useful for identifyin@etaria
italica (foxtail millet), Setariaviridis (green foxtail) andPanicum miliaceunjcommon or
broomcorn millet) and documenting the earliestdnsbf domesticated millets in Eurasia
(Garcia-Granero, et al., 2015; Lu, et al., 2009&hang, et al., 2011, 2013). Research carried
out by Luet al published recently has established five keyckfdfit diagnostic characteristics

for distinguishing phytoliths fror. italicaandP. miliaceum(Table 2) (Lu et al., 2009a). They

11



253 include: silica body shape, papillae charactessticluding presence/absence, epidermal long
254  cell patterns, and glume surface sculpture.

255 Cross-shaped silica body phytoliths are formedhénldwer lemma and glumes $f italica
256 whereas bilobate shapes are formed in thoge ofiliaceum. However, bilobates are not

257 diagnostic tdP. miliaceum Regularly arranged papillae on the surface oiftyger lemma and
258 palea are diagnostic & italica However, it should be cautioned that the iderdiion ofP.

259 miliaceumcannot be confirmed based solely on the absengepillae, because papillae may
260 sometimes not be visible on the smooth surfaceppér lemmas and paleasSnitalica

261 With respect to epidermal long cells, the epiderimagd) cell walls ar&-undulated Q-1, 11, 111)

262 in S. italicg andn - undulated 7 -1, I, Ill) in P. miliaceum(Figs. 12 a, b). The different
263 undulated patterns occur at different parts thragrgldual change from base and t9p 1 -1), to
264 side Q/n -1l), and to center<®/ , -1l1) of the silicified structure. The ends of epiunal long

265 cells can also be divided into a wavy typé&intalicaand a finger type . miliaceum(Fig. 12

266 c, d). The former is significantly shorter than thger (W=4.37-0.89uM (N= 2774) vs.
267 W=8.95+-2.02uM (N=3303)). Therefore, the R value (ratio of thielth of endings to the
268 amplitude of undulations) is lower 8 italica(0.33+=0.11, N = 2774) than iR. miliaceum
269 (0.79£0.12, N = 3303). With respect to surface sculptanaggy line sculpture type of the

270 upper lemma of the glume is diagnosticSofitalica which is characterized by having an adnate
271 silicon extracellular sheet and outer epidermisnfag a very heavy silicon layer that is a

272 reliable feature in distinguishing them frdfmiliaceum In contrastP. miliaceurrhas a unique
273 smooth, spotted sculpture with an adnate siliceaegtlular sheet and outer epidermis, or a saw-

274  toothed sculpture with an adnate silicon outer epiils and hypodermal fibres.

12
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In practical terms, the ideal archaeological sangptiontexts for these and other cereal husks
are storage and other pits, where phytoliths anerabundant than in other contexts. In order to
obtain a clear outline of phytolith patterns, phasatrast and microscopic interferometer at
400x magnification are highly recommended. For fifieation, the undulated patterns and
epidermal-ending characteristics are the most effeéeatures for identification, because they
are clearly present in almost every glume sampdenémxed. Indeed, epidermal endings are easily
divided into wavy and finger types and these comtbiwith undulated patterns permit accurate
identification without the measurement of the W &dalue in most cases.

Differentiating crop phytoliths from their Panicoikedy wild relatives in archaeological
contexts can present challenges due to similantiédentifiable Panicoid husk morphotypes,
and large pristine sheets of identifiable multiglli aggregations that identification criteria
listed above are, in part, based on are sometiarestiaving strict identification criteria as
described here is essential.

Moving to the discrimination d®. italicaand its wild ancesto&.viridis, using phytoliths,
the focus shifts to the size of phytoliths in thpper lemma and palea. It is established through a
study carried out by Zhareg al (2011) that the size of tl§lll type of S. italicais larger than
that fromS.viridis. This means the difference between the two sp&ig®edicated on the
width/expansion of the lemma and palea, also riesgpilh a visible difference of phytolith
morphology at the center of lemma and palea, whiéoified epidermal long cells are most
complex, but can be differentiated. The discrimtrfanction analysis accurately classifies a
significant majority of the plants, 78.4% of foxtaiillets and 76.9% of green foxtails. However,
about 25% data are incorrectly classified. More@amshould be analyzed to detect the

presence of other potentially diagnostic featukésrphological and basic morphometric studies
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of glumes of other minor millets also show the ptitd of phytoliths for differentiating these
important crops in the prehistory of Eurasia andoaf (below) (Madella et al., 2014).
4.2 Oryza sativa (Rice)

Phytoliths have played a very important role inithentification of rice remains recovered
from archaeological sites. In the past two decaa@simber of identification criteria have been
used. To date, three distinct phytolith morphotypage been identified: double-peaked glume
cells from the rice husk, bulliform (fan-shapedwotor cell) phytoliths from bulliform cells in
leaves, and articulated bilobate phytoliths froemst and leaves (Fujiwara, 1976, 1993; Lu et
al., 1997; Pearsall et al., 1995; Piperno, 2006n§\end Lu, 1993; Zhao et al., 1998; Zheng, et
al., 2003; Gu et al., 2013).

Double-peaked glume cell phytoliths (Fig. 13) anéque to the genuSryzaand can
separate domesticated rice from the nine wild sjpecies of South and Southeast Asia based on
linear discriminant function analysis of three gkigell measurements (Pearsall, et al., 1995,
Zhao and Piperno, 2000, Zhao, 1998, Zhao, et298) A recent study carried out by &ual
showed that three-dimensional measurements of dqudaked glume cells can also successfully
distinguish cultivated from wil@®ryzaspecies (Gu, et al., 2013).

Bulliform cell phytoliths are produced in high quigyin stems and leaves, and like glume
phytoliths may be common in sites (Wang and Lu,3)9%heir morphological features appear to
be under genetic control and therefore directlietftaxonomical significance (Gu, et al., 2013,
Zheng, et al., 2003). In the past two decades, habogical features including surface
ornamentations have been employed to distinguisiedticated from wild rice using these
phytoliths (Fig. 14) (Lu et al., 2002; Ma and FagQ07; Huan et al., 2014). Pearsall, et al.,

(1995) found that bulliform size alone could nditotiguish rice from related species. Lu et al.
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(2002) studied the number of scale-like ornamemnatat the edge of bulliform phytoliths from
seven species of wild rice and six species of dtossd rice and found the number of scale-
like decorations in wild species is less than Sjev to 14 are present in domesticated rice. This
feature as a distinctive characteristic of culidhtice needs further validation (Qin, 2012; Wang
and Lu 2012); however, to date, phytoliths withagee than 9 scale-like decorations are widely

used signatures of domestication (Lu et al., 2002 et al., 2014) (Fig. 14). According to this

criterion, recent studies indicate that rice domatbn began around 10,000 BP in the Lower
Yangtze, China (Wu et al., 2014).

Bilobates with scooped ends and a parallel arrargém leaf tissue are typical of the
genera in the Oryzeae tribe, in contrast to theadteristic features ddryzaplants (Pearsall et
al., 1995; Lu, et al., 1997; Xiujia et al., 201RBgarsall et al. (1995) and Gu et al. (2013) showed
that this bilobate was produced by all member$efttibe, and cannot be used to distinguish any
one genus, includin@ryza

Phytoliths can also be used as a tool for undeisigrihe development and spread of rice
(Oryzasp.) arable systems using arable weed ecologiéferént proportions of crop weeds
appear in different field systems and the ratiogloftolith morphotypes in soils from these
fields reflect this. Modern analogues were creétaioh sediment samples from traditionally
farmed fields using correspondence analysis (Cgrtoodemonstrate the constituents of the
samples, groups of phytolith morphotypes, frometéht field types reflect their arable system.
When applied to archaeological samples the redaltsonstrate changing farming practices over
time (Fuller and Weisskopf, 2011; Weisskopf et 2014).

The development of water management in rice farmargbe seen using ratios of specific

phytoliths from grass weeds in rice fields (Weigdket al., in press). Ratios of phytolith
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morphotypes that are genetically predisposed t® tgksilica in grasses (short cells) to those that
take up water under circumstances of greater tegpwation (long cells and stomata) (Madella

et al, 2009, Jenkins et al 2011) were used to dpveelet versus dry index on samples from
traditionally farmed modern rice fields. This matheas applied to phytoliths assemblages
collected from palaeosols and the correspondinigegaogical sites in the Lower Yangtze
Valley. The results show a change from probablewetarming on the river’s edge at
Tianluoshan (4800-4300BC) to small drier dugoutieat Caoxieshan (3950-3700BC) to large
managed irrigated fields at Maoshan (3000-2300B@igskopf, et al. in press).

5. Crops of Southern and Southeast Asia

5.1 Musa spp. (true bananas)

The domestication and spread of true bananas gielpio the genuMusais a complicated
issue. Domesticated bananas derive from the EufiMussa acuminat§AA] and M. balbisiana
[BB]) and AustralimusaNl. maclay) sections of Musaceae. Domestication appearsue ha
involved intra and interspecific hybridization, pploidization and somaclonal mutations,
ending in seed sterility and parthenocarpy (De bangf al., 2009). Accordingly, phytoliths
produced by the Musaceae sections Eumusa and Ausisa have great relevance in
archaeological research. Humans likely spread dicatsd Eumusa throughout the tropics.
Archaeological evidence for bananas helps researchake inferences about crop diffusion and
how people in antiquity managed plant resourcésopical rainforests. Outside Asia, any
evidences foMusaphytoliths are indicative of cultivation (Vrydaghad De Langhe, 2003).
Phytoliths can be produced in various plant tisguekorgans of bananas (e.g., Lentfer, 2009a;
Chen and Smith, 2013) with seed and leaf phytob#iag the most studied to date. In

archaeological contexts, finding both seed andpégfoliths together may indicate an early
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phase of domestication, while finding only leaf fi§hs could indicate a latter phase. Lentfer
(2009) and Perrier et al. (2011) discuss and iistseveral seed phytolith morphotypes and
conclude that they are diagnostic at the genusipse@nd sometimes seed levels for Musaceae
(Figs. 15, 16). Lentfer (2009a) further discussbeioglobular and polygonal morphotypes
produced in various plant parts and uses morpharatalysis to separate those produced in
seeds from those produced in other plant organsisswks.

In leaves, silicification of cells surrounding thascular tissue dflusaandEnsetespecies
produces volcaniform (volcano shaped) phytolithal(Bt al., 2006) (Fig. 17). Both morphotypic
(Ball et al., 2006; Lentfer and Green, 2004; Mbadal., 2001; Vrydaghs et. al., 2009; Wilson,
1985) and morphometric studies (Ball et al., 2Q@$itfer, 2009a; Vrydaghs et. al., 2009) have
been conducted to distinguish among the volcanifoingtoliths produced by differeMusaand
Ensetespecies. These phytoliths can be discriminatéldeagenus level allowing bananas to be
distinguished from the ensets in archaeologicands: (Lentfer, 2009a; Mbida et al., 2001), but
reliable identification at the species level idl stanting.

Archaeological evidences fiMusaphytoliths have been recently summarized by Dorohu
and Denham (2009), with the earliest evidence éorapa cultivation at Kuk Swamp in highland
New Guinea, dated at 7000-6500 years ago (Denhain €003). This suggests an early and
long process of domestication M acuminatassp.banksiiin the area. Archaeological evidence
of Musaceae in Melanesia (Horrocks et al., 2009itee et al., 2010), in Polynesia (Khan et al.,
2014), and early evidence (from 5000 BP) in SowghAaia falls within the natural range of
several wild banana species (Kealhofer, 2003) nggikidifficult to disentangle cultivation
versus exploitation of wild plants, but later evide in east Asia seems to suggest human agency

(Zhao and Piperno, 2000). The earliest findingSonth Asia are from sites of the greater Indus
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Valley at Loteshwar (3681 to 2243 cal BC) in NoBbjarat, India (Garcia-Granero et al., 2015)
and the Mature Harappan levels (2500-1900 BC) dfXp, Pakistan (Fuller and Madella,
2002). The evidence is scant and may actually lgghtontacts (trade) with the Western Ghats
to the south more than local cultivation. Camerbiiang evidence represents, with all
probability, the dispersal of cultivars to West i8& by at least 2500 years ago (Mbida et al.,
2001).

6. Cropsof Africa

6.1 Ensete ventricosum (Ethiopian banana, Abyssih&nana), Lagenaria siceraria (bottle
gourd), Sorghum bicolor (sorghum), Penniseum glau¢pearl millet)

Crop plants native to Africa have seen the smadlegiunt of focused researémsete
ventricosunwas domesticated in antiquity in the eastern laigthé of Africa for its starchy stem
and is an important crop today. The genus has &qmcal distribution. Its phytoliths have been
studied largely as parts of analyses to comparamtitiguish them from those dMusaspp.

(see above), and it indeed appears Hmsetecan be identified to at least the genus (Figs. 15,
17). Work is needed to determine if wild and donecastd species can be distinguished. Another
crop of African origin is the bottle gourd. It che identified to species in American contexts,
where wild varieties are not native (see above uhesv World). Work is needed on wild
Lagenariain Africa and Asia to determine if wild and domieated varieties can be
discriminated.

A handful of recent studies has outlined phytgtitbduction in inflorescences of African
domesticated grains and their wild progenitors @rog012; Madella et al., 2013; Novello and
Barboni 2015; Radomski and Neumann 2011). Howevi, only one study on phytolith

production in the inflorescences of wild grassesv@lo and Barboni 2015), there is still
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considerable work to do vis-a-vis isolating specifiorphotypes diagnostic to the genus or
species level. Consequently, most Africanist phftakesearchers favor quantitative or semi-
guantitative methodologies that take into accouunitipie phytolith forms for strong positive
identifications.

The most promising potential for identification mgiphytoliths appears to [$®rghum
bicolor, likely domesticated relatively late (c. 2000 ygeago), but probably used in a wild but
cultivated form many millennia earlier. Of spedail#gnostic interest is heavily silicified
elongate dendritic cell forms described by sevaudhors (Novello and Barboni 2015; Radomski
and Neumann 2011; Logan and D’Andrea 2008 in L&fHP: 96-100; Madella et al., in press).
These forms appear to be quite distinctive, oatwome quantity in domesticated sorghum
inflorescence (36.9% of all phytoliths), but areammon in wild sorghum or other grasses
studied to date (Radomski and Neumann 2011:15&ddition, one complex short cell form,
with a bilobate to rondel base and saddle-likenay be distinctive t&orghum bicolor
(Radomski and Neumann 2011). Since very little carative work on wild African grass
inflorescences has been completed, it is difficukstablish at what level these forms are
diagnostic, but early results look very promising.

Pearl millet Penniseum glaucunis the oldest domesticated crop on the contitref500
bp; Manning et al., 2011), yet little is known abphytolith production in this important crop
(see Radomski and Neumann, 2011 for a discussion).

7. Discussion

Phytolith analysis has substantially contribut@dtudy and understanding of agricultural

origins and dispersals around the world. Genuspecies-level identifications are routinely

achieved for crop plants, and when a crop is foaundide of the natural distribution of it and its
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closest wild relatives (as, for example, maize at§ America and eastern North America and
bananas in Africa), genus-level identification aaerves the purpose of securely identifying it.
Research by numerous investigators over decadematined here has, therefore, made it
possible to develop consensus identification gatiar archaeobotanists to employ and for other
scholars to bring to bear in formulating broad @ptoal and synthetic works. A recent paper, in
fact, that reviews potential starting dates forahset of the proposed new geologic epoch, the
Anthropocene, defines phytoliths as one of two privstratigraphic markers and one of a few
potential auxiliary stratotypes for the origin agxpansion of farming globally (Lewis and
Maslin, 2015). Phytoliths are also named as adina¢ marker for Lewis and Maslin’s (2015)
suggested choice of the event that would mark tharpocene beginning, the “New-Old

World Collision” at the date of 1610.

Phytoliths can and have served a number &dréifit roles in agricultural origin and dispersal
research: 1) as stand-alone markers of cultivatrmhdomestication, 2) complementary avenues
of plant identification in multi-proxy research, i8entifiers at more refined taxonomic levels
than possible with other fossil markers, or of tard plant structures often not visible with other
fossils, 4) markers of crop presence and humarr@mwviental modification in paleo-ecological
records, 5) markers of range expansions of crog#rer plant taxa. Increasingly, phytolith and
starch grain analyses are being used in tandenaity megions of the world, significantly
increasing the recoverability of a number of Newl &Id World crop species, including major
root crops, that leave slim or no phytolith recom@sd allowing finer discrimination of others,
along with identifications of different structurekthe same crop (a few examples are Chandler
et al., 2006; Zarillo et al., 2008; Duncan et 2009; Lentfer, 2009b; Piperno, 2009, et al., 2009;

Boyd and Surette, 2010; Dickau et al., 2007, 20Ehg et al., 2012a, b, 2014, Liu et al., 2011,
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Iriarte et al., 2012; Madella et al., 2014, Barsord Torrence, 2015; Corteletti et al., 2015;
Garcia-Granero et al., 2015) (see Table 1 for ptapts and wild progenitors known to have
diagnostic starch grains). As with other fossilidadiors of plant exploitation and agriculture
such as macro-remains of seeds and their chaffs Wilcox, 2007; Fritz and Nesbitt, 2014), the
taxonomic levels to which phytolith identificati@an be made will differ from species to
species, and at times the separation of imporéat Will not be possible. There are also many
crops and wild progenitors for which phytolith ayga$ may not turn out to be of significant
utility, although further work is needed on many.

Issues such as phytolith formation, taphonaaing preservation, encompassing initial
phytolith production in plants and their subsequieygositional and post-depositional histories
are not the foci of this paper. These aspects baga well-considered elsewhere and the reader
can consult a number of reviews summarizing infaiomsaccumulated from numerous studies
on crop and other plants from around the world.(@&garsall, 2000, 2014, 2015a; Piperno, 1985,
1988, 2006; Madella, et al., 2009; Madella and ledotti 2012). Briefly, the following points
can be made. With regard to phytolith formatiomege control of phytolith formation is
demonstrated in a number of crops and their wiltkators, includin@ucurbita(fruit rinds),
Zea(fruitcases and cobdpryza(leaves and probably glumes), and also wheat éaoisveiler
and Doebley, 1997; Piperno et al., 2002; Zheng. e2@03; Ma et al., 2006, 2007; Peleg et al.,
2010; Gu et al., 2013). This means that the vigyhilf these phytoliths in archaeological sites
should not have been biased by environmental viéityalbn other crop/wild ancestor pairs
where production of individual phytoliths has nothis point been linked to specific genetic
loci, studies of different populations from diffateenvironmental regions demonstrate that

phytoliths used in identification are both consisie produced in modern flora and commonly
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recovered from archaeological sites. In sum, tlaeskother studies indicate a considerable
degree of genetic and metabolic control over thehaeisms and patterns of silica deposition
(e.g., Hodson et al., 2005; Piperno, 2006; Madsllal., 2009; Tsartsidou et al., 2007; Pearsall,
2014).

Investigations of infraspecific variability in phofith formation also document which
phytolith types do appear to be significantly afféecby environmental factors such as water
availability and bedrock chemistry, such that gatar morphotypes are/are not produced in
certain environments, or formed in such low amotims they would be difficult to recover
(e.g., Piperno, 2006; Madella et al., 2009; Tsdasiet al., 2007). Phytoliths involved (e.g., from
jigsaw-shaped epidermal phytoliths of woody tawagl epidermal cells of grass leaves) are not
usually among the corpus of silicified forms usedrop identification and discussed herein. As
discussed above, in wheat, barley, and rice arased silicification of long epidermal cells in
their husks in well-watered conditions provide aam®to investigate ancient irrigation and water
regimes.

Other issues such as depositional and post-depaaithistories, including preservation and
downward phytolith movement in soils and sedimemse seen detailed investigation, in part
by crop plant researchers who have taken into axt@nd controlled for these factors (a few
studies and reviews include Harvey and Fuller, 26@%erno, 1985, 1988, 2006; Fishkis et al.,
2009, 2010; Madella, et al., 2009, Madella and ketott 2012; Devos et al., 2013; Pearsall
2014, 2015a; Cabanes et al., 2015). It is well-tstded, for example, that phytoliths follow the
biogenic silica curve for erosion and dissolutismthat when the pH exceeds a value above
about 9--an unusual circumstance in archaeologmatexts that did not influence records

discussed here--some phytolith corrosion and disisol may at times be expected (see reviews
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in Piperno, 1988:46-47 and Piperno, 2006:22, 168,racent experimental work by Cabanes et
al., 2015). Other recent efforts combining phytolhalysis with micromorphology also serve to
address the various issues outlined (Vrydaghs ahé issue).

The utility of phytoliths for investigating agridutal origins and dispersals around the world
is clear and despite the considerable range of @amples and geographic regions heretofore
investigated, possibilities for future expansiohsesearch are many. Moreover, micro-fossil
assemblage composition and distribution can prowiftgmation about currently under-
investigated domestication processes related fpianprovement in prehistory, such as the
development of parthenocarpy (seedless fruits)adumew crop varieties in general. Phytolith
(and starch) studies are complementary to all aspé@rchaeological investigation aimed at
understanding agricultural origins, and given vethven and potential outcomes we should now
be at a stage where such studies are incorporaietroader archaeological framework as a
matter of routine research.
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Figure Captions

Fig. 1. Typical cross-shaped phytolith three-din@mal structures from maize, teosinte, and
non-Zeagrasses. Maize produces high proportions of Viada mirror-image) cross-shapes
while many wild grasses produce high proportionstbér types unlike maize. Balsas teosinte,
maize’s wild progenitor, produces many Variant @srshapes in its leaves unlike maize. From
Piperno, 2006.

Fig. 2. Wavy-top (top, bottom left) and ruffle-topndels (bottom, right) from maize. Ruffle-
top rondels occur much more frequently in teosings maize. From Piperno, 2006.

Fig. 3. The various kinds of non-rondel phytolitbend in teosinte fruitcases. Those
diagnostic of teosinte are in the center (a, oblong-half decorated; b, elongated spiney; c,
elongated with one wavy and one serrated edgejokthg a-f occur in some nofieagrasses,
but they like the others are always produced isitde and can be used to rule out its presence if
absent from samples. The phytoliths range in s@@ fabout 10 (phytolith f) to 35 uM in
diameter (phytolith b). From Piperno, 2006.

Fig. 4. Tripsacumfruitcase phytoliths. Unlike those of teosintemmaize, they have serrated
edges and ridges across the top. From Piperno, 2006

Fig. 5. Scalloped phytoliths from the domesticatpdcieCucurbita moschataWild squash
phytoliths have the same morphology but are oftenmsmaller than in domesticates. From
Piperno, 2006.

Fig. 6. Scalloped phytoliths from bottle gourd. I4alin Cucurbita scallops are irregularly-
shaped and one hemisphere of the phytolith isafildtundecorated. Size ranges from 64 to 112
UM. From Piperno, 2006.

Fig. 7. Seed phytoliths from arrowroot. From Pimer2006.
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Fig. 8. Seed phytolith from llerén. It is 40 uM tpriFrom Piperno, 2006.

Fig. 9. An articulated aggregation of inflorescebcact phytoliths fronTriticum
aestivunmshowing the long cell wave patterns and papillaracteristic off riticum sp. Photo by
Arlene M. Rosen from modern plant phytolith referemrollection at ICREA, University of
Barcelona, courtesy of Rosa M. Albert.

Fig. 10. An articulated aggregation of infloresaeibcact phytoliths fronordeum
vulgareshowing the long cell wave patterns and papiltzracteristic oHordeumsp. Photo by
Arlene M. Rosen from modern plant phytolith referemrollection at ICREA, University of
Barcelona, courtesy of Rosa M. Albert.

Fig. 11. Drawing of a papilla. Domesticated grads®ese a consistent papilla diameter found
throughout the multi-cell, as measured by the ourgy of the papillae, while wild ‘weed’ grass
will exhibit a range of papillae diameters. Fromédtno, 2006; originally reprinted from Tubb et
al. (1993).

Fig. 12. Undulated patterns and ending structurepidermal long cells in the upper lemma
and palea for the two millet speci€sundulated pattern (A) and wavy type (C) of ending
structure irS. italig n-undulated pattern (B) and finger type (D) of emdstructure irP.
miliaceum

Fig. 13. Double-peaked glume cell phytoliths fr@ryza From Piperno, 2006. Originally
re-printed from Zhao et al., 1998.

Fig. 14. Comparison of the scale-like decoratiom®wolliform phytoliths in domesticated and
wild rice. Modified from Fujiwara (1976).

Fig. 15. Seed phytoliths froMusa acuminataubspbanksii(left) andEnseteright. From

Piperno, 2006; originally courtesy of Carol Lentfer
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975 Fig. 16. Seed phytoliths froMusa ingensFrom Piperno, 2006; originally courtesy of Carol
976 Lentfer.

977 Fig. 17. A comparison of leaf phytoliths frdBmseteandMusa From Piperno, 2006. The
978 schematic drawings were originally from Mbida Mirglet al., 2001 and the photographs were
979 courtesy of Carol Lentfer.
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Table 1. Crop Plant Phytolith Production and L evels of Taxonomic Specificity

Phytolith Taxonomic
Plant Production Specificity Plant Part
The Americas
Zea mays (maize " 5¢° Very high Specie Cob (glume/cupule
Zea mays (maize) High Species Leaf
Zea mays (maize) Low to moderate | Species Husk
Cucurbita spp" >4 2% (squashes and gour Very higt Genus and Specii| Fruit rinc
High Family (Genus?) | Leaf
Lagenaria siceraria " >“® (bottle gourd Moderat Specie Fruit rinc
High Family Leaf
Sicana odorifera "*’(cassabanan High Genu: Fruit rinc
Manihot esculenta>“* (manioc or yuce Very low Genu: Most plant part
Maranta arundinacea >“© (arrowroot Very higt Specie See
Calathea allouia (llerér) 5¢© Very higt Specie See!
Moderate Species Rhizome
Ananas comosus (pineapple’ Very higk Family Leaf and see
Canna edulis (achira Very higk Genus (% Leaf
Phaseolus vulgaris>“® (common beai Moderat Genu: Poc
Phaseolus lunatus >*© (lima bean Moderat: Genu: Poc
Helianthus annuus High Family (Genus” | Achene
. Family or
Arecaceae (palms) Very high subfamily All parts
Southwest Asia
Inflorescence brac
Triticum spp.*® T (Einkorn, other wheats) Very high Genus?* (glumes, lemmas, and
paleae)
.. . Infl b
Triticum spp.>® " (Emmer, other wheats) Very high Genus?* nriorescence brac
(glumes, etc.)
verv high Genus?* Inflorescence brac
Hordeum spp.5¢ (Barley, other wheats) yhg us: (glumes, etc.)
East Asia
Oryza sativa (rice) Very higk Specie Glume
Very high Species (?) Leaf (bulliform cells)
Setaria spp.°©® (Foxtail millets Very higt Genus* Glume
Panicum spp.>“® (Broomcorn millets Very higr Genus* Glume




Southern and Southeast Asia
*** Musa spp>©° (bananas . Genu:
H!gh Genus, Section, Leaf
High . Seed
Species
Benincasa hispida (wax gourd Very higk Genus (% Fruit rinc
Cocus nucifera (coconut) Very high Farmly or sul- All plant parts
family
Africa
Lagenaria siceraria (bottle gourd Moderat: Genus?*** Fruit rinc
Ensete ventricosum (Abyssinian or Ethiopian banan | High Genu Leaf and see
Sorghum bicolor (sorghum High ?see te Glume

WA= phytoliths are diagnostic in the wild ancestor. WA? = wild ancestor is unknown, or known but not yet studied for
phytoliths. SG = starch grains diagnostic of genus (SG-G), species (SG-S), or tribe (SG-T) occur in the same or other parts
of the plants as listed for phytoliths (e.g., Maize kernels; Cucurbita fruit flesh; Phaseolus seeds; arrowroot roots; llerén
roots; wheat, barley, and millet grains; banana fruit flesh). SG? = potentially diagnostic starch but further study is
needed. Hordeum starch grains have been identified to genus in SW Asia and China. Setaria and Panicum domesticated
millet starch grains may be identifiable to species in some cases. Starch grains from other Old World crops may have
considerable promise (e.g., various legumes and root crops). For starch grain references, see Chandler et al., 2006;
Zarillo et al., 2008; Duncan et al., 2009; Piperno, 2009, Piperno and Dillehay, 2008, Piperno et al., 2009; Boyd and
Surette, 2010; Dickau et al., 2007, 2012; Lentfer, 2009b; Yang et al., 20123, b, 2014, Liu et al., 2011; Iriarte et al., 2012;
Madella et al., 2014; Barton and Torrence, 2015; Corteletti et al., 2015; Garcia-Granero et al., 2015.

*Wild/domesticated wheat and barley phytoliths can be distinguished from each other at the genus level and from
common weed genera expected in archaeological contexts in certain regions of southwestern Asia. More work is needed
with other wild taxa outside of Triticum and Hordeum to more broadly apply phytolith identification schemes when con-
generic non-cultigens may be present. Certain kinds of domesticated wheats can currently be distinguished from others
and from barley using specific types of phytoliths (e.g., papillae) or combinations of them.

**Foxtail and broomcorn millet phytoliths can be distinguished from each other. Further work is needed to develop
distinguishing criteria for them and their weedy wild Panicoid relatives. ***There is a new revision for Musa proposed
by Hakkinen (2013) on the basis of new molecular data, which has not been used in this review so that the taxonomic
names used here are consistent with the published phytolith work cited. In the new revision, the Rhodochlamys section
was merged into the Eumusa section and renamed Musa. The Australimusa and Ingentimusa sections were merged into
the Callimusa section The new section kept the name Callimusa (Hakkinen, 2013). ****Bottle gourd has been studied
with relation to regional flora in the New World only. African and other Old World research is needed to establish its
diagnostic potential there.

See Bozarth, 1990, Piperno, 2006 and Pearsall, 2015b for information on Phaseolus pod phytoliths, and Piperno, 2006
for discussions of various palm phytoliths. Cassabanana (Sicana odorifera) is a little understood Neotropical domesticate
of possible Amazonian origin. Its genus-diagnostic scalloped phytoliths (Piperno, 2006:71 and Fig. 3.7e therein) have not
as yet been isolated from archaeological deposits, but further work may elucidate its origins and history. Benincasa
hispida (the wax gourd) phytoliths appear promising compared to New World Cucurbitaceae but Asian study is needed.




Table 2. Discrimination o®. italica andP. miliaceum

No | Parts of Spikelet Diagnostic Criteria | Setariaitalica Panicum miliaceum
(Foxtail millet) (Common millet)
1 Lower lemma and glun | Shape of silica bodi Cross-shaped typ Bilobate-shaped typ
Presence or absence | Regularly arrangec Smooth surface withot
2 Upper lemma and palea . . .
papillae papillae papillae
3 The l_mdulated pattert | Q-undulated -1, |1, n-undulated -1, 11, 111
of epidermal long cells| 111)
The ending structure i
4 of epidermal long cells Cross wavy type Cross finger type
W =4.37+£0.8um W = 8.95+2.02um
R =0.33+0.1 R =0.79+0.1
5 Surface sculpture Surface ridgy line Smooth, spotted sculptu

sculpture

or saw-toothed sculpture
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Tent-like arch
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Many non-Zea grasses
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Nodules/Blocky
Bambusoideae
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Experts from around the world who have carried the hands-on work reviewed the utility and
importance of phytolith analysisin investigating agricultural origins and dispersals.

Phytoliths have been and will continue to be of significant, often unique, importance for this
fundamental topic.





