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Isotopic insights into han period coastal
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During the Han Dynasty’s (202 BCE-220 CE) territorial and economic expansion, the subsistence
strategies of coastal populations in Northeast China remain ambiguous. In this study, we conducted
carbon and nitrogen stable isotope analysis on 74 human skeletal remains from the Han-period
Shagangzi Cemetery. The results revealed a C4-based diet and high §”°N values. We attribute this N
enrichment not to marine foods, but to intensive manuring that elevated the local baseline of the food
web. This interpretation, supported by archaeological and historical evidence, suggests the
transplantation of a Central Plains agricultural tradition (millet-based agriculture and pig husbandry) to
the coast. Despite their coastal location, these Han communities prioritized land-based agriculture, a
practice stemming from an imperial policy of military-agricultural colonization. This study highlights
the primacy of imperial policy over local ecology in shaping subsistence strategies on the northeastern

frontier of Han China.

The Han Dynasty (202 BCE-220 CE) established China’s first enduring
centralised imperial state'”. During the reign of Emperor Wu (141-87 BCE),
the empire achieved unprecedented territorial expansion, systematically
consolidating the Central Plain while strategically integrating peripheral
regions’. Historical analyses indicate that political stability, coupled with
moderate fiscal policies, fostered significant demographic growth. By the
late Western Han period, census records estimated that the population was
approaching 60 million, which placed considerable pressure on agricultural
production and resource management systems5 .

Agriculture formed the foundation of the Han economy. Historical
research suggests that the Han Dynasty was a period of significant
advancement in agriculture®. This perspective is increasingly supported by
archaeological research. Stable isotope analysis of millet from the Guanz-
hong Basin, the political centre of the Western Han, reveals a significant
increase in 8"°N values compared to the Neolithic period. This increase
indicates that farmers adopted more intensive fertilisation strategies to
maintain soil fertility and productivity, which may represent a response to
changing climatic conditions’. This intensification of agriculture was not
only the result of technological innovation, but was also driven by state
organisation and evolving social structures. During the Western Han period
(early Han), the state promoted peasant-based agriculture by investing in
large-scale irrigation, encouraging the use of iron tools and ox-ploughs, and
spreading new cultivation methods™’. Subsequently, during the Eastern

Han, as landholding patterns shifted towards large estates, these state-
provided technologies facilitated the development of a rationalised, market-
oriented “manorial economy” that advanced northern Chinese agriculture’.

The state aimed to facilitate this development process, guided by the
traditional doctrine of “prioritising agriculture and restraining commerce”
(EAHIES). This principle held that agriculture was the “fundamental
pursuit” (A%Ml), while commerce was treated as the “secondary” or “non-
essential pursuit’(RMl). Historical texts describe its implementations
through fiscal incentives like reduced taxation and large-scale frontier
development programs®'’. The impact of these policies was complemented
by technological innovations, such as the widespread use of iron tools and
ox-drawn ploughs, which increased agricultural productivity and enabled
regional development on a large scale’.

The capacity of the state for such large-scale development relied on the
synergy between two key institutions: the prefecture-county (Junxian, &
£) system and the military-agricultural colony (Tuntian, ¥ [H) policy. The
Junxian system provided an institutional framework, extending imperial
authority into newly acquired territories and enabling the state to imple-
ment the Tuntian policy™*".

This policy settled soldiers and civilian migrants in strategic frontier
zones, such as the Hexi Corridor, to achieve the dual goals of military self-
sufficiency and agricultural production'. This integrated model of com-
bining administrative control and state-led colonization was designed to
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play an important role in transforming peripheral territories into productive
agricultural regions, thereby securing the frontiers and integrating them into
the Han economic system. During the Western Han Dynasty, incursions by
the Xiongnu (B) posed a persistent threat to imperial stability. In
response, Emperor Wen (r. 180-157 BCE) initiated Tuntian policies in 169
BCE as a strategy for settling civilians on the frontier, and under Emperor
Wau (r. 141-87 BCE) these schemes were greatly expanded, becoming a core
mechanism for consolidating border defences*". Although most scholar-
ship has focused on the northwest, these policies also extended to the
northeast, which faced comparable defensive pressures. Accounts in the
Hanshu (Book of Han), particularly the “Annals of Emperor Zhao” (A8 %
%) and the “Account of the Xiongnu” (#1#4%), record the establishment
of Tuntian colonies in the Liaoxi and Liaodong regions". Archaeological
discoveries of Han official seals along sections of the Great Wall in these
areas further attest to the presence of garrisoned agricultural communities
and the exercise of administrative control".

In addition to the northwest frontier, the northeast also held dual
strategic importance, fulfilling both military and agricultural roles.
Administrative innovations, such as the establishment of the Liaodong
Commandery and the promotion of the Tuntian system, were key instru-
ments through which the Han government aimed to integrate the region
into the imperial administration while simultaneously securing its borders"".
This dual strategy was portrayed as strengthening the empire’s territorial
control and contributing to its stability and prosperity'*".

However, there was a complex and dynamic interaction between state
policy goals and on-the-ground practices in the political economy of the
Han Dynasty, which evolved over time”. In practice, state policies were not
always implemented uniformly across the vast empire. Instead, local
responses in frontier zones emerged from a dialectic between top-down
imperial agendas and adaptations to local environmental conditions and
social contexts. Therefore, the study of how core agricultural practices were
adopted or modified in frontier zones is critical to achieving a more nuanced
understanding of imperial integration.

Past research has significantly advanced our understanding of the
diverse subsistence economies during China’s Han Dynasty, which range
from mixed wheat and millet agriculture in the northwest to specialised wet-
rice systems in the southeast'*”*. However, a pronounced geographical bias
remains, with northeastern coastal communities receiving comparatively
limited attention. As a strategically significant frontier, China’s northeast
coast comprises both fertile alluvial plains suitable for agriculture and
abundant marine resources, providing unique ecological and economic
opportunities”’. Despite systematic agricultural development facilitated by
Han administrative innovations, most notably the establishment of the
Liaodong Commandery and the implementation of the Tuntian system™”,
academic research has focused on the Central Plains and other inland
regions, leaving the northeastern coastal frontier regions relatively
underexplored.

The paucity of stable isotope research on dietary patterns and sub-
sistence economies among populations inhabiting China’s northeastern
coastal zone is particularly striking. To date, only three published studies
have examined this region, with only a single study focusing on a Han-
period site: isotopic analysis of human and faunal remains from shell tombs
at the Bayuquan Cemetery”*. This research gap is especially striking because
of the significant Han frontier expansion strategies and the region’s
exceptional ecological configuration, in which fertile alluvial plains con-
ducive to agriculture are combined with rich marine resource availability"’.
Bridging this research gap is essential for developing a more nuanced
understanding of the regional adaptive strategies and subsistence diversi-
fication across the territorial sphere of the Han Dynasty.

To address this lacuna, this study focuses on the subsistence economy
of a Han-period population on the Liaodong Peninsula in Northeast China.
Several fundamental questions require further investigation: What was the
foundational subsistence strategy of this northeastern coastal community?
How did this community manage its agricultural ecosystem? Specifically,
what agricultural and animal husbandry practices were adopted, and how

might these practices have influenced the isotopic signatures of the local
food chain, thus complicating the distinction between terrestrial and marine
dietary inputs? What were the potential drivers of their subsistence econ-
omy? Finally, do these dietary patterns indicate a pragmatic, local choice for
resource utilisation, or do they represent the successful implementation of a
state-driven policy aimed at establishing an agricultural frontier to serve
broader imperial objectives?

Within this context, the Liaodong Peninsula, located in the southern
part of Liaoning Province between the Yellow Sea and the Bohai Sea (Fig. 1),
offers an ideal case study. As the southernmost extension of the Qianshan
Range within the expansive Changbai Mountain system, the Liaodong
Peninsula is characterised by its favourable hydrogeological and geomor-
phological conditions. These include abundant groundwater resources, a
well-developed river network, and diverse topographic features” . The
central highlands gradually transition through terraced terrain to coastal
plains, forming a heterogeneous landscape that has historically supported
human habitation and various subsistence strategies™.

The Junxian (Bf8) administrative system originated during China’s
Warring States period (480-221 BCE). It was formally extended to Liaodong
when the Qin Dynasty (221-206 BCE) first established the Liaodong
Commandery; following the Qin, the Han Dynasty inherited this admin-
istrative structure and further implemented the Tuntian system to solidify
control”. Dalian, located in the southern part of the Liaodong Peninsula, has
long been regarded as a regionally significant archaeological centre at least
since the Warring States period'*. By the Han period, the region had been
incorporated into Youzhou Province. Han imperial rule fostered unprece-
dented political stability, which in turn drove significant advancements in
agricultural and artisanal production, elevating Dalian as a key socio-
economic hub in Northeast China'*"*. Furthermore, archaeological surveys
have also documented dense Han-period settlement networks radiating
from coastal hubs, highlighting its pivotal role in the region™.

The agricultural potential of this region stems from its long history of
local development. Hanshu Dilizhi records Youzhou Province, encom-
passing present-day Dalian, cultivating the “three principal grains” during
the Han period’. In his commentary on Hanshu, the Tang Dynasty scholar
Yan Shigu (581-645 CE) identified these grains as broomcorn millet
(Panicum miliaceum), foxtail millet (Setaria italica), and rice (Oryza sativa),
while archaeological evidence indicates an even more diverse system
incorporating sorghum (Sorghum bicolor) and wheat ( Triticum aestivum)"*.

Notably, the agricultural foundations of this region can be traced to the
late Neolithic (3000-2000 BCE), when millet macroremains were system-
atically recovered at the Wangjiacun and Xiaozhushan Phase V sites. In
subsequent centuries, legumes, wheat, and rice were progressively integrated
into the agricultural repertoire, indicating systematic crop diversification
amid expanding husbandry strategies™.

By the Middle Bronze Age (1500-1000 BCE), excavation at the
Dazuizi site in Dalian Bay revealed large quantities of carbonised rice
and millet associated with faunal assemblages dominated by
domesticated species, including domestic pigs (Sus scrofa domes-
ticus), chickens (Gallus gallus domesticus), dogs (Canis lupus famil-
iaris), and sheep (Ovis aries)™. Collectively, these findings point to
increasingly sophisticated mixed farming and herding systems in
prehistoric Dalian, which laid the foundations for later agricultural
and economic trajectories in Northeast China.

During the Han period, Dalian maintained robust socioeconomic
interaction with the Central Plain, with connections institutionalised
under Emperor Wu through Liaodong Commandery. This adminis-
trative institution aimed to consolidate imperial control via integrated
military and civil governance, most prominently with the Tuntian
policy. This initiative, which was implemented as a strategic counter-
measure to address frontier pressures (particularly from the Xiongnu
nomadic confederation), precipitated state-directed population
transfers from Shandong Province and Hebei Province®'**. According
to historical records, such activities aimed to alter the agricultural
landscape of the Dalian region. Reclamation and intensified cultivation
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Fig. 1| Geographiclocation of Shagangzi Cemetery. The inset map (top left) shows the general location of this study area in China, highlighted by a red rectangle. The main
map illustrates the topographic setting of the Liaodong Peninsula. The red triangle marks the specific location of Shagangzi Cemetery. The colour gradient represents
elevation in meters (m), with green indicating low and orange indicating high elevation (Maps were generated in ArcGIS Pro 3.4 by Yuan Lin).

practices were promoted to reshape the agrarian economy of the
region, laying the foundation for sustained agricultural productivity.

Archaeological evidence from Dalian points to substantial cultural
connections with both Shandong Province and the Central Plain. Typical
artefacts include heating stoves (FJJ547), cosmetic cases (FEE), waist
eaved tripods (T FEHEPE52), and distinctive pottery jars, all of which exhibit
clear typological affinities with ceramic assemblages from the Weihai region
in Shandong™”". Particularly notable are owl-shaped pottery vessels (F853
) from the Huaershan Han Tomb M2, which closely resemble early
examples from Xinxiang, Henan Province, a core region of the Central
Plain. Within the context of Han agricultural policy, these vessels under-
score the importance of agriculture through their association with rodent
control”. Together with finds such as silk textiles preserved on bronze
mirrors from the Yingchengzi Tomb, these materials provide concrete
evidence for the transmission of Central Plain material culture and agri-
cultural traditions to the Liaodong frontier and for state-supported popu-
lation movements and migrant subsistence practices”.

The migration of populations from the Central Plains also introduced
advanced iron agricultural tools and cultivation techniques to the Liaodong
Peninsula, helping to transform local agricultural practices. Systematic
archaeological evidence confirms the widespread use of diverse iron tools
throughout the Han period in Dalian'“***. These technological innovations
reveal both improved metallurgical capability and intensified farming
practices, marking a pivotal transformation in agricultural production
systems and fostering greater productivity and efficiency'**. Concurrently,
complementary developments in husbandry, which included the raising of
pigs, cattle, dogs, and chickens, revealed the consolidation of an integrated
agriculture and husbandry economy"*.

Past archaeological investigations in Dalian have uncovered remark-
ably well-preserved Han-period tombs and settlement sites”. Shagangzi
Cemetery is located on the Liaodong Peninsula (Fig. 1). Specifically, it is
strategically situated within the Yingchengzi-Shagangzi (B3 -5 F)
settlement cluster, which provides critical insights into local subsistence
economies. Moreover, this context is an ideal case study for investigating the
subsistence economy among coastal populations in Northeast China during
the Han period.

Shagangzi Cemetery is located in Yingchengzi Subdistrict, Ganjingzi
District, Dalian. Between June 2021 and December 2021, excavations were
carried out under the direction of the Liaoning Provincial Institute of
Cultural Relics and Archaeology in preparation for the development of the
Ganjingzi Industrial Park. Figure 2a presents a detailed plan of the excavated
area, illustrating the spatial arrangement of the tombs. The cemetery, which
dates to the Han Dynasty (202 BCE-220 CE), is part of the larger
Yingchengzi-Shagangzi burial complex™. Since the early 20th century, this
complex has been the site of extensive archaeological investigation, doc-
umenting more than 300 Han-period tombs of various types and recovering
thousands of artefacts. The cemetery comprises three primary tomb types:
shell-constructed tombs (the most common), earthen pit tombs, and brick-
chamber tombs (Fig. 2b, c and Fig. 3). Burial assemblages consist of ceramic
vessels, supplemented by smaller quantities of bronze implements, bone
tools, lacquerware, and jade ornaments.

Although no definitive Han-era settlements have been identified in
the immediate vicinity, the wide spatial distribution of tombs; the
abundance of burial goods, including valuable nonceramic items such as
bronze, lacquer, and jade; and the architectural diversity of the tombs
strongly indicate that this area was densely populated and economically
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Fig. 2 | Shagangzi Cemetery landscape and burial
practices. a Overview of Shagangzi Cemetery exca-
vation site; b Shell tomb M33 containing skeletal
remains of a male individual aged 30 — 35 years;

¢ Shell tomb M14, a double burial containing a
pottery assemblage (Images of tombs are provided
by Weiwei Si; The final layout was created using
Adobe Photoshop CC 64 Bit).

prosperous during the Han period. This region is likely associated with
the southern part of historical Tashi County. Documentation of addi-
tional excavated materials remains ongoing as part of comprehensive
post-excavation analysis.

This study analyses human skeletal (n=74) and faunal (n=10)
remains from Shagangzi Cemetery. By integrating carbon and
nitrogen stable isotope analysis with historical documents and
archaeological contexts, this study aims to reconstruct dietary pat-
terns and subsistence economies among coastal populations in
northeastern China. These findings address critical gaps in the
understanding of political-economic systems within Han frontier
zones. Through this analysis, this research provides empirical data on
the dynamics between state-driven agricultural expansion and local
human-environment adaptations in the frontier regions of the
Western Han Empire.

Carbon (8"C) and nitrogen (§"°N) stable isotope analysis is now
indispensable in archaeology for reconstructing ancient diets and sub-
sistence economies'"*. This technique offers particular utility for investi-
gating the origins, development, and diffusion of agriculture across diverse
spatiotemporal contexts” ™. On the basis of these broad applications, stable

isotope analysis has emerged as a pivotal methodology for specifically
examining dietary patterns and subsistence strategies among coastal
populations worldwide**™.

Building on its wide application in archaeological research, carbon
and nitrogen stable isotope analysis provides a robust framework for
investigating diet and subsistence, particularly in coastal settings where
terrestrial and aquatic resources may be intertwined. In Han-period
China, such studies have revealed pronounced regional diversity in
farming and protein acquisition, spanning mixed C;/C, crop systems in
the arid northwest'*™"*, wheat-dominated or wheat-millet consumption
in parts of the Yellow River basin'>***, and rice-based or rice-wheat
systems in the south and southeast’”. These datasets collectively
highlight how subsistence strategies responded to local ecologies and
broader political-economic contexts across the empire. However, iso-
topic evidence from the northeastern coastal frontier remains limited,
which constrains our understanding of how coastal communities in
Liaodong integrated agriculture, husbandry, and marine resources
under frontier administration. Addressing this gap is essential for
evaluating regional adaptive strategies and the heterogeneity of imperial
integration.
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Fig. 3 | Shell, faunal remains and funerary
objects unearthed in the tombs at Shagangzi
Cemetery. a Shell tomb M142, containing ske-
letal remains of a young adult female (25 — 30
years old); b A shell tomb with faunal remains
preserved in ceramic vessels; ¢ Shell tomb M35,
which yielded the skeletal remains of an adult
individual (Images of tombs are provided by
Weiwei Si; The final layout was created using
Adobe Photoshop CC 64 Bit).

| 2021M142

Hence, stable isotope analysis of bone collagen provides a rigorous
methodological framework for investigating subsistence economies among
coastal populations in Northeast China during the Han period, decoding
human-environment adaptations in marginal ecologies and the dialectic
between cultural traditions and state agricultural policies. These dual
investigations establish empirical foundations for modelling frontier eco-
nomic frameworks under imperial consolidation.

Methods

Sampling strategy

This study analysed 74 human samples and 10 faunal skeletal samples
excavated from Shagangzi Cemetery. Faunal species identification and pig
age categories (piglet, middle/sub-adult and big/adult) were determined
using standard zooarchaeological methods, and human sex and age-at-
death were assessed using standard osteological methods. To minimise
contamination, samples were selected on the basis of strict preservation
criteria®, and comprehensive sample data are presented in Supplementary
Tables 1 and 2.

Shagangzi Cemetery is part of a large burial group. According to
decades of archaeological research on burial types and associated artefacts,
the cemetery is generally believed to be of Han Dynasty origin®. In order to
determine the chronology for our study population, accelerator mass
spectrometry (AMS) radiocarbon dating was performed on a well-
preserved adult male skeleton (Tomb M206, western sector) at Beta Ana-
lytic Inc. (Miami, Florida). The sample was selected on the basis of its
excellent preservation ability, ensuring the reliability and precision of the
radiocarbon analysis.

In order to contextualise the dietary patterns and subsistence economy
of the Shagangzi population within the broader framework of Han China,

we compared our isotopic results with published data from 18 con-
temporaneous sites, primarily dating to the Western Han period. These
comparative sites, which include details on their locations, sample sizes, and
full citations, are detailed in Supplementary Table 3.

Collagen preparation

All bone samples were processed at the Stable Isotope Laboratory of Jilin
University following established collagen extraction protocols®. Bone frag-
ments were sectioned and surfaces abraded to remove any contaminants.
Aliquots of 2.00 g were weighed for each sample. Samples were demineralised
in 0.5 mol/L HCl at 4 °C, with the acid replaced every 48 hours until the bones
became texturally softened, indicating completion. The demineralised sam-
ples were then neutralised to pH 7.0 £ 0.5 and treated with 0.125 mol/L
NaOH at 4 °C for 20 hours to remove humic substances, followed by repeated
rinsing with deionised water. Gelatinisation was conducted in 0.001 mol/L
HCI at 70 + 1 °C for 48 hours, and the resulting solution was hot-filtered
through glass fibre filters. Finally, the solution was lyophilised to obtain
purified collagen, which was weighed to calculate yield.

Isotopic measurements

Collagen isotopic compositions were measured using an IsoPrime-100
isotope ratio mass spectrometer (IRMS) coupled with an Elementar Pyr-
oCube elemental analyser at the Testing Center, Institute of Environment
and Sustainable Development in Agriculture, Chinese Academy of Agri-
cultural Sciences. Elemental concentrations were calibrated against sulfa-
nilamide standards. The 6"*C and 8N values are reported relative to
V-PDB and AIR standards, respectively. For quality assurance, an in-house
collagen standard (§"*C = —14.7 £ 0.1%o0; 8"°N = 6.9 + 0.2%o0) was analysed
in duplicate every 12 samples. All six procedural replicates exhibited
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Table 1 | AMS-"“C dating data of human bones

Lab no. Sample no. Sample information

4C dating 4C dating (95.4% confidence interval)

Beta-673883 SG04 Human: Femur

2120 +30BP 2150-1998 cal BP (89.4%)

2292-2271 cal BP (6.0%)

12 +
® Female (n=17)
= Male (n=50) "
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Fig. 4| Scatter plot. Distribution of stable isotope values for Shagangzi population in
Dalian (the plot was generated in Origin 2021 by Yuan Lin).

deviations within + 0.2%o of certified values, confirming measurement
accuracy.

Statistical analyses were conducted using SPSS 26.0, with data visua-
lisation performed in Origin 2021.

Results

Bone contamination identification

Collagen preservation in the analysed samples was excellent. Of the 74
human samples processed, extracted collagen exhibited carbon contents
(C%) ranging from 14.5% to 62.5% and nitrogen contents (N%) from 5.1%
to 22.8%. All samples had atomic C:N ratios between 3.2 and 3.3, meeting
established criteria for well-preserved collagen. Based on strict quality
control protocols (C:N ratios of 2.9-3.6 and collagen yield >1%)"%, all
human samples were deemed suitable for stable isotope analysis (see Sup-
plementary Table 1).

The same rigorous quality assessment was applied to faunal samples,
with 9 out of 10 (90%) meeting the preservation criteria and were included in
isotopic analyses. The high preservation rates observed for both human
(100%) and faunal (90%) samples indicate favourable taphonomic condi-
tions at Shagangzi Cemetery, ensuring the reliability of §"*C and §"°N values
for reconstructing trophic relationships and dietary practices.

AMS-'“C dating

Radiocarbon dating yielded an uncalibrated age of 2120 + 30 BP for the
analysed sample (Table 1). Calibration yielded two probable intervals: a
primary range of 2150-1998 cal. BP (89.4% probability) and a secondary
range of 2292-2271 cal. BP (6.0% probability). Given the significant dif-
ference in probability, the primary interval of 2150-1998 cal. BP was adopted
for a chronological interpretation. These results collectively date Shagangzi
Cemetery to 200-48 BCE, directly overlapping with the Western Han
Dynasty (202 BCE-8 CE).

Carbon and nitrogen stable isotope results
Figure 4 presents the distribution of stable isotope values (§"*C and §°N) in
human bone collagen from Shagangzi Cemetery. The §°C values indicate

marked variation (range: -16.1%o to -9.5%o; mean + 16 = —11.8%o * 1.4%o),
reflecting differential consumption of C, and Cs food resources. While the
average 8"°C value at the population level suggests a predominantly C,-
based diet, the lower §'C values observed in certain individuals (e.g., SG20:
—16.1%o0) indicate dietary variability, including mixed Cs/C, consumption
patterns. In contrast, §'°N values are more consistent (8.9%o to 11.7%o;
mean * 10 = 10.4%o + 0.6%o), suggesting stable protein sourcing at a similar
trophic level across the population.

The isotopic data further reveal dietary differentiation between the
sexes within the Shagangzi population. Normality was assessed using the
Shapiro-Wilk test. §**C data did not follow a normal distribution (p = 0.03),
whereas the §"°N data were consistent with a normal distribution (p = 0.9).
Males (n=50) exhibit significantly higher mean §">C values (—11.4%o +
1.3%o, 16) compared to females (n =17, —12.6%o * 1.6%o; Mann-Whitney
U, p =0.005), indicating greater reliance on C, plants. Similarly, males show
elevated 8N values (10.5%0 + 0.6%o vs. 10.2%o * 0.5%o0; Independent
samples t-test, p = 0.045), suggesting higher consumption of animal protein.
These statistically significant differences indicate: (1) sex-based divergence
in plant food consumption, and (2) unequal access to animal products.
Collectively, these results provide robust evidence for sex-based dietary
differences within the population.

Discussion

The 8"*C values of bone collagen primarily reflect the isotopic signature of
dietary protein sources™ . The Shagangzi population exhibits a significant
range of "*C values (—16.1%o to —9.5%o, mean + 16 = — 11.8%o + 1.4%o),
which indicates a mixed diet. The overall enriched nature of these values
points to a significant dietary contribution from high-8'C resources. One
explanation is a strong reliance on C, resources; another is the consumption
of marine protein, which typically exhibits enriched §*C values compared
with terrestrial fauna at equivalent trophic levels™™. At this stage, these
results establish a baseline understanding of the Shagangzi community as
one sustained by a mixed subsistence economy.

Historical and archaeobotanical evidence from the Liaodong Penin-
sula, summarised in the Introduction, indicates that wheat and millet were
the dominant Han period cereals®. Millet, a traditional staple crop in
northern China, likely served as the primary C, dietary source™. For C,
dietary components, although wild C; plants may have been consumed as
supplementary foods, their overall contribution to bone-collagen §"C
values was probably limited. Cultivated C; crops, particularly wheat, with
additional inputs from legumes and locally adapted japonica rice (Oryza
sativa subsp. japonica Kato) also contributed to the diet in Dalian’s tem-
perate microclimate™. Wheat likely served as the principal C; source,
consistent with historical records of state-promoted cultivation of dryland
crops (millets, wheat, legumes and hemp) over rice™.

The faunal isotope data help to contextualise this agricultural back-
ground. Domestic animals fall into two distinct feeding groups based on
their "*C values. Most pigs exhibit higher §"*C values (from —13%o to
—9%o), indicating diets dominated by C, resources, a pattern particularly
clear in piglets; even considering the effect of lactation™", their values
primarily indicate the Cy-rich (millet-based) diet of sows. This finding
suggests that C, fodder was an important part of the feeding management
strategy, particularly for breeding groups.

In contrast, a small group of animals, including a pig (SG75), a piglet
(SG83) and a rooster (SG84), shows significantly lower §'*C values, from
—19.5%o0 to —17.9%o. These values indicate a diet based almost exclusively
on C; resources. These contrasts suggest that both C, (millet) and C; (wheat)
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Fig. 5 | Bivariate plot of carbon (§'*C) and nitro-
gen (8"°N) stable isotope values for human and
faunal bone collagen from Shagangzi Cemetery.
Individual data from Shagangzi Cemetery (n = 74)
are shown as open circles, with the population mean

Predominently C; Diet
12 4—>

Mixed C,/C, Predominantly C, diet
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crops and their by-products were used not only for human consumption,
but also as livestock fodder, suggesting potential variation in fodder man-
agement strategies. This pattern indicates close integration between crop
agriculture and animal management and supports the view that agriculture
formed the backbone of the Shagangzi subsistence economy.

Considering the coastal location of Shagangzi Cemetery, the possibility
of marine resource consumption must be considered. Since marine
organisms typically exhibit higher §"*C values compared with terrestrial
fauna at equivalent trophic levels* ", marine protein could theoretically
contribute to the elevated §'3C values in some individuals. However, the
terrestrial agricultural system previously described appears sufficient to
account for the isotopic data. This suggests that marine resources, while
potentially exploited, made only a minor contribution to the overall diet and
did not constitute a staple food source. Instead, the Shagangzi economy was
fundamentally based on terrestrial agriculture. Through §"°N analysis, the
precise role of marine resources will be explored further below.

To differentiate between a diet based primarily on C, terrestrial plants
and one incorporating substantial marine resources, 8"°N analysis is
essential. Habitual consumers of marine resources typically display §"°N
values > 14%o, which is consistent with local marine mammals**"*. In
contrast, the human §'°N values at Shagangzi (mean = 10.4%o) are not
sufficiently elevated to suggest major reliance on marine resources, a dietary
pattern that typically results in significantly higher §'°N values. Hence, this
finding provides strong corroborating evidence that the subsistence econ-
omy was predominantly terrestrial, consistent with the interpretation
derived from the §"*C data.

After establishing a predominantly terrestrial diet, we now use §"°N to
evaluate the trophic position of the Shagangzi population. This analysis
requires a reliable local faunal baseline. Adult pig (8°N = 7.8%o), which is
presumed to have consumed local agricultural products, serves as an
appropriate proxy. The selection of adult individuals is critical because the
Shagangzi porcine assemblage is dominated by piglets, likely in the lactation
stage. Experimental studies have indicated that nursing animals consistently
exhibit elevated §'°N values (typically + 1-2%o higher than those of adult
conspecifics) due to trophic effects* . The abundance of piglets therefore
both necessitates careful selection of an adult baseline and is consistent with
on-site breeding and local animal husbandry.

The mean §"°N value of humans (10.4%o) is enriched by only an
average of 2.6%o relative to the adult pig baseline (7.8%o) (Fig. 5). This
trophic spacing falls below the conventional 3-5%o 8'°N enrichment
expected for a full trophic level shift in terrestrial ecosystems® . To

avoid overestimating meat consumption, this study adopts the lower
boundary of this range (3%o), as a threshold for inferring significant
animal protein®. Notably, only 18% of individuals exceeded the adult pig
baseline by > 3%o, a level consistent with a single trophic-level enrich-
ment. These isotopic results reveal two key dietary patterns: for most
individuals, diets were predominantly plant-based with minimal ter-
restrial animal protein intake and significant variation in meat con-
sumption frequency within the population. However, stable isotope
analyses typically indicate 8'°N ranges of 9%o—12%o for carnivores and
7%o0~9%o for omnivores*”’. In contrast, the §'°N values for all Shagangzi
individuals but one exceeded 9%o (9.2%0 to 11.7%o). This raises an
important question: why does a largely plant-based population exhibit
§'°N values comparable to those of carnivores?

Analysis of the faunal stable isotope data suggests that the answer lies in
an enriched baseline rather than in unusually high animal or marine protein
intake. The adult pig baseline at Shagangzi (7.8%o) is elevated relative to
herbivorous cattle from the nearby Han period Bayuquan Cemetery (6.5%o)
and to domestic pigs from the contemporaneous Wanfabozi site (4.7%0)"*"".
Non-adult pigs at Shagangzi also show high 8"°N values, with sub-adult
individuals (SG75, SG78) reaching 9.4%o and one piglet (SG77) peaking at
9.5%o. These values reflect a combination of lactation effects and fodder
enriched in 8"°N. Together, these observations are most parsimoniously
explained by a generally high §°N baseline in the local food web, consistent
with crops grown on manured fields. This pattern is widely recognised in
both modern experiments and archaeological case studies as a classic iso-
topic signature of intensive manuring”’>”>.

Within this framework, the relatively high human 8N values at
Shagangzi can be explained without invoking heavy consumption of animal
protein or marine foods. Instead, they reflect a high-input agricultural
system in which organic fertilisers, principally animal dung and domestic
waste, were closely integrated into crop production. Intensive manuring is
well documented in historical texts and regional archaeological evidence for
the Western Han’**. Taken together, this isotopic, historical, and archae-
ological evidence provides a parsimonious explanation for both the enriched
faunal baseline and the strong positive correlation observed between human
8YC and 8N values (Spearman’s r = 0.6, p <0.001): millet (a C; plant)
inherently produces high 8§*C values, while manuring would simulta-
neously elevate its §'°N values.

Another hypothesis can now be directly tested, that is the assumption
of significant consumption of marine resources. Owing to the lack of con-
temporaneous isotopic data for Han-period fish species from the Yellow Sea
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Fig. 6 | Comparison of mean §'°C and §'°N values 134
(+ SD) for the Shagangzi population with other
contemporaneous populations from Han
Dynasty China. A comprehensive list of the com-
parative sites, including their specific locations,
sample sizes, and full citations, is provided in Sup-
plementary Table 3 (the plot was generated in Origin
2021 by Yuan Lin).
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and Bohai Sea near Dalian, alternative datasets are needed. Two key refer-
ences were employed: (1) Neolithic fish remains from Dalian Guanglu
Island’s Xiaozhushan site (§'°N = 12.5%o + 1.1%o, n = 3) and (2) modern
fish samples from the Yellow Sea and the northern East China Sea
(8N =11.7%0 * 1.4%0)*"*. Both datasets present 8"°N values that sig-
nificantly exceed those of the Shagangzi individuals. There is a significant
isotopic difference between the human and marine fish (1.2%o to 2.0%o),
which makes it unlikely that marine fish constituted a dietary staple. Instead,
any contribution from marine resources was likely minimal and supple-
mentary, rather than the primary driver of the observed isotopic signatures.
This result is further supported by the remarkably low coefficient of var-
iation (CV) for human §"°N values (0.06), which points to a highly uniform
protein base across the population®, a pattern more consistent with a
standardised agricultural diet than with the more variable returns of
diversified marine foraging.

A prominent archaeological feature of Shagangzi Cemetery is the
presence of numerous shell tombs and the abundant marine shell remains in
the burials, which appear at first glance to contradict the isotope data
indicating limited contribution of marine resources. Historical records
highlight this discrepancy. For tomb construction (Fig. 2b, ¢ and Fig. 3),
coastal shells were layered directly to reinforce burial pits and stabilize
coffins, serving primarily as functional architectural materials that provided
moisture resistance and structural support™. Therefore, burial shells should
not be misinterpreted as dietary evidence. Instead, isotopic analysis
emphasizes plant-based subsistence dominance, revealing how cultural
practices, such as burial traditions, may not invariably indicate dietary
behaviour.

The terrestrial, agriculture-based subsistence strategy of the Shagangzi
population becomes clearer when their isotopic data are placed within the
broader archaeological context of Han Dynasty China. As shown in Fig. 6,
comparison of 8C and 8N data from the Shagangzi population with
those from 18 contemporaneous communities across diverse geographical
and economic contexts reveals a clear pattern. Despite its coastal location,
the Shagangzi population clusters closely with representative Cs-based
agriculturalist sites from the Central Plains (such as Xuecun, Guomia-
nyichang, and Liyi). This convergence provides strong evidence that the
Shagangzi community practiced a millet-based agricultural economy,
similar to the Yellow River region, rather than a maritime one.

This interpretation is further supported when Shagangzi is considered
within a wider Northeast Asian context. Notably, contemporaneous coastal
populations in Japan and Korea that heavily exploited marine resources
consistently exhibit significantly higher §'°N values***. The distinct isotopic
difference between Shagangzi and these typical marine-foraging groups

provides compelling evidence against a marine-based diet, thereby under-
scoring the community’s fundamental reliance on terrestrial agriculture.

Stable isotope analyses reveal that the coastal Shagangzi community
maintained a dietary pattern closely resembling that of contemporaneous
agricultural groups in China’s Central Plains, with a predominantly plant-
based subsistence strategy. The isotopic data strongly indicate that millet
cultivation formed the foundation of their subsistence economy. This
implies a low intake of animal protein, particularly in light of the presence of
piglets in burial contexts. These faunal remains should be interpreted
through historical documents, rather than representing a large amount of
daily meat consumption. Our AMS-"*C radiocarbon dating confirms that
Shagangzi Cemetery was active during the early and middle periods of the
Western Han Dynasty. Historical documents from this period suggest that
the consumption of meat by commoners was largely restricted to ceremo-
nial or ritual use, with regular meat consumption among peasants not
appearing until the Eastern Han period (25-220 CE)". This alignment
between the archaeological timeline and historical records strongly supports
the interpretation of the isotopic data from Shagangzi. Therefore, the Sha-
gangzi community can be seen as one whose dietary norms mirrored those
of inland agriculturalists of the Western Han, for whom animals held sig-
nificant ritual value but were not a dietary staple.

This pronounced orientation towards terrestrial agriculture is parti-
cularly noteworthy given the coastal location of Shagangzi Cemetery in
Dalian. It represents a clear departure from earlier coastal subsistence
models, in which mixed economies combining millet farming with marine
resource exploitation were common, as at the Neolithic Fujia site in
Shandong"*. However, the predominant reliance on agriculture by the
Shagangzi community during the Han Dynasty indicates a more profound
economic transformation.

We suggest that this transformation was not driven by a single factor
but by the combined effects of demographic pressure, state policy, and
favourable local conditions. Historical records provide the foundational
context for this argument. According to the Hanshu Dili zhi’, Liaodong
Commandery had a registered population of 272,539 individuals in 2 CE.
For a frontier zone, this figure of over a quarter of a million people repre-
sented substantial demographic pressure. Such a population, likely con-
centrated in and around administrative centres (Dalian) and military
garrisons, would have created intense population-level demand for a reli-
able, high-yield food supply, making intensive agriculture a practical
necessity.

This shift cannot be solely attributed to environmental constraints,
because fish remains in numerous Western Han tombs in Dalian reveal that
marine resources continued to be exploited”***”’. Instead, the agricultural
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focus at Shagangzi must be understood as the outcome of a complex
interplay between inherent advantages of agriculture, key interventions at
the state level, and the specific socio-political context of the Western Han
frontier expansion. This interpretation is consistent with isotopic evidence
from the Guanzhong Basin, the Han political centre, where intensive fer-
tilisation has also been documented’, suggesting that high-input agriculture
was an empire-wide trend rather than a purely local phenomenon. Our
findings from the Liaodong frontier are consistent with the wider trend,
suggesting a systematic, state-driven agricultural agenda. Hence, the
emergence of an agriculture-dominated economy at Shagangzi can be seen
as the joint result of the high productivity achievable in the local environ-
ment and the sustained promotion of farming by the Han imperial state for
strategic purposes.

The predominance of agriculture at Shagangzi must also be understood
in light of the local climatic and environmental setting. This predominance
is supported by favourable local climatic and geomorphological
conditions™ """, These favourable conditions supported a diverse cropping
system centred on millet and supplemented by wheat and rice, greatly
enhancing the reliability and productivity of dry-land farming. Compared to
the potential risks and seasonal limitations of marine subsistence, the
capacity of agriculture for stable, high yields and storable surplus offered a
strong incentive for local communities to prioritize it as their primary
subsistence strategy’”.

As outlined in the Introduction, Han frontier governance in Liaodong
combined civilian administration with the Tuntian system of state-led
agricultural colonisation under an overarching policy of prioritising agri-
culture. Our isotopic evidence from Shagangzi is consistent with this fra-
mework: even at a coastal frontier site, subsistence was strongly
agriculture-dominated, with millet-based farming and intensive manuring
underpinning both human diets and livestock management. This pattern
supports the view that imperial agricultural policies shaped local subsistence
organisation and were implemented through locally adapted farming
regimes in the Liaodong Peninsula.

While our research provides a coherent model for the Shagangzi
community, several limitations should be acknowledged. First, this analysis
is based on the data from a single cemetery. Future research incorporating
isotopic data from additional coastal and inland sites across the Liaodong
Peninsula will be essential for testing the wider applicability of this state-
driven agricultural model and assessing potential regional variations. Sec-
ond, the present study focuses on community-level dietary patterns;
intra-group differences related to social status or other factors, potentially
reflected in Shagangzi’s diverse burial types, remain to be explored. Such
analyses will depend on the availability of more detailed contextual data for
individual burials. Third, the faunal baseline, particularly for the adult pig
and the rooster, is derived from a limited sample size, which constrains the
precision of our reconstructions of human dietary inputs and limits the
strength of any inferences about fodder management or husbandry regimes;
expanding the faunal sample will be a priority for future work. Finally, our
marine baseline relies on proxy data from different periods, a necessary
compromise that introduces some uncertainty, as marine reservoir effects
can vary through time. These limitations do not undermine our main
conclusion regarding the predominance of a land-based, state-influenced
agricultural economy, but they do highlight specific and promising direc-
tions for future research.

The agricultural subsistence economy at Shagangzi was thus not an
isolated anomaly, but the result of powerful forces shaping the Han frontier.
It emerged at the intersection of the region’s inherent agricultural potential
and a state strategy that pragmatically combined administrative control,
population settlement, and technological transfer to achieve economic self-
sufficiency and military consolidation. At the same time, local communities
on the Liaodong coast actively engaged with these processes, adapting
imperial agricultural models to their own environmental and social cir-
cumstances. Ultimately, the case of Shagangzi illustrates how, in this coastal
frontier context, the Western Han agrarian policies could be projected onto
local communities and interact with existing environmental and social

conditions, contributing to a shift towards an agriculture-dominated sub-
sistence regime aligned with imperial priorities.

This study improves our understanding of Han Dynasty coastal sub-
sistence economies in Northeast China by providing systematic isotopic
data for the region, thereby addressing a critical research void. Stable isotope
analysis reveals how imperial agrarian policies could override or reconfigure
environmental opportunities in shaping ancient dietary patterns, revising
the traditional “live off the land/sea” subsistence model. Our results suggest
how the Han state’s agrarian policies were projected onto its coastal fron-
tiers, substantially shaping their development and providing an empirical
foundation for future cross-cultural comparisons of imperial resource
management. These findings reveal the need for a multidisciplinary
approach in future isotopic research that integrates political, economic, and
cultural dimensions to fully reconstruct the ancient diet and subsistence
economy.
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manuscript and its supplementary material files.
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