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Rice agriculture is the foundation of Asian civilizations south of the
Yangtze River. Although rice history is well documented for its lower
Yangtze homeland area, the early southward expansion of paddy rice
farming is poorly known. Our study investigates this process using a
compilation of paleoenvironmental proxies from coastal sediment
cores from southeast China to Thailand and Island Southeast Asia. We
propose that a shortage of land suitable for paddy fields, caused by
marine transgression, constrained rice agriculture during the mid-
Holocene. Rapid expansion of coastal plains, particularly in deltaic
basins, over the past three millennia has coincided with increases in
land suitable for rice cultivation. Our study also helps explain the past
population movements of rice farmers.
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he early expansion of rice agriculture is significant because the

migrations of rice farmers may have played a vital role in
contributing to the genetic and linguistic diversity of southeastern
Asia (1-4). Models based on archaeological evidence suggest that
domesticated rice (Oryza sativa subsp. japonica) spread from a
Yangtze River homeland area across China and mainland Asia,
largely following the coast and major rivers (4, 5). Rice, with
Neolithic cultural elements such as distinctive styles of pottery, was
carried across the Taiwan Strait around 5 ka before it appeared in
mainland Southeast Asia (SEA) during the next millennium (4).

Regional evidence for the ecology of early rice cultivation re-
mains quite uneven. Where it is best defined, in the lower Yangtze
River area, emerging archaeological data point to an early em-
phasis on wet rice agricultural systems. The oldest field systems
were situated in natural freshwater wetland environments and
consisted of simple pits with basic water control features and an
area no larger than 10 m? (6). These date to around 6 ka. The next
two thousand years witnessed the local development of larger field
systems based on bunded, rectilinear paddy fields engineered for
efficient irrigation and drainage, indicating a trend toward in-
creasingly intensive cultivation methods and higher yields (7-9).
Simple stone plows and harvesting knives came into use during
this time, but metal implements and domesticated draft animals
did not appear until much later (9). By contrast, south of the
Yangtze rice homeland area, archaeological evidence for early
paddy rice fields is lacking. Yet a growing number of studies point
to the likelihood of low yield rain-fed, rather than irrigated, rice
gardens during the Neolithic era (6, 10, 11).

Recent genetic research indicates complex patterns in the
southward spread of early rice farming populations showing that
migrating farmers did not simply replace groups of indigenous
SEA hunter-gatherers. Rather, indigenous populations admixed
with multiple waves of migrating farmers originating from the
north (1-3). Similarly, ongoing archaeological research suggests
that despite the introduction of rice by migrating farmers who
settled among hunter-gatherer communities, agriculture remained
a comparatively small component of subsistence strategies for
1,000 y or more (10, 12, 13). In this model, both environmental
and social factors may have played a role.
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Current knowledge of the history of the southward expansion
of paddy field rice agriculture is clouded by the poor preserva-
tion of plant remains in tropical archaeological sites, the limited
number of specialized archaeobotanical studies carried out, and
the fact that these studies are site specific, so that the results are
generally insufficient to provide a broad regional perspective.
South of the Yangtze there are currently no more than 20 sites
yielding direct archaeobotanical evidence of rice during the pe-
riod from ~5 to 3 ka. There are directly dated carbonized rice
remains from several sites but often the evidence can only es-
tablish the presence of rice, without offering insight into the
cultivation strategies employed (14-16).

In comparison with the archaeobotanical evidence, pollen rain
is a reliable proxy for regional land cover and the quantitative
analysis of Poaceae pollen from sediment cores offers a signifi-
cantly better method for reconstructing regional level histories of
rice agriculture (17-19). For example, studies of modern pollen
assemblages in delta sediments show the main sources to be
vegetation growing on the delta and in adjacent uplands (20, 21).
Thus, pollen records from the geological archives of deltaic ba-
sins and coastal plains capture broad regional signals, making
them valuable for studying long-term environmental change,
including human-induced land cover change.

Here we analyze fossil pollen data for Poaceae and other taxa
from 23 sediment cores collected in coastal areas ranging from
10 to 26°N latitude across subtropical and tropical Asia (Fig. 1).

Significance

Our study reveals a remarkable relationship between Late Holo-
cene coastal evolution and the rise of rice agriculture across
coastal Asia. Around 2,000 to 3,000 y ago, the emergence of
coastal plains under freshwater conditions created expansive
areas suitable for rice. We estimate that over the past three mil-
lennia the extent of coastal land suitable for wetland rice culti-
vation grew from about 16,000 km? to 96,000 km?. Intensive
paddy field farming took hold rapidly as coastal landscapes
changed. Thus, large-scale rice farming was not established in
southern China and Southeast Asia until rather late in the Holo-
cene. This model helps explain ancient DNA evidence suggesting a
major Bronze Age demographic expansion of rice farmers of
northern East Asian descent.
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We also present paleoenvironmental proxy data recording the
long-term history of coastal landforms. Our study provides in-
sights into the complex history of rice agriculture south of the
Yangtze River. The data support a two-part hypothesis. First, it
suggests that during the mid-Holocene, although paddy rice agri-
culture became established in the lower Yangtze area, its expan-
sion along coastlines to the south was constrained by shortages of
low-lying freshwater flatlands suitable for paddy fields. The second
part of the model proposes that paddy field farming expanded
southward rapidly at around 3 to 2 ka, as part of a process related
to the beginning of fast-paced deltaic shoreline progradation and
the formation of broad coastal plains. This hypothesis was initiated
to explain data for the Fuzhou Basin (10, 22-24) and the Pearl
River Delta (18, 25). The model has since been adapted to the
Philippines and other parts of Island Southeast Asia (16, 26).

Results

Land Cover History. Our study focuses on five key proxy taxa for
identifying anthropogenic forest disturbance and rice agriculture
in subtropical and tropical Asia: Poaceae, Fagaceae, Pinus type-
massoniana, Dicranopteris, and Artemisia. In our study area, high
frequencies of Poaceae reflect the expansion of grasses, while
suggesting the presence of cultivated rice, as well as weeds
growing in paddy fields. Modern analog studies reveal that fossil
pollen assemblages with abundant Poaceae, accompanied by
high levels of heliophilous pioneer species, match the signatures
of soil surface samples from traditional rice agricultural systems
in southern China (18). A common method for separating Oryza
spp. rice pollen from other Poaceae pollen involves the use of a
size threshold (17-19). Fagaceae (including Cyclobalanopsis and
Castanopsis-Lithocarpus) is an indicator of broadleaved ever-
green forests. High levels of Fagaceae characterize undisturbed
forests, while Pinus type-massoniana is an evergreen conifer
heliophilous species that grows well on poor soils and is prom-
inent in secondary forests. Dicranopteris, a pioneer species, is a
heliophilous fern that thrives in areas disturbed by forest clear-
ance and which have been repeatedly burned; it is closely linked
with land clearing for agriculture (21). The herb Artemisia is also
a pioneer species. Most common in the northern sector of our
study area, it spreads quickly in fallow agricultural fields (27).

For the time period prior to 3 ka, the pollen spectra generally
indicate heavily forested landscapes dominated by Fagaceae,
with low levels of grasses (Figs. 2 and3 and SI Appendix, Fig. S1).
This indicates limited anthropogenic disturbance throughout
periods of hunter-gatherer settlement and the Neolithic era,
when domesticated rice first appears as part of a mixed economy
still reliant on wild resources and possible vegeculture (28).
Remarkable increases in Poaceae (including rice-type Poaceae)
occur between ~2.7 and 2 ka (Fig. 2 and SI Appendix, Fig. S3),
coinciding with simultaneous declines in the frequency of
broadleaved evergreen taxa (Fig. 3 and SI Appendix, Fig. S1).
Accompanied by abrupt rises in the frequency of pioneer plants
(Fig. 3B and SI Appendix, Fig. S2), these trends signal defores-
tation and the intensification of rice agriculture as part of the
development of a strongly anthropogenic landscape. Overall
timing of the succession from natural biomes to markedly an-
thropogenic land cover provides paleoenvironmental support for
the hypothesis that a massive southward dispersal of rice farmers
of northern East Asian descent occurred during the Bronze Age
(1, 2). Although there is also evidence for contact between SEA
and India beginning around 2 ka, it does not indicate influence in
the form of large-scale human migration (26).

Fire played a significant role in the succession to anthropogenic
land cover, as documented by sediment coring studies that have
analyzed charcoal particles deposited together with pollen and
fern spores. High concentrations of charcoal particles after 3 ka
reveal sharp increases in regional-scale burning (SI Appendix, Fig.
S2). The timing of these increases coincides with abruptly rising
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levels of Poaceae in coastal and deltaic sediments. We infer that
rice cultivation expanded sharply in coastal areas around the same
time; four pollen assemblages for which rice-type Poaceae pollen
has been counted show that it accounts for up to 30% or more of
the total Poaceae pollen present during the time period from 2.5
to 2 ka (SI Appendix, Fig. S3). On a broader timescale, prior to 2.5
ka, the relative frequency of all Poaceae pollen in comparison with
other taxa is uniformly low (Fig. 2), suggesting that cultivated rice
was a small part of the regional land cover.

In a departure from the general trend, data for the apex area
of the Pearl River Delta (sites SH-1, Longpu, and GY1) shows
remarkable declines in arboreal pollen and increases in Poaceae
pollen at around 4.3 to 3.3 ka (Figs. 2 and 34). This transition is
earlier than the similar series of vegetation successions recorded
in other areas and it is notable that all three sites are located
along tributaries upstream from the Pearl River Delta (Fig. 4 A4,
Al). We suggest that in this area, and in others, intensive rice
agriculture took root first in freshwater wetlands upstream from
saline environments of the deltaic basin.

Holocene Evolution of Coastal Plains. We turn now to the evolution
of coastal landforms that supported the southward expansion of
paddy field rice agriculture. The modern coasts of southern China
and SEA are characterized by rocky headlands and small estuarine
and lagoonal plains, with large river deltas providing extensive
low-lying flatlands suitable for irrigated rice cultivation. In the
early Holocene, relative sea level rose rapidly and the sea inun-
dated channels incised during the last glacial sea level lowstand
(33, 34). Marine transgression constrained the amount of land
suitable for paddy field agriculture. Relative sea level ceased to
rise by ~7 ka along the China coast (33) and by 4.5 ka along the
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Fig. 1. Physiographic map of southern China, mainland SEA, and the Phil-

ippines showing the locations of sediment cores yielding paleoenvir-
onmental proxy data analyzed for changes in land cover and coastal
depositional environments. See S/ Appendix, Tables S1 and S2 for sediment
core information.
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Fig. 2. Records of Poaceae pollen change. Crosses show the time series plots of total Poaceae for sediment cores from southern China and SEA. Diamonds

show records of rice-type Poaceae pollen from sites FZ4 (South China), GZ-2
Appendix, Fig. S3 for additional data on rice-type Poaceae pollen, focusing

coast of Southeast Asia (35). Since the mid-Holocene, increasing
sediment supply has resulted in gradually accelerating coastal
progradation. However, by 4 ka, only limited flatlands with
freshwater supply had emerged in the head area of the coastal
basins, while the estuarine/deltaic basins of the Min (22), Han
(36), Pearl (29, 34), Song Hong (Red) (30), Mekong (31, 37), and
Chao Phraya (32) rivers were all under high salinity conditions

A

i

(South China), VN (Vietnam), GA (Vietnam), and Paoay Lake (Philippines). See S/
on the 2.5- to 2-ka time interval.

(Fig. 4). We estimate that for the time period ~5 to 3 ka the
apprommate extent of low-lying freshwater flatlands suitable for
wetland rice cultivation was ~16,000 km?® (SI Appendix, Fig. S4).
Shorelines started to prograde rapidly after 3 ka, particularly
in the past 2,500 y, due partly to human activity (29, 30, 32, 34,
37) (Fig. 4D). Notably, the progradation rate before 3 ka was sig-
nificantly slower than during the past three millennia. Progressively,

| —— ss0901
— FZ5
—— SH5

Castanopsis-Lithocarpus
L+
o
L

s
[
1
=

—— HP-1
— Gz-2

Longp!
SH-1
— GY1

At deltaic plain

— VN
4,[— — Fza

Upstream
from delta

|

0 T T T
8 6 4

AN

Akey indicator of broadleaved evergreen forests

w

@
o
=)
=]
@
o

M

@
=1
o
=

.
o
IS
o

n

o
[N
o

Cyclobalanopsis
(% of total pollen)
" Dicranopteris
(% of total pollen and spores)
g
!

Castanopsis-Lithocarpus
(% of total pollen)
N
o
L3

o

1
¥

Age (cal ka BP)

)
e

Artemisia
(% of total pollen)

o

Pinus type-massoniana
(% of total pollen)

Anthromes

<« Natural biome

[ before2.5calkaBP [ after 2.5 cal ka BP

Fig. 3. Deforestation and vegetation ecosystem change revealed by pollen data. (A) Time series of pollen frequencies for Castanopsis-Lithocarpus (the
dominant tree species of subtropical forests in the study area) as a percent of total arboreal and nonarboreal pollen. (B) Biome change based on a comparison
of data for the time periods before and after 2.5 ka. Frequencies for each taxon are calculated based on the total arboreal and nonarboreal pollen, except for

Dicranopteris which is calculated based on the total of pollen and spores.

whiskers show the first quartile — IOR*1.5 and the third quartile + IOR*1.5.

24140 | www.pnas.org/cgi/doi/10.1073/pnas.1919217117

Boxes show the first and the third quartiles, center values show medians, and

Ma et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919217117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919217117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919217117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1919217117

brackish water marshlands shifted to freshwater conditions, which
expanded in the head area of coastal basins (22, 30, 36). This is
important because O. sativa does not tolerate salt water. Coastal
progradation and the expansion of low-lying flatlands under fresh-
water conditions created ideal environments for the development of
large rice paddy field systems. Concordant paleoenvironmental
proxies show that a majority of the coastal plains began to form in
general synchrony between 3 and 2 ka. Markers for the transition
from marine- to alluvial-dominated phases include marine diatoms,
foraminifera, and mangrove pollen as depicted in the sediment core
records (Fig. 4C). The Haifeng and Songkhla-Pattalung sediment
cores, from coastal plains without large river flow, also show similar
timing in the transition from brackish water to freshwater conditions
(Fig. 4 A, A7 and A8). We estimate that the approximate extent of
land that is suitable now for paddy field rice agriculture, and which
formed after the Holocene marine transgression, is ~96,000 km? (871
Appendix, Fig. S4). Most of this area—equal to more than 2.5 times
the size of Taiwan—emerged after 3 ka.

Discussion

Unlike coastlines to the south, the lower Yangtze rice homeland
area is unusual for its mid-Holocene deltaic setting that sup-
ported the world’s first civilizations founded upon wetland rice
(17, 19). Beyond the homeland area, however, how did rice
farming contribute to Neolithic economies? Pollen records, such
as those for the Pearl River Delta (one of world’s largest rice-
producing regions), clearly indicate that regional-scale human-
induced vegetation change in general, and large-scale rice agri-
culture in particular, was negligible during the Neolithic. This
finding has been challenged by data from a single marine core,
which suggests a strong anthropogenic influence on vegetation
beginning at 6 ka (38). However, results based on this core are
problematic because of the low pollen concentrations, poor
temporal resolution, and complicated terrigenous pollen source
due partly to ocean currents.

Given paleogeographic evidence for the Neolithic era scarcity
of land suitable for paddy fields south of the Yangtze, rain-fed
gardens were probably the dominant form of agriculture where
rice contributed significantly to the diet prior to 3 ka. Never-
theless, our pollen data suggest some exceptions, such as up-
stream tributaries of the Pearl and other major rivers, where
localities with small natural wetlands likely supported earlier
wetland rice farming. Similarly, inland riverine regions may have
also provided freshwater wetlands for local-scale paddy rice
farming during the Neolithic, but the largely mountainous terrain
of inland southern China and SEA (Fig. 1) could not support rice
field systems comparable in scale to those that developed in
coastal areas. Outside the southeastern Asian mainland, islands
such as Taiwan and the Philippines also lacked coastal plains
suitable for extensive paddy rice cultivation during the mid-
Holocene (16, 26). Neolithic rice remains, such as those found
in sites along paleoshorelines in west Taiwan, indicate that some
small wetlands on the edge of islands may have encouraged the
practice of Neolithic wet rice farming (26). However, any such
local wetlands were highly limited in surface area. Poaceae
pollen records for the northern Philippines reveal that large-
scale intensive rice farming did not begin until around 2.5 ka
BP (39).

Taken together, the data support the hypothesis that, across
southern China and southeastern Asia, rice agriculture remained
a comparatively small component of subsistence strategies prior
to the last two millennia. Thus, our study suggests that despite the
introduction of rice by migrating Neolithic farmers, the southward
expansion of paddy rice agriculture was highly constrained by
physiographic factors. As landscapes changed, beginning 3 to 2 ka,
intensive paddy field farming took hold rapidly following the
formation of deltaic and coastal plains. This interpretation is
consistent with genetic models suggesting that the present-day
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populations of SEA were influenced by two incoming waves of
rice farming immigrants, including a major Bronze Age demo-
graphic expansion of farmers from East Asia into SEA. In this
context, it is significant that historical records document major
southward migrations of the Han Chinese beginning during the
period of Warring States (480 to 221 BCE) and intensifying during
the first millennium CE. Immigrating Han settlers spurred inten-
sification of production by introducing new plowing methods in-
volving socketed metal tools and domesticated water buffalo, as
part of a process that revolutionized rice agriculture (40). Thus,
coastal evolution resulting in the creation of expanses of land
suitable for irrigated rice agriculture set the stage for the massive
migration of Sinitic (Han) farmers into southern China and
northern Vietnam, beginning around 2,500 y ago. Without this
evolution of coastal landscapes, the large-scale establishment of
Han communities may not have been possible.

Materials and Methods

Pollen Data. A total of 23 pollen records were reviewed from a collection of
both raw and digitized pollen spectra. These records are for lowland sites in
the coastal area of southern China and SEA. They include most of the
published coastal lowland southern China and SEA pollen records with re-
liable age dating (Fig. 1 and S/ Appendix, Table S1). Among them, there are
four pollen records presented here, including the data for sites FZ5, NA9,
Longpu, and SH-1.

Charcoal Data. In our study area, there are six published pollen records that
include charcoal data (S/ Appendix, Fig. S2). These records are for lowland
sites in the coastal area of southern China, Vietnam, and the Philippines. The
analyses did not distinguish microcharcoal from macrocharcoal.

Statistical Analyses for Pollen Data. Pollen taxa were measured as a percent of
the pollen sum (including arboreal pollen and nonarboreal pollen). Per-
centages of ferns (Dicranopteris) were calculated based on the sum of all
pollen and spores. For the Castanopsis-Lithocarpus time series in Fig. 3A,
percentages of Castanopsis-Lithocarpus were calculated as 50% quantiles by
time intervals of 500 y, in order to smoothout noisy data. To quantify the
regional biome changes in Fig. 3B, we synthesized data from the 23 pollen
records reviewed in this study, avoiding site-specific processes. For each
pollen or fern taxa, palynomorph samples were divided into two groups,
one dating to after 2.5 ka and a second dating to 8 to 2.5 ka. A comparison
of the groups is presented by boxplots.

Evolution of Deltas and Coastal Plains (Fig. 4 A and B). Topography of deltas
and bays was determined from Shuttle Radar Topography Mission (SRTM)
data (41). The area of freshwater lowlands emerged after 5 ka was calcu-
lated by ArcGIS 10.2, based on the estimated paleoshorelines for around 6 to
5 ka. Holocene relative sea level changes along the coastlines of China and
Southeast Asia have been driven mainly by global ice-volume changes,
glacial isostatic adjustment, and local geological-tectonic processes (33, 35).
The history of Holocene coastal progradation in the China/Southeast Asia
region is related to a complex range of factors, including relative sea level
change and sediment supply. The approach employed for estimating paleo-
shorelines involves drawing upon sediment core records. Sediment core re-
cords, including analyses of paleoenvironmental proxies, are used to identify
change over time in local depositional environments indicative of the change
from estuarine to deltaic facies (25, 29). For Fig. 4A, locations of the paleo-
shorelines are estimated on the basis of previous research for the Pearl River
Delta (29), the Song Hong Delta (30), the Mekong River Delta (31), and the
Chao Phraya Delta (32). The current population of the Pearl River Delta Plain is
based on 2017 residence registration data for cities, including Guangzhou,
Shenzhen, Foshan, Zhuhai, Zhongshan, and Dongguan (42).

Estimates for Change over Time in Sediment Depositional Environment (Fig. 4C).
Data were collected from raw and digitized data sources for foraminifera,
diatom, and mangrove pollen records with reliable age dating (S/ Appendix,
Table S2). Samples were grouped by time period, with each time period rep-
resenting a 1,000-y age span (e.g., 2 to 3 ka). For each time period, we counted
the number of samples revealing proxy evidence for marine and estuarine
depositional environments. For foraminifera records, each sample containing
foraminifera was counted as one occurrence. For diatom records, each sample
for which marine and brackish water diatoms comprise >50% of the total
number of diatoms, were counted as one occurrence. For mangrove records,
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Fig. 4. The evolution of deltas and coastal plains. (A) Topography of representative deltas and coastal areas in China, Vietnam, and Thailand. (A1) Pearl River
Delta (China); (A2) Song Hong Delta (Vietnam); (A3) Mekong River Delta (Vietnam); (A4) Chao Phraya Delta (Thailand); (A5) Fuzhou Basin (China); (A6) Han
River Delta (Upper) and Lian River Delta (Lower) (China); (A7) Haifeng plain (China); and (A8) Songkhla-Pattalung plain (Thailand). Locations of the deltas and
coastal areas are also shown in Fig. 1. Estimated paleoshorelines around 6 to 5 ka are shown for the Pearl River Delta (29), the Song Hong Delta (30), the
Mekong River Delta (31), and the Chao Phraya Delta (32). See SI Appendix, Tables S1 and S2 for sediment core information. (B) Approximate area of
freshwater lowlands emerged after 5 ka in large deltas. (C) Change over time in sediment depositional environment, as indicated by multiple proxies. (D)
Sediment accretion curves (age-depth plots) for representative major deltas. See Materials and Methods for additional information.

each sample containing more mangrove pollen than freshwater wetland pollen
(mangrove/freshwater wetland pollen >1) were counted as one occurrence.

Age-Depth Models. Chronologies for the proxy records were established by
radiocarbon dating. 'C ages were calibrated or recalibrated to calendar
years before the present (BP = AD 1950) using IntCal13 or Marine13 (43) (S/
Appendix, Table S3). For sediment cores with pollen, foraminifera, and di-
atom records, Bayesian age-depth models were produced using Bchron (44,
45). Exceptions are the Laguna de Baye pollen record and foraminifera re-
cords for cores PRD17 and PRD20, for which we used published chronologies
(39, 46), as the uncalibrated age estimates are unavailable. The age-depth
models were used to establish the land cover time series in Figs. 2 and 3 and
SI Appendix, Figs. S1, S2, and S3, and the depositional environment time
series in Fig. 4C.
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