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Abstract

This case study of the early Neolithic Guanjia site (6100-5500BC) combines zooarchaeological,
paleobotanical, and isotope research to investigate how humans raised pigs and incorporated them
in their overall subsistence system. Although the teeth (M») of Sus scrofa from Guanjia were all
larger than domesticated pigs dating to the middle Neolithic (Yangshao period, 5000-3000 BC) and
early Bronze Age (2000—1000 BC), which would suggest that Guanjia pigs were not domesticated
pigs morphologically if body size is a key criterion to identify domesticated animals, we still argue
that there was human management of pigs via feeding and culling strategies. We base our argument
on the following observations: (1) Sus scrofa accounts for 34.2% (n=41) of NISP and 22.2% (n=4) of
MNI; (2) most individuals were younger than two years at time of death (mandible n=5, epiphyseal
fusion n=14) and most are female; (3) distorted alignment of teeth, a deformation related to early
domestication, was found on one left mandible; (4) compared to pure Cs diets seen in deer (§'3C=—
21.0+0.7%o, n=3), the majority of Sus scrofa consumed some C4 plants (5'3C=-17.440.8%o, n=6),
probably from C4 wild grass or cultivated millets; (5) Panicoideae starch grain, broomcorn millet
(Panicum miliaceum) and foxtail millet (Setaria italica) phytoliths were found at Guanjia, further
supporting our argument that Sus scrofa accessed C4 millets and human environments. This study
also reveals that animals in the early stages of domestication and domestic plants only accounted
for a small proportion of human subsistence, thus people still relied heavily on hunting and gathering
at Guanjia.
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Pig domestication and human subsistence at the early Neolithic site of Guanjia
(6000-5500BC), Central China

Introduction

How pigs (Sus scrofa domesticus) were domesticated and the process of their domestication are key
topics in zooarchaeology (Hongo and Meadow 1998; Redding and Rosenberg 1998; Ervynck et al. 2001;
Yuan and Flad 2002; Larson et al. 2005; Albarella et al. 2006; Zeder 2011, 2012; Cucchi et al. 2011; Liu
2014; Dong and Yuan 2020; Price and Hongo 2020). Both zooarchaeological and ancient DNA research
shows pigs were independently domesticated in multiple regions (Larson et al. 2005, 2010; Albarella et
al. 2006; Zhang et al. 2022). In East Asia, China was a crucial centre for pig domestication (Yuan and
Flad 2002; Larson et al. 2010; Dong and Yuan 2020). The earliest putative evidence of pig domestication
in Central China' dating to at least 6600 cal. BC was found at Jiahu, Henan Province, which is attributed
to the Peligang culture period (early Neolithic, 7000-5000 BC) (Luo and Zhang 2008; Cucchi et al. 2011;
Luo et al. 2015). Although the status and the extent of domestication for Jiahu pigs are still under
discussion (Price and Hongo 2020; Hongo et al. 2021), partly because opinions on the appropriate criteria
for the definition and identification of domestication from animal bones differ between scholars
(Albarella et al. 2006; Vigne 2011; Zeder 2012; Price and Hongo 2020), the zooarchaeological research
of Jiahu nevertheless sheds light on our primary understanding of the relationships between humans and
animals and human subsistence. At Jiahu there was significant reliance on fish but not on mammals, and
more consumption of wild deer than domesticated animals (Luo et al. 2015). Except for Jiahu, little on
pig domestication of Peiligang is known because no other site has been researched, limiting our
understanding of various pathways towards pig domestication in the early Neolithic.

Archaeological material dating to the Peiligang period provides evidence of permanent settlement,
regular production and use of ceramics for preparing and storing food, alcohol making from grains, music,
and potentially ritual activities (McGovern et al. 2004; Liu 2014), and Peiligang profoundly influenced
the following Yangshao culture (5000-3000 BC). During this period, broomcorn millet (Panicum
miliaceum), foxtail millet (Setaria italica), and rice (Oryza sativa.) were cultivated, but their ratios were
still low compared to wild species of plants (Zhang et al. 2012, 2018; Liu 2014; Wang et al. 2017; Bestel
et al. 2018; Zhao 2020), suggesting humans were just starting to shift from hunting-gathering to farming
subsistence. This argument is also supported by isotopic analysis showing that Cs plants, such as
cultivated millets, only accounted for a very small number of human diets and pig diets in early Neolithic
central China, for example, isotope data from human bones (§'3C=-17.8+0.3%o, 8'°N =9.0+0.6%o; n=10)
at Xiaojingshan and pig bones at Yuezhuang (3'°C=-16.924.3%o, 5'"°N =6.6+1.8%0, n=4), Shandong
Province (Hu et al. 2008), and pig bones at Cishan (§'3C=—-18.6+3.1%o, n=6), Hebei Province (Hou et al.
2023). Unfortunately, C4 signals of human diets or pig diets have so far not been reported from other
Peiligang sites besides Jiahu, making it difficult to fully understand how millet farming and animal
husbandry developed in the early Neolithic.

In this paper, we present Guanjia as a case study of early Neolithic subsistence practices based on
various scientific analyses including (1) zooarchaeological analysis of taxa frequencies, ages at death,
sex ratios, comparison of teeth measurements, and pathological observations, (2) C/N isotope analysis
of Sus and cervid bones, and (3) paleobotanical findings such as starch grains and phytoliths found on

the inner surface of pottery sherds, to investigate pig domestication and human subsistence in early

' Central China refers to the plains around the lower Yellow River, including Henan, Shandong, and Heibei
provinces.
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Neolithic of central China.

Materials and Methods
The Guanjia Site
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Fig.1 Site location of Guanjia

The Guanjia site (111°57'08"E, 35°04'28"N; 254.9-266.8m a.s.l; Fig. 1) was located on a terrace on the
southern bank of the Yellow River (Fig. 2. a—c), about 70 kilometers northeast of Mianchi County, Henan
Province (Fan and Qin 2022). The site is 450 meters long from east to west and 200 meters wide from
north to south, covering an area of about 90,000 square meters. In connection with the construction of
the Xiaolangdi Reservoir of the Yellow River, the Henan Provincial Institute of Cultural Heritage and
Archaeology conducted a rescue excavation from October 1998 to June 2000, discovering PLG,
Yangshao, Longshan, and Erlitou cultural relics. After the reservoir was completed, the site was flooded
by the river.

The Peiligang features and finds were distributed in the western part of the excavation area,
consisting of 87 pits with potteries (Fig. 2. d—f), stone and bone tools (Fig. 2. g), and animal bone
fragments inside. Altogether 1250 animal bones were found in 38 Peiligang pits, with carbon dating
results of these bones showing dates of 6100—5500 cal. BC. Isotope analysis of human bones from graves
dating to the later occupation period of the middle Yangshao period (Dong Yu et al. 2017) suggests Cs-
dominated diets (8'3C=-8.0+£0.6%o0, 8'>N=6.2+0.7%o, n=21) probably strongly related to millet
agriculture. Since no Peiligang human bones were found at the site, research on diets in the following

focuses on animals.



Fig. 2 Site location and artifacts: a) view of the site from south to north; the Yellow River and the
Wangwushan (EELL) mountain is located to the north; b) view of the site from west to east: ) view
from the alluvial plane, from north to south; d) pottery guan (i) jar, (T20H147 Cai (3%):2) collected
from the surface; e) pottery bo (¥F) bowl (T62H362 Cai (3K):1) collected from the surface; f) pottery
shao (~]) ladle (T20H147 Cai (3K):4) collected from the surface; g) bone harpoon (T68H403)

Zooarchaeological Analysis

The Guanjia faunal assemblages underwent initial classification at the Xinzheng workstation, Henan
Provincial Institute of Cultural Heritage and Archaeology, and then analyzed further in the
zooarchaeology lab, School of History, Capital Normal University. They were not washed due to poor
preservation. Ancient and modern comparative collections in the zooarchaeology lab of Henan Provincial

Institute of Cultural Heritage and Archaeology, and several bone catalogs (Hillson 1992; France 2009;
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Cohen and Serjeantson 2015) were used for identification. The species were identified as Amur catfish
(Silurus asotus), Grass carp (Ctenopharyngodon idella), pig (Sus scrofa), dog (Canis familiaris), Chinese
bamboo rats (Rhizomys sinensis), Chinese muntjac (Muntiacus reeves), Chinese water deer (Hydropotes
inermis), Roe deer (Capreolus pygargus), Sika deer (Cervus nippon), Pére David's deer (Elaphurus
davidianus). We would like to point out that we use “Sus scrofa”, but not “Sus scrofa domesticus”,
because the sizes of the pig teeth found at Guanjia were larger than domesticated pigs of the middle
Neolithic and early Bronze Age periods from other sites in the region, suggestion that the pigs at Guanjia
may not have been domesticated in the biological sense of the word. Other less securely identified taxa
include Cyprinidae, Phasianus, and Ursus. Deer taxa were identified mainly based on antler and tooth
morphology. Except for antlers and teeth, seven postcranial specimens were identified based on the
completed articular surfaces of limb bone with distinct features. Limb bones with fewer identification
points were classified as "small cervid", "medium cervid", "large cervid", or "cervid", depending on body
size.

NISP (the Number of Identified Specimens) and MNI (Minimum Number of Individuals) were
employed for counting frequencies of taxa. To detect the wear stages of Sus scrofa teeth, occlusal surfaces
were gently brushed. Teeth eruption and wear stage were recorded following Grant (1982), and these
observations were used to estimate the age at death (Bull and Payne 1982; Hongo and Meadow 1998;
Magnell 2006; Lemoine et al. 2014). To increase the number of samples where age could be reliably
determined, the epiphyseal fusion of postcranial skeletons was also applied to Sus scrofa age estimations
(Silver 1969; Bull and Payne 1982; Zeder et al. 2015). Sus scrofa sex was decided by both the section
shape and the development of the tooth root of the canine (Hillson 1992). The phenomenon of LEH
(Linear Enamel Hypoplasia) reflects past physiological stress and can be found on the lingual or buccal
surfaces of pig permanent molars (Dobney and Ervynck 1998). We observed both sides of 13 Sus tooth
specimens, but no LEH was found.

Skeleton measurements were taken following the criteria of Von den Driesch (1976). To estimate
Sus body sizes, the comparisons of permanent teeth, but not postcranial skeleton measurements were
employed because most Sus scrofa long bones at Guanjia were not completely fused which might lead
to less representative results. Usually, the size of M3 is studied to observe morphological changes during
pig domestication (Hongo and Meadow 1998; Ervynck et al. 2001; Rowley-Conwy et al. 2012). However,
at Guanjia, M, was more suitable because in the samples analyzed M3 was largely not totally erupted due
to the relatively young age of the pigs at death and because M, was more representative due to less wear
than dps, and M;. For comparison, M, measurements published in zooarchaeological reports were also
collected from Pleistocene Sus lydekkeri from Gongwangling (n=2), Lantian county, Shaanxi Province
(Hu and Qi 1978:42), Huludong (n unknown), Nanjing city, Jiangsu Province (Dong 1999), Lingjing
(n=1), Xuchang city, Henan Province (Dong and Li 2008), Sus scrofa from the early Holocene from
Pupiao (n=2), Baoshan city, Yunnan Province (Zong and Huang 1985), and Sus scrofa domesticus from
the middle Neolithic Yangshao period of Xipo (n=28), Lingbao city, Henan Province (Ma 2006:109,110),
and the early Bronze Age period of Wangjinglou (n=20), Xinzheng city, Henan Province. Pig M» erupts
at about one year old (12—13 mons) (Magnell 2006). After that, tooth length and width are affected by
factors such as chewing and age. Throughout this process, width is less affected than length (Payne and
Bull 1988; Zeder and Lemoine 2020). For secure comparison, we only selected Sus scrofa domesticus
M, specimens from Xipo and Wangjinglou whose M3 erupted as the same stage as Guanjia, to reduce

potential length and width differences for each tooth specimen caused by age and abrasion factors.



Nevertheless, we mostly measured M, that had erupted and been worn down for about 6 to 12 months?,
potentially influencing the results further. It also needs to be pointed out that Sus Ilydekkeri from
Gongwangling, Huludong, Lingjing, and Sus scrofa from Pupiao were all adult individuals and their M,

were probably smaller than the sizes of just-erupted teeth due to the longer time of tooth wear.

Stable Carbon and Nitrogen Isotope Analysis

After zooarchaeological identification, samples were selected for isotope analysis and carbon dating.
Bone collagen extraction from Sus scrofa and cervid remains was carried out at the Institute of
Archaeology, Chinese Academy of Social Sciences, while stable carbon and nitrogen isotope ratios were
analyzed using IsoPrimel00 coupled with Vario EA at the Institute of Environment and Sustainable
Development, Chinese Academy of Agricultural Science. Collagen was isolated from bones following
the protocol proposed by Richards & Hedges (1999), with some modifications to include ultrafiltration
prior to lyophilization (Brown et al. 1988). The prepared collagen was measured using an Isoprime 100
IRMS coupled with a Vario PYRO cube. The stable isotope results were analyzed comparing the ratio of
the heavier isotope to the lighter isotope (*C/!2C or >'N/!*N) and reporting the results as “3” in parts per
1,000 or per mil (%o) relative to internationally defined standards (McKinney et al. 1950) for carbon
(Vienna Pee Dee Belemnite, VPDB) and nitrogen (Ambient Inhalable Reservoir, AIR). SA methoinine
(in-house standard, §°C= —28.15+0.02%0; 8'’N= —4.86+0.06%0) and USGS 40 (L-glumatic acid,
international standard) are used as reference materials. The measured values of USGS 40 are averaged —
26.33+0.05%o for 5'*C and —4.5420.10%o for 3'°N, and are comparable with the certified values (3'*C=
~26.39+0.05%0; 8'°N=-4.52+0.06%0). After 5 ancient samples, both standards were inserted into the
sample list for calibration and monitoring the stability. Details of samples including archaeological

contexts, bone elements, collagen contents, as well as the resultant data are listed in Table S1.

Isotopic analysis is a useful tool for investigating changes in diets of humans and their domesticated
animals. In particular, they allow for tracing the integration of C4 millet into diets in Neolithic China.
The natural ecosystem of central China is mainly dominated by C; plants with low §'*C values (—28.5%o
to —24.4%o, mean —27.5%0) (Wang et al. 2003), whereas cereals cultivated during the Neolithic were
primarily C grasses, such as foxtail millet and broomcorn millet, with relative high §'3C values close to
—9.240.5%0 (from —10.0%o to —8.5%o0, n=34) (Wang et al. 2022). If humans and their herds consumed
certain amounts of millet over extended periods of time, the values of 8'3C in their collages would be
higher than those of individuals (human or animal) relying exclusively on Cs plants. In general, §'*C cut
of the value of —18% or greater can be an indication of C4 plant consumption (Liu and Martin 2014; Hou
et al. 2023). Although temperatures, precipitations, and canopy effect for example, can have some
influences on the 8'3C and 8"°N values, previous studies have shown a substantial connection between
the phenomenon of slight Cs isotopic signals with §'3C values around —18%o and the possibility of millet-
intake by Sus during the early Neolithic (Hu et al. 2008; Hou et al. 2023). For comparison, Sus (n=6),
dog (n=4), and deer (n=6) data from the early Neolithic Cishan site (Hou et al. 2023), domesticated pig
(n=70) data from the middle Neolithic Xipo site (Zhang et al. 2021), and human data (n=21) from the

middle Neolithic Guanjia (Dong Yu et al. 2017) were included in this study. Comparisons of distributions

2 Pig M erupts at about one year old (12—13 months) (Magnell 2006). The baseline that we selected
M specimens from Guanjia, Xipo, and Wangjinglou is their M3 were in the eruption stage and not fully
erupted. This means that those pigs died between 1.5 to 2 years (18-24 months) (Bull and Payne 1982;
Hongo and Meadow 1998; Magnell 2006). Our M, specimens were thus worn for about 6 to 12
months.
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between two groups were made via the Mann-Whitney U test, and correlation analysis were conducted

using the Pearson Correlation Coefficient.

Starch Grain and Phytolith Analysis

Thirty-two ceramic samples of starch grains and phytoliths were collected from the inner surface of
pottery sherds. Two control samples were taken from the outer wall of the pottery. Each ceramic sample
was first cleaned with a new toothbrush and distilled water to remove loose soil from the surface.
Residues of microfossil material were then extracted by using an ultrasonic toothbrush and distilled water
to clean the area in question for 3 minutes. The residue liquid from each sample was collected in a test
tube. Sample processing involved two procedures: 1) EDTA (ethylenediaminetetraacetic acid; 0.1%)
dispersion to release microparticles from small sediment micro aggregates; 2) SPT heavy liquid (sodium
polytungstate, density 2.35) separation to extract microbotanical remains. Extracts were mounted in a
1:1 (vol: vol) solution of glycerol and distilled water on slides and scanned under a Zeiss Axio Scope Al
fitted with polarizing filters and differential interference contrast (DIC) optics, at 200x and 400x for
starch grains, and phytoliths. Photographs were taken using a Zeiss Axiocam HRc3 digital camera and
the Zeiss Axiovision software version 4.9. References for starch and phytolith identification used here
include Zhao et al. (1998), Thomas and Atwell (1999), Piperno (2006), Robin and Huw (2006), Lu et
al.(2009), and Liu et al (2014).

Results

Faunal Frequencies

Of a total of 1250 bone specimens, 102 are fish, 108 are birds, and 1040 are mammals. Due to poor

preservation, the NISP of fish, birds, and mammals was only 203 and the MNI is 28 in total. Mammals

accounted for approximately 60% while fishes and birds together accounted for around 40% (Table 1).
Table 1 Frequencies of fish, birds, and mammals by NISP and MNI

NISP % NISP MNI % MNI
Cyprinidae 9 75 1 333
Fish, Fish,
Silurus asotus 2 16.7 1 333
n=12,5.9% n=3,10.7%
Ctenopharyngodon idella 1 8.3 1 333
Birds, Birds,
Phasianus 71 100 7 100
n=71, 35% n=7, 25%
Sus scrofa 41 342 4 222
Canis familiaris 2 1.7 1 5.6
Ursus 1 0.8 1 5.6
Rhizomys sinensis 4 33 1 5.6
Muntiacus reeves 5 4.2 1 5.6
Hydropotes inermis 2 1.7 Mammals, 1 5.6 Mammals,
Capreolus pygargus 8 6.7 n=120, 59.1% 1 5.6 n=18, 64.3%
Cervus nippon 13 10.8 2 11.1
Elaphurus davidianus 1 0.8 1 5.6
Small cervid 9 7.5 2 11.1
Middle cervid 28 233 2 11.1
Large cervid 6 5 1 5.6
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In mammals, Sus scrofa outnumbered all other mammals, accounting for a percentage of 34.2% of
NISP and 22.2% of MNI. All deer, including the species-level identified deer and the small, middle, and
large deer, made up about 60% of the mammals by NISP and MNI (Table 1).

Estimated Age at Death

There are five Sus scrofa mandibles (Table 2, No.135,102,20,22,23) and three Sus scrofa maxillae (Table
2, No.125,21,26) that could be identified into specific ranges of age at death. The right dpa4 (the third milk
molar, No.135, Fig. 3.¢) was kept with the middle wear stage (e), suggesting it died between 6—12 mons
(Hongo and Meadow 1998; Lemoine et al. 2014); M3 (the third molar) were all in the process of eruption
in the other four mandibles (Fig. 3.a and Fig. 3.b for example), suggesting the individuals died between
1.5-2 years old (Bull and Payne 1982; Hongo and Meadow 1998; Magnell 2006). The three maxillae
also reflect the ages at death were between 1.5-2-year-old (Bull and Payne 1982; Hongo and Meadow
1998) (Table 2).



Table 2

Sus scrofa teeth eruptions, wear, and estimated age at death of material from Guanjia. ‘'Max/Man’ means makxillae or mandible, 'M/F'" means male or female,

‘L/R" means left or right, and ‘—" means unknown. Bull & Payne (1982) and Magnell (2006) were resources from wild pigs.
Teeth eruption and wear Age at death (mons)
Lab Pit Max/ | Preserved portion |y | Bull & Magnell Hongo & Lemoine Additional information
No. Man (ratio) dp4 | M1 M2 M3 Payne (2006) Meadow et al.
(1982) (1998) (2014)
135 | H560 | Man | dp4-M2(1/4-122) | — R e — | = — — <14 6-12 6-12
Dentition distortion; M2 length:
20 | H254 | Man | I-M3(12-3/4) | F L | — |ef| b | 051 | 1923 19-24 18-24 18-30 25.83mm, posterior width:
' 18.63mm; 3'3C: —16.71%o, 8'°N:
6.17%0

22 H254 | Man | MI-M3(1/4-172) | — R — | — | — 0-0.5 19-23 19-24 18-24 18-30

L:C+P2P3+dp4-

M3; R:C-P4; Mz length: 25.95, posterior width:

23 H254 Man mandibular F L+tR | — — c V/0.5 19-23 19-24 18-24 18-30 17.35mm. Diet data failed to be

symphysis (1/2— extracted

3/4)

102 | H339 | Man Ml‘a?%‘;’ W= R | =] = | — \% 19-23 19-24 18-24 18-30
27 H254 Man C-P4(<1/4) F R P4 — — — >12 >14 >12 >12
125 | H236 | Max | M2, M3(<14) | — L — | — b — — — 18-24 12-30

dp4, MI,M2,M3 | -
21 H254 Max (<1/4) R 1 f c 0.5 19-23 18-24 12-30
26 H254 Max ML, M12/’41)VB (< — R — — c 0-0.5 19-23 — 18-24 12-30
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Fig. 3 Sus scrofa mandibles from Guanjia: a) Lab No.102, from pit H339, Mavisible; b) Lab No.20, from
pit H254; Msin eruption; the alignment of M: and M. were distorted; canine socket (magnified X2)

had an oval shape, pointed out by the red arrow; c) Lab No.135, from pit H560, dp. kept; d) Lab
No.27, from pit H254, the canine socket had an oval shape, closed root pointed out by the yellow

arrow.

Based on postcranial epiphyseal fusion (n=14), the survivorship of pigs over 2 years were as low as
33.3% (19-23months range, n=3, Table S2), and none lived more than 4-5 years in the range of 48—60

months. Sus scrofa at Guanjia were thus mainly young individuals.

Sexes

For the three specimens (No0.20, No.23, and No.27, Table 2) where sex could be securely determined, all
the canine sockets were oval in shape (see Fig. 3.b, red arrow, and Fig. 3.d as examples), suggesting that
they were female. Due to the loss of canine teeth, only observing socket morphology may affect our
judgments. Thus, canine roots were carefully examined, and closed roots were observed (see Fig. 3.d,

yellow arrow, as an example), another indicator that these were females (Hillson 1992).

Distorted alignment of teeth
The left lower molars M; and M, were not in a straight line, showing a distorted dentition phenomenon
on the No.20 mandible (Fig. 3.b).

Dental Measurement Data

In no specimen were M3 completely erupted in the mandible or maxillae. Two metric data of the lower
molar M, (No.20, length:25.83mm, posterior width:18.63mm; No.23, length: 25.95, posterior
width:17.35mm; Table 2) will be employed below to investigate body sizes.

Stable C, N Isotope
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Collagen was extracted successfully from seven of nine bone specimens for Sus scrofa while three of
four for cervids (Table S1). Isotope values of cervids (8'*C=-21.0£0.7%o, 8'°N =3.7+0.6%0, n=3)
indicated their carbon isotopes are consistent with a diet based on C; plants. Sus scrofa (n=7) can be
divided into two groups. The individual SIA01529 (5'*C=-20.8%o, 6'°N =3.7%o) had isotopic values
similar to the cervid, while the other six (SIA01505, SIA01506, SIA01508, STA01510, SIA01524,
SIA01527) display slightly higher '3C and 8'°N ratios (3'°*C=—17.420.8%o, 6'°N =5.5+0.7%o) than their

counterparts.

Starch Grains and Phytoliths

Out of 32 pottery fragments in total, we successfully extracted 166 starch grains and 267 phytoliths from
26 samples. Panicoideae (Fig. 4.a-b) accounted for the largest number (n=52, 31.33%) and the highest
presence rate (56.25%) of starch grains, which probably mainly consisted of broomcorn millet and foxtail
millet. Based on the phytolith analysis, foxtail millet (n=14, Fig. 4.¢) and broomcorn millet (n=29, Fig.
4.d) accounted for 10.86% and 5.24%, respectively, of a total of 267 phytoliths. These data suggest that
millet crops made up part of the plants exploited by humans’ at Guanjia. The appearance of millet remains

is used to estimate the potential consumption in Sus scrofa diets in the discussion section.

o

Fig. 4 Crop seeds at Guanjia. a. Strach grain, Panicoideae; b. Strach grain, polarized, Panicoideae; c.
Phytolith, Q-type, foxtail millet husk; d. Phytolith, n-type, broomcorn millet husk

Discussion

Early Neolithic sites and remains are not easy to find and are more likely to be destroyed by later
disturbances, so the relatively limited sample size of Sus scrofa from Guanjia is already quite substantial
in terms of research on this period. Although the sample size of Guanjia animals, plants, etc. is not large,
our analyses still allow us to discuss questions about domestication and subsistence in conservative and

cautious ways.

Early Pig Domestication

Archaeologists generally define pig domestication as a process of long-time gradual changes that go
through the following stages: 1. wild animals unaffected or only marginally affected by humans; 2.
animals managed by humans to various extents; 3. domesticated animals whose reproduction is
controlled by humans. While most scholars agree on this general process of development, the specific
terms they use to describe each of these stages differ between scholars (Hongo and Meadow 1998;
Ervynck et al. 2001; Zeder 2006, 2012; Albarella et al. 2006; Vigne 2011; Price and Hongo 2020). At
Guanjia, we found evidence for feeding and management via culling at specific ages and for specific
sexes, suggesting carly stage of pig domestication. The raising strategies are observed by frequencies,
age structure, sex ratio, diet, body sizes, and pathological phenomena in the following.

requency evidence. thou, us scrofa at Guanjia only accounted tor 34.2% o an
(1) Frequency evid, Although S. fa at Guanjia only d for 34.2% of NISP and
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22.2% of MNI in mammals, their percentage was much higher than that during the Paleolithic. For
example, Sus scrofa made up only 0.2—-0.3% of mammals by NISP at the late Middle Paleolithic site of
Laonainaimiao in Henan Province (Qu et al. 2018). The potential domesticated species used for
subsistence insurance may consist of a small number of meat resources in the initial domesticated stage
(Redding and Rosenberg 1998), and this might explain the low Sus scrofa ratios at Guanjia.

(2) Demographic evidence. Though sample sizes for tooth eruption and wear (n=8, Table 2) and
epiphyseal fusion (n=14, Table S2) are not very large, estimations for age at death based on the two
methods together indicates that Sus scrofa were mainly young individuals less than 2 years old,
suggesting selective kill-off by humans. Alternatively, intensive hunting may also lead to the young-
dominated age structure of wild animals (Rowley-Conwy et al. 2012). However, two clues provide
arguments against the hunting hypothesis for the case of Guanjia. First, among four mandibles from pit
H254 (Table 2), the three specimens (No.20, 22, and 23) that could be attributed to accurate age ranges
belonged to animals who died between 1.5-2 years old. Such concentrated age at death reflects the fact
that Sus scrofa belonging to this age range was readily available to humans, probably by raising or
controlling, but not by hunting, due to hunting being more uncertain in terms of acquiring animals with
a particular age span. Second, Guanjia is not an isolated case of low-age pig slaughtering during early
times: the majority of Sus scrofa  at Jiahu (84.1%) , Dadiwan (89.5%), and Xipo (93.7%) were killed at
less than 2 years old (Fig. 5). However, the ratio of subadults among the modern wild boar population
(52.2%) was lower than that in the ancient samples (Fig. 5), reflecting a mortality pattern not affected by
humans. Modern boars reach sexual maturity after 12—18 months (Ma 1986), and reach full growth at 2
years old (Albarella et al. 2011). After the age of 2, pigs will not gain more weight even if they ingest the
same number of calories as before, meaning that it can be seen as economically more sound to not raise
pigs beyond that age. This may explain the heavily selective harvesting of young individuals seen at
Guanjia, Jiahu, Dadiwan, and Xipo. In sum, although we cannot completely rule out the possibility of
intensive hunting, it is more likely that the slaughter of most herds under 2 years old was a common

culling strategy for raising pigs during the Peiligang period.
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Fig. 5 Sus mortalities. The age of Sus scrofa (n=3) from Guanijia shown in the left column
was estimated based on epiphyseal fusions and the age shown in the right column (n=5)
was estimated based on tooth eruption and wear stages, =2 years as “adults” (this study);
Sus scrofa from Jiahu (n=58) (Luo and Zhang 2008), Dadiwan (n=19) (Qi et al. 2006), and
Xipo (n=239) (Ma 2005) were determined by tooth eruption and wear stages, =2 years as
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*adults”; Sus scrofa from the Heilongjiang Province (n=73) (Ma 1986) not explain the criteria
they used to distinguish between subadults and adults. PLG: Peiligang; EN: Early Neolithic;
ME: Middle Neolithic.

(3) Dietary evidence. Both early Neolithic Guanjia and Cishan deer 3'*C values range from —21.82%o
to —20.63%o (—21.1120.4%o, n=9), and 3N values from 3.13%o to 5.7%o (4.29+0.7%o, n=9) (Fig. 6),
providing the baselines for herbivores feeding in wild environments. Xipo pigs display Cs4 -dominated
diets (8'3C=-7.841.3%o, 5'°N =7.2%0+0.6%o, n=70) that were intensive-controlled by Yangshao-period
humans who practiced intensive millet farming (Zhang et al. 2021). As mentioned above, Guanjia Sus
Scrofa can be divided into two groups. The 3!3C value of the second group (3'*C=-17.4+0.8%o, n=6) is
higher than —18%., different from Guanjia and Cishan wild deer (Mann-Whitney U Test: p-value=0.0018),
and different from Xipo domesticated pigs (Mann-Whitney U Test: p-value < 0.001). The reason for the
low Cs signals of the second group need to be investigated further. If the second group of Sus scrofa lived
in an open environment, and the deer and SIA01529 lived in dense forests, the latter would likely be
affected by the canopy effect leading to a lower §'3C value among them than for the former. However,
the gap caused by the canopy effect is approximately 2%o (van der Merwe and Medina 1991), not as wide
as the gap between the former (5'°C:—17.4+0.8%o0) and the later (deer 8'3C:—21.11+0.4%o; SIA01529
313C:-20.8%o0). Moreover, an Ovis/Capra sample (3'°C: —19.6%o; 8'3N:4.2%o) from the Yangshao Xipo
site could provide the referenced 5'C value of herbivores living in an open environment of this region
(Zhang et al. 2021), whose value is about 2%o higher than that of the deer and 2%o lower than that of the
second group of Sus Scrofa. Thus, the canopy effect is not a plausible explanation; it is more likely that
Sus Scrofa consumed some C4 plants which in turn caused the values we are seeing. However, the
possibility of the canopy effect cannot be ruled out and the canopy effect in this region should be studied
further in future.
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Fig. 6 Stable C, N isotope values of Sus, cervid, dog, and human samples from Guanijia,
Cishan, and Xipo. Note that the animal bone samples of Guanijia (this study) and Cishan (Hou
et al. 2023) date to the early Neolithic and the pig bones from Xipo (Zhang et al. 2021) and
the human bones from Guanijia (Dong Yu et al. 2017).to the later Yangshao period.

Similarly, at Cishan like as Guanjia, the Sus fall into two distinct groups. The diets of group A
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(313C=-21.120.4%o, 8'3N=4.5+0.6%0; n=3) are consistent with a diet based on C; plants, whereas group
B (813C=-16.2+2.6%0, 8'"’N=6.320.4%o; n=3) consumed some amount of C4 plants (Hou et al. 2023).
Some Sus specimens from the second group of Guanjia and group B of Cishan overlap with the §'3C
values of Cishan domesticated dogs (8'°C=-16.0£1.1%o, 8'"°N =8.0%0+1.0%o, n=4), whose diets could
reflect the diets of early Neolithic humans to some extent (Hou et al. 2023).

Because the vegetation in the Central Plains is dominated by Cs plants (Wang et al. 2003), the C4
plants were cultivated millets and millet farming grasses, i.e. broomcorn millet, foxtail millet, green
bristlegrass (Setaria viridis). Based on archaeobotanical investigations, broomcorn and foxtail millet
were cultivated during Peiligang in the Central Plains (Wang et al. 2017; Zhao 2020). The millet starch
and phytolith remains were collected from the insides of ceramics, showing that millets had been
cultivated for consumption at Guanjia. Thus, the C4 foods that Sus scrofa could access were likely
millets or their by-products, either taken from farming fields by pigs running free or provided by farmers
to pigs held in enclosures or at least gathered together on occasion. Namely, Sus scrofa were entering the
human environments either of their free will or being forced to do so. Ethnological surveys in Italy and
Greece suggest that it is common for farmers to provide some food, including crops, to free-range pigs
to keep them under control or to support their survival in the summer when food is scarce (Albarella et
al. 2011; Halstead and Isaakidou 2011). Considering the kill-off patterns, it is more plausible that humans
actively fed or attracted pigs with crop food than wild boar around the site infiltrated human sites and
"stole/raided" crops or kitchen waste. Furthermore, most of the Sus scrofa at Guanjia (57.1%, 4/7)
showed slight C4 signals higher than —18%., while only one sample presented a pure Cs-plant diet,
indicating that Sus scrofa access to millet or millet by-products quite often, which was more related to
intentional care by humans.

The Sus scrofa ' N values also may reflect possible connections between Sus scrofa and humans.
In Fig.6, when the 3'3C values of Sus scrofa becoming higher from the left (—20.77%o) to the right (—
16.33%o), we can see their §'°N values increase correspondingly from 3.71%o to 6.17%.. This correlation
is positive with statistical significance (Pearson Correlation Coefficient: r(7)= 0.81, p=0.03).. The high
were not affected by suckling because they had been weaned for a while according to their ages at death
(older than at least one year, Table S1), but suggest some proteins in wild, or food possibly related to
humans were consumed. The combination of simultaneous increase of 3'3C and 5'°N values reveals Sus
scrofa with higher values were probably consumed foods from human environments and shared more
close relationships with humans.

(4) Animal body sizes based on M,. As mentioned above, M; sizes of Pleistocene adult boars can
be expected to be smaller than their original sizes due to age and wear, but they are clearly longer and/or
wider than samples from Yangshao period domesticated pigs from Xipo (Iength mean: 20.74, width mean:
13.6; n=28) and early Bronze Age domesticated pigs from Wangjinglou (Ilength mean: 20.75, width mean:
13.64; n=20)(Table S3), distributed on the upper right side of Fig. 7. Two Guanjia samples fall into the
measurement range of teeth from wild boars (Fig. 7), differing clearly from Yangshao and early
Bronze Age domesticated pigs, as well. This size difference between the Guanjia Sus scrofa and the
Xipo and Wangjinglou pigs could not have been related to differences in sex, i.e. male pigs being
usually larger and stronger than females, because the two samples of Guanjia were females (Table
2), relatively smaller than their counterparts. In sum, the size of Guanjia Sus scrofa teeth is closer to
wild boars than domesticated pigs.
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Fig. 7 The width and the length distributions of Sus M. from sites. Gongwangling (n=2) (Hu and Qi
1978:42), Huludong (unknow n; The blue line represents a range.) (Dong 1999), lingjing (n=1)
(Dong and Li 2008), Sus /ydekkeri, Pleistocene; Pupiao (n=2) (Zong and Huang 1985), Sus scrofa,
Holocene; Guanjia (n=2) (this study), Sus scrofa, and Xipo (n=28) (Ma 2006:109,110), Sus scrofa
domestica, Neolithic; Wangjinglou (n=20) (metric data from this study), Sus scrofa domestica, early
Bronze. MP: Middle Pleistocene; LP: Late Pleistocene; EH: Early Holocene; PLG: Peiligang culture
period (7000-5000 BC); YS: Yangshao culture period (5000-3000 BC); EB: Early Bronze Age (2000—
1000 BC)

This interesting combination of human intervention reflected in age-at-death patterns and isotope
data combined with the large tooth measurements at Guanjia can be explained with two different
scenarios. The first scenario is a free-range keeping of pigs. Based on the isotope results of C3-dominant
diets, it was inferred that Sus scrofa at Guanjia were raised mainly free-ranging. The fact that none LEH
phenomena were observed also suggests a less competitive living environment, further supporting the
suggestion of free-range keeping of pigs. At Guanjia, even the left dentition of No.20 (Fig. 3.b, Table 2)
was distorted, a sign of jaws beginning to be becoming shorter, probably because of access to human
environments for food, but their teeth had not yet shrunken in size, or had changed but with a much
slower speed than the jaws. Coincidentally, this specimen which showed dentition distortion belonged to
an animal that ingested some C4 plants and some proteins (3°C: —16.71%o; 5'°N: 6.17%o, Table S1),
corresponding to accessing human environments for food as also inferred based on skeleton morphology.
Thus, we conclude that some of the changes observed in the Sus scrofa population, such as distorted
alignment of teeth were caused by humans, but their teeth sizes were not reduced, likely due to a free-
range approach to pig rearing.

The second possible scenario is female breeding. It has been proposed for other regions that at the
beginning of domestication, humans may control only female pigs instead of aggressive males to reduce
raising costs but guarantee stable access to meat (Redding and Rosenberg 1998). In this scenario, females
would breed with wild male boars that lived near the sites, thus, genes from wild populations were
constantly imported into the next generations, leading to no obvious osteological size reduction. This
phenomenon has been observed elsewhere for instance in the case of goat domestication (Zeder 2006,

2011; Zeder and Hesse 2007). At Guanjia, securely-sexed specimens are all females. The high ratio of
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females might indicate humans’ preference for them and special control of females, but given the small
number of specimens (n=3), this hypothesis has to be tested further, for instance via ancient DNA analysis,
which we are currently working on.

It also must be noted that the discussions about body sizes are based entirely on M», some of which
were different from their original sizes due to wear by chewing solid foods after weaning. Moreover,
parts of the M> data compared in Fig. 7 were gathered from published reports, rather than hand-measured
by authors, so there may be inconsistencies in the error ranges between the different data. This does not
mean that the other teeth share the same changing pattern (Albarella et al. 2006; Price and Hongo 2020),
and larger sample sizes and more analysis are needed in the future to test these size estimates.

In sum, the Sus scrofa teeth from early Neolithic contexts at Guanjia were not as small as
domesticated pigs from Yangshao and early Bronze Age sites, be it due to them being free range or due
to female breeding or other reasons, meaning that we cannot recognize them as domesticated pigs
morphologically. However, our analysis reveals that their numbers, mortalities, diets, and other

characteristics were affected significantly by humans.

Subsistence

Our research suggests substantial reliance on wild animal resources at Guanjia. Guanjia was located near
a river and net pendants and bone harpoons (Fig. 2) have been found at the site. Freshwater fish would
thus have been an important meat resource. The current fish bone percentages of 5.9% by NISP and 10.7%
by MNI (Table 1), much lower than that at Jiahu (62.08%—76.03% by NISP) (Luo et al. 2015), but they
may have been underrepresented due to taphonomic factors such as the tiny size of these bones and the
fact that no systematic screening was done during excavations at Guanjia. As small animals, Phasianus
were also likely to undergo taphonomic bias, although they accounted for the largest number by NISP
and MNI, suggesting how frequently humans hunted them in the past. Because fish and birds were much
smaller than Sus scrofa and deer, their meat contributions were not as substantial. For mammals, human-
raised animals, such as Sus scrofa and dogs, together accounted for 35.9% by NISP and 27.8% by MNI,
and the rest was largely made up by wild animals. For example, deer made up about 60% of NISP and
MNI (Table 1). It is thus obvious that even though humans began to raise domesticated herds, wild
animals continued to serve as a major meat resource.

We are suggesting a greater reliance on wild plant resources than domesticated ones. The ratios of
crops found at Guanjia were not very high according to starch grain results (Panicoideae, 31.33%) and
phytolith results (broomcorn millet, 10.86%; foxtail millet, 5.24%), showing that farming was not highly
developed, which confirms previous research on that time period and region (Liu 2014; Wang et al. 2017;
Zhang et al. 2018; Bestel et al. 2018; Zhao 2020). This might be an important reason why the Guanjia
Sus scrofa isotopic results suggest that pigs only consumed a very tiny number of millet crops or crop
byproducts. In contrast, during the Yangshao period when agriculture was more developed (Zhao 2020),
pigs were fed plenty of crops or crop byproducts as reflected by their C4 plant-dominated diets (Fig. 6)
(Liu and Martin 2014; Zhang et al. 2021).

Based on the specific data of teeth eruption and wear stages, Sus scrofa at Guanjia were killed at
0.5-1 years old (n=1) or 1.5-2 years old (n=4) (Table 2). This could be a sign of seasonal killing. Most
wild boars give birth once a year (Ma 1986; Albarella et al. 2011), and the time is probably in spring
(Wang et al. 2013). Thus, Guanjia Sus scrofa probably were killed in autumn and winter, the seasons

when the least amount of fresh plant food was available. Furthermore, pigs are fatter after the summer,

17



the time when plenty of food is available. In cold and dry climates, people also tend to take advantage of
the cold winter months for meat preservation (Albarella et al. 2011). These points may be the reason why
humans concentrated on slaughter in autumn and winter. However, we cannot infer Guanjia was a
seasonally occupied site only from the faunal analysis alone. Further research is needed to test this

preliminary hypothesis.

Conclusion

This case study provides a tentative picture of how Peiligang humans raised pigs in the early stages of
domestication. We evaluated early Neolithic human subsistence by combining zooarchaeological,
palaeobotanical, and dietary approaches. Morphologically, the teeth sizes of Sus scrofa at Guanjia were
not as small as domesticated pigs of the Yangshao and early Bronze Age periods, thus we do not find
evidence for size reduction during the early phases of pig domestication. However, the large teeth might
be the result of human raising strategies: free range and female breeding. We do see some evidence of
distorted alignment of teeth that may indicate mandible sizes were beginning to decrease. Furthermore,
our understanding of the connections between humans and Sus scrofa were strengthened by our analysis
of frequencies, age and sex structures, and isotopic data, reflecting the facts that Guanjia humans
consciously raised pigs.

Humans at Guanjia primarily relied on a hunting-gathering economy while animal husbandry and
plant farming just contributed a small part of their food resources. Although millet farming was not yet
fully developed, most Sus scrofa consumed some amount of C4 plants, probably from millet provided by
humans. This kind of Cs-feeding strategy continued to develop gradually for the next two thousand years,

resulting in the thriving pig husbandry of the following Yangshao period.
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