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Hanoi, Vietnam

Northern Vietham has a long history of human occupation, warfare, and agriculture;
yet, the environmental consequences of human activity are poorly understood due to
limited paleoecological records. Results from a terrestrial wetland sediment core from
the tropical island, Quan Lan, in Ha Long Bay provide a local record of ecosystem
responses to societal shifts due to warfare/instability and climate change. A multiproxy
study, including pollen, macro charcoal, fecal stanols, and geochemistry, suggests
that native vegetation was abundant and low-level, subsistence wet-rice agriculture
and burning were in practice during a time of increased monsoon intensity between
1150 BCE and 950 CE. Between 950 and 1450 CE, a trading and military port was
established on Quan Lan Island which served as a major hub of southeast Asian trade
and protected the mainland from Mongol invasions. During this period, population near
the wetland declined to undetectable levels, rice agriculture declined, burning ceased,
and disturbance species expanded. A simultaneous shift toward a more arid climate,
with possible extended years of drought, occurred during the Medieval Climate Anomaly
based on regional climate records. Without a reliable source of freshwater, rice production
declined and/or was supplemented by trade. When the mainland capital near present
day Hanoi moved south to Hue after 1450 CE, the port ceased operation. During this
time, climate became wetter, and precipitation and surface water more reliable than
before. Population near the wetland increased as did burning and rice agriculture. The
research has implications for understanding the maintenance of tropical biodiversity
amidst long-term human occupation, political unrest, and climate change.

Keywords: Northern Vietnam, tropical island ecosystem, charcoal, fecal stanols, pollen, late holocene, warfare,
climate change

INTRODUCTION

Paleoenvironmental studies provide baselines for future environmental changes, especially in
locations with long histories of human occupation and agriculture. In biodiverse tropical locations,
such studies are limited but necessary to document the sensitivity and recovery of tropical
ecosystems impacted by human pressures and climate variability. Northern Vietnam is a region
of high biodiversity, but which also has a history of human occupation extending back at least to
the late Pleistocene and agriculture expansion in the late Holocene (Goscha, 2014; Taylor, 2014).
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At the same time, monsoonal precipitation fluctuated in response
to changes in incoming solar radiation (Zhang et al., 2008; Zhao
et al,, 2015), shifts in the latitudinal position of the intertropical
convergence zone (Sachs et al., 2009; Yan et al., 2015; Denniston
et al,, 2016), and variations in ENSO activity (Griffiths et al.,
2016). Information on the role of prehistoric human activities
and climate change on northern Vietnam tropical environments
is sparse. Paleoecological records that do exist for the region are
reported for deltaic and estuarine environments, thus providing
only broad-scale, regional, and continental interpretations (Li
et al., 2006, 2009).

Here we report on a multiproxy (pollen, macrocharcoal,
geochemistry, coprostanol) paleoenvironmental record spanning
the last 3000 years from a freshwater wetland on Quan Lan Island
in eastern Ha Long Bay, northern Vietnam. A recent discovery
of human burial and artifacts at the Dong Choi archaeological
site, a sand dune near Quang Trung Commune, suggests that
the island has been occupied for at least 3500-4000 years (Phu
et al., 2017). During the Ly and Tran Dynasties of the 11-13th
centuries, the island supported a naval base and trading port.
Using paleoclimate data from Vietnamese tree-rings (Buckley
et al,, 2014, 2017) and lake sediments (Stevens et al., 2018)
and speleothems from Indonesia (Griffiths et al., 2016) and
southern China (Zhang et al, 2008; Zhao et al, 2015), we
examine concurrent human and climate drivers influencing this
tropical island ecosystem. While the record is low resolution, the
limited number of undisturbed terrestrial wetlands in the region,
along with this wetland’s potential significance in elucidating
Vietnamese cultural heritage, makes this an important and
novel record.

Since 1943 CE, the increase in rice production, aquaculture,
and the impacts of war has resulted in an estimated ~30-35% loss
of primary forest, wetland, and mangrove habitats that harbor
high levels of biodiversity (Vietnam contains 10% of the world’s
flora and fauna) (FOA, 2009). Forest loss, especially of mangroves
(31.6% loss between 2001 and 2008), has been substantial around
the Red River Delta and Ha Long Bay with only ~10% of the
area still forested (FOA, 2009; Bui et al.,, 2014). Although much
of the ecosystem degradation can likely be linked to agricultural
development, political instability and frequent warfare likely also
contributed to a changing landscape. Similarly, in the past, these
anthropogenic forces may have helped shaped the environment
and biodiversity of organisms.

Early populations in the Red River Delta of northern Vietnam
were relatively small and local rulers maintained the land, likely
with limited impact on the environment (Taylor, 2014). Around
3000 years ago, rice cultivation and pond aquaculture expanded
along the coast and major waterways as technology improved,
populations expanded (Maloney, 1991; Chapuis, 1995; Li et al.,
2009), and the coastline stabilized (Lam and Boyd, 2003; Tanabe
et al.,, 2006). Fire has been employed extensively in northern
Vietnam for rice cultivation to increase the number of crops each
year (typically two) by burning stubble left after each harvest
(Lasko et al., 2018).

Warfare in SE Asia has been on-going with both internal
strife between the three kingdoms (Tonkin, Champa, and
Cochinchina) as well as invasions from China and the Mongols.

In warfare, fire is also used extensively. A mainland deltaic record
from northern Vietnam has argued that warfare during the past
1500 years, not agriculture, had a major influence on fire regimes
in northern Vietnam (Li et al., 2009). The conclusion of the study,
while bold, did not address the geographic extent of the impacts
of war. However, Li et al. (2009) mention secondary impacts
that may also have affected burning, agriculture and ecosystems
(e.g., farmers fighting instead of farming, damage to land and/or
damage to the economic structure making farming unviable).
However, such impacts have not been explored.

Both warfare and agricultural innovation occurred against
a backdrop of changing climate. Fluctuations in moisture
availability, attributed to the waxing and waning strength of
the Asian monsoon, have influenced environments and political,
social, and economic development over much of Southeast Asia
(Lieberman and Buckley, 2012). Few paleoclimate records exist
for SE Asia and even fewer for northern Vietnam. At decadal to
interannual resolution, lake sediments from northern Vietnam
(Stevens et al, 2018) and tree-rings from Central Vietnam
(Buckley et al., 2017) document the modulation of precipitation
by ENSO (Pacific Walker Circulation). Intense decades-long
droughts triggered famines and contributed to the downfall of
empires (Buckley et al, 2010, 2014; Lieberman and Buckley,
2012), but it is less clear how centennial-length climate change
may have affected land use. Lake sediments and speleothems offer
complex reconstructions of centennial-scale changes in monsoon
precipitation in eastern Asia with some records suggesting a wet
Little Ice Age (Tan et al,, 2011; Yan et al.,, 2011; Griffiths et al.,
2016; Stevens et al., 2018) and others suggesting a wet Medieval
Climate Anomaly (Zhang et al., 2008; Yamoah et al., 2016).

This study was undertaken to understand the historic role
of Quan Lan Island and the extent of anthropogenic activity.
Specifically, the study set out to determine how the backdrop
of historical events and climate variability (specifically that
during the MCA and LIA climate events) impacted the tropical
island ecosystem. These are compared with the human impacts
and development activities such as land clearing, burning, and
agricultural rice cultivation inferred from pollen and charcoal
data. Geochemistry data (organic matter and C:N ratios) provide
a measure of productivity and changes in water levels in the
wetland, related to changes in climate and land use. Because one
record cannot separate climate and human impacts, we examine
them in concert, with the reconstruction of climate relying on
regional records and societal and political events from historical
documents. Finally, gross variations in the local population are
inferred from coprostanol data.

SITE DESCRIPTION

Quan Lan is an elongate island, 18 km in length, in the Van
Don District at the eastern edge of Ha Long Bay (Figure 1). It
is mostly sandstone making the terrain gentler, more habitable
and accessible compared with the surrounding steep karst
islands. The island itself is rich in biodiversity and home
to a variety of vulnerable animals, such as the pale capped
pigeon and the green turtle, as well as a variety of mangrove
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FIGURE 1 | Map of Northern Vietnam and Quan Lan Island. Map showing the
location of the Quan Lan Commune and wetland (20.876°N, 107.494°E; red
star), Van Don District. The ancient port of Son Hao is marked by a red dot.
(Inset: Location of Quan Lan Island (red box) within northern Vietnam and Ha
Long Bay.)

species, including Bruguiera gymnorrhiza. The natural wetland
(20.873460°, 107.494736°) where the sediment core was taken
is located in the Quan Lan Commune and has been used
for centuries as a freshwater source according to the locals
(Figure 1). The wetland occupies a low-lying depression and is
fed by the sandstone hills to the east, which serve as a buffer
to storms. At the time of coring, there was no inflowing stream
that feeds the wetland. It is too far removed from the coast and
protected by the hills to be affected by storm surges or sand
transport from the beach. Modern rainfall capture and storage
has made use of the spring obsolete, and in 2014 CE the wetland
was destroyed to make room for a paved road that will help
bolster international tourism (Figure 2).

The lowland vegetation can be characterized as tropical wet
evergreen (and semi-evergreen) and tropical moist deciduous
forest (WWF, 1995). Unmodified coastal areas support extensive
mangroves, and some species are threatened due to the altered

coastline. A tree flora survey of fourteen plots on Quan Lan
Island and neighboring islands indicate that the dominant tree
species comprise members of Fagaceae, Fabaceae, Myrtaceae,
Elaeocarpaceae, Annonaceae, Moraceae, and Euphorbiaceae
(Frontier-Vietnam, 2004; Qin et al., 2012). Many of the species
are not wind pollinated produce limited pollen, and/or only occur
in protected locations on the island. The majority of Quan Lan
consists of extensive unfertile sandy soils with low humus that
supports scrub and ferns. While sparse, the dominant tree is she-
oak (Casuarina) near the wetland; it is planted to stabilize sand
dunes but has colonized the island extensively. Agriculture fields
(primarily rice) occur to the north of the wetland, but the wetland
at the time of coring was not used to grow crops. Locations left
fallow are dominated by a variety of fern species.

The climate of Ha Long Bay is tropical-subtropical.
Temperatures vary from 15 to 25°C. The average annual
rainfall is ~2,000 mm with the summer months receiving half
the annual precipitation. In the summer months, southwesterly
to southerly winds flow from the Gulf of Tonkin onshore
carrying substantial moisture. During the late fall, monsoon
winds shift direction, blowing from the northeast along the
coast and offshore into the Gulf of Tonkin where they pick up
moisture, resulting in more precipitation for Ha Long Bay than
the mainland receives.

MATERIALS AND METHODS

A sediment core, 54 cm in length, was taken from the ~1 hectare
wetland in December 2012 with a Livingstone piston corer and
enclosed in PVC pipe for transport to Monash University in
Melbourne, Australia. The core was subsampled at 1 cm intervals
in the Monash University Geography and Environmental Science
School’s Paleoecology Laboratory. Bagged samples were then
shipped to the University of Colorado Denver and California
State University Long Beach for further analysis.

Chronology

Five samples, four bulk sediment and one gastropod, were
AMS-dated at Lawrence Livermore National Laboratory. Pollen
and charcoal were not abundant enough to isolate at most
depths for radiocarbon dates and only one gastropod was found,
and radiocarbon dated. A bulk sample at the same depth of
the gastropod was measured to estimate the carbon-reservoir
error for the wetland. Radiocarbon ages were calibrated, and
an age-to-depth model was created using the age-modeling
software BACON (Blaauw and Christen, 2011). BACON uses
Bayesian statistics, specifically millions of Markov Chain Monte
Carlo iterations to reconstruct accumulation histories for
sediment deposits. All program defaults were used to produce
the age model in BACON. The IntCall3 calibration curve
was used for calibrating dates. Raw and calibrated dates
are reported in Table 1.

Sediment Geochemistry

Loss-on-ignition (LOI) measures changes in percent organic
matter (Dean, 1974). Samples at approximately 1-cm intervals
were heated at 100°C for 24h for dehydration, then 550°C
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FIGURE 2 | Quan Lan coring site. (Left) December 2012. Looking north (note two windowed house in the background). (Right) December 2015, looking west with
the same house to the right of the photograph. The coring site is under the pavement.

TABLE 1 | Radiocarbon dates.

Lab ID Dated material Depth (cm) Radiocarbon Error (yr) Mean age and upper and lower Mean age and upper and
(CAMS#) date (BP) 95% CI (CE/BCE)* lower 95% CI (cal yr BP)*
167328 Gastropod 10 400 30 1,551 (1,677-1,430) 399 (273-520)
167556 Bulk sediment 10 270 30 1,551 (1,677-1,430) 399 (273-520)
174067 Bulk sediment 21 905 35 1,137 (1,266-999) 813 (684-951)
167078 Bulk sediment 33 1,015 35 916 (1,037-699) 1,034 (913-1,251)
174068 Bulk sediment 50 3,040 90 643BCE (231CE—1,458 BCE) 2,593 (1,719-3,408)

*Ages and ranges are from Bacon (Blaauw and Christen, 2011).

for 2hrs to burn off organics, and finally 900°C for another
2hrs to remove carbonates. The difference in mass after each
burn was used to calculate relative percent organic matter
and lithogenic material. Data are reported as percent organic
carbon. Carbon-to-nitrogen ratios (C:N) also establish a history
of ecosystem productivity and the type of waterbody that
existed during the span of the record. Ratios <10 signify
algal organic matter; >20 signify terrestrial organic matter; and
10-20 represent a mixture (Meyers and Lallier-Verges, 1999).
Carbon-to-nitrogen ratios were measured with a Costech CHN
analyzer. C:N values were calibrated with acetanilide and a
controlled reference material (CRM 1944 NIST) was used for
quality assurance.

Fecal Stanols

Coprostanol is a fecal stanol commonly derived from cholesterol
in the guts of humans and pigs (Leeming et al, 1996; Bull
et al, 2002). Variations in coprostanol concentration have
been related to population density and presence/absence of
people in a watershed (D’Anjou et al, 2012; White et al,
2018). Fecal stanol concentrations were measured at 3-4cm
intervals, and at finer intervals in areas of interest, with an
Agilent gas chromatograph (6890N series) equipped with a

mass selective detector (Agilent 5,973 inert series) following
the techniques outlined in White et al. (2018). Stanols were
extracted overnight by soxhlet extraction with 200mL of
dichloromethane and concentrated to a final volume of 0.5mL
using rotary evaporation under a gentle nitrogen stream. Stanols
were derivatized into their trimethlysilyl ethers through a
reaction with N,O-Bistrifluoroacetamide (BSTFA) for 30 min at
70°C. A ratio of 5B-coprostanol to 5B-coprostanol plus 5a-
cholestanol, the degradation product of cholesterol formed by
soil microbial communities, was calculated to account for fecal
degradation through time (Bull et al., 2002; White et al., 2018).
By relating 5B-coprostanol to 5a-cholestanol, a comparison
is made of stanol input and preservation within soils (5a-
cholestanol) to stanol input from feces (5B-coprostanol). Thus,
high values of this ratio indicate a large human presence
around the wetland and low values indicate a small human
presence (White et al., 2018).

Pollen

Pollen percentages were used to reconstruct changes in local
vegetation and rice agriculture around the wetland. Samples were
processed using the University of Minnesota LacCore pollen
procedures. The pollen extraction methods included the use
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of potassium hydroxide and acetolysis (acetic anhydride and
sulfuric acid solution) to remove organics and hydrofluoric acid
to remove silicates. Subsamples of the processed samples were
analyzed under a compound microscope at 400x and ~300
pollen grains were counted per subsample. Pollen databases and
taxonomic keys at the Vietnam Institute of Archaeology were
used to confirm pollen identification. Poaceae pollen >40 um
was interpreted to be agricultural and based on historical uses
in the region likely came from rice (Tweddle et al, 2005;
Li et al, 2006). The dominant pollen-types in the record
are from agricultural grasses, ferns, Casuariancaceae, with the
latter two being disturbance colonizers (Hata et al., 2010;
Potgieter et al., 2014). Ferns included those of Dicranopteris,
Selaginella, Filicales and Cyclosorus. Sphagnum was included
as a Pteridophyte requiring wet, but not fully submerged,
conditions. The dominant native pollen types included those of
Melastomataceae, Fagaceae, and Acanthaceae. While the pollen
types do not represent the main components of the native
vegetation, their changing abundances likely reflect general
changes in the native flora community. Pollen percentages were
calculated based on total terrestrial pollen and spores. Pollen
ratios (rice:fern and non-arboreal and arboreal) were calculated
using the following equation: (a — b)/(a + b).

Charcoal

Charcoal accumulation rates were used to provide a local history
of landscape burning, specifically the amount of biomass burned.
Methods followed Whitlock and Larsen (2001). Macroscopic
charcoal (>125pum) was examined every centimeter on 1 cm’
samples. Samples were processed for 24h using a mixture of
10% sodium hexametaphosphate, to break up sediment particles,
and ~6% household bleach (sodium hypochlorite), to oxidize
organics. The samples were then sieved at 125 pum, transferred to
petri dishes with water, and charcoal pieces were counted using
a stereo-microscope. Charcoal concentrations were divided by
deposition time (years/cm?) to calculate charcoal accumulation
rates (CHAR).

RESULTS
Chronology

Five radiocarbon dates and the age of the top of the core
(2013 CE) were used to create a chronology and approximate
sedimentation rates (Table 1 and Figure 3). The age model is
based on four bulk dates and a gastropod. The lack of carbonate
on the island would make contamination from old carbon (e.g.,
hardwater effect) minimal. The radiocarbon age of the gastropod
(400 =+ 30) and the sediment (270 £ 30) are separated by ~70-
190 years (accounting for the laboratory error). However, the
modeled ages do result in uncertainty including ~=+100 years
of the mean age reported herein prior to 950 CE and £500-
800 years thereafter. Due to the lack of dates prior to ~950
CE, and the large age ranges and uncertainties, more confidence
is placed on the last millennia, but data are presented for a
comparative baseline. Ages hereafter are reported as common era
(CE) and before common era (BCE), although figures and tables
include calendar years before present (cal yr BP) for reference

-1550 4 3.5

-1050 4 3

-550 -{2.5

-50 2

Age (CE/BCE)
Cal yr BP (x1000)

450-1.5

9501

1450 4 0.5

1950 {0 _

T
0 10 20 30 40 50
Depth (cm)

FIGURE 3 | Age-to-depth model for the Quan Lan wetland. The graph shows
the Bacon-calibrated 14C dates (transparent blue) and the age-depth model
(darker grays indicate more likely calendar ages; gray stippled lines show 95%
confidence intervals; red curve shows single “best” model based on the mean
age for each depth.

purposes. The age-depth model suggests a reduction in sediment
accumulation (from ~25 to ~100 yr/cm) above 33 cm depth
(~950 CE).

Lithology and Geochemistry

The core is composed of sand with visible variations in organic
content (Figure 4). We divide the core into three units based
on color and composition. The basal unit (45-54 cm depth) is
composed of a light-gray coarse sand; the middle unit (15-45 cm
depth), a gray sand; and the top unit (0-15cm depth), a dark,
organic-rich sand which fines upward. From about 1150 BCE
to 1350 CE (basal and middle lithologic units), organic matter
ranges from 1 to 4%. Two short-lived increases in organic content
(~4%) occur at 500-350 BCE and 950-1050 CE. From 1350 CE
to present, organic content increases to ~6%. C:N ratios are high
(between 25 and 50) from 1150 BCE to ~1050 CE and then
decrease thereafter reaching a ratio of ~12 by 1350 CE.

Fecal Stanols

The ratio of 5B-coprostanol to 5a-cholestanol is low, ~0.025,
and relatively constant from 1150 BCE to ~950 CE (Figure 5).
However, the ratio drops to zero (i.e., undetectable levels of 58-
coprostanol) from 950 to 1350 CE. The ratio then increases to the
highest levels (>0.1) toward present.

Pollen

Prior to 950 CE, pollen accumulation rates are very low (<1,000
grains cm~2 yr~!) and degraded pollen is low (~4%), with
a maximum of 14% at the bottom of the core. Agricultural
pollen of Poaceae (>40 um) is initially low ~25%, increases to
~48% by 0 CE, and decreases to ~30% by 950 CE (Figure 5).
Disturbance species including ferns and those of Casuarinaceae
are moderately high. Ferns fluctuate between 10 and 25% prior
to 950 CE and Sphagnum is low (<10%). Casuarinaceae steadily
decline from 8 to 5% until 300 CE and increase to 10% by 950
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CE. Melastomataceae, likely Melastoma candidum, a common
invasive shrub found in agricultural areas (Ngo and Webb, 2017),
increases from low abundances (1-2%), peaks at 0 CE (10%),
and decreases back to low levels (1-2%) by 950 CE. Native
Fagaceae species are initially high (10-20%) prior to 550 BCE
and then decline slowly to ~10% by 950 CE. In addition, native
Acanthaceae species occur consistently through the record at
4-5% until present. The non-arboreal to arboreal pollen ratio is
initially low and increases through present.

Between 950 and 1150 CE, pollen accumulation rates increase
significantly (between 6,000 and 30,000 grains cm~2 yr~!) and
degraded pollen is minimal (average of 4%; range between 1.5 and
9.5%). After 1150 CE to present, pollen accumulation rates range
between 800 and 3,000 grains cm 2 yr~! and pollen degradation
remains minimal. Percentages of Poaceae (>40pm) decrease
after 950 CE to alow of 16% by 1250 CE, and then increase to 28%

by 1450 CE. After 1450 CE, Poaceae increases to 45% by 1550 CE,
decreases to 27% by 1750 CE, and then increases to a high of 47%
toward present. In contrast, fern spores increase significantly to
40% between 950 and 1250 CE and then decline to 20% ~1350
CE and remain at those levels until present. Sphagnum gradually
increases from 10 to 20%, peaking slightly later than the ferns
(~1350 vs. 1250 CE, respectively), and declining to low levels
(~5%) after ~1350 CE. The rice to fern ratio is the lowest of the
record. Casuarinaceae percentages increase (to 15%) between 950
and 1250 CE, decline to low percentages (5%) by 1350 CE, and
remain at those levels through the rest of the record. Fagaceae
decreases to ~3% after 1150 CE, and remain at those percentages
for the remainder of the record.

Charcoal

CHAR are low (<0.5 charcoal particles cm~2 yr=!) prior to 950
CE with the exception of a slight increase to 2 particles cm™2
yr_1 between 750 and 950 CE. (Figure 5). CHAR declines to
undetectable levels between 950 and 1350 CE and then increases
to ~2 particles cm~2 yr~—! until 1950 CE. There is one large
charcoal peak at ~1800 CE ~6.5 particles cm 2 yr~1. After 1950
CE, CHAR drops to ~0.5 particles cm~2 yr~! toward present.
Generally, macro-charcoal accumulation rates ranging between
0.5 and 10 particles cm 2 yr~! are common as particles counted
are large (>125 pwm) and do not travel far (Whitlock and Larsen,
2001).

DISCUSSION

Agriculture and population changes at Quan Lan are
contemporaneous with both regional climatic and socio-
political changes in Vietnam. The proxy data we collected cannot
discern between natural and anthropogenic impacts. We do
not reconstruct climate based on our record, rather present
regionally known climate changes based on independent climate
information. The chronology is based on the latest Bayesian
techniques, which allow each date to influence the chronology,
and therefore fewer dates are needed to produce a reliable
chronology. We do not believe the sediment to be contaminated
with older/younger carbon given the surrounding sandstone
lithology and that two dates at the same depth produced similar
ages if considering the slow sedimentation rate and the possible
reworking of the gastropod. Individual war events would not be
detectable in our record due to the slow sedimentation rate of
the wetland. However, anthropogenic modification or climatic
change (e.g., Medieval Climate Anomaly or Little Ice Age)
spanning hundreds of years would be measurable if they were
extensive. Below we compare known changes in climate with the
agricultural, population and environmental changes recorded in
the Quan Lan sediment record.

Early Occupation and Chinese Influence
(~1150 BCE—950 CE)

A small human population was likely living near the coring
site on Quan Lan Island, ~ 3000 years ago based on the low
fecal stanol values. Even if the 58-coprostanol is partly due to
animal husbandry (e.g., pigs), this is still evidence of people on
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species (lower ratio = more native trees) through the record. Regional climate proxies from Ao Tien lake sediments (5180; Stevens et al., 2018), northern Vietnam
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the dark gray band the Medieval Climate Anomaly.

the island. An early occupation is consistent with the recent
discovery of pottery, stone tools, and obsidian flakes at the Dong
Choi archaeology site, northern Quan Lan island, which indicate
occupation of the island as early as 3500-4000 years ago (Phu
etal., 2017). The wetland may have been seasonally dry as the low
percent organic matter suggests rapid oxidation. High carbon-to-
nitrogen ratios indicate that the organic matter was dominated
by terrestrial plants or emergent macrophytes (Meyers et al.,
1984). Pollen degradation was moderate in the two bottom most
samples and accumulation rates and percent organic matter were
low, suggesting possible oxidation early in the record. These
factors, along with the dominant lithology of sand, rather than
fine grained material, suggest that the area did not maintain
standing water throughout the year.

Lack of standing water is not consistent with reconstructions
of climate from regional sites and may be the result of
wetland hydrology rather than available moisture. For example,
paleo-records from Hainan Island suggest wet conditions from
1050 BCE to 1350 CE (Yang et al., 2014). However, Chinese
speleothem records suggest a weakened monsoon and generally
drier conditions after ~1150 BCE (increasing 8180 and §130),
corresponding to decreasing summer insolation for 30°N (Wang
et al., 2005). A Laotian speleothem record also suggests a drier
local climate during this interval (Yang, 2016). The record from
Lake Pa Kho indicates both the wettest (700-1000 CE) and driest
(50 BCE-700 CE) periods during this time (Yamoah et al., 2016).

These equivocal climate reconstructions do little to clarify the
establishment of the wetland, which was likely only seasonally wet
or wet during specific intervals that cannot be resolved with the
sedimentation rate.

The presence of rice pollen (Poaceae > 40 jLm), while in low
percentages in the early part of the record, suggests occupants
of Quan Lan Island were likely practicing rice agriculture (Fuller
et al, 2011). Wet rice agriculture has been one of the main
economic activities of northern Vietnam due to fertile soil
and abundant freshwater (Taylor, 2014). The Chinese started
incursions into northern Vietnam around 200 BCE, viewing
the fertile Red River Delta as valuable land for rice agriculture
(Taylor, 2014). While Quan Lan Island is not as fertile as the
mainland, the technological and economic influence brought
by the Chinese likely made it to the islands indicated by the
increase in rice pollen. Early in the record, native species of
Fagaceae were in the highest abundances; however, their decline
to low levels toward 950 CE suggests clearing of native species
for the purpose of growing rice and/or building. The presence
of these native species early in the record suggests that the local
vegetation was minimally disturbed. Disturbance taxa, such as
ferns and species of Casuarinaceae, are most abundant when
rice is in lower abundances, while Melastomataceae species,
often an invasive in agricultural fields in Vietnam (Ngo and
Webb, 2017), are most prevalent when rice is highest prior
to 950 CE.
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CHAR was minimal early in the record, suggesting that
local burning activity (natural or agricultural) was limited.
Interestingly, there was a slight increase ~750 CE. Chinese
officials first introduced their agricultural practices and stone
tools to the northern Vietnam highlands during the mid-fifth
century. Agricultural practices included burning, which allowed
multiple crops to be harvested each year and significantly
increased the amount of arable land along with the use of stone
tools (Goscha, 2014; Phu et al., 2017). During the 8-9th centuries,
there was a movement of people away from the hills (northwest
Vietnam) to the coast around the Red River Delta and likely to the
islands (Lieberman and Buckley, 2012). The migration of peoples
and inception of agricultural burning likely made it to Quan Lan
Island, as suggested by the slight increase in charcoal and rice
pollen between ~750 and 950 CE.

Societal Instability and Climate Variability
(950-1450 CE)

The nearly absent fecal stanol values suggest that population
around the wetland was reduced between 950 and 1450 CE. A
decreasing trend in C:N ratios and a peak in organic content
during this time interval signals increasing algal productivity or
reduction in emergent macrophytes, such as rice, and possibly
better preservation of organic matter. Both proxies suggest that
the depression maintained a standing water body.

During this interval, there is a notable shift in the tropical
forest on Quan Lan. Pollen of disturbance species, including
those of ferns and Casuarinaceae, increased after 950 CE and
were the most abundant by 1250 CE and 1150 CE, respectively,
while native species of Fagaceae, occurred in smaller abundances
than before between 950 and 1450 CE. Interestingly, species
of Melastomataceae become very limited, possibly indicating a
decrease in agricultural productivity, likely limited by the fast-
growing fern species. Sphagnum spores gradually increase and
peak ~1350 CE, suggesting decreased water levels in the wetland
from before and at present. Agricultural rice declines after 950
CE, reaching the lowest levels of the record around 1250 CE
and then increasing thereafter, suggesting a decrease in rice
production. Burning also ceases as indicated by the absence
of charcoal.

The changes in the environment occurred during a period
of political instability as the people of northern Vietnam fought
for independence from China and established Dai Viet. The Ngo
Quyen and then the Dinh Dynasty had control of Dai Viet by
950 CE, and the political shift resulted in social, economic, and
agricultural expansion along the Red River Delta, initiating trade
between the mountain region of northern Vietnam and the Gulf
of Tonkin. During the twelfth century, the Ly Dynasty expanded
maritime trade, establishing strategic points along the coast for
local economig, religious, and defensive purposes (Goscha, 2014).
The Van Don port on Quan Lan Island was first mentioned in
1149 CE in the Dai Viet Annals and was one of these strategic
points (Kimura and Pollack, 2015). The establishment of the port
and naval base likely influenced agriculture on the island.

Some of the change in the environment may have resulted
from climate variability. Climate variability is equivocal during
the MCA with some studies suggesting wetter conditions in
SE Asia (Lieberman and Buckley, 2012). Others, such as the

speleothem record from Dongge Cave (~450 km north of Quan
Lan), indicate a dry climate during the early part of the MCA
followed by increasing moisture (Dykoski et al., 2005; Wang
et al,, 2005; Zhao et al., 2015). The dry-to-wet conditions during
the MCA are consistent with the gradual shift in the wetland
to more consistent water level as indicated by the increase in
algal organic matter (e.g., lower C/N ratios). The more coarse-
resolution record at Cattle Pond in the Xisha Islands in the South
China Sea indicates drier winter conditions (interpreted as fewer
storms) during this interval, which may be associated with a
displacement of the rising limb of the Pacific Walker Circulation
to the east (Yan et al., 2011). It is possible that lack of autumn and
winter rains made two rice crops difficult.

The complexity of hydroclimate during this period makes
correlation with human activity tentative. However, a common
climatic thread during this interval is emerging of intense, often
decades-long droughts. Tree rings document severe droughts
in the eleventh century and early thirteenth century CE in
Cambodia (Buckley et al, 2010). The infamous Angkor I
and II droughts were 30- and 20- year duration, respectively
(Buckley et al., 2014) and have been documented in India
(Sinha et al, 2011), Cambodia (Buckley et al., 2010), China
(Zhang et al., 2008), and northern Vietnam (Stevens et al., 2018).
During the fourteenth century, the Hanoi chronicles document
regular droughts and famine (Buckley et al., 2014). The spatial
distribution of these severe droughts suggest that Quan Lan
was not immune. Lack of summer monsoon precipitation likely
dropped the water table in the wetland, allowing Sphagnum
moss to grow, and reducing rice agriculture around the wetland
for much of this time period. The resolution of our record
would not capture individual droughts but rather the long-
term consequences. Toward the end of the fifteenth century,
available moisture increases in northern Vietnam (Stevens
et al., 2018) and this is reflected by an increase in organic
carbon and enhanced algal production in the wetland. A nearly
simultaneous reappearance of fecal stanols indicate that people
are repopulating the region as climate stabilizes and becomes
reliably wet.

Modern Northern Vietnam (1450 CE to

Present)
The last ~550 vyears of the record suggests increased
anthropogenic influence near the wetland. It is a period of
intensified cultivation on Quan Lan Island, reflected in the
increase in rice pollen (yet not as high as prior to 950 CE until
after 1950 CE), burning, and increased fecal stanols near the
wetland. The change occurred rapidly with population increasing
first, followed by increased burning and rice agriculture. Ferns
and Casuarinaceae declined, while native species remained
in low abundances. The wetland maintained standing water,
increasing the preservation of organic matter as oxidation
decreased. Algal production also increased, reflected in the low
C:N ratios, in response to water availability, increased nutrient
flux from human and livestock waste or both. A reliable water
source would have led to more consistent rice cultivation and
burning to increase cultivated area and rice production.

The modern period is marked by an increase in effective
moisture (e.g., precipitation minus evaporation) in northern
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Vietnam (Yan et al., 2015; Stevens et al., 2018), southern China
(Zhao et al., 2015), and Indonesia (Newton et al., 2006; Griffiths
et al,, 2016). However, the relationship between precipitation
and monsoon strength is complicated. Some studies argue that
the increase is due to an equatorward contraction of the ITCZ
(Denniston et al., 2015; Yan et al., 2015), while others suggest
that an amplification or shift of the Pacific Walker circulation
is equally important (Yan et al., 2011; Yang et al., 2014, 2016;
Griffiths et al., 2016; Yang, 2016; Stevens et al., 2018). Regardless
of the cause, more moisture would be favorable for increased rice
agriculture and a larger population base.

By the end of the 15th century, Tana (2014) argues that use
of the trading base on Quan Lan Island declined as the banks
of the Bach Dang River eroded away in the early half of the
century. The loss of a mainland port made it more difficult for
ships to navigate and transport goods between the Van Don port
and the northern capital. Trade was also affected by changes in
technology, geographical displacement of the Dai Viet capital
to the location of present-day Hue, and the establishment of
competing coastal ports. There is also a decrease in trading
ceramics at the San Hao archaeological sites from the fifteenth
century onward (Phu et al., 2017). The decline in the prominence
of the Van Don port after ~1450 CE coincides with increased
burning, rice cultivation, and a significant rise in population in
the area around the Quan Lan wetland, suggesting a return of
subsistence agriculture near the wetland.

Implications for a Tropical
Island Ecosystem

Understanding anthropogenic impacts on tropical island
ecosystems is especially important because they are sensitive to
changes in land-use and climate change. Quan Lan Island is being
targeted by major international tourism companies for its white
sand beaches. As the tourism industry grows, Quan Lan Island,
and the surrounding islands of Ha Long Bay, will experience
increased environmental pressures unlike those seen in the past.
The paleoecological record from Quan Lan Commune highlights
the sensitivity of the island ecosystem to outside influences,
but also future climate change will likely influence the amount
and distribution of precipitation with changes in the Walker
Circulation and the position of the ITCZ. Native species have
been significantly reduced on the island and future management
might consider reestablishing and/or increasing these species
and protecting them from future tourism pressures.

CONCLUSIONS

A multiproxy approach was used to reconstruct the
paleoenvironment of Quan Lan Island in Ha Long Bay of
northern Vietnam and to place environmental changes within
historical, archaeological, and paleoclimate contexts. The results
suggest that central power and dynastic shifts, climate variation,
wet rice cultivation, and international trade in northern Vietnam
all likely played roles in the late Holocene environmental change
of the island. Early use of the site (1150 BCE—950 CE) shows
limited burning, moderate wet rice agriculture, and abundant

native vegetation. During this time, the low but stable population
living on the island was likely practicing rice agriculture for
subsistence purposes. The site was perhaps only an ephemeral
wetland with abundant terrestrial vegetation and sand. A modest
increase in rice cultivation and burning ~750 CE occurred as
the Chinese brought technology (i.e., stone tools and burning
techniques) that allowed wet rice agriculture to expand in the
Red River Delta.

The area around the wetland appears to have been largely
abandoned between 950 and 1450 CE. Fecal stanols drop to
very low levels, signaling a movement of the population away
from the area. This shift is matched by undetectable levels of
charcoal, abundance of disturbance species, and a decrease in
rice pollen. This marked environmental and population change
occurred at a time of great political instability resulting from
Dai Viet independence from China and shifting dynasties and
warfare. However, expansion of wet rice cultivation in the Red
River Delta resulted in an increase in the population and trade
with surrounding nations. The Van Don port was established
in 1149 CE for trade and defense on Quan Lan. It is also
possible that climatic conditions made the area around Quan
Lan commune unfavorable for subsistence farming. Although
there is evidence for an enhanced monsoon during the early part
of this period, later aridity and an overall more erratic climate
with frequent extreme droughts consistent with prolonged “El
Nifo-like” conditions.

Approximately 1450 CE, population abruptly expanded
and burning and rice cultivation subsequently increased. The
transition to algal-dominated organic matter suggests that the
wetland either expanded or had standing water year-round. This
result is not consistent with a drier Little Ice Age, which has
been used to explain the decline in agricultural productivity in
other parts of southeast Asia. It rather is consistent with climate
reconstructions of amplified Walker Circulation and a prolonged
“La Nifa” state. The return of cultivation at Quan Lan also
coincided with the cessation of operation of Van Don port, which
may have focused activity from trade back to rice agriculture.

This study suggests that the islands of Ha Long Bay have
supported inhabitants for at least 3000 years and that these
people practiced rice cultivation and modified the landscape to
varying degrees. Anthropogenic impacts, however, significantly
increased in the last 500 years due to increased human
population. The practice of agriculture resulted in the most
significant environmental changes as it often consisted of clearing
large areas of land, burning fields, and introducing non-native
vegetation. Given the limited paleoecological and paleoclimate
information from the region, a study focusing on the remote
islands that have experienced little human influence would help
identify the influence of natural vs. anthropogenic drivers of
environmental change.
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