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Abstract

This paper investigates the possible social responses to changes in the strength of the southwest monsoon in northeastern Thailand during the currency
of the Angkor civilisation. These assessments are based on hydrogen and carbon isotope records of leaf waxes (8D,,, and 3'3C,, ) from a 2000-year-
long wetland sequence of Pa Kho in northeastern Thailand, a region that formed the northern boundary of the Angkor Kingdom. Our data indicate
anthropogenic flooding of the Pa Kho wetland through the control of water through dam construction from c. AD 1300 in response to the fluctuating
strength of monsoon rains. dD,,,,, a proxy for regional hydroclimate variability, corroborates pre-existing evidence that increased summer monsoon
rains, which supported the expansion of the agrarian economy, aided the rise of the Angkorian Empire whereas extreme drought contributed to its
demise. Interestingly, our 8D,,,, record shows already a gradual decreasing monsoon intensity from c. AD 1000 onwards, although Angkor’s prosperity
reached its peak at c. AD 1200. We suggest that the complex hydrological system established under royal patronage at Angkor provided a resilient buffer
against short-term monsoon fluctuations. The long-term decline in monsoon rains over a ~300-year period, combined with ongoing urbanisation, may
have stretched the hydrological systems to their limit. We suggest that this was a major factor that contributed to the demise of Angkor in the mid-15th

century.
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Introduction

Changes in the Earth’s climate have been shown to contribute to
human migrations and social changes (Haug et al., 2003; Weiss
and Bradley, 2001; Wohlfarth et al., 2016). The history of the
civilisation of Angkor is a prominent example of how a techni-
cally developed society confronted dramatic shifts in climate con-
ditions around c¢. AD 1400 (Buckley et al., 2010; Cook et al.,
2010; Penny et al., 2007). Encompassing Cambodia and parts of
southern Vietnam, Laos and Thailand, the Angkor Civilisation,
from the 9th to the 14th centuries AD, was the greatest kingdom
in Southeast Asia (Evans et al., 2007). Angkor’s economic basis
(Hall, 1985) was rice agriculture (Castillo, 2011; Higham, 2015),
which was supported by a complex hydrologic system for irriga-
tion during dry seasons (Kummu, 2009).

The cultivation of domestic rice was introduced into the area
that was later to come under the political control of Angkor in the
first half of the 2nd millennium BC (Higham et al., 2015). Rice
was a component of a mixed economy that included the mainte-
nance of domestic cattle and pigs, hunting gathering and fishing,
until about AD 200. As far as can be identified from the surviving
plant remains, rice was grown as a dryland crop, reliant on rainfall
alone for maturation. It was probably not a major component of
the human diet (Higham, 2002). From AD 200, however, there
was a marked decline in the intensity of the monsoon rains

Angkor Civilisation, Lake Pa Kho, northeast Thailand, Southeast Asia, wetland

(Wohlfarth et al., 2016). This took place at the same time as a
series of cultural changes that have been described as an agricul-
tural revolution (Higham, 2014).

Iron Age sites proliferated with a growing population, and
were now ringed by multiple broad moats and banks to store the
water diverted from the nearby watercourses (Scott and O’Reilly,
2015). Indeed, remote sensing has identified possible Iron Age
fixed field boundaries surrounding settlements in Northeast Cam-
bodia, on the doorstep of Angkor (Evans et al., 2013; Hawken,
2011). Weeds adapted to wet field systems have been identified at
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Non Ban Jak (Castillo, 2011), and finally, rice itself proliferated
in archaeological contexts. It was used in mortuary rituals to fill
graves, and rice straw was mixed with clay to construct houses
(Higham and Kijngam, 2012).

Wohlfarth et al. (2016) have proposed that the deterioration in
the vital monsoon rains stimulated a positive adaptive response
involving the establishment of irrigated agriculture. This was a
seminal change in the social history of Southeast Asia because
irrigated demarcated fields represent an improvement of land that
was under personal or family ownership, thereby opening the
door to wealth creation and social ranking. Again, evidence of
social organisation is precisely what occurred in the archaeologi-
cal record, the construction of the moats coincided with the inter-
ment of the dead with an unprecedented level of wealth expressed
as exotic valuables: gold, silver, bronze, carnelian, glass and agate
(Higham, 2011). Subsequently, there was a rapid transition from
these late Iron Age societies into early states, known under the
name Chenla in the area of the later Angkorian kingdom. The tex-
tual record between c. AD 550 and c. AD 800 that survives as
Sanskrit and Old Khmer inscriptions records elite individuals,
known as pon, rice field workers, smiths and construction work-
ers all of whom recall developments from the social milieu of the
late Iron Age (Jacob, 1979; Vickery, 1998). Hawken (2011) has
identified that rice field boundaries matched the epigraphic evi-
dence for the basis of Chenla agriculture.

In about AD 802, a ruler named Jayavarman II defeated the
leaders of rival Chenla states, and established the kingdom of
Angkor on the northern shore of the Tonle Sap, the Great Lake of
Northwest Cambodia. From the foundation of the Kingdom, the
diversion of water into reservoirs (barays) and thence into rice
fields was the basis of state agriculture. This is seen, for example,
in the construction of the Indratataka Baray at Hariharalaya under
King Indravarman I (reigned c¢. AD 877-889), soon to be fol-
lowed by the giant Eastern Baray under Yasovarman I (reigned c.
AD 889-910) at Angkor itself. Recent investigations have identi-
fied the complex inlet and outlet systems of this reservoir, as well
as the pattern of associated rice fields (Pottier, 2001). The Western
Baray was the biggest of all and was constructed during the reign
of Suryavarman I (reigned c¢. AD 1006-1050). Pottier (2000) has
identified a complex series of outlets that fed water into a canal
system and ultimately into the rice fields.

This agricultural system involved exploiting the perennial
streams that flowed south from the Kulen upland to the north of
Angkor. One was diverted and canalised to feed the larger barays,
as well as the moats that ringed the temple mausoleum of Angkor
Wat, and the canals and moats associated with the city of Angkor
Thom (Fletcher et al., 2008). The entire water reticulation system
of Angkor was probably built to develop resilience to any fluctua-
tions in monsoon rains. When it faltered, over long periods of time,
there would have been stress on the water supply to the populace
and the rice fields. Exacerbated by deforestation in the hinterland as
the population grew and spread, unusually wet conditions would
have caused major problems with sedimentation and the choking of
the canal system (Day et al., 2012; Kummu et al., 2008).

In this study, we investigate the effect of southwest monsoon
dynamics on the inhabitants of the Khorat Plateau in NE Thai-
land, a region that formed part of the Angkorian Empire between
c. AD 1000 and ¢. AD 1300 (Welch, 1998). For this, we use car-
bon and hydrogen isotopes of leaf waxes (8D,,, and 313C,,,)
derived from a 2000-year-long record of Lake Pa Kho (LPK), a
wetland in NE Thailand. 8'3C,,, has been used as a proxy for both
past vegetation and moisture availability on LPK and 6D,,,, for
past regional hydroclimatic conditions in SE Asia, respectively
(Yamoah et al., 2016a, 2016b). Together, these provide a unique
context to (1) discuss human influence on the environment and
(2) assess the impact of climate on Angkor during the late Iron
Age through to the ensuing millennium.

Study site

A peat sequence was obtained in January 2010 from Nong (Lake)
Pa Kho (LPK; 17°06"70” N 102°56'17" E) located on the Khorat
Plateau at approximately 186 m a.s.l. in the northeastern Thai-
land, a region that formed the northern frontiers of the Angkorian
Empire (Figure 1). A small and shallow lake of approximately 1
km? and <2 m water depth, respectively, LPK was formerly a wet-
land before dredging and damming in the 1990s (Chawchai et al.,
2015; Penny, 2001). The vegetation in and around the wetland,
prior to dredging, was dominated by grasses, sedges and ferns
with floating communities, including Typha angustifolia,
Nelumbo nucifera, Persicaria attenuate, Alocasia macrorhiza,
Ipomoea aquatica, Ludwigia adscendens, Sagittaria sagittifolia,
Jussiaea linifolia, Nepenthes thorii, Alternanthera sessilis, Eupa-
torium odoratum, Hewittia sublobata, Nymphoides indicum and
Physalis angulata (Penny, 2001). The current vegetation around
LPK includes sugar cane, paddy fields and Eucalyptus plantations
(Klubseang, 2011).

Thailand has a monsoonal hydroclimate, which consists of the
southwest and northeast monsoonal trade winds. The southwest
monsoonal winds arrive from the Indian Ocean, reaching Thai-
land between May and October, bringing most of the annual pre-
cipitation. The northeast monsoonal wind emanates from the high
atmospheric pressure areas in Mongolia and China and brings dry
air. This reaches Thailand during the winter period from Novem-
ber to April. The movement of the Intertropical Convergence
Zone (ITCZ) (Thai Meteorological Department, 2011), El Nifio—
Southern Oscillation (ENSO) variability (Singhrattna et al., 2012;
Yamoah et al., 2016a) and tropical cyclones (Thai Meteorological
Department, 2011) contribute substantially to the variation of
annual precipitation in Thailand. Mean annual precipitation in the
study region is around 1455 mm, whereas air temperatures vary
from ~22°C to 30°C (Chawchai et al., 2015).

Methods
Sampling and lithostratigraphy

The sequence from LPK was obtained in January 2010 using a
modified Russian corer (1 m length, 10 cm diameter). The cores
were described in the field, wrapped in plastic foil and placed in
PVC (polyvinyl chloride) tubes and were transported to the
Department of Geological Sciences at Stockholm University,
where they were kept in a cold room at 4°C. The lithostratigraphy
(Figure 2a) was described in more detail in the laboratory based
on physical properties. Specific marker horizons were used to cre-
ate a composite sequence based on overlapping core segments.
The 20 AMS #C dates measured on charcoal, seeds, leaves,
insects and small wood fragments from 3 to 5 cm depth intervals
(Chawchai et al., 2015) formed the basis for the Bayesian age
models (Figure 2b and c). A detailed description of the chronol-
ogy and the age modelling is given by Chawchai et al. (2015).

Biomarker analysis

Guided by the chrono- and lithostratigraphy (Figure 2a—c), which
was established by Chawchai et al. (2015), samples for biomarker
analyses were taken from 2.01 to 2.51 m (AD 1500-2000) at 5 cm
intervals; from 2.51 to 2.81 m (AD 550-1500), continuous 1 cm
samples were taken; and from 2.81 to 3.41 m (c. 150 BC to ¢. AD
550), samples were again taken at 5 cm intervals. A total of 52
samples were analysed. Details about the sample preparation and
biomarker analyses are given in Yamoah et al. (2016a, 2016b).
Briefly, the samples were ground to a fine powder prior to freeze
drying, after which squalane was added acting as an internal
hydrocarbon standard. The total lipid extract was fractionated by
a solid phase chromatography procedure where the hydrocarbon
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Figure 1. Map of the study site showing (a) the topography and the location of the retrieved sequence (yellow dot) on the Khorat Plateau
and an insert of the map of Thailand, (b) the extent of Angkorian Civilisation between c. AD 100 and c. AD 900 and (c) also between the period
from c. AD 1000 to c. AD 1500. (The map of the Angkorian Empire was modified from the TimeMap Project, University of Sydney, Australia.
http://www.timemap.net). Readers are referred to the web version for the colour interpretation.

fraction was eluted with pure hexane over silica gel columns,
while more polar fractions were subsequently recovered with
more polar solvents. A saturated hydrocarbon fraction was
obtained by eluting the hydrocarbon fraction over a pipette col-
umn filled with 10% AgNO;-coated silica gel. Long-chain
n-alkanes were quantified by gas chromatography—mass spec-
trometry (GC-MS) on a Shimadzu GCMS-QP2010 Ultra,
equipped with an AOC-20i auto sampler and a split—splitless
injector operated in splitless mode. A Zebron ZB-5HT Inferno GC
column (30 m x 0.25 mm x 0.25 pm) was used for separation.

8'3C and 8D analysis

The 8'3C and 3D composition of the long-chain n-alkanes (C,,—C;;)
was analysed by gas chromatography—isotope ratio monitoring—
mass spectrometry (GC-IRMS) using a Thermo Finnigan Delta V
mass spectrometer interfaced with a Thermo Trace GC 2000 using a
GC Isolink IT and Conflo IV system. Helium was used as a carrier
gas at constant flow mode and the compounds were separated on a
Zebron ZB-5HT Inferno GC column (30 m x 0.25 mm x 0.25 um).
More details about the GC-IRMS method, including GC oven
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Figure 2. Chrono- and lithostratigraphy of the LPK sequence based on 20 AMS '“C dates (Chawchai et al., 2015): (a) Lithostratigraphy, (b)
age model (without hiatus), (c) age model (with hiatus), (d) accumulation rate (without hiatus) and (e) accumulation rate (with hiatus). The blue
shapes show the calibrated '“C dates with two standard deviations, the grey shading indicates the likely age model and the dotted lines show
the 95% confidence ranges of the age model. Details of the stratigraphy and chronology are given in Chawchai et al., (2015).

temperature program, instrument performance and reference gases
used are given in Yamoah et al. (2016a, 2016b). The average stan-
dard deviations for 8D and 6'3C values of the n-alkanes were around
5%o and 0.5%o, respectively.

Results and discussion
Age model and factors dffecting sediment
accumulation

This study relies on one of the two previous age models pub-
lished by Chawchai et al. (2015) (Figure 2b and c), one with, and
one without a hiatus. Chawchai et al. (2015) argued in preference

for the hiatus model between 2.68 m and 2.63 m depth based on
enriched 83C,, values and a slowdown in accumulation rate
despite plant remains suggesting moisture availability on the
wetland. However, the introduction of a hiatus does not explain
the slowdown in accumulation rate (Figure 2d and e) and the
enriched 8'3C,, values between 2.68 m and 2.63 m depth. Nei-
ther is there any lithological evidence to support the presence of
a hiatus. Indeed, a hiatus would imply a parched period with zero
preservation of organic matter (OM). However, the hiatus was
introduced between the wettest years, inferred from 8D (Yamoah
et al., 2016a) and plant macrofossils (Chawchai et al., 2015), and
there are no arguments to suggest extreme dry periods or
unconformity.
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Figure 3. Age profiles of (a) 8'3C of C,,—C;, n-alkanes, (b) 8'3C of C;;—C;; n-alkanes, (c) 8'3C of bulk and (d) plant macrofossils. The average
standard error of measurement is £0.5%o for the n-alkane homologues.The figure was modified from Chawchai et al., 2015 and Yamoah et al.,2016b.

Subsequently, Yamoah et al. (2016b) showed that the local wet-
land vegetation dominated the bulk of the total OM and that the
variability of 8'3Cy,, appeared to be driven mainly by the input of
wetland plants that highly varied in their carbon isotopic composi-
tion depending on the wetland wetness, where high (less negative)
813C values indicate wet conditions and dominance of aquatic plants
over terrestrial vascular plants, as described further below. Exten-
sive degradation of OM (Wiist, 2001), especially soft-tissued aquatic
plants dominate between 2.68 and 2.63 m depth (as inferred from
plant macrofossils) also explains the low accumulation rates and
why there were no noticeable changes in the lithology (Figure 2a).
Based on more in-depth understanding of the factors affecting accu-
mulation rate, this study adopts the non-hiatus age model, as pre-
sented in Yamoah et al. (2016a, 2016b).

8!3C values as a proxy for wetland wetness

According to an earlier study, higher plants form the primary source
of OM input to the peaty deposits of LPK (Yamoah et al., 2016b).
Based on biomarker and carbon isotope analyses, this source could
be divided into two: terrestrial plants that generate predominantly
C,—C;, n-alkanes (Figure 3a) and aquatic plants (macrophytes) pro-
ducing mainly C;;—C;5 n-alkanes (Figure 3b). The 6°C values of
C33—C;5 n-alkanes (8'3C;; 35) had a wide variability (~ —34%o to
—22%0) mimicking the isotopic variability of bulk OM (8'3Cy)
(Figure 3c). Yamoah et al., (2016b) argued against the typical expla-
nation for 3'3C variability — shifts between C3 and C4 plant input —
since the (expected) distribution of leaf wax derived n-alkanes does
not show any changes, nor is there any evidence for nearly complete
transitions between C3 and C4 plant input in the macrofossil record.

Indeed, nearly all the identified plant species by Penny (1998) and
Chawchai et al. (2015) were mainly C3 plant types (e.g. Eupatorium
odoratum, Alocasia macrorhiza, Ludwigia adscendens, Nymphaca
lotus, Nelumbo nucifera, Typha angustifolia and Potamogeton spp.).
Various lines of evidence based on n-alkane distributions, plant
macrofossils and 8'3C values of leaf waxes led Yamoah et al.
(2016b) to the interpretation that the variability observed both in
813C, i and 8'3C5;_55 values was related to changes in water level
and primary productivity, with wetter conditions leading to high
813C values. They argued that the presence of large amounts of
aquatic plant remains at depths between 2.22 and 2.73 m (Chaw-
chai et al., 2015) indicated a wet period that stimulated a high
aquatic productivity. Increase in the aquatic productivity led to a
drawdown of dissolved CO, available for (partially) submerged
macrophytes, especially at higher water levels and low rates of
air—water gas exchange due to dense vegetation. This drawdown
leads to increased pH values, shifting the carbonate system away
from dissolved CO, in favour of bicarbonate. The isotopic effect is
double: the limitation of dissolved CO, not only leads to smaller
isotopic fractionation (causing higher leaf wax 8!3C values), but
certain aquatic macrophytes (e.g. Potamogeton spp.) may also
start utilising bicarbonate as their carbon source, which has much
higher 6'3C values than dissolved CO, (Yamoah et al., 2016b).

oD, values as a proxy for SE Asian summer

monsoon intensity

The hydrogen isotope value of leaf waxes (6D, ) reflects the iso-
topic composition of the source water available to the plant, and
the isotopic fractionation involved in biosynthetic processes of
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the plant (Sachse et al., 2004; Sauer et al., 2001; Sessions et al.,
1999). Therefore, different plant types, due to variations in their
biosynthetic fractionation, may influence 8D,,, interpretations
(Sachse et al., 2012). As earlier argued by Yamoah et al. (2016a),
813C and 8D values of C,,—C;5 n-alkanes from LPK show very
weak internal covariance (Figure 4a), which suggests limited
influence of changes in plant functional types to the recorded 8D
signal. Additionally, there are no significant differences in trends
between the 6D values of the various n-alkane homologues (C,—
C;5) (Figure 4b and c), indicating that both terrestrial and aquatic
plants have been using the same source water and have undergone
similar environmental and climatic stress. Thus, the source water,
mainly derived from precipitation, is a major driver influencing
alkane 6D values. Factors influencing the isotopic ratio of pre-
cipitation in Thailand include the amount of precipitation, ENSO
and the extent of evapotranspiration (Yamoah et al., 2016a). All
these processes lead to more positive 8D,,,, values during drier
conditions and more negative values during wetter conditions.

Reconstructed hydroclimatic conditions for Thailand, based
on 8D, values, suggest a decrease in summer monsoon rains
between ¢. 50 BC and c¢. AD 450. From ¢. AD 500 to ¢. AD 700,
the hydroclimate conditions display greater variability between
wet and dry periods, but an overall trend towards wetter summers.
This time interval was followed by a rapid increase in summer
monsoon rains from c. AD 700 to c¢. AD 1000. 8D,,,, values sug-
gest that summer monsoon intensity started to decrease steadily
until ¢. AD 1300 and was succeeded by greater variability between
¢. AD 1300 and c¢. AD 1500. The trend towards decreasing sum-
mer monsoon intensity reversed for around a century between c.
AD 1550 and c. AD 1650 and then continued to decline until the
start of the 20th century.

In order to understand the mechanisms underlying the recon-
structed hydroclimatic changes in Thailand, Yamoah et al. (2016a)
compared the 6D,,, record from LPK with other paleoclimate
records from the broader tropical Pacific region (Figure 5). A
coherent pattern of monsoonal changes was inferred from records
of 8Dy, (Figure 5a) and 6Dy yyococcene (Zhang et al., 2014) (Figure
5b) from Thailand and the Galapagos Islands, respectively. Over

the last millennium, a 8'80 .4 T€cOrd (Figure 5¢) from Dong-
dao Island, South China Sea (Yan et al., 2011), shows a general
intensification of the summer monsoon rains similar to trends
observed in the 8D,,, record (Figure 5d) retrieved from Lake
Lading in East Java (Konecky et al., 2013). These records show
opposite long-term trends compared with both the 3D records
from Thailand and the Galapagos Islands. Overall, the proxy
records revealed a low-frequency centennial scale tripole pattern
between LPK, the maritime West Pacific and the central-eastern
Pacific where most of mainland Southeast Asia became wet dur-
ing El Niflo events and relatively dry during La Nifia’s (Yamoah
et al., 2016a). This proxy record pattern mimicked composite cli-
mate data covering the strongest El Nifio/La Nifia events of the
last 50 years (Yamoah et al., 2016a). Since (variations in) the
6D, record of LPK compares well with other hydroclimate
proxy records from the Asia-pacific region, it can be assumed to
capture the long-term regional hydroclimate dynamics in South-
east Asia.

Evidence of anthropogenic activity

The 83C signal, modulated by moisture availability on the wet-
land, can be driven by either increasing monsoon intensity or
anthropogenic activity such as damming (Yamoah et al., 2016b).
The 6'3C,,,, values from the lower part of the record, up until c.
AD 1300, correspond generally with the 6D, record (Figure 6a
and b). Low carbon isotope values correspond to dryer conditions
and more vascular terrestrial plants input, whereas an increase in
moisture availability corresponds to higher 83C values of the
bulk and C,;;—C;; n-alkanes, and more aquatic plants (Figure 6a
and b). This general correspondence between 8D,,,, and 8'3C
values, however, breaks up in the upper part of the core from c.
AD 1300 to AD 1500. We observe a switch of the natural isotope
response of the wetland — where a decrease in rainfall results in
lower 8'3Cs, 55 values to one where a decline in rainfall is sud-
denly accompanied by higher 8'3C5; 55 values, suggesting wetter
wetland conditions (Figure 4a and b). Similarly, relatively high
C/N ratios, increased 8'3C,,, values and the presence of

wax
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telmatic—aquatic plant material around this period have been
interpreted as wetter wetland conditions in LPK (Chawchai et al.,
2015).

From c¢. AD 1500 onwards, both 3'3C,; ;5 and 8'3C,, values
remain relatively high and very stable. The presence of diatom
species such as Eunotia yanomami, Eunotia incisa, Eunotia inter-
media, Eunotia monodon, and Gomphonema gracile together
with the plant macrofossil composition indicated a wetland envi-
ronment (Chawchai et al., 2015). Meanwhile, 8D, continues to
show much variability suggesting a decoupling between wetland
response and hydroclimate variability in SE Asia. A probable
explanation for this change would be anthropogenic flooding
(damming) of the wetland. Under that condition, the carbon isoto-
pic signal is mainly dictated by the availability of moisture on the
wetland, which tends to drive aquatic productivity and CO, draw-
down thereby leading to higher 8!3C values. The effect of dam-
ming the wetland during dry periods would result in an evaporative
enrichment of the hydrogen isotopes of the source (lake) water.
Continuous flooding of the wetland over a period would result in
decoupling the 8'3C,,, values from the hydroclimate variability
inferred from 8D, values. Evidence for anthropogenic activities
in and around LPK may be gained from the gradual increase in
biogenic silica, indicative of higher nutrient availability, from c.
AD 1300 onwards due to either changes in land-use or intensifica-
tion of agriculture around the lake (Chawchai et al., 2015). Human
impact likely increased nutrient availability in LPK, which over-
printed the climatic signal from c¢. AD 1300 onwards as observed
in the decoupling of 3!3C,,,, and 8D

The agricultural revolution, driven by irrigated farming in NE
Thailand (Higham, 2014) that necessitated large-scale infrastruc-
ture and substantial human impact on the landscape, started dur-
ing late Bronze Age (Boyd and McGrath, 2001; Wohlfarth et al.,
2016). However, isotopic evidence of anthropogenic activity in
LPK is only seen from c¢. AD 1300 onwards, which coincides with
just about the beginning of the demise of Angkor. As already elu-
cidated, the 8'3C,,,, signal is very localised and therefore extrapo-
lating it to interpret the environmental conditions of the broader
regional context of the Angkorian Empire might be farfetched.
However, 8D,,,, reflects the hydroclimatic conditions in South-
east Asia. Combined, the 8'3C and 8D records suggest a human
response to climatic changes, being the damming of LPK from c.
AD 1300 onwards, likely necessitated by dwindling summer
monsoon rains.

wax*

Effect of SE Asian summer monsoon dynamics on
Angkor civilisation

Several climate hypotheses concerning the waxing and waning
of the Kingdom of Angkor have been formulated (Buckley
et al.,, 2010; Day et al., 2012; Lieberman and Buckley, 2012;
Vickery, 1996). These have shown that an increase in summer
monsoon rains (Lieberman and Buckley, 2012) contributed
immensely to the expansion of the agrarian economic system of
Angkor (Hall, 1985). Similarly, it has been argued that a
decrease in summer monsoon rains and multiple extreme
droughts contributed to their demise (Buckley et al., 2010, 2014;
Cook et al., 2010; Day et al., 2012). Other researchers have
rather attributed the demise of Angkor to the over-exploitation
of the environment (Nitta, 1992).

Here, we discuss, within the context of hydrological changes,
a new way of testing these pre-existing studies during major
time events: pre-Angkorian (c. AD 500-800), Angkorian (c. AD
800-1430) and post-Angkorian (c¢. AD 1430-1900) (Figure 6).
During the pre-Angkorian period, we observe a general pattern
of continuous decrease in summer monsoon rains. The reduction
in monsoon rains is suggested to have necessitated a strong
social response to regulate water for irrigated agriculture by

expanding moat reservoirs (Wohlfarth et al., 2016) and in the
process also stimulating wealth and social ranking (Higham,
2011). Indeed, this agricultural revolution (i.e. irrigated agricul-
ture) may have laid the foundations for the success of the Ang-
korian Empire, which was reliant on irrigation to feed the
extensive rice fields (Wohlfarth et al., 2016). Reconstructed
rainfall intensity remained low until ¢. AD 700, but increased
significantly between c¢. AD 700 and c¢. AD 1000. This period,
which covered the latter part of the pre-Angkorian period and
the early phase of the Khmer Empire, coincided with large-scale
agriculture in NE Thailand (Boyd, 2008; Boyd and McGrath,
2001; Wohlfarth et al., 2016).

In about ¢. AD 800, King Jayavarman II united the Chenla
states, through conquest, into the Angkor civilisation (Higham,
2014; Welch, 1989, 1998). The summer monsoon rains were still
intense during this period, and indeed, it is not surprising that
most of the notable barays were constructed within c. AD 877 and
c. AD 1050. Water stored in the barays supported the agricultural
base of the Angkor people leading to the massive production of
rice all year round and sustaining a population that through a sys-
tem of corvee labour, constructed the numerous Angkorian tem-
ples, roads and bridges (Tully, 2005). Summer monsoon rains
declined gradually and steadily from c. AD 1000 onwards up to c.
AD 1350, followed by greater variability until c. AD 1500. Inter-
estingly, the period between ¢. AD 1350 and ¢. AD 1500, where
we observe greater summer monsoon variability, coincides with
the intervals of extreme droughts and wet periods suggested by
Buckley et al. (2010) (Figure 6¢). Due to the difference in their
chronological resolutions, it is difficult to compare specific peri-
ods. However, the similarities between these intervals cannot be
overlooked.

The summer monsoon rains were most intense around AD
1000 but started to decrease gradually thereafter, preceding the
more extreme climatic conditions suggested by Buckley et al.
(2010). The gradual decline in summer monsoon rains did not
slow the expansion of the Angkorian Empire, which reached an
apogee in about AD 1200. Presumably, this was in part due to the
constructed barays, which were built to develop resilience to any
fluctuations in the monsoon. We therefore suggest that the hydro-
logical systems were not resilient enough to the long-term fluc-
tuations in the summer monsoon rains, which pushed the kingdom
closer to the boundary of its ecohydrological carrying capacity
amidst ongoing urbanisation and expansion. This long-term
weakening of the monsoon may have rendered the Angkorian
society too vulnerable for the more extreme climate variability of
the late 14th and 15th century (Buckley et al., 2010; Cook et al.,
2010; Day et al., 2012).

Conclusion

Anthropogenic flooding and/or damming of LPK from c¢. AD
1300 onwards, amidst decreasing monsoon rains as revealed from
the combination of 8D,,, and 8'3C,,, records, show a social
response of the populace in adapting to increasing aridity. Our
results corroborate pre-existing evidence of contemporaneous
hydroclimate dynamics and the growth and collapse of Angkor
(Buckley et al., 2010, 2014; Cook et al., 2010; Lieberman and
Buckley, 2012). Within this framework, the expansion of the
agrarian economy during the rise of the Angkorian Empire was
likely aided by liberal amounts of steady summer monsoon rains.
Subsequently, we observe from the 8D, records that summer
monsoon rains had already begun to decrease gradually from c.
AD 1000. The gradual decline in favourable conditions two cen-
turies earlier while Angkor’s prosperity reached its peak at c. AD
1200 could be due to the hydrological systems established by the
Angkor people, which provided a buffer to the faltering summer
monsoon rains and enabled their civilisation to be more resilient
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against short- to medium-term climate fluctuations. However, the
gradual dwindling of the monsoon rains over a 300-year period
while urbanisation increased may have reduced the volume of
water stored in the barays. The long-term weakening of the mon-
soon may have rendered the Angkor society too vulnerable for the
more extreme climate variability of the late 14th and 15th century
(Buckley et al., 2010; Cook et al., 2010; Day et al., 2012). These,
possibly in conjunction with some sociopolitical factors such as
warfare, may have contributed to the abandonment of Angkor and
the establishment of a new capital centre to the east.
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