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Poultry are farmed globally, with chicken (Gallus gallus domesti-
cus) being the leading domesticated species. Although domestic
chicken bones have been reported from some Early Holocene sites,
their origin is controversial and there is no reliable domestic
chicken bone older than the Middle Holocene. Here, we studied
goose bones from Tianluoshan—a 7,000-y-old rice cultivation vil-
lage in the lower Yangtze River valley, China—using histological,
geochemical, biochemical, and morphological approaches. Histo-
logical analysis revealed that one of the bones was derived from a
locally bred chick, although no wild goose species breed in south-
ern China. The analysis of oxygen-stable isotope composition sup-
ported this observation and further revealed that some of the
mature bones were also derived from locally bred individuals. The
nitrogen-stable isotope composition showed that locally bred
mature birds fed on foods different from those eaten by migrant
individuals. Morphological analysis revealed that the locally bred
mature birds were homogenous in size, whereas radiocarbon
dating clearly demonstrated that the samples from locally bred
individuals were ~7,000 y old. The histological, geochemical, bio-
chemical, morphological, and contextual evidence suggest that
geese at Tianluoshan village were at an early stage of domestica-
tion. The goose population appears to have been maintained for
several generations without the introduction of individuals from
other populations and may have been fed cultivated paddy rice.
These findings indicate that goose domestication dates back 7,000
y, making geese the oldest domesticated poultry species in
history.
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he domestication of plants and animals is one of the most

important human innovations (1-3). Therefore, the investi-
gation of when, where, and how domestication took place has
fascinated researchers from many different disciplines, includ-
ing the physical, biological, and social sciences (1-3). Domesti-
cated birds raised for eggs, meat, and feathers are referred to
as poultry. The term “poultry” covers a wide range of birds,
including indigenous and commercial breeds of chickens, geese,
ducks, turkeys, guinea fowl, and pigeons. Currently, poultry are
raised globally, with chicken (Gallus gallus domesticus) being
the most commonly farmed species. In 2019, chickens
accounted for ~92.9% of the world’s poultry population, fol-
lowed by ducks (4.2%), turkeys (1.5%), and geese and guinea
fowl (1.3% in total) (4). The total number of poultry individuals
is five times higher than that of mammalian livestock (4). How-
ever, the history of poultry domestication has received less
attention than that of mammalian livestock (5). With respect to
the earliest evidence of domestication, chickens have been
observed between the third and second millennium BC; geese,
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turkeys, and peafowl from the second millennium BC; and
ducks and pigeons from the first millennium BC (1, 2, 5).
Although studies have found domestic chicken bones dating to
the ninth millennium BC and, thus, reported a much longer
history of chicken domestication (6-8), the reliability of these
studies is questionable (5, 9-14). In this study, we analyzed
goose bones from Tianluoshan in southern China to investigate
if the history of the domesticated goose—currently a minor
poultry species—dates back to the fifth millennium BC, thereby
making geese the oldest domesticated poultry species in
history.

The Tianluoshan site contains the remains of a Middle Neo-
lithic early rice cultivation village (7000 to 5500 cal BP) of the
Hemudu Culture, and is located in the lower Yangtze River
valley, China (121° 22" 46" E, 30° 01’ 27" N) (Fig. 1) ng). The
village was situated in the center of a basin, ~1 km~ in size,
adjacent to a freshwater subwetland, and was nearly 10 km
from the East China Sea coastline (15, 16). Archaeological sur-
veys revealed that the village included raised-floor—style
wooden buildings, wooden fences, storage and refuse pits, and
rice paddy fields. Although people cultivated rice and possibly
kept pigs, they mainly hunted, fished, and gathered food from
terrestrial and water environments (17-19). In an earlier
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Fig. 1.
samples used in this study.

analysis of bird remains from the site, we found that ducks
(Anatinae), rails (Rallidae), and geese (Anserinae) dominated
in every stratigraphic layer, and concluded that the primary avi-
faunal taxa exploited at the site were birds wintering in inland
waters (20). Moreover, we also identified immature goose
bones. The lower Yangtze River and adjacent regions currently
host six species of migratory goose species that winter in the
region (21). There are no breeding goose species in the lower
Yangtze River valley, and it is unlikely that any goose species
were breeding near the site during the warmest period of the
Holocene when the site was active. If these immature goose
bones were from individuals shown to have originated near the
site, they may have belonged to a captive bred population (20).
The medullary bone—a secondary woven bone tissue in the
marrow cavities of breeding female birds (22)—disappears
before the birds arrive at their wintering areas, and is therefore
considered a reliable indicator of domestic geese in their win-
tering areas (23). Demonstrating that the bones of adult geese
found at the wintering sites were derived from nonmigratory
resident individuals would suggest human influence. The exis-
tence of adult domestic geese would also indicate successful
attempts at raising domestic geese.

Ecological studies frequently reconstruct bird migration by
analyzing the oxygen isotope composition (5'%0) (24, 25). The
8'%0 of precipitation varies geographically and is correlated with
latitude, altitude, and distance from oceans (26-28). This is due
to isotope effects associated with the evaporation and condensa-
tion processes of meteoric water. As the oxygen in animal body
tissues is derived mainly from drinking water and food (29, 30),
the 8'®0 of animal body tissues is correlated with the §'%0 of
the local meteoric water and precipitation (25, 31, 32). There-
fore, it is possible to estimate the habitat area of a target animal
using the 8'80 values of its tissues. These values trace the
migrant bird’s place of origin, which may be different from the
area in which the individual was captured. A few ecological stud-
ies on modern birds have used feathers for measurement (33,
34), whereas archeological studies typically use bone or teeth
samples to analyze carbonates (35) and phosphates (36).

In this study, we conducted morphological, histological, bio-
chemical, and geochemical analyses to reveal goose domestication
in a 7,000-y-old rice cultivation village in the lower Yangtze River
valley. We analyzed immature goose bones from museum collec-
tions to determine the age (in weeks) of immature goose bones
from the Tianluoshan site. We also measured the 'O of
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Distribution map for oxygen isotope compositions of annual precipitation (%,) across Northeast Asia (28, 42) and excavation locations for bone

phosphates (5'%0p) in the archeological bones of adult and imma-
ture geese to identify whether they were resident birds inhabiting
the lower Yangtze River all year round. Furthermore, we con-
ducted radiocarbon dating to confirm that the bones were not
derived from more recent contaminants. Based on these multiple
sources of evidence, we discuss the possibility that domestic geese
were present at Tianluoshan and the subsequent significance of
this for understanding the history of poultry domestication.

Results

Histological Analysis. Following naked-eye observation of the
bones, 4 of the 232 goose bones found in Tianluoshan were
identified as immature geese (Fig. 2). Two were found in the
stratigraphic layer (Layer) 6, and one each in Layers 7 and 8.
Medullary bone was not observed. Upon comparison with
those of age-known immature goose specimens (SI Appendix,
Table S1), the femur, tibiotarsus, and ulna were determined to
be from 4- to 16-wk-old geese based on their porous texture.
The tarsometatarsus was determined to be from a 4- to 8-wk-
old individual, based on an unfused proximal tarsal bone.

Oxygen Isotope Analysis of Bone Phosphate. The silver phosphate
was purified and the 5'®0p values were measured from 25
goose and 11 mammal bones from Tianluoshan and 5 goose
bones from Kuahugiao (8200 to 7000 cal BP). The 8'%0p values
(mean = SD [o]) were 13.9 + 2.2 9, (geese, Tianluoshan)
(SI Appendix, Fig. S1 and Table S1), 11.5 + 3.0 9%, (geese,
Kuahugqiao) (S Appendix, Table S2), and 17.3 + 0.7 9, (mam-
mals, Tianluoshan) (SI Appendix, Table S2). After correcting
the 8'%0p values in relation to the 88O in drinking water
(6'®0w), the 5'®0y values were —8.6 + 2.5 %, (geese,
Tianluoshan), —11.3 + 3.4 9, (geese, Kuahugiao), and —6.3 +
0.8 %, (mammals, Tianluoshan). Using the mean + o of 'O
in mammalian bones from the Tianluoshan site as an indicator
of the local 8'®0yy values, four (two each from Layers 6 and 8)
goose bones from Tianluoshan and none from Kuahugiao were
assigned to local individuals. One of the three immature goose
bones from Tianluoshan was assigned to a local individual;
however, the others had considerably higher 8'®0yy values than
those of the local mammals.

Carbon and Nitrogen Isotope Analyses of Bone Collagen. Nineteen
of the 25 goose bones from Tianluoshan and all goose bones
from Kuahugjiao were used to measure §'°Cc, and 6N, (Fig. 3
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Fig. 2. Immature and local bred goose bones found at Tianluoshan. 1, ulna; 2, femur; 3, tibiotarsus; 4, tarsometatarsus; 5, humerus; 6, carpometacarpus;
7, tibiotarsus; and 8, tarsometatarsus. Note that 1 to 4 are immature, whereas 5 to 8 are mature.

and SI Appendix, Tables S2 and S3). The 8'*Cc¢, and §'°N¢, val-
ues in the geese bones from Tianluoshan were —19.8 + 3.0 9,
and 7.5 + 3.0 9%,, respectively. The 8"°Ceo and 8N, values in
the Kuahugiao bones were —21.1 = 0.5 9, and 6.3 = 1.8 9,
respectively.

Radiocarbon Dating of Bone Collagen. The '*C ages of the bones
of five geese, including three immatures and two locally bred
mature geese assigned by oxygen isotopes, were determined

between 5885 + 35 BP and 6085 + 40 BP. After calibration,
these ages were calculated as 7150 to 6670 cal BP (S Appendix,
Fig. S2 and Table S1).

Morphological Analysis. At least one data point was obtained
from 16 of the 22 mature goose bones. Log difference scale
(LDS) values were then calculated (range, —0.093 to 0.086;
mean, 0.029) (Fig. 4 and ST Appendix, Table S2). Compared to
those of the six extant goose species, the archeological samples
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Fig. 3. Isotope compositions of oxygen, nitrogen, and carbon in goose bones. (A) §'°N¢, and §'80y, and (B) 5'°N¢, and 8'3C¢, in goose bones found at
the Tianluoshan site (adult: closed diamonds, immature: open diamonds) and the Kuahugiao site (adult: red cross symbols). The gray area indicates the
range in 8'®0y values (mean + c) in mammal bones from Tianluoshan. Note that the samples represented by the five symbols in the gray area are pre-
sumably from local individuals. The colored bars that represent §'80,y values correspond to the same colors used in Fig. 1 for the oxygen isotope composi-
tion of annual precipitation.
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Fig. 4.

LDS for mature goose bones: modern species (cross symbols) and archaeological bones from Tianluoshan (squares). Red (closed) and open diamonds

indicate the samples assigned to local and migrant individuals, respectively (based on the stable isotope composition of oxygen). Some goose bones are
stored at the Bavarian State Collection for Anthropology and Paleoanatomy, Munich (Germany), Historic England (United Kingdom) Hokkaido University
Museum (Japan), Nara National Research Institute for Cultural Properties (Japan), the National Science Museum, Tokyo (Japan), the Natural History Museum
at Tring (United Kingdom), the Smithsonian National Museum of Natural History (United States), Southampton University (United Kingdom), the University
of Copenhagen Zoological Museum (Denmark), Yamashina Institute for Ornithology (Japan), and few are the personal collections of Kazuto Kawakami (For-
estry and Forest Products Research Institute, Tsukuba, Japan) and Toyohiro Nishimoto (National Museum of Japanese History, Sakura, Japan).

ranged from larger species (swan goose [Anser cygnoides], bean
goose [Anser fabalis], and greylag goose [Anser anser]) to
smaller species (lesser white-fronted goose [Anser erythropus]
and brant goose [Branta bernicla]). The four bones assigned to
locally bred individuals (LDS range, 0.044 to 0.053; mean,
0.047) corresponded to the larger species. In the randomization
test, the observed LDS variance of the four bones was signifi-
cantly lower than that of the random sampling of the analyzed
bones (P < 0.01). For F-test with Bonferroni correction, the
variance for the locally bred individuals was significantly lower
than that for the modern swan goose (F = 49.360; df = 7, 3;
P < 0.05) and lesser white-fronted goose (F = 26.467; df = 12,
3; P < 0.05).

Discussion

Multiple Sources of Evidence for the Early Stage of Goose Domestication
at Tianluoshan.

Histological evidence. Of the 232 goose bones found in Tian-
luoshan, 3 were estimated to be 4 to 16 wk old, and 1 (no. 539)
(SI Appendix, Table S2) was estimated to be 4 to 8 wk old.
Recently, goslings have been observed traveling long distances,
arriving at wintering grounds at the age of 16 wk, despite being
present at breeding sites at the age of 8 wk (37). Therefore, the
three archeological bones could have belonged to birds that
migrated from breeding areas to Tianluoshan, where they were
hunted. However, the latter bone likely belonged to a bird that
originated in the region, as 8-wk-old birds are too young to
migrate to wintering areas (37). This suggests that at least the
tarsometatarsus (no. 539) (SI Appendix, Table S2) was from a
locally bred individual. Although the presence of bones, includ-
ing medullary bone, was considered to be a reliable indicator of
domestic geese in their wintering areas (23), no goose bones,
including medullary bone, were found in Tianluoshan. The
absence of medullary bone could be explained by the limited
formation periods (approximately 1 or 2 mo in a year) (38) of
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this secondary bone structure and exploitation strategies that
did not involve the consumption of breeding female birds.
Geochemical evidence. As a result of its densely packed crystal-
line structure, tooth enamel is usually considered to be a reliable
material for oxygen isotope analyses of archaeological samples
(39, 40). However, geese, the target animal of this study, have no
tooth enamel, so we measured the §'%Op in bone apatite. To eval-
uate the dia§enetic effects of phosphate in bird bones, we mea-
sured the 8'°Op in tooth enamel, tooth dentine, and bone apatite
from each water buffalo from Tianluoshan (SI Appendix, SI
Preservation Status and Diagenetic Alternation for Bioapatite).
The difference between the §'®Op in tooth enamel, and bone
(-0.1 Z’O) and dentine (—0.1 9%,) was smaller than the SD among
the 8'%Op in local mammal bones (0.7 %,). This suggested that
bone apatite was preserved to the same standard as tooth enamel.
Therefore, it was expected that diagenetic 8'%0p shifts would also
not have occurred in the goose bones that were exposed to the
same depositional environment in Tianluoshan, nor would it have
affected the habitat estimates in this study.

The 880y in the Tianluoshan mammals was —6.3 + 0.8 %,
which is comparable to the 8'30w in precipitation based on the
current annual mean in Zhejiang Province (—6.8 9,) (41),
where the Tianluoshan site is located. This suggests that the
8'80 in precipitation has not changed significantly, and that it
is a useful metric to discriminate resident animals from
migrants. Assuming that the §'®0w (mean + ©) in mammalian
bones from Tianluoshan was indicative of the local values, 4 of
the 22 mature goose bones from Tianluoshan were considered
to be from local individuals. The 8'®*Oyy in precipitation is lower
in the subarctic region (where wild geese breed? than in the
lower Yangtze River (28, 42); therefore, the & 80w in wild
geese migrating between breeding grounds and the lower Yang-
tze River is expected to be at an intermediate level between the
580y values of the two places. Therefore, 18 mature goose
samples with 5'80y, values lower than those of the mammals
were considered to be migrant individuals.

Eda et al.

Multiple lines of evidence of early goose domestication in a 7,000-y-old rice cultivation

village in the lower Yangtze River, China


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117064119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117064119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117064119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117064119/-/DCSupplemental

Notably, the 5'®0y, values of all three immature geese were

as high as—or higher than—those of the local mammals: one
ulna (no. 54) had a 5'"®0y value of —6.2 %, and was assigned to
a local individual, whereas a tarsometatarsus (no. 539) and a
femur (no. 504) had §'®Oy, values of —3.8 and —3.4 %, respec-
tively. If immature birds died soon after migrating from the
breeding grounds, the influence of the water in the wintering
ground would be lower on immature birds than on adults, and
their 5'"®Oy values would be much lower than in the precipita-
tion in the lower Yangtze River valley. Therefore, two imma-
ture birds found at Tianluoshan were not considered to have
been born in the subarctic region. This result was concordant
with the histological analysis in which the individual that the
tarsometatarsus (no. 539) belonged to was considered to be too
young to migrate from the breeding area. In the Egyptian goose
(Alopochen aegyptiaca), the oxygen isotope composition of
water in the egg albumin is known to be 2.1 + 0.4 9, higher
than that in the drinking water of parent birds (43). Therefore,
the higher 5'®0w observed in the two immature birds may have
been retained from the egg stage.
Biochemical evidence. Combining 580w and 6"°N¢,, 14 mature
goose samples were divided into 2 groups: 7 samples with
higher 580w and 8N, values and 7 samples with lower
5'%0w and 8" N, values. As 8'°N reflects ingested foods—
especially the trophic level (44)—results suggest that the sam-
ples came from two different food groups. All four samsples
assigned to local individuals were included in the higher 5'%Oy
and 8'°Ng, group, whereas the other group consisted of sam-
ples assigned to migrant individuals. This suggested that local
individuals consumed different foods compared to migrant
individuals. The nitrogen isotope composition of paddy rice cul-
tivated in an anaerobic environment increases because of deni-
trification in the soil (45, 46). Therefore, the increase in 8Nc,
observed in local geese may have been due to paddy rice con-
sumption. In contrast, 8'°N decreases with decreasing annual
temperature (47). It is possible that migrant geese have lower
8'°N values than local geese in low latitudes because they for-
age in high latitudes with lower temperatures. Alternatively,
other mechanisms, such as animal dung input as manure (48)
and denitrification caused by frequent seasonal flooding (46,
49), can lead to soil >N enrichment. However, although it is
thought that pigs were domesticated at Tianluoshan, the animal
bones are more likely to have been dominated by the process
of hunting (50, 51). Based on low levels of animal management
at the site, we believe that manuring with animal dung was
rarely practiced in Tianluoshan.

Three samples assigned to migrant individuals were included
in the group with higher 8'°N¢, values. It is possible that the
threshold for local individuals was too narrow and that these
three individuals were also derived from a local population.
However, in terms of the 8'>Cc,, two of the three samples had
much higher values (greater than —16.0 9,) than the others
(less than —18.0 %,). As &'*C reflects ingested foods—
especially the derived food chain (52)—results suggest that the
samPles mainly differed because of different food chain items.
A 8"3Cc, range of —18.0 %, to —22.0 %, was proposed for C;
plant-eating animals in northwestern China (53, 54). The
8"3Ce, range for individuals with lower values (—18.6 %, to
—22.0 %,) was consistent with the proposed range, whereas the
813Cc, values of the two individuals with higher values were
outside this range. Besides, a water buffalo from Tianluoshan
had high 813Cc, and 8N, values (SI Appendix, Table S3),
which suggests they exploited wild C4 plants with high 8N,
values. Although the use of cultivated C4 plants—such as millet
and foxtail millet—has not been found from the analysis of
plant remains (18) or the §!3Cc, and 8" N¢, in human bones
from Tianluoshan (55), wild C, sedges such as Cyperaceae may
have grown in wetlands and on riverbanks (56). In addition,
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because 8'°N in plants from waterlogged environments is
higher than that of plants from well-drained environments (57),
the hi%h 8"°Nc, in the water buffalo and the two geese with
high 8"*C¢, may be attributed primarily to the consumption of
C,4 plants in the wetlands around Tianluoshan. Alternatively,
high 8"*C¢, and high 8'°N¢, values could be associated with
feeding in the marine ecosystem. For example, brant geese pre-
fer to feed on sea grasses and green algae with high §C
(-11.2 9, to —14.1 %,) values (58) and winter in the coastal
areas of the lower Yangtze River g21), suggesting that the two
samples with high 83Ceo and 8"°N¢, values may have been
derived from wild geese that fed in the marine ecosystem.

The 8"°Cc, and 8"°N¢, values in the three immature birds
were highly variable. The values of one immature assigned as a
local individual were similar to those of mature local birds, sug-
gesting that the immature birds shared similar food sources
with local matures birds. In contrast, two immatures with
higher 5'®0y, values than the range for local mammals showed
lower 8°N¢, and higher 813Cc, values than local mature indi-
viduals. A study of wild geese and other bird species reported
that in embryos synthesized from parental foods, down feathers
have isotope discrimination factors that are higher for 5'°C and
lower for 6'°N than adult feathers (59). The differences in §'*C
and 8N values between chick feathers in the embryo and
adult feathers shown in the aforementioned study were smaller
than those observed in this study; however, the immatures with
lower 8°N¢, and higher 8!3Cc, values were considered very
young individuals, who were still strongly influenced by their
egg stages.

Morphological evidence. The LDS values of the four mature
goose bones assigned to local individuals were 0.044 to 0.053
and corresponded to larger species, such as swan geese, bean
geese, and greylag geese. The observed LDS variance of the
bones was significantly lower than that observed from a random
sampling of the analyzed bones and that of the modern mono-
morphic goose species. This suggests that the local population
was maintained for several generations without the influx of
individuals from outside populations, and that their body size
may have been homogenized.

Contextual evidence. Radiocarbon dating clearly showed that
the five geese—including three immatures and two locally bred
matures, assigned by oxygen isotope analysis—dated to 7150 to
6670 cal BP (SI Appendix, Fig. S2). There was some mixing in
the sample, as the oldest age was observed for an immature
femur from Layer 6 and the youngest was observed for a
mature humerus from Layer 8. However, all of these samples
belonged to the Hemudu Culture period (7000 to 5300 cal BP)
(60) and were not intrusive. In contrast to those from Tian-
luoshan, all five goose samples from Kuahuqiao were assigned
to migrant individuals based on 880w values, and none were
assigned to locally bred individuals. The carbon- and nitrogen-
stable isotope compositions of goose bones from Kuahugiao
were also consistent with the previously proposed range for Cs
plant-eating animals in northwestern China (53, 54), suggesting
that these geese mainly fed on terrestrial C; plants.

Currently, six goose species (greater white-fronted goose,
swan goose, bean goose, lesser white-fronted goose, greylag
goose, and brant goose) winter in the lower Yangtze River and
adjacent regions but none of them breed in the region (21, 37).
Concerning the large-sized species: swan geese breed in the
southern regions of the Altai Mountains from Mongolia to
coastal northern China; greylag geese breed across Europe and
Asia, including central and southern Russia, Mongolia, and
northern China; and bean geese breed in northern Eurasia
north of the borders of Russia, Mongolia, and China (S/
Appendix, Fig. S1) (21, 37). Therefore, the lower Yangtze River
is at least 1,500 km south from the current southern limit of the
breeding range for these three large-sized goose species. In the
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region that encompasses the lower Yangtze River, the warmest
and wettest period is thought to have been around 7,000 to
6,000 y ago, and, thereafter, both temperature and humidity
have gradually decreased (61, 62). It is unlikely that any goose
species were breeding in the lower Yangtze River during a
warmer and more humid period than the present day. Further-
more, there were no records of immature goose bones (or
bones containing medullary bone) in Kuahugiao, Liangzhu
(5300 to 2500 cal BP), and other Neolithic sites in the lower
Yangtze River and adjacent regions (63-66), suggesting that
wild geese did not breed in these regions in the Early and Mid-
dle Holocene periods.

The histological, geochemical, biochemical, morphological,
and contextual evidence suggest that large-sized geese were
domesticated or at least were at the early stage of domestication
in Tianluoshan, a 7000-y-old rice cultivation village in the lower
Yangtze River valley. The locally bred goose population appears
to have been maintained for several generations without the
introduction of individuals from other populations. Locally bred
geese likely fed on different food sources—including cultivated
paddy rice—compared to wild migrant geese. In contrast, we did
not find any evidence of goose domestication in the Kuahugiao
Cultural period, suggesting that goose domestication may have
started during the Kuahugiao Culture (Early Neolithic) and the
Hemudu Culture periods (Middle Neolithic).

In Tianluoshan, geese accounted for 7.4% of the identified
specimens and were the third most exploited avian taxa. Ducks
dominated in this respect (61.4%), followed by rails (24.6%)
(20). The presence of many individuals with low 5'®*Oy values
revealed that the hunting of wild migrant geese continued to be
an essential activity even after keeping locally bred geese.
Geese—and almost all ducks—winter in the lower Yangtze River
(21). The rails that inhabit this area include summer, winter, and
resident birds (21), indicating that avifaunal resources were
mainly acquired during winter, with some species of rails being
exploited during other seasons (20). It is possible that geese were
bred to compensate for the reduced number of available birds
from spring to autumn. Butchering and manufacturing marks
were found on the goose bones, suggesting that both locally bred
and wild geese provided meat and raw materials for bone tools,
such as awls, needle holders, and other instruments (67). The
demand for locally bred geese could have included some ceremo-
nial activities, such as sacrifices, during spring and autumn.

Significance of the Tianluoshan Locally Bred Goose in the History of
Poultry. The pathways to animal domestication were highly vari-
able but grouped into three general scenarios: the commensal
pathway, prey pathway, and directed pathway (68). In poultry,
chicken, Muscovy duck, and turkey were assigned to the com-
mensal pathway, whereas emu and ostrich were assigned to the
directed pathway (68). The candidate species for the locally
bred large-sized goose (i.e., graylag, swan, and bean goose) are
essentially herbivores and prefer to consume a wide variety of
crop plants, including fallen paddy, in wintering areas (37, 69).
Paddy fields at that time were created by clearing and leveling
natural wetlands and surrounding them with soil mounds (70).
In addition, archaeobotanical data suggest that the growth of
nonshattering domesticated rice increased in the later period
but approximately half of all rice grown was the wild shattering
type (18). Therefore, paddy fields built at the Tianluoshan
village are thought to have become a good feeding ground for
wild wintering geese. Although geese are attracted to anthropo-
genic rice fields, it is difficult to maintain the two-way partner-
ship required for the commensal pathway because of the
migratory nature of the wild goose. Without human interven-
tion, such as excessive feeding, enclosure, and removal of wing
feathers, the geese of that time would have migrated toward
their breeding grounds in the spring, just like wild geese in
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modern times. Goose domestication could have been initiated
by the anthropogenic need to enhance the yield or predictabil-
ity of the resources provided by geese (i.e., the prey pathway).

Two lineages of domestic geese—Chinese and European
domestic geese, derived from swan and greylag geese, respecti-
vely—are currently farmed, although some admixture of these
two domestic lineages are recognized (71). To the best of our
knowledge, there are no records of domestic goose bones from
Neolithic sites in China, and domestic geese are not mentioned
in a review of domestic animals in prehistoric China (72, 73).
The earliest accounts of the domestication of greylag geese are
based on Egyptian tomb paintings from the 18th Dynasty (mid-
second millennium BC), which include depictions of geese of
various colors as well as immature individuals (5, 74). Addition-
ally, large goose bones (thought to belong to domesticated
geese) have been found to correspond to the Late Dynastic
period of Egypt (midfirst millennium BC) (5, 74). However,
this study suggested three things: goose domestication in the
lower Yangtze River dates back ~7,000 y, the history of goose
domestication is much longer than previously thought, and
southern China was at least one of the origins of the domestic
goose. Intriguingly, a recent genome study estimated that Euro-
pean domestic and wild graylag geese split ~14,000 y ago, which
is earlier than any animal domestication, except that of dogs
(71). As the most likely reason for this early estimation, the
authors suggested that the potential modern wild populations
of the greylag progenitor were not sampled in their study.
Greylags in northern China were not included in the study and
the locally bred geese at Tianluoshan may, indeed, be ancestors
of today’s European domestic geese.

Although it remains controversial as to when or where chick-
ens were domesticated, chickens are widely recognized as the
oldest poultry in the world (1, 2, 5). Domestic chicken bones
have been reported from Early Holocene sites in Nanzhuang-
tou (northern China, ~10,000 cal BP) (6) and Hotnista (Bul-
garia, ~7000 cal BP) (7). However, these discoveries are
limited by the scarcity of candidate chicken bones from Neo-
lithic and Bronze age archaeological sites in China (9), and
contrast with various sources: the findings of a review of Holo-
cene paleoclimate and archaeofaunal archives (10), the results
of ecological niche modeling of extant red junglefowl—the
main wild progenitor of domestic chicken— (11), the mitochon-
drial DNA diversity of modern domestic chicken in northern
China (12), and records in assigned strata and species identi-
fication (13). To the best of our knowledge, there are no
domestic chicken bones older than those found in the Middle
Holocene that are reliable in terms of identification and age
(14). Although Wang et al. (75) found that the common ances-
tor of chickens and their wild ancestor (Gallus gallus spadiceus)
diverged at ~9500 + 3300 cal BP, this does not necessarily cor-
relate with the beginning of the domestication process. Our
findings suggest that geese were the first poultry species to be
domesticated. At present, chickens account for 92.9% of the
world’s poultry population, with domestic geese accounting for
less than 1.3% (4). However, the most abundant poultry today
is not necessarily the oldest. It would be surprising if this
migrating bird was domesticated in its wintering region (East
Asia), prior to soybean, ramie, melon, silkworm, horse, yak,
and Bactrian camel, and as early as rice and pig (1). Even
today, China is still the world’s largest producer of goose meat
(76). Further studies using ancient DNA analysis are required
to investigate which species were bred to become local geese
populations. It is also necessary to investigate—by extensive
analyses using histological, geochemical, biochemical, morpho-
logical, and contextual approaches—how goose husbandry
spread (or became extinct) to the lower Yangtze River and
adjacent regions, and whether it has influenced current Chinese
domestic geese farming.
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Materials and Methods

Sampling Methods. We studied 232 goose remains from the Tianluoshan site
in Zhejiang Province, China. Target Anserinae bone samples were determined
using naked-eye taxonomic identification by one of the authors (M.E.), and
comparisons with osteological specimens at Hokkaido University Museum and
the personal collections of K. Kawakami (Forestry and Forest Products
Research Institute, Ibaraki, Japan) and one of the authors (M.E.). The naked-
eye observations of 188 samples are detailed in our previous studies (20, 77,
78). Of the 232 bones, 25 relatively well-preserved bones were selected to rep-
resent each of the six sampled soil layers (Layers 3 to 8) that contained bone
samples. The habitats were reconstructed using oxygen isotope analysis of
bone phosphate (5"805), and the diets were reconstructed using carbon and
nitrogen isotope analysis of bone collagen (5'3C¢, and 8'°Nc,). Five goose
bones, including three immature bones and bones from two locally bred
mature birds (as assigned by oxygen isotope composition analysis) were sub-
jected to radiocarbon dating of bone collagen. As an indicator of the 5'80
values of the study location, we measured the 5'80p in 11 mammal bones—5
buffalos, 2 Pere David’s deer, 3 sambars, and 1 sika deer—from the Tian-
luoshan site. We could not measure oxygen isotopes in specific resident bird
species because species level identification of bird bones is very challenging. It
was, therefore, impossible to obtain reliable species data for the study loca-
tion. For comparison with bones from Tianluoshan, we analyzed the 5'80p,
8"3Cco, and 8"°N, values in five goose bones from Kuahugiao (79): an Early
Neolithic site neighboring Tianluoshan and inhabited by the Kuahugiao Cul-
ture (60). The studied bones from Tianluoshan and Kuahugiao are stored at
the Hemudu Culture Research Center (Zhejiang Institute of Cultural Relics and
Archaeology) and the Kuahugiao Site Museum, respectively.

Histological Analysis. During taxonomic identification, information regarding
whether the bones were from immature individuals and whether the samples
included the medullary bone was recorded. To determine the age in weeks of
immature goose bones, five modern osteological specimens of immature
geese were used as references.

Oxygen Isotope Analysis of Bone Phosphate. To measure the oxygen isotope
composition of bone phosphate, we used the silver phosphate method (80,
81) with slight improvements. Bone powder was treated overnight with
sodium hypochlorite (2.5%) to eliminate organic matter, and subsequently
immersed for 4 h in acetic acid buffer solution (0.1 M, pH 4.4) to eliminate dia-
genetic contaminants. Nitric acid (60%, 0.2 mL) and hydrogen fluoride solu-
tion (3 M, 1.8 mL) were added to precipitate calcium as CaF,. Ammonia (25%,
2 mL) and silver nitrate solutions (1 M, 1 mL) were added to the supernatant,
and the mixture concentrated at 70 °C overnight to precipitate silver phos-
phate. The 520 in the silver phosphate was measured using a thermal conver-
sion elemental analyzer—isotope ratio mass spectrometer system (TC/EA-IRMS;
TCUEA coupled to a Delta V Advantage IRMS, Thermo Fisher Scientific) at the
University Museum of the University of Tokyo. The §'80 values in this study
were standardized using Vienna standard mean ocean water. The §'20; val-
ues were corrected to the §'0 value of drinking water to obtain §'20y values
for geese according to Amiot et al. (32), and for mammals according to Kohn
and Cerling (82).

Carbon and Nitrogen Isotope Analyses of Bone Collagen. Collagen samples
were extracted from the bones by gelatinization using methods improved
from previous studies (83, 84). The bone fragments were soaked in 0.4 M HCl
for 48 h at 4°C to remove hydroxyapatite, after which they were soaked in
0.1 M NaOH to remove humic material. Finally, the remains were heated in
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aqueous HCl (pH 4) at 90 °C for 48 h. They were then filtered and freeze-dried
to produce collagen. The stable carbon and nitrogen isotope compositions of
the collagen were determined using an EA-IRMS system (Flash 2000 EA cou-
pled to a Delta V Advantage IRMS, Thermo Fisher Scientific) at the University
Museum of the University of Tokyo. The atomic ¢/N ratio of collagen was
expected to be in the range of 2.9 to 3.6 (85), and data for samples outside
this range were excluded from the analysis.

Radiocarbon Dating of Bone Collagen. To measure '*C, collagen was prepared
and graphitized using the methods described by Omori et al. (86). An elemen-
tal analyzer (vario ISOTOPE select, Elementar Analysensysteme GmbH) was
used to combust the samples and isolate pure CO, from the combusted gas
(86). Graphite was then produced by the catalytic reduction of the sample CO,
with H, gas and Fe powder. The radiocarbon content of the graphite was
measured using an accelerator mass spectrometer at the University Museum
of the University of Tokyo. The radiocarbon dates were calibrated using OxCal
(87) and IntCal20 (88).

Morphological Analysis. To describe the size of archeological goose bones, the
greatest length and width of the proximal (Bp) and distal epiphysis (Bd) of
mature bones were measured according to the methods outlined by von den
Driesch (89). Measurements were made at the 0.01-mm scale using a digital
caliper. Compared with different mensural elements, we calculated the LDS
(LDS = logeX — logeY; where X was the measurement from the excavated sam-
ple and Y was the measurement from the reference specimen) (90) for each
measurement from each sample. When more than one measurement was
obtained from a sample, the average LDS was used as the score for the sam-
ple. A greater white-fronted goose (Anser albifrons frontalis; USNM 432003)
specimen was used as the reference sample. For comparison with the archeo-
logical specimens, the humerus greatest lengths were measured from 127
modern geese individuals from 6 species (greater white-fronted goose, swan
goose, bean goose, lesser white-fronted goose, greylag goose, and brant
goose) wintering in the lower Yangtze River and adjacent regions. The LDS
was calculated for each sample. A randomization test was conducted to test
whether the LDS variance of the candidate domestic individuals (assigned by
oxygen-stable isotope analysis) differed from those of noncandidate domestic
individuals. The LDS variance of candidate domestic individuals was also com-
pared with recent monotypic species of the geese (i.e., the swan goose and
lesser white-fronted goose) in the lower Yangtze River region, using the F-test
with Bonferroni correction. All statistical tests were conducted using R
v4.1.0 (91).

Data Availability. All study data are included in the main text and
SI Appendlix.
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