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High-altitude conditions on the Tibetan Plateau are often depicted as an
inhospitable environment for conventional farming, yet evidence shows that
communities in western Tibet grew ecologically hardy crops such as 6-row
barley (Hordeum vulgare) by at least the 15t millennium BCE, at locations
above 4,000 meters above sea level (masl). However, little is known about the
specific cultivation strategies and culinary traditions that these agropastoral
communities developed. Stable carbon and nitrogen isotope compositions of
grains inform growing conditions and provide much needed insight into the
cultivation strategies in such a unique environment. We use $13C and 815N
values of archaeologically recovered barley remains to investigate past watering
and soil-management strategies. Our results infer high labor investment in
manuring and watering in barley farming. This suggests an intensive cultivation
system in Western Tibet, 1,000 BCE —1,000 CE, despite the high-altitude
pastoral landscape.

KEYWORDS

barley cultivation, stable isotope analysis, cultivation strategies, archaeobotany, Tibetan
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1 Introduction

We present a stable isotope study on ancient plant remains from the Tibetan Plateau
to explore the cultivation strategies employed by herding communities during the 1%
millennium BCE and 1% millennium CE. Through carbon and nitrogen stable isotope
analyses of 6-row barley (Hordeum vulgare) grains recovered from three sites, representing
some of the oldest evidence of grain cultivation in the region, we inquire whether these
early highlanders developed intensive cultivation activities in environments optimal for
transhumant animal pasturing. We further investigate the influence of growing conditions
on barley grain size. Our results from Piyang, Dingdong, and Jiweng provide critical insight
into early barley cultivation and labor strategies in western Tibet.

Research shows that this region was at a major crossroad of the trans-Eurasian
exchange of crops and livestock, among other commodities, situated along a southern route
of the eastern dispersal of the Fertile Crescent cereals, particularly barley (Hordeum spp.)
(Livetal, 2017; Lister etal.,, 2018; Gao et al., 2021). This route parallels (albeit a millennium
later) the well-documented northern route through the Inner Asian Mountain Corridor, a
series of foothill locations linking today’s eastern Kyrgyzstan, Uzbekistan, and Kazakhstan
and western Xinjiang, which were intensively utilized by ancient communities between
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the 3" and 1% millennium BCE (Frachetti et al., 2010; Jones et al.,
20165 Liu et al, 2019). The Eurasian food globalization process
involved agropastoral communities across Inner Asia cultivating
and transporting Southwest Asian crops such as free-threshing
wheat (Triticum aestivum/durum) and barley and managing
livestock such as sheep (Ovis aries), goat (Capra hircus), horse
(Equus caballus), and cattle (Bos taurus). The spread of broomcorn
(Panicum miliaceum) and foxtail millet (Setaria italica) from their

domestication center in northern China westwards to Central

3rd 2nd

Asia and beyond occurred during the and millennium
BCE (Liu et al., 2018; Hermes et al., 2019; Dal Corso et al.,
20225 Endo et al., 2023). Recently published stable isotope results,
ceramic impressions, and genetic analyses on related materials are
beginning to reveal evidence signifying the incorporation of these
newly imported crops and livestock into the indigenous culinary
and cultural traditions (Liu and Reid, 2020; Vaiglova et al., 2021; Li
et al., 2022; Murakami et al., 2022; Ritchey et al., 2022; Tian et al.,
2022; Endo et al., 2023; Sun et al., 2024a).

In recent years, there has been an increase in research in the
western and central Tibetan Plateau that includes archaeobotanical
recovery as one of the primary objectives of study. This
resulted in new insight into human and plant interactions that
manifested themselves in distinct subsistence strategies, cooking
traditions, and ecological interactions. While maintaining these
distinct traditions, communities in western and central Tibet were
interconnected with broader Eurasia (e.g., Chen et al., 2023; Gao
et al., 2021; Tang et al, 2021; d’Alpoim Guedes et al., 2014;
Lu et al, 2021; Song et al, 2018, 2021). The Tibetan Plateau
provides a unique window into understanding human ingenuity
and persistence, as its high elevation presents particular challenges
to human occupation, such as limited growing seasons, harsh
weather systems, and reduced oxygen availability.

2 Plant cultivation on the Plateau

Indeed, humans utilized varying and innovative subsistence
strategies to succeed in the high elevations of the Tibetan Plateau.
Pastoralism and arable agriculture were first introduced to the
eastern Tibetan Plateau between the 4™ and 274 millennium BCE.
Domestic pig (Sus scrofa) and millet farming spread into the region
from the Loess Plateau and were first concentrated along the
northeastern margins of the Plateau (Aldenderfer, 2011; d’Alpoim
Guedes et al., 2014; Chen et al., 2015; d’Alpoim Guedes and
Aldenderfer, 2020; Ma et al., 2023). Archaeobotanical assemblages
from before 1,500 BCE are dominated by foxtail and broomcorn
millet, which predate the introduction of wheat (Triticum sp.) and
barley (Hordeum sp.) into the region (Chen et al., 2015; d’Alpoim
Guedes, 2015). A different strategy was used in southeastern Tibet.
At the sites of Karou and Xiaoenda, for example, there has been
evidence of mixed hunting and millet farming (Zhang et al., 2019;
Song et al., 2021; Lu, 2023). Questions remain as to whether millet
grains could be brought to high elevations from lowland farms
via trading networks. Macrobotanical remains from the sites of
Zongri and Karou support both sides of the argument (Ren et al.,
20205 Song et al, 2021). However, human isotope values from
Zongri show clear evidence of substantial millet consumption,
likely occurring daily (Cui et al., 2006). While grain trade cannot
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be ruled out as an explanation, it is unlikely that such trade
could sustain human food at a population level, raising questions
about local cultivation. By the mid-second millennium BCE, the
Southwest Asian domesticates such was wheat, barley, cattle and
sheep/goats were introduced to various Tibetan regions (Chen
et al., 2015; d’Alpoim Guedes, 2015). The hardiness of barley and
ecological flexibilities of sheep/goats, yak (Bos grunniens) and yak-
cattle hybrids likely contributed to the flourishing of agropastoral
communities in regions higher than 2,500 meters above sea level
(masl hereafter) (Chen et al., 2015, 2023; Zhang et al., 2022; Tang
etal., 2023).

On the other side of the Plateau, communities in western
Tibet were likely closely connected with cultural groups in the
Kashmir region as well other regions on the Plateau (Spengler,
2015; Spate et al, 2017; Chen et al, 2024). As early as 2,600
BCE, Harrapan communities cultivated a diverse crop package
including hulled 6-row barley (Horduem vulgare var. vulgare),
wheat (Triticum aestivum and sphaerococcum), field-pea (Pisum
arvense), and rice (Oryza sativa) (Pokharia and Saraswat, 2002;
Pokharia et al, 2011). In northern Nepal (3,000-4,000 masl),
between 1,000 BCE and 1,000 CE, there was an early 6-row barley
and buckwheat (Fagopyrum esculentum/tatarieurn) dominated
agropastoral system, with later inclusions of bread wheat (Triticum
aestivumy), broomcorn millet, and pea (Pisum sativum) (Knorzer,
2000). Similar ceramic traditions of cord decorations found across
the Himalayas may also support this interconnectivity (Chen et al,
2024). By 1,500 BCE in central Tibet, agropastoral communities at
Changguogou (1,400-800 BCE, 2,750 masl) and Bangga (1,000-
800 BCE, 3,750 masl) had hulled and naked (Hordeum vulgare
var. nudum) barley, bread wheat, pea, and probably buckwheat
(Fu, 2001; d’Alpoim Guedes et al., 2014; Liu et al., 2017; Tang
et al,, 2021). In southeast Tibet, Wang et al. (2021) show that the
Nyingchi Region was connected to agropastoralist communities
to the west, through the presence of bread wheat, 6-row barley,
and peas dated to the 1°' millennium BCE. In addition to the
three western Tibetan sites presented in this study, the large site
of Kaerdong (455-700 cal. CE, 4,300 masl) has evidence for a
barley-dominated agropastoral system, with the addition of bread
wheat and buckwheat (Song et al., 2018). This rapidly growing
dataset suggests a possible southern introduction of domesticates
into central and western Tibet (Laurent, 2015; Stevens et al,,
2016; Liu et al.,, 2017; Lister et al., 2018; Gao et al., 2021). This
paper begins to address the actual methods used by communities
to successfully grow Southwest Asian crop domesticates on
the Plateau by examining the labor choices involved in plant
cultivation, as measured through stable isotope values of the
barley grains themselves at three small agropastoral sites in the
Tibetan highland.

3 Beyond the grain: labor strategies
and culinary traditions

Crop management, such as irrigation and manuring, require
high labor investment and integration with other tasks, especially
in mixed agropastoral economies where mobility for at least some
of the population is necessary (Lees and Bates, 1974). There is
a potential opposition between the labor strategies necessary for
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plant cultivation and those of animal pastoralism, particularly
in landscapes that lend themselves to herding activities, such
as the Tibetan Plateau highlands. Pastoral systems use extensive
labor strategies, where productivity is measured by the access
to and quality of expansive pasture and the size of the herds
grazed on them. Risks are mitigated through herd and grazing
land management (Boserup, 1965; Khazanov, 1983; Barfield, 1999;
Halstead, 2000; Kradin, 2015). In contrast, with arable farming,
production is limited by the amount of suitable land available
and its fertility (Boserup, 1965). In this context, intensification
is measured by the amount of labor and resources invested per
unit area of land through activities such as irrigation, plowing,
and fertilizing to buffer against future food shortages (Boserup,
1965; Morrison, 1994; Halstead, 2006, p. 45). Extensification, within
the farming context, uses larger plots of land, spreading labor,
energy, and time across increasing area (Halstead, 1995, 2000).
Macrobotanical remains and plant stable isotope values are useful
proxies for measuring labor strategies and provide an exceptional
opportunity to examine the under investigated character of plant
cultivation in Western Tibet.

The trans-regional movements brought exotic food items to
not only novel environments but also new cultural settings with
their own food preparation techniques. Research across Eurasia
identifies distinct cuisines and associated cooking traditions
that were formulated before domestication and within which
domestication occurred (Sakamoto, 1996; Fuller and Rowlands,
2009, 2011). As the cereal crops moved across Eurasia and into
new cuisines, selective pressures modified traits apparent in the
grains. For example, during the eastward movement of bread wheat
and barley into ancient China, there was a dramatic decrease in
grain size as the crops entered a boiling-and-steaming tradition that
favored smaller grains (Liu et al., 2016; Ritchey et al., 2022). The
Asian millets, on the other hand, grew in seed size as they move
westward into new banking and grinding culinary traditions (Sun
et al,, 2024b). Ritchey et al. (2022) argue that the 6-row barley in
Tibet, when compared to the other regions in Central and East Asia,
are notably larger and attribute this to a historical tradition of a
boiling-free roasting zone in high-elevation Tibet. Boiling whole
grains is inefficient in time, labor, and fuel at such high altitudes
where low vapor pressure reduces the boiling point of water to 86°C
at 4,600 masl. A similar trend is seen in foxtail millet on the Plateau
(Sun et al., 2024Db).

An alternative hypothesis to increased grain size could
be increasing investment in growing conditions to produce
a higher yield with larger grains. Anthropogenically enriched
growing conditions can enlarge grain sizes (Savin and Nicolas,
1996; Altenbach et al., 2003; Dupont and Altenbach, 2003;
van Bommel et al., 2021; Larsson and Bergman, 2023). Poor
ecological conditions, on the other hand, have been hypothesized
to limit plant development and grain size (Fuller et al, 2017;
Motuzaite-Matuzeviciute et al., 2018; Motuzaite Matuzeviciute
et al, 2021). Experimental work shows variable but generally
positive correlations between increased water availability and soil
nutrition and grain size in various cereals (van Bommel et al., 2021;
Larsson and Bergman, 2023). Within the context of this growing
research, we consider this hypothesis through the analysis of grain
size and stable isotope values from three Tibetan Sites in the larger
Tibetan dataset from Ritchey et al. (2022).
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4 Archaeological plant stable isotope
principles

Plant stable isotope values are currently the most direct method
for investigating past growing conditions of plants. In semi-
arid/arid environments such as in our study area (<450 mm/annual
rainfall), non-native water-demanding cereals are expected to
experience water stress to a certain degree (Li et al., 2022). Carbon
isotope values (3'C) of plant remains, particularly Cs plants like
barley, reflect the water availability during plant growth and the
grain-filling period (Farquhar et al., 1989; Araus et al., 1997, 1999;
Wallace et al, 2013). 8'°N values allow for the assessment of
soil '°N enrichment processes during plant growth caused by
natural and cultural factors including aridity, soil denitrification,
and fertilization through middening and manuring (Bogaard
et al, 2007; Fraser et al, 2011; Styring et al., 2018). Together,
these measurements allow for a direct assessment of past crop
agricultural activities of watering and soil maintenance, which have
been used to investigate early crop management strategies in the
Middle East, Europe, East Asia (Bogaard et al., 2013; Vaiglova et al,,
2014a; Styring et al., 2016b, 2018; Li et al., 2022), and recently in
the eastern Tianshan Mountains of Inner Asia (Tian et al., 2022).
In this study, we use this method to analyze 55 total barley grains
from the sites of Dingdong, Piyang, and Jiweng, with each sample
representing a single grain (Table 1).

Water availability during photosynthesis directly influences a
C; plant’s ability to assimilate CO,, which exists in lighter '2CO,
and heavier >CO, forms. When plants are well watered, there is
free passage of CO, through the open stomata on the leaves and
the lighter '2CO, is preferentially assimilated while the heavier
13C0, is discriminated against (O’Leary, 1988; Girolamo et al,
2014). When growing in water-limited soils, plants periodically
close the stomata to preserve plant moisture, causing CO; to be
recycled, resulting in higher assimilation of the heavier '*CO,
(O’Leary, 1988; Girolamo et al., 2014). A more negative 5!C value
of an archaeological grain thus reflects higher water availability
during the grain-filling growth period compared to a crop that
grew in drier soils (Farquhar et al., 1989; Araus et al, 1999
Wallace et al., 2013). Stable carbon isotope values are typically
reported as 3'3C. However, to compare the values across distinct
chronological periods (when the carbon isotope composition of
atmospheric CO, differed) a conversion to A'3C is needed. This
value captures the degree to which a plant discriminated against !3C
irrespective of the atmospheric composition (Farquhar et al., 1989).
We use A13Cplam,air values as the calculated *C discrimination
independent of source CO, computed with the equation developed
by Farquhar et al. (1989):

After the conversion of results into A3C, the directionality
of the water availability changes, with higher A*C values
corresponding to wetter soils. Elevated A'3C values may reflect the
use of watering practices such as man-made irrigation, terracing,
or strategic planting in wetter soils (Araus et al., 1999; Ferrio et al,
2005; Wallace et al., 2013).
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TABLE 1 Site, context, and barley recovery information.

10.3389/fearc.2024.1398209

Site Dingdong Piyang Jiweng
Macrobotanical analyses [from Tang et al. (2022)]

Contexts floated ‘ 2 ‘ 4 ‘ 5
Barley grains recovered

Hordeum vulgare var. nudum (naked) 413 25 92
Hordeum vulgare var. vulgare (hulled) 62 1 3
indeterminate 330 10 84
Rachises recovered

Hordeum sp. 36 85 61
Cerealia 0 2 1

C14 date uncal BP 1,588 + 18 BP 2,272 + 19 BP 2,254 £ 19 BP

C14 date cal BCE/CE (95.4 % probability) cal AD 428-541

396-212 cal BCE 391-208 cal BCE

Site type Year-round agropastoral village Unclear Seasonal campsite

This Study

Grains for isotopic analysis 19 naked, 8 hulled 9 naked 19 naked

Context 2019 DD HD1 2019 PY30 2019 JWT04 HT1

Context description Fireplace Trench 04, fireplace Location 3, layer 2, dense occupation

layer

Macrobotanical data from Tang et al. (2022).

The productivity of the cereal crop can also be improved
through the management of soil nutrition. In particular,
anthropogenic fertilization of soils, accomplished in ancient
times primarily through dung manuring but also through
the application of guano and marine biofertilizers, can be
detected using 8'°N values (Szpak et al., 2012; Grocke et al,
2021). Plant nitrogen isotope values (8°N) reflect the isotopic
composition of the nitrogen (N) source. For N non-fixers like
the barley analyzed in this study, nitrogen is primarily absorbed
from the soil. Any enhancements made to the soil, whether of
natural or anthropogenic causes, are reflected in higher §°N
values of the plant remains (Ambrose, 1991; Bogaard et al,
2007; Fraser et al, 2011; Girolamo et al., 2014; Szpak, 2014).
Natural causes for heightened 3'°N values include aridity,
salinity, and denitrification (Ambrose, 1991; Hartman and
Danin, 2010; Szpak et al, 2013). Anaerobic soil conditions and
high temperatures can cause soil denitrification which leads
to soil bacteria consuming the available oxygen from nitrates,
resulting in an increased 3'°N value of the soil (Farrell et al,
1996; Hartman and Danin, 2010). Temporary waterlogging in
floodplains or wadi slopes can result in elevated §'°N values of
plants grown there (Hartman and Danin, 2010). High-elevation
environments, such as the Tibetan Plateau, have unique impacts
on 3'°N values of both the soil and vegetation (see below).
Anthropogenic activities to improve fields elevate plant 3'°N
values above the natural baseline, with values above 6 %o in
European and southwest Asian contexts reflecting intensive
manure application (Bogaard et al., 2007, 2013; Fraser et al., 2011;
Szpak, 2014).

Regionally specific nitrogen isotope baselines can be estimated
using archaeological remains of animals that subsist on natural
vegetation (such as wild herbivores) (Vaiglova et al., 2022). Based
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on an estimated trophic offset between diet and consumer tissue,
herbivore tissues are approximately 3%o—5%o higher compared
to the values of their diet (Deniro and Epstein, 1981; Minagawa
and Wada, 1984). Thus, measured 8!°N values from bone
collagen of archaeological herbivores in the region can provide
a local baseline against which the archaeological plant 8'°N
values can be compared. There are limitations to using local
archaeological herbivores to reconstruct baselines, as the §°N
values can vary between individuals, species, and habitat (e.g.,
hot/dry vs. cool/wet habitats) but similar limitations exist when
using modern plant isotope values (environments change over
time and are a product of ancient human and natural processes
that can influence soil compositions) (Deniro and Epstein, 1981;
Ambrose, 20005 Vaiglova et al, 2022). Unpublished data on
archaeological Tibetan deer provide a mean 3'°N of 4.3 %o (n =
12) (Tang, 2024). When calculated with the known offset between
trophic levels, this provides a baseline plant §'°N threshold of
0%o—1.3%o. Reported 8!°N values of modern wild vegetation
record a mean of 2.4%o (Yang et al, 2013). We expect the
natural non-manured soil §'°N values to be approximately between
0%o and 2.4%eo.

4.1 Environmental factors for stable
isotopes values on the Tibetan Plateau

The extreme ecology and elevation of the Tibetan highlands
engenders additional factors to consider before interpreting
anthropogenic influences on $C and 3'°N values, chiefly
atmospheric pressure and aridity. Wallace et al. (2013) provide an
interpretive framework for interpreting A'>C watering thresholds.
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This incorporates the known difference in carbon assimilation
in barley grown under the same watering regimes. Studies show
that atmospheric pressure at high elevations reduces carbon
discrimination, therefore increasing 3'3C (and subsequently,
calculated A'3C values) in the plants (Zhou et al, 2011; Szpak
et al,, 2013). Szpak et al. (2013) find a positive linear correlation
with elevation and §!*C values in Peruvian C; plants ranging
from lowland (approximately 10 masl) to highland (>4,000 masl)
areas (Spearman’s r = 0.879, p = 0.001). There is a positive
offset of approximately 2%0—5 %o between values from the lowest
elevation plants and those at the highest. These findings correlate
with those on the Tibetan Plateau, where there is a mean positive
increase of 1%o0—2%o across a variety of Cs3 plants between 2,500
5500 masl (Zhou et al,, 2011). Thus, to accommodate for the
atmospheric pressure influence on 8'3C values on the plant remains
from the Tibetan Plateau (>4,000 masl), we adjust the calculated
813C ratios for watering bands by a conservative average of +2%o
difference (Table 2). We also use modified water categories that
follow Li et al. (2022)’s divisions which provide a numeric boundary
for Wallace et al. (2013)’s original watering threshold gradient.
This provides a more accurate baseline for interpreting water
stress in the Tibetan barley (Hordeum vulgare). Considering these
factors, the Optimal Watering Threshold (OWT) for A3C is
15.0%o, reflecting the lowest threshold for non-growth restricting
watering. Grains that receive more water than necessary are
categorized above the Superfluous Watering Threshold (SWT)
of AT*C 16.5%b.

Environmental factors, such as soil aridity, precipitation, and
soil denitrification, can influence the 8'°N values of the plants.
Experiments in Peru show that with increasing elevation, 8!°N of
modern foliage reduces by 2%0—6%o (Szpak et al., 2013). This is
compounded with a nearly identical negative relationship of 8'°N
values with rainfall, where increased rainfall causes lower 8!°N
values. This relationship is generally understood as driven by soil
aridity and annual rainfall rather than solely by altitude. High
soil aridity (as opposed to plant water uptake) from low annual
precipitation can potentially increase 8!°N values by 2%0—6%o due
to the openness of the nitrogen cycle in arid climates (Szpak et al.,
2013). In the Peruvian context, the high elevations have increased
rainfall, causing the lower 5!°N values when compared to the
arid, coastal deserts that have higher 3'°N values (4%o—8%o). On
the Tibetan Plateau, Yang et al. (2013) find that 315N of modern
vegetation increases with decreasing mean annual precipitation.
Located within the Plateau temperate monsoon climate zone, the
three sites in this study have a mean annual precipitation of <450
mm/year (Tang et al., 2022). Based upon the model proposed by
Szpak et al. (2013), this high soil aridity would positively impact
815N values and thus we interpret the results presented in this study
accordingly. Yang et al. (2013) and Szpak et al. (2013) both find that
mean annual temperature does not seem to influence !N values
at high elevations.

Additionally, the Tibetan Plateau has a high natural abundance
of 1N in soil and vegetation (alpine grasses) when compared to
the mean global measurements of areas with similar climatic
conditions (mean annual precipitation and
(Yang etal, 2013). Yang et al. (2013) measured the mean
815N of vegetation at 2.4%o, and the mean 8!°N of soil at
4.1%o, both higher than the mean global measurements of

temperature)

Frontiersin Environmental Archaeology

10.3389/fearc.2024.1398209

similar climates. They attribute increased ammonia in soil
from grazing animals and increased foliar N concentrations
as potential mechanisms for this natural abundance. These
experiments, while on modern samples, provide data to aid
in the interpretations of archaeobotanical assemblages on the
Tibetan Plateau. The future addition of archaeological 8'°N
values of low-level herbivores and wild foliage will help clarify
these interpretations and provide archaeological baselines for
natural §1°N.

5 Materials and methods

5.1 Excavations and archaeobotanical
sampling

Dingdong (4,212 masl), Piyang (4,174 masl), and Jiweng (4,094
masl) are a group of sites located within the broader Piyang
Dongga complex (Figure 1). The complex consists of a number
of settlements, cemeteries, and Buddhist monuments that are
considered the first examples of permanent occupation in the
western Plateau (Fu, 2008; Lu, 2008; Tang et al, 2022). The
sites are in Zhada County, Ngari prefecture, along a tributary
of the Langqén Zangbo (Upper Sutlej River). Faunal remains of
sheep/goats, yaks/cattle, and horses indicate long-term pastoral
activities in the site area (L.u, 2008). Excavations in 2019 uncovered
new evidence of occupation and agropastoral activities at the sites,
coinciding with an agriculture system focused on 6-row barley
cultivation (Tang et al., 2022). Evidence of likely local cultivation is
evident through the abundant remains of grains, rachises, and culm
nodes, indicating crop processing (Table 1). For isotopic sampling,
we aimed to choose barley from contexts that had sufficient barley
remains present (>10 grains).

Dingdong is a collection of 11 stone structures and three
semi-subterranean houses that represent a year-round agropastoral
village (~150 m?), occupied between 348 cal BC to AD 541.
Two flotation samples from fireplaces within these structures were
analyzed for macrobotanical remains in 2022 (Tang et al., 2022).
These samples included 413 naked (Hordeum vulgare var. nudum)
(41.3 grains/L) 62 hulled (Hordeum vulgare var. vulgare) (6.2
grains/L), and 330 indeterminate naked/hulled barley (33 grains/L).
These were accompanied by 36 barley rachises (3.6 rachises/L). For
this isotopic analysis, we sampled 19 naked barley and 8 hulled
grains from one of these fireplace contexts (Table 1).

Jiweng is a large stone enclosure (~960 m?), occupied between
391-208 cal BC. Three trenches from a small test excavation
recovered only one artifact, an almost complete red-sand pot,
and abundant macrobotanical remains. The layout and lack of
artifacts recovered is similar to historical seasonal campsites in the
region and suggest a seasonal agropastoral campsite. From three
test trenches at Jiweng, 92 naked barley (2.59 grains/L), 3 hulled
barley (0.8 grains/L), 84 indeterminate naked/hulled barley (2.37
grains/L), and 61 barley rachises (1.72 rachises/L) were recovered.
In this study, we sampled 19 naked barley grains from a fireplace
context located in Trench 4 (Table 1).

During construction in the village of Piyang, a soil section
was exposed containing abundant ceramics, animal remains, and
charcoal. Three subsections with dense deposits were sampled for
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TABLE 2 High elevation adjusted 8!3C and A'3C ratios for the Tibetan Plateau.

Thresholds Thresholds This paper, adjusted for study area
Original Adjusted for study area Original
313C 313C +2%0 ABC ABC ‘Water threshold
—25 —23 18.5 16.5 Superfluous
—24 —-22 17 15 Optimal
42°00'N
39°0'0"N:
36°0'0"N
33°00"N—}
30°0'0"N
aroom 1,000 km
FIGURE 1
(A) Map of study area with (B) inset including hypothesized prehistoric food globalization routes: northern trajectory of wheat and barley (red),
southern trajectory of barley (blue), and (C) an enlarged view of site locations. Map created using ArcGIS® software by Esri (2009). ArcGIS® and
ArcMap™ are the intellectual property of Esri and are used herein under license. Copyright Esri. All rights reserved. For more information about Esri®
software, please visit www.esri.com.

floatation, totaling 6 samples. Due to the rescue nature of this
sampling, it is unclear the site type of the archaeological deposits
at Piyang, dated to 396-212 cal. BC. From these samples, 25 naked
barley (4 grains/L), 1 hulled (0.16 grains/L), 10 indeterminate
naked/hulled barley (1.6 grains/L), and 85 barley rachises (13.6
rachises/L) were recovered. The low number of overall grains
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recovered limited our sampling for isotopic analyses. As such, we
sampled 9 naked barley grains from layer 2, which had the most
grains (n = 20) recovered (Table 1).

Naked and hulled barley and indeterminate cereal grains
(cerealia) were the only domesticated grains recovered from
all three sites. The wild taxa were identified to the family
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level, with a few to the genus level, which limits our ability
to determine if they are representative of arable weed taxa.
The families identified include Amaranthaceae, Brassicaceae,
Cyperaceae, Poaceae, Polygonaceae, Rosaceae, and Solanaceae.
At the genus level, Chenopodium sp, Capsella type, and Bromus
sp., may represent common arable weeds such as Chenopodium
album, Capsella bursa-pastoris, and Bromus spp., if identification
were possible to the species level. Some of the wild taxa,
e.g., Chenopodium sp., Fabaceae, and Pontentilla/Fragaria spp.,
depending on the species, could have been collected as a source
of wild food. Some of these taxa, particularly Chenopodium sp.,
are also consumed by livestock and could have entered the
macrobotanical record through dung burning for fuel (Spengler,
2018). See Tang et al. (2022) for more detailed descriptions of
the archaeological excavations and analysis of the macrobotanical
assemblages from all three sites.

5.2 Grain preservation and charring

We analyzed barley grains that were charred through exposure
to high temperatures and potentially directly to fire that caused
the whole grain to undergo a chemical process that removes
water vapor and volatile organic compounds from the grain
matrix. This leaves a black carbon material, char, preserving the
archaeological grain. In general, this charred grain maintains the
carbon and nitrogen isotopic values from prior to charring, albeit
with known charring offsets, varying with the temperature and
duration of charring (Nitsch et al, 2015; Stroud et al., 2023b).
The known charring offsets (averaged across temperatures and
duration: 8!C by + 0.11%o0 and 8'°N by + 0.33%o (Nitsch et al.,
2015), are lower than the conservative 1%o estimates used in most
paleodietary studies (following Fraser et al., 2013) and consequently
have little impact on our data interpretation. It is nonetheless
important to consider the potential fractionation occurring during
carbonization, particularly when reconstructing past agricultural
practices using modern-day isotopic values or comparing the
isotopic values from charred archaeological material to that of
uncharred material.

The charring temperatures need to be considered, as they
impact isotopic values at various rates depending on charring
temperature and duration (Fraser et al., 2013; Nitsch et al., 2015;
Stroud et al.,, 2023a). Well-preserved grains are those that have
been charred within optimal charring conditions (Styring et al.,
2013; Charles et al., 2015; Vaiglova et al., 2022; Stroud et al,
2023a). Following these guidelines, particularly those provided
by Stroud et al. (2023a), we visually examined grain surface
and cross sections, photographed, and categorized each grain as
“poor;” “borderline,” and “good” preservation. Photo examples
are provided in Supplementary Figure I and categorizations in
Supplementary Table 1. We ran all grains for isotopic analysis,
regardless of qualitative charring status. We then compared this
qualification to the isotopic results to see if the charring status
correlates with isotopic value. Visual inspection of grain charring
and isotopic results by site shows no apparent clustering or
pattern (Figure 2). We estimated 95% confidence intervals (CIs,
reported as [lower level, upper level]) around the means of
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FIGURE 2
Scatterplot of A¥®C and 8'°N values categorized by site and grain
preservation status.

charring status group measurements to further interrogate a
potential relationship between charring status and isotopic result
(Supplementary Table 2, Supplementary Figure 2). The mean A3C
values for each charring status are very similar, with nearly identical
CIs: good 15.9 %o [15.3, 16.5], n = 10, borderline 16.0%o [15.5,
16.5], n = 14, and poor 15.9%o [15.6, 16.3], n = 31. The mean 3'°N
values for poor and borderline are similar: 14.5%o [13.7, 15.3] and
15.10%o [13.9, 16.3], respectively. The mean of the good category is
higher at 17.1%o [15.7, 18.5], with the lower CI overlapping with
the upper CI of borderline. There is a difference between good
and poor mean 315N values, with a mean difference of —2.6%o
[—4.2, —1.0]. This suggests, given the small sample size of the data
collected, the difference between the mean A'*C values of good
and poor grains is plausibly anywhere between —4.2%o and —1.0%o.
There is considerable overlap between CIs of good and poor grains,
suggesting that the differences in means may not be notable. There
is a broad spread in the poor grains (over a 10%o difference between
the lowest and highest values) compared to the good grains (~5%o).
This could, in part, be influenced by the much higher sample size
for poor grains (n = 31) than good grains (n = 10). If we were able
to increase the good grain sample size, it is possible we would see
a similar spread in the 315N values. Based on the collected data,
we conclude that there are no plausible differences between the
ABC means of the different charring categories and that all isotopic
measurements, regardless of charring status, are appropriate for
our analyses. While there is a difference between the 8'°N means
of good and poor grains that should be considered, due to the
limited materials available for additional analyses, we have included
all grains within our study.

5.3 Grain pretreatment and isotopic
analysis

We selected well-preserved barley grains (determined from
surface texture and wholeness of the grain) for isotopic analysis.
After cross-sectioning and photographing the grains for recording
the charring status of the internal matrix, as previously discussed,
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we prepared the grains for individual grain isotopic analyses
following Vaiglova et al. (2014b)’s pretreatment procedure using a
gentle acid wash to remove any exogenous soil carbonates. Each
grain was cleaned of any visible surface contaminants, crushed to
a fine powder, and weighed. We then soaked each sample with
0.5M HCl acid and heated them at 80°C for 30 min. After 3 washes
with deionized water, samples were dried in the vacuum freezer for
8h. 800 pg of the dried samples were placed into tin capsules. We
conducted the carbon and nitrogen stable isotope analyses using an
Elemental Analyzer coupled to a Thermo Delta V Plus Continuous
Flow Isotope Ratio Mass Spectrometer (EA-IRMS) housed at the
Department of Earth, Environmental, and Planetary Sciences at
Washington University in St. Louis, USA. We normalized the raw
313C and 8'°N values relative to VPDB and AIR, respectively, with
the international standards of USGS 40 §13C = —26.4 %o, $}°N =
—4.5%0) and USGS41a (3'3C = +36.6%0, 8'°N = —4.5%0). Two
in-house standards were used for linearity and check standard:
acetanilide (83C = —29.5%o, 8°N = +47.6%0) and BR millet
(Bob’s Red Mill millet flour; 82C = —13.2%o, 8'°N = +3.3%o).
No replicates were conducted on the archaeological samples, due to
the limited mass per grain sample after pre-treatment processing.
Precision [t(Rw)] was determined to be £ 0.07%o for 82C and
+ 0.08%o for 3'°N. Accuracy or systematic error [u(bias)] was
determined to be =& 0.14%o for 313C and = 0.20%o for 3'°N based on
calibration standard and check standard measurements. Using the
equations from Szpak et al. (2017), the total analytical uncertainty
was determined to be £ 0.16%o for 8'*C and & 0.22%o for §!°N.
One BR millet check standard produced unexpectedly different
values (—21.75%o compared to the expected —13.18%o for §!*C and
15.04%o compared to the expected 3.28%o0) and was removed from
uncertainty calculations. This anomalous check standard may be
due to the possible slight heterogeneity of the sample or instrument
drift (Szpak et al., 2017). If included in the calculations, the total
analytical uncertainty is & 2.1%o for 8!1*C and = 2.8%o for §!°N.
We used R (version 4.3.1) to create graphs. R packages
included ggplot2, esci, and EnvStats, with additional packages for
aesthetics (Millard, 2013; Wickham, 2016; R Core Team, 2023;
Calin-Jagemen, 2024). We used Jamovi (Version 2.4) to calculate
confidence interval statistics and plots (The Jamovi Project, 2023).

6 Results

Results of A>C and $'°N analyses are reported in Table 3
and displayed as boxplots and CIs in Figure 3. We use a 95%
confidence interval for all analyses. The A'*C values of grains
from Jiweng record the highest mean (16.7%o, [16.1, 16.9], n
= 19), followed by Piyang (16.2%o, [15.7, 16.6], n = 9), and
Dingdong (15.8%o, [15.5, 16.1], n = 27). With the adjusted watering
bands for a high-elevation atmospheric effect, all three sites have
grains that measure above the optimal watering threshold. Four
grains from Dingdong measure below the OWT and four from
Jiweng measure above the SWT. Overall, the most observable
difference in A'C values between sites lies in the higher A*C
values from Jiweng. The mean difference between Jiweng and the
combined values of Dingdong and Piyang is —0.6%o, [—1.1, 0.0]
(Supplementary Table 3, Supplementary Figure 3). This suggests
that, given the small sample size of the data collected, the mean
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difference between the A'*C values at Jiweng and the other two
sites is plausibly anywhere between —1.1%o0 and 0.0%o. There is
some overlap between the CIs of the values from Jiweng and
the Dingdong/Piyang data. This suggests that there is possible
difference between the mean values of the two sets of groups. The
difference is more notable between Jiweng and Dingdong than any
other pairing, with a mean difference of 0.9%o, [0.3, 1.5]. This
suggests, given the small sample size of the data collected, the
difference between the mean A'*C values at Jiweng and Dingdong
is plausibly anywhere between 0.3%o and 1.5%o. There is no
overlap between the CIs of the values from Jiweng and Dingdong,
suggesting that there is a notable difference between the higher
mean values of Jiweng from that of Dingdong.

Dingdong grains have the highest mean 3'°N of the group
(16.6%o, [15.9, 17.4], n = 27), followed by Piyang (14.2%o, [12.9,
15.5], n = 9), and Jiweng (13.5%o, [12.5, 14.4], n = 19). All are
well above the calculated natural baseline of 0%0—2.4%o from
archaeological herbivores and wild seed remains (Yang et al., 2013;
Tang, 2024). When compared to experiments conducted in modern
farm settings in England and Germany, where heavily manured
(435 tons of manure/ha) barley and wheat had a mean value of
8%o 81°N, all barley grains from this study fall well above this
highly-manured threshold (Bogaard et al., 2013). Overall, the most
observable difference in 3'°N values between sites is the increased
mean of Dingdong. The mean difference between Dingdong and
the combined values of Jiweng and Piyang is —2.8%o, [—3.9, —1.8]
(Supplementary Table 4, Supplementary Figure 4). This suggests
that, given the small sample size of the data collected, the mean
difference between the 8'°N values at Dingdong and the other
two sites is plausibly anywhere between —3.9%0 and —1.8%o. As
the lower limit of the CI for Dingdong is 15.9%o, and the upper
limit of the CI for the combined Jiweng/Piyang data is 13.1%o, this
difference is notable due to the lack of overlap between the groups.
Further, when compared to a similar archaeological plant stable
isotope study in Xinjiang, China, the samples from this study, while
variable, fall above Li et al. (2022)s calculated threshold for high
nutrient-rich soil condition of 8.5%o0 8!>N for a region (Zhuanglang
county) that receives a mean annual precipitation of 550 mm.

At Dingdong, we analyzed both hulled and naked grains.
CIs show no notable difference in the A!3C values between
naked (15.6%o, [15.3, 16.1], n = 19) and hulled grains (15.9%o,
[14.5, 17.2], n = 8) with a mean difference of 0.1%o, [—0.6,
0.8] (Supplementary Table 5, Supplementary Figure 5). Mean $§!°N
values of naked barley (17.0%o, [16.1, 17.8), n = 19) are higher
than those of hulled barley (15.9%o, [14.5, 17.2], n = 8), with
a mean difference of 1.1%o, [—0.5, 2.7] (Supplementary Table 5,
Supplementary Figure 5). Given the limited sample size, the
difference between 3'°N values of naked and hulled barley at
Dingdong is plausibly anywhere between —0.5%0 and 2.7%o.
However, there is considerable overlap in CIs between the two
groups, suggesting there is not a meaningful difference for either
ABCor 3PN,

Barley grain sizes at Piyang, Jiweng, and Dingdong are on
average very large, in length and breadth, when compared to
other archaeological grains in central and eastern Eurasia (see
Ritchey et al,, 2022 for a robust regional analysis). However,
the individual grain metrics vary and span the spectrum of
domesticated barley grain size, from the shortest at 4.03 mm to
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(A) Boxplots of AY3C values and (B) 8'°N values of barley grains from Piyang, Dingdong, and Jiweng. (C) Independent groups contrast figure
comparing the 95 % confidence intervals (Cls) of A3C values and (D) 8!°N values of barley grains from Dingdong, Jiweng, and Piyang; error bars
represent Cls and squares represent group means. Horizontal lines in (A) and (C) represent high-elevation-adjusted (+2%o A3C) optimal watering
thresholds (OWT) and superfluous watering thresholds (SWT). Color gradients reflect increasing water input and soil nitrogen levels.

the longest at 7.01 mm (Supplementary Table 1). Figure 4 presents
scatter plots of A*C and 8'°N values vs. grain length, breadth,
and thickness. We assessed linear correlations of length, breadth,
thickness, and length/breadth ratio vs. stable isotope value using
Pearson’s r (Supplementary Table 6). However, due to the small
sample size, correlation cannot be estimated with much precision.
Overall, the results of the Pearson’s r suggest poor correlation
between grain metrics and isotope value. Two correlations of
Piyang grains have Pearson’s r that suggest moderate correlation:
315N vs. thickness, ry = 0.55, n = 9 [-0.21, 0.88] and SI5N
046, n = 9 [—0.32, 0.85]. However, the
wide confidence intervals suggest that the estimates of the true

vs. breadth, r7; =

correlation have low precision and could be anywhere from —0.21
(suggesting poor negative correlation) to 0.88 (suggesting strong
positive correlation) for §!°N vs. thickness and anywhere from
—0.32 (suggesting poor negative correlation) to 0.85 (suggesting
strong positive correlation) for §!°N vs. breadth. At Dingdong,
both hulled and naked barley were analyzed. Hulled grains
at Dingdong are generally narrower in breadth and shorter
in thickness than the naked barley (Table 3). When analyzed
separately, there are two correlations that suggest moderate positive
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correlations: 3'°N vs. breadth, rey = 042, n = 8 [-0.43,
0.86] and A'3C vs. breadth, r = 047, n = 8 [—0.38, 0.87]
(Supplementary Table 6). Additionally, one correlation suggests a
moderate negative correlation: ABC vs. L/B ratio, re) = —0.51, n
= 8 [—0.89, 0.33] (Supplementary Table 6). The large confidence
intervals indicate that the true correlations have low precision for
each of these analyses. All other correlations fall below a Pearson’s
rof 0.4.

7 Discussion

Stable isotope analyses of ancient crop remains allow for the
assessment of their growing conditions (e.g., Ferrio et al, 2005;
Fraser et al., 2011; Styring et al,, 2015). In certain anthropogenic
contexts, elevated carbon and nitrogen isotope values (A*C and
81°N) could indicate dedicated labor input to both watering
(through irrigation activities) and manuring, which in normal
circumstances, correspond to agricultural intensification rather
than extensification (Bogaard et al., 2013). In an agropastoral
setting, relatively lower labor input in watering and manuring could
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TABLE 3 A summary of A3C and 8'°N values, mean, standard deviation (SD), 95% confidence intervals (Cls), median, and morphology metrics of barley
grains (Hordeum vulgare) from Dingdong, Jiweng, and Piyang.

Measurement Dingdong all Dingdong Dingdong Jiweng

grains Hordeum vulgare Hordeum vulgare

var. nudum var. vulgare

n=27 n=19 =x:] n=19
A'3C mean + SD (1 0) (%o) 15.8 +£0.9 15.6 0.9 15.6 0.8 167+ 1.1 16.2 £ 0.6
95 % CI [LL, UL] [15.5,16.1] [15.3, 16.0] (14.9,16.3] [16.1,16.9] [15.7, 16.6]
Median 15.5 15.4 15.4 16.9 16.2
815N mean = SD (1 o) (%o) 16.6 +1.9 17.0 £1.9 15.9 +01.6 13.54+ 1.9 142417
95 % C [LL, UL] [15.9, 17.4] (16.0, 17.9] (14.5,17.3] [12.5, 14.4] [12.9,15.5]
Median 17.2 17.3 15.6 13.8 13.8
Length mean + SD (1 ) (mm) 591 +0.49 574+ 0.39 6.25 £ 0.52 5.19 £ 0.62 4.77 £0.47
95 9% C[LL, UL] (5.7, 6.12] (5.53, 5.95] (5.82, 6.69] [4.88,5.5] [4.38,5.16]
Median 5.85 5.74 5.75 5.2 4.79
Breadth mean + SD (1 o) 3.06 £ 0.47 3.25+035 2.56 £ 0.29 2.24+0.41 3.14+0.36
(mm)
95 9% C[LL, UL] [2.87,3.25] (3.10, 3.45] (2.32,3.81] [3.25, 3.44] [3.1,3.41]
Median 3.1 3.17 2.46 3.15 3.05
Thickness mean % SD (1 o) 2.28£0.38 247 £0.26 1.834+0.21 2.34+0.29 2.11+0.32
(mm)
95% C [LL, UL] [2.13,2.43] (234, 2.60] (1.65,2.01] [2.2,2.48] [1.87,2.35]
Median 2.34 2.46 1.81 2.31 2.07
Length/Breadth ratio mean + 2.0 £0.42 1.76 £0.18 2.47 £0.68 1.64+0.2 1.51 £0.06
SD (1 6) (mm)
95 % C [LL, UL] [1.82,2.18] (1.67, 1.86] [2.16,2.78] [15,1.71] [1.46, 1.56]
Median 1.88 1.72 2.65 1.57 1.53

Due to preservation and taphonomic processes, grains from Dingdong are missing 3 length and 1 breadth measurements, grains from Jiweng are missing 1 length and 1 breadth measurements,

and a grain from Piyang is missing 1 length measurement.

signify a de-emphasis on cultivation activities. Within communities
focused more on herding practices for food production, crops
may be grown opportunistically and/or extensively, as seen
archaeologically in Tian et al. (2022). This study measured and
calculated the A*C and §!°N of barley grains from the western
Tibetan Plateau sites of Jiweng, Dingdong, and Piyang. The results
indicate a managed crop cultivation system, where ancient herders
invested time, energy, and labor into cultivating barley in the high-
elevation western Tibetan Plateau. Furthermore, in considering the
role that culinary traditions play in barley grain metrics (Ritchey
et al,, 2022), we presented a comparison between grain metrics
and grain isotope values (Figure 4). No obvious relationship has
been observed. Due to the small sample size, we are unable to
make meaningful interpretations from the data. The relatively
recent inclusion of systematic macrobotanical sampling on the
Tibetan Plateau inhibits a larger analysis at this time. Future
work will no doubt expand our understanding of early agricultural
labor strategies when isotope analysis with a larger assemblage of
macrofossils becomes available, which will increase the precision
of mean A3C and 8!°N estimates of ancient crop remains in the
study area.
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7.1 Ancient herders watered their barley
crops

A'3C values of barley grains from the three investigated sites
indicate that the crop was grown in fairly well-watered soils. A
few grains are above the optimal watering threshold while the
remaining grains are above the superfluous watering threshold.
It should be noted that barley is less water-demanding than
other Southwest Asian domesticates, such as wheat, and can
grow in more arid environments (Miller, 2003). It is, therefore,
particularly interesting to observe elevated A'3C ratios in the barley
from all three sites when, ostensibly, they could have successfully
grown without additional watering. Modern annual rainfall in the
region is between 300-450 mm (Tang et al., 2022). Paleoclimate
reconstructions of temperature and precipitation during the late
Holocene, after 4,400-4,500 BP, suggest aridification in the region
that stabilized into a climate that is similar to today (Gasse et al,
1991, 1996; Hou et al, 2012). There was a significant cooling
period ca. 2,100 BP, with annual rainfall between 300-350 mm
(Hou et al, 2012). Given such a semi-arid environment, our
results support a cultivation system that utilized anthropogenic
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FIGURE 4
Scatterplots of grain measurements (in mm) vs. stable isotope value for each study site, with the calculated Pearson’s r: (A) A3C vs. length; (B) 81°N
vs. length; (C) A3C vs. breadth; (D) 8'°N vs. breadth; (E) A'3C vs. thickness; (F) 8'°N vs. thickness. For Dingdong, red circles represent hulled barley
(Hordeum vulgare var. vulgare) and blue circles represent naked barley (Hordeum vulgare var. nudum) grains; the gray Pearson'’s r is for all Dingdong
grains combined.

water sources. This could include irrigation of fields, as commonly
applied today across the Plateau, or strategic planting of barley
crops in naturally wetter areas. The lower A'3C ratios at Dingdong,
which was occupied a millennium later during the 5 century
AD, might indicate a change in barley cultivation strategies with
decreased investment in water-management systems through time.
Our sample size is too small to permit such an inference, but such
a scenario would resonate with what has been recently observed in
eastern Tianshan and eastern Inner Mongolia where communities
turned to extensification of plant cultivation corresponding with an
increase in pastoralism (Tian et al., 2022; Sun et al., in review).

7.2 The question of manuring

As previously mentioned, plant 3"°N values reflect soil
conditions during plant growth. When compared to the average
high-manured $'°N values in experiments or other studies in the
surrounding regions, the Tibetan barley grains are extremely 1°N
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enriched (Fraser et al,, 2011; Kanstrup et al., 2011; Styring et al,,
2016a; Tian et al., 2018). It is possible that the barley was grown in
areas subject to seasonal flooding which may cause a waterlogged
environment susceptible to denitrification and thus higher grain
315N values. In an experiment in the eastern Mediterranean,
Hartman and Danin (2010) find a mean increase of 3.5%o 8°N in
dry wash Cj plants (5.23 &= 2.4%o) as compared to C3 plants grown
on exposed ridges (1.7 & 3.2%o). Even when considering the highest
6%o offset for aridity (Szpak et al., 2013), the naturally elevated soil
815N of the Tibetan Plateau at 2.9%o (Yang et al., 2013), and the
influence of potential denitrification, the mean SI5N values range
between 13.5-16.5%o and are still well above the highly manured
threshold proposed by Fraser et al. (2011) and that of the local
baseline. The high values could indicate over-manuring that would
limit yield but still successfully produce grains [as seen by Szpak
etal. (2012) in maize experimentally manured with seabird guano].
In an experimental study by Styring et al. (2016a) of Moroccan
farming plots, they record 8'°N values of barley grains ranging
between 12.5-15.4%o from highly manured and irrigated fields.
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These data resonate with the results in our study, especially when
considering the additional influences of natural soil conditions on
the Plateau. This signifies that the ancient herders improved their
cultivated fields, likely through animal manure. The §'°N values are
variable, which could be the result of variation within a cultivation
plot, cultivation in different soil conditions, over different growing
seasons, different geographical locations and natural influences, or
variable application of manure across the field(s) (Groffman and
Hanson, 1997; Finlay and Kendall, 2008; Fraser et al., 2011; Styring
et al.,, 2016a).

7.3 Tibetan cultivation in context

The prehistoric food globalization process likely triggered a
series of transformations in subsistence strategies across Eurasia,
resulting from the incorporation of non-locally domesticated crops
and livestock into the indigenous systems. As part of this process,
barley cultivation entered western Tibet, likely via the Kashmir
along a southern dispersal route (Liu et al., 2017; Lister et al., 2018;
Gao et al, 2021). In a separate, northern pathway, barley—along
with wheat—also moved along the mountainous region of Inner
Asia, eastwards to Eastern Tianshan and the Hexi Corridor (Liu
et al, 2017; Lister et al., 2018). While currently there is no other
research on crop labor investment available to compare to on the
Tibetan Plateau, our findings can be contextualized with barley
stable isotope research from regions connected to Tibet through
this prehistoric food globalization process.

North of the Plateau, a recent study shows a similar pattern
of early investment in barley cultivation (Tian et al, 2022).
During the Bronze Age, communities living in the piedmont zones
of the eastern Tianshan provided optimal watering conditions
to their 6-row barley crops, whether through simple channel
irrigation or opportunistic planting. Additionally, the fields were
likely manured. This resonates with our findings in Western
Tibet. During the later occupational phase, communities in eastern
Tianshan experienced a transition in cultivation strategies from
intensification to extensification. Such a trend is documented in
crop ABC and §!°N values, signifying less water and manuring
inputs associated with increased weed taxa (Tian et al., 2022). The
researchers attribute this to an increasing reliance on nomadic
pastoral lifeways resulting in a reduced labor budget for plant
cultivation. Sheng et al. (2021) document a similar trend in the
315N values of broomcorn and foxtail millet at Bronze Age Shimao,
where early heavily manured millet cultivation transitioned to
a more extensive system, incorporating more herded livestock
(sheep/goats and cattle) as the climate changed and fields were
possibly exhausted by the earlier intensive agriculture. The
transition to extensive cultivation and pastoralism stands in
contrast to the western Tibet data, which show a dedicated pastoral
system coinciding with an intensive barley cultivation regime.
Further east on the Loess Plateau in Zhuanglang County, isotopic
analyses of multi-crop agricultural communities spanning 6,000
BCE to 1,800 CE indicate a separate management system for
free-threshing wheat and 6-row barley, where wheat is intensively
managed through watering and manuring, while barley is grown
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under water stress and no significant shifts over time were observed
(Li et al., 2022).

Turning to Southwest Asia, research finds different drivers for
changes seen in cultivation strategies. In northern Mesopotamia,
there was a reduction in manuring through time that correlates
with increased site size, from the 6% to 3" millennium
BCE. Additional factors that likely influenced this change were
extensification from the increase of land under arable production
and the development of a specialized pastoralist economy that
reduced the availability of animal manure (Styring et al., 2017).
In western Tibet, however, agropastoralists likely invested heavily
in barley crops while simultaneously engaging in highland
pastoralism. As discussed by Tang et al. (2022), communities at
small sites (including the study sites in this paper) in western Tibet
utilize dedicated monocropping of barley combined with livestock
herding, whereas larger sites show more crop diversity. Zhang et al.
(2024) show a unique pastoral system in central Tibet where high
labor investment associated with foddering and water provisioning
was common practice in high-altitude environments. The intensive
cultivation signatures of barley from this study lend further support
to the argument that these agropastoralists utilized a risk-reduction
strategy of dedicated barley cultivation and intensified herding
practice. These dissimilarities in the treatment of barley across
regions complicates our notions of strict mobile pastoralism and
settled agriculture as a dichotomy when investigating ancient
subsistence patterns and call for further studies into the range of
choice and possibilities available.

8 Conclusion

In this paper, we analyzed the stable carbon and nitrogen
isotope values of barley grains recovered from three western
Tibetan sites: Piyang, Jiweng, and Dingdong. The results suggest
that when barley was first introduced into the region, the
communities used a shared intensive cultivation strategy to
successfully grow barley above 4,000 masl. Agropastoralists at
Jiweng, Piyang, and Dingdong likely manured their fields for
barley cultivation. Communities at Piyang and Jiweng provided
additional water to the crops, either by irrigating the plants or
strategically planting at locations with higher soil water retention.
The community at Dingdong did not supplement watering for their
barley as much as the other two sites but still ensured adequate
water for their barley. Further work on the wild taxa to identify
possible arable weeds to the genus and species level would add
additional information regarding cultivation strategies that could
be compared to the isotopic results.

At a broader regional level, our results resonate with the
farming systems commonly seen in prehistoric northern China,
where early farmers invested labor significantly into the cultivation
of wheat, barley, and foxtail and broomcorn millet (Sheng et al.,
2021; Li et al, 2022). Our results, however, differs from the
extensification trend later seen in northern China and in eastern
Tianshan that has been recently documented by isotope analysis
(Tian et al,, 2022). Additionally, we compared the isotopic results
with the morphometrics of the barley grains to ascertain the role of
growing conditions in grain size. We did not find any meaningful
correlation between isotopically inferred growing conditions and
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barley grain metrics. Admittedly, the sample size is small, but
already at the limit of destructive work allowed due to the limited
number of grains recovered. When the opportunity arises, future
isotopic and archaeobotanical work with a larger sample size can
clarify the trends observed in this study.
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