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The timing and mechanics of the spread of agriculture to the
Tibetan Plateau—one of the most challenging environmental
contexts on earth—is a focus of recent work and debate. Un-
derstanding the timing and spread of agriculture is basic to
archaeology and history worldwide. Researchers seek evidence
for the earliest, furthest, or highest occurrences of diagnostic
elements. However, the Tibetan Plateau case illustrates a key
flaw in current work: archaeologists have often uncritically
interpreted the presence of plant domesticates at archaeolog-
ical sites as being indicative of local agricultural practice. This
assumption neglects the long history of food exchange on the
Plateau, as elsewhere in the world, even beyond what were then
the limits of agriculture. The cause is a fundamental lack of
understanding of where crops could be grown in prehistory.
Using a formal model of the agricultural thermal niche be-
tween the 5500 BP and the present, we argue that agricultural
niches on the Tibetan Plateau were tightly constrained to
lower-elevation river valleys throughout time. This pattern is
confirmed by analysis of the extent of modern crop produc-
tion on the Plateau. The challenges deriving from these alti-
tudinal constraints placed on early Tibetans largely explain
how and why the Tibetan economy developed in the way that
it did.

In archaeology, our understanding of how changes in climate
impacted human economies has been limited by our failure to
identify the mechanisms via which these changes impact the
basis of human economies. The Tibetan Plateau is an area of
the world that experienced a major transition in farming
systems. Recent data from the southeastern and northeastern
Tibetan Plateau (SETP and NETP, respectively; fig. 1) have
shown that, following two millennia of broomcorn and foxtail
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millet cultivation in the margins of the Tibetan Plateau, these
crops were largely abandoned in favor of two newly intro-
duced domesticates: wheat and barley (Chen et al. 2015;
d’Alpoim Guedes 2013, 2015; d’Alpoim Guedes, Bocinsky,
and Butler 2015; d’Alpoim Guedes and Butler 2014; d’Alpoim
Guedes et al. 2015; Dong et al. 2015). However, to date, ex-
planatory frameworks have only rarely used models to predict
how these crops were impacted by changes in climate over the
course of the Holocene (d’Alpoim Guedes 2013; d’Alpoim
Guedes, Bocinsky, and Butler 2015; d’Alpoim Guedes and
Butler 2014; d’Alpoim Guedes et al. 2015). Until recently,
archaeologists have not been able to accurately reconstruct
when and where ancient crops could be cultivated. Yet when
and where these crops could have been grown in the past has
profound implications for our interpretation of the archaeo-
logical record (d’Alpoim Guedes, Bocinsky, and Butler 2015).
Ethnographic and archaeological studies on the spread of
agricultural products and technology across the world have
revealed that complex interactions took place between hunter-
gatherer and farmer populations (d’Alpoim Guedes 2015).
Agriculturalists are constrained by the effective altitudinal
limits of the crops they cultivated (given contemporary cli-
mate parameters). To reveal these interactions in the ar-
chaeological record, we need to have a good understanding of
the areas farmers, foragers, and pastoralists were able to oc-
cupy in the past.

We describe the creation of an agroecological thermal niche
model (d’Alpoim Guedes 2013; d’Alpoim Guedes and Butler
2014; Bocinsky and Kohler 2014) of wheat, barley, broomcorn,
and foxtail millet from 5500 BP to the present day that allows
archaeologists to predict the area crops could occupy in the
past. This model demonstrates, contrary to assertions made by
earlier studies (Chen et al. 2015; Dong et al. 2015), that there is
no evidence Tibetan farmers were able to push the limits of
barley cultivation above 4,000 m asl. Rather, Tibetan farmers
in the past, as today, practiced agriculture in the deeply cut
lower-altitude river valleys on the Tibetan Plateau. This has pro-
found implications for the manner in which agriculture spread
to this environment. We argue that, contrary to what was the
case in flatter areas of the world, agriculturalists were not able
to spread into high-altitude environments as a “wave of ad-
vance.” Rather, agriculturalists were likely tightly constrained
in select river valleys, leaving large parts of the Plateau as po-
tential refugia for hunter-gatherers. In later periods of time,
pastoral animals allowed humans to carry stored foodstuffs
across larger areas of the Plateau and so enabled the forma-
tion of the traditional Tibetan “samadrok” economy (d’Alpoim
Guedes 2015; Kapstein 2006). However, agricultural activity
remained constrained, as it always has been, to these lower-
lying valleys. An analysis of the elevation of modern cropland
on the Tibetan Plateau (above 1,500 m asl; fig. A1; figs. A1-A5
available in CA+ online supplement A.) confirms these mod-
eled constraints—showing that 95% of cropland is at elevations
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Figure 1. The Tibetan Plateau. The dark gray area indicates elevations between 1,500 and 4,000 m asl and defines the region analyzed
in this study. The northeastern Tibetan Plateau (NETP) and southeastern Tibetan Plateau (SETP) regions are shown in dashed boxes.
Archaeological sites are shown as dots; black dots are sites with *C-dated materials; white dots are recorded sites that have not been
"C dated. Many sites are clustered, and so coloration of the dots might be obscured. Refer to table Al for sites included in our
radiocarbon database. A color version of this figure is available online.

below 3,314 m asl and 99.98% of cropland exists below 4,000 m
asl (fig. A2).

Our thermal niche model reveals that warmer temperatures
between 5500-4200 BP permitted millets to be grown across
most of the areas below 3,000 m asl on the NETP and SETP
(fig. 2); these areas have a high (>95%) probability of being
in the niche in any given year. Between 3750 and 3010 BP, the
probability that these areas were in the niche decreases to 80%-
90% (fig. 2 and video Al, available in CA+ supplement A).
Millets appear to lose their range in these river valleys by
around 3000 BP, with the probability of these lower-altitude
areas being in the niche decreasing to 60%. During this period
of time, only valleys between 2,000 and 2,500 m asl have a
probability of being in the niche of 70% or higher. It is worth
noting, however, that there is a wide standard deviation in the
reconstruction of millet’s niche due to the paucity of experi-
mental data on these crops. In reality, it is likely that millets may
require more growing degree days (GDDs) to support their
growth cycle than those that we report here (and, consequently,
that their niche would be more restrictive). This pattern is re-
inforced by a summed probability distribution of available ra-

diocarbon dates from across the Plateau representing human
activity (fig. 4). In both the NETP and the SETP, millets fall
out of the record between 4000 and 3500 BP (fig. 4). This
is a period that corresponds to a decrease in temperature in
Marcott et al. (2013), when the probability of being in the millet
niche across the Plateau was roughly 70% (fig. 3); there is also
a concurrent sharp reduction in East Asian summer monsoon
(EASM) intensity and a change (inflection) in temperature and
EASM trend trajectories (fig. A3), likely associated with changes
in intertropical convergence zone position and hence El Nifio
southern oscillation variability (Dykoski et al. 2005:82-83). Ob-
served (versus climate model simulated) data indicate just such
a general association over longer timescales (e.g., centennial)
of cooler centuries with drier conditions in monsoonal Asia
(Rehfeld and Laepple 2016). All these phenomena are perhaps
associated (in the long term) with orbital forcing changes in
summer/winter insolation (Berger and Loutre 1991) and, on
shorter timescales, with a marked trajectory change in North-
ern Hemisphere solar irradiance levels: after ca. 3,000 years of
general increase (to a Holocene maximum in the tree ring *C-
based reconstruction of Vieira et al. 2011), there is a noted shift
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Figure 2. Thermal growing niches for millets (top) and wheat and
barley (bottom) on the eastern Tibetan Plateau. Colors range from
50% probability (light gray) to 100% probability (dark gray). While
growing millets (A, B, C) is decreasingly viable between 4500 and
3000 BP, wheat and barley (D, E, F) remain abundantly in the
thermal niche. By 3000 BP, people on the eastern Tibetan Pla-
teau had ceased cultivating millets. A, Millets, 4510 BP. B,
Millets, 3750 BP. C, Millets, 3010 BP. D, Wheat and barley,
4510 BP. E, Wheat and barley, 3750 BP. F., Wheat and barley,
3010 BP. The eastern Tibetan Plateau is as outlined in figure 1.
See video Al for additional years. A color version of this figure is
available online.

to decreasing values from ca. 4200-3900 BP (fig. A4). The
changes observed in East Asia generally correspond with or
follow the “cool poles, dry tropics” rapid climate change epi-
sode ca. 4200-3800 BP (Mayewski et al. 2004), much discussed
in Old World archaeology (Meller et al. 2015).

Although wheat and barley arrive in East Asia at ca. 4500 BP
(Barton and An 2014; Betts et al. 2013; Dodson et al. 2013; Flad
et al 2010; Li et al. 2007; Li and Mo 2004; Zhao 2009) and are
found on the NETP as early as this date, the number of finds, in
terms of the overall assemblage, is small, and they appear to be
minor (if not traded) crops until after 3500 BP. It is likely that
farmers opted to continue to grow the more familiar millets
until decreasing yields and crop failure lead to increased ex-
perimentation with wheat and barley.

The way in which humans coped with climatic cooling from
4500 to 3500 BP appears to have differed between the NETP
and the SETP (fig. 4; table A1; tables A1, A2 available in CA+
supplement A). A notable gap exists between the cessation of
millet use and the arrival of wheat and barley on the SETP
(fig. 4C). It is possible that the lack of availability of a suitable
crop when faced with cooling temperatures could have led to
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an abandonment of this region. Despite cultural connections
with northwest China during the initial period of occupation
of the SETP, the lack of evidence for clear and continued
exchange suggests that long-distance interregional exchange
in the area may have been in decline in the SETP between
4500 and 3500 BP. For instance, while pottery from the
Miaodigou (ca. 6000-5500 BP) and Majiayao phases (ca. 5500
4500 BP) appears in sites along the SETP, there is no evidence
for pottery from the later Banshan (ca. 4500-4300 BP) and
Machang (ca. 4300-4000 BP) cultural phases in the region
(Chen 2007). Interregional exchange between the SETP and
the NETP appears, however, to have reintensified once again
following 4000 BP. The culture history of the region suggests
that, when wheat and barley move into the SETP, they do so
accompanied by a suite of new cultural characteristics that
share strong similarities with cultures on the NETP, such as
Kayue, Siwa, and Xindian (Luo 2012). On the NETP, on the
other hand, the arrival of wheat and barley at ca. 4000 BP
appears to have allowed occupation of the area to continue
without interruption. Although their predicted niche distribu-
tion is still confined to the lower river valleys of the Plateau,
the probability of wheat and barley being in the niche in these
areas remains high throughout history, although this decreases
slightly following 3000 BP (fig. 2).

A variety of estimates exist for the numbers of GDDs re-
quired by barley (table A2)—the lowest recorded GDDs for
barley is 1,200 GDDs and is derived from a field study in
Alaska (Dofing 1995), whereas studies performed in temper-
ate areas place barley’s GDD requirements at between 1,800
and 2,200 GDDs (McMaster et al. 2011). Cultivars developed
in temperate areas have slower grain fill rates, making them
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Figure 3. Mean probability of being in the thermal growing
niche through time. Millets (lines upward sloping from left to
right) decrease precipitously between 4000 and 3500 BP, while
wheat and barley (downward sloping lines from left to right)
remain largely in the niche. Dotted lines are at the mean prob-
ability for the Marcott et al. (2013) Northern Hemisphere tem-
perature reconstruction. The upper line represents wheat and
barley, and the lower line represents millets. A color version of
this figure is available online.
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Figure 4. Radiocarbon dates on the Tibetan Plateau. A, Marcott
et al. (2013) temperature reconstruction. B, Radiocarbon dates on
the northeastern Tibetan Plateau (NETP). C, Radiocarbon dates on
the southeastern Tibetan Plateau (SETP). D, Dates across the Ti-
betan Plateau. For B, C, and D, shaded areas in background are
summed probability density distributions, while lines in the fore-
ground represent a nonparametric phase model on "“C ages via
Gaussian mixture density estimation; lines upward sloping from
left to right represent dates from millets; downward sloping lines
from left to right represent dates from wheat and barley; and
gray represents all available dates. The dotted box represents the
transition period with both millet-derived and wheat- and barley-
derived probability density distributions: 4,146-3,498 cal BP. All
radiocarbon dates have been calibrated. A color version of this
figure is available online.

less adapted to cooler environments. In areas with short growing
seasons, varieties have been developed that allow grain filling
and flowering to take place earlier (Dofing 1995; Juskiw et al.
2001; Lopez-Castaneda and Richards 1994; table A2). Genetic
evidence has revealed that barley (and wheat) domesticated in
the Near East had a winter habit: these barleys were adapted
to areas with relatively warm winters that could sustain plant
growth (Takahashi et al. 1963, 1968; von Bothmer et al. 2003).
Mutations that result in a spring phenotype appear to have
taken place multiple times throughout history (Pourkheirandish
and Komatsuda 2007; Takahashi et al. 1963, 1968; von Bothmer
et al. 2003). One of the prerequisites for the northward ex-
pansion of barley (and of wheat) was the development of a
spring phenotype (Jones et al. 2011; Lister at al. 2009). The
development of this phenotype may have also been crucial for
allowing its spread into high-altitude and high-latitude Eurasia
(d’Alpoim Guedes 2013, 2015; d’Alpoim Guedes et al. 2013).
Although the earliest forms of barley to spread into East Asia
may have already developed a spring phenotype, it is unlikely
that they had already developed other adaptations to high-
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altitude environments; there was not the requisite evolutionary
pressure for these traits to be developed in the lower-elevation
river valleys of the Tibetan Plateau.

Wheat and barley, on average, have an 80% probability of
being in the niche until toward the start of the Little Ice Age
(~1000 BP; fig. 3). The extreme cooling period that represents
the last 1,000 years (until the twentieth century; fig. A3) may
have placed considerable adaptive pressure on local varieties of
wheat and barley on the Tibetan Plateau. It is likely that it is
during this period of time and not earlier that short-season
cold-tolerant varieties that are present today at high altitudes
and high latitudes were developed by farmers.

Although no historical records document these innovations
on the Tibetan Plateau, historical records indicate that, between
1730 and 1850 AD, cooling climate may have impacted grain
yields across China (Lee 2014). Additionally, strong genetic
links exist between Tibetan wild barley and Tibetan naked
barleys (Zeng et al. 2015): cold-acclimated genes appear to have
expanded in the Tibetan hulless barley lineage. This makes it
possible that, following their spread to the Tibetan Plateau,
foreign barley shared genetic code with local wild barleys, and
indeed, this hybridization may have enhanced cold tolerance
(d’Alpoim Guedes et al. 2013). If anything, we expect that early
varieties of wheat and barley introduced to the eastern Tibetan
Plateau had lower GDD requirements than the varieties we
report here.

Wheat and barley moved into Eastern Asia at the same time
that people adopted a new, more mobile way of life and began
herding pastoral animals. Previous work (Chen et al. 2015; Dong
et al. 2015) takes the (mere) presence of grains at high-elevation
sites as evidence for in situ agriculture. However, we argue that
this assumption critically overlooks attested patterns of human
interaction in high-altitude environments. Pastoralists often
carry grain (or other vegetable matter) with them when driving
animals to higher-elevation lands that contain rich pasture (e.g.,
Browman 1974; d’Alpoim Guedes 2015; d’Alpoim Guedes et al.
2015; d’Alpoim Guedes, Bocinsky, and Butler 2015). It is only
through careful construction of models and evaluation of our
assumptions that archaeologists will be able to understand the
complexity of human patterns of mobility and interaction and the
history of human innovations in subsistence on the Tibetan
Plateau.

Since the year 2000, worldwide temperatures have been
warmer than 82% of the Holocene average, and by 2100, tem-
peratures will likely exceed those known over the course of the
Holocene (Marcott et al. 2013). The Tibetan Plateau is warm-
ing at a rate that is two times that of the global average (Xu
and Grumbine 2014; Xu et al. 2009), an alarming trend that
poses great challenges for agricultural and pastoral regimes
(Haynes et al. 2014; Yu et al. 2010) and puts the livelihoods of
millions of smallholder farmer families at risk. Global warm-
ing is likely to extend the available niche for wheat and barley
but also once again allow for cultivation of millets on the
Tibetan Plateau, whereas land available for pasture is likely to
decrease (Haynes et al. 2014). As temperatures increase, tra-
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ditional crops, such as millets, may once again become im-
portant staples on the Plateau.
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