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Abstract

Projections that the frequency and intensity of extremes in the Asian mon-
soon will rise in coming decades are being made with increasing confi-
dence. There is concern that these events may drive south-east Asian dry
tropical forest — an extensive ecoregion affected by this climate system —
across critical thresholds, triggering ecological regime shifts. This could
have serious implications both in terms of the loss of biodiversity from what
is considered an area of global ecological significance, and for the goods and
services that the associated ecosystems provide to a highly populous part of
the world. There is little currently known about the nature and intensity of
drivers needed to instigate ecosystem reorganisation within this ecoregion.
However, research from seasonally dry tropical forests elsewhere, partic-
ularly the neo- and Afro-tropics, indicates that Asian dry forests may be
susceptible to reorganisation to savanna under changing (reduced) precipi-
tation regimes, increased seasonality of rainfall, or through introduction of
fire into these ecosystems. This project uses a high-resolution, multi-proxy
analysis of two sediment cores extracted from Cambodian volcanic crater
lakes - situated at the heart of the south-east Asian dry forest ecoregion - to
assess the response of these forests to drier climates and periods of height-
ened fire activity.

Reconstruction of the site climate using geochemical proxies of lake shal-
lowing and deepening indicates a stepwise weakening of the summer mon-
soon from c. 4700 to 450 cal. yrs BP, after which it appears to strengthen.
This trend is punctuated by nine dry events identified at c. 4250, 3300, 2650,
2250, 1915, 1755, 1550, 570 and 350 cal. yrs BP, with a particularly dry period
evident between c. 1900 to 1500 cal. yrs BP.

Charcoal records produced from both lake sites demonstrate that fire has
been a persistent feature of south-east Asian dry forests since at least the
mid Holocene. Peaks in local and regional fire activity commonly coincide
with reconstructed dry periods, though high levels of local burning are ev-
ident at one of the lake sites between c. 4700 and 3700 cal. yrs BP - a time
that appears to be characterised by a relatively strong summer monsoon.

A reconstruction of the ecological history of the lake sites over c. 4700 years
shows the maintenance of forest in response to gradual monsoon weaken-
ing, relatively abrupt dry events and periods of high fire activity. This indi-
cates ecological resilience to slow and fast climatic forcing, and to the intro-
duction of fire into the forests. Vegetation response recorded in the palaeo-
record shows the gradual transition from more closed to open forest types
during periods of a weak summer monsoon and/or in response to high fire
activity. This finding suggests that the unique mosaics of open- and closed-
units that characterise south-east Asia’s dry forests may be important for
promoting the overall resilience of associated ecosystems, and highlight the
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value of maintaining landscape connectivity and practices that encourage
forest heterogeneity (including traditional swidden agriculture) across the
region.

More broadly, the resilience of the dry forests of tropical Asia to reduced
precipitation and heightened fire activity highlights the limitations of gen-
eralist biome-scale models. This emphasises the importance of long-term,
intra-biome level research for predicting future ecological response to drivers
of change.
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1 Introduction

1.1 Ecological thresholds and climate change

Predictions that the frequency and intensity of climatic extremes will rise in
coming decades are being made with increasing confidence (Christensen et
al. 2013, IPCC 2013). There is concern that as a consequence, ecosystems
may be driven across critical thresholds, triggering ecological regime shifts
(Scheffer et al. 2001). Given that human disturbances, including suppres-
sion of natural system dynamics and reduction of biological diversity, are
acting to alter (typically reduce) the capacity of receiving systems to cope
with external drivers, understanding the impact of these events on ecosys-
tems is of paramount concern for ecologists and conservation managers
(Dawson et al. 2011). This is particularly the case when the ecosystems in
question have been afforded high conservation priority due to their rarity,
representativeness (Olson and Dinerstein 2002) or ability to produce espe-
cially valuable ecological goods and services for humankind (Naidoo et al.
2008, Perrings et al. 2010). Improving our ability to make predictions about
the current and likely future resilience of these ecosystems (i.e. their capac-
ity to resist change without undergoing a fundamental state shift (Holling
1973)) to drivers such as climatic forcing and internal disturbances is there-
fore of critical social and scientific relevance (Flessa and Jackson 2005).

Despite this recognised research need, little is currently known about how
ecosystems are expected to respond to extreme climatic events (Andersen
et al. 2009, Jentsch et al. 2011, Smith 2011). This is arguably due to the focus
of most pre-21st century research on slow vs. abrupt drivers of change (e.g.
gradual, linear warming) (Andersen et al. 2009). Additionally, those stud-
ies that have been conducted largely demonstrate that different ecosystems
and ecosystem components respond in different ways to climatic extremes.
For instance, in some cases, non-linear climatic forcing acts as a key agent
driving ecological change (Shuman et al. 2009, Royer et al. 2011, Ammann
et al. 2013), while in others, ecological regime shifts have not occurred in
response to abrupt driver shifts due to internal stabilising processes (i.e.
ecological resilience) (Larcher et al. 2010, Arnone III et al. 2011, Jentsch et
al. 2011, Craine et al. 2012, Lloret et al. 2012, Sundstrom et al. 2012, Hunt-
ingford et al. 2013). These studies demonstrate the scalar challenges associ-
ated with attempting to formulate a general theory of ecological resilience
across systems (Kerkhoff and Enquist 2007). As such, the need to better un-
derstand the relative influence of key drivers of change across different sys-
tems through time appears to be necessary for the development of informed
predictions of future ecological response that can then be used to develop
appropriate adaptive management strategies for different ecosystems. Piv-
otal to such research is improving knowledge of the critical thresholds and
feedback processes operating within an ecosystem regime (analogous to a
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stability basin) (Williams et al. 2011), and of the reorganisation factors and
perturbations (internal and external) that can erode or build ecosystem re-
silience, serving to alter the morphology of the basin itself (Walker 2012).

One way that several researchers have attempted to approach the scalar is-
sues associated with the varied driver-response interactions across ecosys-
tems is to develop biome-level models of resilience for different global habitat-
types. This works under the assumption that, because ecosystems occupy-
ing a similar habitat-type persist under similar climatic, and often topo-
graphic conditions, they are phenologically, and often physiognomically
similar, and thus may respond in comparable ways to different drivers of
change (Dinerstein et al. 1995). This research appears to provide a use-
ful starting point for drawing out key processes acting to contribute to, or
erode the resilience of different biomes (Hong et al. 2005, Loarie et al. 2009,
Thompson et al. 2009, Staver et al. 2011a, Campos et al. 2013, Benito-
Garzón et al. 2014, Stewart et al. 2014). However, testing the applicability
of these generalisations to ecosystems within particular habitat types still
appears to be in its infancy.

1.2 Threshold behaviour of seasonally dry tropical forests

Tropical forest biomes host exceptional global biodiversity, play a key func-
tion in regulating global feedbacks (Lewis 2006, Bonan 2008) — including
carbon sequestration (Pan et al. 2011) — and, through their flows of direct
and indirect ecosystem services, are critically important to sustaining hu-
man wellbeing (Millennium Ecosystem Assessment 2005, Sunderland et al.
2015). The impact of habitat-wide ecological reorganisation of these sys-
tems could, therefore, have far-reaching global consequences (Malhi 2012).
This is particularly pertinent given that tropical forests (taken as an in-
tegrated system) have, in recent years, moved past the range of natural
variability determined for the past half a million years (Lewis 2006). This
demonstrates the urgent need for research on the resilience of these sys-
tems to future climatic forcing (Zuidema et al. 2013). While there has been
some progress in this area within moist tropical forests (Maslin 2004, Mayle
et al. 2007, Bhagwat et al. 2012, Brando et al. 2014, Cole et al. 2015), the
interactions between climatic drivers and ecological dynamics are poorly
understood for the seasonally dry tropical forest biome (Miles et al. 2006,
Sunderland et al. 2015).

Research within the tropical and subtropical seasonally dry forest and sa-
vanna biomes in the Neotropics (Sternberg 2001, Brando et al. 2014), Afrotrop-
ics (Foley et al. 2003, Sankaran et al. 2005, Bucini and Hanan 2007, Good
and Caylor 2011, Staver et al. 2011b), northern Australia (Williams et al.
1996) and globally (excluding Asia) (Hirota et al. 2011, Staver et al. 2011a)
supports the existence of dry forest and savanna as alternative stable states,
whereby a set of perturbations will determine the persistence of one ecosys-
tem type over another. Key drivers of change that can instigate ecological
regime shifts within this system appear to be rainfall quantity and season-
ality (i.e. the length of the dry season) coupled with what (Bond 2008) has



Chapter 1. Introduction 3

termed top-down (fire-regime and herbivory) and bottom-up (water avail-
ability and nutrient) feedbacks. Predicted increases in climatic extremes for
these systems (IPCC 2013), and their increasing exposure to a variety of an-
thropogenic threats (Miles et al. 2006) means that tropical dry forests may
be particularly vulnerable to future change. As such, regionally-specific,
resilience-focussed research within this biome, particularly with respect to
disturbance, climate change and biodiversity, has been identified as a key
research priority (Miles et al. 2006, Sunderland et al. 2015).

1.3 Threshold dynamics of south-east Asian season-
ally dry tropical forests

South-east Asian seasonally dry tropical forests (SASDTF) represent one
of the three largest, continuous tracts of tropical and subtropical dry for-
est across the globe (Olson and Dinerstein 2002, Maxwell and Cox 2011).
Because of their extent, representativeness and biodiversity, they are recog-
nised as a critical/endangered global 200 ecoregion (Olson et al. 2001), and
form a major part of Indo-Malay biodiversity hotspot that has been priori-
tised as a global conservation region requiring urgent action (Myers et al.
2000). Despite this, the role of identified internal and external drivers of
ecosystem change in these forests has not yet been tested, with dry-forest
specific research in Asia virtually non-existent (Sunderland et al. 2015).
Given that climatic factors are expected to be an important driver of state
shifts with tropical dry forests, and that the Asian monsoon (which influ-
ences SASDTF) is predicted to undergo the largest shifts in rainfall and
circulation change of all global monsoon areas (Christensen et al. 2013),
this ecoregion may be especially vulnerable to future 21st century climatic
change. This has been recognised within the IPCC AR5 (IPCC 2014), where
research priorities have been established for understanding the ecological
threshold dynamics of monsoon forests, with particular regard to thermal
tolerance and acclimation.

1.4 A palaeoecological approach to ecosystem resilience
analysis

One of the impediments to understanding broad-scale ecological threshold
behaviour in the context of a changing global climate, is the lack of a data set
that is of sufficient temporal length to be relevant to forest species and com-
munity dynamics (i.e. decades to centuries) (Gardner et al. 2009, Zuidema
et al. 2013). Retrospective observation of past ecosystem change through
the palaeorecord can provide a useful means of overcoming this temporal
constraint (e.g. Virah-Sawmy et al. (2009), Bhagwat et al. (2012)). The in-
creasing number of high-resolution Holocene palaeoclimatic and palaeoe-
cological records for different parts of the tropics means that this technique
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is especially useful for broad-scale resilience assessments. Using this ap-
proach, reconstructed ecological changes can be compared with known forc-
ing events of various amplitudes and durations, providing a means of pre-
dicting future ecological response under a range of forcing scenarios. This
has been identified as a key research need for predicting dry forest re-
sponses to disturbance regimes and future climate change (Sunderland et
al. 2015), particularly given the theoretical propensity of this biome to sta-
ble state shifts.

Fortunately, there is an increasing repository of high-resolution climatic
datasets from monsoon Asia that provide information on the amplitudes
and durations of past precipitation regimes. These are predominantly de-
rived from stable isotope records of monsoon rainfall derived from cave
speleothems (Yuan et al. 2004, Dykoski et al. 2005, Wang et al. 2005,
Berkelhammer et al. 2010, Sinha et al. 2011a)) and tree-ring reconstruc-
tions (Buckley et al. 2007, Sano et al. 2009, Buckley et al. 2010, Cook
et al. 2010, D’Arrigo et al. 2011). Results of these reconstructions indi-
cate that, throughout the Holocene, the monsoon has undergone a num-
ber of abrupt, millennial-scale shifts superimposed by lower-amplitude,
multi-decadal fluctuations in precipitation. Ecological proxy data for the
ecoregion, however, are scarce. Those that do exist provide some infor-
mation about the long-term dynamics of tropical dry forests (Bishop et
al. 1996, Kealhofer 1996, Kealhofer and Penny 1998, Maloney 1999, Penny
1999, Maxwell 2001, Penny 2001, Penny and Kealhofer 2005, Wohlfarth et
al. 2012, Chawchai et al. 2013). However, these studies are limited in
their application to assessing dry forest resilience because they are region-
ally constrained (restricted to several sites in northern Thailand and one
site in north-east Cambodia (Maxwell 2001)) and are typically conducted
at a low temporal resolution (i.e. the time interval spacing between recon-
structed ecosystems exceeds estimated rates of total turnover for tropical
forests (Phillips and Gentry 1994)). Additionally, palaeoecological data are
often interpreted in the absence of complimentary driver-records, making
it difficult to assess forest response to key drivers of change that have been
identified for this biome (the exception to this is the Chawchai et al. (2013)
and Wohlfarth et al. (2012) studies that use sedimentological and geochemi-
cal data alongside ecological data to infer qualitative precipitation change).
As such, regionally disparate, high-resolution palaeoecological data that
can be compared with complimentary land-use and climate records (as well
as the pre-existing studies) are required in order to predict the future per-
sistence of these forests in the face of global change.

1.5 Research objectives

Recognising the limited amount of work that has been done on the re-
silience of seemingly vulnerable yet ecologically significant south-east Asian
seasonally dry tropical forests, the primary aim of this project is to recon-
struct a high-resolution record of the response of representative ecosystems
to Asian monsoon forcing over millennia. It is hoped that this can be used to
better predict the likely response of these forests to projected climate change
of similar amplitudes and magnitudes in coming decades.
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Specifically, this project will:

• reconstruct ecological change and fire regime history by interrogat-
ing sediment-based ecological proxies from two, regionally disjunct
crater lake sites in the core region of the Indo-Malay Biodiversity Hotspot.
This will facilitate an assessment of dry forest threshold behaviour
over millennia, and determine the role of fire in affecting ecosystem
change over the same time period.

• develop a mid- to late-Holocene climate record using core geochem-
istry and complimentary plant microfossil data. This will be one of
the first robust, high-resolution Holocene monsoon records produced
for mainland south-east Asia, and will provide an in-situ climate record
to which reconstructed ecological change and burn history can be
compared.

• use these records in concert with pre-existing palaeoenvironmental
data from ecosystems that support south-east Asian seasonally dry
tropical forest in order to develop an holistic model for the threshold
behaviour of these forests. More broadly, this will facilitate assess-
ment of the regional applicability of biome-scale resilience models de-
veloped for seasonally dry tropical forests worldwide.

1.6 Study design rationale and thesis structure

The project aims will be realised by applying high-resolution, multi-proxy
techniques to sediment cores extracted from volcanic crater lakes in Ratanakiri
province, north-east Cambodia. The location of these lakes with respect to
the distribution of seasonally dry forest within mainland south-east Asia is
shown on Figure 1.1. Specifically, long cores extracted from crater lakes
termed Yeak Loam and Yeak Mai are the focus for assessing long-term
palaeoenvironmental change. Surface cores extracted from four crater lakes
— Yeak Oam, Yeak Loam, Yeak Mai and Boeng Lumkut — are targeted for
assessment of the contemporary microfossil signal to which the long-term
records are compared. Yeak Kara sediments have been formerly assessed
for palaeoenvironmental change in Maxwell (1999), Maxwell (2001) and
Maxwell (2004), and are thus not analysed in this project. These studies
do, however, provide a useful point of comparison for the subject work,
and the location of this lake site is mapped on Figure 1.1 for context.

The study sites are located in the heart of south-east Asian seasonally dry
tropical forest (Figure 1.1), preserve relevant ecological, climatic and land-
use proxies (Maxwell 1999), are spatially offset, are known to have a rela-
tively high sedimentation rate (Maxwell 2001), support heterogeneous for-
est units that have undergone varied degrees of disturbance, and have closed
catchments. Combined, these characteristics facilitate a temporally high-
resolution comparison of the ecological-climate-fire dynamics of a relatively
dense (Yeak Loam) and a relatively open dry forest unit (Yeak Mai) across
space and time. This provides ideal conditions for determining the relative
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FIGURE 1.1: Map of continental southeast Asia showing lo-
cation of crater lakes studied for this project in Ratanakiri
Province, Cambodia. YL = Yeak Loam, YO = Yeak Oam, YK
= Yeak Kara, LK = Boeng Lumkut and YM = Yeak Mai. The

shaded region shows the extent of SASDTF

role of extrinsic vs. intrinsic drivers in affecting change, identified as a crit-
ical research need in the study of ecosystem threshold dynamics (Williams
et al. 2011).

Chapter 2 provides an overview of the mechanisms thought to control the
resilience of seasonally dry tropical forests. It argues that climate (particu-
larly precipitation and rainfall seasonality) and fire appear to be important
drivers of change (or stability) within this biome at a global scale, but that
this has not been well tested within the seasonally dry tropical forest of
south-east Asia. Chapter 3 describes the biotic and abiotic characteristics
influencing the south-east Asian dry forest ecoregion, with a focus on the
characteristics of the north-east Cambodian crater lake sites that are the sub-
ject of this study. Because there is little information on the extant conditions
of the largely unstudied crater lake sites, some novel soil data collected as
part of the subject study is integrated into this chapter (vs. the subsequent
methods and results chapters that are focussed on the palaeoenvironmental
reconstructions) for the sake of readability and clarity.

Chapter 4 presents the research techniques applied to sediment cores ex-
tracted from three of the crater lake sites to determine the chronology (nec-
essary to provide an interpretive framework for the data), sedimentology
and geochemistry (useful as climate and land-use proxies) of the records.
The results of these methods are presented in the second half the chapter.
Chapter 5 outlines the methods and results used to reconstruct 1) the con-
temporary plant microfossil record for Yeak Loam, Yeak Mai, Yeak Oam
and Boeng Lumkut (each representing a different forest unit) and 2) the
floristic and fire-regime history of the two lake sites selected for detailed
palynological analysis (Yeak Mai and Yeak Loam). Chapter 6 integrates the
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results from the previous two chapters in order to provide an interpretation
of the climatic, fire regime and ecological histories of the lake sites over the
past c. 5,000 years. These interpretations are used to discuss the threshold
dynamics of south-east Asian dry forests in the face of climatic and land-use
drivers since to mid-Holocene. Chapter 7 synthesises the project findings
and concludes the thesis.
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2 Threshold dynamics of
seasonally dry tropical forests

2.1 Chapter overview

This chapter explores the threshold dynamics of seasonally dry tropical
forests in order to define key drivers of change within this biome. The chap-
ter is split into two main sections: 2.2 deals with the distribution and defin-
ing characteristics of tropical and subtropical seasonally dry tropical forests
at a global scale and 2.3 reviews what is currently known about drivers of
change and resilience within these systems. This is followed by a reflection
on how these may relate to the under-researched south-east Asian season-
ally dry tropical forests (SASDTF) that are the subject of this research.

2.2 Characteristics of the tropical and subtropical dry
broadleaf forest biome

2.2.1 Global distribution of SDTF

Tropical and subtropical dry broadleaf forest — henceforth seasonally dry
tropical forest or SDTF — is one of the fourteen terrestrial habitat types, or
biomes, identified by the WWF global ecosystem assessment (Olson et al.
2001). Miles et al. (2006) estimate that the global extent (pre-2006) of tropi-
cal dry forest is approximately 1 048 700 km2. They have calculated that, of
this, more than half exists in South America, with the remainder split be-
tween North and Central America, Africa and Eurasia, and approximately
3.8% in Australasia and South-east Asia. These regions encompass four
biogeographic realms — the Neotropics (with a small percentage extend-
ing northwards into the Neartic region), the Afrotropics, Australasia, and
the Indo-Malay realm, the latter of which supports the SASDTF that is the
focus of this study (Olson et al. 2001). The location of SDTF tracts within
their respective biogeographic realms in shown, as mapped by (Olson et al.
2001), on Figure 2.1.

2.2.2 Defining SDTF

Mooney et al. (1995) note the heterogeneity of the SDTF both within and be-
tween biogeographic realms, suggesting that little unifies them aside from
the distinct seasonality of rainfall that they are subject to. Werneck et al.
(2011) — drawing on Murphy and Lugo (1986), Mooney et al. (1995) and
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FIGURE 2.1: Global distribution of the tropical and sub-
tropical dry broadleaf forest biome in the context of biogeo-

graphic realms (Olson et al. 2001).

Pennington et al. (2006) — offer a more constrained definition, suggest-
ing that SDTF can be broadly defined as semi-deciduous forest that occurs
in tropical (and subtropical) zones, and is subject to pronounced seasonal
rainfall (minimum 5 months of annual drought) and a mean annual pre-
cipitation (MAP) of < 1 600 mm. While this definition may be characteristic
of most Neotropical SDTF, there appear to be some forested ecosystems
within this biome that defy some of these parameters. For example, several
tropical dry forest units within south-east Asia persist with a MAP of up
to 2 300 mm (Rundel and Boonpragob 1995) and others can be near-totally
deciduous in the dry season (Ruangpanit 1995). To further complicate mat-
ters, there tends to be indistinct boundaries between dry forest and other
vegetation types that often occur as patches within dry forest units and vice
versa. In particular, SDTF ecosystems are often intermosaicked with trop-
ical and subtropical grassland, savanna and shrubland (TGSS) ecosystems
(Menaut et al. 1995, Sampaio 1995, Prance 2006).

Recognising the patchiness of SDTF units, Miles et al. (2006) used an en-
compassing SDTF classification to develop commonly-cited, global extent
and distribution maps of SDTF (using MODIS Vegetation Continuous Fields
modelling within WWF biome maps). Under this approach, ecosystems
were classified as SDTF if they: 1) occurred in either SDTF or TGSS biomes
as defined by (Olson et al. 2001); and 2) had greater than 40% canopy cover
— considered the lower limit for forest ecosystems. This definition has been
adopted, with caution, for the purpose of this review. It is, however, notable
to point out that the amount of Neotropical dry forest classified under this
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system is probably overestimated as tracts of shrubland are often included
as forest (Sánchez -Azofeifa and Portillo-Quintero 2011). This is potentially
also the case for the Afrotropics, where dry forest units commonly merge
with tropical woodland ecosystems (Menaut et al. 1995).

A high level of floristic endemism is a key characteristic of SDTF that re-
sults in large discrepancies in genera and families between (and within)
biogeographic realms. Nevertheless, there are several broad-scale ecologi-
cal traits that are common to most representative SDTF and may play a key
role in contributing to their resilience to external perturbations. Primarily,
the plant phenology reflects adaptations to a long dry season, including
(often) dry season leaf loss, and restricted timing of seed germination and
seedling establishment (Quesada et al. 2009). These adaptations, accord-
ing to Pulla et al. (2015), may mean that SDTF structure and biodiversity is
resilient to the low- to moderate- level disturbances that are characteristics
of these systems, including variable climate and herbivory. Consequently,
representative forests may be more “pre-adapted” to cope with anthro-
pogenic disturbance such as fragmentation, land degradation and modified
fire regimes than their moist forest counterparts. Very generally, these adap-
tations include energy investment into soil seed banks and root stocks, and
resprouting capacity post-disturbance. These characteristics, termed “inter-
nal ecological memory” (see Pulla et al. 2015 and references therein) mean
that rapid SDTF forest succession can occur following moderately severe
disturbance. Consequently, SDTF structural and species-richness attributes
can be restored within decades (Pulla et al. 2015, Derroire et al. 2016). “Ex-
ternal ecological memory” within SDTF ecosystems, whereby succession
results from propagules from surrounding SDTF, is another important fea-
ture contributing to ecosystem resilience, particularly where disturbance is
severe enough to erase internal ecological memory (Pulla et al. 2015).

It is, however, notable to point out that recovery of SDTF in terms of “old-
growth” species composition tends to occur at a slow rate thereby indicat-
ing that “recovery” (i.e. engineering resilience) is unlikely to occur over
short- to medium- timescales (Derroire et al. 2016). Additionally, as many
SDTF species respond strongly to environmental cues, major changes in the
annual or interannual timing of disturbance within associated ecosystems
may have important implications for forest resilience, particularly if repro-
duction is reliant on animal pollination (Quesada et al. 2009). However,
research on the role of pollination following environmental change is still
in its infancy (Quesada et al. 2009). In spite of this, the aforementioned find-
ings broadly indicate that SDTF resilience is by-and-large dependent on the
magnitude, spatial scale and persistence of the disturbance as well as the
specific functional traits of local SDTF species that contribute to ecological
memory.

2.2.3 Review of SDTF in major biogeographic realms

The distribution and key structural characteristic of Neotropical, Afrotrop-
ical and Indo-Malay dry forests is presented below to provide a context for
the synthesis of threshold behaviour in dry forests, presented in the second
part of this chapter. This is important due to the bias in SDTF research in
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the Neotropics and, to a lesser extent, the Afrotropics. For example, nearly
all of the research articles in a recent book on the ecology and conservation
of SDTF (Dirzo et al. 2011) focussed on the Neotropics. Similarly, no pa-
pers specifically focussed on south-east Asian ecosystems were included in
a special issue on tropical savanna and seasonally dry forests published
by the Journal of Biogeography in 2006 (volume 33). As such, most of
what we presume to know about this biome comes from regions outside
Indo-Malaya, providing an initial point of comparison for examination of
SASDTF resilience.

Neotropical SDTF

Neotropical SDTF occurs in Meso- and South-America in a series of distinct
ecoregions as shown on Figure 2.2. These range from somewhat continuous
forest tracts in Bolivia, Paraguay, and Argentina extending northwards in
Brazil (e.g. Chiquitano dry forests Figure 2.2 map reference K) to patches
of dry forest in a mosaicked woodland/savanna/shrubland landscape (e.g.
Mexican dry Forest (mapped as SDTF) and Cerrado and Caatinga (mapped
as TGSS and Deserts and Xeric Shrubland biomes within central and east
Brazil, respectively).

Low elevation (typically less that 800 m ASL, but occasionally reaching
2 000 m ASL), distinct rainfall seasonality and a precipitation-to-evaporation
deficit are common to the majority of Neotropical dry forests. The dry sea-
son across representative ecoregions ranges from 4 to 8 months, and mean
annual precipitation typically lies below 1 600 mm/year. Rainfall quantity
and seasonality is often determined by geomorphic controls on patterns
of ocean and atmospheric circulation. For instance, Mexican Dry Forests
and Ecuadorian, Tumbes-Piura and Marañon Dry Forests (Figure 2.2 map
references A and I respectively) have formed in the lowlands on the lee
side of the continental mass in an orographic rain shadow. Dry forest in
the semi-arid Caatinga lowlands is restricted to small areas of higher ele-
vations, which permit the formation of more humid conditions in an oth-
erwise arid climate (Sampaio 1995). Annual temperature variability across
Neotropical SDTF is minor (Murphy and Lugo 1995).

Core dry forest units within the northern Neotropics are believed to have
developed and persisted in isolation since the Last Glacial Maximum (LGM).
It is hypothesised that these disjunct patches then expanded south and east
in South America throughout the Holocene to their current distribution,
resulting in unique biogeographic histories for different ecoregions (Cae-
tano and Naciri 2011, Linares-Palomino et al. 2011, Werneck et al. 2011).
This has caused a diverse floristic assemblage between different dry forest
units (Caetano and Naciri 2011, Werneck et al. 2011). Linares-Palomino
et al. (2011) have broadly categorised Neotropical SDTF ecoregions into
four groups based on their floristic similarities. They include 1) Central
American (including insular Central American), Colombian and Venezue-
lan SDTF (map references A to H on Figure 2.2); 2) Equadorian, Tumbes-
Piura and Marañon Dry Forests (map reference I on Figure 2.2); 3) Bolivian
Montane Dry Forests (map reference J on Figure 2.2) and isolated patches
in the Chaco, and; 4) Chiquitano Dry Forests, Atlantic Dry Forests (map
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FIGURE 2.2: Distribution of Neotropical and Neartic trop-
ical and subtropical dry broadleaf forests alongside adja-
cent habitat types (Olson et al. 2001). A. South Mexican
and Central American Dry forests; B. Yucatàn Dry Forests;
C. Cuban Dry Forests; D. Hispaniolan Dry Forests; E. Sinú
Valley, Maracaibo and Lara-Falcon Dry Forests; F. Apure-
Villavicencio Dry Forests; G. Panamanian Dry Forests; H.
Cauca & Patia Valley Dry Forests; I. Equadorian, Tumbes-
Piura and Marañon Dry Forests; J. Bolivian Montane Dry
Forests; K. Chiquitano Dry Forests; L. Atlantic Dry Forests.

references K and L on Figure 2.2) and patches of dry forest in the Cerrado
and Caatinga.

Despite the diversity in floristic composition of different Neotropical SDTF
ecoregions, some broad generalisations can be made with respect to their
vegetative makeup that may contribute to overarching resilience charac-
teristics of these systems at a biogeographic realm scale. Compositionally,
common genera within Neotropical dry forests are also present in moist
and wet forest (Gentry, 1995). A review of Neotropical SDTF plant di-
versity, endemism and biogeography conducted by Linares-Palomino et
al. (2011) shows that, of the fifty-five most widespread plant species in
Neotropical SDTF, 45% are ecologically versatile (occuring across different
forest biomes), and approximately 15% are dry forest specialists. Woody
taxa within SDTF ecoregions is predominantly made up of genera from
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the Fabaceae (Mimosoideae) family (Gentry 1995, Linares-Palomino et al.
2011). Other important SDTF arborescent families include Cannabaceae
(Celtis spp.), Capparidaceae, Euphorbiaceae, Flacoutiaceae, Malvaceae (Lue-
hea spp.), Meliaceae (Trichilia spp.) Rubiaceae, Rutaceae (Zanthoxylum spp.),
and Sapindaceae (Gentry 1995, Linares-Palomino et al. 2011). Bignoniceae
is the dominant liana family within Neotropical SDTF (Gentry 1995).

The prevalence of forest generalist genera within Neotropical dry forest
may be controlled by 1) pollination and seed dispersion characteristics of
dominant taxa, 2) possession of functional traits that allow for tolerance of a
broad range of environmental conditions, and 3) habitat controls that influ-
ence plant distribution at a species-level. Two-thirds of Neotropical SDTF
woody taxa are pollinated by specialists including insects or birds, and seed
dispersal tends to predominantly occur via wind dispersal (Bullock, 1995).
Both of these traits are important within moist and dry tropical forest, but
tend to be more important in the latter (Gentry, 1995). Both Bignoniaceae
and Leguminosae characteristically have conspicuous flowers that are de-
pendent on insect and mammal pollinators, and possess wind-dispersed
seeds (Gentry, 1995). Several dominant Acacia species within Neotropical
SDTF are particularly tolerant to water stress and variable light levels dur-
ing the seedling stage (Venier, 2013), which may also contribute to their
presence in both moist and dry sites, but dominance in the latter (where
other, more sensitive species may not survive). Within families, shubby
(vs. scandent or arborescent) species — better adapted to moisture limited
conditions — tend to be favoured within dry forest settings (Gentry, 1995).
Other plant adaptations to moisture limitation within dry vs. moist forest
systems in the Neotropics include denser wood and investment into deep
root biomass (Holbrook et al. 1995).

Variation in plant structure depending on moisture availability likely con-
tributes to the large degree of variability in the overarching structure of
Neotropical SDTF. Across the biogeographic realm, canopy height can range
from 2 to 40 m and structure from 2 to 4 stories (Murphy and Lugo 1995).
The majority of Central and South American dry forest grows in alkaline,
fertile soils, with density and height positively correlated with soil quality
(Meir and Pennington 2011, Werneck et al. 2011). Some low, open for-
mations can grow in exposed, acidic and nutrient poor soils (Murphy and
Lugo 1995).

Most of the SDTF in Central and South America has been disturbed or
cleared for agriculture, mostly for cattle grazing and cropping (Sampaio
1995, Sanchez-Azofeifa et al. 2005). Much of this clearance is been insti-
gated (and sometimes maintained) with slash-and-burn (swidden) agricul-
ture (García-Oliva and Jaramillo 2011), introducing fire to ecosystems that
are thought to have “naturally” precluded fire (Murphy and Lugo 1995).
This type of farming, sometimes referred to as “slash-and-burn” cultiva-
tion, involves: 1) using fire to clear land; 2) cultivating crops on that land,
and; 3) subsequently abandoning the land to fallow (Sovu et al. 2009). Ac-
cording to a study undertaken by Guariguata and Ostertag (2001), the ca-
pacity of Neotropical forest to regenerate via secondary forest succession
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following swidden farming is relatively good if there is a localised propag-
ule source (i.e. good external ecological memory) and the level of distur-
bance prior to abandonment has not been severe (i.e. retention of internal
ecological memory).

Afrotropical dry forest

Aside from a small core of dry forest in Zambia (Figure 2.3 reference A)
and the dry forest communities of Madagascar (Figure 2.3 reference B),
SDTF in the Afrotropics almost always occurs as fragmented patches within
the TGSS ecoregions to the north (Sudanian TGSS) and south (Zambezian
TGSS) of the continent (Olson et al. 2001, Miles et al. 2006, Linder et al.
2012). These are separated from the equatorial moist tropical forests by a
relatively narrow belt of humid savanna (Menaut et al. 1995, Olson et al.
2001).

Tropical and Subtropical Moist Broadleaf Forests
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Temperate Broadleaf and Mixed Forests

Temperate Coniferous Forests
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Temperate Grasslands, Savannas, and Shrublands

Flooded Grasslands and Savannas

Montane Grasslands and Shrublands

Mediterranean Forests, Woodlands, and Scrub

Deserts and Xeric Shrublands

Mangroves

Lakes

Equator

South 
Atlantic 
Ocean

Indian
Ocean

North
Atlantic 
Ocean

Sudanian SDTF/TSGG Belt

Zambezian 
SDTF /TSGG

Zone
A B

FIGURE 2.3: Distribution of Afrotropical tropical and sub-
tropical dry broadleaf forests alongside adjacent habitat
types (Olson et al. 2001). A. Zambezian Chryptosepalum
Dry Forests; B. Madagascar Dry Forests. Most Afrotropical
tropical dry forest units are scattered within Sudanian and

Zambezian TGSS.

As with Neotropical SDTF, rainfall seasonality (4 to 8 month dry spell) and
a low precipitation to evaporation ratio (0.4 to 0.6) characterise African dry
forests (Menaut et al. 1995). The variance in annual rainfall is driven by
the African monsoon. MAP across Afrotropical SDTF ranges from 800 to
1 000 mm (Menaut et al. 1995). While this is slightly higher for the Sudanese
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region than for its southern hemisphere counterpart, the former tends to be
lower in elevation (approximately 200 m ASL vs. up to 1 000 m ASL) and
subjected to dry deserts winds. Thus northern forests are typically drier
and more open than the denser dry forest patches interspersed with Zam-
bezian TGSS (Menaut et al. 1995). However, within these generalisations,
Afrotropical SDTF is very diverse, ranging from open woodlands compris-
ing deciduous trees growing above a grassy understorey, to more-closed,
species-rich, semi-deciduous forest communities (Swaine 1992, Timberlake
et al. 2010). Structurally, most semi-deciduous forests have a canopy height
of up to 25 m and a dense understorey of lianas and shrubs (Menaut et al.
1995). Though Afrotropical SDTF grows in a range of soil-types, many of
the denser, semi-deciduous types are associated with lateritic formations
(Menaut et al. 1995).

The floristic assemblage of Afrotropical SDTF is varied. Broadly, however, it
can be categorised into northern and southern hemisphere ecoregions. The
former typically comprises Afraegle (Rutaceae)-dominated deciduous/semi-
deciduous forest with a diverse understorey (Menaut et al. 1995). Relict
patches of dry evergreen forest within this region are often characterised by
the presence of Gilletiodendron/Guibourtia (Fabaceae) species (Menaut et al.
1995). Southern SDTF formations are more species rich and phenologically
complex than their northern counterparts (Menaut et al. 1995), but tend
to be overarchingly dominated by semi-deciduous Entandrophragma (Meli-
aceae), broad-leaved canopy species. Three relict evergreen dry forest types
that occur sporadically within the Zambezian forest comprise Parinari-Syzygium
(Chrysobalanaceae-Myrtaceae) forest, Marquesia (Dipterocarpaceae) forest
and Cryptosepalum (Fabaceae) forest (Menaut et al. 1995). These formations,
particularly Chrysobalanaceae-Myrtaceae units, are fire intolerant (Chidu-
mayo and Marunda 2010).

Indo-Malay SDTF

SDTF forest in the Indo-Malay realm occurs in three distinct zones Fig-
ure 2.4. Indian dry forests and ecoregions therein occupy much of central
and eastern India as well as eastern Sri Lanka (Figure 2.4 map reference E
through K). Small islands vegetated with SDTF occur in southern insular
south-east Asia, including parts of Indonesia and Timor-Leste (Figure 2.4
map reference L). SASDTF, which is the subject of this research, extends east
from Myanmar, through Thailand, into Laos, Cambodia and part of central
and southern Vietnam (Figure 2.4 map reference A and B). Relatively small
tracts of dry forest also extend into central Myanmar (Figure 2.4 map refer-
ence C).

SDTF units in India and Myanmar are relatively fragmented, whereas SASDTF
tends to form a relatively contiguous biogeographic unit (Miles et al. 2006),
even though it is currently subject to high levels of clearance for small- and
large-scale agriculture and cash crops (Hor et al. 2014). These dry forest
regions are broadly encircled by tropical and subtropical moist forest ecore-
gions (Olson et al. 2001) where rainfall seasonality is not significant (e.g.
in equatorial zones or where elevation increases). The exception to this is
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FIGURE 2.4: Distribution of Indomalayan tropical and
subtropical dry broadleaf forests alongside adjacent habi-
tat types (Olson et al. 2001). A. SASDTF (Southeastern
Indochina dry evergreen forests [SIDEF] and Central In-
dochina Dry Forests [CIDF]); B. Southern Vietnam lowland
Dry Forests; C. Irrawaddy Dry Forests; D. Northern Dry De-
ciduous Forests; E. Chhota-Nagpur Dry Deciduous Forests;
F. Narmada Valley Dry Deciduous Forests; G. Khathiar-Gir
Deciduous Forests; H. Central Decaan Plateau Dry Decidu-
ous Forests; I. East Deccan Dry-Evergreen Forests; J. South
Deccan Plateau Dry Deciduous Forests; K. Sri Lanka Dry-
Zone Dry Evergreen Forests; L. Lesser Sundas Deciduous
Forests, Sumba Deciduous Forests and Timor and Water

Deciduous Forests.

the linear desert ecosystem on the west boundary of east-Indian Chhota-
Nagpur Dry Forests (Figure 2.4 map reference E), formed from the pres-
ence of a major orographic rain shadow. Seasonality within the Indo-Malay
SDTF is driven by the Indian and/or East Asian sectors of the Asian mon-
soon, resulting in a 4 to 8 month dry season (Wikramanayake et al. 2002).
MAP received by these forests is diverse, ranging from 1 000 to 1 900 mm,
though exceptions occur at either end of the scale (Wikramanayake et al.
2002, Oo and Koike 2015).

The structure and floristics of Indo-Malay dry forests are heterogeneous
between the three major dry forest zones described for the biogeographic
realm. For example, despite their superficial similarities, the floristic com-
position of SASDTF was found to be more affiliated with adjacent moist



Chapter 2. Threshold dynamics of seasonally dry tropical forests 17

forest than to that of the dry forests of India (Dexter et al. 2015). This sug-
gests that, as with Neotropical dry forest ecoregions, vegetation within the
different zones is likely to have persisted in isolation over a long period of
time in spite of their common mid-Eocene dispersal route (Morley 2002).

As well as the variability noted across Indo-Malay dry forest zones, there
is a high degree of intra-ecoregional variability in dry forest structure and
composition. However, unlike neo- and Afro-tropical forest mosaics where
dry forest is commonly interspersed with savanna, many Indo-Malay forests,
especially SASDTF, manifest as a mosaic of dense and more open dry forest
units. Here, “natural” open grassland communities are generally limited to
seasonally inundated herbaceous wetlands and isolated patches of savanna
on uplands where MAP is low (<500 mm) (Stott 1990).

SASDTF mosaics are dominated by three forest unit-types. Deciduous dipte-
rocarp forest (DDF) has a low but varied canopy height of 10 to 30 m, with
a cover of 53 to 77% (Neal 1967), making it the most open of the dry for-
est units. Deciduous species from the Dipterocarpaceae family dominate
the canopy and mid-storey (Ruangpanit 1995). The understorey is gener-
ally minimal, allowing for a grassy ground cover to develop. Variants on
this forest type can be found within most Indo-Malayan SDTF ecoregions,
particularly in less fertile soils where MAP is relatively low (Stott 1990, Ru-
angpanit 1995). Unlike Neotropical dry forests, fire is an important part of
DDF (in some cases being fundamental to its persistence (Stott 1984, 1988).
The presence of a grassy ground cover and propensity of DDF to burn, has
lead Dexter et al. (2015) to propose that this unit should be classified as
savanna, despite long-term acknowledgment of its essential “forest” char-
acter by several authors who have worked extensively in the region (see
Stott 1984, Stott 1986, 1990 and references therein). All dominant Dipte-
rocarpaceae tree species within DDF have morphological (thick bark, re-
sprouting root crowns) adaptations to fire (Rundel and Boonpragob, 1995).
Germination timing (at the start of the wet season) and wind dispersion
of fruits from dominant DDF aborescent species may also facilitate forest
succession post-fire events (Rundel and Boonpragob, 1995).

Mixed deciduous forest (MDF) has three layers with a partially deciduous,
diverse canopy reaching 30 m (Rundel and Boonpragob 1995). The forest
understorey (5 to 10 m) comprises a diverse range of trees, shrubs and bam-
boos (Ruangpanit 1995, Rundel and Boonpragob 1995). Semi-evergreen dry
forest (SEDF) is a closed formation with up to four layers of evergreen and
deciduous species (Ruangpanit 1995). Lower versions of SEDF occur within
the East Deccan dry-evergreen forest and Sri Lanka dry-zone dry evergreen
forest ecoregions (Figure 2.4 map references I and K).

A more detailed description of the structure and ecology of SASDTF units
is presented in the context of the study site in chapter 3.

2.3 Projected threshold behaviour of seasonally dry forests

Contemporary theory regarding the threshold behaviour of SDTF ecosys-
tems is closely coupled with concepts of ecological resilience, first posited
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by Holling (1973) and updated in, amongst others, Walker et al. (2004).
Holling’s conceptual model suggests that ecosystem resilience — that is
the capacity of a system to absorb change without dramatically altering
in structure or function — has limits that, when breached, can result in
the rapid reconfiguration of the system to a new, fundamentally different
“stable” state. This rapid reconfiguration is contemporarily referred to as a
catastrophic or an ecological regime shift, and can be irreversible (or very
difficult to reverse) due to positive feedbacks (Scheffer et al. 2001, Scheffer
and Carpenter 2003).

It has long been noted that tropical savanna (taken here to represent ecosys-
tems with a prevalence of C4 grasses and less than 40% tree cover (Rat-
nam et al. 2011) and dry forest, which occupy a similar climatic zone,
are intimately linked. Small differences in topography, edaphic conditions,
climate, or human modification can determine whether one state occurs
over the other (Murphy and Bowman 2012). As such, these two biome
types are thought to persist as alternative stable states, whereby relatively
small changes to internal or external drivers can push either system across
a tipping point, triggering a rapid reorganisation of ecosystem expression
(Sternberg 2001, Foley et al. 2003, Hirota et al. 2011, Staver et al. 2011a, b).
The projected resilience, or capacity of SDTF ecosystems to cope with future
climatic extremes without undergoing a fundamental state shift (Holling
1973) — most likely to the savanna state — can thus be inferred through
consideration of their inherent biogeographic and evolutionary character-
istics within the context of current and projected future drivers of ecological
change within these systems.

This section examines some of the key abiotic parameters that appear to
drive change in SDTF. These are considered in the context of biotic char-
acteristics of SDTF, such as ecological memory and plant functional traits,
which may contribute to SDTF resilience in the face of these drivers.

Noting that, in nearly all circumstances, SASDTF has been neglected from
relevant resilience research, it will then assess how the identified drivers of
ecological change in SDTF interact in SASDTF contemporarily and histor-
ically. This will be used to infer how sensitive these systems should be to
future change.

2.3.1 Climatic drivers

SDTF – Precipitation

Maass and Burgos (2011) assert that water is the primary factor in determin-
ing the structure and function of SDTF. This has been well-demonstrated
in a recent global study undertaken by Hirota et al. (2011), who present
evidence for the strong coupling between annual precipitation and the ex-
istence of forest and savanna as alternative attractors. In this study, these
biomes were distinguished on the basis of satellite (MODIS) analysis of tree
cover in the tropics and subtropics of Africa, the Americas and Australia. A
non-linear threshold response was noted between these biomes with areas
with canopy cover at approximately 50 to 60% found to be extremely rare
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at a global scale (Figure 2.5), indicating the absence of an intermediate for-

FIGURE 2.5: Figure reproduced from Hirota et al. (2011)
showing tree cover (untransformed) in 1 km2 grid cells as a
function of the mean annual precipitation for (A) Africa, (B)
Australia, (C) South America, and (D) intercontinental data
sets (between 35◦S and 15◦N). Image used with permission

from AAAS (licence number 3852280176217).

est/savanna hybrid in the natural environment. MAP and tree cover (and
thus biome-state) were found to be intimately linked; that is, forest was
found to persist where precipitation exceeds 2 500 mm/year, and savanna
MAP ranged from 750 to 2 500 mm/year. Bistable areas (i.e. where annual
precipitation could support either ecosystem state) lie within the range of
1 000 to 2 500 mm/year (Staver et al. 2011a). This bistable zone represents
the current climate for nearly all SDTF ecoregions, though it is notable that
some tracts of persistent forest do occur with MAP less than 1 000 mm. For
instance, the Irrawaddy Dry Forests of central Myanmar receive an average
annual rainfall of 600 mm year (Oo and Koike 2015).

Several Afrotropical studies (Sankaran et al. 2005, Bucini and Hanan 2007)
also demonstrate that the persistence of woody cover in savanna (i.e. patches
of dry forest or woodland) can be constrained by MAP. In Sankaran et al.
(2005), woody cover was found to increase linearly with rising precipitation
up to 650 mm/year. Above this threshold MAP is considered sufficient for
canopy closure and fire becomes the dominant control on cover. Bucini and
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Hanan (2007) found a positive relationship between tree cover and MAP,
but noted a dependency on soil texture.

The role of increased precipitation on the development of the structure of
SDTF has also been observed in Australia (Banfai and Bowman 2006) and
the Neotropics with regard to an increased basal growth area (Murphy and
Lugo 1995) and primary productivity (Jaramillo et al. 2011) and, in the case
of decreased rainfall, reduced biomass (Coe et al. 2013) . A similar phe-
nomenon has been observed in African and Australian TGSS ecosystems,
where tree basal area typically increases with rising MAP (Scholes et al.
2002, Lehmann et al. 2014). This trend is, however, is not always clear for
Neotropical savanna (Lehmann et al. 2014).

This body of research is of consequence for understanding the tree cover
and precipitation threshold dynamics of both SDTF and TGSS. It suggests
that when critical precipitation thresholds are breached, ecological reconfig-
uration between savanna and forest is likely to occur as a rapid response.
Reconfiguration between open and dense communities within either forest
or savanna, however, may be more likely to occur as a gradual change. It
is, however, important to note that there are ranges of MAP that can sup-
port either forest or savanna, indicating the importance of other abiotic and
biotic controls on persistence of one state over the other.

SDTF – Seasonality

As seasonality is one of the key features of dry forest biomes, dominant tree
species within representative ecoregions typically have a range of phys-
iological and phenological adaptations to drought (Meir and Pennington
2011). However, critical thresholds regarding the strength of seasonality
(referring to the duration of the dry season (Staver et al. 2011a)) tolerated
by SDTF do exist. This is explored by Staver et al. (2011a) who found that in
Australia, South America and Africa, where annual drought exceeds seven
months, savanna will persist. However, there is evidence that most biomes
display a degree of resilience to multi-year droughts, indicating that inten-
sity and duration of persistently strong seasonality may be a requirement
for this state-change (Campos et al. 2013). Where seasonality is less than
seven months, it is considered bistable for either TGSS or SDTF ecosystems,
where either can persist (Staver et al. 2011a). These threshold interactions
are strongly linked to the role of fire in these biomes, as discussed in sec-
tion 2.3.2 below.

Seasonality strength also appears to play a role in determining the inter-
nal structure of SDTF. For instance, in Neotropical ecosystems, tree growth
and canopy height appears to have an inverse relationship with dry season
length (Murphy and Lugo 1995). As such, regions with milder seasonality
(i.e. shorter dry season) are likely to support denser forest types, although
these interactions also appear strongly linked to the edaphic characteristic
of forest units, particularly with regard to soil water retention capacity.
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SDTF – Temperature

There is little evidence to suggest that rising temperature on its own will
significantly impact upon the structure or function of either dry forest or sa-
vanna, with most species seemingly well-adapted to hot conditions. How-
ever, rising temperatures are likely to exacerbate conditions related to plant
water stress by increasing evapotranspiration (Pulla et al. 2015). Addi-
tionally, drought, coupled with high temperatures may decrease relative
humidity, drying biomass fuel and encouraging fire. The velocity of tem-
perature change predicted from dry broadleaved forest at (0.42 km/year) is
the third highest for forested biomes, (exceeded by mangroves and taiga),
largely due to their persistence in lowland regions (Loarie et al. 2009). This
may have implications for the resilience of localised patches of SDTF.

SASDTF

The dry forest units within mainland south-east Asia are subjected to a
MAP of <2 000 mm/year and a seasonality of less than seven months, plac-
ing the ecoregion into a bistable zone as defined by Hirota et al. (2011)
and Staver et al. (2011a) (i.e., within a climatic zone that can support either
forest or savanna). The drier forest units, including DDF and some MDF
units, have an open canopy as low as 53% (Neal 1967), which, according
to Hirota et al. (2011), is rare at a global scale (see Figure 2.5). As such, if
the climate-seasonality-forest cover feedbacks used to predict the stability
of SDTF apply to SASDTF, representative forests may, in their current state,
be sensitive to crossing a critical threshold to savanna if subjected to drivers
such as declining annual precipitation, droughts, habitat fragmentation or
selective tree felling (serving to further thin the canopy). This, however, has
not been quantified.

Holocene reconstructions of past precipitation, including periods of drought
(Dykoski et al. 2005, Wang et al. 2005, Sinha et al. 2007, Sano et al. 2009,
Buckley et al. 2010, Cook et al. 2010, Sinha et al. 2011a, b) demonstrate
lower rainfall associated with a stepwise weakening of the summer mon-
soon over the SASDTF region between 5 and 4.5 ka, and approximately
3.5 ka, typically following periods of reduced insolation. Additionally, the
presence of prolonged droughts (up to 30 years) occurred in the mid-14th

and 15th centuries across India (Borgaonkar et al. 2010, Sinha et al. 2011a),
Vietnam (Buckley et al. 2010), and Thailand (Buckley et al. 2007), associ-
ated with volcanism (Anchukaitis et al. 2010), ocean-atmosphere dynamics
(Cook et al. 2010) and, to a lesser extent, solar minima (Shi et al. 2016).
When compared to contemporary precipitation and seasonality conditions
for SDTF, these past climates should, at times, favour the persistence of
savanna over forest given the theoretical propensity of SDTF to transition
to grassland communities under periods of reduced precipitation and pro-
longed water stress. This is particularly so if, during these periods, MAP
was to decline, and seasonality was to increase to levels that breach the
“bistable” thresholds set out by Hirota et al. (2011) and Staver et al. (2011a).
Given the apparent “unstable” canopy cover of more open SASDTF units
such as DDF and some MDF (as set out in Hirota et al. (2011)), these forest
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units may be particularly sensitive to a regime shift to savanna under these
changed conditions.

Though localised, the few palaeo-ecological studies that do elucidate SASDTF
vegetation change in response to these past climate events (Bishop et al.
1996, Kealhofer 1996, Kealhofer and Penny 1998, Maloney 1999, Penny
1999, Maxwell 2001, Penny 2001, Penny and Kealhofer 2005, Wohlfarth et
al. 2012, Chawchai et al. 2013), indicate that forest has persisted throughout
the Holocene. The only major ecological regime shift in response to climatic
forcing that can be observed in these records is the transition from pine-oak
forest to tropical dry broadleaf forests at the termination of the Younger
Dryas Chronozone (c. 12000 to 10000 cal. yrs BP), when the climate shifted
abruptly toward more humid conditions (Penny 2001). What is interesting
to note from these records, is the increasing variability in the composition of
the ecological records over recent millennia. Such“flickering” within eco-
logical records is often taken as sign that a critical threshold is being ap-
proached (Scheffer et al. 2009, Scheffer et al. 2012, Wang et al. 2012).

There is some evidence that a wetter climate may facilitate shifts in dry
forests of similar composition to SASDTF to denser types. For instance,
the so-called Medieval Warm Period (MWP), characterised by a relatively
warm, humid climate (modelled in the Asian monsoon region as occurring
between c. 901 and 1200 AD (Shi et al. 2016)), appears to have caused the
non-persistent transition of a Central Deccan Plateau (India) open mixed
deciduous forest into a dense mixed forest (Quamar and Chauhan 2014).

These studies suggest that the moisture requirements of SASDTF may be
different from their global counterparts and/or indicate that factors exter-
nal to climate, including phenological adaptations of particular species to
lowered MAP, may play important roles in reinforcing forest feedbacks.
This point has been emphasised by Rundel and Boonpragob (1995) who
observe that south-east Asian dry forests exhibit different ecological struc-
tures and processes to their Neotropical counterparts, particularly with re-
gard to the surprising current vegetation-rainfall relationships (e.g. decid-
uous forest persisting in areas of higher precipitation, and semi-evergreen
assemblages present in region with relatively little annual rainfall). How-
ever, as the plant microfossil records from the SASDTF region are spatially
limited, are typically conducted at a low temporal resolution, and don’t
tend to be compared with external climatic records (rather being used as
an indication of climate themselves), the precise impact of climatic variabil-
ity upon receiving dry forest ecosystems (particularly if state-shifts are not
persistent) remains ambiguous.

Another complicating factor that needs to be considered when examining
SASDTF response to climatic forcing is the sub-regional discrepancies that
are apparent in Holocene records of Asian monsoon shifts, particularly in
recent millennia and at shorter time scales (decadal to centennial) (Sinha et
al. 2011a, Wan et al. 2011, Cook et al. 2013). This suggests that location-
specific records are necessary in order to draw links between climate events
and the attendant ecosystem, particularly given the apparent increasing
ecological variance noted in the late Holocene palaeorecord (Penny 2001,
Maxwell and Liu 2002). Given that most SASDTF forests lie at the intersec-
tion of two monsoon systems (the Indian Summer Monsoon and East Asian
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Monsoon) (Wang and LinHo 2002, Wang et al. 2003), the complexities asso-
ciated with local monsoon disparities are likely to be amplified. Currently,
long-term records of climate change from this confluence zone (external
to inferences made about climate from ecosystem change (e.g. Kealhofer
and Penny 1998, Maxwell 2001, Penny 2001) are few (and thus highly lo-
calised) (Wohlfarth et al. 2012, Chawchai et al. 2013) or only capture the
late Holocene (Buckley et al. 2007, Sano et al. 2009, Buckley et al. 2010).

2.3.2 Fire

SDTF

Most burning within the SDTF is considered to be of anthropogenic origin
rather than a natural phenomenon (Hoffmann et al. 2009, Sánchez-Azofeifa
and Portillo-Quintero 2011). The increased frequency and area of burning
is generally considered one of the greatest threats to the survival of dry
forests in the Neotropics, (Sánchez-Azofeifa and Portillo-Quintero 2011),
Afrotropics (Staver et al. 2011b), Australia (Banfai and Bowman 2006) and
worldwide (Miles et al. 2006). This is considered to be of particular con-
cern given that the occurrence of fire is predicted to grow alongside rising
populations, increasing temperatures and greater probability of climatic ex-
tremes including drought (Lewis 2006).

Interactions between the presence of fire and the persistence of tropical and
subtropical forest in Africa, South America and Australia (where satellite
analysis of tree cover was again used as a proxy for biome-type), has been
tested by Staver et al. (2011a). These authors found that, where bistable
climatic conditions occur with regards to seasonality and MAP (discussed
in section 2.3.1), fire appears to be a key driver determining whether the
landscape will support savanna or forest (>55% canopy cover) — the for-
mer coexisting with fire, and the latter persisting in areas that have not been
recently burnt. In theory, the development of a forest canopy precludes the
spread of fire by inhibiting the establishment of a dry, grassy ground cover.
When canopy cover falls below approximately 40%, relative ground hu-
midity drops and a grassy understorey develops. Combined, these factors
tend to introduce moderate to high intensity fire into the forest, serving to
further open the canopy. This causes a positive feedback cascade, reinforc-
ing the development of open, grassland ecosystems (Staver et al. 2011a).
This feedback has been confirmed in several savanna ecosystems persisting
in bistable forest/savanna climatic zones within the Afrotropics (Menaut et
al. 1995, Staver et al. 2011b) and in the Neotropics under climate conditions
that would favour the development of forest (Ballesteros et al. 2014). Con-
versely, fire exclusion can permit the reestablishment of woodland or forest
within bistable climate zones in the Afrotropics (Mitchard et al. 2009), and
Neotropics (Moreira 2000).

Coupling of fire with other drivers of SDTF resilience, particularly sea-
sonality and fragmentation, is particularly detrimental to the persistence
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of forest over grassland communities. Brando et al. (2014) show that ex-
treme drought coupled with forest fragmentation and anthropogenic igni-
tion sources have resulted in significant tree mortality and forest degrada-
tion over southeast Amazonia (noting that these forest are typically moist
vs. dry).

While fire is clearly an important driver of forest to savanna ecological
regime shifts within many climatically bistable SDTF/TGSS zones, there
are some cases where dry forest and fire can co-exist. Typically, this inte-
gration is regionally specific, being contingent on the features of the burn
as well as the adaptation characteristics of the effected ecosystem. Fire re-
sistant or fire-tolerant adaptations exist in some SDTF species in certain
African (Swaine 1992), Australian (Russell-Smith et al. 1997, Andersen et
al. 2005) and Indian (Kodandapani et al. 2008, Mondal and Sukumar 2015)
dry forests. These adaptations result in relatively low large-tree mortality
when burns are low to medium intensity (Meir and Pennington 2011, Pulla
et al. 2015). Equally important to the concurrence of SDTF and fire, is the
timing, intensity and recurrence interval of the burn regime. Low intensity
fires usually occur where there is little build-up of ignitable ground mate-
rials, and are thus more characteristic of the early (vs. late) part of the dry
season (Pulla et al. 2015). Additionally, the recurrence of fires needs to be
less than the time needed for key tree species to reach a threshold at which
they accumulated sufficient bark to avoid fire induced stem death (Hoff-
mann et al. 2012). The rate at which these thresholds are reached depends
on the resource base of the site (in terms of nutrients, moisture, compe-
tition etc.), and are generally attained more quickly where environmental
productivity is higher (Hoffmann et al. 2012).

SASDTF

While forest cover (>50%) typically precludes fire spread in SDTF globally,
it is a current, and probably a deterministic characteristic of the SASDTF
(Stott 1990, Kealhofer 1998, Maxwell 2004). This is particularly the case for
DDF (Stott et al. 1990) and secondary forest units formed as a direct conse-
quence of swidden agriculture (Heinimann et al. 2007). Evidence suggests
that SASDTF has long been subject to anthropogenic fire, predominantly
for slash-and-burn farming (Wharton 1966, Stott 1988, Stott et al. 1990).

The role of fire in determining the resilience of SASDTF and units within
has not been well quantified (Mertz et al. 2009). In some cases, it is spec-
ulated that intense burns drive forested SASDTF units into more open, sa-
vanna states (Ruangpanit 1995). More likely, however (given the lack of
true savanna in the region (Stott 1990)), is the proposition that the introduc-
tion of fire into denser SASDTF units such as SEDF — thought to naturally
preclude fire — will cause the transition of these forests into more open for-
est types (e.g. DDF or open MDF) (Stott 1976, 1984, 1988). This process has
been empirically quantified by a study undertaken between 1989 to 2000 in
Thai SASDTF, whereby fire (generally associated with drought) was found
to have transformed 15% of denser SEDF forest-types into degraded forest
or open DDF (Johnson and Dearden 2009). However, these results by-and-
large conflict with those of Baker and Bunyavejchewin (2009) and Baker et
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al. (2008) who assessed the response of DDF, MDF, and SEDF to 1982 to
1983 and 1997 to 1998 El Niño Southern Oscillation (ENSO) induced fire.
These studies found no evidence of heightened sensitivity to fire in SEDF
units. Similarly, long-term reconstructions of fire and ecosystems in Thai
DDF (Kealhofer and Penny 1998, Penny 2001) and Cambodian mosiacked
SEDF/MDF (Maxwell 2001, 2004) did not demonstrate any deterministic
relationship between fire and forest unit-type.

Fire incidence in SASDTF is common and does not appear to play a large
role in controlling the persistence of forest or grassland communities as al-
ternative stable states. The limited research that has been conducted in rep-
resentative ecosystems suggests that it may be deterministic in catalysing
forest-to-forest transitions, particularly SEDF to DDF or open MDF units.
This relationship appears complex and is still unclear. Key SASDTF DDF
taxa do display adaptations to fire suggesting that dry forest species sur-
vival may relate to unique plant functional traits (Rundel and Boonpragob
1995). Literature from Indian SDTF, where research on dry forest-fire inter-
action has been more extensive, supports this idea. For instance, it has been
demonstrated that tree species that sprout from root buds as opposed to
root crowns have a lower probability of mortality following low intensity
(ground fire) burning in Indian SDTF (Saha and Howe, 2003). Conversely,
the ratio of root sprouters to root crown sprouters rapidly declines follow-
ing fire exclusion (Saha and Howe, 2003). Root sprouters considered in this
study that are common to SASDTF include Terminalia tomentosa (Heyne ex.
Roth) and Diospyros montana (Roxb.). However, it is notable to point out
that dominant Diperocarpaceae taxa within SASDTF (absent from the Saha
and Howe (2003) study area) resprout from root crowns (Rundel and Boon-
pragob 1995). Additionally, little association between functional groups
and mortality resulting from the fire were noted in Thai SASDTF studies
Baker et al. (2008).

Very high intensity fires resulting from large fuel build up (generally from
fire suppression in preceding years), can destroy sub-surface seed banks
and tissues of sprouting species, thereby erasing internal ecological mem-
ory. This may reduce the recovery potential of SDTF, encouraging the spread
of more open formations within SASDTF (Wanthongchai and Goldammer,
2011).

2.3.3 Edaphic conditions

SDTF

Soil characteristics, particularly with respect to fertility and texture, appear
to play a role in the persistence of SDTF over savanna (and vice versa) un-
der bistable climatic conditions. The role of soil nutrient status in determin-
ing ecosystem state has been tested by Lehmann et al. (2011) who showed
that in mesic areas of Africa, South America and Australia, low soil fer-
tility precluded the rapid establishment of a woody cover, encouraging the
growth of a grassy ground cover. It thus was an important interaction in the
persistence of savanna. By mediating precipitation input storage, moisture
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outflows via evapotranspiration, and ground percolation, soil water reten-
tion capacity (typically determined by soil depth and texture), appears to
be important for the persistence of SDTF under moisture limiting condi-
tions (Bucini and Hanan 2007). For example, soil texture was found to be
weakly predictive of tree cover within Africa, South America and Australia
(though overridden by the role of MAP, seasonality and fire (Staver et al.
2011a)). The relationship between soil and forest cover was more strongly
established for the same continents by Murphy and Bowman (2012), who
determined that soil texture was the best predictor of forest cover through-
out the 6 driest consecutive months.

Soil characteristics also appear to control the distribution of internal SDTF
units. Murphy and Lugo (1995), Pennington et al. (2006) and Meir and Pen-
nington (2011) note the influence of soil on the composition, and structure
of Neotropical dry forests, noting that low evergreen sclerophyllous assem-
blages typically grow in infertile soils, whereas taller deciduous commu-
nities are associated with higher fertility soils. In Asia and Africa, woody
cover in SDTF and TGSS ecoregions is modified by edaphic conditions, with
a transition from dense evergreen dry forest to more open woodland / de-
ciduous forest types corresponding with a decrease in soil moisture content
(Bucini and Hanan 2007, Toriyama et al. 2007, Ohnuki et al. 2008, Tanaka et
al. 2008, Ruiz et al. 2010, Toriyama et al. 2011, Jakovac et al. 2015).

SASDTF

Though typically growing in nutrient poor conditions relative to their Neotrop-
ical counterparts (Saeki et al. 1959), soil texture, slope and aspect appear to
play a contributing role in determining the local open vs. closed character-
istics and the internal forest structure of SASDTD mosaics (Maxwell 2001,
Ohnuki et al. 2008, Toriyama et al. 2011).

While moderate to high fertility soils favour the growth of SEDF (Rollet
1962, Maxwell 1999), research indicates that this forest unit can persist in
less fertile soils across the ecoregion, provided that their depth and tex-
tural characteristics are such that water can be retained throughout the
dry season (Saeki et al. 1959, Toriyama et al. 2007, Ohnuki et al. 2008,
Toriyama et al. 2011). Conversely, deciduous dry forests (MDF and espe-
cially DDF) can grow in shallow, sandier soils with a low water retention
capacity (Toriyama et al. 2007, Toriyama et al. 2011). However, it is impor-
tant to note that in their study of Indian deciduous dry forests, (Ruiz et al.
2010) point out that a degree of soil moisture at the end of the dry season is
required even for the most xeric forests, given that leaf flushing can precede
monsoon rains by several weeks.

Given the role of soils, and particularly soil moisture retention in determin-
ing the distribution of SASDTF units, it is speculated that edaphic condi-
tions, particularly when interacting with changing patterns of precipitation
or seasonality, may play an important function in determining the persis-
tence and internal composition of SASDTF.
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2.3.4 Land conversion and forest fragmentation

SDTF

A high degree of structural degradation is reported for SDTF globally (Miles
et al. 2006), particularly for forest tracts that grow in topographic, edaphic
and seasonally optimal conditions for agriculture, including a large propor-
tion of Neotropical SDTF (Sànchez-Azofeifa and Portillo-Quintero 2011).
Quantification of the extent and degree of fragmentation is limited for this
biome given that these systems often represent the first frontier of agricul-
tural development and are usually afforded low conservation priority rel-
ative to their moist counterparts (Sànchez-Azofeifa and Portillo-Quintero
2011). This is of concern to the future management of SDTF, as land con-
version, fragmentation and degradation are considered to be key drivers
of change in these systems (Miles et al. 2006). Fragmentation can impact
on the resilience of these systems with respect to 1) remnant tracts of frag-
mented forest, and 2) the regeneration capacity of moderately and highly
degraded forests. These are discussed below.

Fragmentation of SDTF occurs from processes such as local land use con-
version, resource extraction and alteration of natural disturbance regimes
(particularly with regard to fire) (Pulla et al. 2015). One of the most sig-
nificant impacts of fragmentation on remaining SDTF patches is the alter-
ation of local and regional climatic patterns (Sternberg 2001). In Amazonia,
for example, widespread conversion of forest to pasture and crop land has
resulted in higher albedo, reduced evapotranspiration and ground humid-
ity (Coe et al. 2013), increased seasonality (Costa and Pires 2010), and de-
creased precipitation (Knox et al. 2011) at forest/cleared land boundaries.
In the long term, these processes serve to reduce overall forest carbon stocks
(Chaplin-Kramer et al. 2015).

Changes in localised microclimates in Neotropical SDTF due to forest degra-
dation have been shown to have important implications on plant function-
ing, including reduced leaf life span and changed timing of flowering (Que-
sada et al. 2011). This latter phenomenon has been shown to have impor-
tant implications for pollinators that are dependent on sequential flower-
ing, hence potentially reducing reproductive output and genetic diversity
in the long run (Quesada et al. 2009, 2011).

Fragmentation, therefore, may play an important role in both 1) encourag-
ing a forest to savanna state shift (particularly when forest ecosystems have
lowered internal resilience due to reduced ecosystem functioning and/or
are already approaching a precipitation or seasonality threshold), and 2) re-
inforcing this state change, especially at the forest fringe (Sternberg 2001,
Mayle and Beerling 2004).

High-level degradation (i.e. near-complete clearance) is thought to have
long-term impacts on the future ecological expression of land previously
colonised with SDTF, even if left to regenerate. This is largely due to the fact
that processes associated with intense clearance will not permit regrowth
of secondary forest. These include depletion and alteration of soil nutrient
pools (García-Oliva and Jaramillo 2011), reduction in soil moisture content
via compaction, increased runoff and soil erosion, reduction of biodiversity
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(Maass 1995) and alternation of forest/soil moisture feedbacks (Coe et al.
2013). Combined, it has been speculated that these factors should favour
the persistence of open formations (grassland or shrubland) (Maass 1995,
Menaut et al. 1995). However, a number of studies reviewed in Pulla et al.
(2015) regarding the recovery potential of SDTF following a range of often
persistent disturbances of various types and magnitudes (including swid-
den agriculture, pastoral land conversion, logging and natural disasters)
indicate that such drivers are commonly insufficient to cause a fundamen-
tal state shift to savanna (or any other habitat types). The authors use this
body of work to emphasise the role of reinforcing parameters (e.g. climate,
edaphic conditions and ecological memory – noteably the capacity of early
succession SDTF species to resprout) in maintaining the resilience of these
systems. Given this, it is also important to note that the ecological charac-
teristics of extant tracts of SDTF may, in themselves, be representing of past
disturbances e.g. (Mayle et al. 2007).

SASDTF

SASDTF units growing in soils suitable for agriculture (typically secondary
semi-evergreen and some mixed deciduous types) have long been subjected
to traditional swidden farming practices that are, in turn, inherently linked
to the fire dynamics of the forests (Heinimann et al. 2007). The capacity
of land disturbed by this practice to regenerate depends on factors such
as fallow length, intensity and frequency of disturbances such as fire, site
conditions (including long-term impact on soil compaction and quality),
ecological memory and presence of wildlife (Heinimann et al. 2007, Tee-
galapalli et al. 2009).

Until recently, disturbance associated with traditional short-cultivation, long-
fallow cycle slash and burn techniques have seemingly been able to coex-
ist with SASDTF dry forest succession (Boyd and McGrath 2001, Maxwell
2001, 2004, Heinimann et al. 2007). This is potentially due to the fact that
disturbance associated with traditional techniques was mild to moderate in
intensity, frequency and patch-size, allowing secondary forest regeneration
post-abandonment to draw on both internal and external memory. While
the impact of disturbance on plant functional traits has not been well quan-
tified in SASDTF, work within Indian SDTF that host some similar species
to SASDTF may shed some light on species- and community-level plant
functional traits that contribute to ecological resilience to disturbance.

In general, disturbance regimes (in association with climate) play an impor-
tant role in shaping diverse physiognomic forest structures (canopy cover
and height) across an ecoregion (Sapkota et al. 2009, Ramesh et al. 2010).
Additionally, post-disturbance succession has been shown to result in the
procession from clumped to uniform population distributions (Sapkota et
al. 2009). Clumping of key species within Thai SEDF has also been ob-
served after what is postulated by to represent a large-scale, severe distur-
bance event, though this is attributed to edaphic and topographic habitat
specialisation (Bunyavejchewin et al. 2003).
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Sapkota et al. (2009) demonstrate that mild to moderate level disturbance
can increase species regeneration (vs. undisturbed or heavily disturbed
sites), and is, in fact, considered important for supporting key SDTF species
(Shorea robusta (Roth)). However, it is important to note that this does not
apply to all forest species (notably Haldina cordifolia ((Roxb.) Ridsdale) and
Terminalia tomentosa (Sapkota et al. 2009). Plant traits, including seed size,
have been found to be important for determining regeneration following
mild to moderate disturbance, with large seeded species more likely to re-
generate following low level disturbance (Khurana et al. 2006). Some large
seeded species discussed in this study that co-occur in SASDTF include Ter-
minalia tormentosa, T. chebula (Retz.), Bauhina racemosa (Lam.) and Diospyros
montana. The observation that T. tormentosa is likely to regenerate follow-
ing low level disturbance is intriguing given the the observed low regen-
eration potential of this tree across a disturbance gradient as discussed in
Sapkota et al. (2009). Given that this species has the largest seed size of
all the species discussed in Khurana et al. (2006), it is possible that T. to-
mentosa regeneration following perturbation may be restricted to very mild
events. These findings indicate that pulses of low to moderate level distur-
bance events appear to be an an important driver of spatio-temporal vari-
ability in forest structure and composition. This may contribute to the unit
heterogeneity observed across SASDTF, encouraging beta-diversity, and al-
lowing for the development of a diverse source of external ecological mem-
ory. Consequently, low-level disturbance events may contribute to overall
SASDTF resilience.

Anthropogenic disturbance in SASDTF has, in many cases, intensified in
severity and periodicity due to increased population and competition with
other commercial land uses (Heinimann et al. 2007). These include for-
est conversion for monoculture plantations and selective logging for high
value timber species (McKenny et al. 2004, Li et al. 2014, You et al. 2015).
Again, a series of studies in Indian SDTF may elucidate the impact of high
intensity, high frequency disturbance on SASDTF. Khurana et al. (2006)
demonstrate that following extreme perturbations, small-seeded species are
likely to be more abundant in the regeneration phase, presumably due to
reliance on external memory at these sites (i.e. recruitment from wind dis-
persion). Some of these species that co-occur in SASDTF include Haldina
cordifolia (somewhat contradicting the above-described findings of Sapkota
et al. (2009)), Phyllanthus emblica, Bombax ceiba (Linn.) and Holoptelea integri-
folia ((Roxb.) Planch.) If disturbance is severe and extensive enough such
that ecological memory can not be relied upon for regeneration, even if they
are abandoned in the long term, persistent secondary savanna formation
may form in place of secondary forest (Goldammer 2002). Consequently,
the role of disturbance in contributing to, or reducing ecological resilience
of SASDTF needs to be considered in the context of the spatial scale, sever-
ity, and frequency of the event/s.
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2.3.5 Herbivory

SDTF

High densities of large mammals, particularly ungulate browsers, are con-
sidered to be major drivers of vegetation change in forests world-wide (Har-
rison 2011, Nuttle et al. 2014). However, the role of both bottom-up and
top-down impact of herbivores on SDTF succession is a major research gap
(Quesada et al. 2009). The ecological impacts of continental scale extinc-
tion of mega-herbivores and large mammals between 50 000 to 10 000 years
BP therefore provides a useful testing ground for determining the role of
megafauna in determining the resilience of receiving ecosystems. A review
of this process, attempted by Johnson (2009) and Gill (2014), indicates that
impacts are two-fold. First, large-scale herbivory may have suppressed fire
in the ecosystem by reducing ground litter and fuel loads. It is notable to
point out that fire may also have been enhanced post mega-fauna decline, at
least temporarily, due to biomass build up (Robinson 2005, Rule et al. 2012,
Zimov et al. 2012). Second, browsing is speculated to have maintained
more open, mosaicked forest / woodland / grassland communities (noting
that most studies focus on Europe). While this point is contested, similar
patterns can be found in contemporary Afrotropical studies examining the
role of extant mega-herbivores on grassland communities. For instance,
Lehmann et al. (2011) argue that Afrotropical savanna persists where cli-
matic and fire regime conditions alone should predict forest/woodlands.
This is speculated to be due to the role of large mammals in crushing and
grazing woody vegetation, precluding the establishment of a canopy cover.
Similar results were obtained in Asner et al. (2009).

In addition to impacts associated with fire limitation and savanna mainte-
nance, large mammals also appear to play an important role in pollen and
seed dispersal in SDTF (Janzen 1988, Murphy and Lugo 1995, Teegalapalli
et al. 2009, Stoner and Timm 2011). This is often overlooked due to the
relatively large number of wind-dispersed species in these ecosystems, es-
pecially when compared to tropical moist forests (Teegalapalli et al. 2009,
Pulla et al. 2015). However, Pulla et al. (2015) identify that SDTF may be
particularly susceptible to loss of pollinators (compared to their moist forest
counterparts), indicating the potential importance of considering changing
patterns of herbivory when examining the resilience of associated ecore-
gions.

SASDTF

Prior to 1970, the relatively continuous SASDTF habitats, particularly DDF
units, were important for supporting a wide range of large ungulates, in-
cluding elephants (Wikramanayaka et al. 2014 a, b). However, the pro-
liferation of gun-use for bush meat in Cambodia (including the mandated
commercial hunting implemented by the Khmer Rouge regime), in com-
bination with the emergence of wildlife trading, lead to the extirpation of
many of these large mammals from the region by the mid-1990s (though
a degree of recovery is evident in some areas since this period) (Loucks et
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al. 2009, Maxwell and Cox 2011). The impact of the recent, significant re-
duction of large herbivores on SASDTF resilience has not been assessed,
but, based on SDTF research, may act to close some of the more open forest
units in the short term, encourage the spread of higher-intensity fire, partic-
ularly within DDF units, and impact pollen and seed dispersal. This latter
point may be particularly consequential for fragmented units that require a
stock of external ecological memory for recovery (Teegalapalli et al. 2009).

2.3.6 Biogeography

SDTF

While typically overlooked as a control on ecological dynamics in broad-
scale habitat analysis, biogeography may be an important factor in shap-
ing the resilience of SDTF and TGSS. This has been emphasised in a recent
study undertaken by Dexter et al. (2015), who determined that the floris-
tics of dry forest ecoregions within the different biogeographic realms were
more closely related to their adjoining habitat types (e.g. TGSS or tropical
and subtropical moist broadleaved forest) than to each other, bringing into
question cross-continental generalisations of common habitat-type ecolog-
ical traits. Such factors may play an important role in the inter-continental
differences observed in SDTF distribution. For instance Murphy and Bow-
man (2012) noted that the abundance of Neotropical forest in climate zones
that would rarely support forest in Australia or Africa.

Similar observations stem from the study of grassland biomes. For instance,
Knapp et al. (2004) demonstrate that, while fire dynamics play a simi-
lar part in shaping the floristics of temperate savanna inter-continentally,
vegetation response across a rainfall gradient is geographically dependent.
Similarly, Lehmann et al. (2014) determined that although common envi-
ronmental drivers (fire and climate) shape African, South American and
Australian savannas in superficially similar ways, the relative impact of
these drivers on ecosystem function is contingent on the evolutionary and
environmental history of the region being studied. This has led the authors
to dismiss the use of a single global model to predict the ecological dynam-
ics of savanna, and caution that biogeographic legacies may result in very
different adaptive trajectories under future climate change.

SASDTF

In their review of global savannas, Lehmann et al. (2009) ask “where are
savannas of the seasonal tropics of Asia?” (p511) pointing out the absence
of this biome type within a region with all the preconditions to support
the formation of savanna / a savanna-forest mosaic. This is further ex-
plored in an analysis of intercontinental variability in the relationship be-
tween water availability and forest-cover conducted by Murphy and Bow-
man (2012). Results of this study indicate that if the 1) South-American, 2)
African, and 3) Australia models of climate-tree cover dynamics were ap-
plied to mainland southeast Asia, the area occupied by SASDTF should be
a forest-savanna mosaic (1), or solely support open communities (2 & 3).
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The presence of a more-or-less continuous dry forest mosaic where global
models predict less or no forest, suggests that either SASDTF as a whole, or
units within, may either be better adapted to low moisture availability, or
sitting at a critical threshold whereby small reductions in available water
will trigger a state shift to a non-forested state.

2.4 Chapter synthesis

Studies of neo- and Afro-tropical SDTF dynamics indicate that these habitat-
types are susceptible to rapid state shifts to TGSS. Precipitation, rainfall
seasonality and fire have been identified as the major drivers of change
within these biomes, although factors such as soil characteristics, herbivory
and disturbance appear important. The impact of these drivers in instigat-
ing ecological regime shifts to savanna does, however, depend on the plant
functional traits within SDTF ecoregions, which can play an important role
in increasing or reducing ecosystem resilience, generally through control
on internal and/or external ecological memory.

When drivers of SDTF change are applied to the under-researched dry forests
of south-east Asia, representative ecosystems, particularly DDF units, ap-
pear to be sitting close to an ecological threshold with regards to canopy
cover, seasonality and fire. The combination of predicted increases in the
inter-annual variability of monsoon precipitation (i.e. periods of prolonged
drought and prolonged deluge) (Christensen et al. 2013) and increased
levels of anthropogenic disturbance within the forests (particularly actions
serving to reduce canopy cover or cause further fragmentation), may in-
crease the likelihood of ecological reorganisation of these systems to a sa-
vanna state. On the other hand, the overall rise in MAP and the prolonged
wet season predicted for the Asian monsoons (Christensen et al. 2013), may
bolster resilience, or even drive the more open dry forest-types into a denser
forest assemblage, though there is little information detailing the parame-
ters of these transitions. Nevertheless, the persistence of continuous for-
est where most climate-fire models predict savanna or savanna-forest mo-
saics, suggest that commonly overlooked biogeographic factors, including
the evolution of a unique flora with distinct ecological traits may play an
important role in the resilience of SASDTF. Additionally, the heterogenous,
mosaicked formation that has formed as a result of many years of human
perturbation (generally low-intensity fire for swidden farming) may be im-
portant for bolstering external ecological memory within these forests. As
such, a biome-scale model of resilience may not be sufficient for predict-
ing the future response of these forests to intrinsic and extrinsic forcing,
highlighting the need for ecoregion- to ecosystem-specific analysis of the
threshold dynamics of these systems.
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3 Contemporary site conditions

3.1 Introduction

This chapter outlines the regional- to local-scale biophysical characteristics
of five volcanic crater lake sites in Cambodia that are subject of this study.
At a regional level, focus is placed upon factors thought to contribute to
the resilience of the dry forests that grow across much of mainland south-
east Asia’s lowlands (including the lake catchment zones) as discussed in
Chapter 2. As such, these descriptions use a biogeographic approach at an
ecoregional scale (i.e. zones representing distinct biotas within SDTF) (Ol-
son et al. 2001) where relevant. Local scale descriptions typically focus on
the biophysical site properties captured within the bounds of the five crater-
lake catchments. A description of the geographic and ecoregional setting of
the lake sites is first provided in order to spatially orientate the reader. This
is followed by an explanation of the monsoonal climate that influences the
sites, including a brief synthesis of the mechanisms driving Holocene shifts
in this system. The geological, geomorphological and pedological makeup
of the study area is discussed, before an overview of the local and ecore-
gional site ecology and land use history concludes the chapter.

Due to the limited amount of recorded data about the sites, particularly
at the local scale, a mixed-methods approach to characterising extant site
conditions is adopted for several sections of this chapter. Catchment-scale
descriptions are generally based on a desktop review of relevant litera-
ture and coarse-scale mapping data that has been ground-truthed at a lo-
cal scale through geo-referenced site walkovers conducted in July 2012 and
April 2013. Some catchment soil samples were collected from the field and
analysed at the University of Sydney School of Geosciences laboratories
throughout these field seasons. This was deemed important as edaphic con-
ditions are thought influence the distribution of south-Asian seasonally dry
forest (SASDTF) mosaic-types (Toriyama et al. 2007, Toriyama et al. 2011)
and appear to have a control on the structure of dry forest and savanna
elsewhere (Williams et al. 1996, Sankaran et al. 2005) — see Chapter 2 for
details. Methods used to characterise these soils are presented in Appendix
A, and results are incorporated into relevant site pedology descriptions for
the sake of clarity.
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3.2 Geographic and ecoregional setting

3.2.1 Physical setting

The lake sites are located within the Ratanakiri Province of north-east Cam-
bodia. This province borders Vietnam and Laos to the east and north re-
spectively, is located approximately 600 km north-east of Phnom Penh, and
covers an area of approximately 12 500 km2 (Fox et al. 2009).

Two river systems — the Tonlé San (Sesan River) (north) and the Tonlé
Srepôk (Srepok River) (south) — flow west across Ratanakiri to the Mekong
River. Between these rivers, the central portion of Ratanakiri is charac-
terised by a 1 200 km2 basaltic plateau, part of the Ratanakiri Volcanic Province
(RVP) that sits at 300 to 500 m ASL (figure 3.2 inset B). The Annamite Ranges
of Laos and Vietnam are located to the north and north-east of the Tonlé
San, while lowland plains extend to the south and south-east of the RVP
(figure 3.2 inset A and B).

Pliocene to Pleistocene volcanic craters within the RVP form the catchments
of the five lakes that are the subject of this study. Yeak Loam, the most
northern of the lakes, is located approximately 3 km east of the provincial
capital of Ban Lung. Adjacent lakes Yeak Oam and Yeak Kara, and Boeng
Lumkut, are located approximately 24 km and 29 km south-east of Yeak
Loam (respectively) in the Lumphat District. Yeak Mai, located towards the
south of the province in the Lumphat Wildlife Sanctuary, sits 45 km south-
east of Yeak Loam. The geographic locations of the lake sites are outlined
in Table 3.1 and shown on Figure 3.1.

The bathymetry of the lake sites was studied using a CEESTAR single beam
sonar with a high-frequency transducer, the results of which are outlined in
Sharma (2014) and summarised on Table 3.1.
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TABLE 3.1: Summary of lake metrics derived from the bathymetric and lake edge surveys. Data source: Sharma (2014).

lake site location
(WGS84,
UTM 48N)

location
(commune,
district)

max.
depth
(m)
(11/12)

modal
depth
(m)
(11/12)

basin morphology perimeter
(m)
(1/5/2014)

average
radius (m)
(1/5/2014)

surface
area (m2)
(1/5/2014)

approx.
volume
(Gl)

Boeng
Lumkut

736476,
1496429

Seda,
Lumphat

68 67.93 Asymmetrical: very
steeply sloping from
south-west margin and
more-gently graded
from the north-east
margin.

1 932 307 296 092 20.11

Yeak Loam 718273,
1518408

Yeak Loam,
Ban Lung

51 49 Steep at sides, gently
sloping towards middle.

2 300 366 420 835 20.62

Yeak Oam 731263,
1498626

Seda,
Lumphat

45 43.77 Asymmetrical: gently
sloping from the north
margin.

935 149 69 747 3.05

Yeak Mai 733376,
1478850

Ka Laeng,
Lumphat

6 5.5 Shallow, lenticular basin
(obscured by macro-
phytes at lake margins).

1 571 250 196 350 1.07

Yeak Kara 731575,
1498896

Seda,
Lumphat

2 0.8 Shallow, lenticular basin
(obscured by macro-
phytes).

836 133 55 572 0.44
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These data are based on bathymetric values taken in December 2011 in the
early part of the dry season. As the sonar surveys did not capture the shal-
low littoral portion of the lake basins, and the resolution of JICA hydrolog-
ical data available for the site is low (50K) (JICA, 2002c), the surface metrics
of the lakes were estimated from the May 2014 satellite images of the sites
in Google Earth (end of dry season). These are presented in Table 3.1. Bo-
eng Lumkut, Yeak Loam and Yeak Oam are deep (max depth = 68 m, 51 m,
and 45 m, respectively). Yeak Mai and Yeak Kara are approximately 6 m
and 2 m at their deepest point. The largest lake by both surface area and
volume is Yeak Loam (approx. 420 835 m2, 20.6 Gl), followed by Boeng
Lumkut (approx. 296 092 m2, 20.1Gl). Yeak Mai has the third largest sur-
face area (approx. 196 350 m2) and a volume of approx. 1.07 Gl). Yeak Oam
and Yeak Kara, which are separated by a 60 m wide catchment wall, have
surface areas and volumes of approximately 69 747 m2 and 55 572 m2, and
3.05 Gl and 0.44 Gl, respectively.

Yeak Kara and Yeak Mai have shallow, lenticular basins, though the eastern
bank of Yeak Mai is more gently graded than the western bank, resulting
in the formation of a marshland on the eastern side of the lake in the dry
season (Figure 3.1 inset iv). Yeak Loam is round with a relatively symmet-
rical, steep sided and flat-bottomed catchment. The Boeng Lumkut basin
is very steep along the south-west margin — presumably a continuation of
an outcropping basaltic escarpment above the lake edge. The elliptical lake
bottom of Yeak Oam is asymmetrical, with the northern margin being more
gently graded that the other lake walls.

3.2.2 Ecoregional setting

Ratanakiri sits within the Indo-Malayan biogeographic realm as described
in Chapter 2 (Olson and Dinerstein 2002) and includes two WWF-recognised
terrestrial ecoregions. These are the critically endangered Southeastern In-
dochina Dry Evergreen Forests (SIDEF [IM0210], 124 300 km2), and the vul-
nerable Central Indochina Dry Forests (CIDF [IM0202] — 320 122 km2) (Ol-
son and Dinerstein 2002, Wikramanayake et al. 2002) (Figure 3.1). The for-
mer makes up the northern portion of the province (including Yeak Loam),
while the latter extends along the southern boundary. Yeak Kara, Yeak Oam
and Boeng Lumkut are located along the boundary of these ecoregions, and
Yeak Mai sits within CIDF. These two ecoregions are commonly grouped
into the south-east Asian seasonally dry forest ecoregion (SASDTF) (intro-
duced in Chapter 2), out of recognition that much of the conservation value
is related to large home ranges of many key species, encompassing diverse
habitat requirements that shift seasonally (Tordoff et al. 2005). Among the
salient characteristics of the SASDTF is the very broad range in vegetation
structure, ranging from open dry deciduous forest to closed semi-evergreen
forest patches (Neal 1967) to seasonal herbaceous wetlands. These units
form a mosaic across SASDTF, and their characteristics are discussed in Sec-
tion 3.7.
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3.3 Climate

3.3.1 Ecoregional climate

As with all SDTF, SASDTF units are characterised by a distinct seasonal-
ity of annual rainfall (Miles et al. 2006), typically on the order of 4.5 to 6
months (Morice et al. 2012). This annual rainfall variance is attributable
to the seasonal reversal of atmospheric patterns driven by the Indian and
south-Asian monsoon systems, the mechanisms of which are detailed be-
low in section 3.3.2. The interaction of rainfall and temperature in the re-
gion results in three recognised seasons — rainy from late-May to October
(monsoon season), cool and dry (winter season) from November to Febru-
ary, and hot and dry from March to early May (transition season) (Maxwell
1999, Saha 2010).

Mean monthly climatic data for the Ratanakiri province between the pe-
riod 1900 and 2012 has been sourced from the World Bank Group Climate
Change Knowledge Portal (2016) based on research undertaken by the Uni-
versity of East Anglia Climate Research group (Morice et al. 2012). These
data indicate that the long-term climate falls within the tropical savanna
zone of Koppen’s climate classification system (Aw) (Table 3.2). Mean an-
nual precipitation (MAP) for the region over this period is approximately
1 840 mm, with the wet season falling between May / June and October /
November. As with the broader ecoregion, annual precipitation is seasonal,
with only 10% of the MAP falling between December and April. Being less
than seven months long, this degree of seasonality is considered mild in the
context of forest/savanna resilience work (Staver et al. 2011a). The mean
daily temperature of the region varies from approximately 22 ◦C (January)
to 27 ◦C (June).

Across the SASDTF ecoregion, MAP for the area occupied by CIDF is lower
(1 000 to 1 500 mm/year) and the seasonality slightly stronger (5 to 7 month
dry season) than that of the region occupied by SIDEF (MAP is 1 200 to
2 000 mm/year; dry season is 3 to 6 months long) (Wikramanayaka et al.
2014a, b). These discrepancies are generally linked to topographic features
(Clift et al. 2010). The contemporary climate characteristics of both ecore-
gions, including that of the forests surrounding the crater lake sites, place
the system into a bi-stable ecological zone whereby either dry forest or sa-
vanna can theoretically persist (Hirota et al. 2011, Staver et al. 2011a, Staver
2012).

3.3.2 Asian monsoon mechanisms

The study area is situated at the intersection of the Indian Summer Mon-
soon (ISM) (otherwise known as the South Asian Monsoon) and the East
Asian Monsoon (EAM) (Wang et al. 2003), the latter of which is sometimes
subdivided into the East Asian Summer Monsoon (EASM) and Western
North Pacific Summer Monsoon (WNPSM) (Wang and LinHo 2002) (Fig-
ure 3.3). The lake sites are thus affected by both the ISM and EAM. Annual
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TABLE 3.2: Mean monthly rainfall and temperature for
Ratanakiri between 1900 and 2012. Data sourced from the
Climatic Research Unit (CRU) at the University of East An-

glia.

Rainfall (mm) Temperature (◦C)
Jan 14.2 21.96
Feb 15.4 23.46
Mar 38.5 23.05
Apr 76.3 26.53
May 188 26.51
Jun 248.6 26.94
Jul 273.6 26.35

Aug 280.3 26.47
Sep 309.9 25.6
Oct 252.2 24.95
Nov 109 23.82
Dec 33.9 22.38

Mean Monthly 153.325 24.835
Annual Total 1839.9

fluctuations in these systems (that, due to their coupled interactions are of-
ten discussed together as the Asian Monsoon) are driven by atmospheric
responses to the land-ocean configuration of south and mainland south-
east Asia (Wang et al. 2003, Saha 2010). Specifically, the seasonal temper-
ature discrepancies between the Indian and Pacific Oceans and continental
Asia set up a north-to-south thermal contrast coming into the boreal sum-
mer, establishing a circumcontinental cyclonic circulation (Wang and LinHo
2002, Clift and Plumb 2008). Eventually, this triggers a planetary-scale mon-
soonal rain band extending across the Arabian Sea, the Bay of Bengal, and
the South China Sea and reaching the subtropical western North Pacific
(WNP) (Figure 3.3). Within this process, topographic discrepancies in the
Eurasian landmass lead to the formation of different monsoon cycles over
India and East Asia (Saha 2010).

The ISM represents the north branch of the seasonal migration of the Inter-
Tropical Convergence Zone (ITCZ), migrating northwards from the boreal
winter (5 ◦N) to boreal summer (20 ◦N) (Gadgil 2003). This movement is
triggered by a significant north-to-south gradient caused from the forma-
tion of a low pressure zone over the Tibetan Plateau, and a high pressure
cell over the cool Southern Indian Ocean (Gadgil 2003, Fleitmann et al.
2007a), resulting in deep convective, cross-equatorial winds between the
south and north Indian Ocean (Clift and Plumb 2008). Additionally, a flow
of south-westerlies north of the equator (5 ◦N to 20 ◦N) transports mois-
ture that is released over the continent as monsoon precipitation from the
Arabian Sea across to the eastern Philippine Sea. Combined, these wind
flows set up southwest summer monsoon rains over the study area. As the
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FIGURE 3.3: Map showing the extent of the Asian monsoon
(ISM & EAM) in the context of the study area (red poly-
gon) after Wang and LinHo (2002). Global relief map data

sourced from Amante and Eakins (2009).

ITCZ moves south in the boreal winter, northeasterlies and easterlies de-
rived from Siberia and the north Pacific (EASM) take over (Maxwell 1999).

Forcing of the EASM is slightly more complicated due to the more com-
plex ocean-continent arrangement in this region. This monsoon is gen-
erated from both north-south thermal gradients (between Australia and
warm western north Pacific) and an east-west contrast between continental
Asia and the Pacific. Strong southerlies (110 ◦E to 140 ◦E), transport mois-
ture to east Asia (the southeast summer monsoon) (Wang and LinHo 2002).
The onset then gradually progresses northward and north-westward from
the Asian marginal seas and the subtropical western north Pacific Ocean to-
ward inland areas following the advance of the ITCZ (Fleitmann et al. 2003,
Gadgil 2003). A reverse pressure gradient set up in the boreal winter sets
up east Asian (north-east) winter Monsoon (EAWM) as the ITCZ retreats
south (Fleitmann et al. 2007a). The EAWM is especially strong over East
Asia and mainland south-east Asia due to the significant thermal discrep-
ancies between the cool Asian landmass and the warm North Pacific Ocean
(Wang and LinHo 2002).

The onset of the monsoon within the vicinity of the study area typically
occurs in mid to late May, peaks in August to September and ends in late
October at the onset of the dry season (Wang and LinHo 2002). A bimodal
distribution of peak rainfall can be observed across much of low-latitude
mainland south-east Asia in response to the northwards and southwards
migration of the ITCZ. This causes a two to three week dry spell in July
(Maxwell 1999).

Though typically tracking to the north or the west of the monsoon intersec-
tion zone, tropical storms can contribute to a significant proportion of the
annual precipitation received at the study sites, these are detailed in Saha
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(2010), and summarised below. To the west of the study area, western dis-
turbances, occurring in the winter season from November, travel west to
east, drawing moisture from the Bay of Bengal, producing thunder storms
and squally conditions across the Indian subcontinent. At the same time,
surges in low-level east to north-easterly trade winds converging into the
low pressure equatorial trough formed over the South China Sea can pro-
duce westward flowing waves that, when arriving at the Bay of Bengal, can
develop into cyclones (Saha 2010). In the transition season, cyclones form
over the Arabian Sea and east Indian Ocean track northwards, impacting
the north-west sector of continental south-east Asia (Saha 2010).

3.3.3 Drivers of Holocene monsoon change

The long term drivers of monsoon intensity include what Wang et al. (2003)
have dubbed ‘external factors’ (solar intensity and associated glacial-boundary
conditions) working in concert with internal influences associated with the
coupled atmosphere-ocean-land systems. These include El-Niño South-
ern Oscillation (ENSO) cycles and more localised monsoon-oceanic inter-
actions.

At centennial to millennial timescales, solar isolation-driven ocean-land
temperature gradients have been the predominant cause of ISM and EAM
precipitation change in the Holocene (Wang et al. 2001, Fleitmann et al.
2003, Wang et al. 2005, Clift and Plumb 2008). Solar insolation in the pre-
cession band was at a maximum between approximately 10.5 and 9.5 ka BP,
resulting in the warming of continental Asia and subsequent shifting of the
mean latitudinal position of the ITCZ northwards (Fleitmann et al. 2007a).
Though this resulted in a strong ISM, the intensity of the monsoon is argued
to have been moderated by global glacial boundary conditions (Fleitmann
et al. 2007a). Records from the EASM monsoon also indicate high levels of
precipitation between approximately 10.5 and 7 ka BP (Dykoski et al. 2005,
Wang et al. 2005).

From approximately 7.8 ka BP to the present, the mean position of the ITCZ
position migrated gradually south (Fleitmann et al. 2007a), and is thought
to have caused the decline in ISM and EASM precipitation up to approx-
imately 1.5 ka BP (Dykoski et al. 2005, Wang et al. 2005, Fleitmann et
al. 2007a). Superimposed upon this overall trend in declining precipita-
tion, are short-lived, abrupt, high and low precipitation events (Gupta et al.
2003), including notable 10 to 50 year dry periods (Wang et al. 2005). These
rapid changes have been linked to ice-rafting Bond events in the North At-
lantic and fluctuations in solar activity (Wang et al. 2005).

Notable anti-correlations observed across spatially disparate late Holocene
ISM monsoon records have been attributed to shifting of the mean seasonal
cycle of the monsoon in response to decreasing solar insolation (Fleitmann
et al. 2007a, Sinha et al. 2011a). Berkelhammer et al. (2010) note the decou-
pling of monsoon precipitation records with solar insolation at the on-set of
the MWP, occurring within the study region at c. 850 AD (Cook et al. 2013).
While the reason for this shift is unclear, it is potentially associated with
changing ENSO and Indian Ocean Dipole (IOD) processes (Berkelhammer
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et al. 2010). However, Gupta et al. (2003) do link Holocene monsoon change
(as reconstructed from an Arabian Sea Globigerina bulloides series) to North
Atlantic cycling in response to solar forcing. Since the Little Ice Age (LIA)
(c. 1350 to 1880 AD) — a relatively cool period (Cook et al. 2013) — warm-
ing (including anomalously warm conditions from 1990) is apparent in in-
strumental and proxy records of temperature change across both the ISM
and EASM regions (Cook et al. 2013). Superimposed onto this warming
trend are periods of multi-decadal droughts (Buckley et al. 2010). These
are thought to be driven by a complex interaction of ENSO cycles driven by
Pacific and Indian Ocean SST anomalies (Chakravorty et al. 2016) and large
volcanic eruptions (which increase the probability of El-Niño events (Emile-
Geay et al. 2008, Anchukaitis et al. 2010)), as well as chaotic oscillations in
ISM monsoon precipitation (Berkelhammer et al. 2010, Borgaonkar et al.
2010, Sinha et al. 2011b). For instance, ENSO interaction with the Asian
monsoon was weakened over in India (Kumar et al. 1999) simultaneous to
its increased strength over Thailand (Buckley et al. 2007) in c. 1980, related
to the cooling of the eastern Indian Ocean and a westward shift in north-
west Pacific (NWP) circulation (Chakravorty et al. 2016). Thus, since the
1980s, Indian Ocean SST and Tropical Pacific Ocean SST have played a key
(though not the sole) role in monsoon forcing over India and the ISM/EAM
convergence zone respectively.

3.4 Tectonic and biogeographic setting

Geologically, mainland south-east Asia forms part of the Sundaland block,
located at the convergence of the Indian-Australian, Philippine and Eurasian
Plates (Metcalfe 2011). This plate is characterised by the several eastern
Gondwanan terranes (principally located along the Indian-Australian Gond-
wana margin in the Early Proterozoic) that broke apart and subsequently
reamassed throughout the Late Palaeozoic/Early Mesozoic to Cenozoic.
These terranes are bound by a complex series of accreted island arcs, ophi-
olites, and fold belts, developed through episodes of arc magmatism and
the opening and closure of backarc basins (Khin et al. 2014).

Cambodia forms part of the Indochina terrace (Indochina East Malay block)
that is made up of a Palaeoproterozoic to Mesoproterozoic, granulite-facies
metamorphic basement (Kontum massif) (Lan et al. 2003, Metcalfe 2013).
This terrane is bounded to the west by the Loei Fold Belt and the Chan-
thaburi and Sukhothai Terranes, to the north by the Simao-Subterrane, the
Song Da Suture and Terrane, and the South China Terrane (Metcalfe 2011,
Khin et al. 2014). The eastern boundary is not clearly delineated, but
roughly coincides with the eastern margin of Sundaland in the South China
Sea (Metcalfe 2013). The Indochina terrane, alongside the North China,
South China and Tarim blocks, rifted from Gondwana in the Devonian (the
first of three phases), opening the Palaeo-Tethys Sea (Metcalfe 2013). In
the early Carboniferous (Visean), the South China and Indochina blocks
were situated along the Song Ma Suture at equatorial to low northern lat-
itudes, with a warm water, equatorial-type biota that no longer displayed
much affinity with Gondwana (Metcalfe 2011). By the early Permian, the
North- and South- China, West Sumatra, West Burma and Indochina blocks
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— then amalgamated into Cathaysialand (Metcalfe 2011) — supported a
unique (Cathaysian-type) flora, reflecting climatic conditions of modern
moist tropical forests (Sun 2006). This floral distribution has, in contempo-
rary times, expanded to the Argoland/ South West Borneo and Sibumasu
(Metcalfe 2011).

The Indochina block commenced collision with the Asian continent in the
late Permian/early Triassic, resulting in the closing of the Palaeo-Tethys
(Workman 1977, Sutherland et al. 2015). From approximately 200 Ma, the
Indochina terrane persisted as relatively stable, continental crust (Suther-
land et al. 2015).

Throughout the Eocene (55 to 45 Ma), the India-Eurasia collision instigated
the rotation of southeast China and southeast Asia, resulting in the open-
ing of the Gulf of Thailand and formation of extensional structures (graben
and strike-slip faults) in Indochina (Sutherland et al. 2015). In mainland
south-east Asia, this resulted in: 1) uplift and doming, triggering erosion
of Mesozoic sequences (Sutherland et al. 2015), and; 2) extensional thin-
ning of the lithosphere. Together, these processes elicited asthenospheric
melting and upwelling of late Cenozoic basalts (alkaline and tholeiitic se-
ries) along faults, extruded from the late Oligocene/early Miocene to the
Holocene (Federov and Koloskov 2005).

Around the same time, Dipterocarpaceae genera (Shorea and Hopea) were
common alongside grass taxa, suggesting the expansion of open, seasonal
forest across the region, replacing closed rainforests (Morley 2002). These
floras are thought to have been dispersed to south-east Asia through Myan-
mar from Africa via the Indian subcontinent by the mid-Eocene when India
and south-east Asia lay at similar latitudes. However, alternative hypothe-
ses of a Malaysian origin exist (e.g. Shukla et al. (2012)). The Miocene
and Early Pliocene saw warmer and wetter climates across south-east Asia
when the vegetation began to take its modern form — including the dis-
persal and establishment of Dipterocarpaceae as a dominant family in the
Asian tropics and subtropics (Aston 1988, Morley 2002) and the presence of
both seasonal and everwet tropical forests (Morley and Flenley 1987).

Glaciation during the mid-Pleistocene resulted in a significant drop in sea
level, causing the interconnection of what is now mainland southeast Asia
with Sumatra, Java and Borneo, cross-cut by several large rivers (Heaney
1991). Throughout this period, it is hypothesised that cooler, drier condi-
tions interacting with topography led to the formation of a strip of low rain-
fall extending through the centre of the Sunda Shelf, promoting the transi-
tion of moist forest to a savanna or seasonal forest in this zone (Heaney
1991, Bird et al. 2005).

3.5 Geological setting

3.5.1 Regional geology

Quaternary basalts associated with Cenozoic rifting in south-east Asia oc-
cur within north-east Cambodia and central Vietnam as approximately 10 000 km2
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plateau deposits (Sutherland et al. 2015). These either extrude into, or over-
lie Mesozoic red beds (Jurassic red terraces) — non-marine sandstones and
clays deposited across the region in a foreland rift throughout the Late-
Jurassic-Early Cretaceous (Vysotsky et al. 1994, Racey 2009, Racey and
Goodall 2009). Detailed reviews of the stratigraphy and lithology of the
Mesozoic red beds is presented in Racey et al. (1996) and Racey and Goodall
(2009), and an overview of the geological units in Cambodia is outlined in
Vysotsky et al. (1994).

3.5.2 Local geology

In Ratanakiri (and extending into adjacent regions in Vietnam and Laos),
Quaternary basalts occur as 80 m thick, 1 500 km2 deposits that were formed
in two distinct events. The first (pre-0.7 Ma) was produced as fissural,
Hawaiian-type flow infilling topographic lows, while the second (post-0.7 Ma)
transpired from a more strombolian flow-type, causing the generation of
craters and rhyolitic tuff deposits (La Combe 1969, Sutherland et al. 2015).
The caldera of these craters form the catchment boundaries of the five lake-
site that are the subject of this study (Bourdier 1995, Riebe 1999). The re-
gional geology of Ratanakiri, including the basaltic province, is shown on
Figure 3.4.
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FIGURE 3.4: Geological map of Ratanakiri (boundary rep-
resented by dotted line) showing the regional extent of the
basaltic plataeu extruded into and overlying sandstone and
red terraces. Yeak Loam (YL), Yeak Kara (YK), Yeak Oam
(YO), Boeng Lumkut (LK) and Yeak Mai (YM). Data sourced

from ODC (2016b).
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At the lake catchment scale, coarse-scale (50K) geological maps were pro-
duced for the sites in ArcGIS version 10.3 using pre-existing (JICA 2002a)
spatial data available for the region (Figure 3.5). These show that the lake
catchments are formed from basalt extruded into sandstone. Yeak Loam
sits at the heart of an extensive basalt plateau (Figure 3.4 for regional ex-
tent), while the other lakes form from more localised basalts that have been
extruded into the Jurassic red terranes (shown as sandstone on local-scale
maps).
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FIGURE 3.5: Geology and soil maps for A) Yeak Mai,
B) Yeak Loam, and C) Yeak Oam, Yeak Kara and Boeng
Lumkut lake sites. Geology and soils data (50K) from JICA
(2002a) and MRC (2002) respectively. Red squares show the
location of the soil samples taken from the lake catchments

Site walkovers undertaken in 2012 and 2013 indicate that local catchment
geology comprises tuffs at Yeak Oam and Yeak Kara (Figure 3.6 A and B)
and flow and/or vesicular basalts at all sites (Figure 3.6 C to G). The marked
distinction in the morphology of the northern (Figure 3.6 G) and southern
(Figure 3.6 H) sides of the Yeak Mai crater — the former being steep with
basalt outcrops and black soils, and the latter being gently graded with
no outcrops and pale soils — may indicate a lithological change across the
site (basalt and sandstone, or basalt and alluvium). The geology above the
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A B C

D E F

G H

FIGURE 3.6: Photographs of outcropping bedrock at the
crater lake sites. A) & B) tuffs outcropping at Yeak
Kara/Yeak Oam; C) flow basalt at Yeak Oam; D) flow basalt
at Yeak Loam; E) vesicular basalt at Yeak Loam; F) basalt es-
carpment along south-west boundary of Boeng Lumkut; G)
vesicular basalt outcropping along the southern Yeak Mai
lake edge; H) gently graded northern slope of Yeak Mai

with no outcropping geology.

basaltic escarpment on the south-west boundary of Boeng Lumkut (Figure
3.6 F) is mapped as pediments (Figure 3.5).
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3.6 Soils

3.6.1 Regional soils

Soils supporting tropical forests are typically characterised by intensive
weathering and leaching, enrichment of oxides and hydroxides of Fe and
Al, low organic matter accumulation and moderate acidity (Osman 2013).
Basalts, which are made up of easily-weathered mafic minerals, typically
break down into fine-textured (clay) soils (Osman 2013). Soils overlying
Vietnamese flood basalts (derived from the first-event basalts in Ratanakiri)
are commonly lateritic bauxites (Schirrmeister and Störr 1999). These repre-
sent an end-stage weathering product developed from further breakdown
of montmorillonitic-kaolinitic, red (Fe-rich) soils (noting the broad-spectrum
of products that can result from mineral transformation in tropical weath-
ering of basalts) (Osman 2013). Soils overlying basalts in Cambodia have
been described as either comprising deep, massive, reddish-brown, pluvial
clay loams interspersed with basalt fragments that gradually transition into
weathered basalt, or as concentrated iron oxides and lateritic hardpans that
sharply overlie heavily weathered bedrock (Takaya 1967, Dararath et al.
2011). Laterites are common within tropical and subtropical zones (Osman
2013), and, within the Vietnamese basaltic provinces, are characterised by:
1) the enrichment of Al- and Fe-oxides (usually goethite or hematite) ac-
companied by a loss of K, Mg, Si and especially Ca and Na, and; 2) forma-
tion of kaolinite and gibbsite with a relatively high trace element content
(Motuzova and Thi Hong Van 1999).

A survey of the physical and geochemical properties of basaltic soils in
Cambodia was undertaken by Saeki et al. (1959). In general, this study
found that, country-wide, basaltic soils tend to be deep (average of 15 to
18 m deep), clayey and acidic with a moisture holding capacity sufficient
to maintain moisture at depth even in severe drought (even if surficial lay-
ers become very dry). Soils that were surveyed to the east of the Mekong
(though not including those in Ratanakiri), were found to be generally less
fertile than those surveyed to the west of the river channel. Results of this
survey are summarised in Table 3.3.

Soils developed from the Mesozoic red terranes have been recorded as com-
prising fine, micaceous sands or pink quartz and iron-rich (weathered) sand
overlying sandstone, or sandstone and shale. Clays within this geological
setting are typically kaolinitic (Takaya 1967). In general, sandstone derived
soils in Cambodia are nutrient poor with a limited water holding capacity
(Saeki et al. 1959).

3.6.2 Local soils

The mapped site soils (MRC 2002) based off FAO (1988), are shown along-
side local site geology (JICA 2002a) on Figure 3.5. At this scale (50K), Yeak
Loam soils are mapped as Ferralsols derived from the underlying plateau
basalts. These represent deeply weathered, red soils with low-activity clays
and a high content of sesquioxides (FAO 1988, Osman 2013). This soil type
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TABLE 3.3: A summary of the properties of Cambodian
basaltic soils after Saeki et al. (1959).

Sampling zone Generalised West of the
Mekong

East of the
Mekong

Select top-
soils

Select
subsoils

Number of samples 20 7 13 4 5
Gravel (%) 17.3 27.3 7.4 4.3 2
Clay (%) 57.5 57.6 57.4 61.6 59
Soil Texture Clay Clay Clay Clay Clay
pH (H2O) 5.4 5.9 5.1 5 5.4
pH (KCl) 5 5.7 4.7 4.7 5.1
N (%) 0.18 0.22 0.17 0.23 0.07
C/N 8.3 7.7 8.6 7 7.6
Humus (%) 2.61 2.86 2.45 2.79 0.91
C.E.C (meq.) 31.54 33.3 30.59 34.22 23.05
Exc. CaO (meq.) 7.24 11.6 4.85 12.19 5.37
Available CaO (%) 0.032 0.05 0.023 0.044 0.016
Available P2O5 (%) 0.011 0.029 0.001 0.007 0.004
Available K2O (%) 0.013 0.027 0.006 0.011 0.005

is considered typical for the humid tropics. Soils within the immediate
vicinity of Yeak Mai are mapped as Haplic Acrisols/Dystic Leptosols and
Eutric Vertisols. Eutric Vertisols also form the dominant soil types in the
region between, and including, Yeak Oam and Yeak Kara (though the west
catchment soils of Yeak Oam are classified as Ferralsols). This classification
refers to soils that are fertile, non-acidic, deeply and widely cracking due
to a high proportion of swelling clays (FAO 1988). Though most Vertisols
occur in the semi-arid tropics, they can occur in wet tropical zones (Osman
2013). Acrisols are characteristic of tropical and subtropical regions, com-
prising soils with higher clay content in the subsoil vs. topsoils due to the
formation of an argic horizon (white clay) from mineral migration. Lep-
tosols comprise immature, infertile soils that form over rocks (FAO 1988).
The Gleysols that are mapped in patches around Yeak Mai are weathered
soils that turn a gleyish (grey/blue) colour from being saturated for an ex-
tended period of time (Osman 2013).

Due to the coarse-scale nature of the mapped data, soil samples were col-
lected from the lake catchments to: 1) characterise the relationship (if any)
between local edaphic conditions and forest structure, and; 2) determine the
physical and geochemical properties of local soils to aid in lake sediment
fingerprinting. In total, 15 soil profiles were described across the five lake
sites, with sample locations shown on Figure 3.5. These were selectively
analysed for a range of physical properties at the School of Geosciences
laboratories at the University of Sydney. Methods used to describe the soils
are outlined in Appendix A. A summary of results of the soil physical and
geochemical properties are presented on Table 3.4 (Yeak Loam), Table 3.5
(Yeak Oam), Table 3.6 (Yeak Mai), Table 3.7 (Yeak Kara) and Table 3.8 (Bo-
eng Lumkut). Photographs of representative soil profiles for each site are
shown on Figure 3.7.
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FIGURE 3.7: Photographs of select soil profiles taken from
the crater lake catchments. A) Yeak Kara (YKSP3); B) Bo-
eng Lumkut (LKSP2); C) Yeak Oam (YOSP1); D) Yeak Mai
i)YMSP1 & ii) YMSP2; and E) Yeak Loam i) YLSP1 7 ii)

YLSP5.
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TABLE 3.4: Physical and chemical properties of the Yeak Loam catchment soil samples. Sample location is shown on Figure 3.5.

Soil Profile 1: 0-25cm Soil Profile 2: 0-45cm Soil Profile 3: 0-60cm Soil Profile 4: 0-90cm Soil Profile 5: 0-80cm
Sample ID YLSP1-A1 YLSP1-B2 YLSP2-A1 YLSP2-B2 YLSP3-A1 YLSP3-B2 YLSP4-A1 YLSP4-B2i YLSP4-B2ii YLSP5-A1 YLSP5-B2
Sample Date 2/04/13 2/04/13 2/04/13 2/04/13 2/04/13 2/04/13 2/04/13 2/04/13 2/04/13 2/04/13 2/04/13
Sample Type pit pit pit pit exposed

path gully
exposed
path gully

exposed
path cut

exposed
path cut

exposed
path cut

exposed
path cut

exposed
path cut

Soil Horizon A1 B2 A1 B2 A1 B2 A1 B2 B2 A1 B2
Total Depth
(cm)

0-20 20 -25+ 0-10 10-40+ 0-25 25-80+ 0-40 40-90+ 40-90+ 0-25 25-80+

Sample depth
(cm)

0-10 20-25 5-10 40-45 0-25 25-80+ 10-20 40-50 80-90 20-25 70-80

Field Colour
(Hue / Value
/ Chroma)

brown
(7.5YR
4/4)

brown
(10YR 4/4)

dark red-
dish grey
(7.5YR3/1)

brownish
black
(2.5Y3/2)

brown
(7.5YR
4/4)

brown
(10YR 4/4)

brown
(7.5YR4/4)

brown
(7.5YR4/6)

brown
(7.5YR4/6)

brown
(7.5YR4/4)

brown
(10YR4/4)

Field mois-
ture condition

dry dry moist wet dry dry dry dry dry dry dry

Depth to wa-
ter table (cm)

n/a n/a 38 38 n/a n/a n/a n/a n/a n/a n/a

Pore water
content (%)

10.31 13.5 35.8 35.2 n/a n/a n/a n/a n/a 3.84 7.6

Dry Colour
(Hue / Value
/ Chroma)

brown
(10YR 4/4)

yellowish
brown
(10YR 5/6)

n/a n/a n/a n/a n/a n/a n/a dull yel-
lowish
brown
(10YR5/3)

dull yel-
lowish
brown
(10YR5/3)

Continued. . .
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Soil Profile 1: 0-25cm Soil Profile 2: 0-45cm Soil Profile 3: 0-60cm Soil Profile 4: 0-90cm Soil Profile 5: 0-80cm
Sample ID YLSP1-A1 YLSP1-B2 YLSP2-A1 YLSP2-B2 YLSP3-A1 YLSP3-B2 YLSP4-A1 YLSP4-B2i YLSP4-B2ii YLSP5-A1 YLSP5-B2
>2mm wt. %
(dry); descrip-
tion

35-45;
angular-
subangular
gravel.

60-70;
angular-
subangular
gravel.

0 0 n/a n/a n/a n/a n/a 45-55;
subrounded-
subangular,
lithic
gravel

40-50;
subrounded-
subangular,
lithic
gravel

Sand (%)
(<2mm)

16.76 8.25 38.20 38.48 n/a n/a n/a n/a n/a 37.63 33.02

Silt (%)
(<2mm)

43.59 33.52 56.12 58.38 n/a n/a n/a n/a n/a 35.26 35.05

Clay (%)
(<2mm)

39.65 58.24 5.68 3.14 n/a n/a n/a n/a n/a 27.11 31.93

USDA clas-
sification
(<2mm)

silty clay /
silty clay
loam

clay silt loam silt loam n/a n/a n/a n/a n/a loam/clay
loam

clay loam

Dry Bulk
Density
(g/cc)

1.23 1.49 1.17 1.38 1.49 1.45 1.45 1.39 1.39 1.51 1.59

TOC (%) 9.00 5.00 n/a n/a n/a n/a n/a n/a n/a 4.70 3.80
χlf 0.05 0.02 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
χfd% 6.90 5.36 1.85 1.59 4.76 4.94 1.01 8.50 8.50 5.29 5.12
pH 4.9 5.3 5.2 6.9 n/a n/a n/a n/a n/a 5.1 5.3
Available P
(ppm)

4.146 2.772 n/a n/a n/a n/a n/a n/a n/a 1.896 2.221

Ammonia
(ppm)

2.340 1.800 n/a n/a n/a n/a n/a n/a n/a 0.879 1.150

Nitrate/nitrite
(ppm)

0.026 -0.024 n/a n/a n/a n/a n/a n/a n/a -0.021 -0.023
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TABLE 3.5: Physical and chemical properties of the Yeak Oam catchment soil samples. Sample location is shown on Figure 3.5.

Soil Profile 1 Soil Profile 2
Sample ID YOSP1-A1 YOSP1-A2 YOSP1-B2 YOSP2-A1 YOSP2-A2 YOSP2-B2
Sample Date 3/04/13 3/04/13 3/04/13 3/04/13 3/04/13 3/04/13
Sample Type pit pit pit pit pit pit
Soil Horizon A1 A2 B2 A1 A2 B2
Total Depth (cm) 0-10 10-25 25-30 0-5 5-10 10-20+
Sample depth (cm) 5-10 15-20 25-30 0-5 5-10 10-20
Field Colour (Hue / Value /
Chroma)

very dark brown
(7.5YR2/3)

dark brown
(7.5YR3/4)

dark reddish
brown (5YR3/3)

very dark
brown
(7.5YR2/3)

dark brown
(7.5YR3/4)

dark reddish
brown (5YR3/3)

Field moisture condition slightly moist dry dry dry dry dry
>2mm wt. % (dry); description n/a n/a n/a 35-45,

subangular-
subrounded
gravel

30-40,
subangular-
subrounded
gravel

n/a

Dry Bulk Density (g/cc) n/a n/a n/a 1.50 1.56 1.57
χlf n/a n/a n/a 7.16 7.28 7.26
χfd% n/a n/a n/a 0.31 0.32 0.33
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TABLE 3.6: Physical and chemical properties of the Yeak Mai catchment soil samples. Sample location is shown on Figure 3.5.

Soil Profile 1 Soil Profile 2
Sample ID YMSP1-A1 YMSP1-B2 YMSP2-A1 YMSP2-C1
Sample Date 6/04/13 6/04/13 6/04/13 6/04/13
Sample Type pit pit pit pit
Soil Horizon A1 B2 A1 C1
Total Depth (cm) 0-8 10-13+ 0-10 10-20+
Sample depth (cm) 0-8 10-13 2-8 15-20
Field Colour (Hue/Value/Chroma) dull brown (7.5YR5/4) dull orange (7.5YR6/4)

with orange (7.5YR
6/8) mottles

brownish black
(10YR3/2)

brown (7.5YR4/3)

Field moisture condition dry dry dry dry
Depth to water table (cm) n/a n/a n/a n/a
Pore water content (%) 1.0 1.4 5.5 6.8
Dry Colour (Hue/Value/Chroma) pale brown (10YR6/3) light yellowish brown

(10YR6/4)
very dark greyish
brown (10YR3/2)

dark brown (10YR
3/3)

>2mm wt. % (dry); description 30-40; subangular-
subrounded gravel

30-40; subangular-
subrounded gravel

60-70; subangular-
angular basalitc gravel
& cobbles

60-70; subangular-
angular basalitc gravel
& cobbles

Sand (%) (<2mm) 76.28 72.21 46.78 47.50
Silt (%) (<2mm) 22.41 25.91 40.08 34.60
Clay (%) (<2mm) 1.31 1.88 13.14 17.90
USDA classification (<2mm) loamy sand loamy sand loam loam
Dry Bulk Density (g/cc) 1.35 1.35 1.46 1.67
TOC (%) 1.00 0.30 2.00 0.70
χlf 0.0023 0.00069 0.2 0.18
χfd% 3.49 3.68 5.25 5.49
pH 5.2 5.3 6.6 6.4
Available P (ppm) 6.061 3.097 66.259 85.255
Ammonia (ppm) 0.310 0.385 1.360 0.618
Nitrate/nitrite (ppm) -0.024 0.062 0.177 0.041



C
hapter

3.
C

ontem
porary

site
conditions

55

TABLE 3.7: Physical and chemical properties of the Yeak Kara catchment soil samples. Sample location is shown on Figure 3.5.

Soil Profile 1: 0-20 cm Soil Profile 2: 0-25 cm Soil Profile 3: 0-20 cm Soil Profile 4: 0-15 cm
Sample ID YKSP1-O YKSP2-A1 YKSP2-B2 YKSP3-A1 YKSP3-B2 YKSP4-A1 YKSP4-B2
Sample Date 3/04/15 3/04/15 3/04/15 3/04/15 3/04/15 3/04/15 3/04/15
Sample Type pit pit pit pit pit pit pit
Soil Horizon O (swamp) A1 B2 (?) A1 B2 A1 B2
Total Depth (cm) 0-20 0-20 20-25+ 0-10 10-20+ 0-10 10-15+
Sample depth (cm) 0-10 0-20 20-25 0-10 10-20 0-5 10-15
Field Colour
(Hue/Value/Chroma)

brownish black
(10YR 2/1)

brown (7.5YR
4/4)

dark brown
(7.5YR3/3)

brownish black
(10YR 2/3)

brownish black
(10YR 2/3)

dark brown
(10YR3/3)

dark brown
(7.5YR3/4)

Field moisture condition wet slightly moist slightly moist dry dry dry dry
Depth to water table (cm) 5cm n/a n/a n/a n/a n/a n/a
Pore water content (%) n/a n/a n/a 11.8 20.12 n/a n/a
Dry Colour
(Hue/Value/Chroma)

dark brown
(10YR3/3)

brownish black
(7.5YR3/2)

n/a brownish black
(10YR 2/3)
(burnt)

brownish black
(10YR 3/2)

>2mm wt. % (dry); description n/a n/a n/a 25-35;
subrounded-
subangular
lithic gravel

25-35;
subrounded-
subangular
lithic gravel

n/a n/a

Sand (%) (<2mm) n/a n/a n/a 38.75 29.79 n/a n/a
Silt (%) (<2mm) n/a n/a n/a 39.46 39.92 n/a n/a
Clay (%) (<2mm) n/a n/a n/a 21.79 30.29 n/a n/a
USDA classification (<2mm) n/a n/a n/a loam clay loam n/a n/a
TOC (%) n/a n/a n/a 10 7 n/a n/a
pH n/a n/a n/a 5.1 5.1 n/a n/a
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TABLE 3.8: Physical and chemical properties of the Boeng Lumkut catchment soil samples. Sample location is shown on Figure 3.5.

Soil Profile 1: 0-25 cm Soil Profile 2: 0-55 cm
Sample ID LKSP1-A1 LKSP1-B2 LKSP2-A1 LKSP2-B2 LKSP2-C1
Sample Date 5/04/13 5/04/13 5/04/13 5/04/13 5/04/13
Sample Type lake high-water-

mark cut
lake high-water-
mark cut

gully exposure gully exposure gully exposure

Horizon A1 B2 A1 B2 C1
Total Depth (cm) 0-3 3-25+ 0-15 15-27 27-55+
Sample depth (cm) 0-3 11-16 0-10 25-30 n/a
Field Colour (Hue / Value /
Chroma)

dull reddish brown
(5YR4/4)

dark reddish brown
(5YR4/4)

dull reddish brown
(5YR4/4)

dark reddish brown
(5YR3/4)

Field moisture condition dry dry dry dry dry
Depth to water table (cm) n/a n/a n/a n/a n/a
Pore water content (%) n/a n/a 20.2 2.1 n/a
Dry Colour (Hue / Value /
Chroma)

n/a n/a brown(7.5YR4/3) brown(7.5YR4/4) n/a

>2mm wt. % (dry); description n/a n/a 50-55; subangular-
subrounded lithic
gravel

20-25; subangular-
subrounded lithic
gravel

75-80; subangular-
angular, basalt
gravel, cobbles and
boulders.

Sand (%) (<2mm) 40.953597 33.906659 30.107179 23.127703 n/a
Silt (%) (<2mm) 47.559617 53.328595 54.542141 60.723151 n/a
Clay (%) (<2mm) 11.5 12.76474 15.350679 16.149141 n/a
USDA classification (<2mm) loam silt loam silt loam silt loam n/a
TOC (%) n/a n/a 7.00 5.00 n/a
pH n/a n/a 5.00 5.10 n/a
Available P (ppm) n/a n/a 25.786 4.824 n/a
Ammonia (ppm) n/a n/a 1.860 0.865 n/a
Nitrate/nitrite (ppm) n/a n/a 0.763 -0.021 n/a
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The characteristics of the residual basaltic soils characterised at the lake
sites are broadly consistent with descriptions outlined by Saeki et al. (1959).
However, soil properties did vary across the sites, with the Yeak Mai soils
found to be especially different.

The catchment soils broadly represent silt loams and clay loams, with the
lightest texture classified as a loamy sand (YMSP1), and the heaviest a clay
(YLSP1 subsoil) (Soil Survey Staff 2010). The total depth of the catchment
soil profiles was difficult to determine due to the tough, dry nature of sur-
faces, which were sampled at the very end of the dry season (April 2013).
However, top soils were typically thin (ranging from 3 cm [YMSP1] to 40 cm
[YLSP4]), and the presence of outcropping bedrock at most sites suggests
that the total depth is probably limited (vs. the basaltic soils described by
Saeki et al. (1959)). Despite this, the profiles sampled at Yeak Loam (aside
from the YMSP2 gleyic profile), Yeak Kara and Lumkut (LKSP1) showed
a textural contrast between the A1 and B2 horizons, indicating a degree
of pedalogical development. The basaltic Yeak Mai soils (represented by
YMSP2) appear immature compared to those of the other lake sites based
on: 1) the thinness of the profile; 2) lack of development of a subsoil; 3)
relatively high dry bulk density values (1.5 to 1.7 g/cc); 4) low organic con-
tent (0.7 to 2%), and; 5) a comparatively neutral pH (6.4 to 6.6) that may
be more representative of the basic parent material than of tropical forest
soils (typical pH = 4.0 to 6.0) (Juo and Franzleubbers 2003). As such, these
have cautiously been classified as Leptosolic (FAO, 1988). The pale and
light-yellowish brown loamy sand profile taken from the (presumed) non-
basaltic soils on the northern side of Yeak Mai appears unlike the resid-
ual basaltic soil samples taken from either Yeak Mai or the other lake sites,
though this sample was too shallow to classify.

The estimated pore water content of the soil samples extracted from pits (vs.
exposed cut faces ) and away from the influence of a ground water table
(i.e. YLSP2) is reasonably high for sampled clay and clay loam subsoils
(YLSP1-B2 = 14%; YKSP3 = 20%) despite being taken at the end of the dry
season. This indicates the capacity of these soils to retain water throughout
a persistent dry spell. The loamy sand and loam soils taken from Yeak Mai
(both lithologies) have a lower water retention capacity (1 to 7%).

The χlf SI of Yeak Loam and Yeak Mai SP1 (non-basaltic soils) is low (<0.053
SI), reflecting magnetic susceptibility values typical of topsoils, paramag-
netic materials or sedimentary rocks (Dearing 1999a). Slightly higher values
(0.18 to 0.2 SI) are recorded for YMSP2 (basaltic soils), and values trending
towards those reflective of homogenous basic rocks were measured from
Yeak Oam samples (7.15 to 7.25 SI) (Dearing 1999a). χfd%, which reflects
the presence of super-paramagnetic grains in the samples, is decoupled
from χlf, with high values returned for representative residual basaltic sam-
ples from Yeak Loam and Yeak Mai (4.5 to 8%), low values for non-basaltic
soils from Yeak Mai (3.5 to 4%), and very low values for Yeak Oam basaltic
soils (0.31 to 0.33%). This may relate to grain size, with higher χfd% val-
ues for samples with a greater abundance of clay and a lesser abundance of
sand (noting that textural data was not measured for Yeak Oam samples).

The pH of the residual basaltic soils from lake catchments other than Yeak
Mai, and excluding the gleyic soils extracted from YLSP2, indicates that
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soils are strongly acidic, ranging from 4.9 to 5.3, with subsoils typically
slightly less acidic than the topsoils. Available phosphorous is low (<10ppm)
(Juo and Franzleubbers 2003) with the exception of LKSP2 topsoils and
YMSP2 soils. This may reflect the presence of Al and Fe ions (abundant
where pH <5.5) that fix phosphorous. Ammonia, nitrate and total organic
content are low for all soils tested. The very low, or negative values for ni-
trate indicate that nitrification may be limited due to soil acidity (pH <5.5)
(Juo and Franzleubbers 2003). However, as nitrate fluctuates with rainfall
— being highest at the start of the rainy season (Juo and Franzleubbers
2003) — these dry season values may not reflect annual soil nitrate content.

3.7 Forest ecology

3.7.1 South-east Asia seasonally dry forest types

Prior to extensive clearance of the landscape from the 1960s, SASDTF ex-
tended eastward from west Vietnam into the lowlands of northern and east-
ern Cambodia and southern Laos, across northern-eastern Thailand and
into central Myanmar, representing one of the largest continuous tracts of
dry tropical dry forest globally (Maxwell and Cox 2011) (range shown on
Figure 3.1). Aside from a few occurrences as high as 1000 m ASL, these
forests typically occur within lowlands (50 to 800 m) (Ruangpanit 1995). As
such, mountain ranges commonly bound this ecoregion (see Figure 3.2 map
C). SASDTF habitats are important for supporting a broad range of verte-
brates within the region, including (amongst others), kouprey and Eld’s
deer (critically endangered), gaur, banteng, wild water buffalo, khting-vor,
serow, Javan rhinoceros and Asian elephants (Wikramanayaka et al. 2014a,
b).

As discussed in Chapter 2, a mosaic of dry forest units in the absence of
large tracts of savanna is a defining characteristic of SASDTF, which is
especially the case for the Southeastern Indochina Dry Evergreen Forests
(SIDEF) sub-units that occur within the northern portion of the study area
(location delimited on Figure 3.1). Here, patches of distinctly different for-
est can occur within hundreds of meters of each other (Bunyavejchewin
et al. 2011), contributing to the high beta-diversity of the area (Apgaua et
al. 2014). The distribution of these units can, at a highly simplified level,
be predicted by available moisture (MAP and soil water retention) and el-
evation, but is also a likely product of disturbance (see Chapter 2 for de-
tails). Semi-evergreen dry forest (SEDF) characteristically occurs at higher
latitudes (approximately 700 to 1 000 m) with a MAP of 1 200 to 2 000 mm
(Bunyavejchewin et al. 2011), or at lower latitudes in soils with better water
retention and / or a higher MAP (Maxwell 1999, Ohnuki et al. 2008). Dry
Dipterocarp forest (DDF) and mixed deciduous forest (MDF) occupy areas
with elevations <700 m ASL, the former persisting in areas with a lower
moisture availability (MAP = 1 000 to 1 500 mm) (Rundel and Boonpragob
1995) and the latter in moister regions (MAP = 1 400 to 1 800 mm). However,
these generalisations do not always hold true (Ruangpanit 1995).
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The limited work that has been conducted on the vegetation structure of
SASDTF in Cambodia (in particular, Theilade et al. (2011) Tani et al. (2007)
Rollet (1972) and Rollet (1962) — the latter two of which have been re-
viewed in English by Maxwell (1999)) as well as more generalised descrip-
tions of SASDTF which is generally focused on Thai dry forests (Williams
1965, Stott 1976, 1984, 1986, 1988b, a, 1990, Stott et al. 1990, Ruangpanit
1995, Gardner et al. 2000, Bunyavejchewin et al. 2011, McShea et al. 2011)
are drawn upon to provide an ecological overview of SASDTF. As nomen-
clature used to characterise SASDTF forest units varies between authors
and the regions in which they work, the following section adopts the gener-
alised classification for the ecoregion used by Bunyavejchewin et al. (2011),
with additional units represented within north-east Cambodia following
Maxwell (1999) (drawing on Rollet (1962)). Vegetation that is characteris-
tic of each forest type has been compiled into Appendix B based on pre-
existing research and basic, qualitative site walkovers that were conducted
throughout July 2012 and April 2013 field seasons. On-site plant identifica-
tion was aided with the help of A. Maxwell (independent academic) and S.
Channa (Department of Environment, Banlung).

Dry deciduous forest

Dry deciduous forest make up the core forest units within the CIDF ecore-
gion (location delimited on Figure 3.1). Leaf shedding by canopy domi-
nants throughout the dry season is the defining characteristic of this forest
type. This process makes these forests prone to low intensity annual burn-
ing by lowering relative humidity and drying the fine fuels in the under-
storey (grasses and leaf litter) (Bunyavejchewin et al. 2011). As such, many
dominant tree species within this formation have developed fire adapta-
tions such as thick corky bark and root crowns that re-sprout post distur-
bance (Wikramanayaka et al. 2014a). In Cambodia, the presence of Xylia
xylocarpa (Benth./Roxb.) is taken to be an indicator of dry deciduous forest
(Tani et al. 2007).

Distinctions in the vegetation composition of dry deciduous forest means
that it is typically sub-divided into two types — Deciduous Dipterocarp
Forest (DDF) and mixed deciduous forest (MDF). The distinguishing fea-
tures of each are detailed below.

Deciduous dipterocarp forest (DDF) is structurally the most open of the
SASDTF forest units (Bunyavejchewin 1983), but does support a range of
canopy coverage, from from semi-dense to a more “open savanna” forest
(Stott 1984, 1988b, 1990). This variability is commonly linked to micro-
climatic, edaphic, topographic and fire-legacy conditions (Maxwell 1999).
Canopy height is usually limited to 20 m, but can be as low at 10 m in xeric
conditions and up to 30 to 35 m in especially favourable conditions (Bun-
yavejchewin et al. 2011). The distribution of DDF units is often associated
with thin, acidic, shallow, sandy (freely draining), often lateritic and nu-
trient deficient soils (Stott 1990, Bunyavejchewin et al. 2011). In Thailand
(where this forest type has been most described), these are associated with
outcropping sandstones from the Mesozoic red-bed terranes (e.g. Khorat
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Plateau associations), old alluvium and steep granitic slopes (Stott 1976).
The typical MAP for DDF is 1 000 to 1 500 mm, occurring alongside a rela-
tively prolonged (five to six month) dry season.

Indicator species within DDF plots surveyed in both Cambodian and north-
ern Thailand include four Dipterocarpaceae species (Dipterocarpus obtusi-
folius (Teijsm. ex Miq.) (which can occur as near-pure stands), D. tubercu-
latus, Shorea obtusa and S. siamesis (Tani et al. 2007, Bunyavejchewin et al.
2011)), and Terminalia tomentosa ((Roxb.) Wight & Arn) (Maxwell 1999). The
dominance of dry Dipterocarpaceae species (up to 90% of basal area (Max-
well 1999)) in the absence of conspicuous clumps of bamboo is a defining
characteristic of DDF (Tani et al. 2007, Bunyavejchewin et al. 2011). Other
important canopy and mid-storey species within this unit include Pterocar-
pus macrocarpus (Kurz), Xylia xylocarpa (Benth./Roxb.), Gluta usitata ((Wall.)
Ding Hou), Aporusa villosa (Lindl.), and Strychnos nux-blanda (A.W. Hill).
Dwarf bamboo (Arundinaria), Dillenia sp., Cycas siamensis (Miq.), Corypha
lecomtei (Becc. Ex Lecomte) and Phoenix acaulis (Roxb.) growing alongside
grasses (wet season) are widespread ground species in DDF (Maxwell 1999,
Bunyavejchewin et al. 2011). A more comprehensive list of DDF species is
outlined in Appendix B.

Periodic, low-to-moderate intensity ground fires appear important for main-
taining DDF by facilitating removal of leaf litter and reinforcing the low
organic content of soil (Ogawa et al. 1961, Bunyavejchewin et al. 2011).
These burns are, in some cases, considered to be stabilising by preventing
the establishment of more-dense forest type (Stott 1984, 1988b, a). The de-
ciduous Dipterocarpaceae indicator species within this unit are especially
well adapted, physiognomically, physiologically and phenologically, to fire
(Stott 1984). The peak period for fires in DDF typically corresponds with
the first half of the dry season, between late December and early March,
correlating with peak accumulation of leaf litter and sufficient drying of
understorey grasses (Stott et al. 1990). Hottest burns typically occur mid-
season (Stott et al. 1990). Other edaphic features, particularly the soil water
retention characteristics, appear important in internal structural variations
within DDF forest-types, but this is not well-studied (Bunyavejchewin et al.
2011).

Mixed deciduous forest (MDF) is typically taller (25 to 30 m) and denser
than DDF, and grows in deeper, less acidic (pH 5 to 6), slightly more fertile
(clay loam) soil types (Ruangpanit 1995, Bunyavejchewin et al. 2011). Com-
mon canopy species in MDF include Lagerstroemia spp., Pterocarpus macro-
carpus (Kurz), Xylia xylocarpa (Benth./Roxb.), Bombax insigne (Wall.), Afzelia
xylocarpa ((Kurz.) Craib), Anogeissus acuminata (Wall.), Dalbergia spp., Hal-
dina cordifolia ((Roxb.) Ridsdale) and Terminalia spp. (Ruangpanit 1995,
Tani et al. 2007, Bunyavejchewin et al. 2011). Irvingia malayana (Oliv. ex
A.W. Benn.), Syzygium cumini ((L.) Skeels.) and Phyllanthus emblica (L.)
are common sub-canopy and understorey species (Bunyavejchewin et al.
2011). MDF ground cover is characterised by the presence of herbs and
small shrubs, and where there is more light penetration, grasses growing
alongside gingers (Ruangpanit 1995, Bunyavejchewin et al. 2011). Bamboos
(especially deciduous bamboo) are an indicator species of this forest-type.



Chapter 3. Contemporary site conditions 61

Dipterocarpus and Shorea species form a relatively minor component of these
forests, though their relative proportion increases along a moisture gradi-
ent (Rundel and Boonpragob 1995). A more comprehensive list of common
MDF species in outlined in Appendix B.

The interplay of edaphic and topographic conditions under specific climatic
constraints appears important for unit delineation between DDF and MDF.
Within MDF, floristics and structure can be quite diverse depending on soil
quality (including water retention), elevation and topography. In north-east
Cambodia, these forests appear to closely associate with the semi-dense dry
forests described in Maxwell (1999) (drawing on Rollet (1962)), which have
a preference for rocky basaltic brown earth slopes (the summits of which
nearly always transition to denser SEDF). Topographic patterns of expo-
sure and soil depth commonly cause sharp delineation of MDF and DDF at
higher (>700m ASL) elevations (Rundel and Boonpragob 1995). Where ele-
vation is less than 600 m (ASL), however, the sharp transitions that do occur
are generally related to edaphic controls (Rundel and Boonpragob 1995).

Low frequency ground fire also appears to be an important ecological com-
ponent of MDF (Bunyavejchewin et al. 2011). However, different fuels in
MDF (vs. DDF) means that fires have the potential to be hotter and more
destructive, particularly where tall bamboos facilitate spreading of the fire
to the canopy (Stott et al. 1990).

Semi-evergreen dry forest

Semi-evergreen Dry Forest (SEDF) is the densest (250 to 400 stem/ha) of
the forest units classified for SASDTF (McKenny et al. 2004) (though, as de-
tailed below, some regional sub-classifications have been posited for north-
east Cambodia (Rollet 1962)). Structurally, these forest have a relatively
closed canopy, 30 to 40 m high, with emergents growing up to 50 to 60 m
(Neal 1967). Most canopy species, and nearly all understory species are ev-
ergreen. Dominant tree species within this unit include Dipterocarpus alatus
(Roxb.), D. dyeri, D. turbinatus (C.F.Gaertn.), D. costatus (C.F.Gaertn.), Ho-
pea odorata (Roxb.), H. ferrea (Laness.), Anisoptera spp. that grow alongside
Irvingia malayana (Oliv. ex Benn.), Lagerstroemia spp.), Litsea vang (Lecomte),
Dehaasia cuneata (Blume), Mesua ferrea (L.), Mangifera indica (L.) and Sindora
cochinchinensis (H. Baill) (Maxwell 1999, Bunyavejchewin et al. 2011).

In general, year-round canopy cover and lower annual accumulation of leaf
litter means that SEDF are less susceptible to annual burning than the de-
ciduous dry forest types. As such, it is often held that burning of SEDF
can destroy the evergreen tree species, and promote a regime shift to dry
deciduous forest (particularly DDF) that is thereafter reinforced by the reg-
ular presence of fire (Stott 1984, Stott et al. 1990, Johnson and Dearden
2009). However, as outlined in Chapter 2, this relationship is poorly stud-
ied (Maxwell and Cox 2011) and contested (Baker et al. 2008, Baker and
Bunyavejchewin 2009).
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SEDF sub-classifications — in north-east Cambodia, Maxwell (1999) (draw-
ing on Rollet (1962)) classifies an intermediate forest type, transitionary be-
tween semi-dense dry forest (MDF) and SEDF. This subunit contains many
species of the semi-dense-type MDF, but is closed with a leafy understorey
without bamboo. Several SEDF species occur within the emergent layer,
with the dominant SEDF Dipterocarpaceae trees gradually being replaced
with Lagerstroemia spp. and Fabaceae taxa as the environment gets drier.
Common species within this forest include Lagerstroemia angustifolia (Pierre
ex Laness.), Xylia xylocarpa (Benth./Roxb.), Pterocarpus macrocarpus (Kurz),
Sindora cochinchinensis H. Baill)., Afzelia xylocarpa ((Kurz.) Craib), and Dal-
bergia bariensis (Pierre). Dipterocarpus intricatus (Dyer) becomes dominant in
these forests as they transition to a dry deciduous forest type. A degree of
regular burning (low intensity ground fire) is apparent in this unit (Maxwell
1999).

At the other end of the spectrum, regionally-specific Basaltic red-earth for-
est types (BRE) are classified. These represent a variant of SEDF that grows
in deep, permeable basaltic soils on uplands and plateau-tops with high
water holding capacities. As such, this forest type is weakly tropophilous
(Maxwell 1999). Dominant species are similar to that of SEDF, with the ad-
dition of Aglaia gigantea (Pierre Pellegr.), Toona sureni (Blume) Merr.), Termi-
nalia spp., Pterocarpus macrocarpus (Kurz), Afzelia xylocarpa ((Kurz.) Craib),
Peltophorum dasyrachis ((DC.) K. Heyne), Adenanthera pavonina (L.), Lager-
stroemia spp. and Tetrameles nudiflora (R. Br.) as common canopy species.
This forest type was once likely to have been distributed across the Ratanakiri
Volcanic Province basaltic plateau in the vicinity of Yeak Loam. However,
owing to the fertility of these soils, much of this forest type has been dis-
turbed by swidden agriculture and, more recently, cleared for plantations
(this is elaborated upon in Section 3.8).

Secondary dry forest

Soil conditions, microclimate and the timing and nature of past distur-
bances mean that secondary forests (SeF) are a common component of SASDTF.
These widely-varied formations are an ecologically important, but often
overlooked formation in Cambodia (Heinimann et al. 2007). The north-
east Cambodian variants of SEDF secondary forest types are discussed in
Maxwell (1999) (after Rollet (1962)). Here, the most extensive cause for the
development of secondary forest is via swidden farming. In Ratanakiri, this
practice is generally concentrated in SEDF-supporting landscapes that have
more favourable soil characteristics for cropping.

Following low to moderate level disturbance, succession of SEDF usually
includes a pioneer assemblage of herbs (if clearance is very frequent) and
herbs and shrubs if clearance is less regular. Common pioneer trees are
Trema spp., species from the Euphorbiaceae family, including Macaranga
spp. and Mallotus spp., Grewia tomentosa (Juss.), Peltophorum dasyrachis ((DC.)
K. Heyne), Zizyphus cambodiana (Pierre), Colona sp., Memecylon edule (Roxb.)
and Combretum quadrangulare (Kurz). In later stages Lagerstroemia spp., Cra-
toxylum sp., Vatica astrotricha (Hance); Dipterocarpus intricatus (Dyer), Shorea
roxburghii (G.Don), Hopea sp., Eugenia sp., Sindora sp. and Albizzia sp. form
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secondary forest dominants, which may eventually recover to SEDF de-
pending on disturbance events and alternation of original edaphic controls
(Rollet 1962) in (Maxwell 1999).

Succession of mainland south-east Asian MDF following particularly in-
tense fires or clearance typically results in the establishment of Croton ob-
longifolius (Roxb.), Mallotus macrostachys ((Miq.) Müll.Arg.), Trema angusti-
folia ((Planch.) Blume) alongside bamboos (Gigantochloa albociliata ((Munro)
Kurz) or Dendrocalamus strictus ((Roxb.) Nees). A comprehensive list of
species associated with secondary MDF (as well as secondary SEDF, and
Basaltic Red Earth forests) is provided in Appendix B.

Secondary grasslands

In some cases, intense, or too frequent disturbance (associated with land
clearance or fires) within MDF or SEDF can result in savanna as opposed
to secondary forest (Rollet 1962, Maxwell 1999). This can occur following a
single destructive event (Goldammer 2002), or as part of a long-term pro-
cess whereby annual fire precludes regeneration of canopy species, thus
gradually opening up the forest to a grassland community as mature canopy
species die out (Ruangpanit 1995). The resultant grassland communities
are typically dominated by Oxytenanthera spp. and Imperata cylindrica ((L.)
P.Beauv.) (Goldammer 2002). These communities are fire promoting, and
tend to persist over forest as long as there is annual fire preventing the
establishment of shrubs (and later canopy) species (Ruangpanit 1995, Max-
well 1999).

Other SASDTF types

Other forest types that are present in the SASDTF, but not common within
the immediate vicinity of the lake study sites, are pine forest, lower mon-
tane forest riparian forest, and swamp forest. A summary of the features
of each is presented below, as outlined in (Ruangpanit 1995) and Bunyave-
jchewin et al. (2011).

Pine forest (PF) can occur across mainland south-east Asia at elevations
extending from 400 to 1 500 m ASL. Lower versions of this forest are com-
positionally and structurally similar to DDF aside from the dominance of
pine (particularly Pinus merkusii (Jungh. & de Vriese)). At higher elevations,
these forests are structurally comparable to lower montane types (below),
where Pinus kesiya (Royle ex Gordon) and members of the Fagaeae and Lau-
raceae families become compositionally important Rollet (1962) in Maxwell
(1999).

Lower montane forest (LMF) occurs within south-east Asia at elevations
in excess of 800 to 1 000 m ASL (Bunyavejchewin et al. 2011). While no
one particular species dominates the canopy, members from the Lauraceae,
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Theaceae, Magnoliaceae and Fagaceae family are important in this setting
(Bunyavejchewin et al. 2011).

Riparian forest (RF) grows along stream or river lines particularly in basaltic
soils, and can form a sharp contact between other forest types where the
ground water table rises. These forests generally have a canopy at 20 to
30 m, and show some compositional similarities to SEDF with the addi-
tion of Hydnocarpus anthelminticus (Pierre ex Laness.), Barringtonia acutan-
gula ((L.) Gaertn.), Nauclea orientalis ((L.) L.) and Sterculia foetida (L.) canopy
species (Bunyavejchewin et al. 2011).

Swamp forest (SwF) grows in peat that has accumulated under perma-
nently wet ground conditions. These forests can be relatively dense with a
high canopy. Common canopy species include some SEDF Dipterocarpaceae
alongside Eugenia spp., Sterculia foetida, Myristica spp., and Ficus spp. (Max-
well 1999). The understorey is characterised by the presence of palms (Livis-
tona cochinchinensis (Merr. ex A.Chev. Syn. L.), Licuala spp. and Calamus
sp.) Epiphytes, including Stenochlaena palustris ((Burm. f.) Bedd.) are com-
mon in this forest unit (Maxwell 1999).

3.7.2 Classification of local forest types

Forest units were mapped for Cambodia in the 1990s at a coarse (50K) scale
by JICA (2002b), and are presented at a regional and local scale for the lake
sites on figures 3.8 and 3.9. Because the region has been subjected to un-
precedented levels of clearance since the time of mapping (described in
section 3.8), much of what was once forest has been converted to planta-
tion or open agricultural land. This area of land clearance (as of 2014) has
been mapped by Open Development Cambodia (ODC) (2015) and is over-
lain (orange translucent shading) on figure 3.8. Most clearance is concen-
trated on the extensive basaltic plateau in central Ratanakiri where frag-
ments of SEDF (including basaltic red-earth forests) and secondary forests
grew alongside active and abandoned swidden plots in the late 1990s.

Very generally, Yeak Loam is the most developed of the crater lake sites
considered in this study, with a thin lake-side buffer of SEDF the only for-
est retained within the vicinity of this site (figure 3.9 A). Yeak Mai, on the
other hand, appears to be the least disturbed of the crater lake sites (figure
3.9 B). This site, as with Boeng Lumkut (figure 3.9 C) locally and regionally
supports open forest units (DDF and MDF). The regional forest surround-
ing Boeng Lumkut has, however, undergone a high level of clearance in re-
cent years (3.8). The catchment forest of Yeak Oam and Yeak Kara is SEDF
(figure 3.9 C). The regional forest at these lake sites is comparably open
(MDF/DDF). A detailed summary of the mapped vegetation at each lake
site is described below.

The local and regional forests of Yeak Mai are mapped as predominantly
undifferentiated dry deciduous forest with small pockets of MDF, wood-
land (less than 10% tree cover), and riparian forest that grows immediately
adjacent to tributaries feeding the Tonlé Srepôk) (figure 3.9). Site walkovers
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ange shading). Key as per figure 3.9. Land use and forest
data (50K) sourced from JICA (2002b) and ODC (2015). In-

sets shown on 3.9

indicated that the deciduous units in the lake catchment are dominated by
Dipterocarpus (obtusifolia and/ or tuberculatus), Shorea obtusa and S. siame-
sis, suggesting that they affiliate with the DDF classification scheme (noting
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that some species characteristic of MDF were observed on the moderately-
graded basaltic catchment slopes (figure 3.10 photos i & ii)). The regional
Yeak Mai forest — presumed to be growing in sandstone-derived soils —
appears to represent both the most undisturbed and the driest of the forest-
types observed across the lake sites (figure 3.10 photo iii (dry season)).
Here, the open forest (approximately 50 to 55% canopy cover with a very
limited mid-storey) was overwhelmingly dominated by a low (max 20 m)
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Dipterocarpus/Shorea canopy growing alongside dry indicator under-storey
species (e.g. Cycas sp., Acacia intsia [(L.) Willd.]). Based on these observa-
tions, it is possible that the patches of land clearance mapped around Yeak
Mai (figure 3.8) may actually represent “natural”, relatively open, dry de-
ciduous patches (especially if mapped from dry season images).

Much of the forest surrounding Boeng Lumkut has been cleared (figure 3.8).
The catchment forest is mapped as comprising undifferentiated dry decid-
uous forest (figure 3.9). Site walkovers indicated that these predominantly
represent open (50 to 60% canopy cover) DDF (figure 3.10 photo v (dry sea-
son) and photo vi (wet season)). However, several MDF indicator species
(e.g. Lagerstroemia spp., Bombax ceiba) were observed in places along the
western lake edge (figure 3.10 iv).

The forests that regionally surround Yeak Oam and Yeak Kara are mapped
as a mosaic of undifferentiated dry deciduous forest, SEDF and MDF. A
significant portion of these forests has been fragmented by active swidden
agriculture and, more regionally, by widespread clearance for rubber and
cashew plantations — observed during fieldwork in 2012 and 2013. The
regional forest that does still persist in the vicinity of the lake sites typically
comprises DDF (figure 3.10 photo viii (dry season)) mosaicked with ginger
and bamboo-rich MDF in depressions (figure 3.10 photo vii) (wet season)).
There is a sharp transition between deciduous forest and SEDF along the
upper rim of the Yeak Oam and Yeak Kara catchments (shown on figure
3.10 photo ix), which continues down to the lake edge as a tall (30 to 40 m),
dense (80 to 90% canopy cover), four storey forest (figure 3.10 photos x, xi
(Yeak Oam) and photo xii (Yeak Kara).

The catchment forests of Yeak Loam occur as an approximately 500 m-wide
lake buffer in an otherwise deforested region. This forest type is mapped
as SEDF (figure 3.9). This classification is roughly consistent with field ob-
servations, though some canopy species are characteristic of intermediate
SEDF/MDF and MDF forests (see appendix B). Structurally, the forest has
a tall (20 to 35 m) canopy, with three layers and some emergents. Canopy
cover is reasonably consistent throughout the wet and dry season (at ap-
proximately 70 to 90%) (see figure 3.10 photo xiii (dry season) and photos
xiv and xv (wet season), consistent with SEDF.
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FIGURE 3.10: Photographs of SASDTF units surrounding
the lake sites. i) dry season DDF vegetation growing on YM
basaltic slopes; ii) view of dry season DDF/MDF forest on
the north-west YM catchment slope; iii) regional YM DDF
forest resprouting at the end of the dry season; iv) Dry sea-
son LK DDF/MDF; v) resprouting LK DDF at the end of the
dry season; vi) wet season DDF at LK; vii) regional YO/YK
wet season MDF; viii) regional YO/YK dry season DDF; ix)
transition between wet season MDF and SEDF looking to-
wards the upper catchment rim of YO; x) & xi) wet season
YO SEDF; wet season YK swampy vegetation (foreground)
and SEDF (background); xiii) dry season YL SEDF; xiv) &

xv) wet season YL SEDF.



Chapter 3. Contemporary site conditions 69

3.8 Disturbances in SASDTF

As has been discussed in chapter 2, two of the key disturbances thought
to control the stability of tropical dry forest or savanna, are fire and land
clearance. The presence of both in SASDTF as they relate to the contempo-
rary landscape across the ecoregion and at the crater lake sites is discussed
below.

Across more rural parts of mainland south-east Asia, including Ratanakiri,
the most common cause of anthropogenic fire is from swidden agriculture,
which uses fire to clear forest understorey and manage land for grazing,
thatching or cropping (Maxwell 2004). Traditional farming within Ratanakiri
involves the burning of swidden plots during the dry season and planting
at the start of the wet season. Plots are characteristically used from one to
five years, after which they are left to regenerate (fallow) for five to 20 years,
depending on soil quality and length of cultivation (Stott et al. 1990, Fox
and Vogler 2005, Wanthongchai and Golder 2011). Old growth forests and
especially spiritual sites, including many lakes, have traditionally been off-
limits with regards to swidden farming and selective logging (Colm 1997,
Fox and Vogler 2005).

While shifting cultivation is thought to be sustainable at low population
numbers, it has been increasingly attributed to forest degradation across the
SASDTF ecoregion (Colm 1997). As with most agriculture, slash-and-burn
farming tends to be concentrated in regions with reasonably good soil fer-
tility. These zones typically support SEDF, intermediate MDF/SEDF and,
in some cases, denser MDF types. DDF and drier-type MDF units grow in
soils too infertile for agriculture, and are normally precluded from direct
slash-and-burn techniques. However, people set fires to the dry deciduous
forests (alongside their denser counterparts) for the purpose of harvesting
valuable timber species, construction of paths or roadways, and for herd-
ing and hunting (van Liere and McNeely 2005). Accidental burns may also
occur in all forest types from flame-escape from slash-and-burn techniques
or ignition from smoking or campfires (Maxwell and Cox 2011).

Large scale loss of dry forest across much of south-east Asia in recent decades
has triggered attempts to exclude fire from protected areas (Stott et al. 1990,
Wanthongchai and Goldammer 2011), including Virachey National Park
(north of Tonlé San). This management technique, however, is often argued
to be counterproductive, and even damaging to the forest in the long-term
given the inherent role of regular fire in the ecoregion (especially in MDF
and DDF) and that the accumulation of several years worth of ground fuels
can cause high-intensity, destructive fires (Maxwell and Cox 2011). Logisti-
cally, it has proved challenging to preclude traditional land-use practices in
protected areas (Stott et al. 1990).

3.8.1 Changing land-use

Prior to the 1950s, the forests of northeast Cambodia were commonly per-
ceived as wild and inhabited by dangerous animals, hostile semi-nomadic
ethnic groups, and capricious spirits (Wanthongchai and Goldammer 2011).
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Efforts to “modernise” Ratanakiri were instigated from 1953 to 1959, culmi-
nating in the development of an administrative plan for the region. This
included forced migration of highland villagers from forests to more con-
centrated communities along the Tonlé San and road ways (Bourdier 1998).
Throughout this time, the recreational potential of Yeak Loam was realised,
resulting in the construction of a chalet and roads on the lake shores (Colm
1997). However, the development of the province was largely disrupted
by a period of conflict associated with the second Indochina war, Cambo-
dian civil war, the establishment of the Khmer Rouge regime and unrest
thereafter, extending from approximately 1967 to the 1998 (Riebe 1999). The
changing socio-political environment associated with, and especially after
this period, has resulted in a significant change to the traditional swidden-
based management of the local forests.

Though Cambodia was not directly engaged in the Indochina War, north-
east Ratanakiri was located within the vicinity of the Ho Chi Mihn trail,
and thus US bombing spilt over into Ratanakiri from the late 1960s to 1973
(Maxwell and Cox 2011). This is argued to have instigated migration in
the region, including retreat of the highlanders out of their villages into
the lowland forests (You et al. 2015). Additionally, civil conflict between
the Lon Nol administration and the Khmer Rouge as part of the Cambo-
dian Civil War resulted in localised bombing of Ratanakiri — particularly in
the vicinity of Ban Lung. This eventuated in the destruction of Yeak Loam
infrastructure (Colm 1997). Throughout this period, many local villagers
were relocated south to what is now the Lumphat District (Riebe 1999).
Forced migration of the indigenous population of north-east Cambodia be-
came a feature of the Khmer Rouge regime (Riebe 1999), who took control of
the region between 1970 and 1979 (Riebe 1999, You et al. 2015). This initially
shifted the geographic bounds of traditional swidden plots, and later this
farming practice, alongside the collection of forest products, was banned
(Maxwell and Cox 2011). This forced seven to eight year hiatus in swidden
farming is thought to have increased the amount of canopy cover in the
province (You et al. 2015). Under the “cooperation schemes” implemented
by the regime, local communities were engaged in state-mandated labour,
including rain-fed rice paddy cultivation, small scale corn and sugar cane
cropping and commercial hunting for bush meat and wildlife trade (Fox
and Vogler 2005). From 1979 to the 1980s, conflict between the Vietnamese
and the Khmer Rouge left Ratanakiri province relatively cut off from the
rest of the country.

As the political setting of Cambodia became more stable in the 1990s, and
the country was becoming increasingly connected with international mar-
kets, land use within the region underwent significant shifts (Colm 1997,
Loucks et al. 2009, Maxwell and Cox 2011, You et al. 2015). Most of this
is related to the revaluation of forested land for hunting, extractable timber
and alternate use, particularly with regard to development of large scale
land concessions (International Organization for Migration 2009, Maxwell
and Cox 2011). The increased focus on seasonal forests for commercial (in-
cluding illegal) timber harvesting has resulted in the degradation and open-
ing of the forest canopy in both in Ratanakiri and more broadly in the ecore-
gion (Hansen and Top 2006, Hor et al. 2014). Recognition of the impacts of
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forest degradation — perceived to be related to swidden agricultural prac-
tices and logging — and attempts to increase wildlife across the region saw
the designation of protected areas in the 1990s. Within Ratanakiri, these
include Virachey National Park in the north of the province (declared in
1993), Lumphat Wildlife Sanctuary, including Yeak Mai (designated 1993),
and Nsok Protected Forest designated 1999. The location of these is shown
in figure 3.11. Management of Virachey and Lumphat protected areas only
commenced in the late 1990s in collaboration with various international or-
ganisations, including WWF (Hansen and Top 2006, Kao and Iida 2006).
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(2015).

One of the most dramatic contemporary land use changes occurring in
Ratanakiri is the development of large-scale economic land concessions for
the development of coffee, rubber and cashew plantations, and for other
estate cash crops (e.g. cassava) (Maxwell and Cox 2011). This process has
resulted in the consolidation and replacement of traditional swidden prac-
tices in the province and increased fragmentation and large-scale clearance
of SASDTF units (Hor et al. 2014, Li et al. 2014, You et al. 2015). While
this has been particularly concentrated in SEDF and secondary basaltic red
earth forests, it is also prevalent in some deciduous dry forest units (Hor et
al. 2014). The scale of these operations has led to significant degradation
of the ecological intergrity of the region (McKenny et al. 2004, Hansen and
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Top 2006, Sodhi et al. 2010, ODC 2015).

The extent of forest clearance in Ratanakiri through time can be observed
from forest-cover maps produced from satellite images by International Or-
ganization for Migration (2009) between 1973 and 2014, replicated in Figure
3.11. Because plantations were included as “mixed forest” in this study un-
til 2014, it is more useful to look at percentage change in dense forest cover
to gauge relative timing of land conversion across the province. Most sig-
nificant is the 36% drop in dense forest between 2004 and 2009. As of 2014
(which segregated plantations from mixed forest), dense forest and mixed
forest represent approximately 47% and 112% of their estimated 1973 areas.
Decline in dense forest is speculated to be a result of the clearance of more
of the SEDF basaltic red earth forests across the central Ratanakiri volcanic
province to support larger rural populations (and associated farming prac-
tices) and the development of plantations. The increase in the estimated
percent of mixed forest throughout this time may be related to degrada-
tion of SEDF units (previously classified as dense forest), decreased area of
swidden plots (previously classified as non-forest) or regeneration of DDF,
MDF and shrubland across the region.
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4 Lake core sedimentology and
geochemistry

4.1 Introduction

This chapter aims to characterise physical and geochemical properties of
the crater lake sediments in order to determine the type of sediment present,
the mechanisms by which these sediments have accumulated, and any post-
depositional modification. These data will provide a proxy record of cli-
matic, environmental and land-use change to which palaeo-botanical and
palaeo-fire records (chapter 5) can be compared.

The first section describes the techniques used for the extraction of long
sediment cores from three of the Ratanakiri volcanic crater lakes described
in chapter 3 — Yeak Oam, Yeak Loam, and Yeak Mai. Methods used to
develop a chronology for, and characterise the stratigraphy, environmen-
tal magnetism, sedimentology and geochemistry of the sediment cores are
then presented. The results of these techniques are then outlined, grouped
by lake-site. This chapter then concludes by integrating the age-depth and
sedimentological results for each master core to develop a model of sed-
iment input to the lake sites. This is used to facilitate the palaeoclimatic
reconstruction for the study area discussed in 6.

4.2 Methods

4.2.1 Justification for core sample selection

Yeak Mai, Yeak Loam and Yeak Oam were initially selected for sedimen-
tological analysis based on variations in site forest type, catchment mor-
phology and (recent) anthropogenic disturbance (see chapter 3 for details).
‘Master cores’ from Yeak Loam and Yeak Mai were then selected for finer-
scale sedimentological and geochemical analysis. The Yeak Mai core was
significantly longer than the gravity cores taken from the deeper lakes, and
represented the only core within the set taken from both a shallow lake
site and a relatively undisturbed dry dipterocarp forest unit catchment.
The Yeak Loam master core was selected for detailed analysis based on its
length, the distance from Yeak Mai (permitting a regional scale analysis),
and its moderate-level of (presumably recent) anthropogenic disturbance.
Analysis of a long (15 m core) from Yeak Kara (semi-evergreen dry forest
catchment within regional dry deciduous forest) by Maxwell (2001, 2004)
provides a valuable comparative data set to the original data presented
here.
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4.2.2 Core sampling

Initially, five cores were extracted from the Yeak Oam (x2), Yeak Loam (x2)
and Yeak Mai (x1) lake sites that are described in chapter 3. Core sampling
was undertaken over three field seasons in December 2011, July 2012, and
April 2013. The techniques used for lake sediment sampling were deter-
mined by water depth, with gravity coring used to sample the deep lakes
(Yeak Oam and Yeak Loam) and pushtube and percussion coring used to
sample the much shallower Yeak Mai.

4.2.3 Gravity cores

Yeak Oam and Yeak Loam lake sediments were sampled using a piston
gravity corer in July 2012 and December 2011 respectively. Two core sam-
ples (master and replicate) were taken from each of the lake sites approx-
imately 2 m apart such that they could be stratigraphically compared (via
visual logging and analysis of magnetic susceptbility) in order to confirm
that the captured sediments represented undisturbed lake bottom samples.
The coring sites were located at the deepest portion of the lakes — as deter-
mined by the results of a bathymetric survey described in Sharma (2014).
Sampling locations were recorded using Trimble Nomad GPS device (lati-
tude and longitude translated into UTM zone 48N [WGS 84]).

The coring device — comprising a corer body with steering fins and 18 kg
lead weights (figure 4.1), based on the design of Kelts et al. (1986) — was
clamped to 60 mm � (55 mm internal �), 3 m long PVC pipe. A piston
was mounted in the bottom of the PVC pipe and attached to the coring
head with a 6 m long steel wire. The corer was suspended from an A-frame
mounted on an aluminium deck above two inflatable boats. The corer was
deployed through a moon pool in the deck between the two boats, and low-
ered through the water column until a weighted trigger plate, suspended
3 m below the PVC coring barrel, hit the lake floor. The coring device was
then automatically released and free fell 3 m, driving the PVC tube into the
sediment as the piston cable pulled taught. Following release, the appara-
tus was recovered using a hand-operated winch.

Core tubes were cut to one-meter sections using a pipe cutter, capped, and
sealed for transportation to the School of Geosciences laboratories at the
University of Sydney for analysis. The location of the Yeak Oam and Yeak
Loam core sites is shown on figure 4.2.

4.2.4 Push tube and percussion coring

A long sediment core was extracted from Yeak Mai using push- and percussion-
coring techniques in April 2013. As with the Yeak Oam and Yeak Loam
cores, the sampling location was determined at the deepest portion of the
lake and recorded using a Trimble Nomad GPS device. No replicate core
was extracted from Yeak Mai due time limitations associated with percus-
sion (vs. gravity) coring.
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FIGURE 4.1: Gravity coring device.

A series of 60 mm �(55 mm internal �) PVC pipes (2.5 to 3 m long, each
with one fluted end) were transported to the sample location on the above-
described inflatable boat set-up. A piston attached to a cord was placed at
the non-fluted end of the leading pipe (which was sharpened with a bevel-
ling tool to form a make-shift cutting shoe). The piston cord was threaded
through the core barrel, and the pipe was backfilled with lake water from
the top to equalise the pressure within the core barrel and keep the piston
at the bottom of the core pipe.

The core tube was lowered vertically (at the same rate as the piston cord)
through the moon pool until 0.5 to 1 m of pipe was protruding from the
water surface. The piston cord was then threaded through the next tube
length (fluted end up), and the top of the first pipe was secured to the next
length using three short screws (approx. 20 cm overlap between pipes). The
second length was backfilled, and the pipes progressively lowered until the
water/sediment interface was reached.

The piston cord was then secured to an aluminium A-frame constructed
above the moon pool, and the pipes were manually pushed vertically into
the sediment (connecting extra lengths as previously described) until re-
fusal. The protruding pipe was then fitted with a percussion hammer and
collar, and the pipes hammered into the sediment until refusal – figure 4.3.

The core was recovered using a hand-operated winch (attached to the A-
frame), cut to 1.5m sections using a pipe cutter, and capped and taped for
transportation to the geoscience laboratories at the University of Sydney for
analysis. The location of the Yeak Mai core site is shown on figure 4.2.
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4.2.5 Core splitting and logging

The lake sediment cores were split at the University of Sydney. Each core
section was clamped to a worker’s bench and the encasing PVC pipe was
cut lengthways down opposite sides of the core barrel using a circular saw.
Cuts were made to a depth of approximately 2mm in order to clear the PVC
pipe without significantly disturbing the core sediment. The core caps were
cut in half with a hacksaw such that, upon completion, the pipe was sev-
ered into two half-cylinders, and the sediment was relatively intact. The
cores were then carefully transported to a lab bench, and the sediments
separated into two halves by progressively cutting the core with a paint
scraper, ensuring that it was cleaned between cuts. Once in two splits, the
core surface was gently scraped parallel to the assumed bedding plane to
remove any sediment contamination that could have occurred during split-
ting, and provide a “clean” surface for photographing and logging. One
split from each core was then sealed in cling film and core bags, and stored
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FIGURE 4.3: PVC core barrels being hammered into the sed-
iment using percussion coring techniques.

in the laboratory refrigerator at 3 ◦C as an archive. The working split was
then photographed. Yeak Oam and Yeak Loam master and replicate core
samples were determined on the basis of their length, with the longer cores
(presumed to be older at the base) favoured as master cores. These include
YO0712B (replicate: YO0712C) and YL1211B (replicate: YL1211A).

Following splitting and photographing, the working splits from Yeak Mai
and the Yeak Oam and Yeak Loam master and replicate cores were logged
at a macro-scale in order to delimit units, cross-correlate cores (where rele-
vant), and obtain a preliminary understanding of the sedimentary compo-
sition of each unit. All cores were logged within a week of splitting with the
exception of YL1211A, which was logged 7 months after splitting. YL1211B
and YM0413B — selected for palaeo-botanical analysis — were also logged
at microscopic scale. This provides a non-destructive means of determining
which layers to target for radiometric dating and microfossil analysis, and
is important for back-validating any ecological changes observed in proxy
records. Additionally, it provides a preview of environmental proxy types
archived in the sediments.

Core logging methods and nomenclature follow Schnurrenberger et al. (2003).
Major units, or beds, were first measured and delimited, and the texture,
colour and macro-structures within each described. Colour was determined
from comparison with Munsell colour charts (Munsell Colour 1994) and
boundaries and thickness were assessed according parameters set out in
Schnurrenberger et al. (2003). Texture was qualitatively estimated by rub-
bing a small sample from each bed between the fingers (though, due to
the fine nature of the sediment, this was mostly determined through the
microscopic component analysis described below). Macro-analysis logs
were produced for YL1211A, YO0712B and YO0712C in Strater version 3.0
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(Golden Software 2012) following the macro-bed description scheme out-
lined in Schnurrenberger et al. (2003).

Smear slide samples were taken from YM0413B and YL1211B every 10 to
30 cm, or at every new bed during the macro-logging process. Slides were
constructed by taking a small (quarter thumb-nail-sized) sediment sample,
thinly smearing it on a glass cover slip to dry before mounting it on a glass
slide using a high refractive index mountant (Naphrax). These were exam-
ined at ×100 magnification and a percentage estimate of different sedimen-
tary components made. Unusual clastic minerals were identified under an
Olympus BH-2 polarizing light microscope at×100 and×200 magnification
following MacKenzie and Adams (2007). Percentage estimates were used
to describe and classify sediments using descriptors outlined in Schnur-
renberger et al. (2003). All observations were compiled into a Strater log
version 3.0 (Golden Software 2012) following the bed description scheme
outlined in Schnurrenberger et al. (2003) (i.e. Colour, Bedding, Major Mod-
ifier, Principal Name, Minor Constituents).

4.2.6 Core chronology

Bulk sediment samples extracted from cores taken from the Yeak Loam (two
samples) and Boeng Lumkut (one sample) have been previously dated by
Maxwell (1999). Based on the preliminary dates obtained from this study,
it is expected that the sedimentation rate across the lakes is relatively high
(linear interpolation for both cores is roughly 1 mm/year). As such, it was
expected that radiocarbon dating techniques were temporally appropriate
for dating the Yeak Loam, Yeak Oam and Yeak Mai lake sediment cores.

Sample extraction and target material

The near absence of visible macro-organic materials (large twigs or leaves)
observed in the sediment cores during logging and sampling meant that
macro-charcoal (generally greater than 250 µm, but in some cases greater
than 105 µm) was used as a source of datable carbon for this study. How-
ever, several small leaf/twig fragments were opportunistically selected for
analysis where possible, and bulk (or undifferentiated) organic samples
were used at depths where very little terrestrial carbon material could be
recovered. Given the generally small mass of these samples, AMS radio-
carbon dating techniques were considered the preferable method for de-
termining the 14C concentration of the samples. Sample depths were se-
lected on the basis of: 1) the provenance of the sample materials (leaves
and twigs representing a clear terrestrial signal were favoured); 2) the rela-
tive abundance of available dateable materials — particularly with regard
to the charcoal samples (initially determined through analysis of smear
slides, and later from the quantification of charcoal/pollen abundance dur-
ing palaeo-fire analysis [see chapter 5]), and; 3) the proximity of the samples
both to unit boundaries (favoured) and to other samples (avoided).

In total, 51 date samples were extracted from five cores representing three
lake sites (Yeak Mai, Yeak Loam and Yeak Oam). Forty of these samples
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were submitted for analysis to three different laboratories, and 38 dated us-
ing AMS 14C dating techniques (details of sample types, depths and prepa-
ration techniques are listed on table 4.1). Three samples were analysed from
each YO0712B, Y00712C and YL1211A (9 samples in total). Twenty-six sam-
ples were extracted from YL1211B (17 submitted for dating), and 15 from
YM0413B (11 submitted for dating).

Prior to laboratory submission, the samples selected for dating were pre-
treated using a variety of physical and chemical techniques to isolate the
target material (listed on table 4.1) in order to avoid contamination by local
reservoir effects from 14C in the water column that can be fixed and se-
questered to the sediment by aquatic algae (Uchikawa et al. 2008). As these
techniques did not always results in the successful extraction of a “clean”
terrestrial source of carbon, several methods were applied for each sample
type, some involving several iterations. These are outlined (grouped by
methods) below. A flow chart showing the chronological ordering of these
techniques as well as a summary of issues posed along the way is shown
on figure 4.4.

Technique: extraction of macro-
organic materials (leaves, twigs, wood, 

charred wood)
Issues: very little macro-organic 

material in core sediments
Submission: unwashed, charred 

wood (YO0712C) and leaf (YO0712B) 
samples (lab ID: 351543 - 351548)

Technique: attempted extraction of 
plant microfossil samples

Issues: could not isolate terrestrial 
microfossil samples

Submission: bulk organic samples 
(YL1211A & YL1211B 

[lab ID 351537 – 351542])

Technique: attempted extraction of 
macro-charcoal samples. Batch 1: 

sieving and HF digestion
Issues: small sample size, could not 

isolate charcoal from other organics and 
meet min. submission size (10mg)
Submission: charcoal with some 
organic material (YL1211B; lab ID 
D-AMS 005057- D-AMS 005062)

Technique: attempted density 
separation of plant microfossil 

samples
Issues: could not isolate terrestrial 

microfossil samples from algae
Submission: none

Technique: attempted extraction of 
leaf lipids from core sediments
Issues: a very small/ no extract 

produced
Submission: none

Technique: attempted extraction of 
macro-charcoal samples. Batch 2: sieving, 

KOH, NaClO & HF digestions
Issues: small sample size, could not isolate 
charcoal from other organics and meet min. 

submission size (10mg)
Submission: charcoal with some organic 

material (YL1211B [lab ID: D-AMS 005779 - 
D-AMS 005784]; YM0413B [lab ID: D-AMS 

007865; D-AMS 007866]) and large 
charcoal fragment (YM0413B [lab ID: 

D-AMS 008225])

Technique: extraction of bulk organic 
sample.

Issues: does not produce an isolated 
terrestrial carbon signal

Submission: YM0413B (lab ID: 
D-AMS 007864, D-AMS 007868 & 

D-AMS 007869)

Technique: extraction of clean macro-
organic materials 

Issues: requires small sample 
techniques to date

Submission: 1 x leaf sample 
(YL1211B [lab ID: OZT363]); 1 x 

fibrous organic fragment (YM0413B 
[lab ID: OZT365])

Technique: extraction of macro-charcoal 
samples. Batch 3: physical isolation of 

clean charcoal fragments
Issues: requires small sample 

techniques to date
Submission: macro-charcoal fragments 
(YL1211B [lab ID: OZT362 & OZT364]; 
YM0413B [lab ID: OZT366 - OZT369])

2015

2014

2013
i

ii

iii
iv

v

vi vii

viii

ix

FIGURE 4.4: Progress flow diagram showing the techniques
used in attempt to extract a terrestrial carbon signal from

the lake core sediments.
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TABLE 4.1: Depth, type and pretreatment details (pre-submission and laboratory) of samples selected for AMS radiocarbon dating from
Yeak Loam, Yeak Oam and Yeak Mai sediment cores.

Core ID M
id-sam

ple
depth

(cm
)

Sam
ple

thickness
(cm

)

Target sample
material

Pre-submission treatment Pre-
sub-
mission
treat-
ment
date

Actual sample material Laboratory Sample
ID

Laboratory
pre-
treatment

Laboratory dating
technique

A
nalysed

for
1
4C

?

YL1211A 16.25 0.5 pollen conc. >105 µm wet sieve; KOH
(10%); NaClO (6%); HF (50%)

May-13 bulk organic Beta 351537 acid washes AMS radiocarbon
dating

Yes

YL1211A 85.75 0.5 pollen conc. >105 µm wet sieve; KOH
(10%); NaClO (6%); HF (50%)

May-13 bulk organic Beta 351538 acid washes AMS radiocarbon
dating

Yes

YL1211A 177.25 0.5 pollen conc. >105 µm wet sieve; KOH
(10%); NaClO (6%); HF (50%)

May-13 bulk organic Beta 351539 acid washes AMS radiocarbon
dating

Yes

YL1211B 13 1 macro-charcoal >105 µm wet sieve;
KOH(10%); NaClO(6%);
HF (50%)

Jan-14 >105 µm charcoal with some or-
ganic material

DirectAMS D-AMS
005779

acid/ base/
acid

AMS radiocarbon
dating

Yes

YL1211B 15.25 0.5 macro-charcoal >250 µm wet sieve Oct-13 >250 µm charcoal with some or-
ganic material

DirectAMS D-AMS
005057

acid/ base/
acid

AMS radiocarbon
dating

Yes

YL1211B 19.5 1 pollen conc. >105 µm wet sieve; KOH
(10%); NaClO (6%); HF (50%)

May-13 bulk organic Beta 351540 acid washes n/a No

YL1211B 36 1 pollen conc. HCL (10%); HF(50%);
HNO3(10%); KOH(10%);
wet sieve (<105 µm); LST
density separation

Feb-15 bulk organic unsubmitted n/a n/a n/a No

YL1211B 36 1 macro charcoal >250 µm wet sieve; freeze
dry; pluck

Nov-15 >250 µm charcoal fragments -
small sample

ANSTO OZT362 acid/ base/
acid

small sample AMS
radiocarbon dating

Yes

YL1211B 65.5 1 leaf lipid extract freeze dry; DCM:MeOH (9:1);
wash through silica column
(hexane)

Dec-14 insignificant lipid (?) sample unsubmitted n/a n/a n/a No

YL1211B 70.25 0.5 macro-charcoal >250 µm wet sieve Oct-13 >250 µm charcoal with some or-
ganic material

DirectAMS D-AMS
005058

acid/ base/
acid

AMS radiocarbon
dating

Yes

Continued. . .
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Core ID M
id-sam

ple
depth

(cm
)

Sam
ple

thickness
(cm

)

Target sample
material

Pre-submission treatment Pre-
sub-
mission
treat-
ment
date

Actual sample material Laboratory Sample
ID

Laboratory
pre-
treatment

Laboratory dating
technique

A
nalysed

for
1
4C

?

YL1211B 71.5 1 macro-charcoal >105 µm wet sieve;
KOH(10%); NaClO(6%);
HF (50%)

Jan-14 >105 µm charcoal with some or-
ganic material

DirectAMS D-AMS
005780

acid/ base/
acid

AMS radiocarbon
dating

Yes

YL1211B 80.75 0.5 macro-charcoal >250 µm wet sieve Oct-13 >250 µm charcoal with some or-
ganic material

DirectAMS D-AMS
005059

acid/ base/
acid

AMS radiocarbon
dating

Yes

YL1211B 84.5 1 macro-charcoal >105 µm wet sieve; KOH
(10%); NaClO (6%); HF (50%)

Jan-14 >105 µm charcoal with some or-
ganic material

DirectAMS D-AMS
005781

acid/ base/
acid

AMS radiocarbon
dating

Yes

YL1211B 87.75 0.5 pollen conc. >105 µm wet sieve; KOH
(10%); NaClO (6%); HF (50%)

May-13 bulk organic Beta 351541 acid washes AMS radiocarbon
dating

Yes

YL1211B 101.5 1 pollen conc. HCL (10%); HF(50%);
HNO3(10%); KOH(10%);
wet sieve (<105 µm); LST
density separation

Feb-15 bulk organic unsubmitted n/a n/a n/a No

YL1211B 123.5 1 leaf lipid extract freeze dry; DCM:MeOH (9:1);
wash through silica column
(hexane)

Dec-14 insignificant lipid (?) sample unsubmitted n/a n/a n/a No

YL1211B 125.25 0.5 macro-charcoal >250 µm wet sieve Oct-13 >250 µm charcoal with some or-
ganic material

DirectAMS D-AMS
005060

acid/ base/
acid

AMS radiocarbon
dating

Yes

YL1211B 126.5 1 macro-charcoal >105 µm wet sieve; KOH
(10%); NaClO (6%); HF (50%)

Jan-14 >105 µm charcoal with some or-
ganic material

DirectAMS D-AMS
005782

acid/ base/
acid

AMS radiocarbon
dating

Yes

YL1211B 145 1 leaf fragments >250 µm wet sieve; freeze
dry; pluck

Nov-15 leaf fragments ANSTO OZT363 acid washes small sample AMS
radiocarbon dating

Yes

YL1211B 146.5 1 pollen conc. HCL (10%); HF(50%);
HNO3(10%); KOH(10%);
wet sieve (<105 µm); LST
density separation

Feb-15 bulk organic unsubmitted n/a n/a n/a No

YL1211B 174.75 0.5 macro-charcoal >105 µm wet sieve; KOH
(10%); NaClO (6%); HF (50%)

Jan-14 >105 µm charcoal with large leaf
fragment some organic material.

DirectAMS D-AMS
005783

acid/ base/
acid

AMS radiocarbon
dating

Yes

Continued. . .
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Core ID M
id-sam

ple
depth

(cm
)

Sam
ple

thickness
(cm

)

Target sample
material

Pre-submission treatment Pre-
sub-
mission
treat-
ment
date

Actual sample material Laboratory Sample
ID

Laboratory
pre-
treatment

Laboratory dating
technique

A
nalysed

for
1
4C

?

YL1211B 175.25 0.5 macro-charcoal >250 µm wet sieve Oct-13 >250 µm charcoal with some or-
ganic material

DirectAMS D-AMS
005061

acid/ base/
acid

AMS radiocarbon
dating

Yes

YL1211B 188.5 1 pollen conc. HCL (10%); HF(50%);
HNO3(10%); KOH(10%);
wet sieve (<105 µm); LST
density separation

Feb-15 bulk organic unsubmitted n/a n/a n/a No

YL1211B 200.5 1 leaf lipid extract freeze dry; DCM:MeOH (9:1);
wash through silica column
(hexane)

Dec-14 insignificant lipid (?) sample unsubmitted n/a n/a n/a No

YL1211B 203 1 pollen conc. HCL (10%); HF(50%);
HNO3(10%); KOH(10%);
wet sieve (<105 µm); LST
density separation

Feb-15 bulk organic unsubmitted n/a n/a n/a No

YL1211B 203 1 macro charcoal >250 µm wet sieve; freeze
dry; pluck

Nov-15 >250 µm charcoal fragments -
small sample

ANSTO OZT364 acid/ base/
acid

small sample AMS
radiocarbon dating

Yes

YL1211B 206.5 1 macro-charcoal >105 µm wet sieve; KOH
(10%); NaClO (6%); HF (50%)

Jan-14 >105 µm charcoal with some or-
ganic material

DirectAMS D-AMS
005784

acid/ base/
acid

AMS radiocarbon
dating

Yes

YL1211B 208.75 0.5 macro-charcoal >250 µm wet sieve Oct-13 >250 µm charcoal with some or-
ganic material

DirectAMS D-AMS
005062

acid/ base/
acid

AMS radiocarbon
dating

Yes

YL1211B 209.75 0.5 pollen conc. >105 µm wet sieve; KOH
(10%); NaClO (6%); HF (50%)

May-13 bulk organic Beta 351542 acid washes AMS radiocarbon
dating

Yes

YM0413B 46.5 1 fibrous organic
fragment

>250 µm wet sieve; freeze
dry; pluck

Nov-15 fibrous organic fragment ANSTO OZT365 acid washes small sample AMS
radiocarbon dating

Yes

YM0413B 100.5 1 pollen conc. HCL (10%); HF(50%);
HNO3(10%); KOH(10%);
wet sieve (<105 µm); LST
density separation

Feb-15 bulk organic unsubmitted n/a n/a n/a No

Continued. . .
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Core ID M
id-sam

ple
depth

(cm
)

Sam
ple

thickness
(cm

)

Target sample
material

Pre-submission treatment Pre-
sub-
mission
treat-
ment
date

Actual sample material Laboratory Sample
ID

Laboratory
pre-
treatment

Laboratory dating
technique

A
nalysed

for
1
4C

?

YM0413B 141 1 macro-charcoal >250 µm wet sieve; freeze
dry; pluck

Nov-15 >250 µm charcoal fragments -
small sample

ANSTO OZT366 acid/ base/
acid

small sample AMS
radiocarbon dating

Yes

YM0413B 206.5 1 bulk sediment nil Mar-14 bulk sediment DirectAMS D-AMS
007868

acid/ base/
acid

AMS radiocarbon
dating

Yes

YM0413B 207.25 0.5 macro-charcoal >250 µm wet sieve; KOH
(10%); NaClO (6%); HF (50%)

Mar-14 >250 µm charcoal and organic
material (small rootlets, wood
fragments and unidentified or-
ganic material).

DirectAMS D-AMS
007865

acid/ base/
acid

AMS radiocarbon
dating

Yes

YM0413B 299.5 1 macro-charcoal >250 µm wet sieve; KOH
(10%); NaClO (6%); HF (50%)

Mar-14 >250 µm charcoal and organic
material (small rootlets, wood
fragments and unidentified or-
ganic material).

DirectAMS D-AMS
007866

acid/ base/
acid

AMS radiocarbon
dating

Yes

YM0413B 300.5 1 bulk sediment nil Mar-14 bulk sediment DirectAMS D-AMS
007869

acid/ base/
acid

AMS radiocarbon
dating

Yes

YM0413B 376 1 macro-charcoal >250 µm wet sieve; freeze
dry; pluck

Nov-15 >250 µm charcoal fragments -
small sample

ANSTO OZT367 acid/ base/
acid

small sample AMS
radiocarbon dating

Yes

YM0413B 447 1 macro-charcoal >250 µm wet sieve; freeze
dry; pluck

Nov-15 >250 µm charcoal fragments -
small sample

ANSTO OZT368 acid/ base/
acid

small sample AMS
radiocarbon dating

Yes

YM0413B 521.5 1 pollen conc. HCL (10%); HF(50%);
HNO3(10%); KOH(10%);
wet sieve (<105 µm); LST
density separation

Feb-15 bulk organic unsubmitted n/a n/a n/a No

YM0413B 522.5 1 macro-charcoal >250 µm wet sieve; freeze
dry; pluck

Nov-15 >250 µm charcoal fragments -
small sample

ANSTO OZT369 acid/ base/
acid

small sample AMS
radiocarbon dating

Yes

YM0413B 534.25 0.5 macro-charcoal rinse Sep-14 charcoal (1cm2 fragment) DirectAMS D-AMS
008225

acid/ base/
acid

Yes

Continued. . .
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Core ID M
id-sam

ple
depth

(cm
)

Sam
ple

thickness
(cm

)

Target sample
material

Pre-submission treatment Pre-
sub-
mission
treat-
ment
date

Actual sample material Laboratory Sample
ID

Laboratory
pre-
treatment

Laboratory dating
technique

A
nalysed

for
1
4C

?

YM0413B 536 1 lipid extract
sample

freeze dry; DCM:MeOH (9:1);
wash through silica column
(hexane)

Dec-14 insignificant lipid (?) sample unsubmitted n/a n/a n/a No

YM0413B 538.5 1 bulk sediment nil Mar-14 bulk sediment DirectAMS D-AMS
007864

acid/ base/
acid

AMS radiocarbon
dating

Yes

YM0413B 539.5 1 macro-charcoal >250 µm wet sieve;
KOH(10%); NaClO(6%);
HF (50%)

Mar-14 >250 µm charcoal and organic
material (small rootlets, wood
fragments and unidentified or-
ganic material).

DirectAMS not as-
signed

acid/ base/
acid

n/a No

YO0712B 16.75 1.5 leaf fragments freeze dry; pluck Jun-13 plant material with some algal
material

Beta 351543 acid washes Yes

YO0712B 62.25 0.5 leaf fragments freeze dry; pluck Jun-13 plant material with some algal
material

Beta 351544 acid washes Yes

YO0712B 172.75 1.5 leaf fragments freeze dry; pluck Jun-13 plant material with some algal
material

Beta 351545 acid washes Yes

YO0712C 20.5 1 wood & charred
wood/charcoal

freeze dry; pluck Jun-13 wood & charred wood/charcoal
with trace of algae throughout

Beta 351546 acid washes Yes

YO0712C 56.5 1 wood & charred
wood/charcoal

freeze dry; pluck Jun-13 wood & charred wood/charcoal
with trace of algae throughout

Beta 351547 acid washes Yes

YO0712C 100.5 1 wood & charred
wood/charcoal

freeze dry; pluck Jun-13 wood & charred wood/charcoal
with trace of algae throughout

Beta 351548 acid washes Yes
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Pre-submission sample treatment

Macro-organic material — leaf, wood and charred wood fragments

Three points in each of the Yeak Oam sediment records (notionally from
the top, middle and base of each core) were targeted for extraction of small
remains of macro-organic material (i.e. leaf, wood and charred wood frag-
ments) (n=6) (table 4.1). Three, contiguous 5 mm sediment samples (sub-
samples) were taken from these targeted depths (n=18). Each sub-sample
was placed into a clean plastic sample jar and frozen overnight. Following
freezing, the jar lids were removed, and the samples immediately freeze-
dried using a Labconco Freezone 6 at approximately -50 ◦C until all mois-
ture was removed (approximately 6 hours). The dried samples were placed
on clean petri dishes and analysed at 5× to 15× magnification using an
Olympus SZ40 microscope. Sterilised tweezers were used to isolate macro-
organic samples of probable terrestrial origin. Sample isolates were placed
into individual 1.5 ml micro-vials. Contiguous samples were combined as
necessary to increase sample yield (>20 mg), aiming for a maximum sam-
ple thickness of 1.5 cm. Three charred wood samples were extracted from
YO0712C (20 to 21 cm [lab ID: 351546]; 55 to 56 cm [lab ID: 351547]; 100
to 101 cm [lab ID: 351548]) and three leaf fragment samples from YO0712B
(16 to 17.5 cm [lab ID: 351543]; 62 to 62.5 cm [lab ID: 351544] and 172 to
173.5 cm [lab ID: 351545]). These were submitted to Beta Analytic for AMS
radiocarbon dating in 2013 where they were subject to standard laboratory
acid-washes in HCL prior to analysis (Beta Analytic 2016).

Leaf fragments in YL1211B at 144.5 to 145.5 cm and a fibrous plant stem
sample in YM0413B at 49 to 50 cm were later extracted from their respective
core sediment subsamples by wet sieving (>250 µm mesh). Each large frac-
tion was then placed into sample jars with distilled water, and clean tweez-
ers used to isolate the target material from the remaining sample under an
Olympus SZ40 microscope at 5× to 15×magnification. Because of previous
issues presumed to be associated with groundwater carbon contamination
of the date samples, particular care was taken to make sure that the isolated
macro-organic samples were as pure as possible. The result of this process
meant that the final samples were small (<5 mg). As such, samples were
submitted to ANSTO laboratories for small sample technique AMS radio-
carbon analysis (YL1211B 144.5 to 145.5 cm [lab ID: OZT363]; YM0413B 46
to 47 cm [lab ID: OZT365]) in 2015. As with the Yeak Oam samples, these
macro organic samples were subject to standard laboratory acid-washes in
weak HCL prior to analysis.

Plant microfossil concentrates

Three points in each of Yeak Loam sediment records (notionally from the
top, middle and base of each core) were initially targeted for extraction of
a terrestrial pollen and spore concentrate (n=6) (table 4.1). Three, contigu-
ous 5 mm sediment samples were taken from the targeted depths (n=18)
and placed into clean 15 ml centrifuge tubes. Extraction of plant microfos-
sils followed standard methods for physical separation via wet sieving and
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removal of unsaturated of humic colloids and silicates through chemical di-
gestions in KOH (10%) and HF (50%) (Faegri and Iversen 1989). These steps
are detailed in appendix F]. Standard acetolysis techniques were replaced
by room temperature digestion in weak NaClO (1.5%) for approximately
2 minutes.

Due to the small size of pollen produced by many tropical plants, it was
not possible to separate specific pollen types by sieving (Brown et al. 1992),
and the abundance of chemically inert algae of similar size to the pollen and
spore assemblage meant that a ‘pure’ pollen sample could not be achieved.
As a result, the samples were submitted as bulk or ‘mixed’ organic sam-
ples to Beta Analytic for AMS 14C dating. YL1211A samples were extracted
from 16 to 16.5 cm (lab ID: 351537), 85.5 to 86 cm (lab ID: 351538) and 177
to 178 cm (lab ID: 351539), and YL1211B samples from 19 to 20 cm (lab
ID: 351540), 87.5 to 88 cm (lab ID: 351541), and 209.5 to 210 cm (lab ID:
351542). These samples were subject to standard laboratory acid-washes in
HCL prior to analysis (Beta Analytic 2016).

In attempt to extract a “purer” plant microfossil sample for radiocarbon
dating, density separation techniques outlined in Vandergoes and Prior
(2003) were later applied to two YM0413B samples (100 to 101 cm and 521
to 522 cm) and five YL1211B samples (35.5 to 36.5 cm, 101 to 102 cm, 146
to 147 cm, 188 to 189 cm and 202.5 to 203.5 cm). Sample selection depths
from YL1211B were based on the results of sedimentological and micro-
fossil analysis that are presented later on in this chapter and in chapter 5.
Specifically, sampling was focussed on points where the estimated abso-
lute abundance of pollen grains and spores (per dry cubic cm) were high,
and estimations of total organic matter (thought to mostly represent algae
content), comparably low. Selection of samples from YM0413B (not yet pro-
cessed for sedimentological and microfossil analysis at the time of extrac-
tion) was based on core position, with sediments at the top and base of the
core favoured for analysis. Samples were placed into 50 ml centrifuge tubes
and processed for density separation following methods outlined in ap-
pendix C. Following separation, each fraction was examined under a Zeiss
microscope at ×100 magnification, and the relative percentages of the re-
maining sample constituents visually estimated. Due to the high propor-
tion of algae still retained in the samples (see appendix C), none were sub-
mitted for radiocarbon dating.

Macro-charcoal

A total of 14 macro-charcoal extractions were attempted for YL1211B, and
eight for YM0413B. Charcoal isolation techniques were performed in three
iterations, which each iteration aiming to improve the total proportion of
charcoal whilst still maintaining a sufficient sample size for dating. The
need to alter extraction techniques between sample batches became appar-
ent from the results of previous radiocarbon analyses, which indicated con-
tamination of the charcoal with non-terrestrial sources of carbon. This was
particularly apparent from the results returned from the Yeak Loam sam-
ples. The chronological timeframe for these batch extractions in the context
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of the other attempted date sample extraction techniques is shown on figure
4.4.

Macro-charcoal extraction batch 1 (2013)

The first batch of macro-charcoal extractions was attempted on six sedi-
ment samples taken from YL1211B. The samples were wet-sieved through
a 250 µm mesh. The >250 µm fraction was retained and placed into individ-
ual 50 ml centrifuge tubes. Once excess water was removed via centrifug-
ing, the clastic component of the samples was digested by adding 4 to 5 ml
of 50% HF to each tube that were then placed into a hot water bath at 60 ◦C
for 40 minutes. Following silicate digestion, the samples were rinsed three
times with DI water, and the remaining samples were transferred into mi-
crovials using a clean glass pipette. Details of the charcoal isolation meth-
ods employed for round one samples are outlined in appendix C.

The extracted samples were assessed under an Olympus SZ40 microscope
at 10× to 20× magnification. They typically comprised a combination of
charcoal (approximately 40 to 55%) and other organic materials such as
micro-rootlets and algae. As physical isolation of charcoal fragments by
plucking could not be performed without the sample volumes dropping
well below the minimum 10 mg requirement of the selected laboratory (Di-
rectAMS), the whole organic samples were submitted for radiocarbon anal-
ysis. These include D-AMS 005057 (15.0 to 15.5 cm), D-AMS 005058 (70 to
70.5 cm), D-AMS 005059 (80.5 to 81 cm), D-AMS 005060 (125 to 125.5 cm),
D-AMS 005061 (175 to 175.5 cm), D-AMS 005062 (208.5 to 209 cm) (listed on
table 4.1).

Macro-charcoal extraction batch 2 (2014)

The second round of charcoal isolation for radiocarbon dating was per-
formed on a further six samples from YL1211B, and three from YM0413B.
While similar to techniques applied in round one, additional chemical di-
gestions were performed in attempt to reduce the overall proportion of
non-charcoal organic material and humic colloids in the samples. These
included digestion in 10% KOH and in 6% NaClO. Additionally, two macro
fractions were retained during the sieving phase (>250 µm and 105 to 250 µm)
so as to combine these in instances when the final sample weight was too
low for submission. Details of the charcoal isolation methods employed for
batch two charcoal samples are outlined in appendix C.

As with the batch one samples, the remaining sample materials were as-
sessed under an Olympus SZ40 microscope at 5× to 15× magnification.
While charcoal concentrations were slightly higher in the second batch (ap-
prox. 50 to 60%), there was still an appreciable amount of organic material
present in the final sample extracts. Both size fractions from all YL1211B
samples had to be combined to provide sufficient sample mass for AMS ra-
diocarbon analysis. The batch two samples were submitted to Direct AMS
laboratories, and include: D-AMS 005779 (12.5 to 13.5 cm), D-AMS 005780
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(71 to 72 cm), D-AMS 005781 (84 to 85 cm) D-AMS 005782 (126 to 127 cm),
D-AMS 005783 (174.5 to 175 cm), and D-AMS 005784 (206 to 207 cm).

The >250 µm fraction from YM0413B samples, (extracted from charcoal-
rich layers in the core sediments observed during smear slide analysis of
the core sediment) were also submitted to Direct AMS laboratories for ra-
diocarbon analysis. These include D-AMS 007865 (207 to 207.5 cm), D-AMS
007866 (299 to 300 cm) and a sample submitted from 539 to 540 cm that was
not assigned a laboratory number due its insufficient mass. This sample
was replaced by a platy, 1cm2 charcoal fragment found in core sediments
at 534 to 534.4 cm that was plucked from the core sediments with clean
tweezers and rinsed in DI water prior to submission (D-AMS 008225).

Macro-charcoal extraction batch 3 (2015)

The third round of charcoal isolation for radiocarbon dating was performed
on two samples extracted from YL1211B and five from YM0413B. These
samples were analysed at ANSTO laboratories. This facility has the capac-
ity to analyse radiocarbon samples yielding quantities of carbon ≤200 µg
(post processing) (Fink et al. 2004). As such, the isolation process was fo-
cused on producing as pure a charcoal sample as possible, regardless of
size.

The >250 µm fraction of the selected sediment samples (chosen on the ba-
sis of down-core distribution and the presence of relatively high charcoal
yields as determined from palaeo-fire analysis see chapter 5) was first iso-
lated by wet sieving. The large fraction was then placed into a sample
jar with DI water in attempt to wash away as much algae embedded in
the charcoal fragments as possible. Charcoal fragments were then care-
fully plucked from these sample jars under an Olympus SZ40 microscope at
20× to 25×magnification with tweezers, and placed into clean sample jars.
These were then submitted to ANSTO for AMS radiocarbon analysis. The
YL1211B samples include OZT362 (35.5 to 36.5 cm) and OZT364 (202.5 to
203.5 cm) while the YM0413B samples comprise OZT366 (140.5 to 141.5 cm),
OZT367 (375.5 to 376.5 cm), OZT368 (446.5 to 447.5 cm), and OZT369 (522
to 523 cm).

All batch one to three charcoal and charcoal and organic material samples
were pre-treated at their respective laboratories with standard acid-base-
acid washes in hot HCl, NaOH then HCl.

Bulk organics

Three bulk sediment samples were submitted from YM0413B at depths
adjacent to charcoal & organic material samples D-AMS 007866, D-AMS
007869 and the insufficiently sized sample at 539 to 540 cm in order to pro-
vide comparison samples to assess the potential for hard water contamina-
tion within Yeak Mai sediments. These samples were submitted to Direct-
AMS laboratories for AMS radiocarbon dating, and include D-AMS 007868
(206 to 207 cm), D-AMS 007869 (300 to 301 cm) and D-AMS 007864 (538 to
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539 cm). The samples were subject to a standard acid-base-acid laboratory
pre-treatment.

Leaf lipids

AMS radiocarbon dating of leaf lipids (plant n-alkanes) can eliminate prob-
lems of lake hard water contamination characteristic of bulk organic sedi-
ment samples by targeting organic material with an unequivocal terrestrial
source (Uchikawa et al. 2008). Three sediment samples were selected from
YL1211B (65 to 66 cm, 123 to 124 cm and 200 to 201 cm), and one towards
the base of YM0413B (539 to 540 cm) for a preliminary assessment of plant
lipid quantities preserved within the lake sediments.

The samples were frozen overnight and subsequently freeze dried until all
moisture was removed from the sediments. Extraction of plant lipids was
then attempted using sonication, the procedure of which is detailed in ap-
pendix C.

Chronological age-depth modelling

The radiocarbon ages returned from each core were calibrated in the pro-
gram Calib 7.1 using the Southern Hemisphere calibration curve (Reimer et
al. 2013) offset by -21 ± 6 yrs, following approaches undertaken by Hen-
drickson et al. (2013) and Pryce et al. (2014). A Bayesian statistics-based
age-depth model was developed for YO0712B, YL1211B, and YM0413B (us-
ing the same calibration curve and offset) in the program Bacon 2.2 (Blaauw
and Christen 2011) in R (R Core Team 2013).

The YM0413B dates were modelled using the following parameters: d.max
(maximum depth) = 544; hiatus.depths = c(218, 289); hiatus.mean (length of
hiatuses [years]) = c(2, 2); acc.mean (sediment accumulation rate in years/cm)
= c (10,3,10). Very short duration hiatuses (2 years) were modelled at the
boundaries of logged sedimentary unit III1 (i.e. at 218 cm and 289 cm) in or-
der to set different priors for the accumulation rate of the unit III (3 years/cm)
as opposed to units IV, V and I (10 years/cm) (Maarten Blaauw, pers. comm.
via email 16th March, 2016). Accumulation rates were estimated from lin-
ear interpolation between adjacent date samples. An assumed age of -63
cal. yrs BP (2013 AD) was set for the core top in order to derive an age-
depth series for the shallowest core sediments (0 to 46 cm depth).

The three YL1211B date samples selected for age-depth modelling2 were
modelled in Bacon using the default parameters, with the exception of the
accumulation rate (acc.mean), which was changed to 2 years/cm based on
linear interpolation between adjacent date samples. An age depth model
was only produced for core sediments extending between the lowest and
highest date samples (36 to 204 cm) (see section 4.3.2 for rationale).

The YO0712B samples were also modelled using the default Bacon param-
eters other than the accumulation rate (acc.mean), which was changed to

1Details of the Yeak Mai stratigraphical units are described in the results (section 4.3.1)
2The selection process is discussed in the results section 4.3.2
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5 years/cm based on linear interpolation between the between adjacent
date samples. An assumed age of -62 cal. yrs BP) (2012 AD) was also mod-
elled for the core top in order to extrapolate ages for the lower portion of
the core (0 to 16 cm depth).

No age-depth model was produced for YL1211A and YO0712C due the ap-
parent contamination of all of the date samples from these cores with a
non-terrestrial source of carbon. This is described in the results section 4.3.

4.2.7 Core sedimentology

Environmental magnetism

Measuring changes in the magnetic susceptibility of lake cores with depth
provides a means of assessing variability in the concentration of magnetic
minerals within the sediments (Dearing 1999a). This can provide insight
into changing rates of detrital input to the lake (e.g. Dearing 2008, Bhagwat
et al. 2012) and/or delimit periods of endogenic precipitation of concen-
trated magnetic minerals (e.g. iron oxides) during oxic phases of lake redox
cycling (e.g. Williamson et al. 1998, Tamuntuan et al. 2015). This technique,
when combined with other proxies of environmental change, is therefore
considered to be of value to this study as a potential climatic and/or land
use indicator, particularly if it can be related to periods of lake shallow-
ing/deepening and/or heightened erosion related to catchment run off.

Additionally, scanning of the master and replicate lake cores extracted from
Yeak Loam and Yeak Oam allows for the correlation of the core profiles over
space (Oldfield et al. 1983, Nowaczyk, 2001). This provides a means of as-
sessing stratigraphic continuity between the adjacent cores, allowing for as-
sessment of whether the master core captures representative, undisturbed
lake bottom sediments.

Volumetric magnetic susceptibility

Volumetric magnetic susceptibility (κ) in SI units was measured for the
master and replicate gravity cores from Yeak Loam and Yeak Oam, and for
YM0413B (Yeak Mai). Both the Yeak Oam and Yeak Loam cores were pro-
cessed using a Bartington MS3 magnetic susceptibility meter fitted with a
MS2E sensor. Core surfaces were covered with a single layer of cling film to
prevent contamination of the sensor between measurements, and measure-
ments were taken at 5 mm intervals. Three replicate measurements were
taken at each sample point to provide a mean measurement and standard
deviation for each depth. Drift in ambient magnetism was determined with
blank readings before and after each measurement set, and was automati-
cally corrected using Bartsoft software. Measurements that included cracks
or gaps in the core were excluded from analyses. Due to large discrepancies
in the κSI measurements observed between the master and replicate Yeak
Oam cores, a series of repeat measurements were taken from both of these
cores at a lower sampling resolution.
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Volumetric magnetic susceptibility was conducted on YM0413B at a 5 mm
resolution using a Bartington MS2E sensor mounted in a Cox Analytical
Systems I-TRAX XRF core scanner (details of this device are outlined in
section 4.2.8). In this case, single measurements were made and no measure
of precision can be made. Measurements made over core gaps or cracks
(identified as peaks in mean standard error) were excluded from analysis
(Löwemark et al. 2011).

Dual frequency mass specific magnetic susceptibility

Mass-specific low frequency magnetic susceptibility (χlf) shows the total
concentration of ferromagnetic minerals in sediment samples corrected for
mass (as opposed to κSI), while frequency-dependent susceptibility (χfd%)
can indicate the presence and proportion of superparamagnetic minerals in
core sediments (diameter <0.03 µm) (Dearing 1999a). These techniques can
be useful interpreting changes in lake sediment source (Dearing et al. 1996,
Dearing 1999a), and were applied to YL1211B core sediments.

Lake core sediments were subsampled as contiguous, 1 cm thick units from
the archived half core splits in order to maximise sediment mass. The sub-
samples were placed into labelled aluminium trays, and dried at 105 ◦C
overnight. After drying, samples were disaggregated using a mortar and
pestle, and placed into pre-weighed, labelled 10 cm3 cylindrical plastic pots
designed for the Bartington MS2B Dual Frequency Magnetic Susceptibility
Meter (Dearing 1999a). The sediments were very lightly compacted to re-
move any air gaps, and the sediment mass and, where the sample did not
completely fill the pot, the volume recorded. In some cases, sample num-
bers were reduced by amalgamating a maximum of three adjacent samples,
in attempt to obtain a minimum recommended volume of >5.7 cm3 (Dear-
ing 1999a) whilst maintaining a high-resolution sampling procedure. Even
after amalgamation of adjacent samples, the total volume of the final sam-
ple often fell below the test volume recommendations. As such, a series
of experiments were conducted on two dried and crushed lake sediment
samples from Yeak Loam and Yeak Oam to assess how different sediment
volumes impact χlf and χfd% values from the same sample. Details of the
methods and results of this test are described in appendix D.

A Bartington MS2B Dual Frequency Magnetic Susceptibility Meter was used
to determine the χlf (0.46 kHz magnetic field) and χhf (mass specific high
frequency magnetic susceptibility [4.6 kHz magnetic field]) of the potted
samples. From these calculations, the percentage frequency dependence
(χfd%) was auto-calculated using Barsoft software by dividing the change
in susceptibility per decade frequency by the χlf measurement for the sam-
ple. Samples were run in triplicates for both frequencies, with five second
sample measurements and blank (air) measurements taken at the start, end,
and between χlf and χhf measurements. Blank sample measurements were
made using an empty plastic cylindrical pot. The mean and standard de-
viation of measurements was calculated for sample replicates. A detailed
outline of measurement protocols is provided in Dearing (1999a).
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Analysis

Correlation of Yeak Oam and Yeak Loam master and replicate cores was
attempted using combined path length sequence slotting in the Windows
program CPL slot (geography.lancs.ac.uk/cemp/resources/software/cplslot).
This technique can be useful for identifying matching parts of a core sedi-
mentary sequence (Thompson et al. 2012). These methods are detailed in
appendix D.

The repeat, low-resolution κSI records taken from the Yeak Oam cores were
correlated (Pearson’s r) with the original measurements in the program R
(R Core Team 2013) to assess the variation in overall trend between the two
data-sets, exclusive of shifts in overall κSI magnitude.

The χlf, χfd% and κSI measurements taken from YL1211B were correlated
(Pearson’s r) in the program R (R Core Team 2013) in order to determine the
relationship (if any) between these variables.

Moisture content, dry bulk density, loss-on-ignition and bulk mineral
influx

Assessment of moisture content, dry bulk density and total-organic car-
bon (in concert with sediment accumulation rate determined from the age-
depth modelling of core sediments) is necessary for estimation of bulk min-
eral influx. This variable is useful with the context of this study for deter-
mining changes in non-organic allochthonous or autochthonous sediment
input to the Yeak Mai and Yeak Loam lake sites (e.g. detrital input from
erosion events or precipitation of redox sensitive elements). This is neces-
sary to account for dilution effects with respect to influx of pollen, spores
and charcoal to the lake sediments.

Changes in the percentage of total organic content of core sediments (esti-
mated from loss-on-ignition techniques), can, when considered in the con-
text of mineral influx, be useful for interpreting changes in lake productiv-
ity, allochthonous organic inputs to the system and/or organic decompo-
sition rates that, in turn, may relate to changing climate or catchment land
use (Shuman 2003). The measurement core sediment water content and
organic content is necessary for assessing the validity of using Molybde-
num incoherent to coherent scattering ratios to normalise the XRF I-TRAX
geochemical records obtained from Yeak Mai (YM0413B) and Yeak Loam
(YL1211B) sediments. This is discussed in further detail in section 4.2.8 be-
low.

Moisture content and dry bulk density

Core sediments were subsampled from the working splits as contiguous,
1 cm thick units, and placed into pre-weighed, labelled, aluminium trays.
In some cases, particularly for YM0413B, sample numbers were reduced
by amalgamating adjacent samples (where possible, units were not mixed
based on the assumption that organic content and bulk density may vary
between stratigraphic layers). Wet sample weight was recorded and the
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samples then oven dried at 105 ◦C overnight (minimum 8 hours) (Håkanson
and Jansson 1983). After drying, samples were reweighed and the percent
moisture loss was calculated using the equation 4.1.

W =
WW

W S
× 100 (4.1)

Where: W=water content (%); WW=water weight (g); WS=dry sediment
weight

The dry samples were then disaggregated using a mortar and pestle, and
placed into pre-weighed, labelled 10 cm3 sample pots. The sediments were
very lightly compacted to remove any air gaps, and the sediment mass and
volume recorded. From this, the dry bulk density of the sediment samples
was calculated using the equation 4.2.

ρdry =
W S

V
× 1000 (4.2)

Where: ρdry=dry bulk density (kg/m3); WS=dry sediment weight; V=volume
(cm3)

A series of 21 replicate moisture content samples were taken from YL1211B
(working half) in September 2015 as core sediments had obviously dried
out since the original sampling date (October 2013). The drier sediments
were sampled at, or adjacent to, depths sampled for the second round of
charcoal analysis for this core (where quantification of dry volume is re-
quired to estimate charcoal concentrations, hence necessitating recalcula-
tion of water content — see chapter 5 for details).

Total organic content

Dried and disaggregated sediment samples (recycled from dry bulk den-
sity testing) were carefully transferred into labelled, pre-weighed crucibles.
The pre-ignition weight of each sample was then recorded. Organic carbon
was then removed from the samples by combustion at 550 ◦C for 4 hours
(Heiri et al. 2001). After cooling, post-ignition weight was recorded and
compared with the pre-ignition weight to calculate the percentage of total
organic carbon lost from each sample. Note that due to the lack of organic
carbonates observed in the core sediments during smear slide analysis, ig-
niting the samples at 950 ◦C to remove inorganic carbonates (CaCO3) was
determined unnecessary3.

Bulk mineral influx

The mass component of core mineral sediment (kg/m3) was estimated from
percent mineral mass values (i.e. the non-organic proportion of the loss-
on-ignition samples), and from the bulk density values calculated for the

3Subsequent to processing YM0413B for TOC analysis, rare ostracods were noted during
the analysis of macro-charcoal samples from upper core sediments (190 to 120 cm depth).
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core sediments. These values were used alongside the age-depth models
produced for each core to approximate mineral influx (kg/m2/yr−1).

Grain size analysis

Core sediment samples were analysed for inter- and intra- variations in
mineral grain size distribution to aid interpretation of sediment source,
transportation mechanisms, and past climatic, environmental and limno-
logical conditions. With respect to the crater lake field sites, this technique
may be particularly valuable for assessing fluxes in catchment sediment
supply, and hence changes in monsoon strength and/or local land use (e.g.
Peng et al. 2005).

Between 0.5 and 1 g (field condition) of core sediment was placed into a
50 ml centrifuge tube, and 5 ml of 35% H2O2 added to each tube to oxidise
the organic material present in each sample. The samples were placed into
a hot water bath at 65 ◦C to 80 ◦C for 10 hours (temperature was dependent
on intensity of sample reaction). This process was repeated until no ebul-
lition was observed when 1 ml of 35% H2O2 was introduced to a heated
sample. The samples were then washed three times with deionised water.
Subsequent to rinsing, the samples were deflocculated and disaggregated
into individual particles by adding 30 to 35 ml (NaPO3)6 dispersant to each
tube, which were then capped and placed on a rotating mixer for 4 hours.
Laser diffraction spectrometry was employed to assess the grain size dis-
tribution of each sample using a Malvern Mastersizer 2000 equipped with
a Hydro G dispersion unit. Three replicate measurements were taken for
each sample, with each sample sonicated for 20 seconds prior to analysis
to break down any remaining aggregates. The mean and standard devia-
tion of these replicate measurements were used as the basis for subsequent
analysis.

Analysis

Grainsize data were decomposed using GRADISTAT 8.0 (Blott and Pye
2001), using the Folk and Ward (µm) method of classification (Folk and
Ward 1957). Resultant mean, sorting, skewness and kurtosis data were
plotted alongside relative abundance of clay, silt and sand in Strater 3.0
(Golden Software 2012). These were collectively classified in R (R Core
Team 2013) using the ‘rioja’ package (Juggins 2012) (method: coniss, dis-
tance: Euclidean, stratigraphically constrained) in order to determine ma-
jor changes in sediment texture. The different grain-size parameters were
correlated (Pearson’s r) both with each other and with the environmental
magnetism and sediment property data (water content and bulk density)
established from each core in the program R (R Core Team 2013).



Chapter 4. Lake core sedimentology and geochemistry 95

4.2.8 Geochemistry

XRF I-TRAX core scanning

X-Ray fluorescence (XRF) core scanning techniques (Croudace et al. 2006)
can provide a rapid and non-destructive estimation of changes in lake sed-
iment source (Koinig et al. 2003), redox state (Thomson et al. 2006) and/or
productivity (Kylander et al. 2011). They can therefore provide useful in-
formation about past land-use and/or climate. A Cox Analytical Systems
I-TRAX XRF core scanner, housed at ANSTO, was used to provide down
core profiles of 38 (YL1211B) and 28 (YM0413B) elements.

The core surfaces of YL1211B and YM0413B were scanned at 0.2 mm and
1 mm resolution respectively with a Mo tube set to produce a major ele-
ment down-core profile for each core (20 mA current; 30 s count time; 30 kV
voltage). Results for each element were obtained as peak areas that were
automatically converted to counts per second (kcps), indicating the rela-
tive change in elemental concentration down core. High-resolution optical
scans as well the volumetric magnetic susceptibility profile for YM0413B
were also obtained during the scanning process.

Analysis

Measurements coincident with cracks, voids and core ends were deleted
from the raw datasets generated for each core. These were identified by
comparing the core logs and the core scan images with peaks in mean stan-
dard error (MSE) (Löwemark et al. 2011). Elements that recorded zero
counts for more than 5% of samples were removed from the dataset. The re-
maining data were then averaged at a 1 cm interval to permit direct compar-
ison with the other lower-resolution sedimentological datasets produced
for the cores.

Pore water and organic matter are elementally light (O and C in particular).
High and/or variable concentrations of these materials within lake sedi-
ments act to ‘dilute’ heavier element counts, reducing the accuracy of mea-
surements targeted at characterisation of inorganic lake sediments (Löwe-
mark et al. 2011). Normalisation of raw kcps data is thus required in order
to separate fluctuations in the non-organic allogenic and endogenic frac-
tion of the core sediment from those associated with organic or pore water
content.

I-TRAX kcps data are normalised by dividing raw counts by a stable de-
nominator, commonly Al kcps (Löwemark et al. 2011), or the ratio of Comp-
ton (incoherent) to Rayleigh (coherent) scattering (Thomson et al. 2006).
The former has shown to be useful given that it is a conservative element
— i.e. relatively resistant to biogenic or redox alteration and common in
most lithogenic materials — and is thus considered a good proxy for flux
in bulk detrital material (Löwemark et al. 2011). However, Al detection by
XRF scanning using Mo tubes is unreliable (Löwemark et al. 2011). The sec-
ond method assumes that incoherent to coherent scattering ratios (inc/coh)
represent elementally light materials (i.e. organic matter and pore water)
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given that materials with a low atomic mass produce relatively high and
low levels of incoherent and coherent scattering respectively (Thomson et
al. 2006, Corella et al. 2011, Kylander et al. 2011). However, when com-
pared to organic carbon alone, this method may be limited for tropical lake
sediments with high or varied quantities of organic carbon (Chawchai et
al. 2016). This method of normalisation was thus tested in the context
of the Yeak Loam and Yeak Mai crater lake sediment cores by correlating
the inc/coh ratios obtained from XRF core scanning with loss-on-ignition
(used to estimated total organic content) and water content measurements
returned for each core. Correlations (Pearson’s r) were conducted in R (R
Core Team 2013). Results of this comparison indicated that inc/coh ratios
were a proxy for light elements in both cores, and were thus applied as a
normalising denominator for the raw kcps elemental data (this is elaborated
upon the relevant results sections for each core).

Cleaned and normalised elemental data were plotted and clustered (method:
coniss, distance: Euclidean; stratigraphically constrained) in R (R Core Team
2013) using the ‘rioja’ package (Juggins 2012) in order to determine depths
at which major changes in the gross geochemical profile for each core oc-
curred. These data were also decomposed (as a whole dataset and/ or
grouped into major sedimentology units where relevant) using a Pearson’s
correlation matrix and principle component analysis (PCA) in Microsoft Ex-
cel with the Multibase2015 PCA add-in (Addinsoft 2016). Prior to analysis,
data were transformed using a z-score (i.e. standardised by calculating the
number of standard deviations each measurement is from the whole down
core mean of the relevant variable). This approach was used to reveal pat-
terns and relationships between elemental data that can otherwise be latent
in such complex multi-variate datasets.

Specific elemental ratios relevant to the Yeak Mai and Yeak Loam sedimen-
tary settings were also plotted in order to derive information on lake redox
cycling (potentially relevant for palaeoclimatic reconstructions), the pres-
ence of lacustrine carbonates, and siliciclastic grainsize properties. Mn/Ti,
Fe/Ti and Cu/Ti ratios were constructed for each of the cores in order to
derive information about fluctuations in redox-sensitive elements (Fe and
Mn), and elements prone to post-depositional mobilisation under oxic con-
ditions (Cu) (Thomson et al. 1995, Thomson et al. 2006). Ti was used as
the denominator in these ratios based on the presumption that it represents
background detrital flux (Thomson et al. 2006), hence removing fluctua-
tions associated with the erosion and deposition of allogenic Fe and Mn
(that would presumably be significant in a mafic catchment settings), and
leaving behind a signal of endogenic redox cycling. Mn/Fe was also plotted
for YL1211B sediments as this ratio has been shown to be useful for recon-
structing redox cycling associated with mixing of deep, thermally stratified
lakes that are less sensitive to redox processes than shallower lakes, result-
ing in variable behaviour between Fe and Mn (Boyle 2001, Naeher et al.
2013). Under this approach, high Mn/Fe ratios are commonly associated
with high O2 levels in the lake bottom waters (Naeher et al. 2013). Mn/Ca
ratios were plotted for the core as an indicator of lacustrine biogenic carbon-
ate fluctuation (if any) in the sediment (Owen and Wilkinson 1983). Zr/Rb,
which has been used as a proxy for siliciclastic grain size (Dypvik and Har-
ris 2001, Chawchai et al. 2013), was also applied to the core sediments to
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assess the applicability of this technique to organic-rich lake sediments and,
if found to be valid, to increase the resolution of the grain size data (espe-
cially relevant for YM0413B).

4.3 Results

4.3.1 Yeak Mai (core YM0413B)

Stratigraphy

The total length of YM0413B was 543.5 cm (table 4.2). Four major beds
were distinguished in the core sediments from 543.5 to 510 cm (unit I), 510
to 288.5 cm (unit II), 288.5 to 218.5 cm (unit III), and 218.5 to 0 cm (unit
IV) (shown on figure 4.6). Units I, III and IV are relatively massive, and
are composed of sapropel (an aquatic ooze rich in amorphous or fine or-
ganic material (Merkt et al. 1971)), sapropelic silty clay loam, and silty clay
loam sapropel, respectively. Unit II displays cyclical thin to thick diffuse in-
terbeds and interlaminations of olive-black sapropelic mud (IIa) and black
sapropel (IIb) that become increasing finely-spaced with depth. Smear-slide
analysis of sediments from sub-unit IIa indicates that the clastic component
predominantly comprises angular siliceous glass fragments and a silt-sized
(10 to 20 µm) mineral. This mineral appears micaceous, and has been ten-
tatively classified as chlorite based on its tabular shape, green hue under
plane polarized light, and weak birefringence — figure 4.5.

A B
FIGURE 4.5: Tabular mineral identified in YM0413B unit IIa

under normal (A) and cross-polarised (B) light.
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SAPROPEL: Olive-black (7.5Y 2/2), wet, massive with some clastics (silt 
loam). Rare to occasional charcoal, sponge spicules and diatoms 
(Aulacoseira granulata and Pinnularia types).

NO CORE
SAPROPEL: Olive-black (7.5Y 2/2), wet, massive. Frequent to occasional 
clastics (clay to silty clay loam). Rare to occasional charcoal and sponge 

spicules. Diatoms rare to absent.
PARTIAL CORE

NO CORE
SAPROPEL: Olive-black (7.5Y 2/2), wet, massive. Frequent to occasional 
clastics (clay to silty clay loam). Rare to occasional charcoal and sponge 

spicules. Diatoms rare to absent.
Sapropelic SILTY CLAY LOAM: Yellowish-grey (2.5Y4/1), moist with 

brownish-grey, planar to slightly undulose very thin beds and laminations at 
0-5° (1-3cm spacing). Occasional charcoal and sponge spicules. Diatoms 

absent. Clastics comprise tabular mica (chlorite [?]) and angular to 
subangular quartz/volcanic glass fragments with fine clays. Alternating 

micaeous and quartz-rich bands.

Interbedded SAPROPEL & MUD: Moist, medium to thick interbedded 
olive-black (5Y3/1) sapropelic MUD (IIa) and black (5Y2/1) SAPROPEL 

(IIb). Diffuse contact between beds. Bed IIa clastics comprise tabular mica 
(chlorite [?]) and subangular quartz/ glass fragments. Occasional spronge 
spicules and charcoal. Bed IIb with occasional to abundant 

sponge spicules, occasional charcoal and rare Aulacoseira
granulata and Pinnularia type diatoms

Silty Clay Loam SAPROPEL: Olive-black (5Y3/1), moist, massive. Frequent 
sponge spicules, occasional charcoal, rare diatoms.

12 - becoming very moist. Minor colour 
change to olive -black (7.5Y3/2)

50 - clastics becoming occasional to 
frequent. Diatoms rare to absent.

116 - becoming moist. Increased 
sediment consolidation

164 - sponge spicules becoming 
abundant. Rare Chironomidae
179 - frequent (10-15%), tabular
micaceaous (?) silt grains (10-20μm) 
Sponge spicules rare.
195.5 - becoming black (10Y2/1)
212 - becoming olive-black (10Y3/1) with 
tabular, black charcoal (?) fragments to 
2mm.
230.5 - Occasional, olive-black (5Y2/2), 
wavy micaceous (chloritic [?]) 
SAPROPEL laminations at 0-5° with 
occassional charcoal & Aulacoseira
granulata and Pinnularia type diatoms.
249 - Micaceous (chloritic [?])  
SAPROPEL laminations absent.
357 - becoming thin to medium bedded

377 - 386 - with indistinct planar 
laminations (1-5mm).

434 - with indistinct planar laminations 
(20 - 50mm). Laminations micaceous 
(chloritic [?]).
450 - 466 - Clastic content to 50%
466 - 471.5 Diatoms and sponge spicules 
becoming frequent  to abundant (IIb)

.

415 - with occasional Stauroneis-type
diatoms (IIb & IIa/IIb) 
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FIGURE 4.6: Photograph and log for core YM0413B.
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TABLE 4.2: Details of the long cores extracted from Yeak
Oam, Yeak Loam and Yeak Mai.

site core name type UTM48N WGS84 length (cm)
Yeak Loam YL1211B gravity (master) 717908; 1518747 214
Yeak Loam YL1211A gravity (replicate) 717908; 1518747 181.5
Yeak Oam YO0712B gravity (master) 731157; 1498934 176
Yeak Oam YO0712C gravity (replicate) 731157; 1498934 109
Yeak Mai YM0413B push/percussion

(master)
733062; 1479159 543.5

Reoccurring, non-clastic, non-algal core components (in order of decreasing
abundance) include charcoal fragments, sponge spicules, diatoms (Aulaco-
seira granulata and Pinnularia-spp. [both present in unit IV from 0 to 50cm,
unit IIb and unit I] and Stauroneis sp. [in unit IIb from 415 cm depth]), and
rarely, chironomid head capsules or ligula. Though not observed during
core logging, ostracods were later observed in unit IV samples from 120 cm
to 190 cm depth that were processed for macro-charcoal analysis (details of
associated methods are outlined in chapter 5). Biogenic sediment occurs in
a lower abundance in units III and IIa than for other core units.

Chronology

The 14C dates and calibrated ages (yrs BP) of samples submitted from YM0413B
are presented in table 4.3. These dates show increasing age with depth with
the exception of two age reversals returned from the charcoal and organic
samples taken from 299 to 300 cm (D-AMS 007866) (modelled at 9533 to
9673 cal. yrs BP ) and 207 to 207.5cm (D-AMS 007865) (modelled at 2785
to 2945 cal. yrs BP4). The age-depth model produced for YM0413B is pre-
sented on figure 4.7 (noting that model rejected the two above-described
age-reversals).

Details of the results of YM0413B samples processed for plant lipid extrac-
tion and plant microfossil extraction that were not submitted for radiocar-
bon dating analysis are outlined in appendix C.

Bulk mineral influx, moisture content, dry bulk density & total organic
content

Down-core changes in the water content, dry bulk density (ρdry) and total
organic carbon (TOC) (as estimated from LOI550 percent weight loss) of
YM0413B sediments, are presented on figure 4.8. The latter two of these
variables were used in conjunction with the Bacon age-depth model pro-
duced for the core (discussed in section 4.3.1) to provide an estimation of
down core changes in bulk mineral influx, the results of which are also in-
cluded on figure 4.8.

4Age ranges with the highest probability at 2σ are reported in the text.
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TABLE 4.3: Table of the conventional and calibrated (yrs BP)
ages of 14C date samples submitted from YM0413B.

Lab ID depth (cm) 14C date
BP ±1 σ

material calibrated age
(2 σ) (cal. yrs
BP)

probability
(%)

OZT365 46-47 305 ± 25 fibrous organic fragment 298-334 31.3
359-446 63.8

OZT366 140.5-141.5 1075± 35 >250 µm charcoal fragments
(batch 3)

916-1001 78.3

1009-1057 16.6
D-AMS 007868 206-207 1811± 28 bulk sediment 1611-1672 25.8

1680-1981 0.3
1691-1753 51.5
1766-1818 17.3

D-AMS 007865 207-207.5 2789± 24 >250 µm charcoal with some
organic material (batch 2)

2785-2945 95

D-AMS 007866 299-300 8650± 31 >250 µm charcoal with some
organic material (batch 2)

9533-9673 95

D-AMS 007869 300-301 2050± 23 bulk sediment 1926-2048 95
OZT367 375.5-376.5 2570± 50 >250 µm charcoal fragments

(batch 3)
2458-2763 94.5

OZT368 446.5-447.5 2920 ±30 >250 µm charcoal fragments
(batch 3)

2929-2939 1.4

2941-3159 93.6
OZT369 522-523 3985± 30 >250 µm charcoal fragments

(batch 3)
4296-4334 9.6

4344-4523 85.3
D-AMS 008225 534-534.5 4107± 26 large charcoal fragment 4441-4484 8.5

4509-4659 60.5
4666-4708 8.1
4756-4812 18

D-AMS 007864 538-539 5053± 31 bulk sediment 5662-5693 8.2
5699-5701 0.6
5707-5895 86.1
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FIGURE 4.7: Bacon Age-Depth model produced from
YM0413B dates. Model overlain with extent of logged sedi-

mentary units (I to IV).

TOC and water content are strongly related (r = 0.87)5 and are negatively
correlated with dry bulk density (r = -0.53; r = -0.38 respectively). The es-
timated bulk mineral influx thus shows a weak positive correlation with
dry bulk density values (r = 0.29), and a negative correlation with TOC (r =
-0.39) and water content (r = -0.35).

Fluctuations in TOC, dry bulk density and water content appear related to
the different properties of the four sedimentary units logged for this core.
Unit I shows relatively constant water content (77 ± 1.3%), organic content
(24 ± 2.3%) and dry bulk density (1 009 ± 20 kg/m3) (1σ), with a mean
mineral influx of 56 kg/m2/yr−1.

Fluctuations in TOC, dry bulk density and water content between 515 cm
and 289 cm depth appear related to patterns of interbedding observed across
unit II. These fluctuations are partially captured by the estimated influx
data. However, the age-depth model is too coarse to capture any discrep-
ancies between the accumulation rates of the interbeds (units IIa and IIb)
and, as such, these are not well captured by the estimated influx values
for this portion of the core. In general, unit IIa sediments are characterised
by relatively low TOC (16.5 ± 1.5%) and pore water content (69 ± 2%),
and high bulk density values (1090 ± 30 kg/m3) (1σ). Unit IIb sediments
display the inverse to this relationship (25.9 ± 3% TOC; 78 ± 2.6% water
content; 1 000 ± 50 kg/m3 dry bulk density (1σ)). Bulk mineral influx for
unit II is estimated to be 92 kg/m2/yr−1. A significant increase in influx
is estimated for unit II sediments up core of 455 cm, corresponding to an
overall decline in TOC for the same sediments.

5All r values reported in this chapter are significant (p<0.05) unless specified in the text.
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IIb materials.

Unit III is characterised by relatively high dry bulk density (1 130± 20 kg/m3),
and low TOC (14.6 ± 0.9%) and sediment water content (67.8 ± 1.9%) (1σ).
Exceptionally high mineral influx rates are modelled at the outer boundary
of this unit (2 000 kg/m2/yr−1 at 219 cm depth and 1 180 kg/m2/yr−1 at
285 cm depth). The modelled two-year hiatuses at the boundaries of unit
III (218 and 289 cm) used to model accumulation rate for unit II (see section
4.3.1), may have served to overestimate influx at these depths. However,
these peaks do correspond with low TOC (14 and 15%) and high dry bulk
density values (1 150 and 1 200 kg/m3) calculated for these depths. Conse-
quently, large peaks in influx were estimated from age-depth models that
did not include any hiatuses at these depths or use any pre-prescribed ac-
cumulation rates (not shown).

Across sedimentary unit IV, TOC increases to 28 ± 3% (1σ), peaking be-
tween 160 cm and 184 cm depth. Pore water content also increases across
Unit I to a relatively consistent average of 85%, before dropping between
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42 cm and 15 cm to approximately 77%. Dry bulk density remains rela-
tively low across unit I (average = 960 kg/m3) before peaking at the core
top to 1 700 kg/m3.

Environmental magnetism

Down core fluctuations in the volumetric magnetic susceptibility of YM0413B
sediments are presented on figure 4.9. The κSI behaviour of the core sed-
iments correlates with estimated bulk mineral influx rate (r = 0.6). Major
variations in κSI correspond with the four logged stratigraphic units.
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FIGURE 4.9: Down core fluxes in YM0413B volumetric mag-
netic susceptibility plotted alongside estimated mineral in-
flux and core sediment units. Data are presented on a loga-

rithmic scale.

Unit I displays κSI values consistent with paramagnetic materials (ranging
from 1.7 to 4.2× 10−5 SI) (Dearing 1999a). A peak in magnetic susceptibility
is apparent towards very base of the core (541 cm depth).

κSI behaviour within unit II shows a clear shift from lower (mean = 7.9× 10−6 SI)
to higher (mean = 4.2 × 10−5 SI) values at approximately 450 cm. Across
this boundary, however, fluctuations in magnetic susceptibility maintain a
close relationship with layer stratigraphy, with susceptibility peaks corre-
sponding with sub-unit IIa, and troughs with sub-unit IIb. Throughout the



Chapter 4. Lake core sedimentology and geochemistry 104

lower half of the unit (514 to 449 cm), IIb sediments exhibit paramagnetic
and occasionally diamagnetic properties (e.g. 505 to 479 cm), ranging from
-1.5 × 10−5 to 3 × 10−6 SI. Across the same depth interval, IIa materials are
more magnetic, though the overall magnetic properties of these sediments
are still weak (approximately 1× 10−5 to 2× 10−5 SI). An abrupt peak in κSI
(1× 10−4 SI) occurs within the unit IIa layer between 446 and 449 cm depth.
Up core of 446 cm, magnetic susceptibility of IIa layers peak at 5 × 10−5 to
1× 10−4 SI, while the IIb trough-values do not fall below below 8× 10−6 SI.

Unit III exhibits the highest volumetric magnetic susceptibility values for
the core. This layer is bounded by large peaks in κSI that mirror peaks in es-
timated mineral influx data. The lower boundary occurs at approximately
287.5 cm as an abrupt positive spike, recording a core-maximum value of
4 × 10−4 SI. Above this layer, susceptibility values fall to approximately
1.5 × 10−4 SI before again peaking at 224 cm (2.7 × 10−4 SI).

Unit IV κSI ranges from -1.2× 10−6 to 7.5× 10−5 SI (mean = 2.65× 10−5 SI).
Sediments displaying diamagnetic behaviour occur within small core sec-
tion from 187 to 170 cm. Sediments at the top of the core (67 to 0 cm) show
slightly higher magnetic susceptibility than the rest of the unit (6 × 10−5 to
7.5 × 10−5).

Grain size analysis

YM0413B was sampled for textural analysis every 2.5 cm, and the textural
properties of the core sediments are shown on figure 4.10. Silt is the most
common grain size down core, making up an average of 62% of the clast
population of core sediments. Clay and sand make up approximately 32%
and 6% of core sediments respectively. Overall there is a slightly higher pro-
portion of clay in units I and II (mean = 35%) than in units III and IV (mean
= 28%). This relationship is inverse to silt abundance, which averages at
67% across units III and IV and 57% across units II and I. The relative abun-
dance in each grain-size fraction between samples is quite diverse, with silt
ranging from 18% (205 cm) to 91% (22.5 cm), and clay from 8% (42 cm) to
82% (205 cm).

The relative proportion of silt, clay or sand within each sample appears to
control the shape of their respective sediment distribution in terms of sort-
ing, skewness and kurtosis. Higher silt percentages in each sample display
a negative correlation with sorting (r = -0.47) and skewness (r = -0.39) and
a positive correlation with kurtosis (r = 0.42). This relationship holds true
across the four core stratigraphic units, with the exception of unit III, where
silt has an insignificant positive relationship with skewness (r = 0.13) (see
appendix E for unit-specific correlation matrices). In the context of the Yeak
Mai sediments, silt-rich samples tend to display poorly sorted, symmet-
rical to fine skewed and leptokurtic distribution curves. The relationship
between high silt fractions and κSI is positive across units IV (r = 0.48), I
(r = 0.35) and II (r = 0.18 [insignificant]), and negative in unit III (r = -0.43)
wherein κSI associates with clay (r = 0.54).

Down-core, clay abundance is positively correlated with skewness (r = 0.24)
and negatively correlated with kurtosis (r = -0.49). These relationships are
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consistent across all units with the exception of unit III whereby clay is neg-
atively correlated with skewness (r = -0.39). The association between clay
abundance and sorting is only significant across stratigraphic unit III (r =
0.43). Samples with high clay abundance are, in general, associated with
a platykurtic, coarse-skewed distribution curve. The relationship between
clay-rich samples and dry bulk density is positive across units I, II and III.

Samples with a relatively high proportion of sand are positively correlated
with sorting and, with the exception of unit IV, kurtosis. In general, sand
is negatively correlated with both κSI (r = -0.34) and dry bulk density (r =
-0.4), and positively correlated TOC (r = 0.58).
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Results of stratigraphically constrained cluster analysis for the YM0413B
textural data (delineated on figure 4.10) indicate changes in the record be-
tween 20 and 22.5 cm (1.16 × 105), 27.5 and 30 cm (1.19 × 105), 192.5 to
195 cm (8 × 104), 285 and 287.5 cm (8.7 × 104), 295 and 297.5 cm (9 × 104),
367.5 and 370 cm (9.7 × 104) and 382.5 and 385 cm (1.1 × 105) (dissimilarity
distances are bracketed). These boundaries delineate eight clusters — A to
H — shown on figure 4.10.

Clusters A to C capture basal core sediments from stratigraphic units I and
II up to 295 cm depth. In general, these clusters capture high frequency,
high amplitude fluctuations in grain size. This is particularly apparent in
cluster A between 522.5 and 460 cm, reflecting the textural differences be-
tween stratigraphic sub-units IIa and IIb. Sediments from IIa are typically
associated with peaks in clay abundance that coincide with troughs in both
silt and sand abundance. Conversely, IIb sediments (shaded on figure 4.10)
are defined by peaks in sand and silt abundance. Up core of 460 cm, these
relationships are less well defined, likely due to the fact that sand and silt
abundances are slightly decoupled. Cluster B, extending between 382.5 and
370 cm, is distinguished by a peak in clay and a near-absence of sand. A
second clay peak (80%) at 295 cm is captured by the lower boundary of
cluster D. A subsequent sand trough from 295 to 287 cm appears to delimit
cluster D, capturing the lower boundary of logged sedimentary unit III.
Above this zone, cluster E (285 to 195 cm) captures logged sediment unit
III, which comprises silt rich, sand-poor sediments. The top of this cluster
(205 to 195 cm) captures a large peak in clay (to 82%). Cluster F (195 cm to
30 cm) is characterised by an increased proportion of sand in the sediment
sequence that varies alongside clay and silt as a series of high frequency,
low amplitude fluctuations. Clusters G and H, extending from 30 cm to the
core top capture an abrupt increase in the overall proportion of silt in the
core sediments (on the order of 15 to 25%), with cluster G (30 to 22.5) repre-
senting a zone with negligible sand. A peak in sand abundance (30%) (and
mean grain size) occurs at 5 cm depth.

Geochemistry

Normalisation

A correlation matrix showing the relationship between measured water
content, total organic carbon and the inc/coh scattering ratio obtained from
XRF scanning of YM0413B is presented for the whole core, and across the
different units, in table 4.4. Overall, the inc/coh ratio displays a significant,
strong relationship with both water content (r = 0.93) and TOC (r = 0.918).
This relationship is reflected across all layers, with the exception of Unit
III (288 to 218cm depth) where TOC shows a negative correlation with the
inc/coh ratio (r = -0.348). This relationship is likely due to the decoupling
of TOC and water content (r = -0.184) within these sediments, the latter of
which appears to control the inc/coh ratio (r = 0.849). These data suggest
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that that the inc/coh ratio for YM0413B sediments appears to reflect the in-
teraction between TOC and pore water content (though more strongly con-
trolled by the latter), and is therefore considered a suitable normalisation
parameter for the XRF geochemical data.

TABLE 4.4: Pearson’s correlation matrix for YM0413B
showing relationship between total organic carbon (%)

(TOC), water content (%) and inc/coh ratios (95% C.I.).

whole core - 0 to 543 cm
TOC water content inc/coh

TOC 1 r = 0.872; p < 2.2e16; df
= 123

r = 0.918; p =<2.2e-16;
df = 122

water content r = 0.872; p < 2.2e16; df
= 123

1 r = 0.93; p < 2.2e-16; df
= 514

inc/coh r = 0.918; p =<2.2e-16;
df = 122

r = 0.93; p < 2.2e-16; df
= 514

1

unit IV - 0 to 218 cm
TOC water content inc/coh

TOC 1 r = 0.866; p = 2.22e-16;
df = 49

r = 0.959; p < 2.2e-16; df
= 48

water content r = 0.866; p = 2.22e-16;
df = 49

1 r = 0.927; p < 22e-16; df
= 2-3

inc/coh r = 0.959; p < 2.2e-16; df
= 48

r = 0.927; p < 22e-16; df
= 2-3

1

unit III - 219 to 288 cm
TOC water content inc/coh

TOC 1 r = -0.184; p = 0.478; df
= 15

r = -0.348; p = 0.1708; df
= 15

water content r = -0.184; p = 0.478; df
= 15

1 r = 0.849; p <2.2e-16; df
= 68

inc/coh r = -0.348; p = 0.1708; df
= 15

r = 0.849; p <2.2e-16; df
= 68

1

unit II - 289 to 510 cm
TOC water content inc/coh

TOC 1 r = 0.876, p <2.2e-16, df
= 47

r = 0.920; p < 2.2e-16; df
= 47

water content r = 0.876, p <2.2e-16, df
= 47

1 r = 0.945, p<2.2e-16, df
= 207

inc/coh r = 0.920; p < 2.2e-16; df
= 47

r = 0.945, p<2.2e-16, df
= 207

1

unit I - 511 to 543 cm
TOC water content inc/coh

TOC 1 r = 0.970, p = 6.9e-5, df
= 6

r = 0.952, p = 0.000027,
df = 6

water content r = 0.970, p = 6.9e-5, df
= 6

1 r = 0.924, p = 5.1e-14, df
= 30

inc/coh r = 0.952, p = 0.000027,
df = 6

r = 0.924, p = 5.1e-14, df
= 30

1
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Geochemical behaviour of core sediments

Data preparation and synthesis

Elemental data comprising raw kcps counts greater than zero for at least
95% of YM0413B sample points include, in order of decreasing abundance,
Fe, Ti, Ni, Zr, Sr, Rb, Mn, Zn, K, Ca, Y, Pb, Cu, Cr, S, Ba and Al. Down core
changes in these elemental data, normalised to inc/coh ratios, are presented
on figure 4.11. A plot of the selected elemental ratios is shown on figure
4.12.

Analysis

The stratigraphically constrained cluster analysis performed on the nor-
malised geochemical data identifies three major sample clusters in the nor-
malised data (see figure 4.11). Cluster A extends across the base of the core
to the basal boundary of logged unit III at 288 cm depth (dissimilarity dis-
tance = 2.34 × 106). Cluster A has been divided into three sub-clusters (Ai
to Aiii), the boundaries of which occur between logged sedimentary units I
and II (416 cm depth; dissimilarity distance = 1.66 × 106) and within unit II
at 461 cm depth (dissimilarity distance = 1.81 × 106), reflecting the logged
transition between sedimentary sub-units IIIa/IIIb and IIIa. The top of clus-
ter B occurs at 224 cm (dissimilarity distance = 3.1 × 106), just deeper than
the logged upper boundary of sedimentary unit II at 218.5 cm. This cluster
has been subdivided into three sub-clusters (Bi to Biii). Bi, captures sedi-
ment between 288 and 280 cm depth (dissimilarity distance = 2.15 × 106).
Sub-clusters Bii and Biii are bounded at 231 cm depth (dissimilarity dis-
tance = 1.94 × 106). Cluster A extends from 224 cm to the top of the core,
and is subdivided in sub-clusters Ai and Aii at 43 cm (dissimilarity distance
= 1.33 × 106).

Key elemental data from the YM0413B core have been grouped according
to their whole-core associations both to each other and to the other sedi-
mentological variables outlined in this chapter.
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Si, Ti, K, Ca, Rb, Ba, Cr Sr & Zn are all strongly correlated (min. r =
0.69 [Zr and Ca]; max r = 0.97 [Ti and Si] — see figure 4.11 and appendix
E for correlation matrices. Principle component (PC) 1, which accounts for
62.8% of the geochemistry data variance for the whole core, appears to be
controlled by this elemental association (figure 4.13). All of these elemental
data show a moderate, positive correlation with κSI (min. r = 0.51 [Ti]; max.
r = 0.69 [Cr]), and a strong, negative correlation with both total organic car-
bon (min. r = -0.62 [Ti]; max. r = -0.86 [Sr]) and water content (min. r =
-0.79 [Ca]; max. r = -0.90 [K]). This association remains fairly consistent
across the core units, with the exception of Unit III which is discussed be-
low (see figures 4.14 to 4.17 for unit-specific PCA plots and appendix E for
whole-core and unit-specific correlation matrices).

High frequency fluctuations in the Si, Ti, K, Ca, Rb, Ba, Cr Sr & Zn element
suite occur throughout unit I and II (cluster A), whereby peaks and troughs
correspond with Units IIa and IIb respectively (figure 4.11). A decrease in
the frequency of these fluctuations marks the transition from cluster Aii to
Aiii at 461 cm depth. Throughout cluster A (which includes logged sedi-
mentary units I and II), these elements are positively correlated with silt,
with the exception of Rb, which is associated with clay (r = 0.3).
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At 288 cm, Si, Ti, K, Ca, Rb, Ba, Cr Sr & Zn abruptly peak (delimited by
sub-cluster Bi), and mostly plateau across sub-units Bii and Biii towards
the upper boundary of sedimentary unit III (224 cm). Throughout this unit,
Si, K, Ca, Ti, Cr, and Ba are still associated, but are mostly decoupled from
Sr, Rb and Zr (though K and Rb still show a strong correlation [r = 0.81]). Si,
K, Ca, Ti, Cr and Rb remain positively correlated with κSI (although this is
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low compared with the whole core), but are unrelated to TOC, and insignif-
icantly or weakly negatively correlated with water content. Though Sr and
Zr remain negatively correlated with TOC (as per the rest of the core), these
data show a positive and negative correlation with water and κSI respec-
tively across sedimentary unit III. This association reflects the behaviour of
Cu, Zn and Ni in this unit and, combined, these elements control the nega-
tive variance along PC1 for sedimentary unit III (figure 4.16).

Si, Ti, K, Rb, Ba, Cr Sr & Zn re-associate across cluster C (sedimentary unit
IV), dropping to values consistent with those of sedimentary unit IIa. Ca
disassociates with the other elemental data described in this section (figure
4.17), and, aside from Al, is the only element within this sedimentary layer
that is positively correlated with sand (r = 0.23). The delineation between
clusters Ci and Cii at 42 cm is, in part, reflected by the slight overall increase
in all elemental data up core, with the exception of Mn.
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Fe, Mn & selected elemental ratios Fe and Mn correlate with each other
(r = 0.91) and κSI (r = 0.74 and r = 0.63, respectively). These elements reflect
fluctuations displayed by the above-discussed Si, Ti, K, Ca, Rb, Ba, Cr Sr &
Zn element suite across sub-clusters Ai (Fe only), Aii, and cluster C. Fe and
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Mn both sharply peak at the boundaries of Unit II (sub-cluster Bi and Biii),
mirroring peaks in estimated mineral influx, and drop to relatively low val-
ues between 277 to 234 cm (sub cluster Bii). Throughout sedimentary unit
III (cluster B), the Fe and Mn data display a strong positive correlation with
K, Cr, Rb, and especially Pb, and a negative relationship with Ni, Cu, Zn
and Y — reflected by PC1 for this unit (see figure 4.16 and appendix E for
unit-specific correlation matrices).

The Fe/Ti and Mn/Ti elemental ratios show a weak to moderate negative
correlation with the Si, Ti, K, Ca, Rb, Ba, Cr Sr & Zn data (with the excep-
tion of K in sedimentary units II and III, and Cr in sedimentary unit II),
effectively decoupling allogenic vs. endogenic sources of Fe and Mn. Fe/Ti
and Mn/Ti data are strongly correlated (r = 0.8). However, while Mn/Ti
data are negatively associated with the Si, Ti, K, Ca, Rb, Ba, Cr, Sr and Zr
elemental suite across sedimentary units I and IV, they are positively or in-
significantly correlated with these data in units II and III. The Mn/Ti and
Mn/Ca datasets are strongly correlated (r = 0.92) presumably due to the
tight association between Ti and Ca (r = 0.9) across the whole core (noting
that correlation in sedimentary unit IV is weaker (r = 0.57)). This suggests
that the source of Ca in sedimentary units I to III is mostly of detrital vs.
biogenic origin, or mineral influx is driving aquatic productivity including
carbonate producing organisms. Notable changes in the Fe/Ti vs. the Fe
plots normalised to inc/coh ratios include the removal of the regular fluc-
tuations in Fe/Ti elemental data across sedimentary sub units IIa and IIb,
and an overall increase in variability across unit IV. In addition to the peaks
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observed along the boundaries of sedimentary unit II, two high-amplitude
peaks appear in the Mn/Ti and Fe/Ti record at 449cm, and between 203
and 118cm depth. Both the Fe/Ti and Mn/Ti records show a weak positive
correlation with clay (r = 0.18 [Fe/Ti], r = 0.2 [Mn/Ti]).

Cu/Ti shows a weak positive correlation with Fe/Ti (r = 0.27) and weak,
negative correlation with Mn/Ti (r = -0.20) across the whole core. These
data tend to trough at major peaks in the Fe/Ti and Mn/Ti records.

All normalised geochemical data show an insignificant, or a negative rela-
tionship with sand — accounted for by the correlation between this variable
(and mean grain size) with both total organic carbon and water content (r
= 0.59, r = 0.34 respectively). This has been corrected by normalising the el-
emental data against the inc/coh scattering ratio and thus might not accu-
rately reflect the relationship between the geochemistry data and grainsize.
However, Zr/Rb — a proxy used for grainsize (Dypvik and Harris 2001,
Chawchai et al. 2013) — does show a positive correlation with sand across
the whole core (r [whole core] = 0.5).

Heavy Metals (Ni, Cu, Zn, Y and Pb) are positively correlated both with
each other and, with the exception of Ni, with the Si, Ti, K, Ca, Rb, Ba, Cr
Sr & Zn suite. However, Ni, Cu, Zn and Pb all show a negative or insignifi-
cant relationship with κSI, a weak negative relationship with water content
and TOC, and an insignificant relationship with dry bulk density across
the whole core. Ni is negatively, or insignificantly correlated with all data
outside of the heavy metal elemental suite, and contributes to the greatest
degree of loading for whole core PC2 (see figure 4.13 and table 4.5).

TABLE 4.5: YM0413B eigenvalues, percentages and elemen-
tal variable loading from PCA of geochemical data.

whole core PC1 PC2 PC3
Eigenvalue 170.65 22.46 9.19
R2 (%) 80% 10% 4%
Q2 (%) 69% 35% 18%
Si 0.314289622 0.202665861 0.146476215
K 0.31977899 0.233624064 0.135193055
Ca 0.291069564 0.335297661 -0.147197782
Ti 0.33217005 0.090127132 0.015916695
Mn 0.243037408 -0.312385012 -0.872914926
Fe 0.315964503 -0.304967309 0.132490461
Zn 0.278537645 0.460491105 -0.075027984
Rb 0.276508297 -0.507414608 0.195941029
Sr 0.314382679 0.034877055 -0.097701014
Zr 0.324614619 0.031078499 0.069953335
Pb 0.294538743 -0.348576454 0.316783516

The behaviour of Cu and Y across sedimentary units I and II reflects pat-
terns described for the Si, Ti, K, Ca, Rb, Ba, Cr Sr & Zn data above, with
peaks and troughs corresponding to units IIa and IIb respectively. This is,
to a degree, replicated by Zn and Ni up to 357 cm, after which these data un-
dergo several high amplitude fluctuations before dropping to consistently
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low values between 280 cm and 132 cm. The Pb record displays two major
peaks at the base of the core (high points at 516 cm and 450 cm), after which
it switches to behaviour more characteristic of the Cu record. Pb accounts
for the maximum variance along unit II PC1 (55.2%) (figure 4.13) and, with
Ni and Zn, accounts for the maximum PC2 variance for unit I (18.6%) (fig-
ure 4.14).

Cu, Zn, Y and Ni, and Pb disassociate across Unit III. The former group
displays a strong negative correlation with Fe and Mn and strong positive
correlation with the Zr, Rb and Sr. Pb, on the other hand, strongly correlates
with Mn (r = 0.87), Fe (r = 0.89) and Rb (r =0.72). These relationships are
reflected along the first principal component for unit II (49.3% variance).

The heavy metal data reassociate with each other and with Si, Ti, K, Ca, Rb,
Ba, Cr Sr & Zn in Unit IV (figure 4.17)

4.3.2 Yeak Loam (cores YL1211B & YL1211A)

Stratigraphy

The master (YL1211B) and replicate (YL1211A) gravity cores extracted from
Yeak Loam were 2.14 m and 1.82 m long respectively (table 4.2). Sediments
therein comprise fine-grained muds and sapropel (see figures 4.19 and 4.18
for detailed logs and core images). Upon oxidation, core sediments devel-
oped fine, horizontal, planar, orange-brown laminations (presumably iron
oxide) on the exposed surface. This accounts for the fabric-difference (lam-
inated vs. massive) in the logs produced for YL1211A (logged 7-months
post-splitting) vs. YL1211B (logged immediately post splitting, but not-
ing that the photograph presented on figure 4.19 was taken during I-TRAX
analysis of the core, conducted several months after it was logged).

Fine clastic materials make up the principle component (sensu Schnurren-
berger et al. (2003)) of YL1211B. These include quartz (clear under plane-
polarised light and displaying undulose extinction under cross polarised
light) and an opaque mineral that has been tentatively classified as an iron
oxide. Following microscopic analysis, core sediments were divided into
two units. Unit I, extending from 214 cm to 111 cm comprises silt loam.
Sediments overlying this layer have been classified as a separate layer (unit
II) given that they consist of a slightly more organic silt loam material. Dis-
creet, silty beds occur within this layer at 69 to 75 cm (sub unit IIa) and
0 to 4 cm depth (sub unit IIb). The dominant non-clastic core component
observed in YL1211B comprises sapropel (approx. 15% to 20% in unit I
and 20% to 25% in unit II) that occurs alongside a low abundance of char-
coal fragments and sponge spicules (<5%). No diatoms, chironomid head
capsules or other common microfossils (excluding pollen and spores) were
noted in any of the smear slides.

YL1211A sediments, which were not subjected to smear slide analysis, are
classified as a single unit (sapropelic mud/fine sapropel).
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FIGURE 4.18: Photograph and log for core YL1211A.

Chronology

The conventional and calibrated (yrs BP) ages for 14C date samples submit-
ted from YL1211A and YL1211B are presented in tables 4.6 and 4.7, respec-
tively. The distribution of the calibrated ages returned from the 16 dated
YL1211B samples plotted against depth is shown on figure 4.20.

TABLE 4.6: Table of the conventional and calibrated (yrs BP)
ages of 14C date samples submitted from YL1211A.

Lab ID depth (cm) 14C date
BP ±1 σ

material calibrated
age (2 σ)
(cal. yrs
BP)

probability
(%)

351537 (Beta) 16.0 - 16.5 2160 ± 30 bulk organic 2550 0.1
2622 - 2627 0.4
2707 - 2794 92.8
2823 - 2842 1.7

351538 (Beta) 85.5 - 86 3670 ± 30 bulk organic 3832 - 3991 90.6
4042 - 4071 4.4

351539 (Beta) 177 - 177.5 3530 ± 30 bulk organic 3727 - 3749 1
3763 - 3793 5.1
3821 - 3979 86.3

YL1211B

The mid core and basal bulk organic samples submitted from YL1211B core
at 87.5 to 88 cm and 209.5 to 210 cm depth (green on figure 4.20) returned
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TABLE 4.7: Table of the conventional and calibrated (yrs BP)
ages of 14C date samples submitted from YL1211B.

Lab ID depth (cm) 14C date
BP ±1 σ

material calibrated age
(2 σ) (cal. yrs
BP)

probability
(%)

D-AMS 005779 12.5 - 13.5 insufficient
material

>105 µm charcoal with some
organic material

n/a n/a

D-AMS 005057 15 - 15.5 2639± 29 >250 µm charcoal with some
organic material

2624 - 2626 0.2

2709 - 2793 93.5
2827 - 2841 1.2

351540 (Beta) 19 - 20 insufficient
material

bulk organic n/a n/a

OZT362 35.5 - 36.5 3630± 35 >250 µm charcoal fragments -
small sample

3783 - 3785 0.2

3828 - 4001 87.9
4034 - 4080 6.9

D-AMS 005058 70 - 70.5 3599± 25 >250 µm charcoal with some
organic material

3730 - 3745 2.2

3769 - 3790 3.4
3826 - 3977 89.4

D-AMS 005780 71 - 72 3429± 29 >105 µm charcoal with some
organic material

3569 - 3725 89.6

3752 - 3761 1.1
3794 - 3820 4.3

D-AMS 005059 80.5 - 81 3565± 27 >250 µm charcoal with some
organic material

3708 - 3920 95

D-AMS 005781 84 - 85 3380± 34 >105 µm charcoal with some
organic material

3481 - 3537 14.9

3546 - 3654 67.2
3656 - 3693 12.8

351541 (Beta) 87.5 - 88 3620± 30 bulk organic 3778 - 3787 0.8
3827 - 3989 91.8
4044 - 4068 2.5

D-AMS 005060 125 - 125.5 3817± 27 >250 µm charcoal with some
organic material

4011 - 4028 1.3

4082 - 4294 93.3
4335 - 4337 0.2
4342 - 4345 0.3

D-AMS 005782 126 - 127 3291± 30 >105 µm charcoal with some
organic material

3401 - 3433 7.5

3441 - 3576 87.4
OZT363 144.5 -

145.5
4010± 35 leaf fragments 4298 - 4327 2.9

4353 - 4369 1.8
4386 - 4539 87.4
4541 - 4569 2.9

D-AMS 005783 174.5 - 175 2758± 34 >105 µm charcoal with large
leaf fragment some organic
material.

2758 - 2894 89.4

2901 - 2924 5.6
D-AMS 005061 175 - 175.5 3627± 29 >250 µm charcoal with some

organic material
2758 - 2894 89.4

2901 - 2924 5.6
OZT364 202.5 -

203.5
4080± 50 >250 µm charcoal fragments -

small sample
4419 - 4657 76.5

4667 - 4707 6
4756 - 4811 12.5

D-AMS 005784 206 - 207 2603± 37 >105 µm charcoal with some
organic material

2497 - 2596 23.5

2612 - 2637 7.4
2686 - 2774 64.1

D-AMS 005062 208.5 - 209 3605± 30 >250 µm charcoal with some
organic material

3728 - 3747 2.4

3765 - 3792 3.6
3823 - 3982 89

351542 (Beta) 209.5 - 210 3580± 30 bulk organic 3721 - 3801 23.2
3811 - 3931 66.5
3942 - 3968 5.2
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FIGURE 4.19: Photograph and log for core YL1211B.
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ility distributions (yrs BP) of all YL1211B 14C dated sam-
ples plotted against depth. Green - bulk organic samples;
Blue - batch 1 charcoal and organic samples; Red - batch 2
charcoal and organic samples; Black - batch 3 small charcoal

samples; Yellow - leaf fragments sample.

remarkably similar ages of 3827 to 3989 cal. yrs BP and 3811 to 3931 cal.
yrs BP, respectively. The third bulk organic sample submitted for dating
from 19 to 20 cm (Beta 351540) was not dated due to it being of insufficient
size. A relatively consistent age across all depths was also observed from
the results of the 11 batch 1 and batch 2 charcoal and organic material sam-
ples submitted for dating (respectively, blue and red on figure 4.20), noting
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that the sample submitted from 12.5 to 13.5 cm (D-AMS 005779) was not
dated due to its insufficient size. Samples from both batches tend to show
a pattern of slightly decreasing age with depth from approximately 70 to
72 cm depth. This inflection point is dated at 3826 to 3977 (batch 1: D-AMS
005058) and 3569 to 3725 cal. yrs BP (batch 2: D-AMS 005780). The two
small-sample isolated charcoal samples from 35.5 to 36.5 cm and 202.5 to
203.5 cm (black on figure 4.20), as well as the small leaf fragment sample
selected from 144.5 to 145.5 cm depth (yellow on figure 4.20) show a pat-
tern of increasing age with depth. In general, these samples returned ages
older than other samples dated from this core (table 4.7).
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FIGURE 4.21: Bacon Age-Depth model produced from se-
lected YL1211B dates (OZT362 to OZT364). No ages are
modelled for sediments shallower than 35.5 cm depth due

to age uncertainties.

The spread of the bulk organic and batch 1 and batch 2 charcoal and or-
ganic material samples (i.e. their tendency to cluster around 3000 to 4000
cal. yrs BP regardless of depth), suggests that these samples may be af-
fected by local reservoir effects. This is speculated to be associated with
sequestration of groundwater 14C by aquatic algae or aquatic vegetation,
which are retained in the samples and dated alongside terrestrial organic
material. Given this, the small, isolated charcoal and leaf fragments (n=3),
that displayed increased ageing with depth and were observed to represent
a relatively “clean” terrestrial signal under microscopic analysis prior to ra-
diocarbon analysis were selected for Bacon age modelling. The resultant
model is shown in figure 4.21. The old age of the youngest samples from
35.5 to 36.5 cm (3828 to 4001 cal. yrs BP), suggests that, if this model is



Chapter 4. Lake core sedimentology and geochemistry 121

accurate, it is likely that there is an hiatus in the lake sediments between
0 and 35.5 cm. The origin of this speculated break in sedimentation is un-
certain, but may be associated with lake-bottom slumping. However, as
no clear boundary in the sediments could be distinguished between these
depths, no hiatus was used in the age model, and ages were only modelled
for sediments between 36 cm and 204 cm depth.

Details of the results of the YL1211B samples processed for plant lipid ex-
traction and plant microfossil extraction via density separation that were
not submitted for radiocarbon dating are outlined in appendix C.

YL1211A

The three bulk organic sample submitted from YL1211A returned very sim-
ilar ages to the YL1211B organic samples. The sample taken from towards
the top of the core (16 to 16.5 cm) is dated at 2707 to 2794 cal. yrs BP. An
age overlap occurs between the mid (85.5 to 86 cm at 3832 to 3991 cal. yrs
BP) and basal (177 to 177.5 cm at 3821 to 3979 cal. yrs BP) core samples.
Based on these results, the bulk organic samples are, (as with the bulk or-
ganic and batch 1 and 2 charcoal and organic matter samples extracted from
YL1211B), expected to be contaminated by 14C from the groundwater.

Bulk mineral influx, moisture content, dry bulk density & total organic
content

Down-core changes in moisture content, dry bulk density and TOC (in-
ferred from weight loss from loss on ignition at 550 ◦C) of YL1211B sedi-
ments are shown in figure 4.22. The latter two of these variables were used
in conjunction with the age model produced for the core (discussed in sec-
tion 4.3.2) to provide an estimation of down core changes in bulk mineral
influx. This is estimated for core sediments extending between the shal-
lowest (35.5 to 36.5 cm) and deepest (202.5 to 203.5 cm) dated samples (fig-
ure 4.22). Because of the relatively consistent sedimentation rate predicted
by the age-depth model between the upper and lower dated points (min
= 2, max = 2.4 years per cm), and minimal changes in TOC down-core,
estimated influx data strongly correlate with the dry bulk density values
calculated for the core (r = 0.885).

The estimated TOC for YL1211B sediments ranges from 17% (151 cm) to
24.5% (61 cm) of the sample dry mass. A 3% increase in overall core or-
ganic is observable up core of 136 cm. While the dry bulk density of the
core sediments shows high frequency fluctuations between samples, rang-
ing from 400 kg/m3 (178 cm) and 900 kg/m3 (43 cm), there is no observable
trend in this variable with depth. The moisture water content of the sedi-
ments varies from 69% (14 cm) to 77% (146 cm depth). Drier sediments are
located close to core gaps (e.g. 192 to 193 cm), and proximal to the core top
and core base sediments. Thus moisture content appears to be more a prod-
uct of physical core location (i.e. exposure to air) than due to any changing
sedimentary properties of the core.
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FIGURE 4.22: Down core plot showing estimated mineral
influx, dry bulk density, moisture content and total organic
content of YL1211B core sediments. The red overlays rep-
resent the 5 cm running mean for dry bulk density and
total organic carbon calculations. Replicate moisture con-
tent measurements taken from the YL1211B master core in
September 2015 are represented by dark grey-bars overlay-

ing the moisture content graph.

Environmental magnetism

There is a major discrepancy between the mean down-core κSI values ob-
tained from YL1211A (mean = 2.3 × 10−5, n = 334) and YL1211B (mean =
9 × 10−5, n= 390). This has been attributed to the time lag between split-
ting and analysing YL1211A for magnetic susceptibility, which permitted
the sediments to dry, thereby reducing the overall proportion of water (dia-
magnetic) from the sediments.
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A strong correlation was found between the master and replicate Yeak Loam
core records in CPL slot (r = 0.89) (figure 4.23). This indicates that core sed-
iments are probably representative of the lake centre stratigraphy, and that
the YL1211B record is approximately 16 cm longer than the YL1211A record
when the differential compaction and core gaps between the two samples
are accounted for. Core correlation specifics are presented in appendix D.
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FIGURE 4.23: Graphs showing depth-corrected, correlated
κSI plots for master (YL1211B) and replicate (YL1211A)
Yeak Loam cores. Data are shown relative to their original

depth-position (light grey line).

Magnetic properties

Discussion of the down-core magnetic behaviour will focus on the master
core (YL1211B) sediments.

Volumetric magnetic susceptibility

All measurements indicate that core sediments display transitionary be-
haviour between homogenous diamagnetic and paramagnetic materials (Dear-
ing 1999a). Peaks and troughs that fall outside a 1σ buffer plotted about
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the mean down-core κSI value (used in attempt to delimit any meaningful
changes outside of the range of background variability) recur with relative
frequency down core (figure 4.24 graph a). The dominant “zone” of higher-
than-average κSI occurs between 108 and 134 cm and at the base (211 to
213 cm) of YL1211B. YL1211B κSI is negatively correlated with bulk min-
eral influx (r = -0.206).

Frequency dependent mass-specific magnetic susceptibility

Results of mass-specific magnetic susceptibility for YL1211B sediments are
presented in figure 4.24 (graphs b and c). As with the κSI record, both
χlf and χfd% show high-resolution, low amplitude fluctuations down core.
χfd% values fall within the range of 1.5 to 3.5%, indicating that core sample
is dominated by non-super-paramagnetic grains.χlf values show very weak
(and occasionally negative) magnetism of the samples. These are not well
correlated with corresponding κSI data (r = -0.03 [insignificant]). This may
either reflect variations in dry bulk density/pore water content between the
two measurement protocols, or a degree of experimental error vs. the core
sediment properties, as discussed below.
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The mass specific magnetic susceptibility data are approached as semiquan-
titative given that only 18% of the 149 samples processed were at, or above,
the minimum sample volume (>5.7 g/cm3) recommended by Dearing (1999a).
Seventy-five percent of samples were less than 5 g/cm3, 19.5% below 4 g/cm3,
and 0.6% (one sample at 185 cm) below 3 g/cm3 (figure 4.24 plot d). These
results should be treated cautiously given the linear relationship between
sample volume and χlf (in the positive sign) and χfd% (in the negative sign)
(see appendix D for details). Sample data demonstrate that there is indeed
a significant, negative correlation between χlf and χfd% (r = -0.6). However,
despite the fact that lower-than-adequate volume size are expected to yield
lower χlf SI values (and thus correspondingly higher χfd% ), there is no
significant correlation between χlf and sample volume (r = 0.05 [insignif-
icant]), and only a weak negative relationship between χfd% and sample
volume (r = -0.19). This suggests that core sedimentology is, to a degree,
reflected in the mass-specific magnetic susceptibility records.

Grain size analysis

YL1112B was sampled at contiguous, 5 mm intervals between 4 and 100 cm,
and every 1 cm between 100 and 212 cm depth (plus at 212.5 cm) for textural
analysis. This change in sampling resolution was due to the relatively mini-
mal change in grain size distribution with depth when initial samples were
plotted. The resultant textural properties of YL1211B clastics are shown
in figure 4.25. Silt is the dominant size fraction across the core sediments,
making up between 50% (100 cm) to 97% (171 cm) of samples analysed.
Overall, mean sand content is slightly higher in stratigraphic unit II (13.5%)
than unit I (10%), though peaks in sand content occur throughout. The
proportion of sand in each sample is unsurprisingly correlated with mean
grain-size (r = 0.77). The proportion of clay in each sample fluctuates from
2% (171 cm) to 13% (100 cm).

The relative proportion of silt, clay or sand within each sample analysed
appears to control the shape of their respective sediment distribution in
terms of sorting, skewness and kurtosis. Higher silt percentages show a
strong, negative correlation with sorting (r = -0.9), and a moderately strong
relationship with the skewness (r = 0.39) and kurtosis (r = -0.35). In the con-
text of the Yeak Loam sediments, silt is associated with very poorly sorted
samples with symmetric to coarse skewed, mesokurtic to playkurtic distri-
butions. The relative proportion of sand in each sample is also negatively
correlated with kurtosis (r = -0.2), but is positively correlated with sorting
(r = 0.48), and displays no significant relationship with sample skewness (r
= 0.058). Sand is therefore associated with mesokurtic to playkurtic, poorly
sorted sample distributions. The percentage of clay in sample displays a
strong positive relationship with both sorting (r = 0.70) and kurtosis (r =
0.72), and a negative relationship with skewness (r = -0.62). Clay rich sam-
ples thus tend to be poorly sorted, leptokurtic and fine skewed to very fine
skewed.

Stratigraphically constrained cluster analysis of down core changes in mean
grain size, sorting, kurtosis and skewness identified three primary sample
clusters at 136 cm (1.25 × 104) and 72 cm (7 × 103) (dissimilarity distances
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bracketed). These form the boundaries of the three major clusters distin-
guished for the core (A,B and C) as delineated on figure 4.25. These clusters
have each been further subdivided into two sub-clusters.

Cluster A extends from 213 cm to 136 cm depth. At the base of the core,
there are two beds characterised by a relatively high proportion (20 to 24%)
of clay from 210.5 to 208.5 cm and 204 to 196.5 cm, coincident with peaks
in sorting (very poorly sorted). Above these peaks, cluster A samples are
typified by relatively high-amplitude, moderately uniform, regular fluctu-
ations in kurtosis (from extremely leptokurtic to mesokurtic) and skewness
(from very fine/fine skewed to symmetrical). These shifts are apparently
controlled by the regular fluctuations in the relative proportion of sand, silt,
and especially clay (from 2 to 5% to 15 to 18%) every 2 to 6 cm. The subdi-
vision of cluster A at 187 cm (dissimilarity distance = 4.8 × 103) reflects an
overall increase in the proportion of sand (and corresponding decrease in
clay) in subcluster Aii vs. subcluster Ai samples.

Cluster Bi samples (135 to 110 cm) display similar sorting and mean grain-
size distributions to underlying sediments, presumably due to the rela-
tively constant proportion of silt across this division. An increase in the
relative proportion of sand to clay in cluster Bi samples does, however,
change trends in kurtosis and skewness. In particular, the grainsize dis-
tribution of samples analysed in this zone are mesokurtic to playkurtic and
symmetrical to coarse skewed.
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FIGURE 4.25: Textural properties of YL1211B sediments that have been classified following Folk and Ward (1957) parameters in Gradi-
stat version 8 (Blott and Pye, 2001). Results have been grouped using a stratigraphic constrained analysis of the variables presented.

Data shown relative to estimated mineral influx.
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The subdivision between clusters Bi and Bii at 110 cm (dissimilarity dis-
tance = 3.3 × 103) captures the base of a band of comparatively sand-rich,
very poorly sorted sediment (109.5 to 99 cm — approximately 30% sand),
reflecting the boundary logged between stratigraphic units II and I.

The division between clusters B and C at 72 cm depth is defined by a tem-
porary drop in clay abundance to approximately 3% between 74 and 69 cm.
Between 69 and 24 cm, the overall amplitude of fluctuations between sand,
silt and clay declines. Cluster Ci is distinguished from cluster Cii at 35 cm
(dissimilarity distance = 4 × 103) by a slight increased proportion of clay-
and silt-sized sediments. A sharp peak in sand abundance to 32% occurs
within cluster Cii at 14 cm (32%). Sediments between 11 cm depth and the
core-top sample (4 cm) are relatively clay rich (average of 27%).

Geochemistry

Normalisation

A correlation matrix showing the relationship between measured water
content, TOC and the inc/coh scattering ratio obtained from XRF scanning
of YL1211B is presented in table 4.8. Water content displays a significant,
strong relationship with inc/coh across the whole core (r = 0.693), though
this relationship is much stronger for unit I (r = 0.864) than for unit II (r =
0.345). This discrepancy likely reflects the negative relationship that exists
between total organic carbon and pore water content in Unit I (r = -0.217)
and the moderate positive correlation between these variables in Unit II (r
= 0.527). Because both of these materials are elementally light and thereby
produce high incoherent and low coherent scattering, the inc/coh ratio pre-
sumably reflects the decoupling of these variables, perhaps giving more
weight to water content as it makes up a greater proportion of the core
sediment mass (approximately 74%). As such, it appears to be a suitable
parameter for normalising the geochemical kcps data.

Geochemical behaviour of core sediments

Data preparation and synthesis

After elemental data that recorded no kcps values for over 5% of the sam-
ples were removed, remaining data were normalised to inc/coh ratios. These
include, in order of decreasing abundance for the whole core, Fe, Ti, Mn,
Rb, Zr, Ni, Sr, Ca, Zn, K, Cu, Pb and Si. During I-TRAX analysis, the cores
were scanned as four separate sections, or runs. Scan one encompasses sed-
iments from 0 to 60 cm depth, scan two from 60 to 96 cm, scan three from
96 to 188 cm depth, and scan four from 188 to 213 cm depth. Following
normalisation of the selected elemental data, the Ni and Cu curves were
obviously offset across the different core scan sections. As such these data
were assumed to reflect experimental conditions vs. the “real” core geo-
chemistry, and were selectively removed from the data set. The remaining
normalised elemental data are presented on figure 4.26. The element ratios
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TABLE 4.8: Pearson’s correlation matrix for YL1211B show-
ing relationship between total organic carbon (%) (TOC),

water content (%) and inc/coh ratios (95% C.I.).

whole core - 0 cm to 213 cm
TOC water content inc/coh

TOC 1 r = -0.352, p = 7.93e-6,
df = 151

r = -0.462, p = 2.96e-9,
df = 147

water content r = -0.352, p = 7.93e-6,
df = 151

1 r = 0.693, p < 2.2e-16, df
= 191

inc/coh r = -0.462, p = 2.96e-9,
df = 147

r = 0.693, p < 2.2e-16, df
= 191

1

unit I - 0 to 111 cm
TOC water content inc/coh

TOC 1 r = -0.217, p = 0.05, df =
79

r = -0.237, p = 0.03, df =
78

water content r = -0.217, p = 0.05, df =
79

1 r = 0.346, p = 0.0004, df
= 98

inc/coh r = -0.237, p = 0.03, df =
78

r = 0.346, p = 0.0004, df
= 98

1

unit II - 112 to 213cm
TOC water content inc/coh

TOC 1 r = 0.527; p = 2.017e-6;
df = 70

r = 0.364; p = 0.002; df =
67

water content r = 0.527; p = 2.017e-6;
df = 70

1 r = 0.864; p < 2.2e-16; df
= 91

inc/coh r = 0.364; p = 0.002; df =
67

r = 0.864; p < 2.2e-16; df
= 91

1

selected for the core are presented on figure 4.27 (excluding Cu/Ti for the
above-discussed reasons).

Analysis

The stratigraphically constrained cluster analysis performed on the nor-
malised geochemical data splits the dataset into three major clusters — A to
C — the boundaries of which occur between 200 and 210 cm depth (dissimi-
larity distance = 5.6× 105) and 80 and 81 cm depth (dissimilarity distance =
8× 105). Cluster B has been further divided into four sub clusters, Bi to Biv,
the upper boundaries of which occur at 172 to 173 cm depth (3.35× 105), 145
to 146 cm (3.4 × 105), 89 to 90 cm depth (3.7 × 105), and at the cluster B/C
boundary at 80 to 81 cm depth (dissimilarity distances bracketed). Clus-
ter C has been split into three sub clusters, Ci to Ciii, which are bounded
at 61 to 62 cm depth (4.3 × 105), and 22 to 23 cm depth (4.75 × 105). The
boundary between sub clusters Ci and Cii coincides with the experimen-
tal core scanning boundary discussed in section 4.3.2, and thus changes in
the geochemical record across this boundary are treated with caution. The
cluster and sub cluster boundaries for the normalised geochemistry data
are shown on figure 4.26.

Elemental data have been grouped according to their whole-core associa-
tions, both to each other, and to the other sedimentological variables out-
lined in this chapter. These are outlined below.
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FIGURE 4.27: Plot showing downcore fluxes in selected
geochemical ratios from YL1211B sediments.

Si, Ti & K, and Sr & Zr Si, K and Ti display similar behaviour with depth
(r = 0.86 [Si and K]; r = 0.71 [Si and Ti]; r = 0.85 [K and Ti]). Correlation
matrices are included in appendix E. This is reflected in the PCA, which
shows close association of these elements with Sr and Zr along principle
components (PCs) 1 and 2, that account for 79.7% and 10.5% of variance
respectively (figure 4.28, table 4.9).

High amplitude fluctuations in Si, Ti and K are evident across cluster A.
This pattern is reflected across all elemental data with the exception of Sr
and Zr. Up core of cluster A, the Si and Ti and K data display high fre-
quency, low amplitude fluctuations, largely reflected by Zr and Sr. A drop
in the overall abundance of Si and K is apparent across sub cluster Ciii. An
increase in the overall abundance of Ti, Sr and Zr is apparent in the same
sub cluster, suggesting a decoupling of this element suite at approximately
22 cm.

Fe, Rb, and Pb show strong, positive correlations with each other (min. r
= 0.87) and, along with Mn, contribute to the maximum negative loading
along PC2 (figure 4.28, table 4.9). These elements all positively correlate
with κSI (r = 0.18, r = 0.15, r = 0.16 respectively) and display insignificant,
but positive associations with χlf. The same elemental data show a bimodal
association with grain size, being positively correlated with clay and sand,
and negatively correlated with silt (see appendix E for r values).
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YL1211B.

After abruptly peaking and troughing across cluster A, the Fe, Rb and Pb
data display very low amplitude fluctuations across sub cluster Bi to Biii.
An upward trend in these data occurs across sub cluster Biv to a peak in
cluster Ci. A second upward trend occurring alongside increased variabil-
ity in these data can be observed across cluster Ciii.
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Mn & selected elemental ratios Mn accounts for much of the variance
in the PCA. It exhibits the largest control on PC 3 (-0.87), where it is quite
isolated from the rest of the elemental data, and the second largest on PC2,
where it associates with the Fe, Rb (r = 0.45) and Pb (r = 0.30) suite dis-
cussed above (table 4.9). Mn and Mn/Fe are the only variables that display
a significant positive relationship with χfd% (r = 0.17, r = 0.25).

TABLE 4.9: YL1211B eigenvalues, percentages and elemen-
tal variable loading from PCA of geochemical data.

PC1 PC2 PC3
Eigenvalue 170.65 22.46 9.19
R2 (%) 80% 10% 4%
Q2 (%) 69% 35% 18%
Si 0.314289622 0.202665861 0.146476215
K 0.31977899 0.233624064 0.135193055
Ca 0.291069564 0.335297661 -0.147197782
Ti 0.33217005 0.090127132 0.015916695
Mn 0.243037408 -0.312385012 -0.872914926
Fe 0.315964503 -0.304967309 0.132490461
Zn 0.278537645 0.460491105 -0.075027984
Rb 0.276508297 -0.507414608 0.195941029
Sr 0.314382679 0.034877055 -0.097701014
Zr 0.324614619 0.031078499 0.069953335
Pb 0.294538743 -0.348576454 0.316783516

Relatively high, stable levels of Mn/Fe in YL1211B sediments occur be-
tween the core base and 114 cm depth. These then peak between 111 and
91 cm, and trough between 72 and 32 cm depth (figure 4.27). Two large
peaks in this ratio occur within the core top sediments at 20 to 18 cm and
13 cm depth. These peaks correspond with large peaks in Mn/Ti and Fe/Ti
data. Though Mn and Fe are positively correlated (r = 0.47), the Mn/Ti
and Fe/Ti records, which are aimed at removing the detrital signal from
the record, are negatively correlated (r = -0.31), largely reflecting the decou-
pling of these data sets between 95 and 35 cm depth (figure 4.27).

Ca and Zr/Rb Zr/Rb ratios, in some cases, relate to grainsize (Kylander
et al. 2011, Chawchai et al. 2013). However, in the context of YL1211B sed-
iments, there is a negative, insignificant correlation between this elemental
ratio and sand (r = -0.106). Ca, on the other hand, shows a relatively strong
relationship with the sand fraction of the core sediments (r = 0.46). Ca ap-
pears well correlated with the Si, Ti & K element suite from the core base to
approximately 112cm depth (approximately coinciding with the boundary
between logged sedimentary units I and II in mid sub cluster Biii (figure
4.26)). Up core of 112 cm, Ca peaks at approximately 104 cm depth before
declining to approximately stable levels at 80 cm depth.



Chapter 4. Lake core sedimentology and geochemistry 134

4.3.3 Yeak Oam (cores YO0712B & YO0712C)

Stratigraphy

The master (YO0712B) and replicate (YO0712C) gravity cores extracted from
Yeak Oam were 1.75 m and 1.09 m long respectively (table 4.2). The sedi-
ments within comprise sapropel with some fine siliciclastic material (clay
and silt sized). The core sediments are indistinctly horizontally laminated.
A low fraction of charcoal (<5%) and irregular bands of macro organics
(leaves and wood debris) were observed throughout the both cores (see fig-
ures 4.29 and 4.30 for detailed logs and core images). Two distinct beds
of sediments, with grain sizes estimated from visual analysis to range from
fine-sand to fine-gravel (possibly carbonates), were observed in YO0712B at
0 to 4 cm and 53 to 56 cm. These were not observed in YO0712C. A whitish-
green clayey lamination at 38 cm was noted in YO0712B but not YO0712C
(see figures 4.29, 4.30 and 4.31). This suggests that there may some strati-
graphic differences between the two samples despite both cores preserving
horizontal layering.
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FIGURE 4.29: Photograph and log for core YO0712B.

Chronology

The conventional and calibrated (yrs BP) ages for the six 14C date sam-
ples submitted from YO0712B and YO0712C are presented in table 4.10.
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FIGURE 4.30: Photograph and log for core YO0712C.

The ages determined from leaf fragments show an expected increase in age
with depth for core YO0712B. However, the ages derived from the wood &
charred wood/charcoal samples from YO0712C are uniform down-core —
all falling within the range of 1 719 to 1 832 yrs BP.

TABLE 4.10: Table of the conventional and calibrated (yrs
BP) ages of 14C date samples submitted from YO0712B and

YO0712C.

Lab ID depth (cm) 14C date
BP ±1σ

material calibrated
age (2σ) (cal.
yrs BP)

probability
(%)

351543 (Beta) 16.0-17.5 260 ± 30 leaf fragments with some
algal material

152 - 213 23.4

276 - 328 58.9
378 - 391 2.1
400 - 439 10.5

351544 (Beta) 62.0-62.5 470 ± 30 leaf fragments with some
algal material

471 - 535 95

351545 (Beta) 172.0-173.5 1190 ± 30 leaf fragments with some
algal material

980 - 1117 74

1129 - 1177 20.8
351546 (Beta) 20.0-21.0 1850 ± 30 wood & charred wood/

charcoal with some algae
1792 - 1908 95

351547 (Beta) 56.0-57.0 1860 ± 30 wood & charred wood/
charcoal with some algae

1802 - 1918 95

351548 (Beta) 100.0-101.0 1830 ± 30 wood & charred wood/
charcoal with some algae

1772 - 1888 95
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FIGURE 4.31: Photographs of distinct stratigraphic units
identified in YO0712B core sediments that were absent in
YO0713C, including (A) a planar, greenish-white clayey
lamination (38 cm), and (B) a bed of angular and sub-

angular sand and fine gravel (53 cm).

The age depth model produced for YO0712B is shown on figure 4.32 and
predicts an increasing rate of lake sedimentation from the top to the base
of the core. The mean accumulation rate between 0 and 17 cm is modelled
at approximately 1 mm/year (noting that this uses the mean age line – a
higher resolution chronology would be necessary to clarify). The sedimen-
tation rate between 17.5 and 175 cm is predicted to be approx. 1.7 mm/year.
However, as this model is currently based upon 3 dates, points of change
are not well defined, and changes in accumulation rate may merely be a
product of sediment compaction from coring vs. any “real” changes in the
lake sediment regime.
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FIGURE 4.32: Bacon Age-Depth model produced from
YO0712B dates.

An age-depth model was not produced for the YO0712C core. This is due
to the fact that the uniformity of the ages produced for the core (c. 1800
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to 1900 cal. yrs BP) is assumed to be related to the contamination of the
date samples with a non-terrestrial source of carbon. This may be due to
uptake of carbon from groundwater, as is described for the Yeak Loam sed-
iments. This assumption is based on 1) the appreciable amount of algae
observed in the wood and charred wood/charcoal samples submitted from
this core and, 2) the stark comparison of these ages with those produced
for YO012B. The approximate 1 500 to 2 000 year discrepancy between the
“contaminated” ages returned from YO0712C vs. the Yeak Loam sediments
may be linked to the amount of contaminant preserved within the different
sample types submitted from the core sediments, or that the lake ground-
water inflow is sourced from different reservoirs.

Environmental magnetism

Core correlation

Initial measurements of down core κSI from YO0712C (mean = 5 × 10−3,
n=184) are an order of magnitude larger than those taken from YO0712B
(mean = 5 × 10−4 SI, n= 294). Retest measurements taken from YO0712B
are marginally higher (mean = 7.5 × 10−4) than initial measurements taken
from the same depths (mean = 6.5 × 10−4), while replicate measurements
taken from YO0712C are, on average, 3 × 10−3 SI units lower than initial
values (mean = 1 × 10−3 vs. 4 × 10−3 SI) figure 4.33. Despite these dis-
crepancies — likely due to the difference in temperature and ambient mag-
netism between measurement periods in the context of diamagnetic ma-
terials — trends between initial and replicate measurements are markedly
similar for both YO0712B (r = 0.85) and YO0712C (r = 0.93) (figure 4.33).

There is a reasonably strong correlation between the Yeak Oam master and
replicate core κSI records (r = 0.715). CPL slot analysis indicates that both
core records are approximately the same length (146 to 147 cm) when corre-
lated (mostly correcting for the number of core gaps in the YO0712B record)
(see figure 4.34 for depth corrected plots). Specifics of correlation results are
presented in appendix D.

Magnetic properties

As YO0712B and YO0712C are well correlated, discussion of the magnetic
behaviour of the sediments will focus on the master core, YO0712B.

Both the initial and replicate κSI measurements taken from this core indi-
cate that core sediments display behaviour that falls into the transitionary
zone between homogenous diamagnetic and paramagnetic materials (Dear-
ing 1999a). Core sediments display high-frequency, low amplitude fluxes
in κSI throughout, with no overall trend apparent down-core. There are
three sections of the core where magnetic susceptibility peaks significantly
above the 1σ range between 2.5 and 5 cm, 54 and 59 cm and at 103 cm depth
(figure 4.35).
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4.4 Overview: lake sediment input & deposition

4.4.1 Yeak Mai

The obvious changes in the Yeak Mai sedimentary record are the shifts be-
tween the organic (algal) rich sediment in core sedimentary units I, IIb, and
IV, and more mineral-rich (organic poor), clayey silt sediment in units IIa
and III. Prima facie, this suggests changing rates of 1) organic productivity,
2) allogenic catchment erosion, 3) endogenic chemically-mediated precipi-
tation/dissolution of sediments, or 4) a combination of these factors.

Increased organic productivity across units I, IIb and IV seems plausible
given the high relative abundance of algae in the sediments. However, it is
expected that if variation in the lake sediments reflects biological productiv-
ity alone, the sedimentation rate for the organic-rich units would be higher
than that of the mineral-rich units. This does not appear to be the case for
Yeak Mai, with the age-depth model produced for this core indicating a
high sedimentation rate across unit III. The chronological resolution across
unit II is too low to determine if there is any difference in the sedimentation
rate of sub unit IIa vs. IIb.

The vast rise in the mineral influx rates estimated for the core across sub
units IIa and unit III (especially at the upper and lower boundaries) sup-
ports the idea of these layers representing zones of increased supply of de-
trital, siliciclastic material to the lake catchment via erosion of catchment
soils. This idea appears to be backed by the overall increase in elemental
proxies for detrital input across these units, including Ti, K and Rb (Ky-
lander et al. 2011, Rothwell and Croudace 2015 and references therein), as
well as Cr, Si and Ca. Peaks in the latter two of these elements occur in the
absence of any noticeable biogenic sources. It is therefore likely that these
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minerals are mainly derived from the erosion of the basaltic (and possibly
sandstone) catchment, which presumably contains a relatively high propor-
tion of Ca-plagioclase and silicon-bearing minerals. Similarly, the peaks in
κSI, across units IIa and III may indicate erosion-related events (Thomp-
son et al. 1975, Dearing 1999, Sandgren and Snowball 2001). Given the
high magnetisability of the basaltic soils on the steep-sided, southern edge
of Yeak Mai (presumably due to the high proportion of Fe-rich minerals
within the mafic catchment soils), this interpretation makes sense. How-
ever, the high clay/low sand sediment characteristics of the major κSI and
mineral influx peaks (as well as the fine overall texture of units IIa and III
relative both to the rest of the core and the catchment sediments), seems in-
congruent with an interpretation of increased catchment erosion being the
key driver of core sediment change. This is due to the typical association of
runoff erosion with coarser-than-average grain sizes (e.g. Peng et al. 2005,
Bhattacharyya et al. 2015).

Enrichment in fine, non-organic sediments within sapropels can occur when
redox-sensitive elements (commonly Mn and Fe) precipitate under oxic
conditions as endogenic oxyhydroxides (MnOx and Fe3+) at the lake sedi-
ment/water interface and/or via diffusion into previously anoxic sediment
(depending on the depth of the redox boundary) (Hamilton-Taylor and
Davison 1995, Thomson et al. 1995, Thomson et al. 2006). Within the con-
text of this study, these zones can be interpreted from the well-correlated
peaks in Fe/Ti and Mn/Ti, noting that, because Ti appears to a reliable
proxy for detrital influx to the lake, this ratio presumably decouples allo-
genic from endogenic sources of Fe and Mn in the lake sediments (Thomson
et al. 2006, Gallego-Torres et al. 2007).

Within tropical mafic catchment settings, peaks in κSI can also indicate
periods of endogenic precipitation of concentrated iron oxide during oxic
phases of lake redox cycling (Williamson et al. 1998, Tamuntuan et al. 2015).
Williamson et al. (1998) show that these iron oxides are derived from pre-
viously eroded ferromagnetic minerals within catchment soils that are con-
centrated from redox cycling. However, κSI as a redox proxy needs to be
interpreted within the context of other indicators given that it is also com-
monly taken to represent periods of heightened surface erosion of detrital
catchment materials (Dearing 2008, Bhagwat et al. 2012). Given that the
volumetric susceptibility of Yeak Mai sediments positively correlates with
detrital elements (all units) and the high Mn/Ti and Fe/Ti ratios in units
II and III, it appears to be reflecting both erosion-related and redox cycling
events, indicating that using peaks to infer either one requires corroboration
with additional proxies. Coupled κSI, Fe/Ti and Mn/Ti peaks occur within
YM0413B at 222 to 234 cm (c. 1748 to 1780 cal. yrs BP), 282 to 294 cm, (c.
1908 to 1949 cal. yrs BP), 328 to 330 cm (c. 2250 to 2268 cal. yrs. BP), 383 to
386 cm (c. 2701 to 2729 cal. yrs BP) and 448 to 453 cm (c. 3276 to 3350 cal.
yrs BP) in sedimentary units III and IIa. This suggests that redox cycling
of the lake may contribute to the differential sedimentary layers observed
within the core. Notably, however, is a very large peak in Mn/Ti and Fe/Ti
coupled with a small peak in κSI at 208 to 192 cm depth (c. 1680 to 1550 cal.
yrs BP), occurring within sedimentary unit IV.

The combined peaks in κSI and redox sensitive elements within lacustrine
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settings are commonly taken to represent oxic conditions driven by drying
events (Williamson et al. 1998, Tamuntuan et al. 2015). If this is the case
for the YM0413B record, sedimentary units III and IIa may be associated
with weaker-than-present summer monsoon conditions. Within this set-
ting, it is very possible that lake productivity may decline (Gasse and Van
Campo 2001, Selvaraj et al. 2011, Selvaraj et al. 2012, Zhang et al. 2014).
Low productivity can further facilitate oxidation of surficial lake sediments
given that decomposition of lake organic matter – a process concentrated
within lake sediments - consumes oxygen (Davison 1993, Hamilton-Taylor
and Davison 1995). Given this, it is possible that the high proportion of fine-
grained, non-organic sediment within YM0413B units III and IIa may be
associated both with reduced lake productivity, and enrichment in Mn and
Fe oxides. If the interpretation of deposition of unit IIa and III sediments
under relatively dry, arid conditions is valid, it is conceivable that high ele-
mental counts for the detrital elements within these units may be associated
with deposition of wind-entrained sediment (Qiang et al. 2014) or from
increased erosion of catchment sediments results from reduced canopy of
ground cover.

4.4.2 Yeak Loam

Chronology and sedimentation

The greatest challenge posed with regard to reconstructing the sediment
input to Yeak Loam is accounting for the perplexing chronology produced
for the core, both with respect to 1) the homogenous ages returned from the
dated samples that were rejected from the final age-depth model, and 2) the
old age of the sediments predicted by the final age-depth model that was
applied to the core. The rationale for rejecting the dates returned from the
14 bulk sediment and batch 1 and 2 charcoal and organic material samples
from the age-depth model applied to YL1211B was introduced above, but
is briefly expanded on below.

Contamination of 14C date samples by an external source of carbon (i.e. car-
bon that is not derived from the targeted terrestrial organic matter) can re-
sult in relatively homogeneous ages and/or age reversals occurring down-
core, regardless of depth, presuming that the contamination is consistent
over time or the sediments are uniformly ‘reset’ in some way (e.g. Kilian et
al. 2002). Both of these characteristics can be observed from the age-depth
profiles produced for YL1211B from the bulk organic and batch 1 and batch
2 charcoal and organic material samples. Consequently, these sample mate-
rials were deemed unsuitable for producing a reliable age-depth model for
the core sediments.

A common source of carbon contamination within deep, closed catchment
lake settings is from groundwater inflow that can leach and entrain carbon
from carbonate bedrock, soils, mineral matter and relict terrestrial organic
material (Vance and Telka 1998, Uchikawa et al. 2008). This carbon can then
be fixed and sequestered into the sediment by aquatic algae (Uchikawa et
al. 2008). The appreciable amount of algae retained within the bulk organic
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and charcoal and organic material samples submitted from YL1211B for ra-
diocarbon analysis is presumed to be the key pathway for sample contam-
ination with “old” groundwater 14C. As such, the“clean” leaf and batch 3
charcoal samples that did not contain any algae and showed an aging-with-
depth progression were considered more reliable for age-depth modelling.

It was initially expected that carbon contamination of the date samples was
leading to anomalously old ages, especially for the shallower core samples,
which were expected be deposited relatively recently (i.e. within the past
couple of centuries). However, comparison of the ages returned from the
samples that were presumed to be contaminated, with those presumed to
represent a relatively “clean” terrestrial signal, indicates that the age of the
contaminant carbon may, in fact, be younger than the timing of sediment
deposition by several hundred to several thousand years. This poses sev-
eral challenges for interpreting the core record. Firstly, it suggests that con-
tamination of the core sediments, or at least those deeper than 36 cm, must
have occurred via post depositional groundwater flow through the sedi-
ments. Given the lake depth (likely sufficient to intersect with the ground-
water table) and the relatively high proportion of algae and pore water
preserved within the sediments, this may be plausible if the sediments are
permeable and can support interstitial biological activity in the anoxic sed-
iment that is sequestering C, which would presumably relate to methano-
genesis (Aravena et al. 1995, Nüsslein et al. 2003, Conrad et al. 2011).
Second, and perhaps more problematically, is if the ages used within the
age-depth model are reliable for interpreting timing of sediment deposi-
tion, one must account for the loss of approximately 4000 years-worth of
sedimentation from the core top. Given that Yeak Loam has a closed catch-
ment and is deep, it is highly improbable that changing environmental con-
ditions (e.g. erosion of the lake-bottom sediments or lake drying) instigated
either a period of sediment outflow from the lake, or a break in sediment
influx to the lake. This is awkward as it means that, if the high sedimenta-
tion rate predicted by the ages returned from the “clean” samples used in
age modelling for the core (maximum of 5.85 years/cm 6) is held constant
through time, a minimum of 6.2 metres-worth of sediment loss from the
core top needs to be accounted for. Some possible mechanisms for this loss
may be 1) slumping of the lake bottom sediments, 2) sediment disturbance
associated with the localised bombing of Ratanakiri between the late 1960s
and 1973 (known to have destroyed lake-side infrastructure (Colm 1997), or
3) from a sampling error.

Coring through a slip face caused by slumping of the lake bottom sediments
could account for the old age of the core sediments deeper than 35.5 cm.
The bathymetric survey of Yeak Loam presented in Sharma (2014) (albeit
low resolution) indicates that the central portion of the lake sediment sur-
face (from where the core was extracted) is relatively flat, and provides no
evidence of slump debris. This makes it difficult to envisage subsurface
landslides within the vicinity of the coring location. Sediment loss directly
associated with bombing the Yeak Loam catchment is also unlikely given
the depth of water column (Carpenter 1967). However, it may be possible

6This calculation is based on a linear interpolation between the oldest age calculated for
the 202.5 to 203.5 cm sample (4811 cal. yrs BP) and youngest age calculated for the 35.5 to
36.5 cm sample (3783 cal. yrs BP)
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that associated vibrational disturbance may activate lake sediment slump-
ing. Sampling errors that may account for some sediment loss could in-
clude double-coring from the same location (YL1211A was extracted prior
to sampling YL1211B). However, this is unlikely given that the cores were
taken some metres away from each other, and that this still cannot account
for a minimum of 6.2 metres worth of sediment loss. As it is difficult to con-
vincingly reconcile the old age of the dates applied in the age model against
any of these models of sediment loss, and no clear hiatus-boundary is ob-
servable in the stratigraphy of YL1211B or YL1211A, interpretation of the
timing of changes reconstructed from the core sedimentation is approached
with a degree of scepticism.

Sediment source and input

The somewhat homogenous stratigraphy of the YL1211B sediments sug-
gests little change in sedimentary input and deposition across the time pe-
riod represented by Yeak Loam sediments. The algal-rich core sediments
indicate relatively high levels of lake productivity across the record, par-
ticularly between 128 cm and 26 cm depth (modelled at 4320 to <4111 cal.
yrs BP). The textural records reconstructed from the core sediments indi-
cate that the deeply weathered, silty-clay, clay loam and silt-loam basaltic
catchment soils are the likely source for much of the fine-grained siliciclas-
tic fraction of the core sediment. This appears validated by the geochemical
record that indicates that Fe, an element concentrated weathered basaltic
soils, is overwhelmingly the most common element in the core sediments.
Fe also shows a positive association with Ti and K - elements commonly
used as a detrital signal within sediment cores (Kylander et al. 2011, Roth-
well and Croudace 2015 and references therein), though this relationship is
weak.

As with Yeak Mai, it is expected that a proportion of Fe and Mn within
the core sediments could be sourced from redox cycling of the lake wa-
ters. However, while Mn/Ti and Fe/Ti appear to act as valid proxies for
post-depositional oxidation within a shallow lake setting, reconstructing
redox conditions from sediments deposited in deeper, thermally stratified
meromictic lakes such Yeak Loam (Sharma 2014) can be complex (Davison
1993, Boyle 2001). This is largely due to the significant proportion of dis-
solved elements that can be held in solution in deep waters, resulting in
redox-sensitive elements exhibiting variable responses to changing oxygen
concentrations in the lake waters (Boyle 2001). In particular, precipitation
and (re)dissolution of Mn and Fe occur at different rates under the same
conditions, with Fe typically more sensitive under oxic conditions (thus
precipitating out of solution earlier than Mn), and Mn typically more sen-
sitive under reducing conditions (thus (re)dissolving into solution earlier
than Fe) (Davison 1993, Boyle 2001). This process likely accounts for the
inverse relationship observed between Fe/Ti and Mn/Ti ratios between 99
and 25 cm (modelled at c. 4255 to <4111 cal. yrs BP). Consequently, Mn/Fe
may serve as preferable proxy for estimating past O2 concentrations of bot-
tom waters within Yeak Loam, particularly given the short-lived nature of
redox changes associated with lake turnover events (see Naeher et al. (2013)
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for details). Changes in this ratio across the age-depth modelled part of the
core indicate 1) somewhat stable and relatively high levels of bottom wa-
ter oxygenation between 203.5 and 111 cm depth (modelled age c. 4485 to
4280 to cal yrs BP), 2) peak oxygen concentration between 111 and 98 cm
(modelled at c. 4282 to 4252 cal yrs BP) followed by a gradual decline to
88 cm, and 3) relatively low bottom water oxygenation between 88 and
36 cm (modelled at c. 4230 to 4111 cal. yrs BP). Above 23 cm depth, the
peaks in Mn/Fe that correspond with high amplitude fluctuations in Fe/Ti
and Mn/Ti, are likely indicative of ephemeral cycling processes in the wa-
ter column that often lead to enrichment of trace metals, especially Mn, in
the surface sediments (Bryant et al. 1997, Boyle 2001).

The inferred peak in bottom water oxygenation between 98 and 111 cm
depth corresponds with the sedimentary bed rich in silt and very fine sand
that was originally used as a visual marker to distinguish YL1211B core sed-
iment unit I from unit II. While it is tempting to use this relatively coarse-
grained bed to infer a period of heightened catchment erosion (Peng et al.
2005, Bhattacharyya et al. 2015), counts of elements associated with detrital
influx (Si, Ti and K) are relatively low across at this depth interval. This sug-
gests limited addition of excess allogenic siliciclastic sediment to the lake at
this point in the record. Ca, however (an element that is only weakly or neg-
atively correlated with the detrital element suite) peaks in this bed. Biolog-
ically mediated precipitation of calcite or aragonite is a common source of
calcium within core sediments (Brown et al. 1989, Ito 2001, Pełechaty et al.
2013). Authigenic aragonite (and occasionally calcite) have been observed
within Yeak Kara sediments as 25 to 30µm (long axis) crystals that are often
aggregated to form coarse silt- to sand-sized particles (Sharma 2014). While
no biogenic sources of carbon were observed during smear slide analysis of
YL1211B (and hence no test of inorganic carbon was conducted as part of
this study), it is possible that past lake mixing events may have encouraged
biological productivity via nutrient upwelling, and permitted the precipi-
tation, deposition and preservation of relatively coarse carbonate minerals
within the lacustrine sediments via draw down of the redox boundary in
the water column (Nelson et al. 2009, Pełechaty et al. 2013). This interpre-
tation is considered plausible given the relatively high levels of TOC and
Mn/Fe calculated for the sediments between 98 and 111 cm, suggesting
high biological productivity and high bottom water oxygenation. This is
particularly the case if drying conditions (inferred from high Mn/Fe ratios
(Naeher et al. 2013)) resulted in lake shallowing and subsequent concentra-
tion of dissolved ions within the lake water. It is notable to point out that
while aragonite and/or calcite should have been digested in the sediment
pre-treatment with H2O2 for grain-size analysis, this process is not espe-
cially effective for the removing carbonates from samples (Murray 2002).

4.4.3 Yeak Oam

The relatively homogeneous sediments observed in YO0712B may indicate
a consistent pattern of Yeak Oam sedimentation through time. The multi-
proxy analyses of Yeak Mai and Yeak Loam sediments outlined above sug-
gest that peaks in κSI (the only sedimentological analysis conducted on
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this core) may either indicate increased erosion of the mafic catchment soil
and/or increased precipitation of redox sensitive elements under oxic lake
bottom water conditions. Given that this is the only analysis done on this
core, it is difficult to intepret the source and cycling of sediments to Yeak
Oam through time.

4.5 Chapter summary

A brief synthesis of results derived from sedimentological analysis of the
master lake cores extracted from Yeak Mai, Yeak Loam and Yeak Oam is
included in table 4.11
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TABLE 4.11: Summary table of the results from chronological and sedimentological analysis of the master cores.

Yeak Mai (YM0413B) Yeak Loam (YL1211B) Yeak Oam (YO0712B)
Coring technique Gravity Gravity Push & percussion
Core length (cm) 543.5 214 175
Core stratigraphy I — 543.5 to 510 cm — sapropel; II

— 510 to 288.5 cm —interbedded
sapropelic mud (IIa) & sapropel
(IIb); III — 288.5 to 218.5 cm —
sapropelic mud; 218.5 to 0 cm —
sapropel

I — 214 to 111 cm — silt; II — 111 to
0 cm — sapropelic mud

Massive sapropel

Radiocarbon date
analysis

11 — 3 x bulk sediment; 4 x macro-
charcoal; 3 x macro-charcoal & or-
ganic material; 1 x plant fibre

17 — 12 x macro-charcoal & organic
material; 2 x macro-charcoal; 1 x
leaf fragments; 2 x bulk organics

3 x leaf fragments with some algal
material

Chronological
modelling

Bacon v2.2; 2 x outliers excluded
from age-depth model; modelled
basal age = 4722 cal. yrs BP.

Bacon v2.2; only leaf fragments and
macro-charcoal samples modelled
– highly uncertain –reservoir effects
likely; range of ages modelled =
4497 (209 cm) to 4111 (36 cm) to cal.
yrs BP.

Bacon v2.2; modelled basal age =
1115 cal. yrs. BP.

Modelled down-
core sedimentation
rate

Approx. 1.1mm/year Approx. 4.5mm/year (uncertain) Approx. 1.5mm/year

Total Organic Car-
bon (LOI550)

Ranges from 14 to 31%. Higher val-
ues associated with sapropel-rich
beds (I, IIb, IV).

Ranges from 17 to 25%. Values
slightly higher up core of 136 cm.

Not analysed

Continued. . .
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Yeak Mai (YM0413B) Yeak Loam (YL1211B) Yeak Oam (YO0712B)
Bulk mineral influx Higher values associated with

mud-rich beds (units IIa & III). Ex-
ceptionally high values modelled
at the outer boundaries of unit III.

No significant change down core. Not analysed

Field moisture con-
tent

Ranges from approximately 65 to
85%

Ranges from approximately 69 to
77%

Not analysed

Magnetic suscepti-
bility (κSI)

Higher values across unit II at
depths shallower than 450 cm (> 1
x 105), and across unit III ((> 1 x
104). Peaks correspond with mud-
rich beds.

Low amplitude, high frequency
fluctuations. No significant change
down core. Mean = 9.2 x 105.

Low amplitude, high frequency
fluctuations. Mean = 4.3 x 104.
No significant change down core
though peaks occur between 54 and
59 cm depth.

Magnetic suscepti-
bility (χfd%)

Not analysed Low amplitude, high frequency
fluctuations. No significant change
down core. Many samples below
minimum recommended volume.

Not analysed

Grain size analysis Silt dominant fraction (17 to 92%;
mean = 62%). Finer clast sizes tend
to align with more mud-rich units.

Silt dominant fraction (50 to 97%).
Sand peaks at 109.5 to 99 cm (30%)
and 14 cm (32%).

Not analysed

Continued. . .
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Yeak Mai (YM0413B) Yeak Loam (YL1211B) Yeak Oam (YO0712B)
Geochemistry Si, Ti, K, Ca, Rb, Ba, Cr Sr & Zn cor-

related and probably represent the
detrital signal. Fe/Ti and Mn/Ti
correlated and probably represent
endogenic redox cycling. Fe/Ti &
Mn/Ti peaks tend to associate with
unit IIa and the boundaries of unit
III. Additional peaks occur in unit
IV at 195 cm depth.

Elemental associations include Si,
Ti & K, and Sr & Zr (detrital sig-
nal?); Fe, Rb, and Pb; Ca and
Zr/Rb. Mn/Fe may represent re-
dox cycling in this deep lake set-
ting.

Not analysed
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5 Palaeo-vegetation and
palaeo-fire analysis of the lake
sediments

5.1 Introduction

This chapter describes the methods and results used to reconstruct long
term vegetation and fire activity from Yeak Mai (YM0413B) and Yeak Loam
(YL1211B) sediments, as well as those used to construct modern microfos-
sil analogues from the various SASDTF units described in Chapter 3. With
respect to modern pollen analogues, lake sediment surface samples were
analysed from Yeak Mai, Yeak Loam, Yeak Oam and Boeng Lumkut, repre-
senting relatively continuous dry deciduous forest, localised semi-evergreen
dry forest, localised semi-evergreen dry forest and regional deciduous for-
est, and fragmented dry deciduous forest units, respectively. These are con-
sidered in light of the species compositions of SASDTF units (reviewed in
chapter 3 and listed in appendix B) in attempt to link the modern micro-
fossil assemblages to forest type in the absence of any ecological surveying.
These are used to reconstruct changes the long term vegetation records.

5.2 Methods

5.2.1 Charcoal analysis

Analysis of black carbon fragments (charcoal) that tend to be easily pre-
served in lacustrine sediment records can permit an approximation of his-
toric local and regional fire regimes (Whitlock and Larsen 2001, Scott 2010).
Microscopic charcoal fragments, defined for the purpose of this study as
fragments <105 µm, are able to be transported in the atmosphere for long
distances once entrained, potentially reflecting regional to distal fire regimes
(Clark 1988, Clark and Patterson 1997, Scott and Damblon 2010). While
micro-charcoal fragments can also represent local (i.e. catchment scale)
fire activity if they have been broken down in the system over a long pe-
riod of time, this is considered unlikely within the context of the crater
lake sites given their small catchment areas. Macro-charcoal, on the other
hand can represent local (>250 µm fraction) and local to sub-regional (105
to 250 µm fraction) burning (Whitlock and Millspaugh 1996, Whitlock and
Larsen 2001, Stevenson and Haberle 2005), with these particle sizes being
too large to be easily entrained by normal surface winds (Clark 1988). In
the context of this study, analysis of micro- and macro- charcoal is useful
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for examining the role of fire as a driver of ecological change in south-east
Asian dry deciduous forest (Yeak Mai) and dry semi-evergreen forest (Yeak
Loam) units (see chapter 3 for theoretical details).

Macro-charcoal preparation and analysis

Sampling and processing

Methods used to extract macro-charcoal from the long sediment cores ex-
tracted from Yeak Mai and Yeak Loam are based on those detailed in Steven-
son and Haberle (2005), which are modified from Rhodes (1998). Analysis
of macro-charcoal was conducted on the same subsamples that were anal-
ysed for microfossil analysis (i.e. at 5 cm intervals from the core top sample,
and the basal core sample).

Nineteen additional samples were extracted from YM0413B at 1) major unit
boundaries; 2) the centre-depth point of any of the fine beds logged in
unit II that were excluded by the 5 cm interval counts (see chapter 4) for
stratigraphic details), or 3) adjacent to initial sampling depths that recorded
anomalously high or low charcoal fragment counts. These included sam-
ples from 12.5 to 13 cm, 130.5 to 131 cm, 217 to 217.5 cm, 218.5 to 219 cm,
220.5 to 221 cm, 221.5 to 222 cm, 230.5 to 231 cm, 307 to 307.5 cm, 362.5 to
363 cm, 368 to 368.5 cm, 372.5 to 373 cm, 407.5 to 408 cm, 447 to 447.5 cm, 468
to 468.5 cm, 472 to 473 cm, 493 to 493.5 cm, 508.5 to 509 cm, 521 to 521.5 cm
and 521.5 to 522 cm.

Following analysis of the initial samples, 21 additional samples were pro-
cessed from YL1211B to check the highly variable charcoal counts observed
between consecutive sampling depths. Where possible, these samples were
taken adjacent to those tested in the initial round of analysis. These in-
cluded samples from 14.5 to 15 cm, 26.5 to 27 cm, 34 to 35 cm, 24.5 to 35 cm,
44.5 to 45 cm, 55.5 to 56 cm, 64.4 to 65 cm, 74.5 to 75 cm, 80.5 to 81 cm, 84.5
to 85 cm, 94.5 to 95 cm, 104 to 104.5 cm, 115.5 to 116 cm, 124.5 to 125 cm,
135.5 to 136 cm, 144.5 to 145 cm, 155.5 to 156 cm, 164.5 to 165 cm, 174.5 to
175 cm, 184.5 to 185 cm and 195.5 to 196 cm.

One cubic cm of sediment (field moisture condition) was taken from each
of the selected sample depths using a syringe, and placed into individual,
15 ml centrifuge tubes. Approximately 8 ml of 10% KOH was first added
to each before the sample tubes were placed in a hot water bath set to 80 ◦C
for 20 minutes to break down humic acids retained in the sediments. Sam-
ples were then rinsed twice in DI water via centrifuging at 3 000 rpm for
3 minutes and decanting supernatant. Approximately 10 ml of DI water
was added to each sample tube following the second rinse, and the samples
were well-mixed with a vortex mixer set to a mid-speed. Once completely
suspended, the samples were passed through a clean 250 µm and 105 µm
sieve stack using a spray bottle filled with DI water. Each coarse fraction
(>250 µm and 105 to 250 µm) was then retained in DI water in individually
labelled sample jars.
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Analysis

Each suspended charcoal sample was poured into a clean petri dish under-
lain with gridded paper, and the charcoal fragments encountered within
each grid cell were counted under an Olympus SZ40 binocular microscope
at 10× to 20× magnification. The charcoal was distinguished from other
materials in the sample by its black colour, opaqueness, lustre, planarity
and angularity (Whitlock and Larsen 2001).

Six and four samples were randomly double-sampled from the YM0413B
and YL1211B core sediments respectively. These were processed and counted
as per the original samples, and the standard deviation between the origi-
nal and replicate count was calculated in order to estimate the experimental
counting error. The mean of the standard deviations (each taken as a per-
cent of the mean count value of the respective original and replicate sam-
ples) was then used to estimate error across the sample set for each core.

The raw count data for each fraction size were transformed into an estima-
tion of absolute abundance of macro-charcoal fragments per dry cubic cm
using water content data produced for each core (see chapter 4).

Micro-charcoal preparation and analysis

Sampling and processing

Micro-charcoal (<105 µm) is retained in samples prepared for plant micro-
fossil analysis and can thus be enumerated from the slide samples prepared
for pollen and spore analysis (Whitlock and Larsen 2001). Details of the
samples prepared for extraction of plant microfossils and micro-charcoal,
as well as the extraction methods are summarised in sections 5.2.2 and and
appendix F.

Analysis

Micro-charcoal fragments were counted by tallying individual fragments
(Finsinger et al. 2008) under a Zeiss Axioskop II at ×400 magnification.
Lycopodium clavatum spores were simultaneously counted. Final charcoal
counts were established when 10 L. clavatum spores were counted. In the
case of the YM0413B samples, the number of charcoal fragments counted
between each Lycopodium spore was recorded until 10 spores were counted,
and the total standard deviation of these counts was calculated such that
uncertainty could be estimated. Raw count data for each fraction size were
then transformed into an estimation of the absolute abundance of micro-
charcoal fragments per dry cubic cm using water content data presented in
chapter 4.
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Plotting and analysis of charcoal counts

A whole-core mean charcoal count per unit dry mass was calculated for
each fraction size from each core. The charcoal count data for each sample
were then recalculated as a deviation value from the relevant fraction size
whole-core mean. This was attempted in order to recognise the stochas-
tic ‘background noise’ of environmental charcoal, and emphasise periods
where charcoal concentrations were above or below that background level.
These data were then plotted alongside the volume corrected count values
using the software package C2 version 1.7.6 (Juggins 2014).

The resulting sequences were depth-aligned against the mineral influx records
estimated for the cores in chapter 4. This permits comparison of absolute
abundance of charcoal influx to an approximate bulk mineral sedimenta-
tion rate.

Stratigraphically constrained cluster analyses of the macro-charcoal data
(i.e. >250 µm and 105 to 250 µm fractions) and the micro-charcoal data were
undertaken in order to identify major changes in the fire-history records.
These were calculated in R (R Core Team 2013) using the ‘rioja’ package
(Juggins 2012) (method: stratigraphically constrained, coniss, distance: Eu-
clidean).

5.2.2 Plant microfossil analysis

Preparation and collation of reference materials

A pollen and spore reference sample collection was collated to permit mor-
phological comparison of plant microfossils extracted from the lake sed-
iments to known and vouchered plant species, genera or families. This
was considered especially important for the purpose of this project given
the lack of pollen and spore morphological data available for key SASDTF
species and, in many cases, genera.

Sample selection

The reference samples assembled for this project are derived from two plant
microfossil slide collections. The first of these was collected and compiled
by D. Penny from The Rijksherbarium, Leiden in the Netherlands as part
of a palynological study of north-east Thai dry forest communities (Penny
1998, Penny 2001). The techniques used to collect and prepare these refer-
ence slides are outlined in Penny (1998). This collection is currently held
at the University of Sydney, School of Geosciences. The second reference
sample set used for this project is the Australasian Pollen and Spore At-
las (APSA) microfossil slide collection, archived at the Australian National
University Department of Archaeology and Natural History (though many
samples are published online at http://apsa.anu.edu.au).

The process of shortlisting microfossil reference slides for the project ini-
tially involved matching species (or genera) from available, undescribed
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slides with those known to form part of the SASDTF units present in Cam-
bodia (described in chapter 3 and listed in appendix B). Due to the geo-
graphical proximity of Yeak Kara to Yeak Mai and Yeak Loam, samples
matching the plant microfossils identified in Maxwell (1999) were also se-
lected for analysis where available. After preliminary core microfossil anal-
ysis, additional reference sample slides were examined in attempt to clas-
sify recurring, unknown pollen grains extracted from the core sediments.
These samples were selected on the basis of belonging to genera known to
exist in Cambodia (Dy Phon 2000) with similar morphological features to
that of the unknown pollen grain or spore — greatly aided through the use
of Huang (1972).

Two flower (pollen) samples collected in the field in 2013 were also pro-
cessed as part of the reference sample collection. These were derived from
Lagerstroema sp. (comparable to L. floribunda [Jack]) –sampled from the
catchment of Boeng Lumkut, and what was identified as Tetrameles nudi-
flora (R.Br.) — a major component of the pollen record compiled in Maxwell
(1999) and Maxwell (2001) – sampled from the catchment of Yeak Loam (fig-
ure 5.1). These samples were placed into paper envelopes and transported
to the University of Sydney School of Geosciences laboratories for analysis.
The flower samples were transferred to 50 ml centrifuge tubes for pollen ex-
traction following standard procedures (Faegri and Iversen 1989) involving
sequential sieving and chemical extractions to remove humic colloids and
cellulose. Resultant pollen concentrates were then mounted with glycerol
solution onto glass slides for analysis alongside the other reference sample
slides. A detailed outline of the procedures used to extract and mount the
field reference samples is presented in appendix H.

A B

1cm

FIGURE 5.1: Photographs of microfossil reference sample
specimens collected in the field, tentatively identified as A)
Tetrameles nudifolia (R.Br.) (Yeak Loam), and B) Lagerstroemia

sp. (Boeng Lumkut).

Sample analysis

The selected reference sample slides were photographed and described fol-
lowing standard terminology (Punt et al. 2007). Photographs were taken
using a Zeiss Axioskop II light microscope fitted with an AxioCam HRc
camera at×600 or×1 000 magnification using plan-apochromatic oil-immersed
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objectives. The images were processed and measured using Axiovision 4
software.

Preparation of modern microfossil benchmarks

Short cores were extracted from each of the five lake sites in order to cap-
ture surficial lake sediment samples. Four of these cores were sampled at
the lake bottom/ water interface for plant microfossil analysis, with the
aim to derive a modern pollen and spore signal from SEDF nested within
a cleared region (Yeak Loam), local SEDF and regional deciduous dry for-
est (Yeak Oam), and fragmented and continuous dry deciduous forest units
(Boeng Lumkut and Yeak Mai respectively). These samples were used to
provide a modern vegetation “benchmark” to which the long-core micro-
fossil reconstructions could be compared. Yeak Kara surficial sediments
were not analysed given 1) the proximity of this site to Yeak Oam, and 2)
that the pollen and spore assemblage for these sediments has previously
been described (Maxwell 1999, Maxwell 2001).

Sampling

Lake surface sediments were sampled with a custom-made miniature grav-
ity corer fitted with a screw-in, 760 mm long (�=30 mm), Perspex sampling
tube and cutting shoe. The design of this device follows that detailed in
Glew (1991) — developed to obtain an undisturbed surficial sediment sam-
ple. Minor modifications were made to this design to permit stable free fall
in the deep lakes, including fins and 5 kg lead weights (figure 5.2). This
device was deployed off the side of the boat, anchored above the deepest
point of each lake site, approximately 1 m offset from the gravity core/ per-
cussion core sites described in chapter 4. Following retrieval with a hand-
held wench, the corer was detached from the sample tube, sealed at the
base and transported vertically to the shore. Observations of the in-situ
core sediments were noted through the clear tube. Short cores taken from
Yeak Oam, Yeak Loam, Boeng Lumkut and Yeak Mai that were analysed
for this project were termed YO0712A, YL0413A, LK0712A, and YM0413A
respectively.

Following recovery, the short cores were subsampled on-site at contiguous
5 mm depth increments. Sampling was conducted using a custom-made ex-
truder developed for the corer following principles specified in Verschuren
(1993), whereby the core tube was vertically secured (with the piston at
the base), and the core sediments incrementally extruded into a flat tray
by pushing on the piston (from the base) with a hand-held screw (figure
5.2). In this design, the screw was calibrated such that sediment could
be extruded as consistent slices at a specified interval (5 mm). The wa-
tery core-top sediments were sampled from the top of the extruder using a
syringe, while deeper, more consolidated sediments (usually below 5 mm
depth) were sampled with a plastic scraper that was cleaned between each
subsample. Sediment subsamples were sealed in airtight sample bags and
transported to the University of Sydney School of Geosciences laboratories
for analysis.
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FIGURE 5.2: Photographs of miniature gravity corer (L) and
sediment extruding device (R).

Laboratory extraction and enumeration

The first two subsamples from the core tops of YO0712A, YL0413A, YLK0712A,
and YM0413A (i.e. 0 to 1 cm depth) were combined and sampled for plant
microfossil analysis. One cubic cm of sediment was measured with a sy-
ringe from each combined sample, and transferred into individual, appro-
priately labelled 15 ml centrifuge tubes for pollen and spore extraction.
One Lycopodium clavatum spore tablet from batch #3862 (9,666 ± 671 spores
per tablet; Department of Quaternary Geology, Lund University, Sweden)
was added to each sample tube in order to facilitate calculation of absolute
pollen and spore abundances (Stockmarr 1971). The samples were then pro-
cessed for microfossil sampling following standard methods (Faegri and
Iversen 1989). This involved sequential physical and chemical removal
of unwanted components of the sediment through sieving (retaining the
<105 µm fraction), a series of chemical digestions in HCL, KOH, HF, and
acetolysis. Approximately 20 ul of the remaining material was mounted
onto glass microscope slides in glycerol solution for microscopic analysis.
A detailed outline of the procedure used for extraction of plant microfossils
from core sediments is provided in appendix F.
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Core plant microfossil preparation and extraction

Sample selection

The first batches of samples prepared for microfossil analysis were selected
from evenly-spaced intervals down both cores. In YL1211B, samples were
initially taken every 10 cm between 5 cm and 205 cm, and from 212 cm
(n=21). Samples were also taken every 10 cm from YM0413B between 0 cm
and 540 cm (n=55). As the sample at 90 cm from YM0413B coincided with
a core gap (see chapter 4 for details), this sample was substituted for one
extracted from 89 to 89.5 cm depth. Sampling resolution was doubled for
both cores, starting from 10 cm in YL1112B (n=20), and 5 cm in YM0413B
(n=54), with additional samples taken from YM0413B at 12.5 to 13 cm, 230.0
to 230.5 cm (discreet organic lamination), and 543 to 543.5 cm (core base)
(n=3).

Laboratory extraction and enumeration

One (field moisture condition) cubic cm of sediment from selected sampling
intervals, measured with a syringe, was placed with one Lycopodium clava-
tum spore tablet (batch #3862) into a 15 ml centrifuge tube for microfossil
extraction. Procedures followed those described for the short core samples
in section 5.2.2. A detailed method is provided in appendix H.

Enumeration and analysis of plant microfossils

Plant microfossils extracted from the surficial and core sample were identi-
fied and enumerated under a Zeiss Axioskop II light microscope fitted with
an AxioCam HRc camera at ×400 magnification. A count target of at least
100 dryland taxa (excluding grasses) per slide was aimed for based on 1) a
qualitative estimation of the pollen saturation point, and 2) counts used in
other palynological studies undertaken in SASDTF (Penny 1998, Maxwell
1999, Maxwell 2001, Penny 2001). However, several samples from YM0413B
and the surface core assemblages fell short of this minimum count criteria.
Additionally, a dryland count minimum of 200 dryland pollen taxa was ap-
plied where the microfossil assemblage was overwhelmingly dominated by
one type (as was the case for several YL1211B samples), requiring a higher
dryland-type count for representativeness (Keen et al. 2014).

A pollen and spore taxonomy for the samples was developed from com-
parison with published reference material (Huang 1972, Tissot et al. 1994,
Banks 1997, Nakagawa et al. 1998, Penny 1998, Maxwell 1999, Parnell 2003,
Punt et al. 2003, Rull 2003, Singh et al. 2010, Quamar and Chauhan 2011,
Demske et al. 2013, Quamar and Chauhan 2014, Schori and Furness 2014,
Trivedi et al. 2014), the APSA online database (Australian National Univer-
sity 2016), and the reference sample set prepared for this study. Each new
type of pollen grain or spore was imaged and measured using Axiovision 4
software.
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Analysis of surficial sediment samples

Plant microfossil counts from lake surface sediments were standardised to
relative abundances (% of total pollen and spore sum for each sample) in
order to provide a basis for comparison between the different lake sites.
These data were compared to each other using a clustered column graph.

Analysis of lake sediment core samples

Data synthesis and plotting

Summary plots showing relative changes in major plant functional types
(grasses, dryland taxa, aquatics and pteridophytes) were first produced
for each core to delimit depths at which major floristic change occurred,
and provide a context for interpreting absolute abundance changes for taxa
within each of these functional groups, free from the influence of bulk min-
eral sediment influx. Individual plant microfossil counts from YM0413B
and YL1211B were converted into corrected absolute abundances (grains
per dry cubic cm) using the core water content data outlined in chapter
4. Pollen and spore types comprising greater than 0.1% of the total count
(raw) were plotted stratigraphically, with arboreal (woody) dryland taxa
grouped into SASDTF units where possible based on classifications made
in Maxwell (1999), Maxwell (2001), and the vegetation lists synthesised for
this study (chapter 3 and appendix B). In the case of YM0413B, which has
highly variable estimated mineral influx down core, the sum of the total rel-
ative abundance of taxa within each identified SASDTF classification was
calculated and plotted in order to highlight depths at which any changes in
overarching forest structure may have occurred.

All pollen and spore diagrams were produced in the software package C2
version 1.7.6 (Juggins 2014), and were plotted adjacent to the sedimentary
influx and chronological models developed for each core in chapter 4. This
was done to both place the vegetation records into a chronological sequence
and to permit comparison in overall changes in microfossil absolute abun-
dance with estimated bulk mineral influx.

Statistical analysis

The down core relative (functional plant groups) and absolute (taxa repre-
senting >0.1% of total raw count) abundances that were used for plotting
the pollen and spore diagrams for each core were subject to Q-mode and
R-mode statistical analysis in order to quantify associations both between
sampling units and amongst pollen and spore types.

Analysis of cross-sample associations

The down-core microfossil sequences were each clustered (method: coniss,
distance: Euclidean; stratigraphically constrained) in the program R (R Core
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Team 2013) using the ‘rioja’ package (Juggins 2012) to determine depths at
which major changes in the plant microfossil assemblage occurred.

Analysis of microfossil taxon and charcoal associations

A Pearson’s correlation and PCA were used on the core plant microfossil
and charcoal sequences to determine trends in co-dominance of microfossil
taxa. This was undertaken in Microsoft Excel using the XLSTAT PCA add-
in (Addinsoft 2016). Only relatively common pollen and spores (i.e. those
contributing to greater than 0.5% of the total (raw) core count) were used
for the PCA given that this test is only suited to datasets were there are few
zero values (McKillup and Dyar 2010). Mineral influx data were incorpo-
rated into the Pearson’s correlation to determine the relationship between
changes in non-organic sedimentation rate and the pollen and spore and
charcoal sequences. Data were scaled prior to all analyses using a Z-score.

5.3 Results

5.3.1 Charcoal records

YM0413B

Macro-charcoal

Macro-charcoal was extracted and counted from 128 depth intervals in core
YM0413B. The mean down-core abundance was 134 and 1365 fragments
per cubic cm for the >250 µm and 105 to 250 µm fraction sizes, respec-
tively. Six additional replicate samples were taken from 180 to 180.5 cm,
200 to 200.5 cm, 245 to 245.5 cm (two replicates), 275 to 275.5 cm and 500
to 500.5 cm. The average standard deviation calculated from these repli-
cates was approximately 21% and 24% for the >250 µm and 105 to 250 µm
fraction sizes respectively. These were used to estimate experimental error
across the entire down-core sample set. Downcore fluctuations in macro-
and micro-charcoal for this core are presented in figure 5.3. A moderate
correlation exists between the two macro-charcoal fractions (r = 0.48).

Stratigraphically constrained cluster analysis of macro-charcoal found a pri-
mary division in the data at 180.5 to 190 cm at a dissimilarity distance of
8.9 × 104. The two resultant clusters — A (543 to 190 cm) and B (180.5 to
0 cm) — were each divided into sub-clusters, as delineated on figure 5.3.

The primary sub-cluster in cluster A (dissimilarity distance = 8.2 × 104)
at 218 to 218.5 cm (modelled at 1743 cal. yrs BP) coincides with the top
of the logged sedimentary layer III. The second to sixth strongest subdivi-
sions within cluster A occur between 255.5 and 260 cm, 280.5 and 285 cm,
522 and 525 cm, 520.5 and 521 cm and 320.5 and 325 cm (at dissimilarity
distances of 7.8 × 104, 7.4 × 104, 6.8 × 104, 6.7 × 104 and 6.2 × 104, re-
spectively). These divisions mark the upper boundaries of macro-charcoal
sub-clusters av, aiv, ai, aii and aiii marked on figure 5.3. In general, these
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subdivisions tend to reflect the fluctuations between relatively low (ai, avi)
and relatively high (av, avii) charcoal counts. The exception to this occurs
in sub-cluster aiii between depths of 515 and 410 cm (modelled at 4316 to
2949 cal. yrs BP), which is characterised by relatively high frequency fluctu-
ations between above- and below- average counts. These fluctuations tend
to align with the closely-spaced sedimentary interbeds present in the strati-
graphic unit II (and associated fluctuations in mineral influx) and thus may
reflect different levels of charcoal “dilution” by changing rates of inorganic
sedimentation.

Anomalously high peaks in the >250 µm charcoal fraction occurs within the
aiii subcluster at 475 to 475.5 cm (modelled at 3732 cal. yrs BP) and 495 to
495.5 cm (modelled at 4037 cal. yrs BP). These correlate with peaks in the
105 to 250 µm fraction.

Cluster av (modelled at c. 1851 to 1904 cal. yrs BP) displays higher than
average charcoal influx despite the high sediment influx predicted for this
core section.

One major subdivision occurs within cluster B at 120.5 to 124 cm (dissim-
ilarity distance = 4.5 × 104), modelled age of c. 891 cal. yrs BP). This rep-
resents a shift in the 105 to 125 µm size fraction from low-amplitude count
fluctuations around the core mean count values, to persistently below av-
erage counts (though variability appears to increase towards the core top).

Micro-charcoal

116 samples were analysed for micro-charcoal from YM0413B sediments.
The average down core micro-charcoal abundance across the YM0413B sam-
ples was approximately 3.57 × 106 fragments per dry cubic cm. Due to the
relatively low concentration of Lycopodium spores relative to charcoal frag-
ments present in the slide samples, experimental error was high (mean stan-
dard deviation across the samples was approximately 1.62 × 106 – approx-
imately 45% of the total down core mean count). The down core moisture-
content corrected micro-charcoal counts showing this error plotted along-
side deviation from the core mean counts are presented on figure 5.3.

Stratigraphically constrained cluster analysis of the down core micro-charcoal
counts cluster the data at two major division points between 515.5 and
520 cm (dissimilarity distance = 1.28 × 108, modelled age of c. 4327 cal.
yrs BP) and 145.5 and 150 cm (dissimilarity distance = 1.2 × 108, modelled
age of c. 1083 cal. yrs BP). These divisions form the boundaries of the major
micro-charcoal clusters — A, B and C — shown on figure 5.3.

Micro-charcoal cluster A is delimited on the basis of its high charcoal counts
relative to the rest of the core. Cluster B is divided into sub-clusters at 280.5
to 285 cm, 320.5 and 321 cm, 235.5 and 240 cm and 255 and 260 cm (dis-
similarity distances are 1.07 × 108, 1.01 × 108, 9.5 × 107 and 9.2 × 107,
respectively). Similar to the patterns observed in the down core macro-
charcoal record, fluctuations in micro-charcoal counts from the deeper por-
tion of cluster B (i.e. between 515 and 320 cm), are frequent and align with
the closely-spaced interbeds occurring across sedimentary unit II. Above



Chapter 5. Palaeo-vegetation and palaeo-fire analysis of the lake
sediments

160

320 cm, divisions within cluster B form around above-average (subcluster
bv) or below-average (subclusters bii, biv) count groupings. Subunit biii
(280 to 280.5 cm, modelled at c. 1904 cal. yrs BP) represents a well-above
average micro-charcoal peak taken from a single sample within an other-
wise below-average count grouping. Cluster C reflects a shift to overall
higher charcoal counts between 145 and 25.5 cm (modelled at c. 1073 to 167
cal. yrs BP), with a major peak present within the 105 to 105.5 cm sample
(modelled at c. 780 cal. yrs BP).

YL1211B

Macro-charcoal

Macro-charcoal samples from 53 depth intervals were extracted and counted
from YL1211B. The mean down-core abundance was 28 and 791 fragments
per dry cubic cm for the >250 µm and 105 to 250 µm fraction sizes respec-
tively. Replicate samples were taken from 75 to 75.5 cm, 135 to 135.5 cm,
150 to 150.5 cm, and 195 to 195.5 cm. The average standard deviation calcu-
lated from these replicates represented approximately 14% and 19% of the
sample count value for the >250 µm and 105 to 250 µm fraction sizes re-
spectively. These values were used to estimate count error across the entire
down-core sample set. No significant correlation exists between the abun-
dance of the two macro-charcoal fractions, or between either of the macro-
charcoal fractions and mineral influx. Down core fluctuations in macro-
and micro-charcoal are presented in figure 5.4.

In general, the record is noisy, displaying high-frequency fluctuations in
charcoal abundance across both fractions. Stratigraphically constrained clus-
ter analysis of macro-charcoal divides the data set between 50.5 and 55 cm
(dissimilarity difference = 1.19 × 103), 55.5 cm to 60 cm (dissimilarity dis-
tance = 1.12× 103), and 125.5 and 130 cm (dissimilarity difference = 1.0× 103).
These have been used to group the data into four cluster zones — A (212.5
to 130.5 cm), B (125.5 to 55.5 cm), C (55.5 to 55 cm) and D (55 to 10 cm [the
upper most sampled depth]) — as presented in figure 5.4. Cluster zone A
captures macro-charcoal data that is highly variable both between adjacent
sample depths and between the two macro-sample fractions. The base of
cluster B appears to be delineated from cluster C due to the presence of a
series of lower-than-average counts across both fraction sizes from 125.5 to
95 cm (sub-cluster bi). Above 95 cm, the variability of the record again in-
creases across most of sub cluster bii, and clusters C and A. Unit C captures
a large peak in the 105 to 250 µm sized fraction at 55 to 55.5 cm.

Micro-charcoal

Slides from 39 depth intervals from YL1211B were analysed for micro-charcoal,
and a whole core abundance of 3.56 × 106 fragments per cubic cm was
calculated from these samples. The resulting record is characterised by
high-frequency, but relatively low-amplitude shifts in charcoal abundance,
punctuated by five peaks at 10 to 10.5 cm, 50 to 50.5 cm, 110 to 100.5 cm,
180 to 180.5 cm and 210.0 to 210.5 cm (figure 5.4). The three largest of these
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peaks drive the clustering pattern of the record, which is divided at 6 points
(forming 7 clusters) about these samples. These divisions occur between
180.5 and 185 cm, 175.5 and 180 cm, 110.5 and 115 cm, 105.5 and 110 cm,
50.5 and 55 cm, and 45.5 and 50 cm (dissimilarity distances of 3.78 × 10−7,
3.95 × 10−7, 3.18 × 10−7, 3.37 × 10−7, 4.35 × 10−7, and 4.7 × 10−7, respec-
tively) (shown on figure 5.4). Aside from the presence of the peak occurring
within the 10 to 10.5 cm sample, the upper portion of the record, extending
from 50 to 5 cm (cluster G), displays lower than average micro-charcoal
abundance. No significant correlation between micro-charcoal fraction and
mineral influx exists.



C
hapter

5.
Palaeo-vegetation

and
palaeo-fire

analysis
ofthe

lake
sedim

ents
162

 0 

 50 

 100 

 150 

 200 

 250 

 300 

 350 

 400 

 450 

 500 

 550 

-200

100

400

700

1000

1300

-1800

-600

600

1800

3000

4200

-4500000

-1500000

1500000

4500000

7500000

macro-charcoal (>250µm) macro-charcoal (105-250µm) micro-charcoal (<105µm)
fragments/dry cc fragments/dry cc fragments/dry ccdeviation from mean deviation from mean deviation from mean

de
pt

h 
(c

m
)

0 800

1600

2400

3200

0 2000

4000

6000

0 4000000

8000000

12000000

ai

aii

aiii

aiv

av

avi

avii

B

A

bi

bii

A

B

bi

bii

biii

biv
bv

bvi

C

mineral influx (kg/m2/yr-1)

10
00

10
0

10

40
00

20
000

cal. yrs BP

FIGURE 5.3: Down core charcoal plots for YM0413B. The macro- and micro-charcoal data are grouped into major zones based on results
of the stratigraphic cluster analysis. Data are plotted next to estimated mineral influx.



C
hapter

5.
Palaeo-vegetation

and
palaeo-fire

analysis
ofthe

lake
sedim

ents
163

 0 

 20 

 40 

 60 

 80 

 100 

 120 

 140 

 160 

 180 

 200 

0 24 48 72 -45

-15

15 45 0 800

1600

2400

-600

-100

400

900

1400
0 4000000

8000000

12000000

-3500000

-1500000

500000

2500000

4500000

6500000
de

pt
h 

(c
m

)

macro-charcoal (>250µm) macro-charcoal (105-250µm)
fragments/dry cc fragments/dry ccdeviation from mean deviation from mean

micro-charcoal (<105µm)
fragments/dry cc deviation from mean

A

B

C

D

bi

bii

A

C

D

E

F

G

B

mineral influx
(kg/m2/yr-1)

29
0

24
0

19
0

14
0

U
N

IT
 II

IIb

IIa

U
N

IT
 II

U
N

IT
 I

36
30

 +
/- 

35
40

10
 +

/- 
35

40
80

 +
/- 

50
14

C
 A

ge
(y

r B
P)

 1
s

FIGURE 5.4: Down core charcoal plots for YL1211B. The macro- and micro-charcoal data are grouped into major zones based on results
of the stratigraphic cluster analysis. Data are plotted next to estimated mineral influx.



Chapter 5. Palaeo-vegetation and palaeo-fire analysis of the lake
sediments

164

5.4 Palaeo-vegetation records

5.4.1 Reference samples

A total of 76 reference samples, representing 76 species from 27 families
were photographed and described for the project reference collection. Pho-
tographs and brief descriptions of these taxa are presented in appendix G.

5.4.2 Modern plant microfossil samples

The unconsolidated sediment-water interface was unmixed in the short
cores (e.g. figure 5.5), suggesting that the core tops record the most recent
sedimentation in the lake basin (assuming no recent re-suspension of sedi-
ment). The plant microfossils sampled from the core tops are thus likely to
represent a modern signal.

FIGURE 5.5: Photograph of short core lake surface sedi-
ments extracted from Yeak Oam (YO0712A).

A total of 342, 170, 194 and 164 pollen grains were counted from the YO0712A,
YL0413A, YM0413A, and LK0712A surface samples respectively. Across the
core samples, these are classified into 42 different plant microfossil “types”
from 30 families (97.5% of total count). Nine “unknown” types (1 monolete
spore and 8 types of pollen) that could not be identified from comparison
with reference material make up the other 2.5% of the count. As with most
palaeoecological studies undertaken in the tropics, particularly within the
relatively under-researched dry forests of mainland south-east Asia (e.g.
Maxwell 2001, Penny 2001), pollen identification was not well resolved be-
yond a familial or generic taxonomic level. Description of uncertainty in the
classification of pollen and spore types follows Benninghoff & Kapp (1962),
where cf = comparable form (less certain identification) and sf = similar
form (general resemblance to reference samples).
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The relative abundance of taxa comprising greater than 1% of each surface
core count are plotted in figure 5.6, and listed alongside reference sources,
plant functional group and SASDTF forest unit classifications, basic de-
scriptions and photomicrograph code on table 5.1. Complimentary pho-
tomicrographs of the samples are presented in appendix H.

Given that there is some evidence for climate and particularly fire being
important drivers of change between SASTF forest unit types (particularly
from open to dense types under dry condition with fire, and vice versa)
(Stott 1976, Stott 1984, Stott 1988a, b, Johnson and Dearden 2009, Qua-
mar and Chauhan 2014), an attempt is made to draw relationships between
the modern microfossil records analysed from the lake surface samples and
their SEDF, DDF and MDF forest settings. However as noted in Maxwell
(1999), this relationship is subtle. A description of the dominant microfos-
sils present within the broad forest units represented by each surface sam-
ple (as well as types that are notably absent given the species composition
of the represented unit – detailed in 3) is discussed below. In particular, an
attempt is made to draw out some basic microfossil indicators of forest unit
type that can be used to reconstruct changes in the forest structure though
time, as recorded in YM0413B and YL1211B.

Dry Deciduous Forest (Yeak Mai – YM0413A & Boeng Lumkut – LK0712A)

The plant microfossil assemblage of YM0413A surface sediments is domi-
nated by Poaceae (45%), Cyperaceae (9%) and pteridophytes (particularly
Stenochlaena (6%) and grouped spores (4%)). Key arboreal microfossil taxa
(i.e. trees and shrubs) include Trema (7%), Lagerstroemia (4%), Syzygium
(3.5%), Terminalia tomentosa cf (3%) and Schleichera oleosa /Cupaniopsis cf (3%).
Grouped Urticaceae/ Moraceae triporate (C0P3) types, Mallotus, and Litho-
carpus/ Castanopsis each contribute to greater that 2% of the total assem-
blage. Grouped Dipterocarpaceae and Hopea/ Shorea types each make up
approximately 1% of the total plant microfossil count. Though analysis
of reference material indicates a clear distinction in the average polar and
equatorial size of Hopea and Shorea pollen (on the order of approximately
6 to 8µm (see appendix G)), there was no clear bimodal distribution in the
grain sizes of comparable Dipterocarpaceae pollen in the plant fossil mate-
rial. As such, these types were grouped.

The dominant non-arboreal plant microfossils within the surface sediments
of LK0712A include Poaceae (20%) and Cyperaceae (2.5%). The arboreal
signal includes Syzygium (17%), Lagerstroemia (10%), Terminalia tomentosa
cf (7%), Trema (6%), Myrtaceae type 2 (>17µm) (7%), Anogeissus/ Memecy-
clon (3.5%), Urticaceae/ Moraceae C0P3 type (2.5%), Schleichera oleosa/ Cu-
paniopsis cf (2.5%), undifferentiated Combretaceae/ Melastomataceae types
(2.5%), Celtis (2.5%) Dipterocarpus other (2.5%) and Aporusa/ Antidesma cf
(2.5%).

One challenging aspect to identifying a dry dipterocarp forest microfossil
signal is the poor representation of Dipterocarpus species within the pollen
record. This is apparent from analysis of the Yeak Mai and Boeng Lumkut
surface samples, from which no D. obtusifolius / tuberculatus pollen grain
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FIGURE 5.6: Plot of dominant pollen and spore types en-
countered in lake surface samples. Data presented as rela-

tive abundances.

were identified, despite these species being abundant in the modern catch-
ment vegetation (especially for Boeng Lumkut). These observations are
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consistent with those of Penny (1998, 2001), who analysed modern pollen
rain within various Thai DDF/MDF settings, and Maxwell (1999, 2001),
who analysed a surficial sample from Boeng Lumkut extracted in 1996. The
presence of pollen classified as ‘’Dipterocarpus other’ is apparent in the mod-
ern pollen record for both of these lakes, but is also present in comparable
levels within the Yeak Loam surface sample, suggesting that this cannot be
used as a deciduous dry forest indicator.

One pollen type that does occur solely within the Yeak Mai and Boeng
Lumkut surface samples is Terminalia tomentosa, suggesting that an abun-
dance of this species may indicate a DDF/MDF setting. This is potentially
attributable to the capacity of this species to store water in its stem (Atluri et
al. 2003) and to produce vast amounts of pollen that can be preserved in the
microfossil record (Prasad Rao 2004). Poaceae counts are also high from the
core samples taken from modern DDF/MDF settings, perhaps reflecting
the grassy understorey that occurs within dry deciduous forest. However,
it is important to note that grass currently occurs as part of the wetland as-
semblage growing around the shallow margins of Yeak Mai, which is likely
to result in overrepresentation in the record.

Trema and Mallotus, which are relatively prevalent pollen types across dry
deciduous forest, are commonly considered secondary forest indicators es-
tablishing themselves in open sites (Vazquez-Yanes 1998, Maloney 1999).
High abundance may, therefore, indicate succession following disturbance.
The relatively high presence of Mallotus within the surface microfossil record
is unsurprising given that relevant species to SASDTF are typically wind
pollinated (Yamasaki and Sakai 2013). Though most Ulmnaceae species
found within SASDTF settings are thought to be insect pollinated, high
numbers of Trema and Celtis pollen have been captured within pollen traps
and surface samples taken elsewhere in the region, indicating relatively
good aerial transport of these types (Corlett 2004), and potentially over-
representation of these types within the pollen record.

Semi-Evergreen Dry Forest (Yeak Loam – YL0413A & Yeak Oam (Y0712A)

The Yeak Loam surface sample microfossil assemblage is dominated by
Aphananthe cf (17.5%). Myrtaceae type 2 (>17µm) (6%), Urticaceae/Moraceae
C0P3 type (4.5%), Celtis (4.5%), Trema (3.5%), Lagerstroemia (3.5%) and Tetrame-
les (3.5%). Pollen from Mallotus, Dipterocarpus other1, Ficus, and Adenan-
thera cf are other dryland taxa that each comprise approximately 2.5% of
the total Yeak Loam core top count. The non-arboreal core top plant micro-
fossil assemblage is dominated by Poaceae (15%) and Stenochlaena palustris
(12%). Consistent with observations made by Maxwell (1999), surprisingly
few swidden or cultivated plant species are represented within the mod-
ern Yeak Loam pollen record despite the relatively thin SEDF forest buffer
growing around the lake in an otherwise very disturbed setting.

The dominant arboreal pollen archived in the modern Yeak Oam sediment
were Urticaceae/ Moraceae C0P3 type (23%), Tetrameles (13.5%), Schleichera

1This classification excludes pollen from D.obtusifolius/ D. tuberculatus
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oleosa/ Cupaniopsis cf (13%), Ficus (9%), Trema (5%), Syzygium (4.5%), Lager-
stroemia (3.5%), unknown Alphitonia (?) sf (3.5%), Mallotus (3%), grouped
Rubiaceae types (3%), Myrtaceae type 2 (>17µm) (2.5%), Quercus (2.5%)
and undifferentiated Combretaceae/ Melastomataceae types (2.5%). The
non-arboreal signal is dominated by Poaceae (6%).

As with the deciduous forest pollen, it is difficult to distinguish a clear
SEDF signal from the Yeak Loam, Yeak Oam and Yeak Kara (described
in Maxwell (2001)) settings, with types such as Lagerstroemia, grouped Ur-
ticaceae/Moraceae, Hopea/Shorea, Tetrameles and Myrtaceae >17 µm appar-
ently common to all of the assessed SASDTF settings. The presence of
Lagerstroemia across all records is interesting given that this genus is com-
monly underrepresented in the pollen record despite being common tropi-
cal forest elements due to low pollen production (Quamar and Bera 2014).
This indicates that they are an important canopy component across differ-
ent SASDTF unit types. Other underrepresented tropical forest taxa within
the microfossil record that have been identified in the surface samples across
a drying SASDTF gradient include Adina cordifolia, Shorea robusta and, Phyl-
lanthus emblica (Quamar and Bera 2014).

In general the arboreal pollen assemblages of the crater lakes with a SEDF
catchment are more diverse than those reconstructed from MDF/DDF set-
tings. Additionally, there appear to be some pollen types more common
within denser forest settings. Pollen from Ficus and Adenanthera occur solely
within the Yeak Loam and Yeak Oam samples, while other types occur
at higher relative abundances within SEDF settings, including Tetrameles
and Aphananthe. Ficus and Tetrameles pollen has previously been classified
as a SEDF indicator (Maxwell 2001). Adenanthera and Aphananthe pollen,
likely representing Adenanthera pavonine ((Teijsm. Binn.) I. C. Nielson) and
Aphananthe cuspidata (Blume), respectively, favour dense, forest settings (Dy
Phon 2000, Ayyappan and Parthasarathy 2004).
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TABLE 5.1: List of pollen and spores encountered in the lake surface samples analysed from from Yeak Oam (YO0712A), Yeak Loam
(YL0413A), Yeak Mai (YM0413B), and Boeng Lumkut (LK0712A), and >0.1% of the total counts from YM0413B and YL1211B lake
sediment cores. Descriptions follow Punt et al. (2007). Sample numbers match those specified on table H.1. Taxonomic references
also listed on table H.1 and associated photomicrographs are presented figures H.1, H.2, H.3 & H.4. ♣ - TS = tree/shrub; H = dryland
herb; W/A = wetland/aquatic; P = pteridophyte,

⊕
- C = circular; R = rectangular; HL = hexalobate; SA = subangular; A = angular;

L = lobate; IH = interhexagonal; Q = quatrefoil; H = hexagonal; SL = semilobate, and ♠ - O = oblate; SO = sub-oblate; OS = oblate
spheroidal; S = spheroidal; PS = prolate spheroidal; SP = sub-prolate; P = prolate.

Family Sample Name photo
code

Forest Unit Plant
func-
tional
group
♣

Y
O

0712A
(%

)

Y
L0413A

(%
)

Y
M

0413A
(%

)

LK
0712A

(%
)

Y
M

0413B
(%

)

Y
L1211B

(%
)

m
orphology

m
ean

P
axis

(µ
m

)

m
ean

E
axis

(µ
m

)

P
shape

⊕

E
shape

♠

Poaceae Poaceae p1 undiff. H 5.8 15.3 45.4 20.7 45.4 11.3 C0P1 var. var. C O-P
Cyperaceae Cyperaceae p2 W, MDF W/A 1.2 0.0 9.3 2.4 6.6 1.5 inaper. var. var. C P
Cannabaceae Trema p3i,ii SF, SEDF,

MDF
TS 5.3 3.5 7.2 6.1 5.0 40.4 C0P2 13.5 16.0 C SO

Cannabaceae Aphananthe cf p4 SEDF TS 0.0 17.6 1.0 0.0 0.3 0.7 C0P3 18.0 20.0 C O-S
Cannabaceae Celtis p5i,ii SEDF,

MDF
TS 1.8 4.7 0.0 2.4 0.6 0.3 C0P3 21;22 21; 23 C S;OS

Ulmaceae/
Apocynaceae

Holoptelea/ Wrightia sf
C0P4

p6 SF, MDF,
SEDF/
MDF

TS 0.0 0.0 0.0 0.0 0.1 0.5 C0P4 18.0 21.0 R SO

Ulmaceae Holoptelea C0P5 cf p7 MDF TS 0.0 0.0 0.0 0.0 <0.1 0.1 C0P5 20.0 22.5 C OS
Ulmaceae Holoptelea C0P6 sf p8 MDF TS 0.0 0.0 0.0 0.0 <0.1 0.1 C0P5 22.0 23.0 C SO
Ulmaceae Zelkova p9 LMF TS 0.0 0.0 0.0 0.0 <0.1 0.1 C0P4 20.0 24.0 C SO
Combretaceae Terminalia tomentosa cf p10 DDF, MDF TS 0.0 0.0 3.1 7.3 2.9 0.4 C3P3 15.0 12.0 HL SP
Combretaceae/
Melastomataceae

Combretaceae/ Melastom-
ataceae undiff.

p11i-iii undiff. TS 2.3 0.0 0.0 2.4 0.6 0.1 C3P3 21;24;16 20;19;14 HL PS-SP

Combretaceae/
Melastomataceae

Anogeissus/ Memecyclon p12 MDF, RF,
SF

TS 1.2 1.2 0.0 3.7 0.7 1.1 C3P3 11.5 9.5 HL SP

Myrtaceae Syzygium p13 MDF, RF/
SwF

TS 4.7 0.0 0.0 17.1 3.4 5.1 C3P3 8.5 11.5 SA SO

Continued. . .
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Myrtaceae Myrtaceae >17µm p14 undiff. TS 2.3 5.9 0.0 6.1 0.1 0.2 C3P3 11.0 18.5 SA O
Urticaceae/
Moraceae

Urticaceae/ Moraceae type p15i-iv undiff. TS 23.4 4.7 2.1 2.4 2.4 8.1 C0P2 13;20;13;14 14;20;13.5;14.5 C OS-S

Moraceae Ficus p16 SEDF TS 8.8 2.4 0.0 0.0 0.4 1.1 C0P2 10.0 16.0 C O
Fagaceae Lithocarpus/ Castanopsis p17 LMF TS 0.0 0.0 2.1 0.0 1.7 3.5 C3P3 14.0 10.5 L O
Fagaceae Quercus p18i,18ii LMF TS 2.3 1.2 1.0 0.0 2.4 1.4 C3P3 23.0 21.0 C-L PS
Betulaceae Carpinus/ Ostrya sf p19 LMF TS 0.0 0.0 0.0 0.0 1.2 1.8 C0P3 14.5 18.0 C-HL SO
Betulaceae Betula sf p20 LMF TS 0.0 0.0 0.0 0.0 0.3 0.3 C0P3 14.0 19.0 C O
Myricaceae Myrica cf p21 LMF, RF TS 0.0 2.4 0.0 1.2 0.1 0.3 C0P3 18.0 21.0 C SO
Juglandaceae Engelhardtia cf p22 LMF TS 0.0 0.0 0.0 0.0 <0.1 <0.1 C0P3 16.0 16.5 C OS
Dipterocarpaceae Hopea/ Shorea type p23i,ii SEDF,

MDF, DDF
TS 1.8 1.2 1.0 0.0 1.1 1.2 C3P0 22;20 22;21 C S-OS

Dipterocarpaceae Dipterocarpaceae obtusifo-
lia/ D. tuberculatus

p24 MDF, DDF TS 0.0 1.2 0.0 2.4 0.3 <0.1 C3P0 50.0 49.0 C PS

Dipterocarpaceae Dipterocarpus undiff
grouped

p25 MDF, DDF TS 0.0 2.4 1.0 2.4 0.9 <0.1 C3P0 25.5 30.0 C SO

Datiscaceae Tetrameles p26i,ii SEDF,
MDF

TS 13.5 3.5 1.0 1.2 1.1 1.0 C3P3 9.5 11.5 C PS

Datiscaceae Tetrameles sf p27i-iii SEDF,
MDF

TS 0.0 0.0 0.0 0.0 0.3 0.5 C3P3 13.0 12.0 C PS

Primulaceae
(formerly Myrisi-
naceae)

Ardisia cf p28 SF TS 0.0 0.0 0.0 0.0 <0.1 0.1 C3P3 15.5 12.5 IH SP

Elaeocarpaceae Elaeocarpus cf p29 RF TS 0.6 0.0 0.0 0.0 0.1 0.9 C3P3 8.5 9.0 C OS
Unknown Unk. pollen type 7 p30 ? n/a 0.0 0.0 0.0 0.0 0.2 <0.1 C3P3 5.5 5.5 C S
Euphorbiaceae Mallotus p31 SF TS 2.9 2.4 2.1 0.0 1.0 5.1 C3P3 18.0 19.0 C OS
Euphorbiaceae Macaranga p32 SF TS 0.6 0.0 0.0 1.2 0.6 0.8 C3P3 12.0 11.5 C PS
Euphorbiaceae Aporusa/ Antidesma cf p33 DDF, SF,

MDF, SF
TS 0.0 1.2 0.0 2.4 1.5 1.9 C3P0 19.0 16.0 IH SP

Phyllanthaceae Phyllanthus p34 MDF, SF TS 0.0 0.0 0.0 0.0 0.2 <0.1 C4P4 16.0 16.0 Q S
Continued. . .



C
hapter

5.
Palaeo-vegetation

and
palaeo-fire

analysis
ofthe

lake
sedim

ents
171

Family Sample Name photo
code

Forest Unit Plant
func-
tional
group
♣

Y
O

0712A
(%

)

Y
L0413A

(%
)

Y
M

0413A
(%

)

LK
0712A

(%
)

Y
M

0413B
(%

)

Y
L1211B

(%
)

m
orphology

m
ean

P
axis

(µ
m

)

m
ean

E
axis

(µ
m

)

P
shape

⊕

E
shape

♠

Phyllanthaceae Glochidion p35 SF TS 0.0 0.0 0.0 0.0 0.1 <0.1 C4P4 16.0 16.5 Q OS
Lythraceae Lagerstroemia p36 MDF, SF,

SEDF
TS 3.5 3.5 4.1 9.8 0.7 0.6 C3P3 20;26 24;25.5 H SO-SP

Lythraceae Rotala p37 W W/A 0.6 0.0 0.0 0.0 0.2 <0.1 C3P3 13.0 11.5 H PS
Lythraceae Lythraceae cf p38 n/a TS 0.0 0.0 0.0 0.0 0.1 0.2 C3P3 28.0 22.0 H SP
Sapotaceae Madhuca cf p39i,ii SF TS 0.0 0.0 0.0 0.0 <0.1 <0.1 C3P3 24.5;23 25;21 C OS-PS
Lauraceae Litsea cf p40 SEDF, SF TS 0.0 1.0 0.0 0.0 <0.1 0.1 inaper. 25.0 25.0 C S
Rubiaceae Adina/ Nauclea type p41i,ii undiff. TS 1.2 1.2 2.1 0.0 0.0 0.4 C3P3 17;11 18.5;12 SA;C OS
Rubiaceae Uncaria/ Wendlandia p42 undiff. H 0.0 0.0 0.0 0.0 0.2 0.3 C3P3 15.5 15.0 SA PS
Rubiaceae Rubia cf p43 ? H 0.0 0.0 0.0 0.0 0.1 <0.1 C6P6 18.0 18.0 C S
Rubiaceae Timonius sf p44 ? TS 0.6 0.0 0.0 0.0 <0.1 <0.1 C3P3 32.0 31.0 C PS
Rubiaceae Rubiaceae sf type 1 p45 ? TS 1.2 0.0 0.0 0.0 <0.1 <0.1 C3P3 19.5 19.0 C PS
Rubiaceae Rubiaceae other grouped n/a undiff. TS/H 0.0 1.2 0.0 1.2 0.2 0.3 misc. misc. misc. misc. misc.
Sapindaceae/
Rubiaceae

Sapindaceae/ Rubiaceae t1
& t2

p46i,ii undiff. TS/H 0.6 0.0 0.0 0.0 0.5 0.2 C3P3 11;12.5 13.5;14.5 SA SO

Sapindaceae Schleichera oleosa/ Cupaniop-
sis cf

p47 SEDF, SF,
MDF

TS/H 12.9 0.0 3.1 2.4 0.2 <0.1 C3P3 10.5 19.0 SA O

Rhamnaceae Rhamnus/ Sageretia p48 ? TS 0.0 0.0 0.0 0.0 0.2 0.2 C3P3 15.0 13.0 SL SP
Rhamnaceae/
Sapindaceae

Zizyphus/ Nephelium sf p49 SEDF TS 0.0 0.0 0.0 0.0 0.2 0.1 C3P3 16.5 18.0 SA OS

Irvingiaceae Irvingia malayana p50 MDF, SF TS 0.6 0.0 0.0 1.2 0.2 0.2 C3P0 14.0 15.5 SA OS
Rutaceae Zanthoxylum cf p51 SEDF TS 0.0 0.0 0.0 0.0 0.1 0.5 C3P3 17.0 14.5 C-SA SP
Ebenaceae Diospyros cf p52 SEDF,

MDF, SF
TS 0.6 0.0 0.0 0.0 0.1 <0.1 C3P3 19.0 17.5 IH PS

Stemonuraceae/
Proteaceae

Gomphandra/ Roupala/
Helicia sf

p53 ? TS 0.0 0.0 0.0 0.0 <0.1 0.2 C0P3 13.0 17.0 SA O

Rhamnaceae (?) Unknown - Alphitonia sf (?) p54 ? n/a 3.5 0.0 0.0 0.0 <0.1 0.2 C3P0 12.0 13.0 SA OS
Burseraceae Canarium cf p55 SEDF TS 0.0 0.0 0.0 0.0 <0.1 0.1 C3P3 26.5 20.0 C SP
Meliaceae Toona p56 SEDF TS 0.6 0.0 0.0 0.0 <0.1 0.1 C4P4 27.5 24.5 R PS
Aquifoliaceae Ilex p57 SEDF TS 1.2 0.0 0.0 0.0 <0.1 0.1 C3P0 19.0 18.0 C-SA PS

Continued. . .
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Fabaceae - Mi-
mosoideae

Adenanthera cf p58 SEDF,
MDF

TS 0.6 2.4 0.0 0.0 <0.1 <0.1 polyad 18.0 23.0 A SO

Fabaceae - Mi-
mosoideae

Acacia/ Albizzia p59 RF, MDF,
SF

TS 0.0 0.0 0.0 0.0 <0.1 0.2 polyad 26.0 26.0 A S

Fabaceae - Cae-
salpinioideae

Intsia p60 ? TS 0.0 0.0 0.0 0.0 <0.1 <0.1 C3P0 41.0 40.0 C-L PS

Fabaceae Legume p61 undiff. TS 0.0 0.0 0.0 0.0 <0.1 0.1 C3P3 23.0 13.0 C-L P
Bombacaceae Bombax sf type 1 p62 MDF TS 0.0 1.2 0.0 0.0 <0.1 <0.1 C3P0 16.0 34.0 C O
Bombacaceae Bombax type 2 p63 MDF TS 0.0 0.0 1.0 0.0 <0.1 <0.1 C3P0 ? 50.0 SA O
Pinaceae Pinus p64 LMF TS 0.0 0.0 0.0 0.0 0.8 0.3 sacc. 20-37 30-56 O
Podocarpaceae Dacrycarpus p65 LMF TS 0.0 0.0 0.0 0.0 <0.1 <0.1 sacc. 40 43 O
Podocarpaceae Podocarpaceae p66 LMF TS 0.0 0.0 1.0 0.0 <0.1 <0.1 sacc. 29 22 SP
Chenopodiaceae Chenopodiaceae sf e>10µm p67 SF H 0.0 0.0 0.0 0.0 0.1 <0.1 pantopor. 9.0 9.0 C S
Chenopodiaceae Chenopodiaceae p68 SF H 0.0 0.0 0.0 0.0 0.1 <0.1 pantopor. 16.0 16.0 C S
Caryophyllaceae Caryophyllaceae p69 SF H 0.0 0.0 0.0 0.0 <0.1 <0.1 pantopor. 30.0 30.0 C S
Asteraceae other Asteraceae grouped p70i-v undiff. H 0.0 0.0 0.0 0.0 0.3 0.3 C3P3 18;19;16;16.5;16 18;20;17.5;17;17 C OS-PS
Arecaceae Arecaceae cf p71 undiff. TS 0.0 0.0 0.0 0.0 0.3 0.3 P0S1 9.0 17.9 C O
Polygonaceae Persicaria cf p72i,ii undiff. H 0.0 0.0 0.0 0.0 <0.1 <0.1 inaper. 16;27 16;27 C S
Amaranthaceae ? Unk. - Amaranthaceae sf p73 ? H 0.0 0.0 0.0 0.0 0.8 <0.1 inaper. 23.0 23.0 C S
Unknown Unk. pollen type 1 p74 ? ? 0.0 0.0 0.0 0.0 0.2 <0.1 C3P3 13.0 13.5 C OS
Unknown Unk. pollen type 2 p75 ? ? 1.2 0.0 0.0 0.0 0.1 <0.1 C2P0 8.0 8.0 R S
Unknown Unk. pollen type 3 p76 ? ? 0.0 0.0 0.0 0.0 0.1 <0.1 P0S1 32.0 53.0 O
Euphorbiaceae
(?)

Unk. pollen type 4 p77 ? ? 0.0 0.0 0.0 0.0 <0.1 0.2 C3P3 16.6 11.5 IH P

Potamogetonaceae
(?)

Unk. pollen type 5 p78 ? ? 0.0 0.0 0.0 0.0 <0.1 0.1 inaper. 15.0 15.0 C S

Unknown Unk. pollen type 6 p79 ? ? 0.0 0.0 0.0 0.0 <0.1 0.1 C3P3 13.0 11 C-L SP
Balsaminaceae Hydrocera trifolia p80 n/a W/A 0.0 0.0 0.0 0.0 3.3 <0.1 C3P3 ? 25.0 SA ?
Hydrocharitaceae Blyxa cf p81 n/a W/A 0.0 0.0 2.4 0.0 0.7 <0.1 inaper. 23.0 29.0 C SO
Blechnaceae Stenochlaena palustris p82 n/a W/A 0.0 11.8 6.2 1.2 1.3 0.4 P0S1 24.0 38.0 C O
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Aspleniaceae Asplenium cf p83 n/a P 0.0 0.0 0.0 0.0 0.1 <0.1 P0S1 27.0 44.0 C O
Gleicheniaceae Gleichenia cf p84 n/a P 0.0 0.0 0.0 0.0 0.1 <0.1 trilete 24 27.5 SA SO
Nephrolepidaceae Nephrolepis cf p85 n/a P 0.0 1.2 2.1 0.0 0.2 0.4 P0S1 20.0 33.0 C P
Davalliaceae Davalliaceae cf p86 n/a P 0.0 1.0 0.0 0.0 0.1 0.2 P0S1 21.0 34.0 C P
Unknown Unk. spore type 1 p87 n/a P 0.0 0.0 0.0 0.0 <0.1 0.5 inaper. 12.5 14.0 C OS
Pandanaceae (?) Unk. spore type 2 p88 n/a P 0.0 0.0 0.0 0.0 <0.1 0.3 inaper. 10.0 16.0 C O
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5.5 Description of plant microfossil record reconstructed
from lake sediment cores

5.5.1 Yeak Mai palaeo-vegetation record (core YM0413B)

A plant microfossil record was produced for YM0413B from 112 samples.
An average of 217 pollen grains and spores, including an average of 89
dryland pollen taxa (excluding grasses), were counted per sample depth. A
total of 232 microfossil types were identified, including 69 pollen types and
16 spore types that could not be identified from comparison with available
reference samples (representing <2.5% of the total microfossil count for the
whole core). Identified plant microfossil taxa comprising greater than 0.1%
of the total count2 are grouped into major functional plant types and forest
unit classifications, and are described alongside the surface core counts in
table 5.1. Associated photomicrographs are presented in appendix H.

Cross-core plant microfossil makeup and associations

The plant microfossil assemblages from YM0413B are here described in the
context of 1) summed relative abundance data (used to describe relative
dominance of different microfossil taxa) and, 2) the PCA and Pearson’s cor-
relation results (used to delimit associations amongst microfossil taxa). It
is notable to point out that the results of the PCA, conducted on scaled ab-
solute abundance data, indicate a relatively high degree of inconsistency
amongst the variables, with the first three principle components represent-
ing only 25.6%, 10.3% and 7% (total = 42.9%) of the variance, respectively
(see figure 5.8 and table 5.2).

Dryland herbs

Poaceae is the dominant pollen type in the YM0413B samples, ranging from
7% (5 cm depth) to 72% (220 cm depth) of the total plant microfossil count
for each sample. Of the plant microfossil variables, Poaceae contributes the
largest degree of loading (negative) along PC3 (figure 5.8 and table 5.2). Fol-
lowing classifications by Maxwell (1999) (who draws on Maloney (1990)),
Poaceae is split into two types based on size; >33 µm and <33 µm. This
is based on the premise that the <33 µm fraction (ranging from 3% to 65%
of the sample abundance) should be too small to have derived from rice
agriculture, and thus is likely to reflect a somewhat “natural” site ecologi-
cal setting. The two Poaceae size fractions do, however, correlate (r = 0.3),
suggesting that at least some of the >33 µm type is derived from a similar
environmental setting to the <33 µm fraction. Other dryland herbs that
comprise between 0.1 and 0.3% of the total core count include grouped

20.1% was selected as a minimum cut off value for representing the core microfossil
record so as to show a diverse assemblage of common and moderately common taxa while
removing noise from taxa too rare to contribute to overall patterns of change down core.
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Asteraceae types, Uncaria/Wendlandia3, Chenopodiaceae types and Rubia cf.
An unknown palynomorph comprises between 0% and 11% (185 cm) of
the total sample count. This palynomorph displays a similar dodecahedral
morphology, size and luminoid depressions to Amaranthaceae - Telanthera
(Huang 1972 plate 11), though is missing micro-spines arranged along the
tectum. Due to the lack of ornamentation, it is possible that this type is an
alga, though no comparable morphologies were identified.

Wetland types, aquatics and pteridophytes

Prevalent wetland taxa include Cyperaceae (0% to 22% (70 cm) sample
count), and Stenochlaena palustris (0 to 11% sample count). Subaquatic and
aquatic pollen include Hydrocera triflora (0 to 17% sample count), Blyxa cf
(0 to 4% sample count), and Rotala (0 to 1% sample count). Less common
pteridophytes identified in the core sediments include Nephrolepis cf, Daval-
liaceae cf, Asplenium cf, and Gleichenia cf.

Wetland microfossil types — Cyperaceae and Stenochlaena palustris — along-
side the unknown — Amaranthaceae type palynomorph (alga?), the swamp
forest tree Syzygium and grouped Urticaceae/Moraceae, contribute to the
maximum negative loading along PC2. Maximum positive loading along
the same principle component is driven by the shallow water aquatics (Blyxa
cf and Hydrocera) and secondary forest/ intermediate dry forest tree types
Trema and Celtis. The Pearson’s correlation indicates that variability in the
abundance of Blyxa cf and Hydrocera is correlated throughout the record (r
= 0.57).

Trees and shrubs

Pollen morphologies from trees and shrubs have been grouped into eight
different classifications based on the florisitic composition of SASDTF unit-
types discussed in chapter 3. Taxa comprising >0.1% of the raw count across
the entire core are described in relation to these classifications below.

Semi-evergreen dry forest (SEDF) types

Key pollen taxa from this classification include (in order of whole core
abundance) grouped Urticaceae/Moraceae types, Tetrameles, Ficus, Aphanan-
the cf, Zizyphus/Nephelium sf and Zanthoxylum cf. No association between
the two dominant SEDF pollen types (Urticaceae/Moraceae types and Tetrame-
les) is evident from the PCA, and the no covariance is indicated in the cor-
relation matrix (r = 0.07).

3Vegetation lists prepared for representative SASDTF units (see chapter 3) indicate that
Uncaria spp. are more likely to occur as woody herbs or lianas vs. shrubs or trees, and that
Wendlandia spp. (usually occurring as small shrubs or trees) do not appear to be common
within this forest setting. Consequently, this pollen type was placed into the dryland herb
classification.
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Grouped mixed dry forest (MDF), intermediate mixed dry/semi-evergreen
forests (Intermediate MDF & SEDF) and secondary forest (SF) types

Trema is the dominant tree/shrub species encountered in the core sedi-
ments, making up 12% of the dryland count across the entire core. Though a
common pioneer tree following disturbance of SASDTF (Ruangpanit 1995),
Trema is placed into this mixed classification as opposed to the pure sec-
ondary forest classification due to the presence of certain species (e.g. T.
velutina/tomentosa Blume /(Roxb) Hara) in MDF and SEDF (Dy Phon 2000).
However, results of the Person correlation show that Trema abundance has
the strongest correlation with secondary forest type Mallotus (r = 0.59) and
dry forest type Terminalia tomentosa cf (r = 0.45).

Other taxa included in this forest unit classification include Aporusa/Antidesma
cf, Anogeissus/Memecyclon and Celtis comprising 4%, 2%, and 1.5% of the
whole core dryland count, respectively. Less common pollen types include,
in order of decreasing abundance across the whole core, Phyllanthus, Schle-
ichera oleosa/Cupaniopsis cf, Irvingia malayana, Holoptelea/Wrightia sf C0P4 and
Diospyros cf.

Dry deciduous forest (DDF) types: Mixed dry forest (MDF) & Dry Diptero-
carp forest (DDF)

Terminalia tomentosa cf, Dipterocarpus other, and Dipterocarpus obtusifolia/ D.
tuberculatus are the dominant pollen types from the MDF/DDF communi-
ties, comprising 8%, 2%, and 1% of the whole core dryland count, respec-
tively. Terminalia tomentosa cf contributes to the greatest loading along PC1,
strongly associating with Poaceae (r = 0.608) as well as Aporusa/Antidesma cf,
Mallotus and lower montane forest types (Quercus and Carpinus/Ostrya sf).

SF types

Euphorbiaceae genera comprise the dominant taxa within the secondary
forest classification. These include Mallotus, Macaranga, and Glochidion, mak-
ing up 2.5%, 1.5%, and 0.2% of the whole count dryland count, respectively.

Semi-evergreen and deciduous dry forest generalists (DF generalists)

Grouped Hopea/Shorea and Lagerstroemia are DF generalist types compris-
ing 3% and 2% of the total dryland core count respectively. The PCA indi-
cates association of both Lagerstroemia and Hopea/Shorea types with Diptero-
carpus and with dominant lower montane forest types (Pinus and Lithocar-
pus/Castanopsis) along PC1 and PC2 (figure 5.8 and table 5.2).

Swamp forest (SwF) and riparian forest (RF) types

Syzygium (9% total dryland count) and Elaeocarpus cf (0.3% total dryland
count) pollen types have been classified as SwF/RF. The latter type has been
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classified with a degree of uncertainty due to the small size of pollen grains
encountered in the core (P = 8.5 ± 0.7 µm; E = 9 ± 0.4 µm) when compared
with analysed reference material (P = 13.8 ± 0.8 µm; E = 14.3 ± 0.6 µm)
(appendix G).

Lower montane forest (LMF) types

LMF types encountered in YM0413B include Quercus, Lithocarpus/Castanopsis
type, Carpinus/Ostrya sf, Pinus, Betula cf, and Myrica cf, representing 6.5%,
5%, 4%, 2%, 0.6% and 0.4% of the whole core dryland count, respectively.
Carpinus/Ostrya sf type is classified with a degree of uncertainty due to its
relatively small size (P = 14.5 ± 1 µm; E = 18 ± 1.5 µm) and dissimilar
rectangular pore when compared with the project reference collection spec-
imens from Carpinus betulus, C. orientalis and Ostrya carpinifolia, which are
typically larger and have round, annulate pores (appendix G).

Undifferentiated (Undiff.) types

Dominant undifferentiated tree and shrub pollen taxa include Sapindaceae
/ Rubiaceae type (1.2% dryland count) and Combretaceae/Melastomataceae
undiff. (1.5% dryland count). The PCA indicates no clear association of
either of these types with other classified tree and shrub taxa. Less com-
mon undifferentiated tree and shrub pollen types found within YM0413B
sediments include Arecaceae cf, Rhamnus/Sageretia, Rubiaceae grouped (ex-
cluding those representing dry herbs), Lythraceae cf and Myrtaceae type 2
(>17 µm).

Unknown types

Unknown pollen types that each comprise between 0.1 and 0.2% of the total
core count for YM0413B include unknown types 1, 2, 3 and 7. Descriptions
and photomicrographs of these are presented in table 5.1 and appendix H,
respectively.

Description of pollen and spore diagrams

Down core change in total microfossil abundance

The total absolute microfossil abundance count data calculated from YM0412B
pollen and spore samples are plotted as pollen grains and spores per dry
cubic cm (hereafter referred to as grains/cm3) on figure 5.7.

The overall trend in total pollen abundance displays a negative relationship
with modelled mineral influx (r = -0.46), and four major shifts are apparent.
From the core base (543 cm) to approximately 455 cm, total pollen abun-
dance displays high amplitude, high frequency fluctuations, and is overall
relatively high (an average of 2.00× 106 grains/cm3, compared with an av-
erage of 7.74 × 104 grains/cm3 for the entire record). The frequency and
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amplitude of the fluctuations in total pollen abundance as well as overall
abundance declines between 455 and 305 cm (5.94× 104). Abundance there-
after sharply drops to the core low at 295 cm (1.00 × 104 grains/cm3) and
remains low to 220 cm before it rapidly rises to peak at 165 cm (1.89 × 105).
This pattern by-and-large reflects the inverse to trends in bulk mineral in-
flux across the same depth interval. Up core of 165 cm, there is an overall
gradual decline in the total abundance of pollen and spores encountered in
the samples (average abundance across this depth interval is 9.32 × 104).

Down core change in major functional types

A summary diagram of the relative abundance of the functional plant types
(i.e. grass, other dryland taxa, wetland and aquatic types and pterido-
phytes) is plotted alongside abundance data on figure 5.7. The microfossil
abundance is positively correlated with dryland taxa (excluding grasses)
(r = 0.407) and pteridophytes (r = 0.339). The relative abundance of grass,
on the other hand, displays a negative correlation with absolute microfossil
abundance (r = - 0.457).
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Results of stratigraphically constrained cluster analysis for relative abun-
dance data (delineated on figure 5.7) indicate major assemblage changes
between 395.5 and 400 cm (dissimilarity distance = 11.2), 315.5 and 320 cm
(dissimilarity distance = 9), and 205.5 and 210 cm (dissimilarity distance
= 10.1). The primary, and most basal of these boundaries, captures a shift
from an assemblage comprising a roughly equal proportion of grass and
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other dryland taxa between 543.5 and 400 cm (figure 5.7 cluster A), to one
dominated by grasses between 395.5 and 320 cm (figure 5.7 cluster B). A
particularly large peak in grass abundance to approximately 60% occurs
within cluster B between 355.5 and 325 cm, corresponding with a peak in
wetland and aquatic types (approximately 15%), and a trough in the rela-
tive abundance of dryland taxa to approximately 20%. Cluster C, extending
from 315.5 to 210 cm captures an initial sharp peak in the relative abun-
dance of dryland taxa (and corresponding drop in grasses and wetland and
aquatic taxa) between 315.5 and 295 cm. Between 295 and 200 cm, the rel-
ative abundance of grass is high, approximately corresponding to logged
sedimentary unit II (see chapter 4), a peak in bulk mineral influx and a
trough in total microfossil abundance. Across this depth interval, wetland
and aquatic taxa peak at 285 cm (18% relative abundance) before gradually
declining to approximately 5 to 6% relative abundance up core of 230 cm.
The uppermost core cluster (D), extending from 205.5 cm to the core top
sample (0 to 0.5 cm), sees the recovery of dryland taxa and grasses to levels
roughly comparable to those observed in cluster A. The relative abundance
of pteridophytes rises from a relatively constant average of 1.2% (543.3 and
180 cm) to 5.5% between 175.5 cm and the top of core. A major peak in the
relative abundace of dryland taxa, corresponding with high total microfos-
sil abundance, occurs at 5cm depth.

Down core change in pollen and spore abundance

Pollen and spore types representing greater than 0.1% of the total count
have been grouped by major functional group and are plotted as absolute
abundance down-core sequences on figures 5.9 & 5.10 (A). The trees and
shrubs sequence, presented on figure 5.10, has been further grouped by the
forest unit classifications described in section 5.5.1 above. The down core
changes in the relative abundance of these classifications is shown on figure
5.10 (B).

Results of the stratigraphically-constrained cluster analysis grouped the ab-
solute abundance microfossil sequence into eight major zones (boundaries
shown on figures 5.9 & 5.10 (A)). Cluster boundaries and their dissimilar-
ity distances (bracketed) occur between 520 and 515.5 cm (1.04 x 106), 510.5
and 515 cm (1.08 x 106), 480 and 475.5 cm (9.45 x 105), 305 and 300.5 cm
(1.15 x 106), 215 and 210.5 cm (1.27 x 106), 135 and 130.5 cm (9.14 x 105) and
80 and 75.5 cm (9.81 x 105). Major changes in the microfossil sequence are
described in the context of these clusters below.

Cluster zones 1 to 3: 543.5 to 475.5 cm (c. 4722 to 3746 cal. yrs BP)

The non-arboreal pollen assemblage reconstructed from the basal core sed-
iments is characterised by a high abundance of Poaceae, Blyxa cf and Hy-
drocera trifolia alongside a relatively low abundance of other wetland taxa,
including Stenochlaena palustris, Rotala and Cyperaceae (figure 5.10).

Cluster zones 1 through 3 coincide approximately with relative abundance
cluster RAz1 (543.5 to 470.5 cm, dissimilarity distance = 6.4) reconstructed
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from analysis of relative changes in the pollen contributions from the differ-
ent forest unit classifications (figure 5.10 B). Cluster RA1 shows significantly
high proportions of pollen types from the secondary forest and grouped
mixed dry forest, intermediate mixed dry/semi-evergreen forests classifi-
cations. The absolute abundance sequence (figure 5.9) indicates that this
trend is likely due to high abundance of Mallotus, Trema and Celtis between
543.5 and 475.5 cm. Additional changes in the absolute abundance of ar-
boreal pollen taxa include the high abundance of Tetrameles across cluster
1 (543.5 to 515 cm) and high abundance of Anogeissus / Memecyclon across
cluster 3 (510 to 475.5 cm).

Cluster zone 2 represents one sample (515 to 515.5 cm, modelled at c. 4327
cal. yrs BP) within cluster zones 1 to 3 that is distinguished by a major spike
in Poaceae (both size fractions) alongside anomalously high abundance of
some tree and shrub pollen types, including Terminalia tomentosa cf, Dipte-
rocarpus obtusifolius / D. tuberculatus, Mallotus, Trema, Aporusa / Antidesma
cf, Holoptelea / Wrightia cf. and Aphananthe cf.

A spike in pollen from Mallotus, Trema, Celtis, Rubia cf, Blyxa cf and Poaceae
marks the upper boundary of cluster 3 at 475.5 cm.

Cluster zone 4: 475.5 to 300.5 cm (c. 3746 to 1993 cal. yrs BP)

Cluster zone 4 is most clearly distinguished from cluster zones 1 to 3 by the
abrupt drop in Mallotus, Trema, Macaranga and Celtis pollen. A slight rise
in the abundance of Hopea / Shorea and Syzygium pollen also distinguishes
the lower portion of zone 4 (475.5 to 420 cm) from the pollen assemblage
reconstructed from underlying sediments.

Up core of 450 cm (modelled at 3299 cal. yrs BP), there is a decline in overall
abundance, and increased variability of most pollen and spore types across
the record. This coincides with an overall increase in mineral influx and
increased spacing of interbeds (IIa and IIb) within logged sedimentary unit
II (see chapter 4 for core log details).

A second drop in the overall abundance of many dominant tree and shrub
taxa occurs within cluster 4 at 425 cm (modelled at 3078 cal. yrs BP), includ-
ing Terminalia tomentosa cf, Trema, Aporusa / Antidesma cf, Hopea / Shorea,
Lagerstroemia, Syzygium, Quercus, Lithocarpus / Castanopsis and Carpinus /
Ostrya sf. This drop does not coincide with a logged sedimentary interbed
boundary or a significant change in mineral influx, but does correspond
with a decline in overall microfossil abundance (see figure 5.7).

A major drop in the abundance of Blyxa cf and Hydrocera pollen occurs be-
tween 380 cm and 355 cm (modelled age 2676 to 2478 cal. yrs BP), after
which abundance only partially recovers to the top of cluster 4 (300.5 cm).

A significant spike in Cyperaceae, and a moderate spike in Blyxa cf occurs
within the upper sample from cluster 4 (300 to 300.5 cm, modelled at 1993
cal. yrs BP). This corresponds with relatively high numbers of arboreal taxa
from the mixed dry forest, intermediate mixed dry/semi-evergreen forest
classification (figure 5.10), driven by an increase in the absolute abundance
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of Trema, Aporusa / Antidesma cf, Celtis and Anogeissus / Memecyclon pollen.
A spike in Lagerstroemia pollen at this sample depth is also evident.

Cluster zone 5: 300.5 to 210.5 cm (c. 1993 to 1711 cal. yrs BP)

Cluster 5 is distinguished from the underlying record by an abrupt re-
duction of pollen and spore abundance. This coincides with the dramatic
increase in mineral influx modelled for logged sediment unit III (288 to
217 cm, see chapter 4 for stratigraphic details), particularly at the upper
and lower boundaries.

Poaceae and Cyperaceae pollen persist through zone 5 at a comparably high
abundances relative to the rest of the plant microfossil record. The absolute
abundance of Blyxa cf, and especially Hydrocera trifolia drops dramatically
in cluster zone 5 and thereafter (to the core top), become minor components
of the plant microfossil record.

Arboreal taxa from the SEDF forest classification (other than Urticaceae
types) occur at very low abundances relative to the other forest classifi-
cation types throughout zone 5. Taxa from the dry deciduous forest, sec-
ondary forest and dry forest generalist classifications persist across cluster
5 at relative abundances that are largely consistent with levels in overlying
and underlying sediments (figure 5.10 (B)).

Cluster zones 6 to 8: 210.5 to 0 cm (c. 1711 cal. yrs BP to 2013 AD)

The transition from cluster zone 5 to cluster zone 6 represents an abrupt in-
crease in the overall abundance of pollen and spore types across the record,
corresponding with a decline in estimated mineral influx (figure 5.7) for the
core.

Zone 6 marks the emergence of wetland types Rotala and Stenochlaena palus-
tris (sharply peaking at 185 to 165 cm) alongside the unknown Amaranthaceae-
type palynomorph (alga ?) and grouped monolete spore types as dominant
components of the microfossil record. The abundance of Rotala, however,
drops to negligible levels in cluster zone 8 between 65 cm and the core top.

The relative abundance of taxa from SEDF, swamp forest / riparian forest
and lower montane forest classifications is relatively high throughout zones
6 (from 190 cm) to 8 when compared to the rest of the record, contributed to
by the high absolute abundances of grouped Urticaceae / Moraceae (C0P3
types), Tetrameles, Syzygium and all lower montane forest types, as well at
the emergence of Ficus and Zanthoxylum sf as novel dominants within the
record (Figure 5.10). In general, this relates to the relatively low abundance
of taxa from the mixed dry forest, intermediate mixed dry / semi-evergreen
forest classification compared with the underlying sediments, particularly
throughout cluster zones 7 and 8. In particular, the abundance of Celtis
gradually declines to the core top, and Phyllanthus abundance drops to neg-
ligible levels throughout clusters 7 and 8.

The second shallowest core sample (5 to 5.5 cm, modelled at 1968 AD),
shows an anomalous spike in arboreal taxa that occurs across the majority
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of the dominant tree and shrub types (exceptions include Celtis, Phyllan-
thus, Urticaceae / Moraceae (C0P3 type), Elaeocarpus cf and Betula cf). A cor-
responding trough in Poaceae and Cyperaceae taxa is evident at this depth.
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TABLE 5.2: YM0413B plant microfossil and charcoal eigen-
values, percentages and elemental variable loading from

PCA.

PC1
(26%)

PC2
(10%)

PC3
(7%)

Eigenvalue 7.17 2.88 1.96
R2 (%) 25.600 10.300 7.000
Poaceae 0.240 0.063 -0.306
Cyperaceae 0.147 -0.226 -0.219
Hydrocera trifolia 0.070 0.251 -0.127
Trema 0.201 0.350 0.015
Celtis 0.174 0.202 -0.214
Mallotus 0.268 0.135 -0.029
Macaranga 0.128 0.121 0.073
Aporusa/Antidesma cf 0.232 0.132 -0.190
Terminalia tomentosa cf 0.272 0.135 -0.137
Combretaceae/Melastomataceae undiff. 0.102 -0.077 -0.134
Syzygium 0.248 -0.246 0.047
Lithocarpus/Castanopsis 0.222 -0.141 0.284
Quercus 0.261 0.005 -0.037
Hopea/Shorea 0.215 -0.080 0.143
Dipterocarpus undiff. 0.197 -0.094 0.339
Pinus 0.244 -0.077 0.031
Urticaceae/Moraceae types 0.147 -0.262 0.048
Carpinus/Ostrya sf 0.247 0.108 0.125
Tetrameles 0.197 0.124 0.334
Lagerstroemia 0.225 -0.046 0.021
Sapindaceae/Rubiaceae types 0.155 -0.197 -0.040
Blyxa cf 0.072 0.411 -0.165
Anogeissus/Memecyclon 0.154 -0.016 0.261
Unknown - Amaranthaceae sf 0.183 -0.233 -0.070
Stenochlaena palustris 0.168 -0.265 -0.222
macro-charcoal (≥ 250 µm) 0.058 0.277 0.233
250 µm > macro-charcoal ≥ 105 µm 0.007 0.189 0.257
micro-charcoal (<105 µm) 0.076 -0.002 -0.309
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FIGURE 5.10: YM0413B pollen diagram. Top: Absolute abundance of dryland herb, wetland/aquatic, pteridophyte and unknown taxa
that comprise greater than 0.1% of the total core count. Note discrepancies in x-axis scaling between taxa. Bottom: Relative abundance

(total core microfossil count) of tree and shrub taxa grouped into forest units. Abbreviations as per figure 5.9.



Chapter 5. Palaeo-vegetation and palaeo-fire analysis of the lake
sediments

187

5.5.2 Yeak Loam palaeovegetation record (core YL1211B)

A microfossil assemblage was produced for YL1211B from 42 samples. An
average of 438 pollen grains and spores, including an average of 367 dry-
land pollen taxa (excluding grasses), were counted per depth sample. A
total of 169 different plant microfossil types were identified from the whole
core assemblage, including 42 pollen types and 9 spore types that could not
be identified from comparison with available reference samples. As with
YM0413B, the unknown types are relatively rare, comprising less than 3%
of the total microfossil count for the whole core.

Cross-core plant microfossil makeup and associations

The plant microfossil makeup and association reconstructed from YL1211B
sediments are described in the context of 1) summed relative abundance
data (used to describe relative dominance of different microfossil taxa) and,
2) the PCA and Pearson’s correlation results (used to delimit associations
amongst microfossil taxa). As with the YM0413B microfossil record, a high
degree of inconsistency exists amongst the YL1211B variables, with the
top three principle components representing 21.7%, 13% and 10.5% (total
= 45.2%) of the variance (see figure 5.12, and table 5.3).

Dryland herbs

Grouped Poaceae makes up approximately 11.5% of the total plant micro-
fossil count for YL1211B. Seventy-three percent of this count is made up
of large (>33 µm) grass pollen (i.e. 8.5% of the total core count). Grouped
Asteraceae types and grouped Uncaria / Wendlandia types each make up
approximately 0.3% of the total core count.

Wetland types, aquatics and pteridophytes

The dominant wetland plant microfossils encountered in YL1211B sedi-
ments are Cyperaceae (1.5% of the total core count) and Stenochlaena palus-
tris (0.4% of the total core count). Less common pteridophytes include
Nephrolepis cf and Davalliaceae cf. Two other palynomorphs that have ten-
tatively been identified as spores, unknown spore (?) types 1 and 2, com-
prise 0.5% and 0.3% of the total core count respectively (see table 5.1 and
appendix H for descriptions and photomicrographs of these types).

Trees and shrubs

Semi-evergreen dry forest (SEDF) types

Grouped Urticaceae/Moraceae pollen makes up 9% of the total core dry-
land count, (5% C0P2 types; 4.5% C0P3 types). Ficus and Tetrameles each
make up 1.2% of the total core dryland count. Less common SEDF types
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TABLE 5.3: YL1211B plant microfossil and charcoal eigen-
values, percentages and elemental variable loading from

PCA.

PC1
(22%)

PC2
(13%)

PC3
(11%)

Eigenvalue 5.413 3.249 2.608
R2 (%) 21.650 13.000 34.650
Trema 0.369 -0.207 -0.008
Poaceae 0.344 -0.203 -0.078
Urticaceae/Moraceae type 0.316 0.152 0.057
Syzygium 0.354 0.104 -0.038
Mallotus 0.318 -0.053 -0.090
Lithocarpus/Castanopsis 0.159 -0.073 0.296
Aporusa/Antidesma cf 0.191 -0.352 0.039
Carpinus/Ostrya sf 0.224 0.021 -0.284
Cyperaceae 0.182 -0.111 0.321
Quercus 0.118 0.258 0.197
Hopea/Shorea 0.173 -0.155 0.020
Ficus 0.125 0.275 0.064
Anogeissus/Memecyclon 0.220 0.079 0.244
Tetrameles 0.101 -0.179 0.263
Elaeocarpus cf 0.050 0.211 0.407
Macaranga 0.074 -0.211 -0.083
Aphananthe cf 0.101 0.401 -0.073
Lagerstroemia 0.015 0.105 0.317
Zanthoxylum cf 0.074 0.080 -0.118
Holoptelea/Wrightia sf C0P4 0.171 0.286 -0.106
Unknown spore type 2 0.208 0.342 -0.125
macro-charcoal (≥ 250 µm) -0.002 0.019 -0.233
250 µm > macro-charcoal ≥ 105 µm -0.040 0.209 -0.218
micro-charcoal (<105 µm) 0.082 -0.145 -0.190

include, in order of decreasing abundance, Aphananthe cf, Tetrameles sf, Zan-
thoxylum cf, Zizyphus / Nephelium, Toona, Litsea cf, Canarium cf and Ilex.
Tetrameles sf is morphologically similar to the T. nudiflora reference sam-
ple collected from the Yeak Loam lake catchment (see section 5.2.2), though
has been classified with a degree of uncertainty as it does not exhibit the
pinched colpi over the pore that was apparent in most of the T. nudiflora
pollen grains that were analysed from both the lake catchment sample and
the APSA reference collection (sample code: 208 3 1) (see appendix G for
morphological details of these reference samples). The plant microfossil
types classified as Tetrameles are, on the other hand, a similar size and shape
to the T. nudiflora samples analysed from the APSA reference sample collec-
tion.

Aphananthe cf, which displays the greatest degree of loading (positive) along
PC2, associates with Ficus, Quercus, Holoptelea / Wrightia sf (C0P4) and Un-
known spore type 2 (figure 5.12).
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Grouped mixed dry forest (MDF), intermediate mixed dry/semi-evergreen
forests (Intermediate MDF & SEDF) and secondary forest (SF) types

Trema is the overwhelmingly dominant plant microfossil encountered in
YL1211B, making up 48% of the dryland core count (40% of the total core
count). Other pollen types falling into the intermediate dry forest and/or
secondary forest classification include Aporusa / Antidesma cf (2% dryland
count) and Anogeissus / Memecyclon (1.5% core dryland count). Less com-
mon taxa in this forest classification include Celtis, Acacia / Albizzia, grouped
Holoptelea types, Irvingia malayana, and Holoptelea / Wrightia sf.

Trema contributes to the greatest degree of loading (positive) along PC1, and
strongly associates with Poaceae (r = 0.841), as well as Urticaceae/Moraceae
grouped types (r = 0.543), Syzygium (r = 0.635) and Mallotus (r = 0.663)
(figure 5.12). Given that these variables are the top five dominant plant
microfossils encountered in the core sediments, this relationship may be a
product of the consistent representation of these pollen types in every core
sample rather than representing any ecological association. Aporusa / An-
tidesma cf contributes to the greatest degree of negative loading along PC2,
and associates with Poaceae, Trema and Macaranga.

MDF/ Dry deciduous forest (DDF) types

Terminalia tomentosa cf makes up 0.5% of the total core dryland count, and
is the only taxon greater than 0.1% of the core count that falls into the
MDF/DDF category.

SF types

Secondary forest types occurring within YL1211B include Mallotus, Macaranga,
and Ardisia cf, representing 6%, 1% and 0.1% of the total dryland count, re-
spectively.

Semi-evergreen and deciduous dry forest generalists (DF generalists)

Hopea / Shorea and Lagerstroemia make up 1.5% and 0.7% of the total dry-
land microfossil count for YL1211B, respectively.

Swamp forest (SwF) and riparian forest (RF) types

Syzygium and Elaeocarpus cf comprise 6% and 1% of the total dryland count
respectively. Elaeocarpus cf contributes to the greatest degree of loading
(positive) along PC3, and associates with Lagerstroemia (r = 0.640) as well
as Cyperaceae, Lithocarpus / Castanopsis, Tetrameles and Anogeissus / Meme-
cyclon types (figure 5.12).



Chapter 5. Palaeo-vegetation and palaeo-fire analysis of the lake
sediments

190

Lower montane forest (LMF) types

Common LMF microfossil types from YL1211B include Lithocarpus / Cas-
tanopsis (4% total dryland count), Carpinus / Ostrya sf (2% total dryland
count) and Quercus (1.5% total dryland count). Less common types within
this classification include Myrica cf, Pinus, Betula sf and Zelkova.

Undifferentiated (Undiff.) types

Undifferentiated arboreal pollen types within the YL1211B microfossil as-
semblage include Adina-type, Sapindaceae/Rubiaceae type, Combretaceae
/ Melastomataceae undiff., Arecaceae cf, Rhamnus / Sageretia, Rubiaceae
grouped, Gomphandra / Roupala / Helicia sf, Lythraceae cf, Myrtaceae >17 µm
and Legume types. Each of these pollen types contribute to less than 1% of
the total arboreal count for the core.

Unknown types

Unknown pollen types that each comprise between 0.1 and 0.2% of the
total dryland core count for YL1211B include unknown types 4 (Euphor-
biaceae?), 5 (Potamogetonaceae?), 6, 7 and unknown Alphitonia sf type. De-
scriptions and photomicrographs of these unknown pollen types are pre-
sented in appendix H.

Description of pollen and spore diagrams

Down core change in total microfossil abundance

A summary diagram of the relative abundance of major functional plant
groups is plotted alongside the total microfossil abundance estimated for
each core in figure 5.11. The total abundance of pollen and spores shows
high-frequency, low-amplitude fluctuations down core. Abundance peaks
occur at 150 and 70 cm. Up core of 70 cm, abundance is overall slightly
lower than for the rest of the core. There is no correlation between micro-
fossil abundance and mineral influx.

Down core change in major functional types

There is very limited change in the relative abundance of major functional
plant groups down core. Results of stratigraphically constrained cluster
analysis for the relative abundance data identifies minor changes in the as-
semblage between 89.5 and 95 cm (dissimilarity distance = 1.21), 25.5 and
30 cm (dissimilarity distance = 1.16) and 10.5 and 15 cm (dissimilarity dis-
tance = 1.04). The primary division, separating cluster A from cluster B at
95 cm depth (figure 5.11), appears to represent a minor shift from higher
to lower relative abundance in dryland taxa (excluding grass) up core. This
boundary also delineates a depth representing low abundances of grass and
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FIGURE 5.11: Summary diagram showing down core
changes in relative abundance of YL1211B major plant mi-
crofossil groups. These are plotted as decimal percentages
alongside estimated total abundance of pollen and spore

counts per sample.

wetland/aquatic pollen. The secondary and tertiary cluster boundaries,
capturing what has been termed cluster C (figure 5.11) between 25.5 and
15 cm, delimits a peak in dryland taxa. A large peak in pteridophytes and
unknown taxa occurs within the uppermost part of the core (5 to 10.5 cm).

Down core change in pollen and spore abundance

Plant microfossil taxa comprising greater than 0.1% of the total core count
from YL1211B are plotted stratigraphically as absolute abundances on fig-
ure 5.13 (trees and shrubs grouped into forest units) and figure 5.14 (herbs,
wetland/aquatics, pteridophytes and unknown types). Results of stratigra-
phically-constrained cluster analysis have split the total assemblage into
eight clusters (boundaries shown on figures 5.13 and 5.14). Cluster bound-
aries and their dissimilarity distances (bracketed) occur between 200 cm
and 190.5 cm (1.15 x 10−6), 155 cm and 150.5 cm (1.36 x 10−6), 150 cm and
145.5 cm (1.43 x 10−6), 75 cm and 70.5 cm (1.5 x 10−6), 70 cm to 65.5 cm
(1.68 x 10−6), and 35 cm and 30.5 cm (1.24 x 10−6). Major changes in the
microfossil sequence are described in the context of these clusters below.
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Cluster zone 1: 214 cm to 190.5 cm (c 4507 to 4457 cal. yrs BP)

Cluster zone 1 represents high abundances of Mallotus, Trema, Holoptelea
/ Wrightia cf. Lithocarpus / Castanopsis, Carpinus / Ostrya cf, Celtis, Ilex,
grouped Rubiaceae / Sapindaceae types and, to a lesser extent, Syzygium,
and Aporusa / Antidesma cf taxa, relative to the rest of the core. High abun-
dances of Poaceae and grouped pteridophytes also occur within this zone.

The upper boundary of cluster 1 is characterised by a trough in most taxa
that corresponds to a peak in mineral influx. Exceptions to this include
Urticaceae/Moraceae (C0P3 type) Zanthoxyllum sf, Quercus, Arecaceae and
Cyperaceae.

Cluster zones 2 to 6: 190.5 cm to 30.5 cm (c 4457 to < 4111 cal. yrs BP)

Abundance cluster zones 2 to 6 represent variable, but overall high abun-
dances of Poaceae and Cyperaceae taxa as well as Mallotus, Macaranga,
Trema, Aporusa/Antidesma cf, Syzygium, Urticaceae / Moraceae (C0P3 type),
Tetrameles sf and Arecaceae types relative to the rest of the core. Two sam-
ples within this zone delimit cluster zone 3 (150 to 150.5 cm, modelled at
4371 cal. yrs BP) and cluster zone 5 (70 to 70.5 cm, modelled at 4187 cal. yrs
BP).

Cluster zone 3 is marked by anomalously large spikes in unknown spore
(?) type 1, Stenochlaena palustris, Poaceae, Gomphandra / Roupala / Helicia sf,
Myrtaceae type 2 (>17 µm), Urticaceae / Moraceae (C0P3 type), Syzygium,
Myrica cf, Betula sf, Quercus, Irvingia malayana, Holoptelea cf (C0P6 type),
Holoptelea / Wrightia cf, Celtis, Trema, Mallotus and Terminalia tomentosa cf.

Up core of cluster 3, Zelkova and Betula sf decline to negligible levels, and
there is a reduced abundance of Syzygium, Trema and Holoptelea cf (grouped)
pollen throughout the rest of the record. Ardisia cf becomes a consistent part
of the record within zone 4 (150 to 70.5 cm).

Cluster zone 5 corresponds with a trough in mineral influx, thus contribut-
ing to an overall increase in absolute abundance across the microfossil as-
semblage. In particular, there are pronounced peaks in Cyperaceae, Poaceae,
unknown spore (?) type 2, Arecaceae, Legume type, Lithocarpus / Castanop-
sis, Tetrameles, Urticaceae / Moraceae (C0P3 type), Elaeocarpus cf, Anogeissus
/ Memecyclon, Aporusa / Antidesma cf, Trema and Terminalia tomentosa cf.

Cluster zone 7: 30.5 cm to 5 cm (c < 4111 cal. yrs BP)

Cluster zone 7 generally represents the increase of semi-evergreen dry for-
est types (Tetrameles, Tetrameles sf, Ficus, Zanthoxyllum) and lower montane
forest types (Lithocarpus / Castanopsis, Carpinus / Ostrya sf, and Quercus).
Conversely, Stenochlaena palustris, Davalliaceae type, Arecaceae and Myr-
taceae (>17 µm type) near completely disappear from the record within
cluster 7. Additionally, a significant decline in nearly all taxa from the
deciduous dry forest, secondary forest and grouped mixed dry forest, in-
termediate mixed dry/semi-evergreen forest types as well as Poaceae and
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Cyperaceae is observable. A notable second drop in most of these taxa oc-
curs between 15 and 25 cm. A significant spike in Lagerstroemia, Elaeocarpus
cf and Tetrameles is evident within the core top sample (5 to 5.5 cm).

5.5.3 Charcoal and plant microfossil associations

Results of the PCA and Pearson’s correlation test show associations be-
tween macro- and micro- charcoal fractions and microfossil data. These
are discussed in the context of each core below.

Yeak Mai (core YM0413B)

Macro-charcoal – vegetation relationships

Both macro-charcoal fractions extracted from YM0413B sediments are not
significantly correlated with total microfossil abundance, but show signifi-
cant, weak, positive correlations with the relative abundance of taxa in both
the secondary forest (r = 0.266 [>250 µm fraction], r = 0.202 [105 to 250 µm
fraction]), and the grouped mixed dry forest, intermediate dry forest and
secondary forest (r = 0.204 [>250 µm fraction], r = 0.190 [105 to 250 µm frac-
tion]) classifications. The PCA conducted on absolute charcoal and micro-
fossil abundance data shows an association between both macro-charcoal
fractions and Blyxa, Hydrocera, Celtis and Trema along PC2 (figure 5.8 and
table 5.2).

Micro-charcoal – vegetation relationships

The micro-charcoal record reconstructed from YM0413B, is weakly (but sig-
nificantly), correlated with the total microfossil abundance, and displays a
negative correlation with mineral influx (r = -0.214). Micro-charcoal abun-
dance also has an insignificant (r =-0.187) and significant (r = -0.327) nega-
tive correlation with the >250 µm and 105 to 250 µm macro-charcoal fraction
sizes respectively.

A positive correlation exists between micro-charcoal abundance and the ab-
solute abundance of Quercus (r = 0.246) and Blyxa (r = 0.199).

Yeak Loam (core YL1211B)

Macro-charcoal – vegetation relationships

Both macro-charcoal fractions extracted from YL1211B sediments are not
significantly correlated with total microfossil abundance. The abundance
of both fractions (along with micro-charcoal abundance) does, however, as-
sociate with Carpinus / Ostrya sf pollen along the negative axis of PC3. Both
fraction show a significant (>250 µm, r = -0.452), and an insignificant (105
to 250 µm, r = -0.205) negative correlation with the relative abundance of
pollen from aquatic plants.
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Micro-charcoal – vegetation relationships

The YL1211B micro-charcoal record in not significantly correlated with to-
tal microfossil abundance. There is a positive correlation between micro-
charcoal and the absolute abundance of Poaceae (r = 0.364) and Carpinus/Ostrya
sf (r = 0.552), and a negative correlation between micro-charcoal and the
abundance of Elaeocarpus cf.

5.6 Chapter summary

A brief synthesis of results derived from the palaeobotanical and charcoal
analysis of the master lake cores extracted from Yeak Mai and Yeak Loam
are shown within the context of the age-depth models produced for the
cores (outlined in Chapter 4) in table 5.4.
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TABLE 5.4: Summary of major changes in the plant microfossil and charcoal records reconstructed from YM0413B and YL1211B through
time. Changes are described in the context of the age-depth models produced for each core.

Cal. yrs. BP Yeak Mai vegetation
change

Yeak Loam vegetation
change

Yeak Mai fire activity Yeak Loam fire activity

1500 to present Increase in SEDF taxa.
Drop in relative abun-
dance of Poaceae.

No age-modelled data
from YL1211B.

Stepwise drop in
macro-charcoal counts
to lower-than-average
fire activity at c. 1500
and c. 900 cal. yrs BP.

No age-modelled data
from YL1211B.

1900 to 1500 Major drop in total
microfossil abundance
to c. 1800 cal. yrs BP.
Increase in wetland
taxa. Near total decline
of aquatic taxa.
Increase in Syzygium
pollen and LMF pollen
from c. 1800 cal. yrs.
BP.
Poaceae abundance
relatively high. Abun-
dance of SEDF arboreal
taxa low.

No age-modelled data
from YL1211B.

High macro-and micro-
charcoal counts relative
to high bulk mineral
influx estimated for
sedimentary unit III.
Anomalous peaks in
micro-charcoal at 1900,
and 1840 to 1790 cal.
yrs BP.

No age-modelled data
from YL1211B.

Continued. . .
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Cal. yrs. BP Yeak Mai vegetation
change

Yeak Loam vegetation
change

Yeak Mai fire activity Yeak Loam fire activity

3300 to 1900 Stepwise decline in
total microfossil abun-
dance at 3300 and 3000
cal. yrs BP.
Relatively high Poaceae
counts from 2800 to
2100 cal. yrs BP.
Drop in aquatic types
at 2675 to 2480 cal. yrs
BP
Spike in Trema, Aporusa/
Antidesma, Celtis and
Lagerstroemia abun-
dance at. 1900 cal. yrs
BP.

No age-modelled data
from YL1211B.

Overall decline in
macro-charcoal counts.
High frequency fluctu-
ations related to bulk
mineral influx across
sedimentary units IIa
and IIb.

No age-modelled data
from YL1211B.

Continued. . .
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Cal. yrs. BP Yeak Mai vegetation
change

Yeak Loam vegetation
change

Yeak Mai fire activity Yeak Loam fire activity

4700 to 3300 Relatively high abun-
dance of aquatic vs.
wetland non-arboreal
pollen.
High relative abun-
dance of Trema, Mal-
lotus and Celtis pollen
types (pioneer succes-
sional forest genera) to
c. 3700 cal. yrs BP.
Large peak in Poaceae
and dry and secondary
forest types at c. 4300
cal. yrs BP.

High frequency shifts
in most taxa across the
age-modelled part of
the record. Relative
abundance of plant
functional groups
mostly constant down
core.
High abundance of
disturbance taxa.
Decrease in Poaceae
abundance from c.
4300 cal. yrs BP. Slight
increase in SEDF taxa
in sediments younger
that c. 4100 cal. yrs
BP (not age-depth
modelled).

High frequency fluctu-
ations related to bulk
mineral influx across
sedimentary units IIa
and IIb.
Anomalously large
peaks in macro-
charcoal at c. 4040
cal. yrs BP and 3700
cal. yrs BP.
Anomalously large
peaks in micro-charcoal
at c. 4300 cal. yrs BP.

High frequency fluc-
tuations in count
data across the age-
modelled part of the
record.
While no clear trend is
apparent, anomalous
peaks in micro-charcoal
occur at c. 4440, 4280
and 4150 cal. yrs BP,
with lower than av-
erage abundance in
sediments between c.
4300 and 4100 cal. yrs
BP.
Peaks in macro-
charcoal occur between
c. 4320 to 4380 cal. yrs
BP and c. 4100 to 4150
cal. yrs BP.
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6 Interpretation of south-east
Asian seasonally dry forest
threshold dynamics from lake
core records

6.1 Introduction

As outlined in chapter 2, the distribution of seasonally dry tropical forest
(SDTF) and tropical grassland, savanna and shrubland (TGSS) as alterna-
tive stable states appears strongly tied to climatic factors (particularly mean
annual precipitation (MAP) and seasonality) and the presence of fire. How-
ever, this premise has not been well tested within south-east Asian sea-
sonally dry tropical forest (SASDTF). This chapter will seek to resolve this
by interpreting key drivers of change for forest to savanna transitions and
the associated vegetation responses from the lake sedimentary records pre-
sented in chapters 4 and 5.

This chapter is structured into four main sections. The first reconstructs a
c. 4 700 year long climate record using core geochemistry, sedimentology
and complimentary plant microfossil data. Secondly, a record of charcoal
influx to the lake catchments is reconstructed in order to delimit past pe-
riods of high local and regional fire activity. The third section uses these
climatic and fire history records in concert with records of SASDTF vegeta-
tion change derived from the Yeak Mai and Yeak Loam lake cores as well
as other palaeo-ecological studies from the region to determine the thresh-
old behaviour of SASDTF (and units within). Finally, a discussion of the
regional applicability of biome-scale resilience models developed for sea-
sonally dry tropical forests worldwide is posed.

6.2 Reconstruction of monsoon fluctuations over the
past c. 4700 years

In order to determine the response of the site vegetation to past shifts in the
Asian monsoons, it is necessary to first delimit a spatially and temporally
well-constrained reconstruction of climate change for the lake sites. In the
context of this research, it is of particular importance to reconstruct peri-
ods of drier-than-present conditions given that SDTF appears sensitive to
shifts to savanna where mean annual precipitation declines or seasonality
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increases (Hirota et al. 2011, Staver et al. 2011a). Past monsoon condi-
tions within the vicinity of the lake sites is reconstructed by distinguishing
periods of lake shallowing and, where possible, deepening via interpreta-
tion of past sedimentological and geochemical redox conditions and chang-
ing abundance of pollen and spores from aquatic and wetland vegetation.
This is cross-validated by comparison with other records of ISM and EAM
change.

6.2.1 Redox proxies of lake wetting and drying

Reconstructing redox conditions of the Yeak Mai and Yeak Loam lake sur-
face sediments is thought to be a viable means for interpreting past changes
in lake water level of shallow lakes (Yeak Mai) and changes in the wa-
ter level or stratification of deep lakes (Yeak Loam) (Naeher et al. 2013,
Tamuntuan et al. 2015). These processes have been linked to fluctuations
in summer monsoon precipitation, with drier conditions associated with
precipitation of redox-sensitive elements – Mn/Ti and Fe/Ti in Yeak Mai,
and Mn/Fe in Yeak Loam (Naeher et al. 2013). The Yeak Mai sediments -
being extracted from a shallow lake setting and representing a continuous
and better dated sequence than Yeak Loam sediments – appear to be of par-
ticular value for reconstructing past periods of lake deepening/shallowing,
though both records may provide insight into regional palaeomonsoon con-
ditions for the study area.

Post-depositional oxygenation of shallow lake sapropelic sediments could
be facilitated by a drop in lake water level, drawing the redox boundary
down below sediment-water interface (Hayes et al. 1958, Davison 1993).
The corresponding peaks observed in the Mn/Ti and Fe/Ti profiles from
the Yeak Mai sedimentary record may therefore represent relatively dry pe-
riods over the past c. 4700 cal yrs BP. Nine of these are identified centred on
c. 350, 570, 1550, 1755, 1915, 2250, 2650, 3300 and 4250 cal. yrs BP, numbered
i to ix on figure 6.1. Note that the peak in Mn/Ti and Fe/Ti data at (c. 37
cal. yrs BP) is not included as a possible dry event given that it is probably
representing the very common surface enrichment in trace metals observed
in lake sediment cores, caused by ephemeral cycling of redox-sensitive ele-
ments in the water column (Bryant et al. 1997, Boyle 2001).

Despite uncertainties associated with the chronology of Yeak Loam sedi-
ments, the modelled timing for periods of high bottom water O2 inferred
from Mn/Fe records (thought to be indicative of drying conditions (Nae-
her et al. 2013)) matches well with drying event ix at c. 4250 cal. yrs BP
(figure 6.1). Correlation between the Yeak Mai Mn/Ti record and the Yeak
Loam Mn/Fe records, measured across the length of the Yeak Loam age-
depth record (i.e. 4110 to 4485 cal. yrs. BP) is moderate to strong (r = 0.74),
lending a degree of credibility to this interpretation.

Kylander et al. (2011) indicate that caution need be applied when using
XRF proxy data to infer climate events due to the different thresholds of,
and various roles occupied by different elements under variable conditions.
Thus, the reliability of using the Yeak Mai Mn/Ti and Fe/Ti peaks as a
proxy for a dry “events” is assessed in this study though cross-correlation
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FIGURE 6.1: Plot showing selected sedimentological and
palaeovegetation proxies from Yeak Mai and Yeak Loam
that are used to reconstruct past climate change at the lake
sites. Nine drying events have been identified (i to ix)
marked on the diagram with red dotted lines. Question
marks are placed beside the dry events that are classified
with a higher degree of uncertainty due to limited cross-

correlation between proxy records.

with other palaeoclimatic indicators. These include 1) other relevant geo-
chemical and sedimentology parameters suggestive of drying climatic con-
ditions from the lake cores assessed in this study, 2) changes in the abun-
dance of pollen from wetland and especially aquatic taxa, which can be
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sensitive to changing water levels in shallow lake settings, and 3) the rela-
tionship of these dry events with external palaeoclimatic records from the
ISM and EASM. These associations are outlined below.

6.2.2 Other indicators of lake level fluctuations

Peaks in κSI can also be used to infer lake bottom sediment oxygenation
within tropical lake settings (Tamuntuan et al. 2015), but require corrobora-
tion with other redox proxies. In Yeak Mai, five peaks in κSI associate with
Mn/Ti and Fe/Ti peaks (drying events iv to viii shown on figure 6.1). The
negative correlation between κSI and Mn/Ti and Fe/Ti, and simultaneous
positive association between κSI and detrital elements (Si, K and Ti) sug-
gest that κSI may switch from predominantly representing a redox proxy
to predominantly representing an erosion proxy in sediments younger than
c. 1000 cal. yrs BP. This is important in the context of constructing a cli-
mate record from the Yeak Mai sediments, as it may mean that peaks in
κSI change from reflecting a weak summer monsoon (lake shallowing) to
potentially representing a strong summer monsoon (high precipitation can
lead to high catchment runoff erosion).

While there are no clear peaks in the Yeak Mai Cu/Ti record at the lower
boundary of any of the nine identified Fe/Ti and Mn/Ti oxidation fronts
from Yeak Mai (a trend that can be used to indicate post depositional oxi-
dation of sapropels (Thomson et al. 2006)), peaks in Mn/Ti and Fe/Ti from
these sediments clearly coincide with troughs in Cu/Ti between c. 1755 and
3300 cal. yrs BP (events iv, v, vi, vii and viii – see figure 6.1). This may sug-
gest some degree of Cu mobilisation under oxic conditions. However, this
ratio displays a moderate positive correlation with the core organic matter,
suggesting a potential association between non-detrital Cu and algae that
may not be directly related to sediment redox conditions.

6.2.3 Floristic indicators of lake level change

The presence and abundance of wetland and depth-sensitive aquatic plants
can be useful for inferring past climatic conditions. This is particularly the
case for shallow lakes where relatively small changes in rainfall can have
marked effects on the local aquatic environment (Gasse and Van Campo
2001, Wohlfarth et al. 2012, Chawchai et al. 2013). Hydrocera triflora (L.)
(Wight & Arn.), Blyxa and Rotala are the dominant aquatic or semi-aquatic
taxa encountered within the Yeak Mai record, while Cyperaceae, Syzygium
and Stenochlaena palustris ((Burm. f.) Bedd.) comprise the dominant wet-
land signal. Fluctuations in the abundance of the pollen and spores from
these plants are shown in the context of the dry events identified from the
geochemistry record on figure 6.1.

Hydrocera triflora is a semi-aquatic plant that is sensitive to both lake shal-
lowing (to the extent where the lower stem is exposed) or deepening (it
won’t grow in water depths greater than 70 cm) (Grey-Wilson 1980). Within
the Yeak Mai record, the abundance of H. triflora pollen declines in step-
wise succession. From c. 4710 to 2800 cal. yrs BP, abundance is relatively
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high, with significant peaks at c. 4520 cal. yrs BP and between c. 3400 and
2800 cal yrs BP. Abundance then declines to moderate levels to c. 2000 cal.
yrs BP and negligible levels to c. 800 cal. yrs BP, before making a slight
recovery in the upper core sediments. Inferred from this pattern is either
step-wise lake shallowing or lake deepening. Given that all dry events at
Yeak Mai when H. triflora is well represented within the record coincide
with troughs in its abundance, the later decline in abundance is considered
more likely to be driven by lake shallowing.

Based on a review of the geographic distribution of Blyxa included in Cook
and Lüönd (1983), five species of this genus may grow within the vicinity
of SASDTF. These include Blyxa aubertii (L. C. Richard), B. japonica ((Miq.)
Maxim. ex Asch. & Gürke), B. octandra ((Roxb) Planch. ex Thwaites), B.
quadricostata (Hartog) and B. vietii (C. D. K. Cook & Lüönd). While these
species all have different tolerances with respect to water level fluctuation
and nutrient loading, all favour a shallow water habitat (maximum 40 cm
depth) (Cook and Lüönd 1983). The abundance of Blyxa pollen is high
at the base of the record (c. 4710 cal yrs BP) and gradually declines to c.
1744 cal. yrs BP. This overall trend is punctuated by several peaks in abun-
dance at modelled ages of c. 4710, 4317, 3813, 3481, 3036, 2907, and 2034 cal.
yrs BP, suggesting shallow but fluctuating lake levels throughout this time.
Drying events iv to ix correspond to troughs in the estimated abundance
of Blyxa, suggesting that these events promoted conditions less favourable
(presumably too dry) for the plant to flourish. The concurrence of drying
event vii and especially iv with the near demise of Blyxa from the pollen
record suggests that these may have been of sufficient intensity or duration
to temporarily eliminate this plant from the local area. Recovery of Blyxa
is poor subsequent to event iv, suggesting the establishment of an aquatic
habitat unsuitable for the plant and/or out competition by another plant
type/community.

Five species of Rotala are considered geographically more likely to occur
within the vicinity of Yeak Mai, including R. indica ((Willdenow) Koehn), R.
cordata (Koehne), R. rosea ((Poiret) C. D. K. Cook ex H. Hara), R. rotundifolia
(Buchanan-Hamilton ex Roxburgh) Koehne, and R. wallichii (J. D. Hooker)
Koehne (Graham et al. 2011). These typically short-lived annuals have a
preference for wetland-type habitats and require seasonally fluctuating wa-
ter levels, with an annual dry period required for several species (Graham
et al. 2011). Climatic conditions conducive to this habitat requirement are
inferred from high Rotala pollen abundance, which occurs within the Yeak
Mai record between c. 1890 and 485 cal. yrs BP (noting that the apparent
low abundance between 1985 and 1738 cal. yrs BP is due to high sediment
influx calculated for sedimentary unit III, thereby diluting the pollen in-
put). Peaks in the abundance of Rotala are also apparent immediate prior to
and/or post drying events viii, vii, v, iv, iii, and one coincides with event ii,
suggesting that the abundance of pollen from this plant may increase under
relatively dry conditions.

In the Yeak Mai record, the abundance of Cyperaceae is relatively high be-
tween c. 2035 to 242 cal. yrs BP (noting that, as with Rotala, the appar-
ent decline in abundance between 1985 and 1738 cal. yrs BP is due to the
high sediment influx calculated for sedimentary unit III). High abundance



Chapter 6. Interpretation of south-east Asian seasonally dry forest
threshold dynamics from lake core records

206

of sedge pollen is often interpreted as representing shallow conditions that
permit the establishment of a wetland assemblage (Gasse and Van Campo
2001, Maxwell 2001, Wohlfarth et al. 2012).

The establishment of drier, wetland type flora at the lake site (presumably
around the lake margin) in sediments younger than 2035 cal. yrs BP, in-
ferred from sedge pollen abundance, is supported by the abrupt increase
in Syzygium pollen in the core record between c. 1600 cal yrs. BP and
2013 AD. The morphology of this pollen type (Australian National Univer-
sity 2016: sample 225-18-51) is consistent with that of the extant Syzygium
species growing at Yeak Mai at the time of fieldwork, which was identified
as S. cumini ((L.) Skeels) (Khmer: pri:ing ba:y) (S. Channa, D. Penny and
A. Maxwell pers. comm. 6th April, 2014), translated using Dy Phon (2000).
This tree grows gregariously in wetland habitats, though once established it
can sustain extended periods of either flood or drought (Orwa et al. 2009).

Stenochlaena palustris spores occur in moderate abundance in the Yeak Mai
record from c. 1840 cal. yrs BP to 2013 AD, peaking at 1290 to 1180 cal. yrs
BP. This fern favours moist wetland conditions, and peaks in abundance
may indicate slightly increased moisture availability at the site during this
period (Brown 1920, Laumonier 1997). However, this needs to be inter-
preted with caution given that proliferation of this fern can also be associ-
ated with forest disturbance in the everwet tropics of insular Southeast Asia
(Chai 2016).

When considered together, the changing abundance of the dominant aquatic
and wetland species from Yeak Mai suggests lake water depths favourable
for the proliferation of sub aquatic vegetation including Hydrocera triflora
and Blyxa from c. 4700 to 2800 cal. yrs BP. This is followed by what has
been interpreted as a shallowing of the lake to c. 2100 cal. yrs BP due
to the overall decline in H. triflora and Blyxa pollen in the record. A rela-
tively significant dry period is interpreted to have occurred as a single or
series of events between c. 2100 and 1400 cal. yrs BP, with a particularly
dry stage between c. 1900 and 1500 cal. yrs BP. This is based on the pro-
gressive decline of first H. triflora then Blyxa (likely tolerant of shallower
conditions) pollen from the record, followed by the subsequent increase in
Rotala pollen. Additionally, the relatively abrupt increase in Cyperaceae in
the record suggests the establishment, or encroachment of a very shallow
water wetland towards the deepest portion of the lake from where the core
was taken, suggesting further shallowing of the lake. This correlates with
the very large peaks in Mn/Ti and Fe/Ti used to infer drying events v, iv
and iii, and the inferred change in the environmental setting of the lake
may explain the changes in core sedimentology observed over the same
time period. Following this inferred dry period, is it expected that the lake
remained in a condition suitable for the persistence of a wetland-type en-
vironment (presumably around the lake margins) up to approximately c.
250 cal. yrs BP, after which there is a decline in the abundance of wetland
indicators, suggesting re-deepening of the lake.
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6.2.4 Comparison with regional monsoon records

Within the intersection zone of the ISM and EAM where SASDTF occurs
(see chapter 3 for details), several high-resolution dendrochronological records
of climate have been reconstructed (Sano et al. 2009, Buckley et al. 2010),
however, none are sufficiently long to cover the length of the Yeak Mai
and Yeak Loam sediment records. As such, temporally well-constrained
Holocene monsoon records from the EAM zone (Wang et al. 2005a, Wang
et al. 2005b, Zhang et al. 2008) and ISM (Fleitmann et al. 2003, Fleit-
mann et al. 2007a, b, Berkelhammer et al. 2010) are used to compare
the crater lake climatic records with external monsoon records of various
lengths and sampling resolutions. The location of these records relative to
the study lake sites is shown on figure 6.2. Additionally, the South Asian
Summer Monsoon Index (SASMI), compiled from 15 tree ring chronologies
from the ISM, EAM and intersection zones (Shi et al. 2014) is utilised to
compare monsoon precipitation change over the last millennium with the
lake proxy records. The abundance of Tetrameles pollen from the Yeak Kara
lake sediment record (BKY2) reconstructed in Maxwell (1999) and Maxwell
(2001) also appears to reflect changing monsoon summer strength in the
late Holocene, and is thus also used as a potential climatic proxy from the
intersection zone. A plot of these climatic records over the past c. 4700
years (the approximate time frame captured by the Yeak Mai sedimentary
record) is shown alongside the lake core monsoon geochemistry and mag-
netic climate proxies in figure 6.3. The association between the lake climate
records and the external monsoon records is discussed below.

Changes in the EASM reconstructed from speleothem sample DA from
Dongge Cave, southern China (Wang et al. 2005a, Wang et al. 2005b), cor-
relates relatively well with changes in the Mn/Ti (r = 0.31), and especially
Fe/Ti (r = 0.56) records reconstructed over the same period from Yeak Mai,
particularly given the relatively poorly constrained chronological resolu-
tion of the lake record when compared with the speleothem record (figure
6.3). In particular, Bond events 0 (LIA), 1, 2 and 3 that are identified within
the Dongge record reflect the drying events i, iii, viii and ix captured in
the Yeak Mai Fe/Ti and Yeak Loam Mn/Fe (event ix only) records. The
other six drying events reconstructed from Yeak Mai can be well-matched
to peaks within the Dongge Cave record, and the MWP (occurring in Asia
between 1100 and 900 cal. yrs BP (Cook et al. 2013)), can be matched to
a subtle trough in Mn/Ti and Fe/Ti ratios (figure 6.3). These patterns are
also reflected, at relevant timescales, in the WX42B Wanxiang Cave δ18Oh
record (Zhang et al. 2008) and the BYK2 Tetrameles pollen record (where
peaks in pollen correspond with drying events), though the MWP period
does not appear to be as well defined in either of these studies, and the
abundance of Tetrameles is low from c. 5000 to 2000 cal. yrs BP, making it
difficult to cross correlate changes in the older portion of the record. The
relationship between the Yeak Mai climate record with δ18Ohmonsoon re-
constructions from the central (DAN-D (Berkelhammer et al. 2010)) and
marginal (Q5 (Fleitmann et al. 2007b)) ISM zone is less well defined, not-
ing that the resolution (DAN-D) and timeframe (DAN-D and Q5) of these
records is not optimal for comparison. This suggests that the monsoon con-
ditions within the mainland south-east Asia monsoon intersection zone are
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FIGURE 6.2: Location of the regional climate records used
in this study for comparison with the wetting/drying proxy
records reconstructed from Yeak Mai and Yeak Loam sed-
iments. Cave speleothem records are represented by the
green triangles and lake records by the blue triangles.
Sites include Wanxiang Cave, China (WX42B) (Zhang et al.
2008), Dongge Cave, China (DA) (Wang et al. 2005a, b),
Lake Kumphawapi, Thailand (3KUM, C3PA, CP4) (Keal-
hofer and Penny, 1998, Wohlfarth et al. 2012, Chawchai et
al. 2013), Yeak Kara, Cambodia (BYK2) (Maxwell, 2001 &
2004), Dandak Cave, India (Berkelhammer et al. 2010) and

Qunf Cave, Oman (Q5) (Fleitmann et al. 2007a, b).

significantly influenced by the EAM, particularly the EASM, particularly
from the mid-Holocene to c. 1000 cal. yrs BP.

Over the past c. 1000 years, the Yeak Mai Fe/Ti record appears to decouple
with the DA isotope record (r = 0.13), while the κSI record from the same
time core correlates moderately with the SASMI (r = 0.54), where κSI peaks
(interpreted to representing an erosion signal within this part of the core)
match periods of a strengthened summer monsoon (visual representation
shown on figure 6.4). If κSI is accurately reflecting periods of higher ef-
fective moisture throughout the late Holocene, it suggests that the climate
mechanisms operating within the vicinity of the study site may be increas-
ingly influenced by the ISM, driven by a complex interaction of ENSO vari-
ability, volcanic forcing and solar irradiance over this time period (Shi et al.
2014).

The association of core sedimentological and geochemical proxies for lake
wetting and drying with external monsoon records, notably the EASM from
c. 4700 to 1000 cal. yrs BP, and ISM over the last millennium demonstrates
that geochemical proxies for changing post depositional (Yeak Mai) and
lake water (Yeak Loam) redox conditions can be used to reconstruct climatic
conditions from lake sediments, a relatively novel approach within tropical
lake settings. This is significant as the resultant climate record provides one
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FIGURE 6.3: Comparison of the climate record recon-
structed from the crater lake sediments with regional
climate records from the EAM zone (DA & WX42B
speleothem δ18Oh records), ISM zone (DAN-D & Q5
speleothem δ18Oh records) and the intersection zone of
these monsoons (SASMI & BYK2 Tetrameles abundance
record) over the past 5000 cal. yrs BP. Yellow bars represent
Bond events 0 to 3 identified in Wang et al. (2005a), and
blue bars represent the approximate timing of the MWP in
the various records. Red lines represent drying events re-
constructed from the Yeak Mai and Yeak Loa, geochemistry

and sedimentology records.
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of the first robust, multi-millennial records of monsoon change within the
ISM/EAM intersection zone.

6.2.5 Synthesis: palaeoclimate model for the lake sites

A summary of climate change for the lake sites over the past 4700 years
as interpreted from this multi-proxy, comparative approach is provided be-
low.

c. 4700 to 3300 cal. yrs BP: a moderate monsoon

Throughout this period, Yeak Mai appears to have supported relatively
abundant shallow-water aquatic plants including Blyxa and Hydrocera tri-
flora. Given that the gradient of the land extending above the west, east
and southern margins of the lake is low, an expansive area of land sitting
above the current lake margin could flood easily if water levels were to
rise, and this would likely be capable of supporting a shallow lake water
aquatic community. It is thus difficult to determine from these parameters
alone if the lake was shallower or deeper than present. However, the low
abundance of wetland indicators (Cyperaceae and Syzygium) throughout
the same time indicates that conditions were either not suitable for the de-
velopment of an extensive wetland community around the lake margins,
or that the wetland was some distance from the deepest portion of the lake
from where the lake core was extracted. This supports the idea of the lake
being more extensive than it is at present. This interpretation is consistent
with the Dongge cave DA δ18Oh record, which indicates that the EASM
was stronger than (up to c. 3500 cal. yrs BP), or approximately equivalent
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to (c. 3500 to 3300 cal. yrs BP) contemporary monsoon conditions (Wang et
al. 2005a, Wang et al. 2005b). Two dry events (ix and viii) occur throughout
this timeframe at approximately 4250 and 3300 cal. yrs BP. The earliest of
these corresponds well with Bond event 3 identified in Wang et al. (2005a)
— a high magnitude, long duration event persisting in south China from c.
4500 to 4000 cal. yrs BP.

c. 3300 to 1900 cal. yrs BP: a weakening monsoon with dry events

Between c. 3300 and 1900 cal. yrs BP, the abundance of Hydrocera triflora
and, to a lesser extent, Blyxa pollen declines, whilst the abundance of Cyper-
aceae pollen, a wetland indicator, increases. This suggests shallowing of the
lake such that a relatively significant wetland region could be supported at
the site, presumably at the lake periphery. This interpretation is supported
by the gradual weakening of the EASM as interpreted from climate records
reconstructed from Dongge Cave (Dykoski et al. 2005, Wang et al. 2005a,
Wang et al. 2005b), which show a good correlation with the Yeak Mai Fe/Ti
record over the same period. Two drying events, vii (c. 2700 to 2600 cal. yrs
BP) and vi (c. 2250 cal. yrs BP — coinciding with Bond event 3 noted in
Wang et al. (2005a)) occur throughout this time period. Given the drop in
abundance of Hydrocera triflora and Blyxa pollen at event vii, it appears to
have been relatively long and/or relatively severe. This is supported by the
correlation of this event with a weak ISM event between 2900 and 2400 cal.
yrs BP noted in a relatively distal foraminifera sequence reconstructed from
the Arabian Sea (Gupta et al. 2003). More locally, an hiatus in the C3PA sed-
imentary record extracted from Lake Kumphawapi, North Thailand (figure
6.2) occurs within a similar timeframe (c. 2700 to 2500) (Wohlfarth et al.
2012), suggesting low effective moisture throughout this period. The near
complete demise of Hydrocera triflora and a significant spike in Cyperaceae
pollen occurring in the Yeak Mai record at c. 1900 cal. yrs BP indicates fur-
ther expansion of wetland taxa at the site, implying further lake shallowing
and dry site conditions.

c. 1900 to 1500 cal. yrs BP: a very weak monsoon

This period appears to be characterised by a very weak Asian summer mon-
soon, capturing three, closely spaced drying events (v [c. 1915 cal. yrs BP],
iv [c. 1755 cal. yrs BP] and iii [c. 1550 cal. yrs BP]), resulting in what appears
to be a phase shift in the aquatic/wetland taxa from a wetland and shal-
low water aquatic community to a wetland community with Rotala. Event
iii (coinciding with Bond event 1 identified in Wang et al. (2005a)) cap-
tures what is a relatively abrupt increase in Syzygium pollen and a peak
in Cyperaceae pollen. What is intriguing about the shift from event iv to
iii is the relatively abrupt change in core sedimentology across this bound-
ary from relatively mineral-rich silty sediments (unit III) to the organic rich
sapropels of unit IV at c. 1750 cal. yrs BP. An abrupt increase in sediment
organic content has been linked to a shallowing within an already shallow
lake (Wohlfarth et al. 2012). The reconstruction of closely space droughts
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from the Yeak Mai record correlates relatively well with the timing of a hia-
tus modelled for Lake Kumphawapi sediments (core C3PA) between 1900
and 1600 cal. yrs BP, which has been linked to drying of the lake under
weak monsoon conditions (Wohlfarth et al. 2012). It is, however, notable to
point out that an hiatus for the same lake is modelled from a different core
(CP4) as occurring over a much longer time frame 6500 to 1600 cal. yrs BP
(Chawchai et al. 2013).

c. 1500 cal. yrs BP to 2013 AD: a weak monsoon, strengthening from c.
450 cal. yrs BP

Though high frequency dry events appear to discontinue from c. 1550 cal.
yrs BP., the persistence of wetland and Rotala pollen within the record at
high (albeit fluctuating abundances) to c. 400 cal. yrs BP is suggestive of
relatively shallow lake conditions throughout this time period, though it
is noted that the persistence of the wetland could in fact represent an eco-
logical state shift (Scheffer et al. 2001, Folke et al. 2004). An interpreta-
tion of low effective moisture conditions at the site throughout this period
does, however, correspond well with patterns of step-wise EASM monsoon
weakening observed from c. 7000 to 400 cal. yrs BP (Wang et al. 2005a,
Wang et al. 2005b) (figure 6.3).

Small troughs in Mn/Ti and Fe/Ti that correspond with slightly lower abun-
dances of Cyperaceae and Syzygium pollen and the absence of Rotala pollen
from the Yeak Mai record at 1070 to 820 cal. yrs BP may indicate the on-
set of the MWP. The timing of this event corresponds well with troughs in
Tetrameles pollen from BK2 (Maxwell 2001), a trough in the Dandak cave
(DAN-D) δ18Oh record, and a peak in the SASMI (920 to 670 cal. yrs. BP).
The timing of this event is slightly later than that observed into the EASM
records (Wang et al. 2005a, Wang et al. 2005b, Zhang et al. 2008) (figure
6.4). This may indicate increased control of lake site climatic conditions by
ISM circulation. Subsequent to the MWP, a small peak in Mn/Ti and Fe/Ti
may indicate a drying event at c. 700 to 800 cal. yrs BP, though, aside from
a corresponding peak in Rotala pollen, there is limited evidence for drying
in the other proxy climate records.

Drying event i, appears to correspond with Bond event zero (LIA) modelled
from the Dongge cave record. This event is reflected in the Yeak Mai record
by peaks in Mn/Ti and Fe/Ti, and a trough in κSI, the timing of which
places this event within the age range of c. 500 to 340 cal. yrs BP. This
is relatively consistent with the timing of this event proposed by Shi et al.
(2014) (550 to 250 cal. yrs BP) and in more distal records, including Zhang
et al. (2008) (marginal EASM: 330 cal. yrs BP) and Gupta et al. (2003)
(marginal ISM: 300 to 400 cal. yrs BP). The correspondence of this event to
a peak in Rotala, Cyperaceae and Syzygium pollen from the Yeak Mai record
supports the idea of lake shallowing throughout this period. The timing
of this event also corresponds with relatively high peaks in Yeak Oam κSI
(modelled from c. 400 to 440 cal. yrs BP), which can suggest drier conditions
(Tamuntuan et al. 2015), though this needs to be interpreted cautiously in
the absence of other proxy data for the site.
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Subsequent to the drying event i, troughs in Yeak Mai Mn/Ti and Fe/Ti
and the corresponding peak in κSI suggest strengthening of the monsoon.
This is validated by the SASMI, EASM and ISM speleothem δ18Oh records,
the decreasing abundance of Tetrameles pollen from BK2 (Maxwell 2001),
and the decreased abundance of pollen from wetland indicators and Rotala.
Reversal of nearly all of these trends within the upper dated parts of the
relevant records (i.e. within the past century) may suggest re-instigation of
weaker monsoon conditions in recent decades. This is in keeping with the
EASM and ISM records.

The interpretation presented here is of a gradually weakening monsoon
within the ISM and EASM intersection zone from the start of the core record
(c. 4700 cal. yrs BP) to c. 450 cal. yrs BP, that is punctuated by several
especially dry events, consistent with patterns apparent in the EASM iso-
tope records. However, this model is inconsistent with the climate mod-
els developed from Lake Kumphawapi sediments (Wohlfarth et al. 2012,
Chawchai et al. 2013), though dry periods noted in Wohlfarth et al. (2012)
between c. 2700 to 2500 and c. 1900 to c. 1600 cal. yrs BP do correspond
well with drying events viii, and v to iii reconstructed from the Yeak Mai
record. The Wohlfarth et al. (2012) study indicates restrengthening of the
monsoon from c. 3000 cal. yrs BP. The discrepancies between Wohlfarth et
al’s (2012) interpreted climatic conditions in mainland south-east Asia and
those reconstructed for South China (Wang et al. 2005a, Zhang et al. 2008)
are attributed to the positioning of the ITCZ between these zones from c.
3000 years BP onwards (Chawchai et al. 2013). A key foundation for the
development of this argument is the interpreted monsoon strengthening at
Yeak Kara at approximately the same time period as for Lake Kumphawapi
(Maxwell 2001). However, in this study, Maxwell (2001) uses the abrupt in-
crease in the abundance of Tetrameles pollen (interpreted within this study
to be a SEDF indicator) alongside a decrease in wetland taxa to suggest
increased available moisture at the site. Though the mechanisms are un-
clear, the distict, positive association between Tetrameles abundance and pe-
riods of EASM monsoon weakening in the Dongge Cave record (Wang et
al. 2005a, Wang et al. 2005b) (shown on figure 6.3) brings this interpretation
into question, and highlights that caution needs to be applied when using
records of vegetation response to interpret climatic drivers.

6.3 Local and regional fire regime history over the past
c. 4700 years

As has been discussed in chapter 3, fire incidence appears to be an impor-
tant driver of change within SDTF ecosystems, thought to cause the recon-
figuration of forest into savanna (Staver et al. 2011a). Though research
indicates that SASDTF may be more resilient to burning than other types of
SDTF, there are conflicting findings regarding the extent to which fire im-
pacts the threshold dynamics of internal SASDTF units, particularly with
respect to whether or not burning will drive SEDF to more open (MDF or
DDF) forest types (e.g. Baker et al. 2008, Baker and Bunyavejchewin 2009,
Johnson and Dearden 2009). Additionally, the interaction of fire with other
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drivers of change in SDTF (e.g. prolonged drought) which may be impor-
tant for causing the reconfiguration of forest to savanna (Brando et al. 2014),
has not been well quantified within this ecoregion.

The fire regime history reconstructed for the Yeak Loam and Yeak Mai sites
is discussed in the context of the climate records produced for the region
(section 6.2) in order to delimit periods where local and regional forest
might be particularly susceptible to a regime shift. Additionally, a compari-
son of regional burning with the fire histories reconstructed from lake cores
extracted from other SASDTF sites - 3KUM from Lake Kumphawapi, Thai-
land (Kealhofer and Penny 1998, Penny 1998) and BKY2 from Yeak Kara,
Cambodia (Maxwell 1999, Maxwell 2004)1 — will be used to determine pe-
riods of high regional burning.

6.3.1 Local and regional fire regimes at the lake sites

Charcoal counts from Yeak Mai and Yeak Loam have been plotted as char-
coal influx (fragments/cm/year) to account for the variable accumulation
rate of core sedimentary layers that appears to drive much of the down core
changes observed in the charcoal abundance reconstructed from Yeak Mai
in particular (chapter 5). Charcoal influx is shown in the context of the nine
drying events identified from the Yeak Mai Fe/Ti record and the Dongge
cave DA record of EASM change (Wang et al. 2005a, Wang et al. 2005b) on
figure 6.5.

6.3.2 Comparison with palaeoclimate records

Local signal

Macro-charcoal influx to Yeak Mai appears relatively high between c. 4400
and 3700 cal. yrs BP, suggesting heightened local fire activity — i.e. in-
creased frequency, intensity or extensiveness of burning (Clark and Patter-
son 1997). The early part of this period parallels Bond event 3 modelled
from the Dongge Cave EASM record (Wang et al. 2005a). However, the
major peak in charcoal influx at 3700 cal. yrs BP appears to correspond
with a subsequent wetter period. This peak may reflect increased trans-
port of charcoal retained in the catchment to the lake basin via run off ero-
sion, though this is unlikely to contribute significantly to influx given the
small size of the catchment (Maxwell 2004). Alternatively, it could be associ-
ated with anthropogenic burning. Based on the high macro-charcoal levels
occurring within lake sediments thought to be deposited under relatively
strong monsoon conditions relative to the rest of the record, this interpreta-
tion is considered plausible not only for the peak period, but for local fire

1Though Maxwell (2004) presents a fire history from a core extracted from Yeak Loam
(BYL6), this is not used in this discussion due to the fact that the chronology for this core
is based on an interpolation from a single date (3800 cal. yrs BP) measured from a bulk
sediment sample taken from the base of the core. The present study indicates that this date,
which falls well within the range of bulk organic and charcoal and organic material samples
dated from Yeak Loam sediments, is likely contaminated with a non-terrestrial source of
carbon.
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FIGURE 6.5: Diagram of estimated charcoal influx records
to Yeak Mai (micro-, macro-, and combined fragments) and
Yeak Loam (combined fraction), shown in the context of
interpreted site climate change and charcoal influx (BKY2)
and concentration (KUM3) from regional SASDTF records
over the past c. 4700 cal. yrs BP. Yellow bars represent
Bond events 0 to 3 identified in Wang et al. (2005a), and
blue bars represent the approximate timing of the MWP es-
timated from Yeak Mai. Red lines represent drying events
reconstructed from the Yeak Mai and Yeak Loam geochem-

istry and sedimentology records.

activity prior to c. 3700 cal yrs BP. Subsequent to c. 3700 cal. yrs BP, local
fire activity at Yeak Mai is low to moderate before peaking again between c.
2600 and 1500 cal. yrs BP. Unlike the earlier peaks in the record, this phase
of high fire activity is well timed with the high frequency dry events that
occur across this time frame (vi to iii), suggesting that climate may be an im-
portant driver for fire throughout this period. The small decline in macro-
charcoal input to the lake between c. 2500 and 2300 cal. yrs BP corresponds
to a peak in micro-charcoal influx, and thus may either reflect reworking of
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the larger fraction within the catchment or in the laboratory, or represent
a local event that has regional expression. Fire activity is low between c.
1500 cal yrs BP and the core top sediments, corresponding with the major
division modelled for these data from stratigraphically constrained cluster
analysis (chapter 4). However, a small peak corresponds with drying event
i. In general, high local fire activity at Yeak Mai post c. 3700 cal. yrs BP ap-
pears to be driven by climate, and potentially by a combination of climatic
and anthropogenic factors between c. 3700 and 4700 cal. yrs BP.

There is evidence for an increase in local fire activity at Yeak Loam in re-
sponse to drying event ix (figure 6.6), though the limited and questionable
timeframe modelled for this core record makes it difficult to conclusively
draw inferences with respect to climatic driving of fire at this site.
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FIGURE 6.6: Macro- and micro- charcoal influx plotted from
Yeak Loam, shown in the context of drying event ix.

Regional signal

Peaks in micro-charcoal influx to Yeak Mai that are taken to represent height-
ened regional fire activity, correspond with drying events ix and Bond event
3 (Wang et al. 2005a), vi, v, iv, iii and Bond event 1 (Wang et al. 2005a), and
ii. A slight increase in regional fire activity occurs after dry event viii at c.
3300 cal. yrs BP, consistent with the start of the interpreted period of lake
shallowing and hence reduced effective moisture at the site. A second in-
crease in charcoal influx to Yeak Mai between c. 2400 and 1575 cal. yrs BP
(peaking at 1905 cal. yrs BP), is also coincident with the interpretation of
further lake shallowing, and the presence of high frequency dry events at
the site. The small drop in fire activity between c. 2180 and 1985 cal. yrs BP
coincides with a period of a slightly stronger EASM (Wang et al. 2005a) (fig-
ure 6.5). A small drop in micro-charcoal influx to Yeak Mai coincides with
the timing of the MWP interpreted in Wang et al. (2005a). There is no clear
association between increased regional fire activity and the LIA. A decline
in micro-charcoal influx to Yeak Mai coincides with the inferred period of
slight increased effective moisture at the site at c. 1500 cal. yrs BP, but this
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could also be related to the implementation of regular, low intensity an-
thropogenic burning associated with swidden agriculture (Maxwell 2004).
Overall, the regional fire record reconstructed for Yeak Mai indicates that
higher regional fire activity may, to a large degree, be driven by climate.

There is no apparent correspondence between micro-charcoal influx and
dry event ix as identified from the Yeak Loam record (figure 6.6), though,
as discussed with respect to macro-charcoal influx, the limited and ques-
tionable timeframe modelled for this core record makes it difficult to con-
clusively draw links between climate and fire activity at Yeak Loam.

6.3.3 Comparison with other SASDTF fire records

Climate as a driver of regional fire is somewhat inconsistent with the char-
coal records reconstructed from 3KUM (Kealhofer and Penny 1998, Penny
1998) and BYK2 (Maxwell 2004)2. These studies indicate a stepwise decline
in fire activity at c. 3700 cal. yrs BP (both records), c. 2500 cal. yrs CP
(BKY2), and c. 1200 cal. yrs BP (3KUM). However, small peaks in BYK2
charcoal influx do correspond with drying events ix, iii and ii, suggesting
some degree of climatic influence on fire activity.

The inconsistencies between fire activity reconstructed from these studies
and the current project may be due to the fact that the external records
analysed charcoal samples at a lower temporal resolution (samples taken
every c. 110 years from BK2 and every c. 642 years from 3KUM vs. ev-
ery c. 40 years from Yeak Mai). Additionally, given that an increase in
macro-charcoal influx to Yeak Mai sediments older than 3700 cal. yrs BP
corresponds relatively well with the high charcoal influx modelled at Lake
Kumphawapi and Yeak Kara over the same time period, it is possible that
the charcoal records constructed from the external sites may be reflecting
both the local and the regional fire signal. This interpretation is considered
especially plausible for BYK2 given that all charcoal fractions greater than
100 µm2 were included in the analysis (Maxwell 2004). In the case of 3KUM
sediments, which were sieved and enumerated using comparable methods
to the subject study (Penny 1998), it is possible that the charcoal deposited
to the Lake Kumphawapi catchment was subject to a greater degree of re-
working prior to deposition in the lake.

6.4 Dry forest threshold behaviour over millennia and
the role of monsoonal dynamics and fire in affect-
ing ecosystem change

The following section will use the drying events and interpretation of mon-
soon change in conjunction with identified periods of high fire activity at

2Raw fragment counts per cm3 and moisture content data for core BYK2 were provided
by A. Maxwell, and converted into estimated influx values. An updated Bacon age-depth
model was also produced for this core using the Southern Hemisphere calibration curve
(Reimer et al. 2013) offset by -21 ± 6 yrs, following Hendrickson et al. (2013) and Pryce et
al. (2014).
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the lake sites to discuss the resilience of SASDTF to these potential drivers
of change. The pollen diagrams produced for each core in chapter 5 are re-
produced for the purpose of this discussion, superimposed with dry events
i to ix (red lines) and times of heightened local burning at the sites (grey
bars) to show vegetation response to what are expected to be key drivers
of change in these systems (figures 6.7 and 6.8 [Yeak Mai]; 6.9 and 6.10
[Yeak Loam]). Additionally, the ratio of arboreal pollen to non-arboreal
pollen (AP:NAP) for each of the lake core record is presented on figure 6.11
against the same burning and climate events. This ratio should nominally
capture any shifts from a higher to lower tree cover environment (Bhagwat
et al. 2012). Sedges and aquatic taxa are excluded from the non-arboreal
count in an attempt to reduce the influence of wetland development from
the dryland signal, though it is noted that some grasses are likely to repre-
sent wetland taxa at Yeak Mai.
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FIGURE 6.7: Reproduction of pollen and spore diagram produced from Yeak Mai that is overlain with climate events (red lines) and
periods of high fire activity (grey bars) reconstructed at the Yeak Mai lake site. Blue bar represents approximate timing of the MWP.
MDF = Mixed Dry Forest; DDF = Dry Dipterocarp Forest; SF = Secondary Forest; SEDF = Semi-evergreen Dry Forest; DF = Dry Forest;

SwF = Swamp Forest; RF = Riparian Forest; LMF = Lower Montane Forest.
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FIGURE 6.8: Reproduction of pollen and spore diagram produced from Yeak Mai that is overlain with climate events (red lines) and
periods of high fire activity (grey bars) reconstructed at the Yeak Mai lake site. Blue bar represents approximate timing of the MWP.
MDF = Mixed Dry Forest; DDF = Dry Dipterocarp Forest; SF = Secondary Forest; SEDF = Semi-evergreen Dry Forest; DF = Dry Forest;

SwF = Swamp Forest; RF = Riparian Forest; LMF = Lower Montane Forest.
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periods of high fire activity (grey bars) reconstructed at the Yeak Loam lake site. MDF = Mixed Dry Forest; DDF = Dry Dipterocarp
Forest; SF = Secondary Forest; SEDF = Semi-evergreen Dry Forest; DF = Dry Forest; SwF = Swamp Forest; RF = Riparian Forest; LMF =

Lower Montane Forest.



C
hapter

6.
Interpretation

ofsouth-eastA
sian

seasonally
dry

forest
threshold

dynam
ics

from
lake

core
records

222

0 5000

10000

Adin
a/N

au
cle

a

(A
din

a t
yp

e)
0 5000
10000
15000

Myrt
ac

ea
e 

>1
7µ

m
0 2000
4000
6000

Rub
iac

ea
e

(T/S) g
rou

pe
d

0 2000
4000
6000

Ly
thr

ac
ea

e
0 2000
4000

Gom
ph

an
dra

/

Rou
pa

la/

Heli
cia

 sf
0 2000
4000

Arec
ac

ea
e

0 2500

5000

Rub
iac

ea
e/

Sap
ind

ac
ea

e
0 1500
3000

Rha
mnu

s/

Sag
ere

tia
0 1500
3000

Le
gu

me
0 1500

Mela
sto

mata
ce

ae
/

Com
bre

tac
ea

e u
nd

iff.

Undifferentiated

0 20000

40000

60000

Poa
ce

ae
>3

3µ
m

0 4000
8000

Aste
rac

ea
e

gro
up

ed
0 4000

Wen
dla

nd
ia/

Unc
ari

a t
yp

es

0 5000

10000

15000

Cyp
era

ce
ae

0 2000
Utric

ula
ria

0 2500
5000

Sten
oc

hla
en

a

pa
lus

tris
0 2500
5000

Dav
all

iac
ea

e
0 2500

Nep
hro

lep
is 

cf
0 5000
10000
15000

Unk
no

wn 

sp
ore

 (?
) ty

pe
 1

0 3000

6000

Unk
no

wn 

sp
ore

 (?
) ty

pe
 2

0 5000

10000
15000

Pter
ido

ph
yte

s

gro
up

ed
0 2000
4000

typ
e 5

0 2000
4000

typ
e 4

0 1000
2000

Alph
ton

ia 
sf 

typ
e

0 1000
2000

typ
e 6

Herbs Pteridophytes UnknownWetland/
Aquatics

1

2

4

6

7
 0 

 20 

 40 

 60 

 80 

 100 

 120 

 140 

 160 

 180 

 200 

 220 290
240
190
140

mine
ral

 in
flu

x

(kg
/m

2/y
r-1

)

36
30

 +
/- 

35
40

10
 +

/- 
35

40
80

 +
/- 

50
14

C
 A

ge
(y

r B
P)

 1
s

grains/dry cc

FIGURE 6.10: Reproduction of pollen and spore diagram produced from Yeak Loam that is overlain with climate event ix (red line) and
periods of high fire activity (grey bars) reconstructed at the Yeak Loam lake site.
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c. 4700 to 3300 cal. yrs BP: secondary forest pulses in response to fire &
climate

This period captures changes in pollen cluster zones 1,2,3 and part of 4 as
classified from cluster analysis of the absolute abundance of pollen taxa
from Yeak Mai sediments (see 5 and figures 6.7 and 6.8 A). The same period
captures relative abundance (RA) clusters RA1 and RA2, which represent
points of change in the relative abundance of arboreal taxa from the differ-
ent SASDTF dry forest units (6.8B).

Microfossil cluster 2 coincides with dry period ix (Bond event 3) and is cen-
tred on a period of relatively high fire activity, while the upper boundary of
cluster 3 (and RA1) is well matched to a period of very high local fire activ-
ity at c. 3700 cal. yrs BP. This suggests that high local fire activity and dry
conditions, to an extent, drive patterns of change in the vegetation record.
A similar observation is apparent in the Yeak Loam record, where cluster
3 aligns with drying event ix, though there is no apparent relationship be-
tween peaks in local fire activity and vegetation change in this record.

Clear peaks in DDF indicators from the Yeak Mai record — Terminalia to-
mentosa, Dipterocarpus obtusifolius/ tuberculatus and Poaceae — correspond
with periods of high fire activity and, in particular, drying event ix, sug-
gesting the expansion of more open forest types following burning and/or
decreased effective moisture. This corresponds with observations made in
Maxwell (2004) that indicate the transition of regional forest around Yeak
Kara from dense to more open types following heightened fire activity from
c. 5400 cal. yrs BP (though these events are not explicitly linked to climatic
factors). Interestingly, the abundance of ‘other Dipterocarpus’ taxa within
the Yeak Mai record appears to decline at points of high fire activity, per-
haps indicating that this pollen type should not be classified as a DDF/MDF
indicator.

Within the Yeak Loam sediments, drying event ix coincides with peaks in
vegetation that are likely representative of secondary forest types (Mallotus,
Trema, Celtis, Holoptelea/Wrightia cf and Holoptelea cf grouped), Terminalia to-
mentosa, Poaceae, and Syzygium 6.9 and 6.10. This provides a degree of
support for forest opening in response to drying. However, it is interesting
to note the corresponding peaks in all LMF types (aside from Pinus) and
certain SEDF types, especially species that are considered to be indicators
for this forest unit - Ficus and Aphananthe cf - in response to this drying
event. While it may be possible to explain a greater degree deposition of
distal wind-blown LMF pollen types to the lake under arid conditions, it
is difficult to reconcile why SEDF indicator types proliferate under drying
conditions unless they are flowering in response to drought stress, a phe-
nomenon that has been observed post unusually dry periods within tropi-
cal Asian forests (Corlett and Lafrankie Jr 1998).

Troughs in the AP:NAP ratio coincide with drying event ix in both cores,
further supporting the idea of forest opening during dry periods (figure
6.11). However, there is no clear relationship between tree cover and fire
activity in either record, possibly due to the high abundance of pollen from
secondary forest taxa that coincide with burning peaks. Within the Yeak
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Mai record, the increased abundance of Mallotus, Celtis and Trema follow-
ing or coinciding with peaks in fire activity indicates that fire-vegetation
dynamics throughout this period are characterised by secondary forest suc-
cession rather than by a transition to savanna. This finding replicates those
of Maxwell (2001, 2004), which discuss the increase in secondary forest taxa
in response to increased fire activity around Yeak Kara from c. 5400 cal. yrs
BP. This suggests that rapid recovery of the forest via primary succession
arboreal taxa following burning may contribute the resilience of the forests,
a finding somewhat validated by a recent study on SDTF secondary forest
succession (Derroire et al. 2016). It is possible that the lack of association
between fire and vegetation from the Yeak Loam record is due to the poor
correlations that exist between the different charcoal fraction sizes and the
short timeframe covered by the core (assuming that the age-depth model
produced for the core is accurate), meaning that the identified peaks in the
local record are possibly insignificant.
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FIGURE 6.11: AP:NAP ratios plotted from Yeak Mai and
Yeak Loam plant microfossil records against time. Records
shown in context of climatic events reconstructed for the
sites. Grey bars represent periods of high fire activity, and
the blue bar represents the approximate timing of the MWP
estimated from Yeak Mai. Red lines represent drying events
reconstructed from the Yeak Mai and Yeak Loam geochem-

istry and sedimentology records.

c. 3300 to 1900 cal. yrs BP: forest opening

There is no clear evidence that decreased effective moisture at the Yeak Mai
site (as interpreted from the climatic indicators), had any significant impact
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upon the arboreal taxa, though the AP:NAP ratio shows a steady decline
across this time zone, and displays a trough between 2400 and 2250 cal. yrs
BP (figure 6.11). While this is likely associated with the expansion of grass
as a wetland species, it may also imply opening of the forest. As observed in
the above-described time-period, the abundance of Trema and Terminalia to-
mentosa increase in response to drying events viii ,vii, and vi and significant
burning events. However, the same relationship is no longer consistently
represented by Mallotus or Dipterocarpus obtusifolius/ tuberculatus.

c. 1900 to 1500 cal. yrs BP: open forest persistence & wetland expansion

This is interpreted as a period of a weak summer monsoon punctuated by
several dry events (v, iv and iii) that all correspond to high fire activity.
AP:NAP ratios are relatively low at Yeak Mai, with an especially significant
trough corresponding to event iv and associated high local and regional
fire activity. Though the very low absolute abundance of pollen and spores
within the Yeak Mai record between c. 1900 and 1750 cal. yrs BP is likely
to be most strongly reflecting the higher mineral influx predicted for sedi-
mentary unit III, the negative correlation that exists between total plant mi-
crofossil abundance and the relative abundance of grass across this unit is
notable. Given that this relationship occurs in the absence of a similar neg-
ative correlation between wetland taxa and abundance (which could then
be explained solely by the expansion of a grassy wetland under shallowing
conditions), lower pollen abundance may also, to a degree, be representing
a reduced presence of arboreal taxa throughout this period, hinting at the
expansion of a more grassy, open terrestrial ecosystem type under dry con-
ditions. The higher abundance of DDF/MDF, SF and generalist dry forest
species when compared with SEDF forest types across this zone also sup-
ports the idea of more open forest types developing during this time period.
However, all common arboreal types persist through this dry, high fire ac-
tivity timeframe, indicating forest resilience to these compounded forcing
events.

c. 1500 cal. yrs BP to 2013 AD: gradual establishment of denser forest
vegetation

From c. 1500 cal. yrs BP to the present, dry events and periods of high
fire activity appear to be of a lower magnitude than those previously seen
within the record. A lower-magnitude fire regime is apparent in the Yeak
Kara record starting from c. 2500 cal. yrs BP (Maxwell, 2004). This is at-
tributed to either a wetter climate, or to more constant control by humans
via swidden agriculture (Maxwell 2004), both of which are possible at Yeak
Mai from c. 1500 cal. yrs BP. At Yeak Kara, this changed fire regime relates
to a shift back to SEDF. At Yeak Mai, an edaphically drier site (chapter 3), re-
lationships between fire activity, climatic forcing and forest response across
this time period are subtle, indicating that the poorer soil types at Yeak Mai
may impact upon the capacity of the site to fully develop SEDF. Neverthe-
less, a slight increase in SEDF taxa from c. 1500 cal. yrs BP, and an increase
in AP:NAP during the MWP may indicate the development of a denser
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forest throughout this time. The much more significant spike in Yeak Mai
AP:NAP at c. 1968 AD and corresponding drop in macro charcoal influx
relates to the approximate timing of the forced migration of local villagers
south and banning of traditional swidden practices in Ratanakiri, leaving
local SASDTF relatively cut off from human disturbance (Riebe 1999, Fox
2002, Maxwell and Cox 2011). If this peak is associated with (a lack of) hu-
man activity, it validates the assertions of You et al. (2015) that a decline
in swidden agriculture across this timeframe resulted in increased forest
canopy cover across the region and, more significantly, highlights the po-
tential capacity of the site forest (MDF/DDF) to transition into what is inter-
preted to be a denser formation in the absence of human disturbance. This
validates findings posited by Maxwell (2004), that contemporary SASDTF,
at least within north-eastern Cambodia, is an anthropogenic formation that
persists due to regular fire disturbance.

6.5 Threshold behaviour of south-east Asian dry for-
est

6.5.1 Resilience of SASDTF in the context of global modelling of
dry forest-savanna threshold dynamics

Given that precipitation (amount and seasonality) appears to be the most
important control on the persistence of neotropical and Afrotropical SDTF,
and that SASDTF contemporarily persists in a bistable state — able to sup-
port either SDTF or savanna (Hirota et al. 2011, Staver et al. 2011a, Staver
2012) — south-east Asian tropical dry forests should be sensitive to an eco-
logical regime shift if precipitation were to drop, or seasonality were to in-
crease. Within the context of Hirota et al’s (2011) work, open SASDTF forest
units, such as those currently supported at Yeak Mai, should be particularly
sensitive to transition to savanna given that the average canopy cover of
these forests is rare at a global scale, indicative of low resilience (figure 2.5).
A second, major determinant of forest over savanna is a lack of fire in the
system (Staver et al. 2011a, Staver 2012). While SASDTF has long been dis-
tinguished from other SDTF ecoregions due to its propensity to burn (Stott
1988a, b, 1990), what is unclear is whether high fire activity can cause a per-
sistent state shift from more closed to more open types (Baker et al. 2008,
Baker and Bunyavejchewin 2009, Johnson and Dearden 2009).

Asian monsoon records developed independently of this project and the
climate record reconstructed for the lake sites as part of this research both
indicate that the contemporary MAP for the region is high relative to the
previous c. 4700 years. This suggests that past MAP, particularly between
3300 and 1500 cal. yrs BP, may have fallen below the critical threshold levels
for the persistence of SDTF over savanna. Superimposed upon this, are
several significant dry events, implying times of persistently low MAP, and
potentially an extended dry period, which current theory would suggest
would further encourage a stable state shift to savanna. Within the Yeak
Mai record, identified dry events relate to periods of high regional, and
often local burning, making it challenging to decouple one from the other.
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However, under current theory, both should encourage a stable state shift
to an open, non-forested community.

The vegetation record produced from Yeak Mai and Yeak Loam, which
are of sufficient temporal resolution to capture at least one cycle of forest
turnover (Phillips and Gentry 1994), indicate resilience to reduced MAP
trends over millennia, periodic dry events, and periods of high fire activity
— i.e. resilience to both abrupt and slow drivers of change. Subtle forest
response to drying events and/or high fire activity include the transition
of the site forests to more open MDF and DDF types with a high pres-
ence of secondary forest taxa. This finding may validate claims made by
Dexter et al. (2015) that forests with a grassy understorey (e.g. DDF and
MDF) may, ecologically, occupy the role of savanna. However, what is no-
table about the shifts from closed to open SASDTF units in the palaeorecord
(also apparent in Maxwell (2004)), is that they tend to occur smoothly (vs.
abruptly), appear to be reversible and hence do not appear to represent
stable state shifts. This is perhaps best demonstrated by the major spike in
arboreal vegetation within the Yeak Mai record at c. 1968 in response to pre-
sumed removal of anthropogenic fire from the system. This suggests that
denser forest types are likely to develop (and subsequently open) when fire
is removed (then reintroduced) to the system.

These findings highlight the ecologically important role of spatially and
temporally variable burning for the maintenance of SASDTF as a hetero-
geneous, integrated system (as has also been noted in Maxwell and Cox
(2011)). Localised burning is characteristic of the swidden agriculture that
has been practiced in SASDTF over millennia, indicating that anthropogenic
disturbance may in fact play an important role in promoting SASDTF as a
heterogeneous, integrated system. This may ultimately contribute to the re-
silience of the ecoregion holistically, where interconnected patches of forest
at different stages of succession (and hence species composition) enhance
the beta diversity of the region. This presumably provides a diverse stock
of external ecological memory, permitting flows of species from dry decid-
uous, semi-evergreen and especially secondary forest species across unit
boundaries in response to variable climatic and fire forcing.

Additionally, phenological and physiological adaptations unique to the key
constituent species of SASDTF may promote forest stability in the face of
drivers that instigate ecological regime shifts in SDTF elsewhere. Specific
taxa that, from the pollen record, appear to be key in forest resilience in the
face of these drivers include several secondary forest types (notably Trema
and Mallotus) (forest establishers), and dry forest types (notably Terminalia
tomentosa and Dipterocarpus obtusifolius/tuberculatus (forest persisters).

Some overarching functional traits of SASDTF secondary forest genera en-
courage their establishment following disturbance, and later the regenera-
tion of closed forest systems. For instance, the rapid establishment of Trema
following disturbance appears to relate to its capacity to 1) produce viable
seed banks at a relatively large distance from its source (Cheke et al. 1979),
2) profusely germinate in open canopy settings (Goodale et al. 2012), and 3)
grow very rapidly (Vàzquez-Yanes 1998). The establishment of these typ-
ically short-lived species, plays an important role in re-establishing micro-
climatic and soil conditions suitable for the expansion of denser forest species,
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thereby promoting a shift from more open- to more- closed forest commu-
nities in the absence of disturbance (Vázquez-Yanes 1998).

While secondary forest taxa exhibit traits encouraging rapid establishment
following disturbance, key dry forest taxa may possess characteristics per-
mitting persistence through periods of dry climatic conditions and/or high
fire activity. For instance, several xeromorphic adaptations of Dipterocarpus
obtusifolius/tuberculatus, including leaf shedding, tomentose leaves, termi-
nal buds and thick bark Stott, 1984 124, likely contribute to their apparent
resilience to dry periods in the microfossil record. Additionally, their high
production of seedlings that are resistant to dry season fire may contribute
to their resilience to burning. Terminalia tomentosa has been shown to have
high plasticity with respect to leaf functional attributes (including relative
growth and intrinsic water use efficiency), indicating high resilience to sea-
sonality and drought relative other SDTF canopy species (Chaturvedi et al.
2011). This, in addition to this species’ capacity to store large quantities
of water in its stem, may contribute to its high relative abundance in the
pollen record during dry periods.

6.5.2 Projected resilience of SASDTF to future climate and fire
drivers: findings and future research priorities

The IPCC AR5 indicates that monsoon extremes are likely to increase over
the 21st century, and that the ISM is likely to undergo the greatest degree
of change of all global monsoon systems (Christensen et al. 2013). This in-
cludes an increased probability of a longer wet season, as well as an increase
in mean precipitation over mainland south-east Asia, but with a greater
likelihood of climatic extremes characterised by larger rainfall events and
longer intervals between events (Knapp et al. 2008, Christensen et al. 2013).
Understanding the impacts of these changes in Asia “is currently limited by
the incompleteness and inaccessibility of biodiversity information . . . (with)
major research gaps includ(ing) . . . thermal tolerances and acclimation ca-
pacities of plants and animals” (IPCC 2014 p1331).

This study indicates that SASDTF — an extensive ecoregion within Asia
— should be resilient to the increased climatic extremes predicted for the
Asian monsoon region (outlined in Christensen et al. (2013)), particularly
to those pertaining to extended drought. However, what is not considered
in this assessment, is the impact of the rapid levels of selective logging and
broad area clear-felling for timber, agriculture and cash cropping that is
currently occurring across much of mainland south-east Asia, including
Ratanakiri (Sodhi et al. 2010). This could pose problems for the persis-
tence of SASDTF given that it may disrupt the connectivity of the heteroge-
neous, mosaicked characteristic of these forests, which appears central for
adaptation to changing patterns of precipitation and periods of increased
or decreased fire activity. Compounding this may be the abrupt decline in
forest herbivores — important for seed dispersal (Teegalapalli et al. 2009)
— during the conflict period in the late 20th century. Additionally, the de-
cline of traditional swidden practices across some parts of the region and
intensification in others, which this study suggests are important for the
persistence of SASDTF (also been noted by (Maxwell 2004, Maxwell and
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Cox 2011)), may have important implications for the future conservation of
associated forests. These may include forest fragmentation (if fire intensi-
fication no longer permits the successful establishment of secondary forest
species), and the homogenisation of any remaining forest patches to a po-
tentially denser types where fire is excluded.

Future research priorities within SASDTF may therefore be to look at the
cumulative impacts of fragmentation, changing fire practices and altered
herbivory on forest response. Given that these changes are relatively re-
cent in Ratanakiri, it is expected that the instrumental record could provide
valuable insights into these questions, particularly with respect to chang-
ing patterns of land clearance. Such research, combined with a temporally
high-resolution palaeo-environmental reconstructions of herbivory (utilis-
ing techniques such as analysis of the coprophillic fungus Sporomeilla and
sedimentary DNA (Shokralla et al. 2012)), land-use and forest dynamics
over the past century could provide useful information pertaining to future
conservation planning for these forests. With respect to climatic forcing,
it may be beneficial for additional research to focus on projected drivers
of change for the region that have not been well-quantified within this re-
search, such as resilience to an elevated CO2 climate, and response to rain-
fall extremes and heightened dry/wet season contrasts.
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7 Conclusion

This study has applied palaeo-environmental techniques to sediment cores
extracted from three Cambodian crater lakes — Yeak Mai,Yeak Loam and
Yeak Oam — to investigate the threshold dynamics of south-east Asian sea-
sonally dry tropical forest over the past 4700 years. This research is of con-
sequence given that:

• this ecoregion has, to date, been largely neglected from resilience re-
search;

• the associated ecosystems are of global significance, with respect both
to their high biodiversity (Myers et al. 2000, Olson and Dinerstein
2002) and the goods and services that they provide to a highly popu-
lous portion of the world (Clift and Plumb 2008);

• research on tropical dry forest elsewhere indicates that SDTF should
be sensitive to a stable state shift to savanna if seasonality were to
increase, MAP were to decline, or fire was introduced to associated
ecosystems (Hirota et al. 2011, Staver et al. 2011a); and,

• the Asian monsoon, which affects this ecoregion, is predicted to un-
dergo the greatest degree of change of all global monsoon systems
into the 21st century (Christensen et al. 2013).

The key objective of this study was therefore to use the palaeo-record to
determine the response of representative SASDTF ecosystems to drivers of
change that are considered to be important in tropical dry forest ecosys-
tems, notably reduced MAP, increased seasonality, and fire. This is impor-
tant for determining whether SASDTF exhibits similar pattern of resilience
to SDTF elsewhere, and ultimately for making conservation decisions for
these forests with respect to future climate change projections. In order to
achieve this objective, it was also necessary to generate a record of past
climatic and fire conditions to which the vegetation response could be com-
pared.

The climate record produced from this study, which uses geochemical, sed-
imentological and aquatic/wetland plant microfossil indicators to infer pe-
riods of lake shallowing and deepening over 4700 years, provides one of the
longest monsoon records from the ISM/EASM zone. This record, in partic-
ular fluctuations in the Fe/Ti ratio from the Yeak Mai sediments, shows a
close association with the EASM from c. 4700 to 1000 cal. yrs BP (notably
the Dongge Cave isotopic record (Wang et al. 2005a c.a)), and a strong as-
sociation with the ISM (predominantly reflecting the SASMI reconstructed
in Shi et al. (2014)), over the past millennium. Overall, the climate record
produced in this study shows a stepwise weakening of the summer mon-
soon to c. 450 cal. yrs BP, after which it appears to strengthen. The record is
punctuated by nine dry events centred on c. 4250 (ix), 3300 (viii), 2650 (vii),
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2250 (vi), 1915 (v), 1755 (iv), 1550 (iii), 570(ii?) and 350(i) cal. yrs BP. Events
ix, vii, iii, and i correspond well with the Bond events 3 to 0 identified within
Wang et al. (2005a), and the period between 1900 and 1500 has been identi-
fied as particularly dry within the study area. One significant aspect of this
finding is that it highlights the potential for using redox proxies for shallow
(Mn/Ti, Fe/Ti) and deep (Mn/Fe) lakes for reconstructing high-resolution
palaeoclimates in the tropics — a relatively novel approach.

Charcoal records produced from both lake sites indicate that fire has been
a persistent feature of SASDTF over the length of the records (4700 cal. yrs
BP to 2013 AD). In general, regional burning tends to reflect climate, with
peaks in influx generally showing a good relationship with the dry events
identified from the climate record. Charcoal influx from local fires at Yeak
Mai suggests periods of higher fire activity at the site prior to c. 3700 cal. yrs
BP that do not appear to be associated with climate. From c. 3700 cal. yrs
BP onwards, however, local fire is well timed with the dry events at the site,
and particularly high fire activity is evident within the dry period between
c. 1900 and 1500 cal. yrs BP. No clear trends can be drawn from the local
fire signal reconstructed from the Yeak Loam record.

Palaeo-reconstructions of forest response to drier climates and periods of
high fire activity in the past indicate resilience of SASDTF to these drivers.
As such, this research concludes that the tropical dry forests of south-east
Asia exhibit different threshold characteristics to their neotropical and Afro-
tropical counterparts. However, there is subtle evidence that denser forest
units (SEDF) may transition into more open forest types (DDF or MDF)
with high numbers of successional species during dry periods that are char-
acterised by high frequency and/or intensity burning. This is especially
apparent in the Yeak Mai record during the 1900 to 1500 cal. yrs BP dry
event. However, these shifts appear transient, with reversion to SEDF ap-
parent under milder climatic conditions coupled with low fire activity. This
indicates that these are not stable state shifts, and that the unique, forest-
mosaic nature of the ecoregion, created by a combination of traditional
swidden cultivation practices and topographic and edaphic controls, may
play an important role in contributing to the resilience of these forests in
the long term. Additionally, pioneer secondary forest types may be im-
portant for the rapid recovery of forest following disturbance. If the ma-
jor spike in arboreal pollen at c. 1968 in the Yeak Mai record does reflect
a period of increased forest density when swidden agriculture was tem-
porarily abandoned in the region, it provides strong evidence for the role
of anthropogenic fire in the persistence of SASDTF as a mosaicked ecosys-
tem. However, a temporally and geographically higher resolution analysis
of this event would need to be undertaken to confirm this assertion.

These findings are important within the context of contemporary SDTF re-
silience theory, as they indicate that contemporary biome-scale modelling
for this habitat type is inadequate for forecasting (or hindcasting) threshold
changes within representative ecoregions (Hirota et al. 2011, Staver et al.
2011a). Rather, they indicate that biogeographic factors combined with an-
thropogenic maintenance of the heterogeneous nature of SASDTF may be
important for controlling its ecoregional resilience, as has been discussed
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within several recent studies (Maxwell and Cox 2011, Murphy and Bow-
man 2012, Dexter et al. 2015). From a methodological perspective, this
research demonstrates the value of adopting a multi-proxy palaeoenviron-
mental approach in order to facilitate a long term resilience assessment.
This is particularly the case for forested ecosystems that operate on time
cycles of decades to centuries, demanding a longer term focus than many
instrumental studies permit (Gardner et al. 2009, Zuidema et al. 2013). Ad-
ditionally, the discrepancy between the climate and forest dynamics that
has been demonstrated by adopting a multi-proxy approach, highlights
the need to decouple drivers of change from response parameters within
palaeoecological records, particularly when making assumptions about cli-
mate change from vegetation response.

The IPCC AR5 identifies lack of knowledge on the “thermal tolerances and
acclimation capacities of plants and animals” (IPCC 2014 p1331) as a ma-
jor research gap within in tropical Asia. This study contributes to filling
this gap by providing evidence that SASDTF, as a relatively connected, het-
erogenous forested system, is unlikely to be sensitive to the 21st century
climatic conditions that are projected for the region (i.e. overall increased
precipitation but with more climatic extremes). However, what is not con-
sidered in this study is the high levels of fragmentation and broad-scale
clearing that are currently occurring across much mainland south-east Asia,
including Ratakanakiri (Sodhi et al. 2010). This could plausibly reduce the
resilience of SASDTF given that the dry forest mosaic that is so characteris-
tic of this ecoregion appears important for allowing adaptation to change.
Additionally, the recent decline of swidden practices across the region and
extirpation of large herbivores from the forest by the 1990s may also have
important implication for the future resilience of the forests (Loucks et al.
2009, Maxwell and Cox 2011).

As such, a key recommendation for future work within this area is to inves-
tigate how fragmentation, altered herbivory and suppressed fire regimes
may impact upon the resilience of SASDTF, particularly if these process
serve to significantly fragment or homogenise the ecoregion. A mixed meth-
ods approach, using land clearance data in concert with a temporally high
resolution, multiproxy analysis of the palaeorecord over the past century
could address this question. Additionally, more high-resolution palaeoe-
cological analyses within other representative SASDTF ecosystems within
mainland south-east Asia are necessary to determine whether the model
presented here, of ecoregional resilience, is sufficient at an ecosystem-level
scale.

In summary, this study has demonstrated that the key drivers of threshold
change for neotropical and Afrotropical SDTF — mean annual precipita-
tion, seasonality and fire — do not apply to comparable habitat types within
south-east Asia in their current state. Rather, these forests appear resilient
in the face of climatic forcing, including extended dry events and periods of
a weaker-than-present summer monsoon. Additionally, they appear to rely
on anthropogenic fire as an inherent part of their ecology. This indicates the
need to move beyond biome-scale models of resilience models may be of
limited value for conservation planning at the regional or local scale where
detailed palaeo-resilience studies are lacking.
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A Lake catchment soil analysis

Soil samples taken from each lake catchment area were analysed in order to:
1) characterise the relationship (if any) between site edaphic conditions and
forest structure as noted in the literature (Toriyama et al. 2007, Toriyama et
al. 2011) and, 2) determine the properties of local soils to aid in fingerprint-
ing terrigenously-sourced lake sediments.

A.1 Field sampling and description

Fifteen soil profiles were described and sampled across the five Ratanakiri
crater lake sites in April, 2013. The selection of sample sites was both op-
portunistic (e.g. where a soil profile was exposed in a path cutting or gully
wall) and based on representativeness (where possible, sample sites were
taken from opposite sides of the catchment, upslope and downslope, and
where there was an apparent lithological change). Mini-trenches were dug
using a hoe and shovel until refusal or the C-horizon or water table was
encountered. Pre-exposed soil profiles were scraped with the shovel to re-
move weathered surficial material and accumulated littoral matter. Each
sample site was photographed and the total depth of the total profile, each
horizon and, where relevant, depth to the water table was measured. The
soil profiles were described in the field roughly following the Australian
Soils Classification (ASC) system (Isbell 2002).

A total of 13 samples (0.3 to 1 kg) were taken from the A- and B- horizons of
soils profiles where adequately-sized samples could be extracted. These in-
cluded four samples from each Yeak Loam (YLSP2-A1 & YLSP2-B2, YLSP5-
A1 & YLSP5-B2) and Yeak Mai (YMSP1-A1 & YMSP1-B2 and YMSP2-A1
& B2/C1), three from Boeng Lumkut (LKSP1-A1, LKSP2-A1 & LKSP2-B2)
and two from Yeak Kara (YKSP3-A1 & YKSP3-B2). Given the hardness of
ground sampled at Yeak Oam, only three small (∼20 g) samples were taken
from this site (YOSP2 A1, A2 and B2). All samples were sealed in air-tight
sample bags and transported to the School of Geoscience at the University
of Sydney for laboratory analysis of physical and geochemical properties.

A.2 Laboratory analysis

Samples selection for laboratory analysis was based on availability of sam-
ple material and the representativeness of the soil profile (relatively deep,
non-hydrous soils were favoured). Samples from sites assessed for detailed
palaeo-environmental analysis (i.e. Yeak Loam and Yeak Mai) were also
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prioritised, particularly for tests useful for fingerprinting lake sediment
source.

Field moisture

Approximately 50 to 60 g of the selected soil samples were weighed out
to assess field moisture content. Where sample size was large enough,
replicate samples were taken. Wet sample weight was then recorded, and
the samples oven dried over night at 65 ◦C. After drying, sample weight
was taken and field moisture calculated based on the percentage weight
lost between the wet and dry sample. Samples from Yeak Loam (YLSP1-
A1 & YLSP1-B2, YLSP2-A1 & YLSP2-B2, and YLSP5-A & YLSP5-B2), Yeak
Kara (YKSP3-A1 & YKSP3-B2) and Yeak Mai (YMSP1-A1 & YMSP1-B2 and
YMSP2-A1 & B2/C1) were processed for this analysis.

Particle size analysis

Dried soils were gently disaggregated into individual particles using a mor-
tar and pestle. The gravel fraction of each sample was segregated by pass-
ing the soil through a 2 mm sieve (Soil Survey Staff 2010). The weight of the
gravel fraction was taken and recorded as a percentage of the total sample
weight. The <2 mm fraction was then subsampled using a sediment splitter.
The quantity of the original sample was progressively reduced by passing
half of the previous sample through the splitter approximately eight times.
Between 0.5 and 1 g of sample was taken from the final fraction and placed
into a 50 ml centrifuge tube for grain size analysis. The remainder of the
sample was recombined for analysis of total organic carbon (described be-
low).

The samples prepared for grain size analysis were treated with 5 ml of 35%
H2O2 and placed into a hot water bath at 65 ◦C to 80 ◦C (temperature was
dependant on intensity of reaction) for 10 hours. This process was repeated
until no reaction was observable. Following digestion, samples were rinsed
three times with DI water. Thirty ml of (NaPO3)6 dispersant was then
added to each sample, and the centrifuge tubes were tightly capped and
spun for four hours to disaggregate any clumped material. Laser diffrac-
tion spectrometry was employed to assess the grain size distribution of each
sample using a Malvern Mastersizer 2000 equipped with a hydro G disper-
sion unit. Three measurements were taken for each sample. Sonication was
employed for 20 seconds prior to analysis to break down any remaining
grain aggregates. The average distribution of each sample was taken and
used to calculate soil texture class based on the USDA system of soil clas-
sification (Soil Survey Staff 2010). Samples from Yeak Loam (YLSP1-A1 &
YLSP1-B2, YLSP2-A1 & YLSP2-B2, and YLSP5-A & YLSP5-B2), Yeak Kara
(YKSP3-A1 & YKSP3-B2), Yeak Mai (YMSP1-A1 & YMSP1-B2 and YMSP2-
A1 & B2/C1), and Boeng Lumkut (LKSP1-A1 & LKSP1-B2 and LKSP2-A1,
LKSP2-B2 & LKSP2-C1) were processed for textural analysis.
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Total organic carbon

Remaining soil samples from grain size analysis preparation were placed
into individual, pre-weighed crucibles, and the pre-ignition sample weight
was calculated. Where the sample size was too large for the crucibles, the
samples were passed through a sediment splitter until an appropriate size
was achieved. Samples were then combusted at 550 ◦C for 4 hours follow-
ing Heiri et al. (2001). After cooling, post-ignition weight was taken and
compared with the pre-ignition weight to estimate the percentage of total
organic carbon lost from each sample. Samples from Yeak Loam (YLSP1-A1
& YLSP1-B2 and YLSP5-A & YLSP5-B2), Yeak Kara (YKSP3-A1 & YKSP3-
B2), Yeak Mai (YMSP1-A1 & YMSP1-B2 and YMSP2-A1 & B2/C1) and Bo-
eng Lumkut (LKSP1-A1 & LKSP1-B2) were processed for analysis of total
organic content.

pH testing

Soil pH was measured using a potentiometric method. Five grams of the
selected soil samples in their field condition were weighed out and mixed
with CaCl2 using a 1:5 ratio. Samples were spun to mix for 2 hours, and
their pH measured with a glass electrode pH sensor that was left in each
sample until a consistent reading was obtained (approx. 1 min.). The me-
ter was washed in DI water between sampling. The pH of samples from
Yeak Loam (YLSP1-A1 & YLSP1-B2, YLSP2-A1 & YLSP2-B2, and YLSP5-A
& YLSP5-B2), Yeak Kara (YKSP3-A1 & YKSP3-B2), Yeak Mai (YMSP1-A1
& YMSP1-B2 and YMSP2-A1 & B2/C1), and Boeng Lumkut (LKSP2-A1,
LKSP2-B2 & LKSP2-C1) was measured.

Total nitrogen

Five grams of selected soil samples (field moisture) were placed into a 50 ml
centrifuge tube with 40 ml 1 M KCl, and placed on a shaker for an hour. Af-
ter shaking, the samples were passed through Whatman No. 42 filter paper.
The extracts were stored on a Flow Injection Analyser, and subsequently
analysed for total nitrogen by University of Sydney Faculty of Agriculture
Centre for Carbon, Water and Food. Zero, 5, 10 and 20 ppm NO3

– and 0,
2.5, 5 and 10 ppm NH4

+ standards were prepared from standard stock so-
lution. Samples from Yeak Loam (YLSP1-A1 & YLSP1-B2 and YLSP5-A1 &
YLSP5-B2), Yeak Mai (YMSP1-A1 & YMSP1-B2 and YMSP2-A1 & YMSP2-
B2), and Boeng Lumkut (LKSP2-A1, LKSP2-B2 & LKSP2-B2) were analysed.

Available phosphorous

2.5 grams of select soil samples (field moisture) were placed into a 50 ml
Falcon tube and 40 ml of buffered 0.5 M NaHCO3 was added to each. Sam-
ples were then shaken on a shaker table for 30 minutes before being filtered
through Whatman No. 42 filter paper into a clean Falcon tube. Zero, 1,
2, 5 and 10 ppm P standards were prepared from standard stock solution.
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Five ml of each standard were added to clean 50 ml Falcon tubes and 2
drops of p-nitrophenol was added to each sample tube. 6 N HCl drops
were added until the yellow colour faded. An extra drop was then added
to each and the samples mixed until all bubbles were removed from the so-
lution. Four ml of colour reagent with ascorbic acid was then added to each
standard. After 30 minutes, absorbance was measured on a spectrometer at
890 nm. A standard curve was made using absorbance data measured from
the standard concentrations. This was used to calculate the concentrations
(mg L−1) of available P in the soil samples using:

P avail. =
P conc. × V NaHCO3

W s
× 100

where:

Pavail. = the concentration of available P (mg kg−1)

Pconc. = the concentration of P (mg L−1)

VNaHCO3 = volume of NaHCO3 (ml)

Ws = dry soil weight (g)

Samples from Yeak Loam (YLSP1-A1 & YLSP1-B2 and YLSP5-A1 & YLSP5-
B2), Yeak Mai (YMSP1-A1 & YMSP1-B2 and YMSP2-A1 & YMSP2-B2), and
Boeng Lumkut (LKSP2-A1, LKSP2-B2 & LKSP2-B2) were analysed for avail-
able P.

Soil mineral magnetics & density

In order to aid source interpretation of both the soil samples and the lacus-
trine core mineral magnetics (detailed in chapter 4), soil samples were pro-
cessed for low frequency (χlf) and frequency dependant magnetic (χfd%)
susceptibility. The former showing the total concentration of ferromag-
netic minerals in the soil samples (Dearing 1999) and the latter indicat-
ing the presence and proportion of superparamagnetic minerals (diameter
<0.03 µm) (Dearing et al. 1996, Dearing 1999).

All of the Yeak Loam and Yeak Mai soil profile units, as well as YOSP2-
A1 & YOSP2-B2 were analysed. These soils were selected to correlate with
the lake core samples selected for mineral magnetic analysis. Approx 50 g
of each sample was dried in a 65 ◦C oven over night. After drying, sam-
ples were disaggregated using a mortar and pestle and placed into pre-
weighed 10 cm3, cylindrical plastic pots designed for the Bartington MS2B
Dual Frequency Magnetic Susceptibility meter. Pots were filled to the rim
and very lightly compacted to remove any air gaps. The samples were then
weighed, and this was used to determine dry bulk density of the soils. A
Bartington MS2B Dual Frequency Magnetic Susceptibility Meter was then
used to determine the χlf (0.46 kHz magnetic field), χhf (mass specific high
frequency magnetic susceptibility [4.6 kHz magnetic field]) of each sam-
ple, and, from this, calculate the percentage frequency dependence (χfd%).
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Samples were run in triplicates for both frequencies, with 5 second sample
measurements and blank (air) measurements taken at the start, end, and be-
tween χlf and χhf measurements. Blank sample measurements were made
using an empty plastic cylindrical pot. The mean and standard deviation
of measurements was calculated for sample replicates. A detailed outline
of measurement protocols is provided in (Dearing 1999a).
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A list of genera and species characteristic of South-east Asian Seasonally
Dry Tropical Forest and units within are presented in table B.1.
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TABLE B.1: List of flora found within south-east Asian tropical dry forest categorised into representative forest-unit types.
Note: ∗ = regional.

Family Genus Species Auth Forest Unit Region A
.Tanietal.(2007)

B.Bunyavejchew
in

etal.(2011)

including
R

ollet,(1962)
C

.M
axw

ell(1999)-

D
.R

uangpanit(1995)

E.T
heilade

etal.(2011)

F.G
ardner

etal.(2000)

G
.D

y
Phon

(2000)

H
.Yeak

Loam

I.Yeak
O

am
/Yeak

K
ara

J.Boeng
Lum

kut

K
.Yeak

M
ai

Achariaceae Hydnocarpus anthelmintica Pierre ex Laness. RiF Cambodia x
Achariaceae Hydnocarpus anthelminticus Pierre ex Laness. RiF Cambodia x
Anacardiaceae Buchanania latifolia Roxb. MDF Cambodia x
Anacardiaceae Buchanania reticulata Hance MDF Cambodia x
Anacardiaceae Gluta usitata (Wall.) Ding Hou DDF Thailand x x
Anacardiaceae Glycosmis pentaphylla Retz. SeF (BRE) Cambodia x
Anacardiaceae Mangifera indicta L. SEDF Cambodia x
Anacardiaceae Melanorrhea/

Melanorhea
laccifera Pierre MDF Cambodia x

Anacardiaceae Spondias spp. MDF/ Intermediate SEDF/MDF Cambodia x
Annonaceae Artabotrys siamensis Miq. MDF Mainland

SE-Asia
x

Annonaceae Artabotrys sp. RiF Cambodia x
Annonaceae Cananga latifolia (Hook.f. & Thomson)

Finet & Gagnep
Transition (semi-dense/mixed dry) Cambodia x

Annonaceae Miliusa sp. SEDF (BRE) Cambodia x
Annonaceae Mitrephora thorelii Pierre SEDF (BRE) Cambodia x x
Annonaceae Saccopetalum lineatum Craib SEDF Thailand x
Aparagaceae Dracaena gracilis Wall. SwF Cambodia
Apocynaceae Wrightia sp. SeF (BRE) Cambodia x
Apocynaceae Wrightia annamensis Eberh. & Dubard SEDF Cambodia x

Continued. . .
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Family Genus Species Auth Forest Unit Region A. B. C. D. E. F. G. H. I. J. K.
Apocynaceae Wrightia arborea/ tomen-

tosa
(Dennst.) Mabb. MDF/SEDF Cambodia x

Apocynaceae Wrightia pubescens R. Br. SEDF Cambodia x
Apocynaceae Wrightia religiosa (Teijsm. & Binn.) Benth. SeF Cambodia x
Apocynaceae)
Asclepiadaceae

Telectadium dongnaiensis Pierre.ex Cost RiF Cambodia x

Aquifoliceae Ilex thorelii Pierre SEDF (BRE) Cambodia x x x
Arecaceae (Pal-
mae)

Areca sp. SwF Cambodia x x

Arecaceae (Pal-
mae)

Calamus sp. SwF, MDF Cambodia,
Mainland
SE-Asia

x

Arecaceae (Pal-
mae)

Corypha lecomtei Becc. ex Lecomte DDF Cambodia x x

Arecaceae (Pal-
mae)

Licuala sp. SwF Cambodia x

Arecaceae (Pal-
mae)

Livistona cochinchinensis
(saribus)

Merr. ex A.Chev. Syn.
L. (Mart.)

SwF, DDF Cambodia x

Arecaceae (Pal-
mae)

Phoenix acaulis Roxb. DDF. MDF Cambodia,
Mainland
SE-Asia

x x

Arecaceae (Pal-
mae)

Phoenix humilis Royle ex Becc. MDF Cambodia,
Mainland
SE-Asia

x x x x

Aristolochiaceae Aristolochia MDF Mainland
SE-Asia

x

Asteraceae Chromolaena odorata (L.) King & H.E. Robins. Cambodia
Bignoniaceae Oroxylum indicum (L.) Benth. ex Kurz SeF (SEDF), Intermediate

SEDF/MDF, MDF
Cambodia x

Bignoniaceae Stereospermum chelonoides (L.f.) DC. Intermediate SEDF/MDF Cambodia x
Bixaceae Cochlospermum gossypium (Linn.) DC. Intermediate SEDF/MDF Cambodia x x x x
Blechnaceae Stenochlaena palustris (Burm. f.) Bedd.) SwF Cambodia x
Boraginaceae Cordia obliqua Willd. RiF Cambodia x
Burseraceae Canarium subulatum Guillaumin Intermediate SEDF/MDF/MDF Cambodia x x
Burseraceae Garuga pinnata Roxb. MDF Thailand x

Continued. . .
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Family Genus Species Auth Forest Unit Region A. B. C. D. E. F. G. H. I. J. K.
Calophyllaceae
(Clusiaceae)

Calophyllum spectabile Willd. SwF Cambodia x

Calophyllaceae
(Clusiaceae)

Calophyllum tetrapetalum Roxb. SwF Cambodia x

Cannabaceae Celtis sp. SEDF, MDF Cambodia
Capparidaceae Capparis micrantha DC. SwF Cambodia
Capparidaceae Crateva magna (Lour.) DC. RiF Cambodia x x
Celastraceae Euonymus glaber Roxb. SwF Cambodia x
Chrysobalanaceae Parinarium annamensis (Hance) J. E.Vidal MDF, SeF (SEDF & BRE), SEDF

(BRE), SwF
Cambodia x

Clusiaceae Garcinia benthamii Pierre BRE (SEDF) Cambodia x
Clusiaceae Garcinia schomburgkiana Pierre BRE (SEDF) Cambodia
Clusiaceae Garcinia speciosa Wall. SEDF Thailand x
Clusiaceae Garcinia xanthochymus Hook.f. SwF Cambodia
Combretaceae Anogeissus acuminata Wall. MDF, RiF Thailand x
Combretaceae Anogeissus rivularis (Gagnep.) O.Lecompte RiF Cambodia x
Combretaceae Combretum pilosum Roxb. SeF (BRE) Cambodia x
Combretaceae Combretum quadangulare Kurz SeF (SEDF), Intermediate

SEDF/MDF, RiF
Cambodia x

Combretaceae Combretum trifoliatum Vent. RiF Cambodia x
Combretaceae Quisqualis indicta L. SEDF (BRE) Cambodia x x x x
Combretaceae Terminalia alata/ tomentosa/

elliptica
Heyne ex. Roth DDF, MDF Cambodia,

Thailand,
Mainland
SE-Asia

x x x

Combretaceae Terminalia bellirica (Gaertn.) Roxb. MDF, SeF (BRE) Mainland
SE-Asia

x

Combretaceae Terminalia bialata (Roxb.) Steud. SEDF (BRE), Intermediate
SEDF/MDF, RiF

Cambodia x

Combretaceae Terminalia chebula Retz. MDF Cambodia x
Combretaceae Terminalia mucronata/ corti-

cosca
Craib & Hutch./ Pierre
ex Lanessan

DDF, MDF Cambodia,
Thailand

x x

Combretaceae Terminalia nigrovenulosa Pierre SeF (SEDF) Cambodia,
Mainland
SE-Asia

x x x x

Combretaceae Terminalia spp. DDF Thailand x
Continued. . .
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Family Genus Species Auth Forest Unit Region A. B. C. D. E. F. G. H. I. J. K.
Connaraceae Connarus cochinchinensis (Baill.) Pierre SeF (SEDF) Cambodia x
Cornaceae Alangium sp. RiF Cambodia x x
Cornaceae Mastixia pentandra Bl. spp. chinensis

(Merr.) Matt.
SwF Cambodia x

Costaceae Costus spp. MDF Cambodia x x x
Cycadaceae Cycas siamensis Miq. DDF, MDF Cambodia,

Thailand
x x x

Cyperaceae Carex MDF Mainland
SE-Asia

x

Cyperaceae Cyperus MDF Mainland
SE-Asia

x

Dicksoniaceae Cibotium barometz (L.) J.Sm. SwF Cambodia
Dilleniaceae Dillenia aurea Sm. var. kurzii Pierre Mainland

SE-Asia
x

Dilleniaceae Dillenia ovata Wall. ex Hook.f. &
Thomson

MDF Cambodia x

Dilleniaceae Dillenia pentagyna Roxb. MDF Cambodia x x
Dipterocarpaceae Anisoptera cochinchinensis

(costata)
Kort. SeF (BRE), Intermediate SEDF/MDF Cambodia x

Dipterocarpaceae Dipterocarpus turbinatus C.F.Gaertn. SEDF, SEDF (BRE) Cambodia,
Thailand

x x

Dipterocarpaceae Dipterocarpus alatus Roxb. SEDF, SEDF (BRE), RiF Cambodia x x
Dipterocarpaceae Dipterocarpus costatus C.F.Gaertn. SEDF, SEDF (BRE) Cambodia,

Thailand
x x

Dipterocarpaceae Dipterocarpus dyeri Pierre SEDF, Intermediate SEDF/MDF, SeF
(BRE)

Cambodia x

Dipterocarpaceae Dipterocarpus intricatus Dyer DDF, MDF, SeF (SEDF) Cambodia x x
Dipterocarpaceae Dipterocarpus obtusifolius/

vestitus/ punctu-
latus

Teijsm. ex Miq. / Wall.
Ex Dyer/ Pierre

DDF Cambodia,
Thailand

x x x x

Dipterocarpaceae Dipterocarpus tuberculatus Roxb. DDF, MDF Cambodia,
Thailand

x x x x x

Dipterocarpaceae Hopea ferrea Laness.), SEDF Cambodia x
Dipterocarpaceae Hopea odorata Roxb. SEDF, SEDF (BRE), RiF Cambodia x x
Dipterocarpaceae Hopea pierrei (Hance) Pierre SEDF Cambodia x
Dipterocarpaceae Hopea recopei Pierre ex Laness. SeF (SEDF) Cambodia x

Continued. . .
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Family Genus Species Auth Forest Unit Region A. B. C. D. E. F. G. H. I. J. K.
Dipterocarpaceae Shorea cochinchinensis H. Baill MDF Cambodia x
Dipterocarpaceae Shorea guiso (Blanco) Bl. SwF Cambodia x
Dipterocarpaceae Shorea henryana Pierre SEDF Thailand x
Dipterocarpaceae Shorea hypochra Hance SeF (BRE) Cambodia x x x x
Dipterocarpaceae Shorea obtusa Wall DDF, Intermediate MDF/SEDF Cambodia,

Thailand
x x x

Dipterocarpaceae Shorea roxburghii G.Don SeF (SEDF), Intermediate
SEDF/MDF

Cambodia x x x

Dipterocarpaceae Shorea siamensis Miq. DDF, Intermediate SEDF/MDF Cambodia,
Thailand

x x x

Dipterocarpaceae Shorea talura/ lac-
cifera(??)/
laurifolia(??)/
roxburghii(??)

Roxb. MDF Cambodia x x x

Dipterocarpaceae Shorea thorelii Pierre ex Laness. SEDF Thailand x
Dipterocarpaceae Vatica sp. SeF (SEDF) Cambodia x
Dipterocarpaceae Vatica astrotricha Hance SeF (SEDF) Cambodia x
Ebenaceae Diospyros bejaudii Lecomte SeF (BRE), Intermediate SEDF/MDF Cambodia x
Ebenaceae Diospyros decandra Lour. Intermediate SEDF/MDF Cambodia x
Ebenaceae Diospyros filipendula Pierre ex Lecomte SeF (SEDF) Cambodia x
Ebenaceae Diospyros hasseltii Zoll. Intermediate SEDF/MDF Cambodia x
Ebenaceae Diospyros helferi/pilosanthera C.B.Clarke/Blanco MDF, RiF Cambodia x
Ebenaceae Diospyros hermaphroditica Zoll. SeF (SEDF) Cambodia x
Ebenaceae Diospyros mollis Griff. MDF Mainland

SE-Asia
x

Ebenaceae Diospyros montana Roxb. MDF Mainland
SE-Asia

x

Ebenaceae Diospyros nitida Merrill Intermediate SEDF/MDF Cambodia x
Ebenaceae Diospyros pemdula Hasselt ex Hassk. MDF Thailand x
Ebenaceae Diospyros spp. MDF Cambodia x x
Elaeocarpaceae Elaeocarpus spp. SwF, SeF (SEDF), SEDF Cambodia x
Euphorbiaceae Antidesma acidum Retz. MDF Thailand x
Euphorbiaceae Antidesma cambodianum Gagnep. SwF Cambodia
Euphorbiaceae Antidesma ghaesembilla Gaertn. MDF, SeF (SEDF) Cambodia x
Euphorbiaceae Antidesma montanum Bl. var. montanum SwF Cambodia x
Euphorbiaceae Aporusa octandra (Buch.-Ham. ex D. Don) DDF Cambodia

Continued. . .
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Family Genus Species Auth Forest Unit Region A. B. C. D. E. F. G. H. I. J. K.
Euphorbiaceae Aporusa sp. SeF (SEDF), SeF (BRE) Cambodia x x
Euphorbiaceae Aporusa villosa/ glabri-

folia/ sphaeros-
perma

(Lindl.) Baill DDF Cambodia x

Euphorbiaceae Baccaurea brateata M. A. SwF Cambodia
Euphorbiaceae Baccaurea sp. SEDF (SRE) Cambodia x
Euphorbiaceae Croton oblongifolius Roxb. SeF (MDF) Mainland

SE-Asia
x

Euphorbiaceae Croton sp. SwF, MDF, SeF (SEDF) Cambodia,
Mainland
SE-Asia

x x x

Euphorbiaceae Glochidion fagifolium (Müll.Arg.) Miq. ex
Bedd

SeF (BRE) Cambodia x x x

Euphorbiaceae Macaranga sp. Cambodia x
Euphorbiaceae Macaranga triloba (Reinw. ex Blume)

Müll.Arg.
SwF Cambodia

Euphorbiaceae Mallotus cochinchinensis Lour. SeF (SEDF), Intermediate
SEDF/MDF

Cambodia x

Euphorbiaceae Mallotus macrostachys (Miq.) Müll.Arg. SeF (MDF) Mainland
SE-Asia

x

Euphorbiaceae Mallotus philippensis (Lam.) MDF Mainland
SE-Asia

x

Euphorbiaceae Mallotus spp. RiF Cambodia x x
Euphorbiaceae Suregada SeF (BRE) Cambodia x x
Euphorbiaceae
(Phyllanthaceae)

Cleistanthus tomentosus Hance SwF Cambodia

Euphorbiaceae
(Phyllanthaceae)

Phyllanthus emblica L. MDF Cambodia x

Fabaceae Albizia lebbek (L.) Benth MDF, Intermediate SEDF/MDF Cambodia,
Mainland
SE-Asia

x x

Fabaceae Butea superba Roxb. MDF Mainland
SE-Asia

x

Continued. . .
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Family Genus Species Auth Forest Unit Region A. B. C. D. E. F. G. H. I. J. K.
Fabaceae (Cae-
salpinioideae)

Afzelia xylocarpa
(cochinchinensis)

(Kurz.) Craib SEDF (BRE), Intermediate
SEDF/MDF, MDF

Cambodia,
Thailand,
Mainland
SE-Asia

x x x

Fabaceae (Cae-
salpinioideae)

Bauhinia malabarica Roxb. MDF Cambodia x

Fabaceae (Cae-
salpinioideae)

Bauhinia racemosa (Lam.) MDF Cambodia x

Fabaceae (Cae-
salpinioideae)

Bauhinia sp. SeF (SEDF), SeF (BRE) Cambodia x

Fabaceae (Cae-
salpinioideae)

Cassia garretiana Craib Intermediate SEDF/MDF Cambodia x x

Fabaceae (Cae-
salpinioideae)

Cassia javanica L. SeF (BRE) Cambodia x x

Fabaceae (Cae-
salpinioideae)

Cassia siamensis Lam. SEDF (BRE) Cambodia x x

Fabaceae (Cae-
salpinioideae)

Crudia chrysantha (Pierre) K.Schum RiF Cambodia x

Fabaceae (Cae-
salpinioideae)

Cynometra dongnaiensis Pierre RiF Cambodia x x

Fabaceae (Cae-
salpinioideae)

Peltophorum pedatus (DC.) K. Heyne SEDF (BRE), SeF (SEDF), Intermedi-
ate MDF/SEDF

Cambodia x

Fabaceae (Cae-
salpinioideae)

Peltophorum dasyrachis Kurz ex Baker MDF Mainland
SE-Asia

x

Fabaceae (Cae-
salpinioideae)

Peltophorum ferrugineum Benth Intermediate SEDF/MDF, SeF
(SEDF)

Cambodia x

Fabaceae (Cae-
salpinioideae)

Sindora cochinchinensis H. Baill MDF, SEDF, Intermediate
SEDF/MDF, SeF (SEDF)

Cambodia x

Fabaceae
(Faboideae)

Butea monosperma (Lam.) Taub. SeF (SEDF) Cambodia x x

Fabaceae
(Faboideae)

Dalbergia cultrata Benth. DDF, MDF Thailand,
Mainland
SE-Asia

x x x

Fabaceae
(Faboideae)

Dalbergia nigrescens Pierre MDF, Intermediate SEDF/MDF Cambodia

Continued. . .
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Family Genus Species Auth Forest Unit Region A. B. C. D. E. F. G. H. I. J. K.
Fabaceae
(Faboideae)

Dalbergia oliveri/ dong-
naiense/ bariensis

Gamble ex Prain MDF, Intermediate SEDF/MDF Cambodia,
Thailand,
Mainland
SE-Asia

x x x

Fabaceae
(Faboideae)

Dalbergia ovata Benth. MDF Mainland
SE-Asia

x

Fabaceae
(Faboideae)

Dalbergia rimosa Roxb. MDF Mainland
SE-Asia

x

Fabaceae
(Faboideae)

Dalbergia spp. MDF Cambodia x x

Fabaceae
(Faboideae)

Derris polyphylla Baker SeF (BRE) Cambodia x

Fabaceae
(Faboideae)

Desmodium spp. MDF Mainland
SE-Asia

x

Fabaceae
(Faboideae)

Millettia brandisiana Kurz MDF Mainland
SE-Asia

x

Fabaceae
(Faboideae)

Millettia erythrocalyx Gagnep. Intermediate SEDF/MDF Cambodia x x

Fabaceae
(Faboideae)

Pterocarpus macrocarpus (pe-
datus)

Kurz DDF, MDF, Intermediate
SEDF/MDF, SEDF (BRE)

Thailand,
Cambodia,
Mainland
SE-Asia

x x

Fabaceae (Mi-
mosoideae)

Acacia harmandiana (Pierre) Gagnep. RiF Cambodia x x

Fabaceae (Mi-
mosoideae)

Acacia leucophloea (Roxb.)Willd. MDF Mainland
SE-Asia

x

Fabaceae (Mi-
mosoideae)

Adenanthera pavonina/gersenii L./Scheffer SEDF (BRE), Intermediate
MDF/SEDF, MDF

Cambodia x

Fabaceae (Mi-
mosoideae)

Albizia lucida (Roxb.) Benth. MDF Mainland
SE-Asia

x

Fabaceae (Mi-
mosoideae)

Albizia procera (Roxb.) Benth. Intermediate SEDF/MDF Cambodia

Fabaceae (Mi-
mosoideae)

Albizia sp. SeF (SEDF) Cambodia

Fabaceae (Mi-
mosoideae)

Archidendron clypearia F.Muell. SwF Cambodia

Continued. . .
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Family Genus Species Auth Forest Unit Region A. B. C. D. E. F. G. H. I. J. K.
Fabaceae (Mi-
mosoideae)

Dialium cochinchinense Pierre SEDF Thailand x

Fabaceae (Mi-
mosoideae)

Xylia dolabriformis/
xylocarpa/ kerrii

Benth./Roxb. DDF, MDF, Intermediate
SEDF/MDF, SeF (SEDF)

Thailand,
Cambodia

x x x

Fagaceae Lithocarpus dealbatus (Hook.f. and Thomson).
Rehder

MDF Thailand x

Fagaceae Quercus kerrii Craib MDF Thailand x
Gentianaceae Fagraea racemosa Jack ex Wall. SwF Cambodia x
Guttiferae Cratoxylum formosum (Jack) Dyer MDF, SeF (BRE), SeF (SEDF), Inter-

mediate SEDF/MDF
Cambodia x x

Guttiferae Cratoxylum spp. SeF (SEDF) Cambodia x
Guttiferae Mesua ferrea L. SEDF Cambodia x
Irvingiaceae Irvingia malayana/

harmandi-
ana(?)/oliveri

Oliv. ex A.W.
Benn./van Tiegh.
Pierre

MDF, SwF, SeF (BRE), Intermediate
MDF/SEDF

Cambodia,
Thailand

x x x x

Lamiaceae Congea tomentosa Roxb. MDF Mainland
SE-Asia

x

Lamiaceae Hymenopyramis brachiata Wall. ex Griff. MDF Mainland
SE-Asia

x

Lauraceae Cinnamomum cambodianum Lecomte SwF Cambodia x
Lauraceae Cinnamomum cassia (Nees & T.Nees) J.Presl BRE (SEDF) Cambodia x
Lauraceae Dehaasia cuneata Blume SEDF Cambodia x
Lauraceae Dehaasia cuneata SeF (SEDF) Cambodia x
Lauraceae Litsea spp. SwF Cambodia x
Lauraceae Litsea vang Lecomte SEDF, BRE (SEDF) Cambodia x
Lauraceae Phoebe cuneata SeF (SEDF) Cambodia x
Lecythidaceae Barringtonia acutangula (L.) Gaertn. RF Cambodia x
Lecythidaceae Barringtonia longipes/pauciflora Gagnep./King. BRE (SEDF), Intermediate

SEDF/BRE
Cambodia x

Lecythidaceae Barringtonia racemosa (L.) Spreng. MDF Mainland
SE-Asia

x

Lecythidaceae Careya sphaerica/ ar-
borea

Roxb. MDF, SeF (SEDF) Cambodia,
Mainland
SE-Asia

x x x∗ x

Loganiaceae Strychnos sp. RiF Cambodia x
Lythraceae Lagerstroemia angustifolia Pierre ex Laness. Intermediate SEDF/MDF, SeF (BRE) Cambodia x

Continued. . .
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Family Genus Species Auth Forest Unit Region A. B. C. D. E. F. G. H. I. J. K.
Lythraceae Lagerstroemia balansae Koehne MDF Thailand x
Lythraceae Lagerstroemia calyculata Kurz MDF, SEDF Thailand x
Lythraceae Lagerstroemia duperreana Pierre ex Gagnep. MDF Cambodia x
Lythraceae Lagerstroemia sp. Cambodia x x x x
Lythraceae Lagerstroemia speciosa (L.) Pers. Intermediate SEDF/MDF, MDF Cambodia,

Mainland
SE-Asia

x x

Lythraceae Lagerstroemia tomentosa C.Presl MDF Mainland
SE-Asia

x

Lythraceae Lagerstromia floribunda Jack MDF Mainland
SE-Asia

x

Lythraceae Lagerstromia spp. MDF Cambodia x
Lythraceae Lagerstromia thorelli L. SeF (BRE), MDF, Intermediate

SEDF/MDF
x

Lythraceae Lagerstromia villosa Wall. ex Kurz MDF Mainland
SE-Asia

x

Malvaceae Hibiscus MDF Mainland
SE-Asia

x

Malvaceae Hibisus macrophyllus Roxb. ex Hornem. BRE (SEDF) Cambodia x
Malvaceae Sterculia foetida L. RF Cambodia x
Malvaceae
(Bombacaceae)

Bombax ceiba L. MDF Cambodia x

Malvaceae
(Bombacaceae)

Bombax insigne Wall. MDF Cambodia,
Thailand,
Mainland
SE-Asia

x x x x x

Malvaceae (Ster-
culiaceae)

Pterocymbium campanulata Pierre Intermediate SEDF/MDF, SeF
SEDF/MDF

Cambodia x

Malvaceae (Ster-
culiaceae)

Pterospermum acerifolium (L.) Willd. SeF (BRE) Cambodia x

Malvaceae (Ster-
culiaceae)

Pterospermum diversifolium Blume RiF Cambodia x

Malvaceae (Ster-
culiaceae)

Pterospermum grewiaefolium Pierre BRE (SEDF), Intermediate
SEDF/BRE

Cambodia x

Malvaceae (Ster-
culiaceae)

Sterculia colorata (Roxb.) Burk. Intermediate SEDF/MDF Cambodia x

Continued. . .
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Family Genus Species Auth Forest Unit Region A. B. C. D. E. F. G. H. I. J. K.
Malvaceae (Ster-
culiaceae)

Sterculia foetida L. SwF Cambodia x

Malvaceae (Ster-
culiaceae)

Strychnos nux-blanda A.W. Hill DDF Thailand x

Malvaceae (Ster-
culiaceae)

Strychnos sp. SeF (BRE), SeF (SEDF) Cambodia x

Malvaceae (Tili-
acea)

Brownlowia tabularis Pierre BRE (SEDF), Intermediate
SEDF/MDF

Cambodia x

Malvaceae (Tili-
acea)

Colona/Columbia auriculata (Desf.) Craib MDF, SeF (SEDF) Cambodia x

Malvaceae (Tili-
acea)

Grewia tomentosa Juss. SeF (SEDF) Cambodia x

Malvaceae (Tili-
acea)

Grewia/Microcos paniculata/
tomentosa

DC./Sm. BRE (SEDF) Cambodia x

Melastomataceae Melastoma polyanthum Blume SeF (SEDF) Cambodia x
Melastomataceae Memecylon edule Roxb. MDF, SeF (SEDF) Cambodia x
Melastomataceae Memecylon laevigatum/ lilac-

inum
Blume/ Zoll. & Moritzi BRE (SEDF), Intermediate

SEDF/MDF
Cambodia x

Melastomataceae Memecylon laevigatum/ lilac-
inum

Blume/ Zoll. & Moritzi Intermediate SEDF/MDF Cambodia x

Melastomataceae Memecylon umbellatum Burm.f. SwF Cambodia x
Melastomataceae Pternandra caerulescens Jack ex Wall. SwF Cambodia x
Meliaceae Aglaia gigantea Pierre Pellegr. SEDF (BRE) Cambodia x
Meliaceae Aglaia sp. SwF Cambodia x
Meliaceae Azadirachta indicta A. Juss Intermediate SEDF/MDF Cambodia x
Meliaceae Melia azedarach L. SeF (BRE) Cambodia x
Meliaceae Toona sureni (febrifuga

)
(Blume) M. Roem Intermediate SEDF/MDF, BRE

(SEDF)
Cambodia x

Moraceae Antiaris toxicaria Lesch. BRE (SEDF) Cambodia x
Moraceae Artocarpus sampor Gagnep. / Merr MDF, BRE (SEDF) Cambodia x
Moraceae Ficus geniculata Kurz MDF Thailand x
Moraceae Ficus spp. BRE (SEDF), Intermendiate

SEDF/MDF, RiF
Cambodia x

Moraceae Streblus asper Lour. Intermediate SEDF/MDF, SeF
(SEDF), MDF

Cambodia x

Musaceae Musa sp. Cambodia x x
Continued. . .
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Family Genus Species Auth Forest Unit Region A. B. C. D. E. F. G. H. I. J. K.
Musaceae Musa sylvestris (Lour.) Colla SeF (BRE) Cambodia x
Myristicaceae Horsfieldia glabra BRE (SEDF) Cambodia x
Myristicaceae Myristica iners Blume SwF Cambodia x
Myrtaceae Eugenia cambodiana Gagnep. RiF Cambodia x
Myrtaceae Eugenia spp SwF, MDF, SeF (SEDF) Cambodia x x
Myrtaceae Rhodamnia rubescens (Benth.) Miq. SeF (SEDF) Cambodia x
Myrtaceae Streblus sp. SeF (SEDF) Cambodia x
Myrtaceae Syzygium claviflorum (Roxb.) Wall. ex Steud. MDF Mainland

SE-Asia
x

Myrtaceae Syzygium cuminii (L.) Skeels. MDF Thailand,
Cambodia

x x x

Oleaceae Schrebera sp. Intermediate SEDF/MDF Cambodia
Orchidaceae Habernaria MDF Mainland

SE-Asia
x

Pinaceae Pinus kesiya Royle ex Gordon PF Thailand x
Pinaceae Pinus merkusii Jungh. & de Vriese PF Thailand x
Poaceae Andropogon MDF Mainland

SE-Asia
x

Poaceae Bambusa arundinacea MDF/DDF transition Mainland
SE-Asia

x

Poaceae Bambusa tuida Roxb. MDF Mainland
SE-Asia

x

Poaceae Cephalostachyum pergracile Munro mdF Mainland
SE-Asia

x

Poaceae Dendrocalamus membranaceus Munro MDF Mainland
SE-Asia

x

Poaceae Dendrocalamus strictus (Roxb.) Nees SeF (MDF), MDF Mainland
SE-Asia

x

Poaceae Eragrostis MDF Mainland
SE-Asia

x

Poaceae Gigantochloa albociliata (Munro) Kurz MDF, SeF (MDF) Mainland
SE-Asia

x

Poaceae Imperata cylindrica (L.) P.Beauv. Grassland Cambodia x
Poaceae Imperata MDF Mainland

SE-Asia
x

Continued. . .
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Family Genus Species Auth Forest Unit Region A. B. C. D. E. F. G. H. I. J. K.
Poaceae Saccharum MDF Mainland

SE-Asia
x

Poaceae Themeda MDF Mainland
SE-Asia

x

Poaceae Thyrosostachys siamensis MDF/DDF transition Mainland
SE-Asia

x

Rhamnaceae Ziziphus cambodiana Pierre SeF (SEDF) Cambodia x
Rhamnaceae Zizyphus cambodiana Pierre SeF (SEDF) Cambodia x
Rhizophoraceae Carallia brachiata Merr. SwF Cambodia x
Rhizophoraceae Carallia lucida/brachiata Roxb./(Lour.) Merr. Intermediate SEDF/SEDF Cambodia x x
Rubiaceae Adina (Neonauclea) sessilifolia (Roxb.) Hook.f. ex

Brandis/ (Roxb.) Merr.
MDF Cambodia x

Rubiaceae Gardenia angkoriensis Pit. Intermediate SEDF/MDF Cambodia x
Rubiaceae Gardenia coronaria Buch.-Ham. MDF Mainland

SE-Asia
x

Rubiaceae Gardenia philastrei Pierre ex Pit. MDF, SeF (SEDF) Cambodia x
Rubiaceae Haldina (Adina) cordifolia (Roxb.) Ridsdale MDF Cambodia,

Mainland
SE-Asia

x x

Rubiaceae Hymenodictyon excelsum (Roxb.) Wall. Intermediate SEDF/MDF Cambodia x
Rubiaceae Ixora sp. DDF/MDF Cambodia x
Rubiaceae Morinda persicaefolia RiF Cambodia x
Rubiaceae Morinda spp. MDF Cambodia x
Rubiaceae Nauclea officinalis (Pierre ex Pit.) Merr. &

Chun
SF Cambodia x

Rubiaceae Nauclea orientalis (L.) L. RiF, SF Cambodia x
Rubiaceae Randia tomentosa Wight & Arn. MDF Cambodia x
Rubiaceae Uncaria homomalla Miq. SEDF, RiF Cambodia x
Salicaceae Homalium tomentosum (Vent.) Benth. MDF Mainland

SE-Asia
x

Sapindaceae Dimocarpus longan Lour. SEDF Thailand x
Sapindaceae Lepisanthes sp. SeF (SEDF) Cambodia x
Sapindaceae Nephelium chryseum L. BRE (SEDF), Intermediate

SEDF/MDF, SeF (SEDF)
Cambodia x

Sapindaceae Schleichera oleosa Lour. BRE (SEDF), SeF (BRE), Intermedi-
ate SEDF/MDF, MDF

Cambodia,
Thailand

x x

Continued. . .
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Family Genus Species Auth Forest Unit Region A. B. C. D. E. F. G. H. I. J. K.
Sapindaceae Xerospermum noronhianum Blume SwF Cambodia x
Sapotaceae Madhuca (Payena) elliptica (Pierre ex Dubard)

H.J.Lam.
SeF (SEDF) Cambodia x

Simaroubaceae Brucea javanica (L.) Merr SeF (BRE) Cambodia x
Simaroubaceae Samandura harmandiana Pierre RiF Cambodia x
Tetrameleaceae Tetrameles nudiflora R. Br. SEDF (BRE), Intermediate

SEDF/MDF
Cambodia x x x x

Ulmaceae Aphananthe cuspidata (Bl.) Planch SEDF South-east
Asia

Ulmaceae Holoptelea integrifolia Roxb. MDF Thailand x
Ulmaceae/
Cannabaceae
[reclassified]

Trema angustifolia (Planch.) Blume SeF (BRE), SeF (MDF) Cambodia x x

Ulmaceae/
Cannabaceae
[reclassified]

Trema velutina/tomentosa Blume/ (Roxb) Hara SEDF, MDF Cambodia x x

Urticaceae Laportea sp. BRE (SEDF) Cambodia x
Verbenaceae Gmelina arborea Roxb. MDF Mainland

SE-Asia
x

Verbenaceae Gmelina asiatica L. RiF Cambodia x
Verbenaceae Vitex canescens Kurz MDF Mainland

SE-Asia
x

Verbenaceae Vitex limonifolia Wall. ex C.B.Clarke MDF Thailand x
Verbenaceae Vitex peduncularis Wallich ex Schauer DDF Thailand x
Verbenaceae Vitex pinnata/

pubescens
L./Vahl MDF, Intermediate SEDF/MDF,

MDF
Cambodia,
Mainland
SE-Asia

x x x

Verbenaceae Vitex sp. SeF (SEDF) Cambodia x
Xanthophyllaceae Xanthophyllum glaucum Wall. RiF Cambodia x
Zingiberaceae Boesenbergia MDF Mainland

SE-Asia
x

Zingiberaceae Curcuma longa SeF (SEDF) Cambodia x
Zingiberaceae Curcuma MDF Mainland

SE-Asia
x

Zingiberaceae Zingiber spp. MDF Cambodia x x
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C Radiocarbon Dating

The following technique was applied in attempt to extract a terrestrial sig-
nal from core sediments for radiocarbon dating.

C.1 Methods

C.1.1 Concentration of pollen from lacustrine sediments using
heavy liquid separation — after Vandergoes and Prior (2003)

Chemical treatment

Removal of carbonates

1. Place each sediment sample (2.5-4 g dry weight) into individual, clean
and appropriately labelled 50 ml centrifuge tubes.

2. Add 20 ml 10% HCL to each sample and mix with a vortex mixer.

3. Place samples into a hot water bath at 80 ◦C for 10 minutes.

4. Remove from bath and fill each sample tube with DI water.

5. Centrifuge for 5 minutes at 3 000 rpm. Decant supernatant.

Removal of silicates

6. Wearing appropriate safety equipment, add 10 ml 40-55% HF to each
sample. Cap tightly and mix with a vortex mixer.

7. Loosen caps slightly, and place samples into a near boiling hot water
bath for 60 minutes, mixing every 5-10 minutes.

8. Carefully remove samples from bath and fill sample tubes with DI
water.

9. Centrifuge for 5 minutes at 3 000 rpm. Decant supernatant into ap-
propriate HF disposal unit.

10. Repeat steps 8 and 9 three times to clean samples of HF residue.

Removal of organic residue

11. Add 20 ml of 10% nitric acid to each sample, mix with a vortex mixer
and allow to stand for 2 minutes.

12. Fill each sample tube with DI water.

13. Centrifuge for 5 minutes at 3 000 rpm. Decant supernatant.

Removal of unsaturated humic colloids
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14. Add 25 ml of 10% KOH to each sample and mix with a vortex mixer.

15. Place samples into a hot water bath at 80◦C for 10-20 minutes.

16. Remove from bath and fill each sample tube with DI water.

17. Centrifuge for 5 minutes at 30̇00 rpm. Decant supernatant.

Sieving

18. Pass each sample through a thoroughly cleaned 105 µm mesh sieve
using DI water. Place the <105 µ fraction back into the appropriate
centrifuge tube.

19. Centrifuge samples for 5 minutes at 3 000 rpm. Decant supernatant.

Density (heavy liquid) separation

20. Add 30 ml LST (2.1 sg) to the <105 µm sample fraction. Mix well.
Centrifuge at 3 500 rpm for 5 minutes.

21. Decant supernatant into a separate, labelled and clean centrifuge tube
— allow to stand (light fraction), leaving the concreted precipitate in
the original sample tube (heavy fraction).

Heavy fraction

22. Fill the heavy fraction sample tube with DI water, mix using the vor-
tex mixer and centrifuge sample for 5 minutes at 3 000 rpm. Decant
supernatant.

23. Use a glass pipette to place precipitate into a microvial labelled with
the depth and density of the LST used. Cap and set aside.

24. Clean 50 ml sample tube using DI water.

Light fraction

25. Once the floating organic matter is sitting on top of LST in the light
fraction centrifuge tube, pour the organic “float” off into the original,
cleaned sample tube for that depth. Try to minimise amount of LST
poured out with sample. Once floating organics have been separated,
decant remnant LST into a clean, large bottle so that it can be recycled.

26. Dilute heavy liquid fraction by filling tube with DI water.

27. Centrifuge at 3 500 rpm for 5 minutes.

28. Once organics have settled, decant dilute LST into the recycle bottle.

29. Repeat steps 20-28 seven times using the settled “light fraction” from
the previous separation (i.e. the precipitate retained at the end of step
28), decreasing the density of the LST used to the following sg values
— 1.6, 1.4, 1.3, 1.25, 1.2, 1.15, 1.1

Microscopic analysis

30. Place an aliquot of each sample onto a clean glass slide and visually
estimate the percentage of pollen:organic residue retained in the ex-
tracted pollen sample.
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C.1.2 Laboratory treatment of macro-charcoal samples

Extraction: Batch 1

Sieving

1. Pass each sediment sample through a thoroughly cleaned 250µm mesh
sieve using DI water. Retain the <250 µm fraction and place into clean,
labelled 50 ml centrifuge tubes.

2. Centrifuge samples for 5 minutes at 3 000 rpm. Decant excess water.

Removal of silicates

3. Wearing appropriate safety equipment, add 10 ml 50% HF to each
sample. Cap tightly and mix with a vortex mixer.

4. Loosen caps slightly, and place samples into a 60 ◦C hot bath for
40 minutes.

5. Carefully remove samples from bath and fill sample tubes with DI
water.

6. Centrifuge for 5 minutes at 3 000 rpm. Decant supernatant into ap-
propriate HF disposal unit.

7. Rinse with DI water three times to clean samples of HF residue.

Sample consolidation

8. Label clean 1.5 ml micro-centrifuge tube vials with appropriate sam-
ple depths and fraction sizes.

9. Using a disposable glass pipette, collect the material from the 50 ml
centrifuge tubes and place into the 1.5 ml tubes.

10. Cap the micro-tube and centrifuge at 1500 rpm for 3 minutes. Decant
using disposable glass pipette.

Extraction: Batch 2

Sieving

11. Pass each sediment sample through a thoroughly cleaned, stacked
250 µm and 105 µm mesh sieves using DI water. Retain the <250 µm
and 105-250 µm fractions and place into clean, labelled 50 ml cen-
trifuge tubes.

12. Centrifuge samples for 5 minutes at 3 000 rpm. Decant excess water.

Removal of unsaturated humic colloids

13. Add 10 ml of 10% KOH to each sample and mix with a vortex mixer.

14. Place samples into a hot water bath at 80 ◦C for 30 minutes.

15. Remove from bath and fill each sample tube with DI water.

16. Centrifuge for 5 minutes at 3 000 rpm. Decant supernatant.



Appendix C. Radiocarbon Dating 288

Oxidation of organics

17. Add 5 ml of 6% NaClO to each sample tube and mix with a vortex
mixer.

18. Leave sample to stand for 10 minutes.

19. Fill sample tubes with DI water.

20. Centrifuge for 5 minutes at 3 000 rpm. Decant supernatant.

Removal of silicates

21. Wearing appropriate safety equipment, add 10 ml 50% HF to each
sample. Cap tightly and mix with a vortex mixer.

22. Loosen caps slightly, and place samples into a 60 ◦C hot bath for
40 minutes.

23. Carefully remove samples from bath and fill sample tubes with DI wa-
ter.

24. Centrifuge for 5 minutes at 3 000 rpm. Decant supernatant into ap-
propriate HF disposal unit.

25. Rinse with DI water three times to clean samples of HF residue.

Sample consolidation

26. Label clean 1.5 ml micro-centrifuge tube vials with appropriate sam-
ple depths and fraction sizes.

27. Using a disposable glass pipette, collect the material from the 50 ml
centrifuge tubes and place into the 1.5 ml tubes.

28. Cap the micro-tube and centrifuge at 1500 rpm for 3 minutes. Decant
using disposable glass pipette.

C.1.3 Extraction of plant lipids (n-alkanes) from sediment via son-
ication

Standard

Mix 50 µL squalane with DCM to a total volume of 10 ml.

Procedure

Glassware preparation

1. Soak all glassware in detergent bath (alkaline cleaning agent) for 3 hours.
Wash well, rinse with DI water, rinse with hexane.

2. Place all glassware in furnace.

3. Heat to 550 ◦C and anneal all glassware (beakers, flasks, pipettes and
vials) at full temperature for an hour. Allow to cool to room tempera-
ture (approx. 4 hours).
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Preparation of sediment sample for sonication

4. Weigh annealed sample vessel (glass beaker or 100 ml glass centrifuge
tube).

5. Place an aliquot of sediment (approx. equivalent 2 g dry weight) into
vessel.

6. Freeze overnight.

7. Freeze-dry sample until moisture has been removed from sample (ap-
prox. 6 hours).

8. Weigh dry sample and remove any excess as necessary.

Sonication of Sample

9. Prepare squalane standard by diluting 50 µL squalane with 10 ml
DCM.

10. Add 2 µl internal standard to sample jar.

11. Add 50 ml of DCM:MeOH (9:1). Cover with aluminium foil.

12. Place sample in sonication bath and sonicate for 15 minutes.

13. Separate lipid extract by centrifuging.

14. Sonicate a grade 1 filter paper in DCM:MeOH (9:1) for 15 minutes.
Allow to dry.

15. Decant lipid extract through prepared filter paper into a round bottom
flask.

16. Repeat steps 11-15 five times.

Concentration of lipid extract

17. Prepare rotary evaporator by cleaning in solvent and annealing glass
adaptors.

18. Set up according to safety instruction for model.

19. Place sample into rotary evaporator to evaporate solvent under re-
duced pressure until 1-2 ml remains.

20. Transfer remaining total lipid extract into a glass microvial using an-
nealed Pasteur pipette.

21. Wrap vials in foil and loosely cover samples with foil. Place in to dry.

22. Weigh samples.

23. Prepare a short silica column in a Pasteur pipette. Recommended
specs: 0.063-0.200 mm granule size with a 70-230 mesh ASTM from
MERCK (107734).

24. Rinse column with hexane.

25. Add 2 ml of hexane to total lipid extract using Pastuer pipette. Mix.

26. Label and weigh empty vial with lid. Record weight.
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27. Pass the hexane/lipid extract mix through the silica column and col-
lect in pre-weighed vial. Repeat 5 times.

28. Wash 2 ml hexane through the column into vial to elute remaining
n-alkanes.

29. Evaporate hexane from sample under stream of N2 gas (or cover with
foil and leave to evaporate).

30. Once dry, cap sample and record weight.

Preparation of Blanks

31. Prepare one solvent blank (using internal standard passed through a
sonicated filter paper) and one sonicated filter paper blank per extrac-
tion.

C.2 Results

C.2.1 Concentration of pollen from lacustrine sediments using
heavy liquid separation

Results of the microscopic component based analysis for the plant microfos-
sil heavy liquid separations attempted for selected YL1211B and YM0413B
samples are shown on table C.1. Amorphous algae (sapropel) and other
structured organics were the dominant materials found in all samples as-
sessed across all density classes. Pollen and spore percentages across all
samples account for a maximum of 10% of sample materials, with slightly
higher concentrations found in samples extracted at 1.2 to 1.4 s.g.

TABLE C.1: Results of microscopic component analysis of
radiocarbon dating plant microfossil samples processed us-
ing heavy lipid separation. The relative proportion of ma-
terials is estimated for the eight density separates produced

for each sample

Core sample depth
(cm)

s.g. amorphous
algae

structured
organics

silica
(%

)

spone
spicules

(%
)

charcoal(%
)

pollen
(%

)

fungalm
atter

(%
)

YM0413B 521 to 522 2.02 45 0 45 3 5 0 2
1.6 80 0 0 0 15 0 5
1.4 90 0 0 0 5 to 10 <1 2
1.3 60 25 0 0 5 to 10 5 to 10 2
1.25 55 35 0 0 5 <5 2
1.2 50 0 20 0 15 10 0
1.15 50 40 0 0 5 <1 0
1.1 55 40 0 0 0 5 0

100 to 101 2.02 65 20 10 <1 5 <2 <2
1.6 80 10 0 <1 10 0 <2
1.4 45 40 0 0 5 <1 5
1.3 40 50 0 0 5 <1 5

Continued. . .
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Core sample depth
(cm)

s.g. amorphous
algae

structured
organics

silica
(%

)

spone
spicules

(%
)

char coal(%
)

pollen
(%

)

fungalm
atter

(%
)

1.25 40 50 0 0 5 <1 5
1.2 15 80 0 0 <5 <1 <1
1.15 85 10 0 0 5 0 0
1.1 insufficient

sample size
YL1211B 35.5 to 36.5 2.02 65 10 <5 0 20 2 <2

1.6 65 15 0 0 15 0 5 to 10
1.4 75 15 0 0 5 0 <2
1.3 90 5 0 0 <5 <2 0
1.25 100 0 0 0 0 0 0
1.2 90 0 0 0 1 to 2 1 to 2 0
1.15 95 5 0 0 0 0 0
1.1 insufficient

sample size
101.0 to 102.0 2.02 40 40 <5 0 15 <2 <2

1.6 40 40 0 0 20 2 0
1.4 85 10 0 0 5 0 <2
1.3 85 10 0 0 <5 2 0
1.25 90 0 0 0 <4 3 0
1.2 95 0 0 <2 3 0
1.15 82 15 0 0 0 2 to 3 0
1.1 85 15 1 1 1 <1 0

146 to 147 2.02 40 40 0 0 15 <1 <2
1.6 40 40 0 0 15 0 5
1.4 60 30 0 0 5 <1 2
1.3 95 5 0 0 <1 <1 0
1.25 90 5 0 0 <1 3 0
1.2 95 3 0 0 <1 1 0
1.15 90 5 0 0 <1 <1 0
1.1 85 10 0 0 <1 <1 0

188 to 189 2.02 55 30 <2 0 15 <1 <3
1.6 65 25 0 0 15 <1 <3
1.4 90 5 0 0 <5 1 <1
1.3 95 <5 0 0 <2 <1 <1
1.25 80 10 0 0 3 5 <1
1.2 85 10 0 0 <1 3 <1
1.15 100 <1 0 0 <1 <1 <1
1.1 100 <1 0 0 <1 <1 <1

202.5 to 203.5 2.02 70 10 5 5 10 0 0
1.6 50 40 0 0 10 <1 2
1.4 45 45 0 0 5 2 0
1.3 55 30 0 0 5 15 <1
1.25 70 20 0 0 <5 3 to 5 <1
1.2 75 20 0 0 2 2 <1
1.15 80 20 <1 <1 <1 <1 <1
1.1 insufficient

sample size

A photograph of the most concentrated pollen and spore sample encoun-
tered from this procedure is shown in figure C.1. Due to the low percentage
of plant microfossils within the samples, none were used for radiocarbon
dating.



Appendix C. Radiocarbon Dating 292

FIGURE C.1: Photograph of pollen and spore concentrate
from YL1211B sediments at 202.5 to 203.5cm depth ex-
tracted using heavy liquid separation techniques (1.3 s.g.).
This sample represents the highest pollen and spore con-

centrate of all the samples processed for extraction

C.2.2 Extraction of plant lipids from sediment

The low extract yield from all samples processed for lipid extraction com-
plicated by technical issues associated with the equipment needed for fur-
ther analysis of the samples meant that none of the extracts were processed
for radiocarbon dating. The final mass of extracted lipid extracts and inter-
nal standards is shown on table C.2.

TABLE C.2: Extract mass for samples and blanks processed
for plant lipid extraction.

Sample sample
depth (cm)

sample dry
mass (g)

pre-hexane
extract mass
(mg)

post-hexane
extract mass
(mg)

Solvent Blank 0 0.1
Filter Paper Blank 0 0.9
YL1211B 65.5 1.1207 349.2 4.4
YL1211B 123.5 1.6644 566 2.3
YL1211B 200.5 1.007 318.8 1.7
YM0413B 536 1.5955 119.5 2.0
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D Environmental Magnetism

D.1 Mass Specific Magnetic Susceptibility Volumetric
Experiment

D.1.1 Methods

Two dried and crushed sediment samples from YL1211A and YO0712B
were processed to characterise the significance of using a lower than rec-
ommended sample volume for assessment of YL1211B χlf and χfd%. These
samples were selected both opportunistically (they were left over from pro-
cessing for chronological analysis), and due to the fact that they were pre-
sumed to be similar to those assessed from YL1211B in terms of grain size,
magnetism and sedimentary make-up. The selected samples include YO0712C
(100 to 101 cm) termed YOC 100 and YL1211A (15.5 to 17.5 cm) termed
YLA 15.5.

Where necessary, sample sediments were disaggregated into individual par-
ticle sizes using a mortar and pestle and placed into pre-weighed, appro-
priately labelled 10 cm3, cylindrical plastic pots designed for the Bartington
MS2B Dual Frequency Magnetic Susceptibility Meter (Dearing 1999). The
sediments were very lightly compacted to remove any air gaps and the sed-
iment weight and volume recorded. YOC 100 was assessed at volumes of a)
10 cm3; b) 6.1 cm3; c) 5.1 cm3; d) 4.1 cm3; and, e) 2.9 cm3, and YLA 15.5 was
tested at volumes of a) 6.1 cm3 and b) 3.9 cm3. A Bartington MS2B Dual
Frequency Magnetic Susceptibility Meter was then used to determine the
χlf (0.46 kHz magnetic field) and χhf (mass specific high frequency mag-
netic susceptibility [4.6 kHz magnetic field]) for each sample volume size.
From these calculations, the percentage frequency dependence (χfd%) was
calculated for each sample measurement using Barsoft software, which au-
tomatically divides the change in susceptibility per decade frequency by
the χlf measurement.

Samples were set to run in triplicates for both frequencies, with 5 second
sample measurements and blank (air) measurements taken at the start, end,
and between χlf and χhf measurements. This processes was repeated be-
tween 2 and 4 times for YOB 100 samples (n=6-12). No repeat measure-
ments were taken for the two YLA 15.5 sample volumes as results fell out-
side of the maximum resolution of the MS2B Dual Frequency Meter (2 x
10−6 SI).
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Sample Analysis

The mean χlf χhf and χfd% values returned from each sample volume were
plotted as a scatter graph fitted with a trend line to determine the relation-
ship between volume and χlf SI (and hence χfd%) for each sediment sam-
ple. A student’s t-test was then used to assess the significance of changing
volume fractions onχlf andχfd% for each sediment sample.

D.1.2 Results

Relationship between volume and χlf and χfd% values

The results of mass-specific magnetic susceptibility tests applied to YOC 100
and YLA 15.5 samples are presented in figure D.1 and table D.1. Tests
conducted on both samples indicate that as sample volume size decreases,
χlf SI declines and χfd% increases linearly. This confirms the assertion made
by Dearing (1999) that the χlf of small-volume samples will be underesti-
mated, thereby overestimating χfd%. While the mean of YOB 100 measure-
ments taken at 6.1 cm3 and 4.1 cm3 show a minor reversal in this trend
(probably due to experimental error), the χlf and χfd% measurements ap-
pear to display a linear trend with reducing volume size (R2= 0.86 and 0.90
respectively). Specifically, χlf SI decreases at a rate of approximately 11%
per cubic centimeter, while χfd% increased by 2.11% per cubic centimeter.
The rate of change calculated from the two volume-points measured for
YLA 15.5 was much greater, with χfd% found to increase at a rate of 15.5%,
and χlf SI decreasing by 20% per cubic centimeter. These results indicate
that rate of change across volume size may be reliant on sample type or
magnetism. However, there may be a large degree of experimental error
associated with these findings, particularly with respect to the YLA 15.5
sample, due to the fact that 1) a small experimental sample size was used
in this experiment, and 2) the χlf SI values measured from YLA 15.5 falls
outside of the maximum resolution of the MS2B Dual Frequency Meter (2 x
10−6 SI).

Significance of volume-size on χlf and χfd% values

A minimum of 9 χlf, and χfd% measurements from each YOB 100 volume
size (10 cm3, 6.1 cm3, 4.1 cm3 and 2.9 cm3) were compared using a two-
tailed student’s t-test. Three samples at 6.1 cm3 and 3.1 cm3 were com-
pared from YLA 15.5. Results of this analysis are presented in table D.2,
and demonstrate that the χlf, and χfd% values returned for all volume sizes
are all significantly different from each other. This includes comparison of
6.1 cm3 vs. 10 cm3 χlf, and χfd% values from YOB 100, suggesting that, in
the context of the crater lake sediments, taking 5.7 cm3 as a minimum vol-
ume threshold value for mass specific magnetic susceptibility (as suggested
by Dearing (1999)), must be approached with caution.
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FIGURE D.1: Plots showing impact of changing volume size
on χlf, χhf and χfd% measurements for samples YOB 100

and YLA 15.5.

TABLE D.1: Summary of mass-specific magnetic suscepti-
bility results showing the mean and standard deviation for
χlf, χhf and χfd% measurements taken for each sample vol-

ume size.

sample ID sample
volume
(cm3)

n χlf χhf χfd%

YOB 100 10 4 (×3)∗ 5.53 × 10−6 ±
2.16 × 10−7

4.88× 10−6 ±
2.4 × 10−7

5.19 ± 0.11

YOB 100 6.1 4 (×3) 2.5 × 10−6 ±
6.7 × 10−8

2.17× 10−6 ±
2.0 × 10−8

5.71 ± 0.2

YOB 100 4.1 2 (×3) 2.7 × 10−6 ±
1.8 × 10−7

1.84× 10−6 ±
3.8 × 10−9

5.65 ± 0.02

YOB 100 2.9 2 (×3) 7.61 × 10−7 ±
2.9 × 10−7

1.99× 10−6 ±
1.2 × 10−7

6.08 ± 0.06

YLA 15.5 6.1 1 (×3) 9.17 × 10−7 ±
2.5 × 10−9

8.9 × 10−7 ±
1.1 × 10−9

2.78 ± 0.06

YLA 15.5 3.9 1 (×3) -7.59 × 10−7 ±
3.4 × 10−7

1.32× 10−6 ±
1.3 × 10−7

3.37 ± 0.1

∗ (×3) represents the triplicate measurements taken from each sample run
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TABLE D.2: Results of two-tailed student’s t-test comparing χlf, and χfd% results for different volume sizes (95% C.I.).

χlf χfd%
10 cm3 6.1 cm3 4.1 cm3 3.9 cm3 2.9 cm3 10 cm3 6.1 cm3 4.1 cm3 3.9 cm3 2.9 cm3

sample YOB 100 n/a YOB 100 YLA 15.5 YOB 100 YOB 100 n/a YOB 100 YLA 15.5 YOB 100
6.1 cm3 df 11 9 2 9 11 9 2 9

t Stat -10.8 -3.2 4.2 8.0 -6.0 -0.4 -3.8 -11.5
t Critical two-tail 2.2 2.3 4.3 2.3 2.2 2.3 4.3 2.3
sample YOB 100 YOB 100 n/a n/a YOB 100 YOB 100 YOB 100 n/a n/a YOB 100

4.1 cm3 df 8 9 8 8 9 8
t Stat 8.0 -3.2 8.0 -3.2 -0.4 -18.6
t Critical two-tail 2.3 2.3 2.3 2.3 2.3 2.3

sample n/a YLA 15.5 n/a n/a n/a n/a YLA 15.5 n/a n/a n/a
3.9 cm3 df 2 2

t Stat 4.2 -3.8
t Critical two-tail 4.3 4.3
sample YOB 100 YOB 100 YOB 100 n/a n/a YOB 100 YOB 100 YOB 100 n/a n/a

2.9 cm3 df 8 9 9 8 9 9
t Stat 12.8 12.5 8.0 -21.4 -11.5 -18.6
t Critical two-tail 2.3 2.3 2.3 2.3 2.3 2.3
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D.2 Correlation of Yeak Loam and Yeak Oam master
and replicate core κSI records

D.2.1 Methods

Relative peaks and troughs in the κSI records for each master core were
matched to those found in their respective replicate cores in order to pro-
vide depth-matching (tie-point) constraints for CPL slotting (which other-
wise assumes that the records are a similar length). Eight points (a to h)
were tied in the YL1211A-YL1211B record pair shown in table D.3. Due to
the number of “no core” gaps in the YO0712B record, and the large differ-
ence in the magnitude of the κSI values obtained for the master and repli-
cate record, it was more challenging to visually identify tie-points in the
Yeak Oam records. However, nine tentative points were selected as poten-
tial constraints (a to i) shown in table D.3.

TABLE D.3: Results of CPL slot correlation using selected tie
points whereby κSI data was matched between Yeak Loam

and Yeak Oam master and and replicate cores.

Tie point Sequence A
(YL1211B)

Sequence B
(YL1211A)

Sequence A
(YO0712B)

Sequence B
(YO0712C)

a 14.25 7.75 1 25.5
b 36.25 27.75 2.5 29.5
c 48.75 42.25 21 37
d 83.25 71.25 54 49.5
e 89.75 76.75 56.5 50
f 153.75 132.75 85 61.5
g 174.75 158.75 98.5 70.5
h 200.75 179.25 137.5 84.5
i 151 94

The master core and replicate core κSI records for each lake site were then
imported into CPLSLOT as two, 1-variable, scalar sequences. Replicate core
data (sequence B) were slotted into master core data (sequence A). The visu-
ally identified tie-points were selectively added into the model as ABN con-
straints until the highest correlation (Pearson’s) between the core sequences
was achieved (ABN function assumes that these points in the record are
near-neighbours), using a Euclidean distance measure and the Z-score to
normalise the data.

D.2.2 Results

Results of the CPL slot core correlation are summarized in table D.4, which
shows the correlation coefficient (Pearson’s r) for the different tie-point com-
binations applied to the model. The most significant correlation found be-
tween the YO0712B master and replicate record was found where none of
the tentatively identified tie-points were used in the model (r = 0.72). This
suggests that the total length of each sediment record is approximately the
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same. Incorporation of tie-points a, b, c and h into the YL model yielded the
highest correlation (r = 0.89) between the master and replicate core records.

TABLE D.4: Results of CPL slot correlation using selected tie
points whereby κSI data was matched between Yeak Loam

and Yeak Oam master and and replicate cores.

core pairs Constraints Pearson’s r sum-squared dif-
ference of ranks

Yeak Loam a to h 0.467 1852750
Yeak Loam a, b, c, g & h 0.881 801206
Yeak Loam a, b, c & h 0.888 767023
Yeak Loam a & h 0.848 932317
Yeak Loam none 0.842 1403839
Yeak Oam i to h 0.309 1989458
Yeak Oam d to i 0.592 1662946
Yeak Oam none 0.715 1057650
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E Sedimentology correlation
matrices for YM0413B

Pearson’s correlation matrices showing associations between different geo-
chemical and sedimentological properties of the YM0413B and YL1211B
cores sediments are shown on E.1 — YM0413B whole core correlations; E.2
— YM0413B sedimentary unit I correlations; E.3 — YM0413B sedimentary
unit II correlations; E.4 —YM0413B sedimentary unit III correlations; E.5 —
YM0413B sedimentary unit IV correlations; and E.6 —YL1211B whole core
correlations.
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TABLE E.1: Pearson’s correlation matrix for YM0413B XRF geochemical and sedimentological data (whole core). Significant correlations are
underlined (p<0.05).

Al Si K Ca Ti Cr Mn Fe Ni Cu Zn Rb Sr Y Zr Ba Pb Mn/
Ti

Cu/
Ti

Fe/
Ti

Fe/
Si

Mn/
Ca

Zr/
Rb

κSI TOC wc% mean sort skew kurt clay silt sand ρ(dry)

Al 1.0 0.4 0.3 0.4 0.4 0.3 0.2 0.3 -0.2 0.2 0.0 0.2 0.2 0.1 0.1 0.2 0.1 0.0 -0.3 -0.2 -0.3 0.1 0.0 0.1 -0.1 -0.2 0.0 0.1 -0.2 0.0 0.0 -0.1 0.1 0.1

Si 1.0 0.9 0.9 1.0 0.9 0.5 0.8 -0.1 0.6 0.5 0.9 0.9 0.7 0.8 0.8 0.3 0.1 -0.8 -0.4 -0.5 0.4 -0.4 0.5 -0.7 -0.9 -0.1 -0.1 -0.5 -0.2 0.0 0.1 -0.3 0.3

K 1.0 0.9 0.9 1.0 0.6 0.9 -0.1 0.5 0.4 1.0 0.9 0.6 0.8 0.8 0.3 0.2 -0.8 -0.3 -0.3 0.5 -0.6 0.7 -0.8 -0.9 -0.2 -0.2 -0.5 -0.2 0.1 0.2 -0.4 0.4

Ca 1.0 0.9 0.9 0.6 0.8 -0.3 0.5 0.3 0.8 0.7 0.6 0.7 0.8 0.3 0.2 -0.8 -0.3 -0.3 0.4 -0.4 0.6 -0.6 -0.8 -0.1 0.0 -0.4 -0.1 0.0 0.1 -0.2 0.4

Ti 1.0 0.9 0.5 0.8 0.0 0.7 0.5 0.9 0.9 0.7 0.8 0.9 0.4 0.1 -0.8 -0.4 -0.4 0.4 -0.5 0.5 -0.7 -0.9 -0.2 -0.1 -0.4 -0.2 0.1 0.1 -0.3 0.4

Cr 1.0 0.6 0.9 -0.1 0.5 0.4 0.9 0.9 0.6 0.8 0.8 0.3 0.3 -0.8 -0.2 -0.2 0.5 -0.5 0.7 -0.8 -0.9 -0.2 -0.2 -0.5 -0.1 0.0 0.2 -0.3 0.4

Mn 1.0 0.9 -0.2 -0.1 0.0 0.6 0.3 0.0 0.3 0.4 0.1 0.9 -0.5 0.4 0.3 1.0 -0.5 0.6 -0.4 -0.5 -0.2 -0.1 -0.3 -0.2 0.1 0.0 -0.3 0.3

Fe 1.0 -0.2 0.2 0.2 0.9 0.7 0.3 0.6 0.7 0.3 0.6 -0.7 0.1 0.1 0.8 -0.6 0.7 -0.6 -0.8 -0.2 -0.1 -0.4 -0.2 0.1 0.1 -0.3 0.4

Ni 1.0 0.5 0.7 -0.1 0.1 0.0 0.1 0.0 0.5 -0.3 0.3 -0.3 -0.1 -0.2 0.0 -0.3 -0.1 0.0 0.1 -0.2 0.1 0.1 -0.2 0.3 0.0 -0.1

Cu 1.0 0.8 0.4 0.6 0.7 0.5 0.6 0.6 -0.5 -0.4 -0.8 -0.6 -0.2 -0.2 0.0 -0.4 -0.5 0.0 -0.1 -0.2 -0.1 -0.1 0.1 0.0 0.0

Zn 1.0 0.4 0.5 0.6 0.5 0.4 0.6 -0.3 -0.3 -0.5 -0.4 0.0 -0.2 0.0 -0.5 -0.5 -0.1 -0.2 -0.2 -0.2 0.0 0.1 -0.2 0.0

Rb 1.0 0.9 0.6 0.8 0.8 0.2 0.3 -0.8 -0.2 -0.2 0.6 -0.6 0.7 -0.9 -0.9 -0.3 -0.2 -0.5 -0.2 0.1 0.2 -0.5 0.4

Sr 1.0 0.8 1.0 0.7 0.2 0.0 -0.7 -0.4 -0.4 0.3 -0.4 0.6 -0.9 -0.9 -0.1 -0.2 -0.4 -0.1 -0.1 0.3 -0.3 0.4

Y 1.0 0.8 0.6 0.2 -0.3 -0.6 -0.6 -0.6 -0.1 -0.3 0.2 -0.6 -0.7 -0.1 -0.2 -0.4 -0.2 0.1 0.1 -0.2 0.2

Zr 1.0 0.6 0.2 -0.1 -0.7 -0.4 -0.4 0.2 -0.2 0.5 -0.8 -0.8 0.0 -0.2 -0.4 -0.1 -0.1 0.3 -0.3 0.4

Ba 1.0 0.5 0.0 -0.7 -0.4 -0.3 0.3 -0.5 0.5 -0.7 -0.8 -0.2 -0.1 -0.4 -0.1 0.0 0.1 -0.2 0.2

Pb 1.0 -0.1 -0.2 -0.4 -0.2 0.1 -0.2 0.0 -0.2 -0.3 0.0 -0.1 -0.1 0.0 -0.2 0.1 0.1 -0.1

Mn/Ti 1.0 -0.2 0.8 0.7 0.9 -0.3 0.5 -0.1 -0.2 -0.2 0.0 -0.1 -0.1 0.2 -0.1 -0.2 0.2

Cu/Ti 1.0 0.3 0.2 -0.4 0.3 -0.6 0.6 0.8 0.1 0.1 0.3 0.3 -0.1 0.0 0.2 -0.4

Fe/Ti 1.0 0.9 0.6 -0.1 0.2 0.3 0.3 -0.1 0.0 0.1 0.0 0.2 -0.1 -0.1 0.0

Fe/Si 1.0 0.5 -0.1 0.1 0.2 0.3 -0.1 0.0 0.2 0.0 0.2 -0.1 -0.2 0.0

Mn/Ca 1.0 -0.5 0.6 -0.3 -0.5 -0.2 -0.1 -0.3 -0.2 0.2 0.0 -0.3 0.3

Zr/Rb 1.0 -0.4 0.5 0.5 0.5 0.2 0.3 0.2 -0.3 0.0 0.5 -0.2

κSI 1.0 -0.6 -0.7 -0.1 -0.2 -0.3 -0.1 -0.1 0.3 -0.3 0.4

TOC 1.0 0.9 0.3 0.4 0.3 0.2 -0.3 -0.1 0.6 -0.5

wc% 1.0 0.2 0.2 0.4 0.2 0.0 -0.2 0.3 -0.4

mean 1.0 0.2 0.2 0.3 -0.7 0.3 0.7 -0.3

sort 1.0 0.1 -0.2 0.1 -0.5 0.6 -0.2

skew 1.0 0.1 0.2 -0.4 0.2 -0.4

kurt 1.0 -0.5 0.4 0.2 -0.2

clay 1.0 -0.8 -0.4 0.3

silt 1.0 -0.2 0.0

sand 1.0 -0.4

ρ(dry) 1.0
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TABLE E.2: Pearson’s correlation matrix for YM0413B XRF geochemical and sedimentological data from sedimentary unit I. Significant corre-
lations are underlined (p<0.05).

Al Si K Ca Ti Cr Mn Fe Ni Cu Zn Rb Sr Y Zr Ba Pb Mn/
Ti

Cu/
Ti

Fe/
Ti

Fe/
Si

Mn/
Ca

Zr/
Rb

κSI TOC wc% mean sort skew kurt clay silt sand ρ(dry)

Al 1.0 0.0 -0.1 0.0 0.0 0.0 0.2 0.1 -0.4 -0.2 -0.3 0.0 -0.1 -0.1 -0.1 -0.1 -0.3 0.1 -0.1 0.1 0.0 0.1 -0.1 -0.1 0.3 0.0 0.5 0.3 -0.1 0.3 -0.4 -0.3 0.5 -0.4

Si 1.0 0.9 0.9 0.9 0.9 0.0 0.3 0.1 0.7 -0.1 0.8 0.9 0.7 0.9 0.8 0.0 -0.6 -0.8 -0.8 -0.8 -0.4 0.5 0.7 -0.8 -0.9 0.2 -0.3 -0.3 0.3 -0.3 0.3 0.1 0.8

K 1.0 0.8 0.9 0.9 0.1 0.5 0.1 0.7 0.0 1.0 0.9 0.6 0.9 0.8 0.0 -0.5 -0.9 -0.7 -0.6 -0.2 0.2 0.8 -0.9 -0.9 0.1 -0.3 -0.1 0.1 -0.1 0.1 0.0 0.8

Ca 1.0 0.9 0.9 0.1 0.2 -0.2 0.7 -0.4 0.7 0.9 0.7 0.9 0.8 -0.2 -0.5 -0.8 -0.8 -0.7 -0.3 0.6 0.7 -0.8 -0.9 0.0 -0.3 -0.3 0.1 -0.2 0.4 -0.1 0.8

Ti 1.0 1.0 0.1 0.4 -0.1 0.7 -0.3 0.9 0.9 0.7 0.9 0.9 -0.2 -0.5 -0.9 -0.8 -0.6 -0.3 0.5 0.8 -0.8 -0.9 -0.1 -0.5 -0.2 0.0 0.0 0.3 -0.2 0.8

Cr 1.0 0.2 0.5 0.0 0.8 -0.1 0.9 0.9 0.7 0.9 0.9 -0.1 -0.4 -0.9 -0.7 -0.6 -0.2 0.4 0.8 -0.8 -0.9 0.1 -0.3 -0.2 0.1 -0.1 0.3 0.0 0.7

Mn 1.0 0.8 -0.5 -0.2 -0.2 0.1 -0.2 -0.2 0.0 0.0 -0.1 0.8 -0.2 0.5 0.5 0.9 -0.3 -0.2 0.0 0.1 0.3 0.3 0.1 0.1 -0.1 -0.4 0.3 -0.3

Fe 1.0 -0.2 0.0 0.0 0.5 0.1 -0.1 0.2 0.3 0.1 0.5 -0.5 0.3 0.3 0.7 -0.3 0.1 -0.3 -0.2 0.3 0.3 0.3 0.2 -0.1 -0.5 0.4 0.0

Ni 1.0 0.4 0.8 0.1 0.1 0.0 0.0 0.1 0.8 -0.4 0.2 -0.1 -0.2 -0.4 0.0 0.1 -0.3 0.0 0.2 0.0 0.0 0.2 -0.2 -0.1 0.2 0.5

Cu 1.0 0.2 0.6 0.8 0.6 0.8 0.8 0.2 -0.6 -0.5 -0.7 -0.6 -0.5 0.6 0.6 -0.9 -0.7 0.0 -0.3 -0.2 0.1 -0.1 0.3 -0.1 0.9

Zn 1.0 -0.1 -0.2 -0.2 -0.2 -0.1 0.8 0.0 0.3 0.2 0.2 0.0 -0.2 -0.2 0.1 0.2 0.1 0.3 0.4 0.1 0.0 -0.4 0.2 0.0

Rb 1.0 0.8 0.6 0.8 0.8 -0.1 -0.5 -0.9 -0.6 -0.5 -0.2 0.1 0.8 -0.9 -0.8 0.0 -0.4 -0.1 0.0 0.0 0.1 -0.1 0.7

Sr 1.0 0.8 1.0 0.9 -0.1 -0.7 -0.8 -0.9 -0.8 -0.5 0.6 0.8 -0.9 -0.9 0.0 -0.6 -0.4 0.1 -0.1 0.5 -0.2 0.9

Y 1.0 0.8 0.7 -0.3 -0.6 -0.6 -0.8 -0.8 -0.5 0.5 0.6 -0.8 -0.7 -0.2 -0.7 -0.4 0.0 0.1 0.5 -0.4 0.8

Zr 1.0 0.9 -0.1 -0.6 -0.8 -0.8 -0.8 -0.4 0.6 0.8 -1.0 -0.9 -0.1 -0.6 -0.3 0.0 0.0 0.3 -0.2 0.9

Ba 1.0 -0.2 -0.5 -0.8 -0.8 -0.6 -0.3 0.3 0.7 -0.9 -0.8 -0.1 -0.6 -0.4 0.0 0.0 0.4 -0.3 0.8

Pb 1.0 0.0 0.3 0.2 0.1 0.0 -0.1 -0.1 0.0 0.1 0.5 0.5 0.1 0.4 -0.5 -0.3 0.6 0.1

Mn/Ti 1.0 0.4 0.9 0.8 0.9 -0.4 -0.7 0.7 0.6 0.3 0.6 0.2 0.2 -0.2 -0.5 0.4 -0.8

Cu/Ti 1.0 0.7 0.5 0.2 -0.2 -0.8 0.8 0.8 0.1 0.4 0.0 0.0 -0.1 -0.2 0.2 -0.7

Fe/Ti 1.0 0.9 0.8 -0.6 -0.8 0.9 0.8 0.3 0.7 0.4 0.1 -0.1 -0.6 0.5 -0.9

Fe/Si 1.0 0.8 -0.6 -0.7 0.8 0.7 0.0 0.5 0.6 -0.2 0.3 -0.7 0.2 -1.0

Mn/Ca 1.0 -0.5 -0.5 0.4 0.4 0.3 0.5 0.3 0.1 -0.1 -0.5 0.4 -0.7

Zr/Rb 1.0 0.3 -0.9 -0.4 -0.2 -0.6 -0.4 0.0 0.0 0.6 -0.4 1.0

κSI 1.0 -0.9 -0.9 -0.1 -0.6 -0.2 0.0 0.1 0.3 -0.3 0.8

TOC 1.0 1.0 0.5 0.9 0.4 0.4 -0.3 -0.7 0.7 -0.9

wc% 1.0 -0.1 0.4 0.4 -0.2 0.2 -0.4 0.1 -0.9

mean 1.0 0.5 -0.4 0.9 -0.9 -0.2 0.9 -0.5

sort 1.0 0.2 0.3 -0.5 -0.5 0.8 -0.8

skew 1.0 -0.5 0.7 -0.8 -0.1 -0.8

kurt 1.0 -0.9 0.1 0.7 -0.1

clay 1.0 -0.2 -0.8 0.2

silt 1.0 -0.5 1.0

sand 1.0 -0.7

ρ(dry) 1.0
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TABLE E.3: Pearson’s correlation matrix for YM0413B XRF geochemical and sedimentological data from sedimentary unit II. Significant corre-
lations are underlined (p<0.05).

Al Si K Ca Ti Cr Mn Fe Ni Cu Zn Rb Sr Y Zr Ba Pb Mn/
Ti

Cu/
Ti

Fe/
Ti

Fe/
Si

Mn/
Ca

Zr/
Rb

κSI TOC wc% mean sort skew kurt clay silt sand ρ(dry)

Al 1.0 0.3 0.2 0.4 0.2 0.2 0.1 0.1 0.0 0.2 0.0 0.0 0.0 -0.1 0.0 0.2 0.2 -0.1 -0.1 -0.2 -0.3 -0.1 0.0 -0.2 0.1 0.0 0.2 -0.2 -0.1 0.2 -0.2 0.2 0.1 0.0

Si 1.0 0.9 0.9 1.0 0.9 0.5 0.8 0.2 0.5 0.5 0.8 0.8 0.5 0.7 0.7 0.2 0.3 -0.8 0.0 0.0 0.5 -0.3 0.4 -0.6 -0.7 -0.2 -0.4 -0.5 0.0 0.0 0.4 -0.4 0.5

K 1.0 0.8 1.0 0.9 0.6 0.9 0.2 0.4 0.5 0.9 0.8 0.5 0.7 0.7 0.1 0.5 -0.9 0.2 0.2 0.6 -0.5 0.5 -0.7 -0.8 -0.4 -0.4 -0.5 -0.1 0.2 0.3 -0.6 0.6

Ca 1.0 0.8 0.8 0.6 0.7 0.0 0.4 0.2 0.6 0.5 0.1 0.4 0.8 0.4 0.4 -0.6 0.0 0.0 0.4 -0.3 0.3 -0.3 -0.5 -0.2 -0.2 -0.4 0.1 0.0 0.3 -0.3 0.3

Ti 1.0 1.0 0.5 0.8 0.2 0.5 0.5 0.9 0.8 0.5 0.8 0.8 0.2 0.3 -0.9 0.0 0.1 0.5 -0.4 0.5 -0.7 -0.7 -0.3 -0.3 -0.5 0.0 0.1 0.4 -0.5 0.5

Cr 1.0 0.6 0.9 0.2 0.4 0.5 0.9 0.8 0.5 0.8 0.7 0.1 0.5 -0.8 0.2 0.2 0.6 -0.3 0.6 -0.7 -0.8 -0.3 -0.4 -0.6 -0.1 0.1 0.3 -0.5 0.5

Mn 1.0 0.9 0.1 -0.1 0.3 0.6 0.4 0.0 0.3 0.4 0.1 0.9 -0.5 0.7 0.7 1.0 -0.5 0.6 -0.4 -0.6 -0.3 -0.3 -0.4 -0.3 0.3 0.0 -0.5 0.4

Fe 1.0 0.2 0.1 0.5 0.5 0.7 0.3 0.6 0.5 0.1 0.8 -0.8 0.6 0.6 0.9 -0.5 0.7 -0.6 -0.8 -0.4 -0.4 -0.5 -0.3 0.3 0.1 -0.6 0.6

Ni 1.0 0.5 0.8 0.2 0.3 0.3 0.2 0.1 0.3 0.0 0.0 0.1 0.1 0.2 -0.1 0.2 -0.2 -0.2 0.0 0.0 -0.2 0.0 0.0 0.1 -0.1 0.2

Cu 1.0 0.5 0.2 0.4 0.4 0.4 0.5 0.5 -0.3 -0.1 -0.5 -0.4 -0.2 0.0 0.0 -0.1 -0.2 0.1 -0.1 -0.3 0.3 -0.4 0.5 0.1 0.0

Zn 1.0 0.5 0.6 0.5 0.6 0.2 0.1 0.1 -0.4 0.1 0.2 0.3 -0.1 0.4 -0.5 -0.5 -0.2 -0.2 -0.4 -0.1 0.1 0.2 -0.3 0.4

Rb 1.0 0.9 0.6 0.8 0.6 0.0 0.5 -0.9 0.3 0.4 0.7 -0.6 0.7 -0.8 -0.9 -0.5 -0.4 -0.6 -0.3 0.3 0.2 -0.7 0.6

Sr 1.0 0.8 1.0 0.5 -0.1 0.3 -0.7 0.1 0.2 0.4 -0.2 0.7 -0.8 -0.8 -0.2 -0.4 -0.7 -0.1 0.0 0.4 -0.4 0.5

Y 1.0 0.8 0.3 -0.2 -0.1 -0.5 -0.2 0.0 0.1 0.0 0.4 -0.5 -0.6 -0.1 -0.3 -0.5 -0.1 -0.1 0.4 -0.3 0.3

Zr 1.0 0.4 -0.2 0.2 -0.7 0.0 0.1 0.3 0.0 0.6 -0.7 -0.8 -0.1 -0.4 -0.6 -0.1 0.0 0.3 -0.4 0.5

Ba 1.0 0.4 0.2 -0.6 -0.2 0.0 0.3 -0.5 0.2 -0.4 -0.5 -0.2 -0.2 -0.4 0.1 0.0 0.3 -0.2 0.2

Pb 1.0 0.0 0.1 -0.1 -0.1 0.0 -0.2 -0.1 0.2 0.0 0.1 -0.1 -0.1 0.3 -0.2 0.3 0.1 -0.1

Mn/Ti 1.0 -0.4 0.9 0.8 1.0 -0.5 0.6 -0.4 -0.5 -0.3 -0.3 -0.3 -0.4 0.4 -0.2 -0.5 0.4

Cu/Ti 1.0 -0.2 -0.3 -0.5 0.4 -0.6 0.7 0.7 0.5 0.3 0.4 0.3 -0.4 -0.1 0.7 -0.5

Fe/Ti 1.0 0.9 0.8 -0.3 0.6 -0.3 -0.3 -0.3 -0.2 -0.1 -0.5 0.5 -0.3 -0.4 0.4

Fe/Si 1.0 0.8 -0.5 0.6 -0.4 -0.4 -0.4 -0.2 -0.2 -0.6 0.6 -0.4 -0.5 0.4

Mn/Ca 1.0 -0.5 0.7 -0.5 -0.6 -0.4 -0.3 -0.4 -0.4 0.4 -0.1 -0.5 0.5

Zr/Rb 1.0 -0.3 0.3 0.4 0.6 0.0 0.1 0.3 -0.4 0.1 0.5 -0.3

κSI 1.0 -0.7 -0.8 -0.3 -0.3 -0.6 -0.3 0.2 0.2 -0.5 0.6

TOC 1.0 0.9 0.4 0.2 0.3 0.5 -0.4 0.1 0.6 -0.7

wc% 1.0 0.3 0.4 0.5 0.2 -0.1 -0.2 0.5 -0.6

mean 1.0 -0.2 -0.1 0.6 -0.8 0.4 0.9 -0.4

sort 1.0 0.3 -0.1 0.1 -0.3 0.2 0.0

skew 1.0 -0.1 0.4 -0.7 0.1 -0.1

kurt 1.0 -0.8 0.6 0.6 -0.4

clay 1.0 -0.8 -0.7 0.4

silt 1.0 0.2 -0.2

sand 1.0 -0.4

ρ(dry) 1.0
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TABLE E.4: Pearson’s correlation matrix for YM0413B XRF geochemical and sedimentological data from sedimentary unit III. Significant
correlations are underlined (p<0.05).

Al Si K Ca Ti Cr Mn Fe Ni Cu Zn Rb Sr Y Zr Ba Pb Mn/
Ti

Cu/
Ti

Fe/
Ti

Fe/
Si

Mn/
Ca

Zr/
Rb

κSI TOC wc% mean sort skew kurt clay silt sand ρ(dry)

Al 1.0 0.5 0.3 0.6 0.5 0.5 0.3 0.3 0.0 0.0 0.0 0.1 -0.1 -0.4 -0.1 0.3 0.4 0.2 -0.4 0.2 0.2 0.2 0.0 0.4 0.3 -0.1 0.4 -0.3 -0.2 0.3 -0.4 0.4 0.2 0.0

Si 1.0 0.5 0.9 0.9 0.6 0.0 0.2 0.4 0.3 0.3 0.0 0.3 -0.2 0.3 0.7 0.2 -0.1 -0.3 -0.2 -0.2 -0.1 0.2 0.3 -0.1 0.0 0.3 -0.3 0.0 0.0 -0.2 0.2 0.1 -0.1

K 1.0 0.5 0.5 0.7 0.6 0.7 -0.3 -0.4 0.0 0.8 -0.3 -0.6 -0.4 0.3 0.7 0.5 -0.7 0.5 0.5 0.6 -0.6 0.5 -0.1 -0.5 -0.4 0.0 -0.3 0.0 0.3 -0.1 -0.4 0.3

Ca 1.0 1.0 0.8 0.3 0.4 0.2 0.1 0.0 0.1 0.1 -0.5 0.1 0.5 0.5 0.2 -0.5 0.1 0.1 0.2 0.1 0.4 0.1 0.0 0.2 -0.2 -0.2 -0.1 -0.1 0.1 0.1 0.0

Ti 1.0 0.8 0.2 0.3 0.3 0.2 0.2 0.1 0.2 -0.4 0.3 0.6 0.4 0.0 -0.4 0.0 0.0 0.0 0.1 0.4 -0.1 0.0 0.2 -0.2 -0.2 0.0 -0.1 0.1 0.1 0.1

Cr 1.0 0.7 0.8 -0.2 -0.3 -0.2 0.4 -0.3 -0.7 -0.3 0.4 0.7 0.6 -0.8 0.5 0.5 0.6 -0.3 0.6 0.1 -0.3 -0.1 -0.1 -0.5 0.0 0.0 0.1 -0.2 0.3

Mn 1.0 1.0 -0.8 -0.8 -0.7 0.7 -0.8 -0.9 -0.8 -0.2 0.9 1.0 -0.9 1.0 1.0 1.0 -0.8 0.6 0.3 -0.5 -0.4 0.2 -0.5 -0.2 0.4 -0.2 -0.3 0.4

Fe 1.0 -0.7 -0.8 -0.6 0.7 -0.7 -0.9 -0.7 -0.1 0.9 0.9 -0.9 0.9 0.9 0.9 -0.8 0.6 0.3 -0.5 -0.4 0.1 -0.5 -0.2 0.3 -0.2 -0.3 0.4

Ni 1.0 0.9 0.7 -0.5 0.8 0.6 0.8 0.5 -0.6 -0.9 0.6 -0.9 -0.9 -0.9 0.8 -0.3 -0.4 0.4 0.4 -0.2 0.3 0.1 -0.3 0.2 0.3 -0.2

Cu 1.0 0.7 -0.6 0.8 0.7 0.9 0.5 -0.6 -0.9 0.8 -0.9 -0.9 -0.9 0.8 -0.4 -0.3 0.4 0.5 -0.4 0.3 0.2 -0.5 0.4 0.3 -0.3

Zn 1.0 -0.2 0.7 0.5 0.7 0.5 -0.5 -0.7 0.5 -0.7 -0.7 -0.7 0.4 0.0 -0.4 0.1 0.1 -0.2 0.3 0.0 -0.1 0.1 0.0 0.2

Rb 1.0 -0.5 -0.6 -0.6 -0.1 0.7 0.7 -0.6 0.7 0.7 0.7 -0.9 0.4 0.0 -0.5 -0.6 0.3 -0.3 -0.2 0.5 -0.4 -0.5 0.4

Sr 1.0 0.7 0.9 0.5 -0.5 -0.8 0.6 -0.8 -0.8 -0.8 0.7 -0.4 -0.7 0.3 0.4 0.0 0.6 0.2 -0.3 0.2 0.3 -0.2

Y 1.0 0.7 0.1 -0.8 -0.9 0.9 -0.8 -0.8 -0.8 0.7 -0.7 -0.4 0.4 0.3 -0.1 0.5 0.2 -0.3 0.2 0.3 -0.4

Zr 1.0 0.5 -0.6 -0.9 0.7 -0.9 -0.9 -0.9 0.9 -0.4 -0.5 0.4 0.5 -0.1 0.5 0.2 -0.4 0.3 0.4 -0.2

Ba 1.0 0.0 -0.3 0.0 -0.3 -0.3 -0.3 0.3 0.1 -0.2 0.0 0.1 -0.1 0.2 0.2 -0.2 0.3 -0.1 0.1

Pb 1.0 0.8 -0.8 0.8 0.8 0.8 -0.7 0.6 0.3 -0.4 -0.3 0.3 -0.5 -0.1 0.3 -0.2 -0.2 0.3

Mn/Ti 1.0 -0.8 1.0 1.0 1.0 -0.8 0.6 0.3 -0.5 -0.4 0.2 -0.5 -0.1 0.3 -0.2 -0.4 0.3

Cu/Ti 1.0 -0.8 -0.8 -0.8 0.7 -0.7 -0.2 0.4 0.3 -0.1 0.4 0.2 -0.3 0.3 0.2 -0.3

Fe/Ti 1.0 1.0 1.0 -0.9 0.5 0.3 -0.5 -0.5 0.2 -0.5 -0.1 0.4 -0.2 -0.4 0.3

Fe/Si 1.0 1.0 -0.8 0.5 0.3 -0.5 -0.5 0.2 -0.5 -0.1 0.4 -0.2 -0.4 0.4

Mn/Ca 1.0 -0.8 0.6 0.3 -0.5 -0.5 0.2 -0.5 -0.1 0.4 -0.2 -0.4 0.3

Zr/Rb 1.0 -0.5 -0.2 0.5 0.7 -0.3 0.5 0.2 -0.6 0.3 0.6 -0.4

κSI 1.0 0.1 -0.5 -0.4 0.0 -0.5 -0.5 0.5 -0.4 -0.4 0.6

TOC 1.0 0.3 0.5 -0.6 -0.2 0.7 -0.8 0.8 0.1 -0.3

wc% 1.0 0.7 -0.4 0.4 0.0 -0.5 0.3 0.4 -0.6

mean 1.0 -0.5 0.5 0.5 -0.9 0.6 0.8 -0.7

sort 1.0 0.0 -0.2 0.4 -0.6 0.1 0.2

skew 1.0 0.3 -0.4 0.1 0.6 -0.6

kurt 1.0 -0.8 0.8 0.5 -0.5

clay 1.0 -0.9 -0.7 0.6

silt 1.0 0.2 -0.4

sand 1.0 -0.5

ρ(dry) 1.0
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TABLE E.5: Pearson’s correlation matrix for YM0413B XRF geochemical and sedimentological data from sedimentary unit IV. Significant
correlations are underlined (p<0.05).

Al Si K Ca Ti Cr Mn Fe Ni Cu Zn Rb Sr Y Zr Ba Pb Mn/
Ti

Cu/
Ti

Fe/
Ti

Fe/
Si

Mn/
Ca

Zr/
Rb

κSI TOC wc% mean sort skew kurt clay silt sand ρ(dry)

Al 1.0 0.1 -0.3 0.1 -0.2 -0.2 0.0 -0.2 -0.3 -0.3 -0.4 -0.4 -0.3 -0.3 -0.2 -0.4 -0.4 0.1 -0.1 0.0 -0.3 0.0 0.4 -0.4 0.3 0.3 0.0 0.3 -0.1 -0.1 0.2 -0.3 0.3 0.1

Si 1.0 0.8 0.6 0.9 0.8 0.3 0.7 0.2 0.4 0.4 0.7 0.6 0.4 0.7 0.5 0.5 -0.4 -0.6 -0.5 -0.4 0.0 0.1 0.5 -0.5 -0.7 0.2 -0.3 0.1 0.1 -0.5 0.5 -0.1 0.1

K 1.0 0.5 0.9 0.9 0.3 0.8 0.5 0.7 0.6 0.9 0.9 0.5 0.8 0.8 0.7 -0.4 -0.5 -0.5 -0.1 0.0 -0.3 0.7 -0.8 -0.9 0.2 -0.4 0.1 0.2 -0.5 0.6 -0.3 0.1

Ca 1.0 0.6 0.6 0.6 0.6 -0.1 0.1 0.0 0.3 0.2 0.1 0.5 0.3 0.1 0.0 -0.7 -0.2 0.0 0.1 0.3 0.3 -0.1 -0.3 0.4 0.2 0.3 0.1 -0.2 0.1 0.2 0.6

Ti 1.0 0.9 0.3 0.9 0.4 0.6 0.6 0.8 0.8 0.4 0.9 0.7 0.7 -0.4 -0.7 -0.6 -0.1 0.1 0.0 0.8 -0.7 -0.8 0.3 -0.3 0.2 0.1 -0.5 0.5 -0.1 0.1

Cr 1.0 0.4 0.9 0.5 0.7 0.6 0.7 0.8 0.3 0.8 0.7 0.7 -0.4 -0.6 -0.5 0.0 0.1 0.0 0.8 -0.7 -0.8 0.3 -0.3 0.2 0.2 -0.5 0.5 -0.1 0.2

Mn 1.0 0.7 -0.3 -0.2 -0.2 0.1 -0.1 0.1 0.1 0.0 -0.1 0.6 -0.6 0.4 0.5 0.9 0.0 0.1 0.2 0.0 0.1 0.0 0.2 -0.1 0.1 -0.1 0.0 0.1

Fe 1.0 0.3 0.4 0.5 0.7 0.6 0.3 0.7 0.6 0.5 0.0 -0.7 -0.1 0.3 0.4 -0.1 0.7 -0.5 -0.7 0.2 -0.3 0.2 0.1 -0.3 0.4 -0.2 0.2

Ni 1.0 0.9 0.9 0.5 0.7 0.1 0.5 0.6 0.8 -0.6 0.2 -0.4 -0.1 -0.3 -0.2 0.6 -0.8 -0.6 0.1 -0.4 -0.1 0.3 -0.5 0.6 -0.3 -0.1

Cu 1.0 0.9 0.7 0.8 0.2 0.7 0.7 0.8 -0.7 0.1 -0.6 -0.1 -0.3 -0.2 0.7 -0.9 -0.7 0.1 -0.4 0.0 0.3 -0.5 0.6 -0.2 0.0

Zn 1.0 0.7 0.8 0.3 0.7 0.7 0.9 -0.6 0.0 -0.5 -0.1 -0.2 -0.2 0.8 -0.8 -0.8 0.1 -0.5 -0.1 0.2 -0.5 0.7 -0.3 -0.1

Rb 1.0 0.9 0.6 0.8 0.8 0.7 -0.5 -0.3 -0.5 -0.1 -0.1 -0.5 0.7 -0.9 -0.9 0.1 -0.4 0.1 0.2 -0.4 0.6 -0.4 0.1

Sr 1.0 0.5 0.9 0.8 0.8 -0.7 -0.2 -0.6 -0.2 -0.3 -0.2 0.8 -0.9 -0.9 0.2 -0.4 0.1 0.2 -0.5 0.6 -0.3 0.0

Y 1.0 0.4 0.4 0.3 -0.2 -0.2 -0.2 -0.1 0.0 -0.4 0.4 -0.4 -0.5 -0.2 -0.4 0.0 0.0 -0.1 0.3 -0.4 -0.2

Zr 1.0 0.7 0.8 -0.6 -0.5 -0.7 -0.2 -0.2 0.1 0.9 -0.8 -0.9 0.4 -0.2 0.2 0.1 -0.5 0.6 0.0 0.2

Ba 1.0 0.7 -0.5 -0.2 -0.5 -0.1 -0.2 -0.3 0.6 -0.9 -0.8 0.0 -0.4 0.0 0.3 -0.3 0.5 -0.4 0.0

Pb 1.0 -0.5 -0.1 -0.5 0.0 -0.2 -0.1 0.9 -0.8 -0.8 0.1 -0.4 0.0 0.1 -0.5 0.6 -0.2 0.0

Mn/Ti 1.0 -0.1 0.9 0.6 0.8 0.0 -0.4 0.6 0.6 -0.2 0.1 0.1 -0.1 0.4 -0.5 0.1 -0.1

Cu/Ti 1.0 0.1 -0.1 -0.4 -0.3 -0.4 0.1 0.3 -0.3 0.0 -0.2 0.0 0.2 -0.1 -0.1 -0.2

Fe/Ti 1.0 0.7 0.6 -0.2 -0.5 0.5 0.6 -0.2 0.0 0.0 -0.1 0.5 -0.4 -0.1 -0.1

Fe/Si 1.0 0.6 -0.2 0.1 0.0 0.1 -0.1 0.0 0.2 0.0 0.4 -0.3 -0.1 0.0

Mn/Ca 1.0 0.0 0.0 0.2 0.1 -0.1 -0.1 0.0 -0.1 0.2 -0.2 -0.1 -0.1

Zr/Rb 1.0 0.0 0.5 0.2 0.3 0.5 0.1 -0.1 -0.1 -0.2 0.6 0.2

κSI 1.0 -0.8 -0.9 0.3 -0.3 0.2 0.0 -0.4 0.5 -0.2 -0.1

TOC 1.0 0.9 0.1 0.3 -0.5 -0.5 0.3 -0.5 0.3 0.0

wc% 1.0 -0.2 0.4 -0.1 -0.1 0.5 -0.6 0.3 0.1

mean 1.0 0.4 0.3 0.0 -0.5 0.2 0.7 0.2

sort 1.0 0.0 -0.2 0.1 -0.5 0.8 -0.3

skew 1.0 0.1 0.2 -0.3 0.2 -0.1

kurt 1.0 -0.1 0.2 -0.1 0.4

clay 1.0 -0.9 -0.2 -0.2

silt 1.0 -0.3 0.3

sand 1.0 -0.1

ρ(dry) 1.0
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TABLE E.6: Pearson’s correlation matrix for YL1211B XRF geochemical and sedimentological data (whole core). Significant correlations are
underlined (p<0.05).

Si K Ca Ti Mn Fe Zn Rb Sr Zr Pb Mn/
Ti

Fe/
Ti

Mn/
Fe

Mn/
Ca

Zr/
Rb

TOC clay silt sand κSI wc% ρ(dry) χfd% χlf

Si 1.0 0.9 0.5 0.7 0.0 0.2 0.4 0.1 0.1 0.2 0.2 -0.2 -0.3 -0.1 -0.2 -0.3 0.2 0.0 0.0 0.0 0.0 -0.1 0.0 -0.1 -0.2

K 1.0 0.6 0.9 0.0 0.2 0.6 0.1 0.1 0.3 0.2 -0.3 -0.5 -0.1 -0.3 -0.3 0.2 -0.1 0.0 0.1 0.1 0.0 0.0 -0.1 -0.1

Ca 1.0 0.5 0.1 -0.1 0.6 -0.2 0.0 0.2 0.0 -0.1 -0.4 0.2 -0.3 0.0 0.3 0.0 -0.4 0.5 0.2 0.0 0.1 -0.1 -0.2

Ti 1.0 0.3 0.5 0.4 0.4 0.3 0.6 0.4 0.0 -0.3 0.1 0.1 -0.5 0.2 0.1 -0.2 0.2 0.1 -0.2 0.0 -0.1 -0.1

Mn 1.0 0.5 -0.1 0.5 0.3 0.2 0.3 0.9 0.3 0.8 0.9 -0.4 0.0 0.1 -0.1 0.1 0.1 -0.4 0.0 0.2 0.0

Fe 1.0 -0.4 1.0 0.2 0.5 0.9 0.3 0.7 -0.1 0.5 -0.9 0.4 0.2 -0.3 0.2 0.2 -0.4 -0.1 -0.1 0.1

Zn 1.0 -0.5 -0.2 0.0 -0.3 -0.3 -0.7 0.1 -0.4 0.2 -0.1 -0.2 0.1 0.0 0.0 0.3 0.1 -0.1 -0.1

Rb 1.0 0.2 0.4 0.9 0.3 0.8 -0.1 0.5 -0.9 0.4 0.2 -0.2 0.2 0.2 -0.4 -0.1 -0.1 0.1

Sr 1.0 0.3 0.0 0.2 -0.1 0.3 0.3 -0.1 -0.1 0.1 -0.1 0.1 0.0 -0.3 0.0 0.1 0.0

Zr 1.0 0.5 -0.1 0.1 -0.1 0.1 -0.3 0.5 0.3 -0.4 0.2 -0.1 -0.4 0.1 -0.1 0.0

Pb 1.0 0.2 0.6 -0.2 0.3 -0.8 0.5 0.2 -0.3 0.2 0.2 -0.4 0.0 -0.2 0.1

Mn/Ti 1.0 -0.3 0.8 0.9 -0.2 -0.1 0.1 -0.1 0.0 0.1 -0.3 0.0 0.2 0.0

Fe/Ti 1.0 -0.2 0.5 -0.6 0.3 0.1 -0.1 0.1 0.1 -0.2 -0.2 -0.1 0.1

Mn/Fe 1.0 0.8 0.1 -0.3 0.0 0.0 0.0 0.1 -0.1 0.0 0.3 0.0

Mn/Ca 1.0 -0.3 -0.1 0.1 0.0 -0.1 0.0 -0.4 0.0 0.2 0.1

Zr/Rb 1.0 -0.3 0.0 0.1 -0.1 -0.3 0.2 0.2 0.1 -0.1

TOC 1.0 0.3 -0.6 0.5 0.1 -0.3 0.2 -0.3 0.0

clay 1.0 -0.6 -0.1 -0.1 -0.3 0.0 0.0 0.0

silt 1.0 -0.7 -0.1 0.4 0.0 0.1 0.1

sand 1.0 0.2 -0.2 0.0 -0.1 0.0

κSI 1.0 0.0 -0.1 -0.1 0.0

wc% 1.0 0.0 0.0 -0.1

ρ(dry) 1.0 0.0 0.0

χfd% 1.0 -0.6

χlf 1.0
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F Plant microfossil and micro-charcoal
extraction techniques

F.1 Procedure for pollen extraction from field reference samples (flow-
ers) (after Faegri and Iversen (1989))

Removal of unsaturated humic colloids

1. Label clean, 50 ml centrifuge tubes with appropriate sample codes, and place the individ-
ual pollen samples (flowers) into their relevant tubes.

2. In a fume hood, add 20 ml 10% KOH to each sample and mix with a vortex mixer.

3. Place samples tubes into a near-boiling (80 ◦C) hot water bath for 20 minutes.

4. Remove samples from bath, fill with distilled water, centrifuge at 3 000 rpm for 5 minutes
and decant the supernatant.

5. Fill samples tubes with distilled water, centrifuge at 300 rpm for 5 minutes and decant the
supernatant.

Sieving

6. Wash samples through a 105 µm sieve into a collecting basin.

7. Place the <105 µm fraction back into the sample tubes and centrifuge at 3 000 rpm for
5 minutes.

8. Decant supernatant.

Removal of cellulose (Acetolysis)

9. Add 10 ml glacial acetic acid to each sample, mix with the vortex mixer, centrifuge sam-
ples at 3 000 rpm for 5 minutes and decant the supernatant.

10. Repeat above step.

11. Prepare acetolysis mixture (9:1 ratio of anhydride to concentrated sulphuric acid). Add
10 ml of this mixture to each sample.

12. Cap loosely and place the samples tubes in a near-boiling (80 ◦C) hot water bath for
5 minutes.

13. Tighten caps and centrifuge at 3 000 rpm for 5 minutes and decant supernatant.

14. Add 10 ml glacial acetic acid to each sample, mix with the vortex mixer, centrifuge at
3 000 rpm for 5 minutes, and decant the supernatant.



Appendix F. Plant microfossil and micro-charcoal extraction techniques 307

15. Add 30 ml distilled water to samples and mix with the vortex mixer, centrifuge at 3 000
rpm for 5 minutes and decant the supernatant.

16. Repeat above step twice.

Preparation for mounting

17. Label clean, 1.5 ml micro-centrifuge tube vials with relevant samples codes.

18. Using a new glass pipette for each sample, collect the remaining material and place into
the appropriate vials.

19. Cap vials and centrifuge at 3 000 rpm for 5 minutes and pipette off the supernatant.

20. Add sufficient glycerol to bring the total sample volume to 1.5 ml

Mounting

21. Warm a beaker of paraffin wax on a hotplate set to 50 ◦C.

22. Using a micro-pipette, stir sample and place a single drop onto a glass microscope slide.
Put slide on hotplate.

23. Using the melted paraffin wax, seal the sample with a coverslip.

24. Take slide off plate and let wax set.

F.2 Procedure for plant microfossil and micro-charcoal extraction from
core samples (after Faegri and Iversen (1989))

Sampling, weighing and addition of exotic markers

1. Label a clean, 15 ml centrifuge tube with an appropriate sample code.

2. Measure out 1 cm3 (field moisture condition) of core sediment sample and place into tube.

3. Add one Lycopodium clavatum spore tablet into each sample tube.

Removal of unsaturated humic colloids

4. In a fume hood, add 7-10 ml 10% KOH to each sample and mix with a vortex mixer.

5. Place sample tubes into a near-boiling (80 ◦C) hot water bath for 20 minutes.

6. Remove samples from bath, fill with distilled water and centrifuge at 3 000 rpm for 5 min-
utes and decant the supernatant.

7. Fill sample tubes with distilled water, mix well with the vortex mixer, centrifuge at 3 000 rpm
for 5 minutes and decant the supernatant.
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Sieving

8. Add 5 ml of distilled water to the centrifuge tubes and mix with a vortex mixer.

9. Wash samples (using distilled water) through a 105 µm sieve into a clean collecting basin.

10. Place the <105 µm fraction back into the sample tube and centrifuge at 3 000 rpm for
5 minutes.

11. Decant the supernatant.

Removal of silicates

12. Wearing appropriate safety equipment and working in a fume hood, add 5 ml HF (50%)
to each sample, cap tightly and mix with a vortex mixer.

13. Place samples into a near-boiling (80 ◦C) hot water bath for 60 minutes.

14. Carefully remove samples from bath, fill sample tubes with distilled water and mix with
the vortex mixer.

15. Centrifuge at 3 000 rpm for 5 minutes, and decant the supernatant into a HF waste recep-
tacle.

16. Fill each sample tube with distilled water, mix with the vortex mixer, centrifuge at 3 000
rpm for 5 minutes and decant the supernatant.

17. Repeat the above step twice.

Removal of cellulose (Acetolysis)

18. Add 7 ml glacial acetic acid to each sample, cap and mix with the vortex mixer, centrifuge
samples at 3 000 rpm for 5 minutes and decant the supernatant.

19. Repeat above step.

20. Prepare acetolysis mixture (9:1 ratio of anhydride to concentrated sulphuric acid). Add
7 ml of this mixture to each sample.

21. Place the samples tubes in a near-boiling (80 ◦C) hot water bath for 5 minutes.

22. Tighten caps and centrifuge at 3 000 rpm for 5 minutes and decant supernatant.

23. Add 5-7 ml glacial acetic acid to each sample, mix with the vortex mixer, centrifuge at
3 000 rpm for 5 minutes, and decant the supernatant.

24. Fill each sample tube with distilled water, mix with the vortex mixer, centrifuge at 3 000
rpm for 5 minutes and decant the supernatant.

25. Repeat above step twice.

Preparation for mounting

26. Label clean, 1.5 ml micro-centrifuge tube vials with relevant samples codes.

27. Using a new glass pipette for each sample, collect the remaining material and place into
the appropriate vials.

28. Cap vials and centrifuge at 3 000 rpm for 5 minutes and pipette off the supernatant.
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29. Add sufficient glycerol to bring the total sample volume to 1.5 ml

Mounting

30. Warm a beaker of paraffin wax on a hotplate set to 50 ◦C.

31. Using a clean micro-pipette for each sample, stir the sample and place a single drop onto
a glass microscope slide. Put slide on hotplate.

32. Using the melted paraffin wax, seal the sample with a coverslip.

33. Take slide off plate and let wax set.
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G Plant microfossil reference collection

The plant microfossil reference material collected for this project are listed in table G.1. The
sample numbers referred to in this table correspond to photographs presented in G.1 and G.2.
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Anacardiaceae 1 2 3 4 5

Arecaceae 6 Betulaceae 87 9 Combretaceae 10

11 12 13 14 15

16 17 18 Cannabaceae 19 20

Datiscaceae 21 22 23 Dipterocarpaceae 24

26 27

25

Elaeocarpaceae 28 29Euphorbiaceae 30

31 Fagaceae 32 Guttiferae/Clusiaceae 33 Juglandaceae 34 Lecythidaceae 35

36

Mimosaceae

37 41403938Lythraceae

42 Melastomaceae 43 4544 46

Meliaceae 47 48Phyllanthaceae 49

52

50 51

RhizophoraceaePinaceae 53 Rosaceae Sapindaceae 5554 56

Rhamnaceae

FIGURE G.1: Photomicrographs taken of microfossil reference samples (plate 1).
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595857Rubiaceae

Verbenaceae

646362

6160

Rutaceae

696867

6665

Sterculiaceae

7372

71

Cannabaceae 74 75 76

FIGURE G.2: Photomicrographs taken of microfossil reference samples (plate 2).

TABLE G.1: List of described and photographed reference material. Lied = Leiden collection; APSA = Australian Pollen and Spore Atlas
Collection.

Sample
Number

Family Genus Species Collection Reference Code mean
P (µm)

mean
E (µm)

E-shape

1 Anacardiaceae Buchanania arborescens ANU APSA 155 4 2a 23.0 14.9 prolate
2 Anacardiaceae Buchanania heterophylla ANU APSA 155 4 7 22.2 17.2 sub-prolate
3 Anarcardiaceae Gluta renghas Leiden 245 35.0 21.0 prolate
4 Anarcardiaceae Mangifera gedebe Leiden 318 22.0 23.0 oblate-spheroidal
5 Anarcardiaceae Spondias pinnata Leiden 582 34.0 26.0 sub-prolate

Continued. . .



A
ppendix

G
.

Plantm
icrofossilreference

collection
313

Sample
Number

Family Genus Species Collection Reference Code mean
P (µm)

mean
E (µm)

E-shape

6 Arecaceae Calamus sp. Leiden 240 29.0 31.0 oblate-spheroidal
7 Betulaceae Carpinus betulus ANU APSA 58 51 3 - 34.8 -
8 Betulaceae Carpinus orientalis ANU APSA 58 5 2 - 27.6 -
9 Betulaceae Ostrya carpinifolia ANU APSA 58 3 49 16.1 20.8 sub-oblate
10 Combretaceae Anogeissus acuminata ANU APSA 224 6 1 15.7 14.5 prolate spheroidal
11 Combretaceae Calycoperis floribunda ANU APSA 224 8 1 32.5 31.8 prolate spheroidal
12 Combretaceae Quisqualis indica ANU APSA 224 7 1 36.2 47.9 prolate spheroidal
13 Combretaceae Terminalia belerica ANU APSA 224 4 13 15.9 12.8 sub-prolate
14 Combretaceae Terminalia catappa ANU APSA 224 4 5 12.2 9.6 sub-prolate
15 Combretaceae Terminalia tomentosa ANU APSA 224 4 14 13.9 11.7 sub-prolate
16 Combretaceae Terminalia alata Leiden 326 25.8 17.7 prolate
17 Combretaceae Terminalia chebula Leiden 323 23.3 16.5 prolate
18 Combretaceae Terminalia mucronata Leiden 325 25.8 25.5 prolate spheroidal
19 Cannabaceae Celtis tetrandra Leiden 272 - - -
20 Cannabaceae Celtis timorensis Leiden 273 - - -
21 Datiscaceae Octomeles sumatranum ANU APSA 208 2 1a 11.1 12.8 sub-oblate
22 Datiscaceae Tetrameles nudiflora ANU APSA 208 3 1 10.1 8.9 prolate spheroidal
23 Datiscaceae Tetrameles nudiflora catchment Yeak Loam 13.8 12.6 prolate spheroidal
24 Dipterocarpaceae Dipterocarpus obtusifolius Leiden 41, 42 & 43 84.6 74.7 prolate spheroidal
25 Dipterocarpaceae Hopea odorata Leiden 45 21.7 21.2 prolate spheroidal
26 Dipterocarpaceae Shorea siamensis Leiden 46 & 47 29.8 29.3 prolate spheroidal
27 Dipterocarpaceae Vatica russak Leiden 52 43.0 32.4 sub-prolate
28 Elaeocarpaceae Elaeocarpus macrocerus Leiden 55 13.9 14.4 oblate-spheroidal
29 Euphorbiaceae Baccaurea obtusa ANU APSA 149 3 2 17.4 14.8 sub-prolate
30 Euphorbiaceae Baccaurea stylaris ANU APSA 149 3 5 20.7 16.9 sub-prolate
31 Euphorbiaceae Macaranga trilobata ANU APSA 149 19 1 10.6 10.1 prolate spheroidal
32 Fagaceae Lithocarpus curtisii Leiden 68 20.5 11.9 prolate
33 Guttiferaea / Clu-

siaceae
Cratoxylum glaucum Leiden 84 21.8 24.2 oblate-spheroidal

34 Juglandaceae Engelhardtia spicata Leiden 300 29.5 27.5 prolate spheroidal
35 Lecythidaceae Barringtonia acutanglia Leiden 236 48.0 37.0 sub-prolate
36 Lecythidaceae Barringtonia augusta Leiden 237 59.0 43.5 prolate
37 Lythraceae Lagerstroemia floribunda Leiden 263 31.4 30.0 prolate spheroidal
38 Lythraceae Lagerstroemia indica Leiden 264 50.0 38.0 sub-prolate
39 Lythraceae Lagerstroemia macrocarpa Leiden 267 46.0 39.0 sub-prolate
40 Lythraceae Lagerstroemia tomentosa Leiden 268 32.0 29.0 prolate spheroidal
41 Lythraceae Lagerstroemia sp. catchment Boeng Lumkut 39.1 35.7 prolate spheroidal
42 Mimosacaceae Sindora cochinchinensis Leiden 105 - - -

Continued. . .
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Sample
Number

Family Genus Species Collection Reference Code mean
P (µm)

mean
E (µm)

E-shape

43 Melastomaceae Melastoma affine ANU APSA 226 4 9 15.4 14.3 prolate spheroidal
44 Melastomaceae Melastoma polyanthum ANU APSA 226 4 4 21.9 18.0 sub-prolate
45 Melastomaceae Memecycon normale Leiden 297 77.0 62.0 sub-prolate
46 Melastomaceae Memecyclon umbellatum ANU APSA 226 19 1 22.6 16.4 prolate
47 Meliaceae Aglaia rubiginosa Leiden 112 - - -
48 Phyllanthaceae Phyllanthus collumnaris Leiden 316 - - -
49 Phyllanthaceae Phyllanthus roseus Leiden 321 - - -
50 Rhamnaceae Zizyphus jujuba ANU APSA 172 14 1 21.8 24.5 oblate-spheroidal
51 Rhamnaceae Zizyphus maurita ANU APSA 172 14 2 12.8 17.2 oblate
52 Pinaceae Pinus merkusii Leiden 237 62.0 69.4 oblate-spheroidal
53 Rhizophoraceae Carallia brachiata Leiden 234 16.6 20.0 sub-oblate
54 Rosaceae /

Chrysobalanaceae
Parinari anamensis ANU APSA 127 16 4 16.6 21.1 sub-oblate

55 Sapindaceae Nephelium hypoleucum ANU ASPA 168 42 2 15.9 17.0 oblate-spheroidal
56 Sapindaceae Nephelium cuspidatum Leiden 201 - 17.0 -
57 Rubiaceae Adina fagifolia ANU APSA 275 58 2 14.9 13.7 prolate spheroidal
58 Rubiaceae Adina rubescens ANU APSA 275 58 1 11.4 11.1 prolate spheroidal
59 Rubiaceae Nauclea bartingii Leiden 154 14.7 14.3 prolate spheroidal
60 Rubiaceae Neonauclea borneensis Leiden 155 13.9 12.5 prolate spheroidal
61 Rubiaceae Neonauclea excelsa Leiden 163 12.8 14.2 oblate-spheroidal
62 Rubiaceae Nauclea orientalis ANU APSA 275 35 1 19.6 18.4 prolate spheroidal
63 Rubiaceae Randia sinensis ANU APSA 275 34 10 28.5 26.3 prolate spheroidal
64 Rubiaceae Wendlandia glabrata ANU APSA 275 13 7 12.6 11.8 prolate spheroidal
65 Rutaceae Clausena anisumolens ANU APSA 139 20 1 3 20.1 16.7 sub-prolate
66 Rutaceae Glycosmis arborea ANU APSA 139 15 2 22.5 21.2 prolate spheroidal
67 Rutaceae Glycosmis pentaphylla ANU APSA 139 15 1a 26.4 22.1 sub-prolate
68 Rutaceae Zanthoxylum megistophyllum ANU APSA 139 17 3 23.2 21.0 prolate spheroidal
69 Rutaceae Zanthoxylum ovalifolium ANU APSA 139 17 5 21.5 18.5 sub-prolate
70 Rutaceae Zanthoxylum pluviatile ANU APSA 139 17 2 20.9 18.8 prolate spheroidal
71 Sterculiaceae Kleinhovia hospita Leiden 209 - - -
72 Sterculiaceae Sterculia ornata Leiden 280 - - -
73 Sterculiaceae Pterocymbium tinctorium Leiden 210 - - -
74 Cannabaceae (for-

merly Ulmaceae)
Trema orientalis Leiden 274 23.0 27.7 sub-oblate

75 Verbenaceae Vitex pubescens ANU APSA 258 14 9 28.0 25.0 prolate spheroidal
76 Verbenaceae Vitex pinnata Leiden 313 - - -
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H Key microfossil taxa from lake
surface and core sediments

Microfossil taxa that make up greater than 0.5% of the surface core counts, and greater than
0.1% of the lake sediment core counts are identified to various degrees of certainty in table H.1.

Sources used to identify each taxon are included on this table. Identification of pteridophyte
spores was refined though a species list of ferns provided in Lee et al. (2014). Photographs of
specimens associated with the pollen and spores described in table H.1 is provided in figures
H.1, H.2, H.3, and H.4.
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TABLE H.1: List of plant microfossil taxa identified from analysis of crater lake surface samples and sediment cores.
Note: PRC = Project reference collection. Numbers match those on table G.1; APSA = Australasian Pollen and Spore Atlas

♠ - This group is split for YM0413B and YL1211B samples based on pore size ; i) C0P3 pores <1 µm C0P2, ii) C0P3 pores >1.5 µm,
iii) C0P2 pores <1 µm (excluding Ficus), iv) C0P2 pores >1.5 µm.

Family Sample Name Taxonomy Reference YO0712A YL0413A YM0413A LK0712A YM0413B YL1211B Photograph
code/s

Poaceae Poaceae 5.8 15.3 45.4 20.7 45.4 11.3 p1
Cyperaceae Cyperaceae 1.2 0.0 9.3 2.4 6.6 1.5 p2
Cannabaceae Trema PRC #74 5.3 3.5 7.2 6.1 5.0 40.4 p3i & ii
Cannabaceae Aphananthe cf Huang (1972) pl154; APSA

60-4-1
0.0 17.6 1.0 0.0 0.3 0.7 p4

Cannabaceae Celtis type PRC #19 & #20; Huang
(1972) pl154

1.8 4.7 0.0 2.4 0.6 0.3 p5i & ii

Ulmaceae / Apocynaceae Holoptelea / Wrightia sf C0P4 quamar and Chauhan (2011)
/ APSA 251-20-6

0.0 0.0 0.0 0.0 0.1 0.5 p6

Ulmaceae Holoptelea C0P5 cf quamar and Chauhan (2011) 0.0 0.0 0.0 0.0 <0.1 0.1 p7
Ulmaceae Holoptelea C0P6 sf quamar and Chauhan (2011) 0.0 0.0 0.0 0.0 <0.1 0.1 p8
Ulmaceae Zelkova Huang (1972) pl154; Naka-

gawa et al (1998)
0.0 0.0 0.0 0.0 <0.1 0.1 p9

Combretaceae Terminalia PRC #15 0.0 0.0 3.1 7.3 2.9 0.4 p10
Combretaceae / Melastom-
ataceae

Combretaceae / Melastomat-
aceae undiff.

Huang (1972) pl106, pl48 2.3 0.0 0.0 2.4 0.6 0.1 p11i, ii & iii

Combretaceae / Melastom-
ataceae

Anogeissus / Memecyclon cf PRC #10 & #43 1.2 1.2 0.0 3.7 0.7 1.1 p12

Myrtaceae Myrtaceae <17 µm Parnell (2003) 4.7 0.0 0.0 17.1 3.4 5.1 p13
Myrtaceae Myrtaceae >17 µm Parnell (2003) 2.3 5.9 0.0 6.1 0.1 0.2 p14
Urticaceae / Moraceae Urticaceae / Moraceae type Huang (1972) pl157, pl108 23.4 4.7 2.1 2.4 2.4 8.1 p15i, 15ii,

15iii & 15iv♠
Moraceae Ficus 8.8 2.4 0.0 0.0 0.4 1.1 p16
Fagaceae Lithocarpus / Castanopsis type PRC #32 0.0 0.0 2.1 0.0 1.7 3.5 p17
Fagaceae Quercus 2.3 1.2 1.0 0.0 2.4 1.4 p18i & 18ii
Betulaceae Carpinus / Ostrya sf PRC #9 0.0 0.0 0.0 0.0 1.2 1.8 p19
Betulaceae Betula sf APSA 58-1-6a 0.0 0.0 0.0 0.0 0.3 0.3 p20
Myricaceae Myrica cf APSA 52-1-6 0.0 2.4 0.0 1.2 0.1 0.3 p21
Juglandaceae Engelhardtia cf APSA 55-4-2 0.0 0.0 0.0 0.0 <0.1 0.4 p22
Dipterocarpaceae Hopea/Shorea type PRC #25 & #26 1.8 1.2 1.0 0.0 1.1 1.2 p23i (Shorea-

type) & 23ii
(Hopea-type)
Continued. . .
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Family Sample Name Taxonomy Reference YO0712A YL0413A YM0413A LK0712A YM0413B
count %

YL1211B
count %

Photograph
code/s

Dipterocarpaceae Dipterocarpaceae obtusifolia/ D. tu-
berculatus

PRC #24 0.0 1.2 0.0 2.4 0.3 <0.1 p24

Dipterocarpaceae Dipterocarpus undiff grouped PRC #24, #25 & #26 0.0 2.4 1.0 2.4 0.9 <0.1 p25
Datiscaceae Tetrameles PRC #22 & #23 13.5 3.5 1.0 1.2 1.1 1.0 p26i & ii
Datiscaceae Tetrameles sf PRC #22 & #23 0.0 0.0 0.0 0.0 0.3 0.5 p27i, p27ii &

p27iii
Primulaceae (formerly
Myrisinaceae)

Ardisia cf Huang (1972) pl109 0.0 0.0 0.0 0.0 <0.1 0.1 p28

Elaeocarpaceae Elaeocarpus cf PRC #28 0.6 0.0 0.0 0.0 0.1 0.9 p29
Unknown Unknown pollen B391 0.0 0.0 0.0 0.0 0.2 <0.1 p30
Euphorbiaceae Mallotus Huang (1972) pl68 2.9 2.4 2.1 0.0 1.0 5.1 p31
Euphorbiaceae Macaranga PRC #31; APSA 149-19 0.6 0.0 0.0 1.2 0.6 0.8 p32
Euphorbiaceae Aporusa / Antidesma cf APSA 149-61-1; PRC #29 &

#30
0.0 1.2 0.0 2.4 1.5 1.9 p33

Phyllanthaceae Phyllanthus Huang (1972) pl69; PRC #48 0.0 0.0 0.0 0.0 0.2 <0.1 p34
Phyllanthaceae Glochidion Huang (1972) pl68; Penny

(1998) p209:35
0.0 0.0 0.0 0.0 0.1 <0.1 p35

Lythraceae Lagerstroemia PRC #37-#41 3.5 3.5 4.1 9.8 0.7 0.6 p36
Lythraceae Rotala Huang (1972) pl101; PRC

#37-#41
0.6 0.0 0.0 0.0 0.2 <0.1 p37

Lythraceae Lythraceae cf PRC #37-#41 0.0 0.0 0.0 0.0 0.1 0.2 p38
Sapotaceae Madhuca cf Trivedi et al. (2014) 0.0 0.0 0.0 0.0 <0.1 <0.1 p39i & p39ii
Lauraceae Litsea cf APSA 101-6-10 0.0 1.0 0.0 0.0 <0.1 0.1 p40
Rubiaceae Adina / Nauclea types PRC #57-#60 1.2 1.2 2.1 0.0 0.0 0.4 p41i & p41ii
Rubiaceae Uncaria / Wendania PRC #64 0.0 0.0 0.0 0.0 0.2 0.3 p42
Rubiaceae Rubia cf Huang (1972) pl135 0.0 0.0 0.0 0.0 0.1 <0.1 p43
Rubiaceae Timonius sf Huang (1972) pl135 0.6 0.0 0.0 0.0 <0.1 <0.1 p44
Rubiaceae Rubiaceae sf type 1 1.2 0.0 0.0 0.0 <0.1 <0.1 p45
Rubiaceae Rubiaceae other grouped 0.0 1.2 0.0 1.2 0.2 0.3 n/a
Sapindaceae / Rubiaceae Sapindaceae / Rubiaceae type 1 &

type 2
0.6 0.0 0.0 0.0 0.5 0.2 p46i & p46ii

Sapindaceae Schleichera oleosa / Cupaniopsis APSA 168-7-4 & APSA 168-
34-1

12.9 0.0 3.1 2.4 0.2 <0.1 p47

Rhamnaceae Rhamnus / Sageretia Huang (1972) pl126, Punt et
al. (2003)

0.0 0.0 0.0 0.0 0.2 0.2 p48

Rhamnaceae / Sapindaceae Zizyphus / Nephelium sf PRC #50, #51 & #55; Punt et
al. (2003)

0.0 0.0 0.0 0.0 0.2 0.1 p49

Irvingiaceae Irvingia malayana APSA 140-12-1 0.6 0.0 0.0 1.2 0.2 0.2 p50
Continued. . .
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Family Sample Name Taxonomy Reference YO0712A YL0413A YM0413A LK0712A YM0413B
count %

YL1211B
count %

Photograph
code/s

Rutaceae Zanthoxylum cf PRC #69 & #70; Huang
(1972) pl137

0.0 0.0 0.0 0.0 0.1 0.5 p51

Ebenaceae Diospyros cf APSA 245-1 0.6 0.0 0.0 0.0 0.1 <0.1 p52
Stemonuraceae / Proteaceae Gomphandra /Roupala / Helicia sf Schori and Furness (2014);

Rull (2003)
0.0 0.0 0.0 0.0 <0.1 0.2 p53

Rhamnaceae (?) Unknown — Alphitonia sf (?) 3.5 0.0 0.0 0.0 <0.1 0.2 p54
Burseraceae Canarium cf Maxwell (1999) pl4 0.0 0.0 0.0 0.0 <0.1 0.1 p55
Meliaceae Toona cf Tissot (1994) pl46 0.6 0.0 0.0 0.0 <0.1 0.1 p56
Aquifoliaceae Ilex APSA 59-1 1.2 0.0 0.0 0.0 <0.1 0.1 p57
Fabaceae - Mimosoideae Adenanthera cf Huang (1972) pl85 0.6 2.4 0.0 0.0 <0.1 <0.1 p58
Fabaceae - Mimosoideae Acacia / Albizzia Huang (1972) pl84 0.0 0.0 0.0 0.0 <0.1 0.2 p59
Fabaceae - Caesalpinioideae Intsia Banks (2007) 0.0 0.0 0.0 0.0 <0.1 <0.1 p60
Fabaceae Legume 0.0 0.0 0.0 0.0 <0.1 0.1 p61
Bombacaceae Bombax cf type 1 Huang (1972) pl26 0.0 1.2 0.0 0.0 <0.1 <0.1 p62
Bombacaceae Bombax type 2 Huang (1972) pl26 0.0 0.0 1.0 0.0 <0.1 <0.1 p63
Pinaceae Pinus Huang (1972) pl2 0.0 0.0 0.0 0.0 0.8 0.3 p64
Podocarpaceae Dacrycarpus APSA 305-2 0.0 0.0 0.0 0.0 <0.1 <0.1 p65
Podocarpaceae Podocarpaceae Huang (1972) pl2 0.0 0.0 1.0 0.0 <0.1 <0.1 p66
Chenopodiaceae Chenopodiaceae sf e>10 µm Huang (1972) pl38 0.0 0.0 0.0 0.0 0.1 <0.1 p67
Chenopodiaceae Chenopodiaceae Huang (1972) pl38 0.0 0.0 0.0 0.0 0.1 <0.1 p68
Caryophyllaceae Caryophyllaceae Huang (1972) pl5 & 36 0.0 0.0 0.0 0.0 <0.1 <0.1 p69
Asteraceae other Asteraceae grouped 0.0 0.0 0.0 0.0 0.3 0.3 p70i to p70v
Arecaceae Arecaceae cf 0.0 0.0 0.0 0.0 0.3 0.3 p71
Polygonaceae Persicaria cf APSA 75-15 0.0 0.0 0.0 0.0 <0.1 <0.1 p72i, p72ii
Amaranthaceae Amaranthaceae sf Huang (1972) pl11 0.0 0.0 0.0 0.0 0.8 <0.1 p73
Unknown Unknown pollen type 1 0.0 0.0 0.0 0.0 0.2 <0.1 p74
Unknown Unknown pollen type 2 1.2 0.0 0.0 0.0 0.1 <0.1 p75
Unknown Unknown pollen type 3 0.0 0.0 0.0 0.0 0.1 <0.1 p76
Euphorbiaceae (?) Unknown pollen type 4 0.0 0.0 0.0 0.0 <0.1 0.2 p77
Potamogetonaceae (?) Unknown pollen type 5 0.0 0.0 0.0 0.0 <0.1 0.1 p78
Unknown Unknown pollen type 6 0.0 0.0 0.0 0.0 <0.1 0.1 p79
Balsaminaceae Hydrocera triflora Penny (1998) p207:5,

Janssens et al. (2005)
0.0 0.0 0.0 0.0 3.3 <0.1 p80

Hydrocharitaceae Blyxa cf APSA 10-4-1 0.0 0.0 2.4 0.0 0.7 0.0 p81
Blechnaceae Stenochlaena palustris APSA 407-25-3-2 0.0 11.8 6.2 1.2 1.3 0.4 p82
Aspleniaceae Asplenium cf APSA 407-21 0.0 0.0 0.0 0.0 0.1 <0.1 p83
Gleicheniaceae Gleichenia cf 0.0 0.0 0.0 0.0 0.1 <0.1 p84
Nephrolepidaceae Nephrolepis cf 407-14-1-5a 0.0 1.2 2.1 0.0 0.2 0.4 p85

Continued. . .
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Family Sample Name Taxonomy Reference YO0712A YL0413A YM0413A LK0712A YM0413B
count %

YL1211B
count %

Photograph
code/s

Davalliaceae Davalliaceae cf Demske et al. (2013) 0.0 1.0 0.0 0.0 0.1 0.2 p86
Unknown Unknown spore type 1 0.0 0.0 0.0 0.0 <0.1 0.5 p87
Pandanaceae (?) Unknown spore type 2 0.0 0.0 0.0 0.0 <0.1 0.3 p88
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FIGURE H.1: Photomicrographs taken of key pollen and spore types encountered
in lake surface and long cores (plate 1).
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FIGURE H.2: Photomicrographs taken of key pollen and spore types encountered
in lake surface and long cores (plate 2).
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FIGURE H.3: Photomicrographs taken of key pollen and spore types encountered
in lake surface and long cores (plate 3).
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FIGURE H.4: Photomicrographs taken of key pollen and spore types encountered
in lake surface and long cores (plate 4).
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