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Alternative models exist for the movement of large urban
populations following the 15th-century CE abandonment of
Angkor, Cambodia. One model emphasizes an urban diaspora
following the implosion of state control in the capital related, in
part, to hydroclimatic variability. An alternative model suggests a
more complex picture and a gradual rather than catastrophic
demographic movement. No decisive empirical data exist to
distinguish between these two competing models. Here we show
that the intensity of land use within the economic and adminis-
trative core of the city began to decline more than one century
before the Ayutthayan invasion that conventionally marks the end
of the Angkor Period. Using paleobotanical and stratigraphic data
derived from radiometrically dated sediment cores extracted from
the 12th-century walled city of Angkor Thom, we show that
indicia for burning, forest disturbance, and soil erosion all decline
as early as the first decades of the 14th century CE, and that the
moat of Angkor Thom was no longer being maintained by the end
of the 14th century. These data indicate a protracted decline in
occupation within the economic and administrative core of the
city, rather than an abrupt demographic collapse, suggesting the
focus of power began to shift to urban centers outside of the
capital during the 14th century.

Angkor | collapse | Cambodia | archaeology

The demise of Angkor (Fig. 1) remains poorly understood.
The paucity of epigraphic evidence and monumental con-

struction after the 13th/14th century CE means that many ac-
counts of this period are vague and speculative. One narrative
identifies the sack of Angkor by Thai forces from Ayutthaya in
1431 CE as the coup de grâce—“definitive, complete, and irre-
mediable” (ref. 1, p. 258)—preceded by a protracted decline in
state power and influence from the 14th century CE. Although
Ayutthayan forces are believed to have occupied Angkor for a
period between 12 y and 15 y, historical sources are both
equivocal and contradictory regarding these events (2). Cam-
bodian narratives on collapse transformed over many hundreds
of years and are largely institutional and community construc-
tions that emerged between the 16th and 19th centuries (3, 4).
Moreover, there is little reflection on the mechanics of de-
mographic change despite known continuity of residential oc-
cupation and substantial building works into the 16th century CE
(5–9).
Numerous hypotheses have been proposed to account for

Angkor’s decline. Groslier (10) suggested the capital collapsed
because of the deterioration of the irrigation system and systemic
environmental degradation associated with extensive forest
clearance (11, 12). Others have emphasized the supposed
economic and social distress caused by the Jayavarman VII’s
“building orgy” (ref. 1, p. 258), and the torpor associated with the
rise of Therav�ada Buddhism (ref. 13, p. 497; ref. 14, p. 224). Still
others claim the growing lure of maritime trade in the Mekong
Delta may have eroded the power base of Angkor (2), or that
climate change (15–18) or epidemic disease (19, 20) may have

contributed. All of these explanations are problematic, however,
and none have proven decisive (21).
Lucero et al. (22) argue that the Khmer elite, like those in

other tropical low-density cities had, by the 16th century, relo-
cated to small and burgeoning entrepôts on the fringes of the
ancient agrarian kingdom. In their view, “the low density dis-
persed urban landscape faded away and the urban world re-
created itself in a more compact form in new locations and re-
gions along the peripheries. This movement across the landscape
we term urban diaspora, when people abandon not only the ur-
ban centers but much of the metropolitan heartland and move to
peripheral areas where different kinds of networks and economic
and political foci emerge” (ref. 22, p. 1139–1140). Evans (23)
takes a contrary view, arguing that the demise of Angkor as the
locus of power “may not, in fact, have involved the physical
‘movement’ of anything much at all, let alone radical demo-
graphic shifts” (ref. 23, p. 9). Rather, he suggests continuity and
fluidity of power between royal houses, and a slow rather than
catastrophic decline in urban population.
Whether the supposed “urban diaspora” associated with the

demise of Angkor presaged or followed the administrative and
commercial demise of the city is a matter of speculation, as is the
speed with which that process occurred. This is a potentially
decisive issue in revealing the process by which large low-density
cities like Angkor ultimately fail, and one that can be addressed
empirically. This paper will provide a radiometrically dated re-
cord of land use from an area of central Angkor that was a focal
point for administrative and commercial activities from the early
10th century onward. Using these data, there are two competing
models we seek to evaluate: first, a relatively abrupt (decadal
scale) exodus of people from the core area precipitated by
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Contrasting models exist to explain the movement of urban
populations following the 15th-century demise of Angkor.
Here we present geoarchaeological data from the urban core
of Angkor that indicate a protracted decline in land use in-
tensity during the 14th century rather than an abrupt de-
mographic collapse. These results argue against traditional
explanations for the demise of Angkor, which emphasize the
role of interventionist foreign powers in forcing collapse, and
imply a more complex and protracted transformation.
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discrete periods of hydroclimatic change and social upheaval in
the 14th and 15th centuries, caused by the dependence of the
elite on the inflow of surplus agricultural yield from the coun-
tryside, and, alternatively, a more gradual (centennial scale)
decline in the elite, non-rice-producing population that may be
asynchronous with periods of hydroclimatic instability, and which
may point to the primacy of exogenous forces and a slower, more
complex transformation in the Cambodian state.
Here we interrogate land use-sensitive proxies measured from

drill cores of sediment accumulated within the encircling moat of
the 12th-century citadel of Angkor Thom. Variations in land use
over time, inferred from these proxies, reflect patterns of occu-
pation and abandonment and can be absolutely dated. Centered
on the area surrounding the southern gate to Angkor Thom, this
area has been a site of occupation for millennia and sits at the
center of Angkor’s administrative and political operations (see SI
Appendix for more detail).

Result
Summary stratigraphic data are plotted against depth in Fig. 2 and
are described in SI Appendix. Volume magnetic susceptibility,
expressed as a dimensionless ratio value in the international sys-
tem of units (SI), is low and variable in all cores (ranging from an
average of 2.97 ± 3.26 × 10−6 SI for core AT/01/06/B, to 5.39 ±
4.16 × 10−6 SI for core AT/01/06/A), reflecting the diamagnetic
properties of the primarily siliciclastic or biogenic sediment. Se-
quence slotting demonstrated strong correlation between the four
cores based on their magnetic susceptibility profiles (Delta is 0.15
between AT/01/06/B and AT/01/06/A, and 0.25 between AT/01/06/
B and AT/01/04/B; Rp = 0.999, Rs = 0.974). This indicates that all
cores are representative of the stratigraphy at the core site,
allowing an analytical focus on one core only. Core AT/01/04/B
(70 cm in length) was chosen for this purpose.

Results of radiocarbon analyses are presented in SI Appendix,
Table S1. The Hohenheim wood standard (OZI296) returned an
age of 2,210 ± 40 14C y B.P., closely coherent with its radiocarbon
age 2,215 ± 5 14C y B.P., and its weighted average consensus age
of 2,232 ± 5 y B.P. Accordingly, contamination of the samples
during the extensive pretreatment procedure can be disregarded.
OZI295, taken toward the base of unit 1 (61 cm to 62 cm

depth), returned a calibrated age in the first century CE, sug-
gesting that this mottled sandy clay is the substrate into which the
moat of Angkor Tom would be cut, or is reworked from same.
OZI294 and OZH173 bracket the abrupt boundary between
units 2 and 3 (44 cm depth) and return ages of the late 11th and
late 12th centuries, respectively, in good agreement with the
epigraphic age for the enclosure (24). The change in color,
magnetic susceptibility, organic carbon, mineral bulk density,
and mineral influx at this boundary (Fig. 2) reflects the estab-
lishment of reducing conditions and better preservation and/or
greater input of biomass to the sediment. This pattern is con-
sistent with the excavation of temple moats and groundwater fed
reservoirs at Angkor (25). OZH173, taken from the base of unit
3 and thus representing the earliest organic sedimentation with
the newly excavated moat, was deposited between 1051 CE and
1264 CE (weighted mean probability of 1197 CE; SI Appendix,
Table S1). This coincides closely with the coronation of Jaya-
varman VII (reign 1182/3 CE to 1220 CE) suggesting, as Cœdès
(ref. 24, p. 89) and Jacques (ref. 26, p. 45) argue, that the
building of the Angkor Thom enclosure wall, and the excavation
of its moat, was undertaken early in Jayavarman’s reign. This is,
however, earlier than the date proposed by Gaucher (27) for
Jayavarman’s final remodeling of the moat, and closer in age to
the deepening of the moat in Gaucher’s (28) “phase 2” period
between the 11th century and the end of 12th century.
There are a number of age inversions in the middle of the

sequence, and the probability distributions of three of these ages
(OZI293, OZI291, and OZH171) are effectively ignored (or
“bypassed”; ref. 29) in the calculation of the chronological model
(SI Appendix, Fig. S1).
Forty-eight pollen and spore samples were analyzed, producing

a dataset with 194 variables (taxa). Seventy-seven palynomorph
types were unidentified, representing, on average, 1.55% of each
sample. The number of individual palynomorphs ranged from a
minimum of 19 (53 cm to 54 cm depth) to a maximum of 2,285
(0 cm to 1 cm depth), with a mean of 310 individuals per sample.
A total of 14,997 individuals were recorded. A description of the
palynological and microcharcoal data is given in SI Appendix. Taxa
are expressed as absolute abundances against depth in SI Appen-
dix, Fig. S2, and as variance around the long-term mean, grouped
into broad habitat classes, in Fig. 3. Stratigraphically constrained
classification identified five sample groups (0 to 16, 17 to 26, 27, 28
to 44, and 48 to 54 cm depth; SI Appendix, Fig. S3).
Principal Component Analysis (PCA) indicates that the first

two principal components account for 53% and 30%, respectively,
of the variance in the data set (SI Appendix, Fig. S4A). Scree plot,
in comparison with a broken stick model (SI Appendix, Fig. S4B),
suggests that only the first two components are significant. Vari-
able loading scores indicate that charcoal concentrations (0.72)
and arboreal (trees and shrubs) pollen concentrations (0.58) most
strongly influence the distribution of sample scores along the
second component axis, while pollen from local sources, reflecting
the occupation of the moat by swamp vegetation, most strongly
influences the distribution of sample scores along the first com-
ponent axis (herbs, aquatics, and ferns have loading scores of 0.51,
0.57, and 0.52, respectively).

Disturbance and Land Use
The findings described in Result indicate that the moat of Ang-
kor Thom was excavated between the end of the 11th century
and the end of the 12th, and indicate a modeled age of 1125 CE.

Fig. 1. Locationmap of Angkor, and the location of sites mentioned in the text.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1821460116 Penny et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1821460116


From that time, the surrounding dryland vegetation was char-
acterized by a changing admixture of dry forest and cultivated
plants, with no clear dominant taxon. The herbaceous and
aquatic assemblage is dominated by grasses and sedges and a
relatively limited representation of typical herbaceous swamp
(Chenopodiaceae/Amaranthaceae group, which is here domi-
nated by Alternanthera pollen, as well as Ludwigia and Persicaria)
and obligate aquatic taxa (Ceratophyllum leaf spines). Regular,
probably low-intensity burning is clearly important, with sedi-
mentary charcoal being highly variable around the long-term
mean from the early 12th to the late 14th centuries. It is not
surprising, then, that indicators of disturbance (possibly Urtica-
ceae/Moraceae but particularly Macaranga) are important in the
dryland pollen fallout during this period, and particularly so from
the 1270s CE (25 cm depth).
Sedimentation within the moat was dominated by siliciclastic

materials from its excavation until the last decades of the 14th
century, when organic sediment derived from encroaching
swamp vegetation began to dominate. Mineral influx values
remained high and variable until the mid/late 13th century. The
rate at which mineral sediment accumulated in the moat can be
taken as a proxy for the rate of supply, there being no authigenic
minerals present in the sediment. The pathways for supply of
mineral sediment to the moat include erosion of the sur-
rounding banks (although the banks and causeways are encased
in laterite and sandstone steps), deposition of fines from within
the city itself through drainage into the southwest corner of the
encircling wall, and windblown sediment, primarily from the
proximal areas kept free of vegetation due to continual use (such
as roadways and market areas, for example), but also small
amounts of dust fallout from regional sources. Increased supply

of mineral material to depositional sinks around Angkor Thom
reflects disturbance and use, either through construction, vege-
tation removal (directly or through burning), or agriculture.
The relationship between the rate of supply (controlled by

land use) and the rate of mineral accumulation in the moat is
potentially compromised by the development of local aquatic
vegetation which can “isolate” the sediment from mineral input
by trapping mineral sediment at the moat margins or on floating
vegetation mats. This potentially confounding influence is most
likely in the upper 14 cm of the core (stratigraphic unit 5, a
modeled age of 1340 CE), and particularly in the upper 6 cm of
the core (ca. 1420 CE) where the presence of fibrous peat and an
average organic content above 68% by weight (Fig. 2) indicates
unequivocally the presence of a floating mat of swamp vegeta-
tion at the core site. Mineral influx and organic carbon values
are, however, not significantly correlated down core (r2 = 0.21),
nor are inorganic and organic influx values (r2 = 0.146). If the
development of floating vegetation were trapping mineral sedi-
ment, then one would expect a strong negative relationship be-
tween these variables. This suggests that change in mineral flux
to the core site is indeed controlled by the rate of supply and is
not influenced by mineral sediment being trapped by local
swamp vegetation.
Decomposition of the data by PCA reveals that the second

principal component scores (PC2) most strongly reflect variation
in burning and dryland vegetation in central Angkor. The plot of
these scores against time can, therefore, be used as a proxy for land
use intensity from the 12th century (Fig. 3). PC2 scores decline
sharply and consistently from the early 14th century (1316 CE or
17 cm depth). During that time period, mineral influx (reflecting
soil disturbance) and PC2 scores (reflecting, primarily, fire
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frequency and vegetation disturbance) are very strongly correlated
(r2 = 0.88; n = 9), but the fact that the correlation between these
two variables is much weaker for all samples (r2 = 0.27; n = 38)
suggests a strong and consistent response to changes in land use in
central Angkor from the early 14th century. Below 17 cm depth (a
modeled age of 1316 CE), the PC1 and PC2 scores are strongly
correlated (R2 = 0.87). Above 17 cm depth, the two axes scores
become weakly anticorrelated (R2 = 0.13), reflecting the increasing
importance of swamp vegetation in influencing PC1, which ap-
pears to be quite independent of changes in land use intensity
suggested by PC2. In fact, it is not until 11 cm depth (ca. 1374 CE)
that significant changes in PC1 scores are apparent. This, in turn,
suggests that occupation of the moat of Angkor Thom by floating
swamp vegetation occurred more than half a century after the first
indications for a decline in land use intensity in the dryland pollen
and charcoal data. Regardless, it is clear that proxy indicators for
fire and dryland vegetation changing in concert with proxies for
soil disturbance and occupation from the early 14th century in-
dicate a clear and consistent decrease from that time.

Decline Versus Collapse
Here we present sedimentological and palynological data from
central Angkor that reflect changes in land use intensity over
time. Prima facie, these data imply that land use intensity in the
administrative and commercial core of Angkor declined pro-
gressively from the first decades of the 14th century, rather than
catastrophically as a result of a demographic “collapse” associ-
ated with the Ayutthayan occupation of Angkor one century
later. The last known inscription associated with the conse-
cration of a monument of Angkor is dated to 1295 CE, at
the Ma _ngal�artha temple within Angkor Thom, and the data

presented here suggest that land use began to attenuate around
the south gate of Angkor Thom only two decades later. By the
end of the 14th century, the southern moat of Angkor Thom was
overgrown with vegetation, and management, by implication,
had ceased. The hypothesized fragmentation of Angkor’s water
management network (11) and the climatic variability that likely
triggered that fragmentation (17) occurred in this changing ad-
ministrative and political context.
Evidence for a gradual decline in the vibrancy of Angkor’s ad-

ministrative core is consistent with an emerging consensus that
multiple factors coalesced to encourage the Cambodian elite to
relocate closer to the Mekong and Tonle Sap River (30). Not least
among these factors was the burgeoning territorial ambitions of
neighboring states, better access to profitable maritime trade net-
works closer to the South China Sea, and an increasingly unwieldy
and restrictive urban fabric at Angkor. Our data support the in-
terpretation offered by Evans (23) that the demise of Angkor was
characterized by a “gradual demographic decline” (ref. 23, p. 172)
rather than the sudden mass movement of large urban populations
envisaged by Briggs (1), or the “disappearance” of the residential
population implied by Lucero et al. (22). An additional complexity
here is that a decline in land use in the urban core presupposes an
analogous decline in land use in the much larger agricultural
landscape. However, Groslier (31) argued against this, suggesting
that pre-Angkor period patterns of agricultural land use reasserted
themselves after the demise of Angkor’s administration, suggesting
a deep resilience in the low-density, productive landscape.
Comparative data from secondary cities within Angkor’s set-

tlement network (32–34) suggest that measurable change in land
use intensity was highly asynchronous, akin to complex patterns
of collapse and persistence across the Maya territories (35). This
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suggests historically and spatially contingent transformations
within the Khmer state, and argues against discrete exogenous
drivers. Our data contribute to the ongoing global debate sur-
rounding the collapse of premodern states in relation to external
stressors such as climatic variability (36–38) and emphasize the
complexity of social transformation and adaptation.
While the breakdown of Angkor’s hydraulic network, most

likely associated with climate variability in the mid-14th and early
15th centuries, represents the end of Angkor as a viable settle-
ment, our data indicate that it was presaged by a protracted
demographic decline. This raises the likelihood that the urban
elite did not leave Angkor because the infrastructure failed, as
has been suggested, but that the infrastructure failed (or was not
maintained and repaired) because the urban elites had already
left. The absence of Angkor’s ruling elite by the end of the 14th
century casts a different light over the Ayutthayan occupation of
the city from 1431 CE, and over Cambodian narratives that
emphasize loss at the hands of interventionist neighboring states.

Materials and Methods
A core site was established ∼390 m west of the southern axial causeway of
Angkor Thom, immediately north of the 10th-century brick temple Prasat
Bei (Fig. 4), and ∼45 m north of the southern embankment of the moat
(13°25′36.95″N, 103°51′24.24″E). A description of the area and its history is
provided in SI Appendix. This sampling location places the cores south of the
smaller 9th- to 11th-century moat identified by Gaucher (27, 28), but within
the moat following its final renovation by Jayavarman VII in the 12th cen-
tury. A coring platform was used to deploy a rope-operated percussion corer
(39). Core samples were retained in 60-mm diameter PVC liners. It was
necessary to remove the upper ∼20 cm of matted herbaceous vegetation to
permit penetration of the core barrel. Four cores were taken from the site
(AT/01/04/A, AT/01/04/B, AT/01/06/A, and AT/01/06/B), from adjacent loca-
tions (∼1 m apart along an E−W axis).

Volume magnetic susceptibility (κ) was measured on all cores in the field
using a Bartington MS2 Meter with a 72-mm diameter MS2C core-scanning
loop sensor to determine whether correlation between cores could be made
and, therefore, whether a representative sample had been obtained (40).
Correlation between replicate cores was established using a sequence slot-
ting technique (41) based on volume magnetic susceptibility data from each
core. Calculations were performed with CPLSlot 2.4b (42). Core liners were
split longitudinally in the laboratory. All cores were described (43) and color
recorded (44). The core was subsampled at contiguous 1-cm intervals for loss
on ignition (ref. 45; LOI550 × 4 h following ref. 46), and palynological analysis
(47). Pollen and spores were counted at 400 to 1,000 magnification using a
Zeiss Axioskop microscope. Taxonomy was based primarily on reference
material collected from vouchered plant specimens (National Herbarium of
The Netherlands), and nomenclature followed ref. 48. Charcoal particles
within the pollen preparations (therefore 200- to 7-μm fraction) were
counted, and their absolute abundance was calculated (49). The absolute
abundance of pollen grains and spores was calculated in the same manner.

Nine subsamples (×5.48 g wet weight) were taken from core AT/01/04/B for
accelerator mass spectrometry radiocarbon dating, using pollen as the target
fraction. Pollen was extracted from these samples following ref. 50, with the
exception that the samples were initially sieved at 63 μm rather than 180 μm, and
no other sieving was conducted. A radiocarbon standard (0.367 g dry weight of
Hohenheim oak; FIRI code H; consensus value 2,232 ± 5 y B.P.; ref. 51) was pre-
treated with the sediment samples and dated so as to identify any laboratory-
based contamination. Radiocarbon ages were calibrated using Calib 7.10
(IntCal13; ref. 52), and a chronological model was developed, using Bacon 2.2 (29).

Stratigraphically constrained cluster analysis was used to identify points of
significant change in the data and was performed with an incremental sum-
of-squares method (53) on the squared Euclidian distances of absolute pollen
abundances using the Rioja package (54) in R 3.3.1 (55). Comparison of re-
sidual variance in the data with a “broken stick” model is used to determine
the number of “significant” group boundaries within the pollen sequence
(56). PCA was used to decompose absolute pollen and charcoal data into
four components. All variables were normalized using division by their SD.
All calculations were performed using PAST Software v. 3.13 (57).

ACKNOWLEDGMENTS.We acknowledge the support and collaboration of the
Authority for the Protection and Management of Angkor and the Region of
Siem Reap (APSARA National Authority), Cambodia. This work was funded by
the Australian Research Council’s Discovery Projects Scheme Grant
DP170102574, Discovery Early Career Researcher Award DE150100756, the
European Research Council under the European Union’s Horizon 2020 re-
search and innovation programme Grant Agreement 639828, and the Austra-
lian Nuclear Science and Technology Organization Award AINGRA05134.

1. Briggs LP (1999) The Ancient Khmer Empire (White Lotus, Banglamung, Thailand).
2. Vickery M (1977) Cambodia after Angkor. The chronicular evidences for

the fourteenth to the sixteenth centuries. PhD dissertation (Yale Univ, New

Haven, CT).
3. Mikaelian G (2016) Le passé entre mémoire d’Angkor et déni de La _nvaek: La con-

science de l’histoire dans le royaume khmer du XVIIe siècle. Le passé des Khmers.

Langues, textes, rites, eds Abdoul-Carime N, Mikaelian G, Thach J (Peter Lang,

Berne, Switzerland), pp 167–212.
4. Thompson A (1999) Mémoires du Cambodge. PhD thesis (Univ Paris VIII, Cent Re-

cherches Études Féminines, Paris).
5. Castillo CC, Polkinghorne M, Vincent B, Suy TB, Fuller DQ (2018) Life goes on: Ar-

chaeobotanical investigations of diet and ritual at Angkor Thom, Cambodia (14th–

15th centuries CE). Holocene 28:930–944.
6. Leroy S, Hendrickson M, Delqué-Kolic E, Vega E, Dillmann P (2015) First direct dating

for the construction and modification of the Baphuon temple mountain in Angkor,

Cambodia. PLoS One 10:e0141052.

7. Polkinghorne M, Pottier C, Fischer C (2013) One Buddha can hide another. J Asiat 301:

575–624.
8. Pottier C (1997) Embryons et tortues: Des dépôts de fondation découverts au perron

nord de la terrasse des Éléphants. Bull Ec Fr Extr Orient 84:402–407.
9. Thompson A (1998) The ancestral cult in transition: Reflections on spatial organization

of Cambodia’s early Theravada Complex. Southeast Asian Archaeology: Proceedings of

the 6th International Conference of the European Association of Southeast Asian

Archaeologists, 2-6 September, Leiden, eds Klokke MJ, de Brujin T (Cent Southeast

Asian Studies, Hull, UK), pp 273−295.
10. Groslier BP (1979) La cité hydraulique angkorienne: Exploitation ou surexploitation

du sol? Bull Ec Fr Extr Orient 66:161–202.
11. Penny D, et al., (2018) The demise of Angkor: Systemic vulnerability of urban in-

frastructure to climatic variations. Sci Adv 4:eaau4029.
12. Fletcher R, et al. (2008) The water management network of Angkor, Cambodia.

Antiquity 82:658–670.
13. Leclère A (1899) Le buddhisme au Cambodge (Ernest Leroux, Paris).

Fig. 4. Lidar-based topographic map of central Angkor, showing the loca-
tion of the core site in relation to features described in the text and the
topographic evidence for intensive occupation both within and surrounding
the moat and enclosure wall of Angkor Thom.

Penny et al. PNAS Latest Articles | 5 of 6

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821460116/-/DCSupplemental


14. Finot L (1908) Les études indochinoises. Bull Ec Fr Extr Orient 8:221–233.
15. Yasuda Y, et al. (2013) Climate deterioration and Angkor’s demise. Water Civilization

(Springer, Tokyo), pp 331–362.
16. Day MB, et al. (2012) Paleoenvironmental history of the West Baray, Angkor (Cam-

bodia). Proc Natl Acad Sci USA 109:1046–1051.
17. Buckley BM, et al. (2010) Climate as a contributing factor in the demise of Angkor,

Cambodia. Proc Natl Acad Sci USA 107:6748–6752.
18. Lieberman V, Buckley B (2012) The impact of climate on Southeast Asia, circa 950–

1820: New findings. Mod Asian Stud 46:1049–1096.
19. Reed AC (1939) The curse of Angkor. Sci Mon 48:210–231.
20. Verdrager J (1992) Angkor. Le mystère de la ville morte et Anophèles dirus.Med Trop

(Mars) 52:377–384.
21. Coe MD, Evans D (2018) Angkor and the Khmer Civilization (Thames & Hudson,

London).
22. Lucero LJ, Fletcher R, Coningham R (2015) From ‘collapse’ to urban diaspora: The

transformation of low-density, dispersed agrarian urbanism. Antiquity 89:1139–1154.
23. Evans D (2016) Airborne laser scanning as a method for exploring long-term socio-

ecological dynamics in Cambodia. J Archaeol Sci 74:164–175.
24. Cœdès G (1928) Études cambodgiennes. Bull Ec Fr Extr Orient 28:81–146.
25. Penny D, Hua Q, Pottier C, Fletcher R, Barbetti M (2007) The use of AMS 14C dating to

explore issues of occupation and demise at the medieval city of Angkor, Cambodia.
Nucl Instrum Methods Phys Res Sect B 259:338–394.

26. Jacques C (2007) The historical development of Khmer culture from the death of
Suryavarman II to the 16th century. Bayon: New Perspectives, ed Clarke J (River Books,
Bangkok), pp 30–49.

27. Gaucher J (2013) Considérations nouvelles sur la fondation d’Angkor Thom. Angkor,
naissance d’un mythe: Louis Delaporte et le Cambodge, eds Baptiste P, Zéphir T
(Gallimard, Paris), pp 215–219.

28. Gaucher J (2017) L’Enceinte d’Angkor Thom: Archéologie d’une forme, chronologie
d’une ville. Deux décennies de coopération archéologique franco-cambodgienne a
Angkor, eds Beschaouch A, Verellen F, Zinl M (Académie des Inscriptions et Belles-
Lettres, Paris), pp 27–42.

29. Blaauw M, Christen JA (2011) Flexible paleoclimate age-depth models using an au-
toregressive gamma process. Bayesian Anal 6:457–474.

30. Polkinghorne M (2018) Reconfiguring kingdoms: The end of Angkor and the emer-
gence of early modern period Cambodia. Angkor: Exploring Cambodia’s Sacred City,
eds McCullough T, Murphy SA, Baptiste P, Zéphir T (Dominie, Singapore), pp 252–271.

31. Groslier BP (1985) For a geographic history of Cambodia. Seksa Khmer 8:31−76.
32. Hall T, Penny D, Hendrickson M, Cooke C, Hua Q (2016) Iron and fire: Geo-

archaeological history of a Khmer peripheral centre during the decline of the Ang-
korian Empire, Cambodia. J Archaeol Sci Rep 6:53–63.

33. Hall T, Penny D, Hamilton R (2018) Re-evaluating the occupation history of Koh Ker,
Cambodia, during the Angkor period: A palaeo-ecological approach. PLoS One 13:
e0203962.

34. Penny D, Chevance JB, Tang D, De Greef S (2014) The environmental impact of
Cambodia’s ancient city of Mahendraparvata (Phnom Kulen). PLoS One 9:e84252.

35. Bazy D, Inomata T (2017) Multiple waves of political disintegration in the Classic Maya
collapse: New insights from the excavation of Group D, Ceibal, Guatemala. J Field
Archaeol 42:82–96.

36. Weiss H, ed (2017) Megadrought and Collapse: From Early Agriculture to Angkor
(Oxford Univ Press, Oxford).

37. Weiss H, Bradley RS (2001) Archaeology. What drives societal collapse? Science 291:

609–610.
38. Lawler A (2010) Archaeology. Collapse? What collapse? Societal change revisited.

Science 330:907–909.
39. Chambers JW, Cameron NG (2001) A rod-less piston corer for lake sediments: An

improved, rope-operated percussion corer. J Paleolimnol 25:117–122.
40. Dearing J (1999) Magnetic susceptibility. Environmental Magnetism: A Practical

Guide. Technical Guide No. 6, eds Walden J, Oldfield F, Smith J, (Quaternary Res

Assoc, London), pp 35–62.
41. Thompson R, Clark RM (1990) Sequence slotting for stratigraphic correlation between

cores: Theory and practice. Paleolimnology and the Reconstruction of Ancient

Environments, ed Davis RB (Springer, Dordrecht), pp 229–240.
42. Thompson R, Clark RM, Boulton GS (2012) Core correlation. Tracking Environmental

Change Using Lake Sediments (Springer, Dordrecht), Vol 5, pp 415–430.
43. Schnurrenberger D, Russell J, Kelts K (2003) Classification of lacustrine sediments

based on sedimentary components. J Paleolimnol 29:141–154.
44. Color M (2000) Munsell Soil Color Charts (Gretag Macbeth, New Windsor, NY).
45. Dean WE (1974) Determination of carbonate and organic matter in calcareous sedi-

ments and sedimentary rocks by loss on ignition; comparison with other methods.

J Sediment Res 44:242–248.
46. Heiri O, Lotter AF, Lemcke G (2001) Loss on ignition as a method for estimating or-

ganic and carbonate content in sediments: Reproducibility and comparability of re-
sults. J Paleolimnol 25:101–110.

47. van der Kaars S, Wang X, Kershaw P, Guichard F, Setiabudi DA (2000) A late qua-

ternary palaeoecological record from the Banda Sea, Indonesia: Patterns of vegeta-
tion, climate and biomass burning in Indonesia and northern Australia. Palaeogeogr

Palaeoclimatol Palaeoecol 155:135–153.
48. Punt W, Blackmore S, Nilsson S, Le Thomas A (1994) Glossary of Pollen and Spore

Terminology. LPP Contributions Series 1, (LPP Found, Utrecht, The Netherlands).
49. Stockmarr J (1971) Tablets with spores used in absolute pollen analysis. Pollen Spores

13:615–621.
50. Brown TA, Nelson DE, Mathewes RW, Vogel JS, Southon JR (1989) Radiocarbon dating

of pollen by accelerator mass spectroscopy. Quat Res 32:205–212.
51. Boaretto E, et al. (2002) Summary findings of the fourth international radiocarbon

intercomparison (FIRI) (1998-2001). J Quaternary Sci 17:633–637.
52. Reimer PJ, et al. (2013) IntCal13 and Marine13 radiocarbon age calibration curves 0-

50,000 years cal BP. Radiocarbon 55:1869–1887.
53. Grimm EC (1987) CONISS: A FORTRAN 77 program for stratigraphically constrained

cluster analysis by the method of incremental sum of squares. Comput Geosci 13:

13–35.
54. Juggins S (2017) rioja: Analysis of Quaternary Science Data, R Package Version (0.9-

15.1). Available at cran.r-project.org/package=rioja. Accessed August 9, 2016.
55. R Core Team (2016) R: A Language and Environment for Statistical Computing. (R

Found Stat Computing, Vienna), Version 3.3.1. Available at www.R-project.org/. Ac-

cessed August 9, 2016.
56. Bennett KD (1996) Determination of the number of zones in a biostratigraphical

sequence. New Phytol 132:155–170.
57. Hammer Ø, Harper DAT, Ryan PD (2001) PAST-palaeontological statistics, ver. 1.89.

Palaeontol Electronica 4:1–9.

6 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1821460116 Penny et al.

http://cran.r-project.org/package=rioja
http://www.R-project.org/
https://www.pnas.org/cgi/doi/10.1073/pnas.1821460116

