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Abstract A significant body of recent research shows that
the first east—west transmission of cereal crops, Triticum spp.
(wheat) and Hordeum spp. (barley) from the west and millets
(Setaria italica, foxtail millet, and Panicum miliaceum, com-
mon millet) from the east, took place sometime around the
start of the 5th millennium Bp, with part of the most likely
route lying along the Tianshan mountains in northern Xin-
jiang, China. Here the dominant economic adaptation is,
and was in prehistory, not crop-based agriculture but tran-
shumant pastoralism. The site of Luanzagangzi (ca. 3,300—
2,900 cal Br) on the northern slope of the Tianshan is one of
only a handful of Bronze Age sites in Xinjiang with evidence
for well-established crop cultivation. In this paper, we report
on ten samples collected for phytolith analysis from a 4 m
deep profile at Luanzagangzi. The results show evidence that
a range of cereal crops was being grown (multi-cropping),
Triticum spp., Hordeum spp., Setaria italica and Panicum
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miliaceum. Pooideae, Paniceae woody plants, Phragmites
(reed) and Cyperaceae (sedges) were presumably also
exploited for subsistence purposes in this area. We speculate
that the strategy of growing a range of crops, wheat/barley,
common millet and foxtail millet was adopted by the Bronze
Age population in this region as a supplement to herding.
The findings of this study help us to understand the disper-
sal of cultivation strategies across the Eurasian steppe via the
Xinjiang region, and the communication between China and
the West in the late Bronze Age.

Keywords Phytoliths - Agriculture - Wheat - Barley -
Millet - Xinjiang - Eurasian steppe - Bronze Age

Introduction

Understanding subsistence strategies is of major impor-
tance in archaeological research (Cosmo 1994; Gerling
2015). A key part of this is to discover which plant and ani-
mal resources were available to individual cultural groups.
From the Bronze Age and into recent historical periods, the
dominant subsistence practice in the Eurasian steppe has
been mobile pastoralism, the herding of sheep, goats, cattle
and horses. This was an economic choice reflecting adapta-
tions to local topographies and environments (Shishlina and
Hiebert 1998; Vainshtein 1980; Koryakova and Epimakhov
2007). For some time, however, archaeologists have also
recognized the use of domesticated grains such as Panicum
miliaceum (common millet), Setaria italica (foxtail mil-
let), Triticum spp. (wheat) and Hordeum spp. (barley) in
the subsistence strategies of pastoralists living across the
wider steppe zone from the late 5th to 4th millennia cal
BP (Kuz’mina 2007; Spengler et al. 2014). Although stud-
ies from central and western parts of the Eurasian steppe
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suggest that pastoralist economies can be complex and
involve agriculture (Rosen et al. 2000; Chang et al. 2003;
Frachetti et al. 2010; Murphy et al. 2013; Spengler et al.
2014), pastoralist subsistence economies and their role
in the use and spread of domesticated grains at the east-
ern end of the Eurasian steppe are still poorly understood
(Kohl 2007; Frachetti 2009; Murphy et al. 2013; D’Alpoim
Guedes et al. 2014, 2015; D’Alpoim Guedes 2015).

The Jungar (Zhunga’er) basin, the easternmost exten-
sion of the Eurasian steppe, together with the Tarim (Tal-
imu) basin to the south, make up much of the territory of
Xinjiang (Fig. 1). These vast arid inland basins were crossed
in historical times by the Silk Road and throughout history
they constituted areas with vital links between eastern agri-
cultural and steppe herding communities. Consequently,
they have played an important role in understanding the
relationship between early China and Western Asia since
the Bronze Age (Cosmo 1994; Jia et al. 2011). However,
to date, most archaeological evidence of agriculture is con-
centrated in the Tarim basin and surrounding areas (Qiu
et al. 2014; Yang et al. 2014; Zhang et al. 2015a; Chen
et al. 2016), while very limited attention has been paid to
the Jungar basin. Due to the lack of systematically collected
and regionally comparable archaeobotanical data from the
easternmost regions (Frachetti et al. 2010), little is known
about the subsistence strategies of ancient communities dur-
ing the transition from the Bronze Age to the Iron Age (Jia
et al. 2011). The Luanzagangzi site, which is located on the
southeastern edge of the Jungar basin, is a settlement that
provides us the opportunity to address issues concerning
subsistence strategies of ancient communities in this region.

Poaceae grasses prevail across the Eurasian steppe and
are closely related to human activities, not only because
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Fig. 1 Location of the Luanzagangzi site, northwest China. (The
base map uses imagery from Google mapping)
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most cereal crops belong to this taxon, but because herd-
ing activities depend on grasses as forage. Although pollen
data can reflect vegetation, the interpretation of the grass
signal and reconstruction of the ecosystems that this sig-
nal probably represents is hampered by the limited ability
to identify pollen more exactly than to family level. This
factor has restricted interpretation of human subsistence
strategies and limited the pollen-based reconstruction of
vegetation around sites across the Eurasian steppe (Bush
2002; Schiiler and Behling 2011).

Since phytoliths are replicas of plant cells (Piperno
2006), they can be used to identify a certain genus or spe-
cies according to shape, size and other anatomical fea-
tures (Piperno 1988; Pearsall 2000; Lu and Liu 2003a; Lu
et al. 2005; Ball et al. 2016). Based on phytolith morphol-
ogy, certain genera or species of Poaceae can therefore be
securely identified (Piperno 2006; Ball et al. 2016), espe-
cially for some crops, such as Zea mays L. (maize) (Piperno
1984), Triticum spp. and Hordeum spp. (Rosen 1992;
Rosen and Weiner 1994; Ball et al. 1999, 2009), Panicum
miliaceum, Setaria italica and related wild grasses (Lu
et al. 2009; Zhang et al. 2011; Yang et al. 2015).

This paper presents phytolith records from the newly
investigated Luanzagangzi site. The results prove that the
late Bronze Age population at the eastern end of the Eura-
sian steppe used a multi-cropping pattern of wheat, barley
and millet and other plant resources. Our findings contrib-
ute to insights into crop spread across the Eurasian steppe
and have broader implications for understanding economic
and cultural communication between west and east since
the late Bronze Age.

Materials and methods

Luanzagangzi (43°45'22"N, 89°11'30"E) is located in
Jimusaer (Jimusa’er) County, at the southeastern edge of
the Jungar basin. The site lies on the northern slope of the
Tianshan mountains at 1,486 m a.s.l., 500 m from the river
Wutanggou, and about 8 m above the riverbed (Fig. 1; Jia
et al. 2011). Today the average annual precipitation in the
region is 200-300 mm and the annual mean temperature is
4-7°C (Yan et al. 2004b). The landscape is desert steppe
with vegetation that includes Artemisia, Stipa glareosa,
Ceratoides, Ceratocarpus, Peganum, Cirsium, Caragana
leucophloea, Brassicaceae, Carex, Iris, Trifolium, Populus
and Ulmus, among other taxa. The dominant crops in this
area are now wheat and maize, but that was not the case in
the past (Yan et al. 2003, 2004a).

A unit of 1X2.5 m was excavated at Luanzagangzi in
2007. Ten stratigraphic layers were distinguished in the pro-
file exposed by the 4 m deep profile (ESM 1 Fig. S1). The
stratigraphy of this profile has been detailed elsewhere (Jia
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et al. 2011). The cultural layers were rich in charcoal and
fragments of pottery, bone, ground stone tools and bronze
fragments. We collected one sediment sample for phytolith
analysis from each stratigraphic layer of the profile to give a
series of ten samples in total (ESM 1 Fig. S1). Eight radiocar-
bon dating samples from Layer 4 to Layer 10 and from a gul-
ley under Layer 6 provide secure chronologies from ca. 3,300
to 2,900 cal Bp (Table 1; Jia et al. 2011; Tong et al. 2013).

Each 2 g sample taken for phytolith analysis was pre-
pared as described by Piperno (2006) and Runge et al.
(1999), with slight modifications. The procedure consisted
of treatment with 30% hydrogen peroxide (H,0,) and cold
15% hydrochloric acid (HCI), separation with zinc bro-
mide (ZnBr,, density 2.35 g cm?) heavy liquid and mount-
ing on a slide with Canada Balsam. Phytolith counting and
identification were performed using a Leica microscope
with phase contrast at 400X magnification. About 400 phy-
toliths (single and multi-cells, if multi-cells were silici-
fied together, we counted them as a single phytolith) were
counted in most samples (see raw data in ESM 2). Identifi-
cation was aided by the use of reference materials (Mulhol-
land and Rapp Jr 1992b; Wang and Lu 1993; Lu and Liu
2003b; Lu et al. 2006) and published keys (Kondo et al.
1994; Runge et al. 1999; Pearsall 2000; Piperno 2006).

In this study, a total of 21 phytolith types, including mil-
lets, wheat/barley, Paniceae and Pooideae were identified
according to the classification system of Lu et al. (2006)
and in three other classifications (Fig. 2; Twiss et al. 1969;
Wang and Lu 1993; Kondo et al. 1994). For the identifica-
tion of crop phytoliths, additional references were employed
(Rosen 1992; Wang and Lu 1993; Lu et al. 2009; Zhang
et al. 2011; Madella et al. 2014). Phytolith abundance is
expressed as a percentage of all phytoliths counted.

Results

According to the references for phytolith taxa in China (Lu
et al. 2006), specific phytolith types are predominantly,

Table 1 Radiocarbon dates on charcoal from the Luanzagangzi site
(calibrated using Oxcal5.05.); modified according to Jia et al. (2011);
Tong et al. (2013)

Cultural layer ~ Lab. code 14C datesBp  Cal. ages (95.4%)(Bc)
UBA-9066  2,777+23 999-890

5 UBA-9065  2,877+26 1188-1182

Gl UBA-9067 2,819+23 1038-1034

6 UBA-9064  2,870+23 1125-975
UBA-9063 2,883 +24 1189-1180

8 UBA-9062 2,948 +24 1261-1110
UBA-9061  3,000+24 1372-1343

10 UBA-9060 2,917+23 1210-1019

although not restricted to, those produced by certain plants.
For example, scutiform-bulliform (extremely large and
shield-like bulliform) and middle-saddle types are from
Phragmites (reed) (Wang and Lu 1993), trapeziform-sinu-
ate and rondel from Pooideae, bilobate from Paniceae and
B-undulated epidermal long cell walls from Echinochloa
sp. (cockspur, barnyard millet) (Ge et al. 2016). Accord-
ingly, we classified types of phytoliths into nine groups,
identified with the corresponding plant names in Fig. 3.
Phytolith types which cannot be identified to a single plant
but have ecological meanings, such as bulliform, trapezi-
form and acicular hair cell, are also differentiated in Fig. 3,
whereas phytoliths without any systematic significance, for
example smooth-elongate and elongate-echinate types, are
not shown.

The phytolith assemblages from the cultural layer were
mostly well enough preserved to enable confident iden-
tification (Fig. 3). Our results show that crop phytoliths
include common millet, foxtail millet and wheat/barley.
The common non-crop phytolith types were scutiform-bull-
iform (reed bulliform), middle-saddle, rondel, bilobate, tra-
peziform-sinuate (tooth), smooth-elongate, elongate-echi-
nate, acicular hair cell (point shaped), trapeziform (square)
and some woody and unidentified phytoliths, as well as
some dendritic phytoliths from Echinochloa.

According to the presence of crop phytoliths, the profile
can be divided into three phases: P1 (Layer 10, dated to
3,210-3,019 cal Br), P2 (Layer 9 to Layer 4, dated from ca.
3,200 to 2,900 cal Bp) and P3 (Layer 3 to Layer 1). No crop
phytoliths are present in P1 or P3, whereas P2 includes
crop phytoliths. The percentage of wheat/barley phytoliths
peaks at 2.8% in Layer 9 and gradually decreases to 0.2% in
Layer 5, while the concentration ranges from ca. 330,000 to
6,000 phytoliths/g. The common millet percentage ranges
from 0.5 to 0.2% and concentration from 55,000 to 5,500
phytoliths/g. Setaria italica peaks in Layer 7, and ranges
from 0.5 to 0.7% and 55,000 to 6,500 phytoliths/g (Fig. 3).

Concerning non-crop phytoliths, Pooideae (27.6%)
dominate in P1 with minor contributions of Paniceae
(0.4%) and woody plants (5.0%). In P2, remarkably, 0.7%
of Echinochloa spp. is present in Layer 7. Phragmites, Pan-
iceae, Pooideae and woody plants range from 0.9t00.3%,
3.1-0.9%, 36.1-20.9%, 1.2-0.8% respectively. In P3,
Pooideae dominates and peaks at the level of the topsoil at
60.6% with plenty of woody phytoliths (3.5%) (Fig. 3).

Discussion
Crops in the ancient settlement of Luanzagangzi

A secure identification of millet, wheat and barley phy-
toliths is possible at the genus level using morphotypic
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Fig. 2 Main phytolith types at the Luanzagangzi site; A Panicum
miliaceum (common millet); B Setaria italica (foxtail millet); C
Echinochloa sp. (cockspur, barnyard millet); D phytoliths that resem-
ble Triticum spp. (wheat); d wave patterns in conjunctions from
wheat, modified from Rosen (1992); E phytoliths that resemble
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Fig. 3 A Variations in percentages; B concentrations of main plant phytoliths in the Luanzagangzi profile

analyses, even if there are no macrobotanical remains pre-
sent (Rosen 1992; Tubb et al. 1993; Ball et al. 1996, 1999,
2016; Lu et al. 2009; Zhang et al. 2011; Out and Madella
2016; Weisskopf and Lee 2016). For the identification of
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P. miliaceum and S. italica, we follow the work of Lu et al.
(2009) and Zhang et al. (2011). Generally, the epidermal
long cell walls are Q-undulated (2 -1, II, III) in S. italica
(Fig. 2), and n -undulated (n -I, II, II) in P. miliaceum,
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and papillae characteristics always present in S. ifalica but
absent in P. miliaceum. However, as there are still many
uncertainties related to species differentiation in Setaria
spp. (Weisskopf and Lee 2016), we suggest concentrating
more efforts on inflorescence phytoliths from major constit-
uents of the Setaria genus in the north, such as S. pumila, S.
plicata, S. faberi and S. pallidifusca.

Identifiers of wheat/barley include a combination of
the wave height, amplitude and frequency of the joined
dendritic long-cell walls, the size and configuration of the
papillae, and the shape of the cork cells (Rosen 1992).
Based on the criteria of wave patterns in conjunction
between two joined dendritic long cells proposed by Rosen
(1992) (Fig. 2D-E), we can confirm that both wheat (long
and loose wave) and barley (short and tight wave) were
present in the samples, and this is also supported by the
wheat and barley grains recovered by flotation at this site
(Jia et al. 2011; Tong et al. 2013). Because confidence in
wheat/barley determinations varies by the numbers of char-
acteristics visible on an individual multi-cell phytolith, no
further differentiation of wheat and barley based on phy-
toliths has been done, due to the lack of cork cells and a
limited number of identifiable multi-cell phytoliths, which
are essential for the accurate differentiation of wheat and
barley (Rosen 1992; Tubb et al. 1993; Ball et al. 1999,
2001, 2016). Phytolith results throughout the profile indi-
cate that wheat/barley were most dominant among the cere-
als present, accounting for 58% of the total crop phytoliths
(Fig. 4), while S. italica and P. miliaceum were present in
quantities of 22 and 20% respectively.

Wheat/barley has been a particularly important sta-
ple cereal in communities across Eurasia starting from at
least 8,000 cal Bp (Harris 1998). Both were spread across
the Eurasian steppe and introduced into East Asia largely
via Xinjiang and subsequently through the Hexi corridor
in China’s Gansu Province (An et al. 2013; Barton and An
2014; Dodson et al. 2013; Flad et al. 2010). Other early
sites have had preserved wheat/barley remains in Xinjiang,
the Hexi corridor and the Central Plain of China from the
5th and very beginning of the 4th millennium Bp (Li 2008;
Flad et al. 2010; Li et al. 2011; Dodson et al. 2013; Dong
et al. 2013), and these crops played an important role in the
establishing of agricultural communities in new environ-
ments surrounding the Tibetan plateau (D’Alpoim Guedes
et al. 2014, 2015; Chen et al. 2015).

Owning to the higher temperature requirement of mil-
lets, they were difficult to grow following the end of the
climatic optimum (D’Alpoim Guedes et al. 2014, 2015;
D’Alpoim Guedes 2015). Compared with the present day,
the temperature and precipitation in northern Xinjiang
were a little lower in the period from 3,500 to 2,500 Bp. A
recent pollen based palaeoclimate reconstruction indicates
that the mean annual temperature varied between ca. 4 and
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Fig.4 A comparison of phytolith assemblages from the Luanza-
gangzi profile. All the samples are agglomerated throughout time.
The left chart shows the relative percentages of cereal crops in I Triti-
cum spp. or Hordeum spp. (wheat/barley), 2 Setaria italica (foxtail
millet); 3 Panicum miliaceum (common millet); the right chart shows
the percentages of all identified plants according to the taxa of sub-
family/genus/plant type: a Pooideae; b Paniceae; ¢ woody plants; d
Phragmites; e Cyperaceae

2°C, while mean annual precipitation changed between
ca. 170-270 mm, respectively (Zhang et al. 2015b). This
would have given wheat/barley advantages in this zone, and
may partly explain why the percentages of millets are much
lower than those of wheat/barley throughout the profile
(Fig. 3). However, the lowest temperature at 3,000 Bp was
similar to that of the present day (Zhang et al. 2015b). Con-
sidering the Active Accumulated Temperatures (the sum of
the daily mean temperatures above the minimum required
temperature for the growth of crops in a given period),
that of P. miliaceum is between ca. 1,700-2,300 °C d (Ma
and Wei 1984) and that of foxtail millet is between ca.
2,100-3,000 °C d (Gu and Du 1981). Thus both fall within
the range of the present Annual Accumulated Temperatures
(=10 °C) in the southern Jungar basin (3,000-3,500 °C-d)
(Wang 1992). The geographical distribution of both S.
italica and P. miliaceum in China shows that both can be
cultivated in northern Xinjiang (ESM 1 Fig. S2). Thus we
speculate that, although wheat/barley accounted for a major
part of the diet of the ancient population at this site, millets
seem to have served as subsidiary crops for mobile herd-
ers, not only because millet has more protein and vitamins
per grain compared with wheat/barley (Rachie 1975), but
also because P. miliaceum has the lowest water requirement
of all grain crops (Prance and Nesbitt 2012). The practice
of millet cultivation seems suitable for mobile herders or
as a way to reduce agricultural risk (Spengler et al. 2014;
Miller et al. 2016). In most cases where wheat/barley have
been reported in Xinjiang, they always occur together
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with P. miliaceum or S. italica, not only at this site, but in
Xintala, Gumugou, Sidaogou, Xiaohe and Yuergou Xinji-
ang (Cosmo 1994; Li 2008; Jiang et al. 2013; Yang et al.
2014) and also elsewhere (An et al. 2010; Jia et al. 2013;
D’Alpoim Guedes et al. 2014).

Considering wheat/barley and millet cultivation, we
speculate that multi-cropping strategies would have permit-
ted optimal use of landscapes with long winters and/or dry
summers in arid regions and would have produced as much
grain as possible in a year to support the subsistence of
communities (D’Alpoim Guedes 2011; Jones et al. 2011).
When considered together with wheat/barley remains in
northwest China from the early 4th to the late 3rd millen-
nium BP, it seems that this multi-cropping system was not
only a case of ecological opportunism (Jones et al. 2011),
but it played an important role in the transition from the
Bronze Age to the Iron Age for local cultural groups, and
supported the creation of increasingly complex connections
between west and east in the area that would develop into
part of the historical Silk Road. A parallel development can
be seen in the rice-millet complex pattern, simultaneously
farming dry crops and rice in one region, established in the
Yellow River region as at the Tanghu site from as early as
the Peiligang culture (9,000-7,000 cal Bp), which might
have played a role in the growth of early Chinese civiliza-
tion (Zhang et al. 2010, 2012).

Local available plant resources
around the Luanzagangzi settlement

The local vegetation is a critical factor that affects the
types of subsistence strategies of people, especially related
to agricultural practices and human diet (Wang and Lu
1993; Cosmo 1994; Qin et al. 2010). Although informa-
tion derived from cultural layers cannot be taken to reflect
the natural vegetation of an area, since the data relate to
disturbance associated with human activities and possi-
bly a biased record reflecting cultural practices, they can
still provide insight into the overall past vegetation of the
region, local ecosystems, and, more directly, the plant
materials that ancient people utilized.

Since phytoliths are replicas of plant cell bodies, phy-
tolith analysis has contributed significantly towards identi-
fication of monocotyledons, especially towards identifica-
tion of the Poaceae family. Compared with other identifiers
from sediments, such as pollen, Poaceae can be identified
as subfamilies (Wang and Lu 1993; Piperno 2006). Using
phytolith analysis, certain genera or species can be securely
identified (Mulholland and Rapp Jr 1992a; Piperno 2006;
Ball et al. 2016). The data from Luanzagangzi reveal that
grasses of Pooideae (89%), Paniceae including Echinochloa
(5.4%) (Yang et al. 2015) and woody plants, as well as
possibly some shrubs (4.4%), occupied the surrounding
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landscape during the period 3,300-2,900 cal Bp (Fig. 4).
Because the outputs of phytoliths by woody plants are
significantly lower than those of grasses, the past impor-
tance of shrubs might have been more than shown by these
data (Wang and Lu 1993). Small amounts of hygrophilous
plants were also identified, such as Phragmites (0.9%) and
Cyperaceae (0.3%), suggesting that there were some bod-
ies of water near the site (Fig. 4). Considering the recon-
structed plant resources, we argue that the surrounding eco-
system was suitable for the cultivation of wheat/barley as
well as millets.

Previous studies of environmental substitutive indexes
have revealed that although there has been climatic oscil-
lation of cold/warm and dry/wet since the beginning of the
late Holocene, local arid features basically did not change
(Zhang et al. 2007; Feng et al. 2012), and thus a desert
steppe landscape prevailed around the northern slope of
the Tianshan mountains during the period 4,000-2,000 cal
BP, accompanied by a wet high lake level stage (Yan et al.
2003, 2004a, b; Liu et al. 2008; Zhang et al. 2015). The
regional vegetation would have been dominated by Cheno-
podiaceae desert vegetation and sporadic woods composed
mainly of Picea in the surrounding mountains and a small
amount of wetland environment that was present at that
time (Liu et al. 2008). This environment accords substan-
tially with the results of our phytolith analysis.

Conclusion

Our data provide new evidence that the herders in the east-
ernmost extension of the Eurasian steppe possibly adopted
a range of crops such as P. miliaceum, S. italica and wheat/
barley into their subsistence strategy at Luanzagangzi in the
period between ca. 3,300 and 2,900 cal Bp. This mix of sub-
sistence strategies may have provided a successful model
for early agricultural communities in a steppe environment.
Due to the limitation of samples and sampling locations,
the question of which crop was dominant at the site needs
further investigation. These findings deepen our cultural
understanding of the strategies of pastoralists across the
Eurasian steppe from the late Bronze Age onwards.

Acknowledgements This research was financially supported by the
National Natural Science Foundation of China (Grant No. 41472154,
41230104 and 41430103), 973 Program (Grant No. 2015CB953801),
Youth Innovation Promotion Association CAS (No. 2017096), and a
scholarship from the China Scholarship Council.

References

An C, Ji D, Chen F, Dong G, Wang H, Dong W, Zhao X (2010)
Evolution of prehistoric agriculture in central Gansu Province,



Veget Hist Archaeobot

China: a case study in Qin’an and Li County. Chin Sci Bull
55:1,925-1,930

An C-B, Dong W, Li H, Chen Y, Barton L (2013) Correspondence
regarding “Origin and spread of wheat in China” by Dodson,
J.R., Li, X., Zhou, X., Zhao, K., Sun, N., Atahan, P. (2013), Quat
Sci Rev 72:108-111. Quat Sci Rev 81:148-149

Ball T, Gardner JS, Brotherson JD (1996) Identifying phytoliths
produced by the inflorescence bracts of three species of wheat
(Triticum monococcum L., T. dicoccon Schrank., and T. aesti-
vum L.) using computer-assisted image and statistical analyses. J
Archaeol Sci 23:619-632

Ball TB, Gardner JS, Anderson N (1999) Identifying inflorescence
phytoliths from selected species of wheat (Triticum monococ-
cum, T. dicoccon, T. dicoccoides, and T. aestivum) and barley
(Hordeum vulgare and H. spontaneum) (Gramineae). Am J Bot
86:1,615-1,623

Ball TB, Gardner JS, Anderson N (2001) An approach to identify-
ing inflorescence phytoliths from selected species of wheat and
barley. In: Meunier JD, Colin F (eds) Phytoliths: applications in
earth sciences and human history. Balkema, Lisse

Ball TB, Ehlers R, Standing MD (2009) Review of typologic and
morphometric analysis of phytoliths produced by wheat and bar-
ley. Breeding Sci 59:505-512

Ball T, Chandler-Ezell K, Dickau R et al (2016) Phytoliths as a tool
for investigations of agricultural origins and dispersals around
the world. J Archaeol Sci 68:32-45

Barton L, An C-B (2014) An evaluation of competing hypotheses for the
early adoption of wheat in East Asia. World Archaeol 46:775-798

Bush MB (2002) On the interpretation of fossil Poaceae pollen in the
lowland humid neotropics. Palaeogeogr Palacoclimatol Palaeo-
ecol 177:5-17

Chang C, Benecke N, Grigoriev FP, Rosen AM, Tourtellotte PA
(2003) Iron Age society and chronology in South-east Kazakh-
stan. Antiquity 77:298-312

Chen FH, Dong GH, Zhang DJ et al (2015) Agriculture facilitated
permanent human occupation of the Tibetan Plateau after 3,600
BP. Science 347:248-250

Chen T, Wang X, Dai J, Li W, Jiang H (2016) Plant use in the Lop
Nor region of southern Xinjiang, China: Archaeobotanical stud-
ies of the Yingpan cemetery (25-420 ap). Quat Int 426:166—174

Cosmo ND (1994) Ancient Inner Asian nomads: their economic
basis and its significance in Chinese history. J Asian Stud
53:1,092-1,126

D’Alpoim Guedes JA (2011) Millets, rice, social complexity, and the
spread of agriculture to the Chengdu Plain and Southwest China.
Rice 4:104-113

D’Alpoim Guedes J (2015) Rethinking the spread of agriculture to the
Tibetan Plateau. Holocene 25:1,498-1,510

D’Alpoim Guedes J, Lu H, Li Y, Spengler RN, Wu X, Aldenderfer
MS (2014) Moving agriculture onto the Tibetan plateau: the
archaeobotanical evidence. Archaeol Anthropol Sci 6:255-269

D’Alpoim Guedes JA, Lu H, Hein AM, Schmidt AH (2015) Early
evidence for the use of wheat and barley as staple crops
on the margins of the Tibetan Plateau. Proc Natl Acad Sci
112:5,625-5,630

Dodson JR, Li X, Zhou X, Zhao K, Sun N, Atahan P (2013) Origin
and spread of wheat in China. Quat Sci Rev 72:108-111

Dong G, Jia X, Elston R, Chen F, Li S, Wang L, Cai L, An C (2013)
Spatial and temporal variety of prehistoric human settlement
and its influencing factors in the upper Yellow River valley,
Qinghai Province, China. China J Archaeol Sci 40:2,538-2,546

Feng X, Yan S, Ni J (2012) Pollen based reconstruction of vegeta-
tion in Xinjiang during the Holocene. Quat Sci 32:304-317

Flad R, Shuicheng L, Xiaohong W, Zhijun Z (2010) Early wheat in
China: results from new studies at Donghuishan in the Hexi
Corridor. Holocene 20:955-965

Frachetti MD (2009) Pastoralist landscapes and social interaction in
Bronze Age Eurasia. University of California Press, Berkeley

Frachetti MD, Spengler Robert N, Fritz Gayle J, Mar’yashev
Alexei N (2010) Earliest direct evidence for broomcorn mil-
let and wheat in the central Eurasian steppe region. Antiquity
84:993-1010

Ge Y, Lu H, Zhang J, Wang C, He K, Huan X (2016) Phytolith
analysis for the identification of barnyard millet (Echinochloa
sp.) and its implications. Archaeol Anthropol Sci. doi:10.1007/
$12520-016-0341-0

Gerling C (2015) Prehistoric mobility and diet in the West Eurasian
steppes 3,500 to 300 Bc: An isotopic approach. (Topoi — Berlin
Studies of the Ancient Word 25). De Gruyter, Berlin

Gu S, Du J (1981) Studies of the relationship between temperature
and the growth of foxtail millet. J Shanxi Agric Sci 4:16-17

Harris DR (1998) The origins of agriculture in southwest Asia. Rev
Archaeol 19:5-11

Jia PW, Betts A, Wu X (2011) New evidence for bronze age agricul-
tural settlements in the Zhunge’er (Junggar) Basin, China. J Field
Archaeol 36:269-280

Jia X, Dong G, Li H, Brunson K, Chen F, Ma M, Wang H, An C,
Zhang K (2013) The development of agriculture and its impact
on cultural expansion during the late Neolithic in the Western
Loess Plateau, China. Holocene 23:85-92

Jiang H, Wu Y, Wang H, Ferguson DK, Li C-S (2013) Ancient plant
use at the site of Yuergou, Xinjiang, China: implications from
desiccated and charred plant remains. Veget Hist Archaeobot
22:129-140

Jones M, Hunt H, Lightfoot E, Lister D, Liu X, Motuzaite-Matuze-
viciute G (2011) Food globalization in prehistory. World
Archaeol 43:665-675

Kohl PL (2007) The making of Bronze Age Eurasia. Cambridge Uni-
versity Press, Cambridge

Kondo R, Childs C, Atkinson I (1994) Opal phytoliths of New Zea-
land. Manaaki Whenua Press, Canterbury

Koryakova L, Epimakhov A (2007) The Urals and western Sibe-
ria in the Bronze and Iron Ages. Cambridge University Press,
Cambridge

Kuz’mina EE (2007) The origin of the Indo-Iranians. Brill, Boston

Li S (2008) The earliest Triticeae Dumort. in China as seen through
archaeological excavation. In: Shengzhang H (ed) (Asian Civili-
zation vol. 4) Sanqin chubanshe, Xi’an, pp 50-72

Li C, Lister DL, Li H et al (2011) Ancient DNA analysis of desic-
cated wheat grains excavated from a Bronze Age cemetery in
Xinjiang. J Archaeol Sci 38:115-119

Liu X, Herzschuh U, Shen J, Jiang Q, Xiao X (2008) Holocene envi-
ronmental and climatic changes inferred from Wulungu Lake in
northern Xinjiang, China. Quatern Res 70:412-425

Lu HY, Liu KB (2003a) Morphological variations of lobate phy-
toliths from grasses in China and the south-eastern United
States. Divers Distrib 9:73-87

Lu HY, Liu KB (2003b) Phytoliths of common grasses in the
coastal environments of southeastern USA. Estuarine Coastal
Shelf Sci 58:587-600

Lu H, Zang X, Ze M et al (2005) Millet noodles in late Neolithic
China. Nature 437:967-968

Lu HY, Wu NQ, Yang XD, Jiang H, Liu KB, Liu TS (2006) Phy-
toliths as quantitative indicators for the reconstruction of past
environmental conditions in China I: phytolith-based transfer
functions. Quat Sci Rev 25:945-959

Lu HY, Zhang JP, Wu NQ, Liu KB, Xu DK, Li Q (2009) Phytoliths
analysis for the discrimination of foxtail millet (Setaria italica)
and common millet (Panicum miliaceum). PLoS ONE 4:e4448

Ma D, Wei Y (1984) The studies of ecotypes in different cultivars
of common millets. Inner Mong Agric Sci Technol 1:18-24

@ Springer


http://dx.doi.org/10.1007/s12520-016-0341-0
http://dx.doi.org/10.1007/s12520-016-0341-0

Veget Hist Archaeobot

Madella M, Garcia-Granero JJ, Out WA, Ryan P, Usai D (2014)
Microbotanical evidence of domestic cereals in Africa 7000
years ago. PLoS One 9:e110177

Miller NF, Spengler RN, Frachetti M (2016) Millet cultivation
across Eurasia: origins, spread, and the influence of seasonal
climate. Holocene 26:1,566-1,575

Mulholland SC, Rapp G Jr (1992a) A morphological classification
of grass silica-bodies. In: Rapp GJr Mulholland SC (ed) Phy-
tolith systematics: emerging issues. Plenum Press, New York,
pp 65-89

Mulholland SC, Rapp G Jr (1992b) Phytolith systematics: an intro-
duction. In: Mulholland SC, Rapp G Jr (eds) Phytolith system-
atics. Springer, Berlin, pp 1-13

Murphy EM, Schulting R, Beer N, Chistov Y, Kasparov A, Pshenit-
syna M (2013) Iron Age pastoral nomadism and agriculture in
the eastern Eurasian steppe: implications from dental palaeo-
pathology and stable carbon and nitrogen isotopes. J Archaeol
Sci 40:2,547-2,560

Out WA, Madella M (2016) Morphometric distinction between
bilobate phytoliths from Panicum miliaceum and Setaria ital-
ica leaves. Archaeol Anthropol Sci 8:505-521

Pearsall DM (2000) Paleoethnobotany: a handbook of procedures,
2nd edn. Academic Press, San Diego

Piperno DR (1984) A comparison and differentiation of phytoliths
from maize and wild grasses: use of morphological criteria.
Am Antiqu 49:361-383

Piperno DR (1988) Phytolith analysis: An archaeological and geo-
logical perspective. Academic Press, San Diego

Piperno DR (2006) Phytoliths: A comprehensive guide for archae-
ologists and paleoecologists. AltaMira Press, New York

Prance G, Nesbitt M (2012) The cultural history of plants. Rout-
ledge, Oxford

Qin L, Fuller D, Zhang H (2010) Modelling wild food resource
catchments amongst early farmers: case studies from the lower
Yangtze and central China. Quat Sci 30:245-261

Qiu Z, Zang Z, Shang X et al (2014) Paleo-environment and paleo-
diet inferred from Early Bronze Age cow dung at Xiaohe Cem-
etery, Xinjiang, NW China. Quat Int 349:167-177

Rachie KO (1975) The millets: importance, utilization and outlook.
International Crops Research Institute for the Semi-arid Trop-
ics, Hyderabad

Rosen AM (1992) Preliminary identification of silica skele-
tons from Near Eastern archaeological sites: an anatomical
approach. In: Rapp Jr. GR, Mulholland SC (ed) Phytolith sys-
tematics: emerging issues. Plenum, New York, pp 129-147

Rosen AM, Weiner S (1994) Identifying ancient irrigation: a
new method using opaline phytoliths from emmer wheat. J
Archaeol Sci 21:125-132

Rosen AM, Chang C, Grigoriev FP (2000) Palaeoenvironments and
economy of Iron Age Saka-Wusun agro-pastoralists in southeast-
ern Kazakhstan. Antiquity 74:611-623

Runge F, Laws KR, Neve C (1999) The opal phytolith inventory of
soils in central Africa- quantities, shapes, classification, and
spectra. Rev Palaeobot Palynol 107:23-53

Schiiler L, Behling H (2011) Poaceae pollen grain size as a tool to
distinguish past grasslands in South America: a new methodo-
logical approach. Veget Hist Archaeobot 20:83-96

Shishlina N, Hiebert F (1998) The steppe and the sown: Interaction
between Bronze Age Eurasian nomads and agriculturalists. In:
Victor M (ed) The Bronze age and early iron age peoples of east-
ern central asia. Institute for the Study of Man, Washington D.C.,
pp 222-237

@ Springer

Spengler R, Frachetti M, Doumani P, Rouse L, Cerasetti B, Bullion
E, Mar’yashev A (2014) Early agriculture and crop transmission
among Bronze Age mobile pastoralists of Central Eurasia. Proc
R Soc London B 281:20133382

Tong T, Jia PW, Niu G, Wu X (2013) A brief report on the excavation
of Luanzagangzi site in Jimusar County, Xinjiang. Res China’s
Front Archaeol 1:43-52

Tubb HJ, Hodson MJ, Hodson GC (1993) The inflorescence papil-
lae of the Triticeae: a new tool for taxonomic and archaeological
research. Ann Bot 72:537-545

Twiss PC, Suess E, Smith RM (1969) Division S-5-soil genesis,
morphology, and classification (morphological classification of
grasses phytolith). Soil Sci Soc Am Proc 33:109-115

Vainshtein S (1980) Nomads of South Siberia. The pastoral econo-
mies of Tuva. Cambridge University Press, Cambridge

Wang Q (1992) An analysis and evaluation of agroclimatic resources
in Xinjiang. Agric Res Arid Areas 10:91-97

Wang Y, Lu H (1993) Phytolith study and its application. China
Ocean Publishing, Beijing

Weisskopf AR, Lee G-A (2016) Phytolith identification criteria for
foxtail and broomcorn millets: a new approach to calculating
crop ratios. Archaeol Anthropol Sci 8:29-42

Yan S, Kong Z, Yang Z, Ni J, Li S (2003) Fluctuation of timberline
and environment change near the Northern piedmonts of Tian-
shan Mts. during the last 2000 zears. Sci Geogr Sin 23:699-704

Yan S, Li S, Kong Z, Yang Z, Ni J (2004a) The pollen analyses and
environment changes of the Dongdaohaizi Area in Urumgqi, Xin-
jiang. Quat Sci 24:463—468

Yan S, Mu G, Kong Z, Ni J, Yang Z (2004b) Environmental evolve-
ment and human activity impact in the Late Holocene on the
North slopes of the Tianshan Mountains, China. J Glaciol
Geocryol 26:403—-410

Yang R, Yang Y, Li W, Abuduresule Y, Hu X, Wang C, Jiang H
(2014) Investigation of cereal remains at the Xiaohe Cemetery in
Xinjiang, China. J Archaeol Sci 49:42-47

Yang X, Fuller DQ, Huan X et al (2015) Barnyard grasses were pro-
cessed with rice around 10,000 years ago. Sci Rep 5:16251.
doi:10.1038/srep16251, http://www.nature.com/articles/
srepl16251 (supplementary-information)

Zhang Y, Kong Z, Ni J, Yan S, Yang Z (2007) Late Holocene pal-
aeoenvironment change in central Tianshan of Xinjiang, north-
west China. Grana 46:197-213

Zhang J, Lu H, Wu N et al (2010) Phytolith evidence for rice culti-
vation and spread in Mid-Late Neolithic archaeological sites in
central North China. Boreas 39:592-602

Zhang JP, Lu HY, Wu NQ, Yang XY, Diao XM (2011) Phytolith anal-
ysis for differentiating between foxtail millet (Setaria italica) and
green foxtail (Setaria viridis). PLoS One 6:¢19726. doi:10.1371/
journal.pone.0019726

Zhang J, Lu H, Gu W et al (2012) Early mixed farming of millet and
rice 7800 years ago in the middle Yellow River region, China.
PLoS One 7:€52146. doi:10.1371/journal.pone.0052146

Zhang G, Wang S, Ferguson DK, Yang Y, Liu X, Jiang H (2015a)
Ancient plant use and palaecoenvironmental analysis at the
Gumugou Cemetery, Xinjiang, China: implication from des-
iccated plant remains. Archaeol Anthropol Sci. doi: 10.1007/
$12520-015-0246-3

Zhang H, Zhang Y, Kong Z, Yang Z, Li Y, Tarasov PE (2015b) Late
Holocene climate change and anthropogenic activities in north
Xinjiang: evidence from a peatland archive, the Caotanhu wet-
land. Holocene 25:323-332


http://dx.doi.org/10.1038/srep16251
http://www.nature.com/articles/srep16251
http://www.nature.com/articles/srep16251
http://dx.doi.org/10.1371/journal.pone.0019726
http://dx.doi.org/10.1371/journal.pone.0019726
http://dx.doi.org/10.1371/journal.pone.0052146
http://dx.doi.org/10.1007/s12520-015-0246-3
http://dx.doi.org/10.1007/s12520-015-0246-3

	Cultivation strategies at the ancient Luanzagangzi settlement on the easternmost Eurasian steppe during the late Bronze Age
	Abstract 
	Introduction
	Materials and methods
	Results
	Discussion
	Crops in the ancient settlement of Luanzagangzi
	Local available plant resources around the Luanzagangzi settlement

	Conclusion
	Acknowledgements 
	References


