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Abstract

The Siwa archaeological culture (ca. 3350 and 2650 cal yr BP) has often been associated
with the tribes referenced in textual sources as Qiang and Rong: prized captives commonly
sacrificed by the Shang and marauding hordes who toppled the Western Zhou dynasty. In
early Chinese writings, food plays a key role in accentuating the ‘sino-barbarian’ dichotomy
believed to have taken root over 3000 years ago, with the Qiang and Rong described as
nomadic pastoralists who consumed more meat than grain and knew little of proper dining
etiquette. To date, however, little direct archaeological evidence has allowed us to recon-
struct the diet and foodways of the groups who occupied the Loess Plateau during this piv-
otal period. Here we present the results of the first ceramic use-wear study performed on
the Siwa ma’an jars from the site of Zhanqi, combined with the molecular and isotopic char-
acterization of lipid residues from foodcrusts, and evidence from experimental cooking. We
report molecular data indicating the preparation of meals composed of millet and ruminant
dairy among the Siwa community of Zhanqi. Use-wear analysis shows that Zhanqgi commu-
nity members were sophisticated creators of ceramic equipment, the ma’an cooking pot,
which allowed them to prepare a wide number of dishes with limited fuel. These findings
support recent isotope studies at Zhanqi as well as nuance the centrality of meat in the Siwa
period diet.

Introduction

Rain-fed agriculture in the Western Loess Plateau of northern China developed by around
7800 cal yr B.P. and involved the adoption of foxtail (Setaria italica) and broomcorn millet
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(Panicum miliaceum) along a vast east-west transect centered on the Yellow and Wei Rivers
[1,2]. After around 4000 years B.P. and linked by some to environmental deterioration follow-
ing the warm-humid Holocene climatic optimum, millet agriculture decreased in importance
in some areas, supplemented by pastoralism as a key subsistence element [3-7]. Concomitant
and perhaps related changes in the cultural landscape at ca. 3500 B.P. include the decline of the
Qijia cultural sphere, a tradition centered in eastern Qinghai and western Gansu provinces of
the People’s Republic of China (PRC) [8,9], and the migration of what are seen as nomadic
communities into the Loess Plateau [10-13]. The Siwa JF3& archaeological culture is often
taken to represent one example of these pastoral and nomadic communities. Siwa material cul-
ture is characterized by a unique double-handled saddle-shaped mouth container, known as
the ma’an B ¥% jar. Within the widespread tradition of linking archaeological cultures with
ethnic groups, the Siwa culture has been associated with the Qiang 7 people: prized captives
commonly sacrificed by the Shang, or the Rong ZX tribes: marauding hordes who toppled the
Western Zhou dynasty [14].

In early Chinese writings, food often plays a key role in accentuating a ‘sino-barbarian’
dichotomy believed to have taken root over 3000 years ago. This dichotomy opposed the mem-
bers of the Ancient Chinese people/world (i.e., Zhongguo I E Hua £, Xia E) and the cul-
tural others, or aliens, including the Qiang and Rong, but also the Man #, Yi 3 and Di IX.
The Qiang and Rong “aliens/barbarians” are sometimes described as peoples who consumed
more meat than grain and knew little of proper dining etiquette [15-17]. A notable example is
found in the Wangzhi chapter of the Liji or classics of rites: “the Eastern Yi eat their food with-
out it being cooked with fire. . .and so do the southern Man. . .whereas the western Rong and
northern Di abstain from cereals” (translation in [18]).

This divide, and indeed the very definition and use of these terms (Barbarian, Chinese,
Huaxia Zhongguo, etc.) are quite loaded and have a long history of academic translation and
integration in cultural traditions and frameworks [15,17,19]. Presently, little to no direct
archaeological evidence exists to allow us to reconstruct the diet of the groups who occupied
the Loess Plateau during this pivotal period attributed to the Siwa culture and ranging between
ca. 3350 and 2650 cal yr B.P. Nevertheless, the Siwa archaeological culture, and the people they
are identified with, are often assumed to have led a nomadic and pastoral subsistence lifeway,
consuming a diet rich in animal products and low in grains [8,11,20,21]. This characterization,
however, is not predicated on a systematic analysis of animal and plant remains from robust
domestic contexts, but is a reflection of mostly later historical realities of Steppe and Sown
anachronistically projected onto archaeological cultures of the deeper past. In fact, even with
the limited archaeological evidence that does exist, it is clear that Siwa communities consumed
grain as a main component of their diet [22]. The few faunal remains from securely dated con-
texts associated with Siwa materials are dominated by ruminants, such as bovines, caprines
(sheep and goats) and some equids. At the cemeteries of Jiuzhan JL¥ (ca. 3350-2650 B.P.)
and Lanqiao £ #F (ca. 3300 B.P.), for example, sheep and cow bones (often heads) were found
interred in a number of graves [23,24]. Rudimentary zooarchaeological work on the Xujianian
BB cemetery (ca. 3200-3000 B.P.) found taxa of sheep/goat, cow, horse, and pig [25]. The
most common animals found were cattle (>85% of all remains) instead of sheep/goat, as had
been expected. The above data is related to mortuary customs rather than everyday diet and
subsistence practices, yet it shows the importance of cattle to the communities in question.
Very few domestic contexts have been excavated and reported. At Ya'ar (*++12 L), cattle
dominate the bone materials unearthed from a number of domestic refuse pits [26]. In addi-
tion to the unmodified bones representing remnants of past meals, some of the cattle bones
have been made into tools. Other animals found at Ya’ar include several specimens of deer,
some sheep and small birds.
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Recently, the incorporation of new research methods, particularly stable isotope analysis
conducted mostly on human skeletal data, have begun to provide insights into prehistoric
diets in northwestern parts of the PRC. To date such studies have focused on sites in the Hexi
corridor north of the area inhabited by the Siwa archaeological culture. In the Hexi region
broad trends have been detected, such as a shift from a primarily C, diet to one incorporating
greater amounts of C; plants sometime in the first half of the 2" millennium BCE (e.g. [4,27-
30]). Work at the Siwa culture Zhanqi &5 cemetery in Gansu, China, has found a mixed Cy
and C; diet (representing a possible decrease of millet consumption) coupled with higher §'"°N
thought to reflect increased meat intake [4,31].

Existing archaeological data are limited. Many of the Siwa sites are dated solely on the basis
of ceramic chronologies, and where C'* dates exist, there are typically few of them [22]. Fur-
thermore, stable isotope studies of skeletal remains seldom include the analysis of zooarchaeo-
logical and botanical samples necessary to provide secure comparative baselines with which
one can interpret these results (an issue raised in many such studies, e.g. [4,29]). They never-
theless point to possible changes such as an increase in diets rich in animal proteins, to be fur-
ther investigated. To inform results of isotope studies, we must turn to other direct lines of
evidence on diet and foodways. Analysis using modern analytical chemical methods of lipid
residues from pottery is a powerful tool to identify a range of animal and plant resources pro-
cessed in pots, thereby providing new insights into past subsistence strategies, including
changes in herding and farming practices. The present study provides direct molecular and
isotopic evidence for the processing of millet, mixed with ruminant dairy fats and possibly
other food sources, in ten ma’an jars from the Zhangi cemetery in Gansu, China. These results
are combined with large scale use-wear analysis and experimental cooking to provide a better
understanding of the diet and cooking practices associated with the Siwa cultural groups, and
secondarily verify some of the presumptions made about their foodways.

Zhanqi cemetery

The Siwa data from the site of Zhanqi presented here were collected as part of a collaborative
project between the Gansu Provincial Institute of Archaeology and Cultural Heritage, Peking
University, and Harvard University (see [32,33]). Zhanqi is located 500 meters east of Zhangi
village along the Tao River valley in modern day Min County, Gansu Province (Fig 1). Data
analyzed here are from a rescue excavation conducted by the Gansu province institute of
archaeology at this site prior to a dam construction. The excavation revealed 66 human graves,
2 residential structures, 10 refuse pits and 2 sacrificial pits [34]. A uniform burial pattern char-
acterizes this cemetery. Inhumations are placed in rectangular graves, most equipped with a
stepped platform ledge (ercengtai —J& &) holding artifacts. Some graves were fitted with hal-
lowed niches found over the head of the tomb’s occupant. The dominant grave orientation is
east-west, but a small number of burials are oriented along a north-south axis. The vast major-
ity of tombs contain single burials where the deceased are placed on their backs with their bod-
ies extended. Many skeletons are dismembered, reflecting a situation where secondary burial
practices might have been common. Bronze artifacts, including ornaments and many weapons
(e.g., ge Kaxes, swords, knives of steppe style mao 7 spears and halberds) were placed to the
side of the deceased denoting the importance of military status for the elites of this Siwa com-
munity [34].

Of the two residential structures found at the site, the best-preserved (F1) is semi-subterra-
nean and round-shaped. The door faced north and was fitted with a large stone. Inside, a
hearth and a number of post holes were found as well. The earthen floor is tightly packed and
might have been created by the rammed-earth (hangtu 35 & [34] style. Structure F2 was not as
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Fig 1. Location of the Zhangi site. This map was made in ArcGIS software with original materials as well as open access files obtained from China historical GIS
database at Harvard University—http://sites.fas harvard.edu/~chgis/.
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well preserved. Yet the internal findings included a well formed tamped earth floor with textile
and ceramic imprints. The site included 10 waste pits yielding a mix of ceramic sherds, stone
tools, bones and other artifacts. Two supposed ritual features were found within the residential
portion of the site. One is a circular platform, two meters in diameter, that comprised a large
stone slab where a number of ceramic vessels containing unidentified animal bones and
burned earth were found. The second ritual feature is a platform with burned earth and a num-
ber of ceramic jars with unidentified animal bones and ash found in them [34]. Among the
representative Siwa culture artifacts found at the site, ma’an jars are the most distinctive.

Ethics statement

The data presented here were collected as part of the project “Cultural and Social Change dur-
ing the Neolithic and Bronze Age along the Tao River in Gansu”, approved by the National
Bureau of Cultural Relics in 2015 (Cultural Relics Protection Document 2015 - #3493). Permis-
sion to conduct use-wear and residue analysis was granted by “The Gansu Provincial Institute
of Archaeology and Cultural Heritage". The individual in this manuscript (S2 File, Fig 2) has
given written informed content, as outlined in PLOS consent form, to publish these case
details.
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Fig 2. A selection of ma’an style vessels from the Zhanqi cemetery.

https://doi.org/10.1371/journal.pone.0250819.9002

Siwa foodways and ceramic use-wear analysis

To date, several thousand ma’an vessels have been recovered, making it a hallmark of the Siwa
archaeological culture [35]. Like many other Neolithic and Bronze Age cultures in China, dis-
tinctive Siwa culture material comes quite exclusively from burial contexts. Only a handful of
non-mortuary ma’an jars have been excavated [8]. The ma’an jars and other pottery were
made by tournette (or “slow wheel”), low fired and often characterized by what are often called
‘fire clouds’ (uneven color) on the exterior. This is taken, by some, to denote an inferior
ceramic craft compared to that of the contemporaneous Shang and Zhou to the east (e.g.
[36])-a situation that may not be surprising, if Siwa communities were engaged in mobile pas-
toralism and consequently may have had fewer ceramic specialists. As with most jars and jugs,
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the function of the ma’an jar is often reconstructed as a storage vessel, likely for containing
grain or liquids. The ma’an jar references a general shape, but these vessels come in many vari-
eties and sizes (Fig 2).

The most common cooking vessel in Chinese archaeology, the Ii &, or cooking tripod ves-
sel, is also found in Siwa culture sites (though again mostly in graves) and is assumed to be the
main cooking vessel of this period. On further analysis (discussed below), medium ma’an jars
with flat bases and thick walls were in fact used for cooking, whereas small ma’an juglets and
large jugs were used for other purposes (perhaps indeed holding liquids or grains). A large
number of the medium vessels were clearly exposed to intense heat sources for prolonged peri-
ods of time, most likely as a result of cooking practices. Furthermore, the texture and material
composition of these vessels is expected of a cooking vessel: rough textured, tempered and brit-
tle [37].

The location of use-wear alteration can inform cooking habits. Vessel placement with
respect to heat sources and the intensity of the fire can also be reconstructed from these alter-
ations on the surfaces of pots [38]. Hally [39] pioneered important methods for the interpreta-
tion of cooking techniques such as simmering and boiling [40-44]. Use-wear analysis
conducted on the entire assemblage of ma’an jars recovered from the Zhangi site revealed a
recurring pattern on many vessels: a heavy patch of soot is seen on the narrow side of the vessel
where the handles were attached, and a distinct patch of soot on both of the opposite sides—
where the rim is shaped like a saddle-exists as well. This band of soot extends from roughly
the shoulder to the rim. Under this band, around the carination, is a bright red or greyish
patch of oxidation down to the base. The internal pattern is reversed: the lips are covered with
carbonization on the saddle-shaped side but not on the side with handles, and inversely a thick
layer of carbonized food covers the entire portion of the saddle shaped side. The base, surpris-
ingly, is clean (Fig 3).

Reconstructing how this pattern was created requires understanding how use-wear marks
accumulate on vessels with respect to both exposures to heat sources and the type of cooking
that took place. Skibo [38,45] has argued that by observing external soot and oxidization pat-
terns, as well as internal carbonization and charred food remains, two main modes of cooking
can be identified: the wet mode (stewing, boiling etc..) and the dry mode (such as roasting).
Oxidation marks are commonly formed were the vessels is subject to intense direct heats; thus
soot is often found on, around and along the bottom part of the vessel exterior. When cooking
with little liquid or fat, i,e. the dry mode, interior walls and food cooked can exceed 300
degrees Celsius, leading to carbonized foods permeating the vessel’s walls [38].

The dominant use-wear pattern observed at Zhanqi (Fig 4) would form if the vessel was
exposed to intense heat where little oil or liquid was applied (either initially or over time as the
liquid evaporated and the vessels continued to be exposed to direct heat), resulting in charred
remains throughout the vessel. If the vessel was placed right-side up in the fire we would expect
to find, internally, charred remains on the bottom of the pot and an oxidation patch on the
vessel’s external base leading up to the belly. This sort of pattern can in fact be seen on the few
li vessels (n = 9) found at the cemetery (Figs 5 and 6; and see [46] for an example of this
expected pattern on Zhou period li vessels from Shandong-rough contemporaries of the Siwa
material).

The ma’an jars, however, exhibit these marks—internally and externally-along the walls (the
broad sides of the vessel), while the bases are clean. To obtain this pattern, direct heat would be
required where little to no liquid remained, such as roasting or baking, or if pots are placed
next to the fire in a “simmer position” exposing only one side to direct heat; as the water evap-
orated, a charred interior and an external oxidation patch are formed if the pot is left too long
[45]. These marks are obtained by quickly evaporating excess liquid in this manner from
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S —

Fig 3. Observed use-wear patterns on Siwa ma’an cooking vessels. A. Frontal image of ma’an jar showing external soot pattern (base is about 4.5 cm across). B. Handle-
sided view of ma’an jar showing external soot pattern. C. Changes in paste color resulting from fire clouding or other production processes. D. Internal carbonization on
upper portion of lip. E. Internal carbonization on walls. F. Ma’an jar with use-wear pattern (soot and oxidation).

https://doi.org/10.1371/journal.pone.0250819.9003

around the protruding carination (i.e., the part of the vessel closest to the fire source) and not
throughout the entire body-as seen on the ma’an pots. The intensity of the charring suggests
that simmering of cooked grains appears less likely to have been part of the cooking repertoire
of ma’an pots. Additionally, cooking grains this way begins by placing the vessel in or over the
fire source to cook the food, so as to evenly distribute heat, resulting in distinct wet mode use-
wear patterns similar to those discussed for the [i vessels above. This is a possibility, yet due to
the higher amount of internal carbonization found throughout the vessel sides, it is more likely
that vessels were placed on their side for roasting or frying (Fig 7).

If positioned in this manner, foods cooked on the side placed in the fire/coals would char,
resulting in a carbonized patch on the same internal side of the vessel. Externally, an oxidation
patch would form in those areas subjected to intense direct heat and where internally little liq-
uid is present, since liquid would otherwise be expected to lower the temperature and prevent
the formation of these oxidation patches. Skibo [45] notes that among the Kalinga, some cook-
ing pots (ones thought no longer suitable for boiling) will be used for roasting (coffee, peas,
beans, etc.) by placing the pot at a 45-degree angle on supporters.

Locations where food was not placed, i.e., the vessel’s narrow side where the handles were
attached, would still be covered with soot on its external side as char, ash and resin droplets
would stick to it during the cooking process. For the same reason, the base, internally, would
not have accumulated charred food remains because food would mostly be concentrated on its
sides and not on the bottom. If placed this way, and used for dry mode cooking, the vessel
walls would provide a larger surface on which to cook foods than the rather restricted flat base.
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Fig 4. Schematic image of dominant use-wear pattern observed on Siwa ma’an cooking vessels.

https://doi.org/10.1371/journal.pone.0250819.9004

Alternatively, it is possible that the ma’an pot was placed on its side and food was fried or
braised in a small amount of oil or fat, after which liquid could be added to create a stew or
soup with the vessel returned to its right side up position and placed next to the fire (as sug-
gested above). The constricted neck would have reduced evaporation in the wet cooking mode
as well as retained heat in the dry cooking mode, much like an oven, while reducing moisture
loss.

In sum, use-wear analysis reveals that the Siwa ma’an pot was quite a sophisticated vessel: it
may have been used as a pot, griddle and oven all in one. It is a versatile and portable utensil
that can be placed near the fire or on a bed of coals for various dishes, quite possibly where the
development of charred but edible food (aka socarrat or fond) was of potential primary impor-
tance. Finally, as this pattern formed on both sides of the vessel it seems that no one side was
preferred, and over its lifetime both were used resulting in this vessel-wide use-wear pattern.

This use-wear pattern was found on more than 75% of all Siwa cooking jars from Zhangqi
(Table 1), pointing to the prevalence of this cooking style at the site. Even though the vast
majority of these data come from the cemetery, thus possibly providing information primarily
on mortuary related dishes (either as part of the funeral or as provisions for the afterlife), a
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P —— .

Fig 5. Use-wear alteration marks of Zhanqi li vessels. A. Soot remains extending from the belly down to the foot. B. Soot remains on the handle perpendicular to the
side exposed to the fire. C. Heavy sooting on the base and oxidation on the feet (nipple), indicating placement base side down in the fire. D. Heavy carbonization can be
seen in each of the tripod’s three feet, an expected outcome of a cooking vessel placed in the fire or exposed to a fire source base side down from which enough liquid
evaporated to allow food particles to burn and char.

https://doi.org/10.1371/journal.pone.0250819.g005

majority of ma’an cooking vessels unearthed from the limited residential context exhibits this
pattern as well.

Most of the burial vessels displayed heavy use alteration marks, such as heavily chipped
rims and ‘well-used’ bases (i.e., bases with considerable evidence of scraping, grinding, and
other marks of use. See Fig 8 left). This damage accumulated from continued routine use of
the ceramic vessel, such as pouring, dragging the pot or even placing it on the floor during its
use-life [46]. Vessels used for cooking exhibited use-alteration marks caused by physical force
as well and were, additionally, heavily deposited with soot and char, indicating that they must
have cooked more than a single meal before they were interred with the dead (Fig 8, right).

Molecular and isotopic characterization of Ten Ma’an Jars

To investigate their contents, carbonized deposits from the interior of ten separate ma’an ves-
sels were analyzed in this study (Table 2) using a variety of complementary analytical

approaches (elemental analysis-isotope ratio mass spectrometry-EA-IRMS, gas chromatogra-
phy-mass spectrometry-GCMS, and compound-specific isotope analysis—GC-c-IRMS; see S1
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Fig 6. Schematic image of dominant use-wear pattern observed on Siwa li cooking vessels.
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File). All ten vessels were characterized by the dominant cooking use-wear pattern described
in the preceding section, and all of them come from the cemetery area. Nine were associated
with well-defined graves while a tenth vessel is from a more ambiguous context within the
cemetery, possibly a grave which was not preserved. Unfortunately, no inventory of faunal or
botanical remains associated with individual graves is available.

Results from bulk carbon and nitrogen isotope analysis

Carbonized deposits were analyzed by elemental analysis-isotope ratio mass spectrometry
(EA-IRMS) to determine their bulk carbon (8**C) and nitrogen (8'°N) stable isotope values,
along with carbon-to-nitrogen ratios (C:N). EA-IRMS of charred surface deposits only offers
crude resolution of contents because of uncertainties in the isotope end-points of different
foodstuffs and diagenetic alteration [47], but when combined with other analytical techniques
and compared with reference values it has the potential to provide a number of useful lines of
information. The 8'°N values increase with trophic level and can be used to estimate the pro-
portion of plant and animal protein in terrestrial diets, although variability in §'°N values can
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Fig 7. Possible positions that could have generated the dominant use-wear pattern observed on Siwa ma’an cooking vessels. Option 1: commonly understood use
position for cooking vessels (it is possible that the vessel was exposed to a heat source on its sides). Option 2: more likely position given the lack of use-wear observed

internally on the base of vessels.

https://doi.org/10.1371/journal.pone.0250819.9007

Table 1. Use-wear remains on Zhangqi ceramics.

also be due to a number of external factors, including aridity or soil type. For example, in their
study of human skeletal remains from the Chinese province of Gansu, Liu and colleagues [31]
interpreted 8'°N enrichment of bone collagen in post-2000 BC remains as a result of increased
aridity rather than animal protein consumption. In this study, §'°N values ranging between
4.9%o0 and 7.3%o are consistent with both terrestrial plant and/or animal foods (Fig 9) although
these measurements on charred deposits are not directly comparable with bone collagen val-
ues. In the absence of marine resources, as is likely the case in Bronze Age Gansu [see 33 for
discussion], the degree of enrichment of 13C over 2C (expressed as 813C) allows the distinction
of C, over C; plants or of animals fed C4 compared to C; plants. Since millet is by far the most
common plant with a C4 photosynthetic pathway used for human consumption in Bronze Age
China, more positive 8'°C values have often been used to estimate the shifting importance of

Context Dominant cooking use-wear pattern Indeterminate use-wear pattern No cooking use-wear/not cooking vessels N/D
Graves 43 13 95 17
Residential 6 1 3 1
Ritual context 0 2 4 1
Unknown 7 1 9 4

https://doi.org/10.1371/journal.pone.0250819.t001
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Fig 8. Use-alteration marks (chipping—left) and heavy soot (exposure to fire—right) on ma’an vessels.

https://doi.org/10.1371/journal.pone.0250819.9008

this cereal among groups of various cultural and chronological affiliations [4,31,48]. The ten
charred deposits included in this study yielded §'°C values ranging from -13.9%o to -21.6%o,
indicating variable C; and C, inputs that must include millet or C,-fed terrestrial animal prod-
ucts for the more '*C enriched values. While millet was the predominant C, component of
human food, a range of other grasses and sedges may account for a C, input in the foods of
grazing animals. C:N ratios range between 8.17 and 12.04 (Fig 9), suggestive of at least some
protein-rich animal products rather than pure millet [49,50]. The atomic C:N ratio is

Table 2. Results of organic residue analysis of ten pottery sherds from the Zhanqi cemetery in China’s Gansu Province.

Laboratory | Context (M = grave) | Lipid conc. (ug Lipid composition APAA(Cy5) | Cigo Cigo | APC| 8N |8C | CN
Code mg) E/H 3C 8"’C
M4-5-F M4 0.1 FA(Ci0-26:0 Cis:1 Cis-176r)s DC(Cy.11), APAA 3.1 -23.1 -27.9 -48 | 54 | -16.7 | 10.6
(Cus), phy(76), pri

M16-3-F Mle6e 0.3 FA(C19-26:0 Cis:1 Ci5.176r)s DC(Cy.11), APAA 34 -23.2 -25.1 -1.9 | 59 | -19.8| 9.2
(C1s), phy(85), pri, mil

M23-3-F M23 02 FA(C10.260 Crs:1 Crs176r), DC(Cy11), APAA 2.1 245 | 296 | 51| 52 | -21.6|10.0
(Cys), phy(85), pri, mil

M26-1-F M26 0.4 FA(Ci0-26:0 Cis:1 Cis-176r)s DC(Cy.11), APAA 4.3 -23.2 -26.6 -33 | 7.0 | -149|10.5
(Cys), phy(77), pri, mil

M30-1-F M30 0.1 FA(Ci0-26:0 Cis:1 Cis-176r)s DC(Cy_11), APAA 5.0 -23.3 -25.1 -1.9 | 73 | -139|12.0
(C1s), phy(81), pri, mil

M47-3-F M47 0.1 FA(C10.260 Cis:1 Cis.176r), DC(Cy11), APAA 2.7 237 | 275 | 38| 60 |-194] 96
(Cyg), phy(84), pri, mil

M48-6-F M48 0.1 FA(Ci0-26:0 Cis:1 Cis-176r)s DC(Cy.11), APAA 3.0 -24.2 -28.4 -42 | 49 | -18.8|10.1
(Cis), phy(78), pri, mil

M51-1-F M51 0.4 FA(Cy0-26:0 Cis:1 Cis-176r)s DC(Co.11), APAA 3.6 -24.8 -29.1 -43 | 6.7 | -17.2| 9.6
(C1s), phy(78), pri, mil

M54-7-F M54 0.1 FA(C10.260 Cig:1 Cis.176:), DC(Cy11), APAA 34 240 | 285 | -45 | 6.6 |-17.6]10.1

(Cy), TMTD phy(76), pri

MZW-F Unknown cemetery 04 FA(Ci0-26:0 Cis:1 Cis-176r)s DC(Cy.11), APAA 2.1 -25.4 -30.5 -5.1 | 59 |-194| 8.2

context (Cys), phy(65), pri, mil

FA (Cx:y) = fatty acids with carbon length x and number of unsaturations, br = branched chain acids, DCx = o, w-dicarboxylic acids with carbon length x,
TMTD = 4,8,12- trimethyltridecanoic acid, pri = pristanic acid, phy = phytanic acid, APAA (C18) = w-(o-alkylphenyl) alkanoic acids with 18 carbon atoms,
mil = miliacin. Phy(xx) refers to the ratio of SRR%.

https://doi.org/10.1371/journal.pone.0250819.t002
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Fig 9. Plot of carbon to nitrogen ratios and 8'°N obtained on charred deposits (foodcrusts) of Siwa pottery from the Zhangqi site, against
archaeological bone collagen reference data from China (see S1 File, Table 1). The collagen 8'°N values were adjusted by +2%o to correct for
the collagen to tissue offset in order to make these values more comparable with the foodcrusts [51].

https://doi.org/10.1371/journal.pone.0250819.9009

indicative of the amount of protein versus other macromolecules (carbohydrates and lipids).
Generally, animal tissues, enriched in protein, have lower C:N ratios compared to plant tissues
enriched in carbohydrates such as starch and cellulose, but animal fats would also be expected
to have high C:N ratios.

Results from GCMS analysis of lipids

All of the charred deposits yielded interpretable lipids (> 0.1 ug mg’l, [52]), with a mean con-
centration of 0.2 ug mg'. Analysis of the FAMEs extracted from the ma’an jar potsherds
shows a high degree of homogeneity in the fatty acid profiles, suggesting that the residues were
composed of similar resources (Table 2, Fig 10). Palmitic (C¢,0) and stearic (C;4.0) fatty acids
are the most abundant components, suggesting a contribution of degraded animal fats to the
residues, followed by myristic (C;4.,0) and odd-carbon number branched-chain fatty acids (C;5
and C,;). Various food resources contain a notable amount of branched-chain fatty acids, in
particular ruminant animals and aquatic resources. The ratio between iso- and anteiso- iso-
mers have been reported to be different, with iso-branched acids much more dominant in
aquatic products whereas a roughly equal amount of iso- and antiso- isomers characterize
ruminant products [53,54]. In Siwa pottery, the iso:antiso ratio range from 0.74 to 1.16 for
Cspr (average of 0.96) and from 0.72 to 1.62 for C,,, (average of 1.20). While these are close
to values expected for ruminant animals, we can’t exclude other sources or a contamination
from soil bacteria [55,56].

Eight samples yielded small amounts of miliacin (olean-18-en-3p-ol methyl ether, m/z 189,
204, 231, 425, 440), a plant biomarker enriched in grains of broomcorn millet (Panicum milia-
ceum), along with stigmastanol. A similar set of plant biomarkers has been identified in Bronze
Age pottery vessels from the Korean Peninsula and northern Europe and reported as the first
molecular and isotopic evidence of millet processing in prehistoric pottery vessels [57].
Another class of compounds identified in all ten acidified methanol extracts are isomers of the

PLOS ONE | https://doi.org/10.1371/journal.pone.0250819  April 29, 2021

13/27


https://doi.org/10.1371/journal.pone.0250819.g009
https://doi.org/10.1371/journal.pone.0250819

PLOS ONE Ceramic usewear and residue analysis in the study of food and society at the margins of Bronze Age China

iliacin
stigmastanol

é

o
- o 274 27.6 27.8 28.0 28.2
o @
O
1S
o
=
o e
@
o O
- o - =
& o s == S o
S 8. o2 2 85 || 882828 2
> 8 8% 8 Roy o] o ;8988 8 L
"% ,yAyD‘ ‘uvllh,!‘;&" LIMJ( ‘A,.J‘AIIKI W:T‘AAJ\A e 'A‘ —ah d 4 — -
oy 10 12 14 16 18 20 22 24 26 28 30
L
IS
<) F
= E
kS
D B
g
b G
C
H
B
A

S IR e e e e o L B s s e s L s o e e e L o e e e L e s s e e ey LA B s e s s s

62.4 62.6 62.8 63.0 63.2 63.4 63.6 63.8 64.0 64.2 64.4 64.6

Retention time ——

Fig 10. Partial gas chromatograms of lipid extract M51-1-F obtained by direct acid-catalyzed transesterification (for more details see S1 File). A.
Partial chromatogram obtained with a DB5-ms (5%-phenyl)-methyl polysiloxane column: Cn:x are fatty acids with carbon length n and number of
unsaturations x; br are branched-chain acids; IS are the internal standards (n-tetratriacontane and n-hexatriacontane). The insert shows peaks
corresponding to miliacin (olean-18-en-3B-ol methyl ether), a plant biomarker enriched in grains of broomcorn millet (Panicum miliaceum) and
stigmastanol, another plant biomarker identified. To monitor the retention time and confirm the presence of miliacin, an authentic standard of miliacin
was injected in the same GCMS run. B. Partial SIM chromatogram (m/z 105 ion) obtained with a DB23 (50%-Cyanopropyl)-methylpolysiloxane
column shows the distribution of w-(o-alkylphenyl)alkanoic acids with 18 carbon atoms (letters from A to I corresponding to the isomers).

https://doi.org/10.1371/journal.pone.0250819.9010
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Fig 11. Boxplots of E/H ratio of modern references thermally degraded in the laboratory [57] and Siwa archaeological samples. Plots represent
median (solid line), mean (dashed line), ranges and quartiles. The arrow (thermal impact) shows the effect of increasing temperature on the E/H ratio.

https://doi.org/10.1371/journal.pone.0250819.g011

w-(o0-alkylphenyl) alkanoic acid (AAPA) with 18 carbon atoms, which are readily formed by
heating a wide range of resources rich in unsaturated fatty acids precursors (C;s.), notably
plant and aquatic resources, but also a number of terrestrial products [58-60]. While previous
studies had shown that APAAs were formed when vessels are subjected to temperatures
exceeding 270°C for at least 17 hours [58], recent experimental work has shown that these
compounds are formed over just one hour of heating at 270°C, or at 200°C for 5 hours, condi-
tions easily achieved through both boiling or roasting [60,61]. Similar experiments also show
that the relative abundance of certain APAA-C;g isomers (namely the E and H isomers—see
Fig 11) can effectively separate three groups of food products: 1) cereals/fruits/non-leafy vege-
tables, 2) leafy vegetables, and 3) animal/aquatic products [60]. As shown in Fig 11, the E/H
ratio associated with the ten Siwa samples (Table 2) reveals a pattern generally more coherent
with animal products than plants, although one cannot rule out cereals/non-leafy vegetables
like millet as the source of this isomeric distribution.

In addition to AAPA C18 fatty acids, all ten samples yielded trace amounts of two isopren-
oid fatty acids (phytanic acid and pristanic acid), and one sample also contained trace amounts
of 4,8,12-trimethyltridecanoic acid (TMTD). While TMTD forms mainly in aquatic resources,
phytanic and pristanic acids are also found at high concentrations in ruminant carcass tissues
and dairy products. The co-occurrence of APAAs with 18 and 20 carbon atoms and isoprenoid
fatty acids have been established as reliable indicators for aquatic processing in archaeological
ceramics [58,62]. In this case, however, the absence of APAAs with 20 carbon atoms and the
lack of evidence for the consumption of fish or mollusks on contemporaneous sites of the
Gansu region where zooarchaeological analysis have been done [33,63,64], provide little
ground to suggest the presence of aquatic resources. Based on current archaeological evidence
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and the combination of organic residue data reported here, it is more likely that both the
AAPA with 18 carbon atoms and the isoprenoid acids identified in the residues originated
from terrestrial products.

The analysis of diastereomers of phytanic acid shows a dominance of the SRR isomer
(>75% in 9 out of 10 samples; Table 2), interpreted as typical of an aquatic rather than terres-
trial source in archaeological ceramics [65]. However, researchers employing phytanic acid
diastereomer ratio to authenticate organic milk and dairy products have demonstrated that
variations in the %SRR also occur between ruminant animals based on the proportions of Cs
vs C4 plants in their foddering regime systems [66]. Such variations could be linked to the
ways ruminants metabolize C; and C, plants, although Eibler et al. [67] indicate that other fac-
tors, such as chlorophyll concentration, are likely involved (with lower chlorophyll content
resulting in higher SRR/RRR ratios). Given the dry conditions thought to have characterized
the Gansu region during the time period attributed to the Siwa culture (ca. 3350-2650 cal yr B.
P), high temperatures and low precipitation may also lead to lower amounts of chlorophyll in
pasture. Clearly, further investigation of phytanic acid diastereomers in ruminants with differ-
ent regime systems and living in different environmental conditions is needed before we can
satisfactorily interpret the %SRR observed in this study.

Results from compound specific isotope analysis

GC-c-IRMS analyses were carried out on the ten surface residues from the Zhanqi cemetery
ma’an jars to determine the 8'3C values of the major n-alkanoic acids, palmitic (Cy¢,9) and
stearic (C3.0), and thereby provide further information on the source of extracted fats. It has
previously been established that C, 4, fatty acids in ruminant animals are depleted in B3C com-
pared to C;¢. acids [68]. Differential routing of dietary carbon during the biosynthesis of milk
versus meat fats in ruminant animals further allows dairy and adipose fatty acids to be distin-
guished [69]. Typically, Cyg, fatty acids in ruminant adipose fats are depleted in '>C by
1-3.1%o compared to C¢, fatty acids while ruminant dairy fats display A'>C values of less
than — 3.1%o [70-72]. The ten residue samples analyzed in this study yielded §'°C values for
palmitic (Cy¢,0) fatty acids ranging from — 23.1 to— 25.4%o, while the 8"°C values associated
with stearic (C,g,) fatty acids range from- 25.1 to— 30.5%o (Table 2, Fig 12A). Eight of the ten
food-crust samples from the Zhangi site plot within the ruminant dairy range, with A'>C val-
ues ranging from- 3.3 and- 5.1%o. The A'>C values of the two remaining ma’an jar residues
are both- 1.9%o, firmly ranging within the ruminant adipose range (Fig 12A).

However, rather than a single source, the molecular and isotopic characterization of ma’an
jar residues indicate a complex distribution of lipids from C, plants (i.e., millet) and ruminant
adipose and/or dairy fats. Given such a contribution from multiple food sources, carbon iso-
tope measurements of individual fatty acids (Ci6, and Cyg,) cannot simply be matched with
reference data for straightforward source identification. Recently, the use of Bayesian mixing
models have been advocated to better understand the proportional contribution of different
food sources, but to be trusted these must rely on a range of reference data representative of
the environmental and cultural contexts under investigation [73]. In the absence of such a
comparative baseline for the Zhanqi site, this study uses simple linear mixing models based on
compound specific measurements from published sources, each one involving the mixing of
millet with a different source of animal fat: non-ruminant, ruminant adipose and ruminant
dairy. Because foods eaten by animals exhibit characteristic isotopic signatures, the §'°C values
of fatty acids extracted from archaeological potsherds are also a reflection of these animals’
consumed diet [68,74,75]. The animal reference values selected for this study are thereby clas-
sified to distinguish between ruminant and non-ruminant species, adipose and dairy fats, and
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C;- and mixed C5/Cy-fed animals (S1 File, Table 2). Fig 12B indicates that the mixing of millet
and dairy is the most likely explanation for the §'°C measurements of palmitic and stearic fatty
acids (Cy6,0 and C;g.0) obtained on eight of the ten Siwa samples. These values also best fit the
mixed C3/C4 ruminant diet, supporting bulk carbon and nitrogen measurements obtained
from archaeological animal bones at various contemporaneous sites in Gansu (S1 File,

Table 1). In line with previous studies, these values point to a mixed C; and C, diet for rumi-
nant animals, unlike pigs and dogs which appear to be fed mainly with C, plants. The last two
Siwa samples appear as outliers and are harder to interpret. They could represent the mixing
of millet and C; fed non-ruminant animals, although a complex mixture of other fat sources
cannot be ruled out at this point.

Residue and use-wear analysis in the context of food and society at
Zhanqi

In recent years a growing number of stable isotope studies have argued for a shift in northwest-
ern China from predominately C, foods to a mixed C; and C, diet during the 2" millennium
BCE [4,28-31,76,77]. While most of these studies have focused on the Hexi corridor, situated
to the north and west of known Siwa site locations, several have in fact looked at human skele-
tal evidence from the region, mostly from earlier periods, but also from Zhanqi itself. At
Zhangi, Liu et al. [31] found an average marker depleted in >C, which they interpreted as a
mix of C4 and C; plants (and using archeaobotanical comparative samples from elsewhere).
Millet, taken to be the main C, crop, is assumed to have been directly consumed, while Cs
foods (barley and wheat) were obtained via animals grazed on wild grasses, though, when com-
pared to earlier period sites, the level of C4 plants seems rather depleted. High 8'°N values are
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taken to indicate higher levels of meat consumption (animals or fish) overall, especially in
comparison with other contemporary and earlier period communities. Cheung et al. [50] too,
have argued for a drop in C, plant contribution to Zhangqi diets, but suggest that in-site vari-
ability among individuals was high in comparison to many other sites.

Data reported here indicate the continued importance of millet, both as animal fodder but
also for direct human consumption. Preparation of millet (a C4 plant) in ma’an jars for human
consumption is attested on the basis of the miliacin molecular compound present in a majority
of chromatographic profiles. Because millet is a C, plant, its contribution to the residues was
further supported by bulk carbon isotope values, although in this case it is impossible to say
whether the C, signal results from millet used for human consumption or from animals fed on
C, plants. In addition to the continued importance of millet following the warm-humid Holo-
cene climatic optimum in the Loess Plateau, this study suggests the use of ruminant dairy
products at the Zhangqi site. The pivotal period comprised between 3350 and 2650 cal yr B.P.
has been associated with the migration of nomadic communities and the adoption of pastoral-
ism as an important mode of subsistence. Biomolecular approaches have shown that initial
animal domestication and the subsequent spread of both animal and herding practices are
often closely linked with the adoption of dairy into adult diets [78-81]. In a recent contribu-
tion, Wilkin and colleagues analyzed ancient proteins from human dental calculus and dem-
onstrated that ruminant dairy consumption occurred concomitantly with the initial pastoral
occupation of Mongolia, about 5000 years ago [82]. Within the PRC, the earliest direct evi-
dence for milk consumption comes from the Tarim Basin of the Xinjiang region, where milk
proteins have been identified in a Middle Bronze Age woven basket [83] and in pieces of a
circa 3800-year old well-preserved kefir cheese [84]. The presence of dairy fats in a portion of
the ma’an jars recovered from the Zhangqi site would provide the easternmost early evidence
for dairying practices within the area of modern China, among pastoral communities who are
attributed to the Siwa archaeological culture who occupied the Loess Plateau between ca. 3350
and 2650 cal yr B.P.

It is worth noting that without the miliacin biomarker, molecular data obtained from Siwa
foodcrusts could have been interpreted as originating mainly, if not exclusively, from degraded
animal fats, with the contribution of plants to human diet going completely unnoticed. We
must thereby exercise caution when interpreting very negative A'>C values as evidence for
dairy given the difficulty of identifying C, plant-animal mixes. Past experiments have shown
that when mixtures of meat and plants are involved, the meat signal tends to overwhelmingly
dominate, and often completely obliterate, the plant signal [57,85,86]. As a matter of fact, the
present study cannot speak about the possible contribution of C; plants (such as wheat, barley,
or even rice) to the residues. Unless they represent the sole or dominant contributor to a resi-
due, plants without associated biomarker easily go undetected, their molecular traces masked
by lipid-rich resources such as terrestrial animals and aquatic resources. Unlike C, plants, bulk
and single-compound isotope signals from C; plants are difficult to distinguish from non-
ruminant animals and/or freshwater resources, further complicating their identification in res-
idues. In order to better assess the contribution of C; plants to residues, lipid analysis of
charred deposits should, when possible, be combined with microfossil analysis of starch and
phytoliths. Future research in the constantly evolving field of organic residue analysis will also
undoubtedly lead to the identification of new plant biomarkers, as recent studies demonstrate
[87].

Adding to this evidence, our use-wear alteration study shows the versatility of the ma’an
ceramic pot. The observed patterns (Fig 4) could have been made by using the vessels sides to
maximize contact area while maintaining high heat efficiency. Combined with the above resi-
due analysis results, which found a mix of millet, ruminant dairy, and possibly other sources,
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we might envision what was cooked in these vessels. As direct archaeological evidence for how
ingredients were used is scarce, gaining insights from both ethnographic sources, such as
observations recorded from different pastoral societies (including later more nomadic ones),
alongside historical scholarship is useful (see discussion in [88]).

Even as early Chinese texts report that their pastoralist neighbors consumed a diet centered
around meat, the finding of ruminant dairy fats in these pots is not surprising. Many pastoral
societies consumed greater quantities of milk and dairy products than meat (overview in [89]).
As noted above, in areas of Eurasia further north and west of the Siwa cultural region, evidence
for dairy products has been found dating back to the early 4™ millennium BP [83,84]. Indeed,
for the Mongols, dairy (milk and cheese) accounted for a large amount of daily caloric intake,
mostly in winter, and fermented mare’s milk provided a sustaining drink year-round [90].
There is also an increasing appreciation of the centrality of grains, even among those consum-
ing a largely pastoral diet [91-93]. In medieval Mongolian diets, only rarely was meat roasted
on spits over open fires [90]; in daily meals, meat was boiled in water and grains were added to
the traditional thick stews [94]. Elsewhere, the Samburu of Kenya occasionally roast meat, but
boiling meat, with grains, blood and milk is often preferred [95]. For Bedouin communities in
Jordan, daily meals are based on mixtures of dairy and grain products. A wide range of foods
mixing wheat flour and dairy products are known, including: porridges, dumplings, breads
and simple mixing of groats cooked with milk or yogurt and then dried [96]. Nomadic pasto-
ralists of Tibet often consume a single stew of animal fat (mostly dairy but also meat in winter)
with boiled dumplings [97] and Turkic nomadic cuisine had a propensity for dairy in everyday
meals combined with bread or porridges made from millet or wheat [98].

For the pastoralists of Sudan [99] millet kernels are boiled with or without milk or added to
stews. Often millet is left to ferment in water after which it is ground into a flour or course
meal. These can be used to make (mostly) a millet like porridge consumed daily by simply
cooking millet flour in water. Millet flour can be combined with milk or other liquid to make
simple bread usually in embers, or on a flat metal slab as a fine layer like a crepe or dosa. Toast-
ing grains with dairy products is common among pastoralists as well. A favored dish among
the Kazakhs is a mix of milk cooked with butter and toasted millet [98]. Tibetian tsamba-bar-
ley that is roasted-is eaten in the morning, mixed with tea and butter, and supplemented with
dairy products such as yogurt and cheese [100,101].

Use-wear alteration analysis indicates that meat could have been roasted with or without
millet grains and possibly made into thick stews by frying before placing the vessel back next
to the fire right side up and adding liquid. Additionally, it is not unreasonable to posit that mil-
let grains were toasted in the ma’an pots. Butter, cheese or milk could have been added to the
mix during or after the toasting process. Yet, while dairy remains were found in ma’an pots,
using them to process milk into cheese or butter seems less likely. Since fresh milk spoils
quickly and milking is a seasonal resource, preservation is a primary concern for pastoral soci-
eties [102]. Milk can be processed into a range of dairy products, with or without the applica-
tion of heat, where ceramic vessels would be quite useful [103]. For yogurt, fresh milk can be
boiled or left out and kept warm to allow for bacteria (often artificially introduced) to ferment.
The fermented (or soured) milk and yogurt can then be churned to separate butter (fats) and
buttermilk (i.e. the liquid remains of the churning process)-the latter further processed to cre-
ate cheeses and other dairy products [96]. Processing of buttermilk involves heating to separate
the curds from the whey. In traditional pastoral societies this typically is done in a pot over a
low flame for several minutes [102]. To make clarified butter—butter where milk solids and
water have been removed-butter is heated at low temperatures.

The heating of milk in the above-mentioned processes would produce a wet type of use-
wear alteration pattern, such as a ring above the liquid line-a pattern not seen in the ma’an
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pots. Churning would be difficult with the ma’an pots as with any other known ceramic vessels
types, though skins could have been used of course. Clarified butter making is not supported
either, since solids form on the base of the vessel if used upright, and if placed on the side the
heated liquid will spill. Additionally, as evaporation of liquid is desired, the constricted open-
ing would be ill-suited for the job and in fact raise the temperature of the butter leading to
burning. An open, wide mouthed pot or pan would be better suited for the task [104].

In contrast, it is quite likely that grains were processed—ground into flour or broken up
before use-as evidenced by grinding stones found at Ya’ar, where some of the only residential
remains of the Siwa culture have been excavated [26]. Indeed, use-wear alteration remains do
hint at the possibility of a flat bread or cake cooked on the vessel’s side. If frying or roasting
was desired, why not use a pan or a simple flat ceramic sheet-as is documented for example in
the Amazon [105]? One possibility is that unlike an open griddle or pan, a closed pot would
retain heat (similar in shape to a tandoori oven but heated externally), allowing for less fuel to
be used. It would additionally retain moisture during the cooking process, which would have
been desirable for certain grain and meat-based dishes. Furthermore, vessels could be pre-
heated and then taken out of the fire source to roast or cook food nearby without losing the
gained heat. Unlike broiling, toasting, browning or even baking need not be done directly in
the fire, as exposing food from a distance can achieve this as well [106].

As noted above, the vessels display a number of use markers indicating that they most prob-
ably cooked more than a single meal before they were interred with the dead. Indeed, it is
important to point out that both residue and use-wear analyses provide the cumulative use
and cooking instances of a pot (though when food crusts are analyzed this is less likely). As
such, it is possible that the ma’an pot was used in a number of ways. Work by Rouse et al.

[107] reminds us of the importance of re-examining preconceived notions of vessels function-
especially among what has been perceived as pastoral nomadic groups. Experiments with food
processing and cooking techniques are becoming more important in recent years as a way to
gain insight into ancient cuisines and cooking techniques [88,108-115]. Controlled experi-
mentation in the NYU culinary school kitchens showed that the use-wear patterns observed
on the ma’an jars could be created via the two aforementioned cooking methods, i.e. by plac-
ing a vessel on its side in a fire to roast foods and/or by placing it upright in the fire and adding
liquid after initial browning on its side was achieved. To better test our models regarding how
these unique patterns would have formed in the ma’an vessels, we conducted a series of experi-
ments with millet and meat cooked with varying degrees of heat sources and intensities. The
results support our model where observed ma’an use-wear pattern could have been generated
by baking, roasting and cooking in this above-mentioned manner (see S2 File).

Conclusion

Foodways have played a central role in the way “The Other’ in Bronze Age China has been pre-
sented. Scholars view cultures inhabiting the Western fringes of the Shang and Zhou world as
those eating a diet rich in meat and low in grain befitting a nomadic pastoral peoples. This
study is the first of its kind to be conducted on pottery from Bronze Age China. The combina-
tion of use-wear and lipid analysis provides a glimpse into how food was actually prepared and
consumed by ancient communities. Here we report molecular data suggesting the preparation
of meals composed of millet grain and ruminant dairy fats among the Siwa community of
Zhangqi. These finds nuance the centrality of meat in the Siwa period diet and bring further
support to the aforementioned isotope studies at Zhanqi [31,48]. Furthermore, use-wear alter-
ation analysis showed that Zhanqi community members were sophisticated creators of
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ceramic equipment, the ma’an cooking pot, which allowed them to prepare a wide number of
dishes with limited fuel.

The study of foodways has been a welcome addition to an ever-growing body of analytical
methods on past societies. Even as the Siwa archaeological culture is known mainly from
graves and great variation existed in burial practices (from cremation to inhumation, of singu-
lar and shared graves as well as secondary graves), the study of foodways reflects another ave-
nue of research that could highlight differences as well as commonalities among the people
inhabiting Bronze Age Gansu. It further allows us to reflect on local-specific manifestations of
social identity that go beyond simplistic overarching frameworks that homogenize all groups
employing similar ceramic styles [46,88,116-118].

Use-wear alteration and residue analysis greatly expand the arsenal of analytical methods
geared towards understanding ancient dietary habits and foodways, but they should not be
seen as methods providing conclusive and all-inclusive information on diet. Such results com-
plement the results of stable isotope studies and contextual archaeobotanical and zooarchaeo-
logical data from properly excavated and analyzed contexts, more of which are urgently
needed to better evaluate and hone the validity and resolution of these methods (and see [22]).
If a more definite interpretation of the extent and nature of resource mixing in ma’an vessels
must await future research, the internal consistency of the residue results and the homogeneity
of use-wear patterns at the Zhanqi cemetery allow us to build strong hypotheses about food-
ways at this Siwa culture site and beyond.

Supporting information

S1 File.
(DOCX)

S2 File.
(DOCX)

Acknowledgments

We thank Brian Giebel (Advanced Laboratory for Chemical and Isotopic Signatures, CUNY
Advanced Research Science Center) for undertaking the bulk stable isotope analyses. We wish
to thank and acknowledge the work done by Chef Raymond Childes who performed the cook-
ing experiment in NYU kitchen facilities (at both the Institute for the study of the ancient
world and the department of Nutrition and Food Studies). Finally, we are grateful to the
reviewers for insightful comments which improved the quality of the paper.

Author Contributions
Conceptualization: Karine Taché, Yitzchak Jaffe.

Data curation: Karine Taché, Yitzchak Jaffe, Jing Zhou, Hui Wang, Edward Standall, Rowan
K. Flad.

Formal analysis: Karine Taché, Yitzchak Jaffe, Oliver E. Craig, Alexandre Lucquin, Shengpeng
Jiang, Edward Standall.

Investigation: Karine Taché, Yitzchak Jaffe, Alexandre Lucquin, Hui Wang, Shengpeng Jiang,
Edward Standall, Rowan K. Flad.

Methodology: Karine Taché, Yitzchak Jaffe, Rowan K. Flad.

Project administration: Jing Zhou.

PLOS ONE | https://doi.org/10.1371/journal.pone.0250819  April 29, 2021 21/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250819.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250819.s002
https://doi.org/10.1371/journal.pone.0250819

PLOS ONE Ceramic usewear and residue analysis in the study of food and society at the margins of Bronze Age China

Resources: Oliver E. Craig.

Validation: Oliver E. Craig, Alexandre Lucquin.

Writing - original draft: Karine Taché, Yitzchak Jaffe.

Writing - review & editing: Karine Taché, Yitzchak Jaffe, Oliver E. Craig, Alexandre Lucquin,
Rowan K. Flad.

References

1.

10.

11.

12

13.

14.

15.

16.

d’Alpoim Guedes J, Bocinsky RK. Climate change stimulated agricultural innovation and exchange
across Asia. Science Advances. 2018; 4: eaar4491. https://doi.org/10.1126/sciadv.aar4491 PMID:
30402535

Liu X, Fuller DQ, Jones M. Early Agriculture in China. In: Barker G, Goucher C, editors. The Cam-
bridge World History. Cambridge: Cambridge University Press; 2016. pp. 310-334.

An C-B, Tang L, Barton L, Chen F-H. Climate change and cultural response around 4000 cal yr B.P. in
the western part of Chinese Loess Plateau. Quaternary Research. 2005; 63: 347-352. https://doi.org/
10.1016/j.ygres.2005.02.004

Cheung C, Zhang H, Hepburn JC, Yang DY, Richards MP. Stable isotope and dental caries data
reveal abrupt changes in subsistence economy in ancient China in response to global climate change.
PLOS ONE. 2019; 14: e0218943. hitps://doi.org/10.1371/journal.pone.0218943 PMID: 31329608

Huang CC, Pang J, Zhou Q, Chen S. Holocene pedogenic change and the emergence and decline of
rain-fed cereal agriculture on the Chinese Loess Plateau. Quaternary Science Reviews. 2004; 23:
2525-2535. https://doi.org/10.1016/j.quascirev.2004.06.003

Leipe C, Long T, Sergusheva EA, Wagner M, Tarasov PE. Discontinuous spread of millet agriculture
in eastern Asia and prehistoric population dynamics. Science Advances. 2019; 5: eaax6225. https://
doi.org/10.1126/sciadv.aax6225 PMID: 31579827

LiJ, HanL, Zhang G, Su Z, Zhao Y. Temporal-spatial variations of human settlements in relation to
environment change during the Longshan culture and Xia-Shang periods in Shanxi Province, China.
Quaternary International. 2017; 436: 129-137. https://doi.org/10.1016/j.quaint.2016.11.048

Shui T. H & F4RRAT M L LT EL T[R4 X (A Study of Cultural Structure and Economic
Form in the Bronze Age of Gansu and Qinghai). In: Shui T., editor. FE At X F4ErT R EZ HILE
[Collected Essays on the Bronze Age Archaeology of China’s Northwestern Regions]. Beijing It Z:
Kexue Chubanshe ®}2 i #t,; 2001. pp. 193-322.

Hui Wang. B &b X# et Hi-F 438 E & 2 LWL R E5# B (An archaeological study of the struc-
ture and system of the Neolithic through Bronzes Age cultures in the Ganging region). Kaoguxue Yan-
jiu Z & W3 [ Archaeological Research]. 2012; 9: 210-243.

Dong G, Jia X, Elston R, Chen F, Li S, Wang L, et al. Spatial and temporal variety of prehistoric human
settlement and its influencing factors in the upper Yellow River valley, Qinghai Province, China. Jour-
nal of Archaeological Science. 2013; 40: 2538-2546. https://doi.org/10.1016/}.jas.2012.10.002

Liu F, Feng Z. A dramatic climatic transition at ~4000 cal. yr BP and its cultural responses in Chinese
cultural domains. The Holocene. 2012; 0959683612441839. https://doi.org/10.1177/
0959683612441839

Hosner D, Wagner M, Tarasov PE, Chen X, Leipe C. Spatiotemporal distribution patterns of archaeo-
logical sites in China during the Neolithic and Bronze Age: An overview. The Holocene. 2016; 26:
1576—-15983. https://doi.org/10.1177/0959683616641743

Wu W, Liu T. Possible role of the “Holocene Event 3” on the collapse of Neolithic Cultures around the
Central Plain of China. Quaternary International. 2004; 117: 153—166. https://doi.org/10.1016/S1040-
6182(03)00125-3

Shelach G. The Qiang and the Question of Human Sacrifice in the Late Shang Period. Asian Perspec-
tives. 1996; 35: 1-26.

Pines Y. "Beasts or Humans: Pre-Imperial Origins of Sino-Barbarian Dichotomy. In: Amitai R, Biran M,
editors. Mongols, Turks, and Others: Eurasian Nomads and the Sedentary World. Leiden: Birill;
2005. pp. 59-102.

Sterckx R, editor. Of tripod and palate: food, politics and religion in traditional China. 1sted. New
York: Palgrave Macmillan; 2004. https://doi.org/10.1111/j.1471-8731.2004.00067.x PMID: 15086374

PLOS ONE | https://doi.org/10.1371/journal.pone.0250819  April 29, 2021 22/27


https://doi.org/10.1126/sciadv.aar4491
http://www.ncbi.nlm.nih.gov/pubmed/30402535
https://doi.org/10.1016/j.yqres.2005.02.004
https://doi.org/10.1016/j.yqres.2005.02.004
https://doi.org/10.1371/journal.pone.0218943
http://www.ncbi.nlm.nih.gov/pubmed/31329608
https://doi.org/10.1016/j.quascirev.2004.06.003
https://doi.org/10.1126/sciadv.aax6225
https://doi.org/10.1126/sciadv.aax6225
http://www.ncbi.nlm.nih.gov/pubmed/31579827
https://doi.org/10.1016/j.quaint.2016.11.048
https://doi.org/10.1016/j.jas.2012.10.002
https://doi.org/10.1177/0959683612441839
https://doi.org/10.1177/0959683612441839
https://doi.org/10.1177/0959683616641743
https://doi.org/10.1016/S1040-6182%2803%2900125-3
https://doi.org/10.1016/S1040-6182%2803%2900125-3
https://doi.org/10.1111/j.1471-8731.2004.00067.x
http://www.ncbi.nlm.nih.gov/pubmed/15086374
https://doi.org/10.1371/journal.pone.0250819

PLOS ONE Ceramic usewear and residue analysis in the study of food and society at the margins of Bronze Age China

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Li W. Anecdotal Barbarians in Early China. In: Queen S, van Els P, editors. Between Philosophy and
History: Rhetorical Uses of Anecdotes in Early China. New York, N.Y: State University of New York
Press; 2017. p. 144.

Food Sterckx R., Sacrifice, and Sagehood in Early China. Cambridge: Cambridge University Press;
2011. https://doi.org/10.1017/CBO9780511736247

Fiskesjo M. The Animal Other: China’s Barbarians and Their Renaming in the Twentieth Century.
Social Text. 2011; 29(109): 57-79.

An C, Ji D, Chen F, Dong G, Wang H, Dong W, et al. Evolution of prehistoric agriculture in central
Gansu Province, China: A case study in Qin’an and Li County. Chin Sci Bull. 2010; 55: 1925-1930.
https://doi.org/10.1007/s11434-010-3208-2

Hu Q. iR it FE 1t (A Discussion of the Siwa Culture). Wenwu Jikan3X #J [Cultural Relics Jurnal].
1980; 1980: 118-125.

Jaffe YY, Hein A. Considering change with archaeological data: reevaluating local variation in the role
of the ~4.2k BP event in Northwest China. The Holocene. 2020. 31 (2): 169-182 https://doi.org/10.
1177/0959683620970254

Gansu Sheng Wenwu Gongzuoduo, Beijing Daxue Kaogu Xuexi and Xihe Xian Wenhuaguan. H iR 78
MALHFFE XL ESE (Siwa graves at Langiao Xihe County, Gansu. Kaogu# & [Archaeology]. 1987:
678-691, 770-772.

Wang Z. and Shui T. Gansu Heshui Jiuzhan yizhi fajue baogao B it & 7k 1 ¥k it & 1R &5 [Excava-
tion report of the Jiuzhan site in Heshui, Gansu]. Kaoguxue Yanjiu & & 2 3t[Archaeological
Research]. 1997: 300-460.

Zhongguo Shihui Kexue Kaogu Yanjiusuo. #RRB3FE 3t Eith [Excavation Report of the Siwa Cul-
ture Xujialian Cemetery]. Beijing 1t 3: Kexue Chubanshe &2 ik #t, 2006.

Gannan Zangzu zizhizhou bowuguan. Gansu zhuoni faner yizhi shijue jianbao HFE £ fE(++th) Ri&
1k 544 B 2R [Brief report for the site of Yaer Zhuoni Gansu]. Kaogu # 4 [Archaeology]. 1994: 14-22.

Atahan P, Dodson J, Li X, Zhou X, Hu S, Bertuch F, et al. Subsistence and the isotopic signature of
herding in the Bronze Age Hexi Corridor, NW Gansu, China. Journal of Archaeological Science. 2011;
38:1747-1753. https://doi.org/10.1016/j.jas.2011.03.006

Dodson JR, Li X, Zhou X, Zhao K, Sun N, Atahan P. Origin and spread of wheat in China. Quaternary
Science Reviews. 2013; 72:108—111. https://doi.org/10.1016/j.quascirev.2013.04.021

Ma M, Dong G, Jia X, Wang H, Cui Y, Chen F. Dietary shift after 3600 cal yr BP and its influencing fac-
tors in northwestern China: Evidence from stable isotopes. Quaternary Science Reviews. 2016; 145:
57-70. https://doi.org/10.1016/j.quascirev.2016.05.041

Yang Y, RenL, Dong G, Cui Y, Liu R, Chen G, et al. Economic Change in the Prehistoric Hexi Corridor
(4800—-2200 bp), North-West China. Archaeometry. 2019; 61: 957-976. https://doi.org/10.1111/arcm.
12464

Liu X, Lightfoot E, O’Connell TC, Wang H, Li S, Zhou L, et al. From necessity to choice: dietary revolu-
tions in west China in the second millennium BC. World Archaeology. 2014; 46: 661—680. https://doi.
0rg/10.1080/00438243.2014.953706

Womack A, Jaffe Y, Zhou J, Hung L, Wang H, Li S, et al. Mapping Qijiaping: New Work on the Type-
Site of the Qijia Culture (2300-1500 B.C.) in Gansu Province, China. Journal of Field Archaeology.
2017; 42: 488-502. https://doi.org/10.1080/00934690.2017.1384669

Jaffe YY, Hein A, Womack A, Brunson K, Guedes J d’Alpoim, Zuo R, et al. Complex pathways towards
emergent pastoral settlements—New research on the Bronze Age Xindian culture of Northwest China.
Journal of World Prehistory. N.D.

Gansu Sheng Wenwu Kaogu Yanjiusuo. H i IE & & i F £ 3 b 1% sk & 3 B3R [Preliminary report on
excavations conducted at the Zhangi Siwa Culture site, Min County, Gansu]. Kaogu yu Wenwu & & 5
X ¥ [Archaeology and Cultural Relics]. 2012: 35-47.

Xie D. H & i [& 5£ 5] % & [Prehistoric Archaeology of the Qanging region]. Beijing It 3%: Wenwu chu-
banshe 3 ¥ i hi4t; 2002.

Li F. Landscape and Power in Early China: The Crisis and Fall of the Western Zhou, 1045-771 BC.
Cambridge: Cambridge University Press; 2006.

Pierce C. Reverse Engineering the Ceramic Cooking Pot: Cost and Performance Properties of Plain
and Textured Vessels. J Archaeol Method Theory. 2005; 12: 117—157. https://doi.org/10.1007/
s$10816-005-5665-5

Skibo JM. Understanding Pottery Function. New York, NY: Springer New York; 2013. Available:
http://link.springer.com/10.1007/978-1-4614-4199-1.

PLOS ONE | https://doi.org/10.1371/journal.pone.0250819  April 29, 2021 23/27


https://doi.org/10.1017/CBO9780511736247
https://doi.org/10.1007/s11434-010-3208-2
https://doi.org/10.1177/0959683620970254
https://doi.org/10.1177/0959683620970254
https://doi.org/10.1016/j.jas.2011.03.006
https://doi.org/10.1016/j.quascirev.2013.04.021
https://doi.org/10.1016/j.quascirev.2016.05.041
https://doi.org/10.1111/arcm.12464
https://doi.org/10.1111/arcm.12464
https://doi.org/10.1080/00438243.2014.953706
https://doi.org/10.1080/00438243.2014.953706
https://doi.org/10.1080/00934690.2017.1384669
https://doi.org/10.1007/s10816-005-5665-5
https://doi.org/10.1007/s10816-005-5665-5
http://link.springer.com/10.1007/978-1-4614-4199-1
https://doi.org/10.1371/journal.pone.0250819

PLOS ONE Ceramic usewear and residue analysis in the study of food and society at the margins of Bronze Age China

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hally DJ. Use Alteration of Pottery Vessel Surfaces: An Important Source of Evidence for the Identifi-
cation of Vessel Function. North American Archaeologist. 1983; 4: 3—26. https://doi.org/10.2190/
AK54-RNE2-9NGY-AHQX

Arnold DE. Ceramic theory and cultural process. Cambridge [Cambridgeshire]; New York: Cam-
bridge University Press; 1985.

Kobayashi Y. Use-alteration analysis of Kalinga pottery: Interior carbon deposits of cooking pots. In:
Longacre WA, Skibo JM, editors. Kalinga ethnoarchaeology: expanding archaeological method and
theory. Washington: Smithsonian Institution Press; 1994. pp. 127-168.

Longacre WA, Xia J, Yang T. | Want to Buy a Black Pot. Journal of Archaeological Method and Theory.
2000; 7: 273-293.

Rye OS. Keeping your temper under control: Materials and the manufacture of Papuan pottery.
Archaeology and Physical Anthropology in Oceania. 1976; 11: 106—137.

Stark MT. Current Issues in Ceramic Ethnoarchaeology. Journal of Archaeological Research. 2003;
11: 193-242. https://doi.org/10.1023/A:1025079730891

Skibo JM. Pottery function: a use-alteration perspective. New York: Plenum Press; 1992.

Jaffe Y, Wei Q, Zhao Y. Foodways and the Archaeology of Colonial Contact: Rethinking the Western
Zhou Expansion in Shandong. American Anthropologist. 2018; 120: 55-71. https://doi.org/10.1111/
aman.12971

Heron C, Craig OE. Aquatic Resources in Foodcrusts: Identification and Implication. Radiocarbon.
2015; 57: 707-719. https://doi.org/10.2458/azu_rc.57.18454

Cheung C, Jing Z, Tang J, Richards MP. Social dynamics in early Bronze Age China: A multi-isotope
approach. Journal of Archaeological Science: Reports. 2017; 16: 90—101. https://doi.org/10.1016/].
jasrep.2017.09.022

Kunikita D, Shevkomud |, Yoshida K, Onuki S, Yamahara T, Matsuzaki H. Dating Charred Remains on
Pottery and Analyzing Food Habits in the Early Neolithic Period in Northeast Asia. Radiocarbon. 2013;
55: 1334—1340. https://doi.org/10.1017/S0033822200048244

Yoshida K. Dating and Stable Isotope Analysis of Charred Residues on the Incipient Jomon Pottery
(Japan). azu_js_rc. 2013;55. https://doi.org/10.2458/azu_js_rc.55.16377

Fernandes R, Grootes P, Nadeau M-J, Nehlich O. Quantitative diet reconstruction of a Neolithic popu-
lation using a Bayesian mixing model (FRUITS): The case study of Ostorf (Germany). American Jour-
nal of Physical Anthropology 2015; 158:325—340. https://doi.org/10.1002/ajpa.22788 PMID:
26175210

Craig OE, Saul H, Lucquin A, Nishida Y, Taché K, Clarke L, et al. Earliest evidence for the use of pot-
tery. Nature. 2013; 496: 351-354. https://doi.org/10.1038/nature12109 PMID: 23575637

Hauff S. Vetter W. Quantification of branched chain fatty acids in polar and neutral lipids of cheese and
fish samples. J Agric Food Chem 2010; 58: 707—-712. https://doi.org/10.1021/jf9034805 PMID:
20043637

Garnier N, Bernal-Casasola D, Cyril Driard C, Vaz Pinto |. Looking for Ancient Fish Products Through
Invisible Biomolecular Residues in the Roman Production Vats from the Atlantic Coast. Journal of Mar-
itime Archaeology. 2018; 13: 285-328. hitps://doi.org/10.1007/s11457-018-9219-x

Dudd SN, Regert M, Evershed RP. Assessing microbial lipid contributions during laboratory degrada-
tions of fats and oils and pure triacylglycerols absorbed in ceramic potsherds. Organic Geochemistry.
1998; 29: 1345-1354. https://doi.org/10.1016/S0146-6380(98)00093-X

Mottram HR, Dudd SN, Lawrence GJ, Stott AW, Evershed RP. New chromatographic, mass spectro-
metric and stable isotope approaches to the classification of degraded animal fats preserved in
archaeological pottery. Journal of Chromatography A. 1999; 833: 209-221. https://doi.org/10.1016/
S0021-9673(98)01041-3

Heron C, Shoda S, Breu Barcons A, Czebreszuk J, Eley Y, Gorton M, et al. First molecular and isotopic
evidence of millet processing in prehistoric pottery vessels. Scientific Reports. 2016; 6: 38767. https:/
doi.org/10.1038/srep38767 PMID: 28004742

Evershed RP, Copley MS, Dickson L, Hansel FA. Experimental evidence for the processing of marine
animal products and other commodities containing polyunsaturated fatty acids in pottery vessels.
Archaeometry 2008; 50:101-113. https://doi.org/10.1111/j.1475-4754.2007.00368.x

Shoda S, Lucquin A, Sou Cl, Nishida Y, Sun G, Kitano H, et al. Molecular and isotopic evidence for the
processing of starchy plants in Early Neolithic pottery from China. Sci Rep. 2018; 8: 17044. hitps://doi.
org/10.1038/s41598-018-35227-4 PMID: 30451924

Bondetti M, Scott E, Courel B, Lucquin A, Shoda S, Lundy J, et al. Investigating the formation and diag-
nostic value of w-(0-alkylphenyl)alkanoic acids in ancient pottery, Archaeometry 2020. https://doi.org/
10.1111/arem.12615 PMID: 33510540

PLOS ONE | https://doi.org/10.1371/journal.pone.0250819  April 29, 2021 24/27


https://doi.org/10.2190/AK54-RNE2-9NGY-AHQX
https://doi.org/10.2190/AK54-RNE2-9NGY-AHQX
https://doi.org/10.1023/A%3A1025079730891
https://doi.org/10.1111/aman.12971
https://doi.org/10.1111/aman.12971
https://doi.org/10.2458/azu%5Frc.57.18454
https://doi.org/10.1016/j.jasrep.2017.09.022
https://doi.org/10.1016/j.jasrep.2017.09.022
https://doi.org/10.1017/S0033822200048244
https://doi.org/10.2458/azu%5Fjs%5Frc.55.16377
https://doi.org/10.1002/ajpa.22788
http://www.ncbi.nlm.nih.gov/pubmed/26175210
https://doi.org/10.1038/nature12109
http://www.ncbi.nlm.nih.gov/pubmed/23575637
https://doi.org/10.1021/jf9034805
http://www.ncbi.nlm.nih.gov/pubmed/20043637
https://doi.org/10.1007/s11457-018-9219-x
https://doi.org/10.1016/S0146-6380%2898%2900093-X
https://doi.org/10.1016/S0021-9673%2898%2901041-3
https://doi.org/10.1016/S0021-9673%2898%2901041-3
https://doi.org/10.1038/srep38767
https://doi.org/10.1038/srep38767
http://www.ncbi.nlm.nih.gov/pubmed/28004742
https://doi.org/10.1111/j.1475-4754.2007.00368.x
https://doi.org/10.1038/s41598-018-35227-4
https://doi.org/10.1038/s41598-018-35227-4
http://www.ncbi.nlm.nih.gov/pubmed/30451924
https://doi.org/10.1111/arcm.12615
https://doi.org/10.1111/arcm.12615
http://www.ncbi.nlm.nih.gov/pubmed/33510540
https://doi.org/10.1371/journal.pone.0250819

PLOS ONE Ceramic usewear and residue analysis in the study of food and society at the margins of Bronze Age China

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Lucquin A, Robson HK, Eley Y, Shoda S, Veltcheva D, Gibbs K, et al. The impact of environmental
change on the use of early pottery by East Asian hunter-gatherers. Proc Natl Acad Sci USA. 2018;
115: 7931-7936. https://doi.org/10.1073/pnas.1803782115 PMID: 30012598

Cramp L, Evershed RP. Reconstructing Aquatic Resource Exploitation in Human Prehistory Using
Lipid Biomarkers and Stable Isotopes. Treatise on Geochemistry. Elsevier; 2014. pp. 319-339. https://
doi.org/10.1016/B978-0-08-095975-7.01225-0

Brunson K, Lele R, Jing Z, Hui W, Flad RK. Zooarchaeology, Ancient mtDNA, and Radiocarbon Dating
Provide New Evidence for the Emergence of Domestic Cattle and Caprines in the Tao River Valley of
Gansu Province, Northwest China. Journal of Archaeological Science: Reports. 2020.

Flad RK, Jing Y, Shuicheng L. Zooarcheological evidence for animal domestication in northwest
China. Developments in Quaternary Science. 2007; 9: 167—203. https://doi.org/10.1016/S1571-0866
(07)09012-4

Lucquin A, Gibbs K, Uchiyama J, Saul H, Ajimoto M, Eley Y, et al. Ancient lipids document continuity in
the use of early hunter—gatherer pottery through 9,000 years of Japanese prehistory. Proc Natl Acad
Sci USA. 2016; 113: 3991-3996. https://doi.org/10.1073/pnas.1522908113 PMID: 27001829

Eibler D, Kaffarnik S, Vetter W. Analysis of organic and conventional milk from Queensland, Australia
using markers suggested for European milk samples. Org Agr. 2017; 8: 173—179. https://doi.org/10.
1007/s13165-017-0183-9

Kaffarnik S, Schroder M, Lehnert K, Baars T, Vetter W. 513C values and phytanic acid diastereomer
ratios: combined evaluation of two markers suggested for authentication of organic milk and dairy
products. Eur Food Res Technol. 2014; 238: 819-827. https://doi.org/10.1007/s00217-014-2158-3

Copley MS, Berstan R, Dudd SN, Docherty G, Mukherjee AJ, Straker V, et al. Direct chemical evi-
dence for widespread dairying in prehistoric Britain. PNAS. 2003; 100: 1524—1529. https://doi.org/10.
1073/pnas.0335955100 PMID: 12574520

Dunne J, Grillo KM, Casanova E, Whelton HL, Evershed RP. Pastoralist Foodways Recorded in
Organic Residues from Pottery Vessels of Modern Communities in Samburu, Kenya. J Archaeol
Method Theory. 2018; 26: 619-642. https://doi.org/10.1007/s10816-018-9384-0

Dunne J, Evershed RP, Salque M, Cramp L, Bruni S, Ryan K, et al. First dairying in green Saharan
Africa in the fifth millennium bc. Nature. 2012; 486: 390-394. https://doi.org/10.1038/nature11186
PMID: 22722200

Salque M. Was milk processed in these ceramic pots? Organic residue analyses of European prehis-
toric cooking vessels. In: Feulner F, Doorn L, Leonardi M, editors. May Contain Traces of Milk: Investi-
gating the Role of Dairy Farming and Milk Consumption in the European Neolithic. York: The
University of York; 2012. pp. 127-141.

Dudd SN, Evershed RP. Direct Demonstration of Milk as an Element of Archaeological Economies.
Science. 1998; 282: 1478—1481. hitps://doi.org/10.1126/science.282.5393.1478 PMID: 9822376

Fernandes R, Eley Y, Brabec M, Lucquin A, Millard A, Craig OE. Reconstruction of prehistoric pottery
use from fatty acid carbon isotope signatures using Bayesian inference. Organic Geochemistry. 2018;
117: 31-42. https://doi.org/10.1016/j.orggeochem.2017.11.014

Gannes LZ, O’'Brien DM, del Rio CM. Stable isotopes in animal ecology: assumptions, caveats and a
call for more laboratory experiments. Ecology. 1997; 78: 1271—1276. https://doi.org/10.1890/0012-
9658(1997)078[1271:SIIAEA]2.0.CO;2

Mukherjee AJ, Copley MC, Berstan R, Evershed RP. Interpretation of 513C Values of Fatty Acids in
Relation to Animal Husbandry. Oxbow. In: Outram A, editor. Food Processing and Consumption in
Prehistory. Oxbow. Oxford; 2005. pp. 77-93.

Zhou L, Garvie-Lok SJ. Isotopic evidence for the expansion of wheat consumption in northern China.
Archaeological Research in Asia. 2015; 4: 25-35. https://doi.org/10.1016/j.ara.2015.10.001

Hu Y. Thirty-Four Years of Stable Isotopic Analyses of Ancient Skeletons in China: an Overview, Prog-
ress and Prospects. Archaeometry. 2018; 60: 144—156. https://doi.org/10.1111/arcm.12367

Evershed RP, Payne S, Sherratt AG, Copley MS, Coolidge J, Urem-Kotsu D, et al. Earliest date for
milk use in the Near East and southeastern Europe linked to cattle herding. Nature. 2008; 455: 528—
531. https://doi.org/10.1038/nature07180 PMID: 18690215

Outram AK, Stear NA, Bendrey R, Olsen S, Kasparov A, Zaibert V, et al. The Earliest Horse Harness-
ing and Milking. Science. 2009; 323: 1332—1335. hitps://doi.org/10.1126/science.1168594 PMID:
19265018

Outram AK, Kasparov A, Stear NA, Varfolomeev V, Usmanova E, Evershed RP. Patterns of pastoral-
ism in later Bronze Age Kazakhstan: new evidence from faunal and lipid residue analyses. Journal of
Archaeological Science. 2012; 39: 2424—2435. https://doi.org/10.1016/j.jas.2012.02.009

PLOS ONE | https://doi.org/10.1371/journal.pone.0250819  April 29, 2021 25/27


https://doi.org/10.1073/pnas.1803782115
http://www.ncbi.nlm.nih.gov/pubmed/30012598
https://doi.org/10.1016/B978-0-08-095975-7.01225%26%23x2013%3B0
https://doi.org/10.1016/B978-0-08-095975-7.01225%26%23x2013%3B0
https://doi.org/10.1016/S1571-0866%2807%2909012-4
https://doi.org/10.1016/S1571-0866%2807%2909012-4
https://doi.org/10.1073/pnas.1522908113
http://www.ncbi.nlm.nih.gov/pubmed/27001829
https://doi.org/10.1007/s13165-017-0183-9
https://doi.org/10.1007/s13165-017-0183-9
https://doi.org/10.1007/s00217-014-2158-3
https://doi.org/10.1073/pnas.0335955100
https://doi.org/10.1073/pnas.0335955100
http://www.ncbi.nlm.nih.gov/pubmed/12574520
https://doi.org/10.1007/s10816-018-9384-0
https://doi.org/10.1038/nature11186
http://www.ncbi.nlm.nih.gov/pubmed/22722200
https://doi.org/10.1126/science.282.5393.1478
http://www.ncbi.nlm.nih.gov/pubmed/9822376
https://doi.org/10.1016/j.orggeochem.2017.11.014
https://doi.org/10.1890/0012-9658%281997%29078%5B1271%3ASIIAEA%5D2.0.CO%3B2
https://doi.org/10.1890/0012-9658%281997%29078%5B1271%3ASIIAEA%5D2.0.CO%3B2
https://doi.org/10.1016/j.ara.2015.10.001
https://doi.org/10.1111/arcm.12367
https://doi.org/10.1038/nature07180
http://www.ncbi.nlm.nih.gov/pubmed/18690215
https://doi.org/10.1126/science.1168594
http://www.ncbi.nlm.nih.gov/pubmed/19265018
https://doi.org/10.1016/j.jas.2012.02.009
https://doi.org/10.1371/journal.pone.0250819

PLOS ONE Ceramic usewear and residue analysis in the study of food and society at the margins of Bronze Age China

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

Salque M, Bogucki PI, Pyzel J, Sobkowiak-Tabaka |, Grygiel R, Szmyt M, et al. Earliest evidence for
cheese making in the sixth millennium bc in northern Europe. Nature. 2013; 493: 522-525. https://doi.
org/10.1038/nature11698 PMID: 23235824

Wilkin S, Ventresca Miller A, Taylor WTT, Miller BK, Hagan RW, Bleasdale M, et al. Dairy pastoralism
sustained eastern Eurasian steppe populations for 5,000 years. Nat Ecol Evol. 2020; 4: 346-355.
https://doi.org/10.1038/s41559-020-1120-y PMID: 32127685

Xie M, Shevchenko A, Wang B, Shevchenko A, Wang C, Yang Y. Identification of a dairy product in
the grass woven basket from Gumugou Cemetery (3800 BP, northwestern China). Quaternary Inter-
national. 2016; 426: 158—165.

Yang Y, Shevchenko A, Knaust A, Abuduresule I, Li W, Hu X, et al. Proteomics evidence for kefir dairy
in Early Bronze Age China. Journal of Archaeological Science. 2014; 45: 178—186. https://doi.org/10.
1016/j.jas.2014.02.005

Evershed RP, Heron C, Goad LJ. Epicuticular wax components preserved in potsherds as chemical
indicators of leafy vegetables in ancient diets. Antiquity. 1991; 65: 540-544. https://doi.org/10.1017/
S0003598X00080145

Charters S, Evershed RP, Blinkhorn PW, Denham V. Evidence for the Mixing of Fats and Waxes in
Archaeological Ceramics. Archaeometry. 1995; 37: 113-127. https://doi.org/10.1111/].1475-4754.
1995.tb00730.x

Colonese AC, Hendy J, Lucquin A, Speller CF, Collins MJ, Carrer F, et al. New criteria for the molecu-
lar identification of cereal grains associated with archaeological artefacts. Sci Rep. 2017; 7: 6633.
https://doi.org/10.1038/s41598-017-06390-x PMID: 28747692

Twiss KC. The Archaeology of Food: Identity, Politics, and Ideology in the Prehistoric and Historic
Past. Cambridge: Cambridge University Press; 2019. https://doi.org/10.1017/9781108670159

Sadler K, Kerven C, Calo M, Manske M, Catley A. The fat and the lean: review of production and use
of milk by pastoralists. Pastoralism. 2010; 1: 291-324.

Atwood CP. Encyclopedia of Mongolia and the Mongol Empire. New York, NY: Facts on File; 2004.

Hermes TR, Frachetti MD, Bullion EA, Maksudov F, Mustafokulov S, Makarewicz CA. Urban and
nomadic isotopic niches reveal dietary connectivities along Central Asia’s Silk Roads. Scientific
Reports. 2018; 8: 5177. https://doi.org/10.1038/s41598-018-22995-2 PMID: 29581431

Makarewicz CA. Stable isotopes in pastoralist archaeology as indicators of diet, mobility, and animal
husbandry practices. In: Ventresca Miller AR, Makarewicz CA, editors. Isotopic Investigations of Pas-
toralism in Prehistory. New York: Routledge; 2017. pp. 141-148. https://doi.org/10.4324/
9781315143026-10

Ventresca Miller AR, Makarewicz CA. Intensification in pastoralist cereal use coincides with the expan-
sion of trans-regional networks in the Eurasian Steppe. Scientific Reports. 2019; 9: 8363. https://doi.
org/10.1038/s41598-018-35758-w PMID: 31182719

Buell PD. The Mongol Empire and Turkicization: The Evidence of Food and Foodways. In: Amitai R,
Morgan DO, editors. The Mongol Empire and Its Legacy. Leiden: BRILL; 2000. pp. 200—223.

Grillo KM. Pastoralism and Pottery Use: An Ethnoarchaeological Study in Samburu, Kenya. Afr
Archaeol Rev. 2014; 31: 105—130. https://doi.org/10.1007/s10437-014-9147-6

Palmer C. Milk and Cereals: Identifying Food and Food Identity among Fallahin and Bedouin in Jor-
dan. Levant. 2002; 34: 173—-195. https://doi.org/10.1179/lev.2002.34.1.173

Dorje R. Food in Tibetan Life. London: Prospect Books; 1985.

Perry C. The Horseback Kitchen of Central Asia. In: Walker H, editor. Food on the Move: Proceedings
of the Oxford Symposium on Food and Cookery, 1996. England: Prospect Books; 1997. pp. 243—
248.

Holter U. Food habits of camel nomads in the North West Sudan: Food habits and foodstuffs. Ecology
of Food and Nutrition. 1988; 21: 1-15. https://doi.org/10.1080/03670244.1988.9991015

Goldstein MC, Beall CM. Nomads of Western Tibet: The Survival of a Way of Life. 1st Edition. Berke-
ley: University of California Press; 1990.

Ekvall RB. The Nomadic Pattern of Living among the Tibetans as Preparation for War. American
Anthropologist. 1961; 63: 1250—-1263. https://doi.org/10.1525/aa.1961.63.6.02a00060

Degen AA. Sheep and goat milk in pastoral societies. Small Ruminant Research. 2007; 68: 7-19.
https://doi.org/10.1016/j.smallrumres.2006.09.020

Cribb R. Nomads in Archaeology. Cambridge: Cambridge University Press; 1991.

Gouin P. Ancient oriental dairy techniques derived from archaeological evidence. Food and Food-
ways. 1997; 7: 157-188. https://doi.org/10.1080/07409710.1997.9962063

PLOS ONE | https://doi.org/10.1371/journal.pone.0250819  April 29, 2021 26/27


https://doi.org/10.1038/nature11698
https://doi.org/10.1038/nature11698
http://www.ncbi.nlm.nih.gov/pubmed/23235824
https://doi.org/10.1038/s41559-020-1120-y
http://www.ncbi.nlm.nih.gov/pubmed/32127685
https://doi.org/10.1016/j.jas.2014.02.005
https://doi.org/10.1016/j.jas.2014.02.005
https://doi.org/10.1017/S0003598X00080145
https://doi.org/10.1017/S0003598X00080145
https://doi.org/10.1111/j.1475-4754.1995.tb00730.x
https://doi.org/10.1111/j.1475-4754.1995.tb00730.x
https://doi.org/10.1038/s41598-017-06390-x
http://www.ncbi.nlm.nih.gov/pubmed/28747692
https://doi.org/10.1017/9781108670159
https://doi.org/10.1038/s41598-018-22995-2
http://www.ncbi.nlm.nih.gov/pubmed/29581431
https://doi.org/10.4324/9781315143026-10
https://doi.org/10.4324/9781315143026-10
https://doi.org/10.1038/s41598-018-35758-w
https://doi.org/10.1038/s41598-018-35758-w
http://www.ncbi.nlm.nih.gov/pubmed/31182719
https://doi.org/10.1007/s10437-014-9147-6
https://doi.org/10.1179/lev.2002.34.1.173
https://doi.org/10.1080/03670244.1988.9991015
https://doi.org/10.1525/aa.1961.63.6.02a00060
https://doi.org/10.1016/j.smallrumres.2006.09.020
https://doi.org/10.1080/07409710.1997.9962063
https://doi.org/10.1371/journal.pone.0250819

PLOS ONE Ceramic usewear and residue analysis in the study of food and society at the margins of Bronze Age China

105.

106.

107.

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

Roosevelt AC. Early pottery in the Amazon: twenty years of scholarly obscurity. In: Barnett W, Hoopes
JW, editors. The emergence of pottery: technology and innovation in ancient societies. Washington:
Smithsonian Institution Press; 1995. pp. 115-131.

Goldenson S. The open-hearth cookbook. Brattleboro, Vt.: SGreene Press; 1982. Available: https:/
catalog.hathitrust.org/Record/0107471957signon = swle:urn:mace:incommon:nyu.edu.

Rouse LM, Grillo KM, Piermartiri R, Rotondaro E, Cogo-Moreira H, Bargossi GM, et al. Not just
“nomadic jars”: The Late Bronze Age ceramic assemblage from the mobile pastoralist site of Ojakly,
Murghab region, Turkmenistan. Archaeological Research in Asia. 2019; 18: 100—119. https://doi.org/
10.1016/j.ara.2019.03.002

Capparelli A, Pochettino ML, Lema V, Lépez ML, Andreoni D, Ciampagna ML, et al. The contribution
of ethnobotany and experimental archaeology to interpretation of ancient food processing: methodo-
logical proposals based on the discussion of several case studies on Prosopis spp., Chenopodium
spp. and Cucurbita spp. from Argentina. Veget Hist Archaeobot. 2015; 24: 151-163. https://doi.org/10.
1007/s00334-014-0497-4

Gonzalez Carretero L, Wollstonecroft M, Fuller DQ. A methodological approach to the study of archae-
ological cereal meals: a case study at Catalhdyik East (Turkey). Veget Hist Archaeobot. 2017; 26:
415-432. https://doi.org/10.1007/s00334-017-0602-6 PMID: 28706348

Hart JP, Lovis WA, Schulenberg JK, Urquhart GR. Paleodietary implications from stable carbon iso-
tope analysis of experimental cooking residues. Journal of Archaeological Science. 2007; 34: 804—
813. https://doi.org/10.1016/j.jas.2006.08.006

Homsey LK, Walker RB, Hollenbach KD. What'’s for dinner? Investigating food-processing technolo-
gies at Dust Cave, Alabama. Southeastern Archaeology. 2010; 29: 182—196.

Miller MJ, Whelton HL, Swift JA, Maline S, Hammann S, Cramp LJE, et al. Interpreting ancient food
practices: stable isotope and molecular analyses of visible and absorbed residues from a year-long
cooking experiment. Scientific Reports. 2020; 10: 13704. https://doi.org/10.1038/s41598-020-70109-8
PMID: 32855436

Morrison JE, Sofianou C, Brogan TM, Alyounis J, Mylona D. Cooking up new perspectives for late
Minoan IB domestic activities: An experimental approach to understanding the possibilities and proba-
bilities of using ancient cooking pot. In: Spataro M, Villing A, editors. Ceramics, Cuisine and Culture:
The archaeology and science of kitchen pottery in the ancient mediterranean world. Oxford: Oxbow
Books; 2015. pp. 115-124.

Pecci A, Cau Ontiveros MA, Valdambrini C, Inserra F. Understanding residues of oil production: chem-
ical analyses of floors in traditional mills. Journal of Archaeological Science. 2013; 40: 883—893.
https://doi.org/10.1016/j.jas.2012.07.021

Graff SR. Archaeological Studies of Cooking and Food Preparation. J Archaeol Res. 2018; 26: 305—
351. https://doi.org/10.1007/s10814-017-9111-5

Dietler MW. Archaeologies of colonialism: consumption, entanglement, and violence in ancient Medi-
terranean France. Berkeley: University of California Press; 2010.

Hastorf CA. The social archaeology of food: thinking about eating from prehistory to the present. Cam-
bridge: Cambridge University Press; 2016.

Hodos T. Local and global perspectives in the study of social and cultural identities. In: Hales S, Hodos
T, editors. Material culture and social identities in the ancient world. Cambridge; New York: Cam-
bridge University Press; 2009. pp. 3-31.

PLOS ONE | https://doi.org/10.1371/journal.pone.0250819  April 29, 2021 27/27


https://catalog.hathitrust.org/Record/010747195?signon
https://catalog.hathitrust.org/Record/010747195?signon
https://doi.org/10.1016/j.ara.2019.03.002
https://doi.org/10.1016/j.ara.2019.03.002
https://doi.org/10.1007/s00334-014-0497-4
https://doi.org/10.1007/s00334-014-0497-4
https://doi.org/10.1007/s00334-017-0602-6
http://www.ncbi.nlm.nih.gov/pubmed/28706348
https://doi.org/10.1016/j.jas.2006.08.006
https://doi.org/10.1038/s41598-020-70109-8
http://www.ncbi.nlm.nih.gov/pubmed/32855436
https://doi.org/10.1016/j.jas.2012.07.021
https://doi.org/10.1007/s10814-017-9111-5
https://doi.org/10.1371/journal.pone.0250819

