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ABSTRACT

This project explores the signals of plant-derived n-alkanes in plants, soils and
sediments in Australia, in order to better understand their usefulness as a proxy for the
plants and environments in which they were formed. Leaf wax n-alkanes are useful
compounds for analysis because they are highly recalcitrant and ubiquitous in the
sedimentary record. As such, leaf wax n-alkanes are an ideal tool for examining past
environmental conditions where other macro and micro plant fossils are rare or simply
not present. In this thesis, | examine n-alkane chain length distribution as well as carbon
and hydrogen isotope ratios through a modern field study, a laboratory experiment, and

an ancient cave sediment record.

When analysing leaf wax n-alkanes in soils and sediments, the temporal and
spatial scales of inputs from plants to soils needs to be understood. Therefore modern
day calibrations are required to understand what the ancient signals represent. Here we
compare leaf wax n-alkanes in modern soils and the immediate surrounding plant
community along a latitudinal transect across Australia. Results show that while n-
alkane distributions in surface soils do not correlate with local, current vegetation, they
do correlate with proportional grass and tree cover, suggesting they provide a faithful
record of large-scale ecosystem structure. Further, the signals observed in sedimentary
records are likely to reflect a regional, time-averaged signal that is not heavily

susceptible to short-term variability or small-scale spatial heterogeneity in climate.

To determine whether the lack of correlation between surface soils and local,
current vegetation observed above is as a result of degradation processes occurring in
the soils, the effects of post depositional modification to leaf wax n-alkane signals in

soils are examined through laboratory experiments. To confirm the reliability of leaf



wax n-alkane signals in soils and sediments, it is necessary to understand whether
alteration to the signals has occurred. The effects of post depositional modification were
isolated by incubating soils mixed with organic composts. Results show that
degradation processes significantly decrease leaf wax n-alkane concentrations post-
depositionally, and this decrease primarily occurs within the first month of incubation.
However, despite a significant decrease in concentration, the average chain length
distribution of leaf wax n-alkanes remains unchanged after incubation, providing
confidence in this signal in soils and sediments and for use in palaeoenvironmental

research.

Based on the findings from our modern day calibration work, I examine the leaf
wax n-alkanes signals in Blanche Cave sediments from Naracoorte, in south eastern
Australia, spanning an age range of 70,000 to 17,000 years old. Isotopic analysis of leaf
wax n-alkanes provides information about the vegetation and hydrological conditions
before, during and after the mass megafauna extinction event that occurred Australia-
wide at around 40ka. Carbon isotope analysis shows that C3 and C4 vegetation
abundances vary across this time. Further, hydrogen isotopic analysis provides insight
into fluctuating hydrological conditions. The results from this study provide

environmental context to the causes and effects of megafauna extinction in Naracoorte.
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CHAPTER 1

INTRODUCTION

1. Importance of palaeoenvironmental reconstruction

Humanity’s role in accelerated rates of climate change and the need for action is
becoming increasingly hard to ignore. Human impact on climate is largely a function of
population size which in 2017 was reported by the UN to be 7.55 billion, with expected
increases to 8.55 billion by 2030 and 11.24 billion by 2100 (United Nations 2017).
Increased global population size requires greater use of the land for food production
and industry as well as increased natural resource consumption, all of which produce
significant greenhouse gas emissions, resulting in measurable global warming (IPCC
2014). As global temperatures increase, it is expected that weather extremes will
become more intense and frequent, and species and ecosystem vulnerability will be
tested, with many species predicted to be unable to adapt to current climate change
projections (IPCC 2014).

Understanding the capacity for ecosystems to adapt to human-induced climate
change requires a long-term perspective of ecosystem responses to stress. Previously,
work has been focussed on maintaining ecosystems to a similar state to their historical
configuration, but new conservation methods are now looking to maximise the capacity
of ecosystem adaptability (Hellmann and Pfrender 2011, Barnosky et al. 2017).
Conservation palaeobiology models past species’ ecological and evolutionary responses
to environmental change. It compares conditions before and after ecosystem
disturbance, examines species and ecosystem response to stress, examines the range of
variability an ecosystem can endure and identifies human-induced versus non-human-

induced impact on ecosystem change (Dietl et al. 2015). In order to model these



outcomes, extensive palaeoenvironmental reconstruction is necessary. Reconstructing
past environments is possible through the analysis of different proxies such as plant and
animal fossils, sedimentary structures and chemical signatures preserved in the
geological record. This thesis focuses on the isotopic and molecular composition of plant

molecular fossils, or biomarkers, as a means of reconstructing palaeoenvironments.

2. Plant molecular biomarkers

Research using molecular biomarkers, is becoming increasingly prevalent in the
field of palaeoenvironmental reconstruction. Different organisms produce a variety of
molecular compounds that can provide information about their mode of life and the
environment and climate in which they lived. In particular, n-alkanes are a group of
straight chained aliphatic hydrocarbons that are used as biomarkers, with different
groups of organisms producing different ranges of n-alkane chain lengths (Pu et al.
2011). For example, bacteria produce dominantly short-chained, even-numbered n-
alkanes whereas algae produce short-chained, odd-numbered n-alkanes (Sachse et al.
2004). Leaf wax n-alkanes from terrestrial plants are dominantly long-chained, odd-
numbered n-alkanes, ranging from 25 to 35 carbon atoms in length (Sachse et al. 2004,
Eglinton and Eglinton 2008).

Plants synthesize their n-alkanes by sequential elongation of a Cz primer through
condensation-elongation, forming acyl chains with a greater predominance of odd over
even chain lengths (Shepherd and Wynne Griffiths 2006). Most land plants have an
outer protective wax layer composed of lipids that include these long, straight chain n-
alkanes, as well as alkanols and alkanoic acids. They produce these compounds to
provide a protective wax coating to their outer surfaces, such as their leaves, flowers

and fruits as a means of reducing moisture loss and herbivorous attack (Eglinton and



Hamilton 1967, Eigenbrode and Espelie 1995, Banthorpe 2006, Jetter and Riederer
2016), with their leaves producing the greatest concentration of these compounds
relative to other plant organs (Gamarra and Kahmen 2015).

An emerging paradigm is that the relative abundance of the different n-alkane
chain lengths, often measured as an average chain length (ACL) may be affected by
prevailing environmental conditions. However, the limited research that has been
conducted in this area has seen a conflation of environmental conditions with species
variation between different biomes, which makes it difficult to differentiate between
fixed chemotaxonomic patterns and plant response to the prevalent environmental
conditions (Bush and McInerney 2013, Carr et al. 2014, Bush and Mclnerney 2015). Due
to their role in regulating a plant’s moisture balance (Eglinton and Hamilton 1967, Dodd
and Poveda 2003, Jetter and Riederer 2016), the primary environmental conditions that
are thought to show a relationship with n-alkane distribution are temperature and
precipitation (Bush and Mclnerney 2015, Andrae et al. 2018). Plants respond to dry
conditions by increasing their n-alkane production to form a protective wax layer that
reduces water loss from the leaf (Hoffmann et al. 2013). Hoffmann (2013), however,
goes on to suggest that caution be given when using ACL of n-alkanes as a
palaeoenvironmental indicator, and recommends only using this proxy in conjunction
with other indicators, such as leaf 6D values, which indicate leaf water
evapotranspiration rate, as different plants species can show different ACL trends in
response to climate. It is also important to consider the timing of n-alkane production in
plants when interpreting ACL, because the ACL signature recorded in the leaf waxes is
specific to the prevailing climatic conditions at the time of leaf flush (Tipple et al. 2013).

In order to interpret the n-alkane signals observed in soils and sediments, it is



necessary to understand the temporal and spatial scale of inputs from plants to soils

(Diefendorf and Freimuth 2017).

3. Leaf wax n-alkanes in the sedimentary record

Leaf waxes are readily removed from the leaf surface by ablation from wind and
water. They form a component of dust particles, as well as being deposited as a part of
any immediate plant detritus, and this is how they come to be found in sediments
(Rommerskirchen et al. 2006b). Soil organic matter, including any n-alkanes present,
persists in soils for extended periods despite being thermodynamically unstable,
because of the physicochemical and biological influences of the surrounding
environment that slow the rate of decomposition (Schmidt et al. 2011).

High molecular weight n-alkanes can be preserved for millions of years and have
been extracted from sediments from the Cretaceous-Paleogene boundary (Yamamoto et
al. 2010), as well as the Eocene (Smith et al. 2007), Miocene (Huang et al. 2001) and
Holocene (Schwark et al. 2002). This preservation is likely to be because n-alkanes are
water insoluble and, for the longer chain lengths, relatively non-volatile and relatively
resistant to biodegradation (Eglinton and Eglinton 2008, Diefendorf and Freimuth
2017). Because n-alkanes are so well preserved in the sedimentary record, they make
ideal proxies for the vegetation they were synthesized by and are useful for studying
changes in vegetation patterns (Hughen 2004, Smith et al. 2007, Diefendorf et al. 2011).
They are particularly important when larger plant fossil remains are rare or absent in

the sedimentary record.

4. Chain length distribution of n-alkanes



As a result of their persistence, n-alkanes are abundant throughout the
sedimentary record and there are a number different ways that these preserved n-
alkanes can be analysed to obtain different information about past environments and
climate. The relative abundance of the different n-alkane chain lengths produced by
plants, or average chain length, has been observed to be widely variable amongst
different plants, but has also been thought to provide information about prevailing
climate conditions and plant growth form (Brincat et al. 2000, Dodd and Poveda 2003,
Diefendorf et al. 2011, Bush and McInerney 2013). Historically, specific n-alkane chain
lengths preserved in sediments were regarded as being representative of different plant
groups such as woody versus graminoid plant types. One such example includes a study
of lake sediments from the late glacial-Holocene in Germany that found that particular
chain lengths were diagnostic of different types of vegetation when analysed in
conjunction with pollen data (Schwark et al. 2002). Additionally, a study of Lake Baikal
sediments showed that the sediments from the last glacial maximum (LGM) were
dominant in the n-alkane chain length C31, and the Holocene aged sediments were
dominant in Cz27, thought to indicate a change in terrestrial vegetation as a result of
climate (Brincat et al. 2000). Additional research has shown that, apart from Sphagnum
mosses, ACL does not strongly indicate for different plant types when analysed at a
global scale (Bush and McInerney 2013). Different plant growth forms can show strong
similarities in their cuticle wax composition and leaf wax lipid distributions, and plants
of the same growth form can show significant variation, suggesting that n-alkane
distributions are not adequately diagnostic of plant growth form (Bush and McInerney
2013). However, analysis of plant and soil n-alkane distributions in Africa found that

plants within different biomes demonstrated different chain-length distributions, which



were also reflected in the soils of the same biomes, suggesting that n-alkane signals in

soils and sediments may be useful on a regional scale (Carr et al. 2014).

5. Isotopic composition of n-alkanes

The isotopic composition of sedimentary leaf wax n-alkanes can provide insight
into past vegetation and hydrological conditions that plants were exposed to in the past.
[sotopes of an element contain the same number of protons and electrons, but differing
numbers of neutrons, for example, carbon (C) has two stable isotopes of 12C and 13(C,
which both consist of an atomic number of 6, but have 6 and 7 neutrons respectively
(Michener and Lajtha 2007). The isotopic composition of different materials, such as
leaves or seawater for example, is expressed in parts per thousand deviation from an

internationally accepted standard by the following equation:

R
5(%o) = (L‘” _ 1) % 1000

Rstandard

Where R is the ratio of the abundance of the heavy isotope relative to the abundance of
the light isotope in either sample or the standard (Michener and Lajtha 2007). For
hydrogen, the internationally accepted standard used is Vienna Standard Mean Ocean
Water (VSMOW) and for carbon it is Vienna Pee Dee Belemnite (VPBD) (Michener and
Lajtha 2007).

The hydrogen and carbon in leaf wax n-alkanes have measurable isotopic
compositions that can be used to examine environmental and ecological conditions. The
hydrogen isotopic composition of leaf wax n-alkanes provides information about
hydrological conditions a plant was exposed to during the time over which the leaf
formed, with the hydrogen that forms a component of the n-alkanes having been

sourced from soil water and modified through transpiration in the leaf (Sachse et al.



2012, Cernusak et al. 2016). The isotopic composition of leaf wax n-alkanes can be used
to infer aridity, with higher values of 8D often indicating drier conditions and lower
values indicating wetter conditions (Smith and Freeman 2006, Douglas et al. 2012,
Kahmen et al. 2013, Schwab et al. 2015). Analyses of 6D values of leaf wax n-alkanes
preserved in modern and ancient lake and marine sediments have demonstrated that it
is possible to examine past hydrological conditions from ancient sediment deposits
(Sachse et al. 2004, Polissar and Freeman 2010, Garcin et al. 2012, Niedermeyer et al.
2016).

The carbon isotope values of leaf wax n-alkanes provide insight into vegetation
type. Fixation of carbon during photosynthesis results in fractionation of carbon
isotopes, with both C3 and C4 photosynthetic pathways fixing carbon with different
values of §13C (Farquhar et al. 1989). The §13C is recorded in the leaf wax n-alkanes, and
as such, n-alkanes are a useful tool for reconstructing past C3 versus C4 vegetation
(Garcin et al. 2014). Generally, the §13C values of n-alkanes in C3 plants are more
negative than for C4 plants (Collister et al. 1994, Chikaraishi and Naraoka 2003). The
predominance of C3 or C4 vegetation is thought to be driven by climate
(Rommerskirchen et al. 2006a). Generally, C4 plants are favoured by high growing
season temperatures, high aridity, warm season precipitation and low pCO2 (Ehleringer
et al. 1997, Sage et al. 1999). In Australia, C3 vegetation is dominantly associated with
trees, forbs and shrubs, and C4 vegetation is dominantly associated with grasses and

chenopods (Supplementary Fig. S1, Appendix 3).

6. Australian ecosystem changes
Globally, grassland expansion occurred over the course of the Cenozoic and

became widely dominant across the world, taking the place of many forested regions



(Stromberg 2011). However, in some parts of the world, such as Australia, C4 grassland
expansion has been observed to occur later than other parts of the world, at ~3.5 Ma
(Andrae et al. 2018). Further, regional vegetation reconstruction for the south east of
Australia at around 185 - 157 ka found that mean annual temperatures were much
lower than present, and there was a dominance of C3 vegetation, with sparse C4
grasslands (Desmarchelier et al. 2000). More recently in the south east of Australia, an
abrupt shift from C4 to C3 dominance was observed to have occurred at 44 - 42 ka
(Lopes dos Santos et al. 2013), the timing of which is significant, because it coincides
with the timing of megafauna extinction in Australia (Prideaux et al. 2010, Johnson et al.
2016). Further, previous work examining climate in south western Australia at the time
of megafauna extinction found that the climate was somewhat wetter than it is today, in
addition to a shift from closed-canopy forests from about 100 ka through to more open
vegetation at about 30 ka (Prideaux et al. 2010). There is much debate about the cause
of megafauna extinction in Australia, focussing primarily on the role of climate versus
humans (Bird et al. 2013, Cooper et al. 2015, Saltre et al. 2016, van der Kaars et al.
2017). In order to provide context to the debate, it is necessary to reconstruct

environmental conditions at the time megafauna became extinct in Australia.

7. Post depositional modification to n-alkanes

Although n-alkanes are present in very old sediments, it is important to
understand whether they are altered chemically or isotopically during preservation in
soil and sediments. Therefore, analysis of the effects of post-depositional modification
to n-alkanes in soils is necessary, because it is not well understood how their signals
may be affected over time. Litterbag studies have examined how leaf wax n-alkanes

change as a result of microbial and/or herbivorous activity acting on buried leaves. A



four year litterbag study investigating the effects of burial on leaves found that some
alteration of long-chain n-alkanes occurred during leaf degradation, indicating that
some caution may be required when considering them as an unaltered record (Nguyen
Tu et al. 2011). The concentrations of n-alkanes in litterbag studies have been found to
decrease after burial, likely due to microbial degradation which may affect the n-alkane
signals observed in soils (Li et al. 2017). In addition, concentration of long chain n-
alkanes (Czs - C33) was observed to decrease in sediments that were stored in sealed
plastic bags at room temperature for 3 years (Brittingham et al. 2017). Further
investigation of n-alkane preservation in soils and sediments after the n-alkanes have
been removed from the leaf surface is required to determine whether the signal
observed in soils has been altered by post-depositional microbial activity and processes

in the soil.

8. Thesis aims and structure

The aims of this thesis are to examine terrestrial plant n-alkane signals in
modern day soils and ancient sediments from Australia, in order to determine how well
n-alkanes are preserved and what environmental signals they record in soils and
sediments in Australia. Specifically, the thesis seeks to explore what leaf wax n-alkane
signals represent after they become integrated into soils by examining the dominant
plant species found in the landscape and how their n-alkane signals compare to that of
the soils they live in. Further, I examine the effects of microbial activity on leaf wax n-
alkanes in soils in order to determine the reliability of the signals extracted from soils
and sediments. Finally, based on the reliability of the signals determined from the
modern calibrations and modelling conducted in Chapters 2 and 3, I then examine the n-

alkanes signals preserved in ancient sediments to explore their potential value in



palaeoenvironmental reconstruction for the time megafauna became extinct in

Australia.

8.1 Chapter 2: Leaf wax n-alkane inputs to soils

In Chapter 2, [ compare leaf wax n-alkanes in modern soils with those of the
immediate plant community along a latitudinal transect across Australia. [ examine how
the n-alkane signals preserved in the soils reflect the vegetation in order to provide
confidence in their use in palaeoenvironmental reconstruction from ancient sediments.
Specifically, [ examine the leaf wax n-alkane signals of modern plants and soils, to
determine the dominant temporal and spatial source inputs of leaf wax n-alkanes in

soils (Fig. 1).

Time scale
|
| | |
1000s 100s 10s Years old
Source Area
Source
Regional Local

Figure 1. Conceptual model for n-alkane inputs to soils. Chapter 2 examines whether
the dominant leaf wax n-alkane signals observed in soils reflect long-term deposition
into soils, or recent inputs (top box), and also whether the dominant signal observed in

soils represents a more regional or more local source (bottom box).
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8.2 Chapter 3: Experimental modification of n-alkane signals in soils

In Chapter 3, [ used controlled experiments to examine the effects of microbial
activity on leaf wax n-alkane signals in soils (Fig. 2). This experimental analysis allows
for the isolation of microbial activity at the time of n-alkane deposition by incubating
soils mixed with organic composts. By doing this, I eliminate the effects of herbivory on
the leaves that the n-alkanes are sourced from, and examine n-alkanes that are no
longer associated with leaf tissue. This work builds on the existing body of work
utilising litter bags by examining of the effects of post-depositional modification directly
after deposition. This work enables us to determine the reliability of n-alkane signals in

soils and sediments when using them for palaeoenvironmental research.

Figure 4. An incubation vessel containing chromosol soil and organic amendment

(image courtesy of CSIRO).

8.3 Chapter 4: Environmental reconstruction during megafaunal extinction in Australia

11



To address the issue of megafaunal extinction related to environmental change,
in Chapter 4, I reconstruct environmental conditions at the time of the megafauna
extinction in Australia at around 40 ka by examining leaf wax n-alkane signals
preserved in cave sediments containing megafauna fossils. The Blanche Cave infill
sedimentary sequence from Naracoorte in south eastern Australia (Fig 3.) spans 70 - 17
ka, during which time megafauna fossils abruptly disappear from the sequence. Analysis
of the isotopic composition of leaf wax n-alkanes in these sediments allows for a direct
comparison of vegetation and hydrological conditions before, during and after

megafauna extinction in Naracoorte.

Figure 3. Pit excavation showing the layered sedimentary deposit in Blanche Cave,
Naracoorte. The tags indicate the separate layers sampled for analysis (Photo taken by

Steven Bourne and provided by Elizabeth Reed).
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8.4 Chapter 5: Thesis discussion

Chapter 5 provides a synthesis of how this body of work fits into the broader context
of prior research examining the delivery and modification of leaf wax n-alkanes in soils
and their use in palaeoenvironmental reconstruction. It examines a number of
questions that this work has raised, and suggests future opportunities to build on this

body of work.
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Abstract

Leaf wax n-alkanes provide a valuable palaeoecological proxy, but their
interpretation requires an understanding of the scale of temporal and spatial
integration in soils. Leaf wax n-alkanes are continually deposited into soils directly from
local plants as well as from more distant plants via wind or water transport. In addition,
n-alkanes can persist in soils for thousands of years, and tend to decrease in age at
shallower depth. To explore whether the uppermost soils reflect recent leaf fall inputs
we compare surface soils and modern vegetation from 20 sites along a transect across
Australia. At each site, the three most dominant plant species and a soil sample from the
top 3 cm were analysed for n-alkane concentration, average chain length (ACL),
proportional abundance of C33 and C29 (Norm33) and carbon preference index (CPI).
Chain length distributions differ between trees and grasses, with a higher proportion of
Cz29 in trees and Cs3 in grasses. Norm33 in soils correlates with proportional grass to
tree cover across the transect. To model n-alkane inputs for each site, we calculated a
predicted ACL, Norm33 and CPI using the dominant plants at that site, weighted by
proportional species cover and n-alkane concentration. Predicted ACL, Norm33 and CPI
inputs are generally higher than the soils, demonstrating that recent and local inputs do
not dominate soil n-alkanes at our study sites. Thus, n-alkane distributions in surface
soils do not correlate with local, current vegetation, but do correlate with proportional
grass and tree cover, suggesting they provide a faithful record of large scale ecosystems

structure.

Keywords
Leaf wax, n-alkanes, Average Chain Length, Carbon Preference Index, soils,

palaeoecology, vegetation reconstruction.
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1. Introduction

Plant waxes provide critical protection for leaves by limiting non-stomatal water
loss from the leaf surface (Eglinton and Hamilton 1967, Dodd and Poveda 2003, Jetter
and Riederer 2016), protecting against damage from UV radiation (Shepherd and
Wynne Griffiths 2006, Koch et al. 2009), and resisting fungal infection and herbivory
(Eigenbrode and Espelie 1995, Banthorpe 2006). Plant waxes contain a range of
compounds, including long chain n-alkanes, which are non-polar, unbranched, straight
chained hydrocarbons (Eglinton and Hamilton 1967, Banthorpe 2006). Long chained,
odd-numbered n-alkanes (Czs — C3s5) are produced nearly exclusively as part of the
waxes of terrestrial plants (Eglinton and Hamilton 1967). Plants generally produce
greater quantities of odd than even chain lengths due to synthesis by sequential
elongation or condensation of a C2 primer, where even-numbered fatty acid chains
become decarboxylated to produce odd chain length alkanes (Khan and Kolattukudy
1974, Shepherd and Wynne Griffiths 2006). Higher plants produce different
distributions of chain lengths that range between Cz2s to C3s (Sachse et al. 2004, Pu et al.
2011, Bush and Mclnerney 2013). The majority of plant wax n-alkanes in soils and
sediments should derive from leaves due to the high proportional biomass of leaves,
and the high concentrations of n-alkanes in leaves relative to other plant organs
(Gamarra and Kahmen 2015). Roots can contribute n-alkanes to the soil directly, but
their concentration is one or two orders of magnitude less than leaves and thus they are
unlikely to be the dominant source of n-alkane signals in surface soils (Gamarra and
Kahmen 2015, Angst et al. 2016, Jansen and Wiesenberg 2017).There is some evidence
that insects also produce long chain n-alkanes with an odd-over-even predominance,

however their biomass is orders of magnitude less than that of terrestrial plants and
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their annual n-alkane production rate is unquantified, so their contribution to soils and
sediments is considered negligible in comparison to plants (Chikaraishi et al. 2012).

Plant lipid biomarkers, such as leaf wax n-alkanes, are very common in the
sedimentary record, compared to macrofossils which are comparatively rare. Leaf wax
n-alkanes are valuable recorders of past vegetation (Eglinton and Eglinton 2008,
Diefendorf and Freimuth 2017) and can be distinguished from petroleum sources by
their odd-over-even predominance (Eglinton and Hamilton 1967, Yamamoto and
Kawamura 2010). However, to interpret the signatures preserved in sediments, we
must understand how sedimentary leaf wax n-alkanes reflect the vegetation both
temporally and spatially (Diefendorf and Freimuth 2017).

Direct 14C dating suggests that leaf wax n-alkanes can be pre-aged in soils for
hundreds to thousands of years prior to remobilisation and transport to lacustrine and
marginal marine sediments (Smittenberg et al. 2006, Drenzek et al. 2007, Douglas et al.
2014, Gierga et al. 2016), resulting in potentially highly time averaged n-alkane
accumulations. Once buried in sediments, n-alkanes can persist for millions of years and
have been extracted from Cretaceous-Paleogene boundary (Yamamoto et al. 2010),
Paleocene-Eocene (Smith et al. 2007), Miocene (Huang et al. 2001) and Holocene
sediments (Schwark et al. 2002).

Although n-alkanes can persist for thousands of years in deeper subsoils and
millions of years in buried sediments, analyses of modern soils demonstrates that more
recent n-alkane inputs dominate near the soil surface (Angst et al. 2016). Direct 14C
dating of n-alkanes and soil organic carbon in soils and lake sediments shows increasing
age with depth (Huang et al. 1996, Angst et al. 2016, Gierga et al. 2016). Makou et al.
(2018) found 14C dating of long, odd chain length n-alkanes in a surface soil indicated a

pool of pre-aged n-alkanes attributed to erosional inputs from adjacent slopes, however
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the dominant chain length present in the soil, C27, was modern in age and attributed to
inputs of fresh leaf waxes from nearby beech trees. Therefore, surface soils appear to be
the least time-averaged, and predominantly represent the most recent n-alkane inputs.

Leaf fall and breakdown of leaf litter represents direct n-alkane deposition to
soils (Cranwell 1981, Lichtfouse et al. 1998), resulting in soil n-alkane signatures
representative of local sources. Previous work examining the relationship between
chain length and biome type showed that the chain length distributions associated with
the plants were similar to those in the soils of those respective biomes (Carr et al.
2014). However, leaf wax n-alkanes are also readily ablated and wind-dispersed, which
would lead soil deposits to represent a regional catchment area (van Gardingen et al.
1991, Gao et al. 2012). Wind-blown n-alkanes can travel as far as between continents
(Bendle et al. 2007, Yamamoto and Kawamura 2010, Nelson et al. 2017) and are
primarily deposited with particulates scrubbed from the atmosphere by precipitation
(Meyers and Hites 1982, Diefendorf and Freimuth 2017). Similarly, water can transport
leaf wax n-alkanes long distances via streams, rivers and runoff, either by moving fallen
leaves or deposited particulate matter (Rouillard et al. 2016, Diefendorf and Freimuth
2017). The relative importance of these processes in delivering n-alkanes to soils will
determine whether soil records represent a regional or more localized vegetation
sample (Jansen and Wiesenberg 2017).

Here, we test the hypothesis that n-alkane distributions in surface soils correlate
with n-alkane distributions of current local vegetation. We sampled a latitudinal
transect across Australia to capture a climatically and ecologically diverse set of sites
(Fig. 1). The continent-wide transect spans from monsoonal tropics in the north to arid
desert in the centre, to the winter-wet Mediterranean climate zone in the south. The

biomes sampled include tropical and subtropical grasslands, savannas and shrublands
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in the north; desert and xeric shrublands in the centre; and Mediterranean shrublands
and woodlands in the south (Supplementary Table S1, Appendix 1). At each site, we
characterise the n-alkane abundance and distribution from the three most dominant
plant species. At the vast majority of sites, the three dominant species represent the
majority of the plant cover (Table 1). While it does not equate directly to biomass,
dominant coverage provides us with a reasonable estimate of the dominant n-alkane
contributors to the surface soils and improves on previous studies that sample plants
without respect to their coverage in the landscape. Using the concentration and
distribution of n-alkanes of the dominant vegetation to account for differences in
production, we model their inputs to surface soils and compare them to the
distributions measured from the soils (top 3 cm). The degree to which local and recent
vegetation contributes to soil n-alkane signatures will determine how well our modelled
inputs match our measured soil n-alkane distributions. This comparison provides a
direct test of the hypothesis that the leaf wax n-alkane signals in surface soils are
dominated by local and recent inputs rather than regional and/or long-term inputs. We
also examine whether soil n-alkane distributions broadly reflect plant cover growth
form (e.g. grasses versus trees) at each site. The results constrain the nature of delivery
and turnover of n-alkane soils across a large and diverse transect, and provide bounds

on the range of possible paradigms for the development of n-alkane records in soils.

2. Methods
2.1 Sample collection

Soil and plant samples were collected from 20 sites on a north-south transect
across Australia (Fig. 1), using the AusPlots Rangelands survey methodology (White et

al. 2012). These samples were collected by and made available for this research by
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Australia’s Terrestrial Ecosystem Research Network (TERN). The sites monitored by
TERN are permanent plots where baseline surveys of soils and vegetation are
conducted as a source of ongoing and long term ecosystem data for research (White et
al. 2012). Sites analysed here were distributed through seven Australian bioregions
(See Supplementary Table S1, Appendix 1 for descriptions). A single surface soil sample
from the middle of each site, taken from a maximum of 3 cm depth (total n = 20), was
selected for analysis after having been air dried and stored in calico. Soils were sieved
with 1000 and 250 micron sieves to remove large plant material, such as leaves, bark
and roots. Particle size percentages were determined using mid-infrared particle size
analysis.

Proportional plant species cover and growth form cover was determined from
point intercept data obtained from the online Soils2Satellites portal
(www.soilsZ2satellites.org.au). At each one hectare site, 1010 points were assessed and
all vegetation occurrences were recorded (White et al. 2012). The total number of
occurrences for each species and growth form was divided by the total number of
vegetation occurrences per site to determine the proportional species cover and growth

form (trees, grasses, forbs and shrubs, inclusive of chenopods) cover at each site.

number of species occurrences

Proportional species cover= (1)

total vegetation occurrences

number of growth form occurrences

Proportional growth form cover = (2)

total vegetation occurrences
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Leaves from the three most dominant plant species, in terms of proportional
species cover, were selected for analysis from each site, except for one site from which
the two most dominant were available (total n = 59). The leaves were placed in gauze
bags and dried on silica gel. The total proportional species cover that the three most

dominant plant species represent ranges from 42 - 99% (Table 1).

2.2 Lipid extraction from plants

Dried plant samples were ground to a fine powder with a mortar and pestle in
liquid nitrogen. Lipids were extracted from the ground plant samples in a 9:1 volume
optima grade dichloromethane:methanol (DCM:MeOH) solvent mixture in a Soniclean
250TD sonicator. Sample weights ranged from 5.8 - 52.3 mg; with 51 of the 59 plant
samples = 50 mg. Excess solvent was evaporated from the total lipid extract (TLE)

under nitrogen gas using a FlexiVap nitrogen blow down station.

2.3 Lipid extraction from soils

Lipid extraction of the < 250 um soil fraction was conducted using a Thermo
Scientific Dionex Accelerate Solvent Extractor (ASE) 350 using a 9:1 DCM:MeOH.
Samples weights ranged from 4.5 - 26.6 g, with 15 of the 20 soils samples = 10 mg. The
ASE sequence was set to 100 °C with a 12 minute preheat, three static cycles of five
minutes, and a rinse volume of 60%. Excess solvent was evaporated from the TLE under

nitrogen gas.

2.4 n-Alkane purification
The polar and non-polar fractions of both the plant and the soil TLEs were

separated through a silica gel glass short column by eluting them with 4 ml of hexane to
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collect the non-polar, aliphatic hydrocarbon fraction, followed by 4 ml 1:1 DCM:MeOH
eluent to collect the polar fraction, (modified from Bastow et al. 2007). The aliphatic

hydrocarbon fraction was dried under nitrogen gas.

2.5 GC-MS Lipid Quantification

Quantification of n-alkanes was conducted using gas chromatography mass
spectrometry (GC-MS) analysis of the non-polar lipid fraction. Analysis was performed
on a Perkin Elmer Clarus 500 GC-MS with the following specifications: The capillary was
an SGE CPSil-5MS, 30 m (length) x 0.25 mm (internal diameter) x 0.25 udf (phase
thickness). The carrier gas was helium with a 1 ml/min constant flow. The injection
temperature was 300 °C, with a temperature program of 50 °C (hold 1 minute), ramped
at 8 °C/min to 340 °C (hold for 7.75 minutes). Injection was set to 1 pl in either split
mode, with a 50:1 split for higher concentration samples, or pulsed splitless for low
sample concentrations. Perkin Elmer Turbomass software was used for data
interpretation and quantification of n-alkane homologues (Czs to C3s). 1-1’binaphthyl
internal standard was added to each sample at a concentration of 1 pg/mL for
quantification. Concentrations of n-alkanes were calculated from the response factor of
each homologue against the internal standard plotted against a seven point calibration
curve prepared and analysed in triplicate using known concentrations of a homologous
suite of n-alkanes (C7to C40) with the same 1 pg/mL 1-1’ binaphthyl internal standard

concentration (r? > 0.96).

2.6 Calculations
Relative abundances of n-alkane chain lengths were characterised by calculating

average chain length (ACL):
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ACL = (25C25427C27+29C9+31C3,+33C33+35C35) 3)

(C25+C327+C29+C31+C33+C35)

Where Cx is the total concentration of each n-alkane with x carbon atoms.
Carbon preference index (CPI) for each sample was calculated using the

equation:

CP] = Zodd(Cas=3a)+ Yoaa(Car-39)] 11 dified from Marzi et al. (1993) (4)
2(Xeven C26-34)

Where XoddCx-y indicates the sum of all peak areas for n-alkanes with an odd
carbon chain length from x-y inclusive and XevenCa-b is the sum of the peak area for n-
alkanes with an even number of carbon chain lengths from a-b inclusive. Values where
CPI > 1.5 were considered to represent an n-alkane source of primarily plant origin
(Bush and McInerney 2013).

Predicted soil ACL was calculated as an average of the three dominant plant
species’ ACL, weighted by both proportional species cover (%cover) and concentration
(conc):

(%cover; xconcqy XACLq)+(%cover, xconcy, XACL,)+(%coverzxconcz XACL3)

Predicted ACL = (5)

(%cover; xconcq)+(%cover, xconc,)+(%coversxconcs)
Predicted soil CPI was calculated as an average of the three dominant plant

species’ CPI, weighted by both species proportion (%cover) and concentration (conc):

(%covery xconcq XCPI;)+(%cover, xconcy, XCPI,)+(%coverz xconcz XCPI3)

Predicted CPI =

(6)

(%coverq xconcq)+(%cover, xconcy)+(%covers Xconcs)
The proportional abundance of the C33 and C29 n-alkanes, termed Norm33, was

calculated modified from Carr et al. (2014).

CC33

Norm33 = —————
(C29+C33)

(7)

where Cx is the total concentration of each n-alkane with x carbon atoms.

2.7 Statistical Analysis
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Welch'’s t-tests were conducted using KaleidaGraph to examine the differences
between the average ACL and Norm33 of the different plant growth forms and the soil.
Least squares regression analysis was used to determine the strength of the
relationships between the measured n-alkanes signals and plant growth form coverage,
climate and particle size. Two-sided Kolmogorov-Smirnov tests were conducted using
the ks.test function in base R (R Core Team 2018) and used to compare the relative

proportions of different chain lengths in association with different plant growth forms.

2.8 Climate Data

Long-term site values for mean annual temperature (MAT), mean annual
precipitation (MAP) and annual moisture index (MI), lowest quarter mean M], highest
period radiation and maximum temperature of the hottest month were extracted from
ANUCLIM 6.1 layers of a 1960-2014 long term average (Xu and Hutchinson 2013)

through the Atlas of Living Australia (www.ala.org.au).

3. Results

In the plants, C31 had the highest concentration in the majority of samples (Fig.
2a, Supplementary Table S2, Appendix 1). The ACL for plant samples ranged from 26.7 -
32.4, with a mean value of 30.4 + 1.4 standard deviation (SD; Table 1). Concentrations
of total n-alkanes in plants were generally less than 10 ug/mg dry weight, with the
exception of three shrubs that ranged up to 50.88 pg/g dry weight (Supplementary Fig.
S1, Appendix 1).

In the soils, C29 had the highest concentration in the majority of samples (Fig. 2b,
Supplementary Table S3, Appendix 1). The measured ACL in the soils ranged from 27.4

- 30.9, with a mean value of 28.8 + 0.9 SD (Table 2).
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Table 2. Soil samples from each site. Predicted CPI and ACL modelled from the plants.

5 — — - -
= S S < s
B2 0} I % %
SITE 33 = 8 & g
= 2 = 7] =
— ] I Q
g 2 £ S 3
3 = [-» = [-»
|2
NTABRT 0004 0.017 6.0 14.6 30.9 32.1
NTADAC 0001 0.341 1.3 3.3 27.8 30.7
NTAFIN 0019 0.0004 5.8 23.9 29.6 31.2
NTAFIN 0022 0.224 1.1 19 27.9 30.2
NTAGFU 0001 0.006 3.6 3.1 30.0 30.8
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SATFLB 0014 0.005 2.5 48.7 29.0 30.8
SATFLB 0015 0.005 49 4.8 27.8 28.4
SATKAN 0001 0.339 6.4 5.6 28.6 30.0
SATKAN 0002 0.007 3.3 36.3 28.1 30.1
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Figure 2. Relative abundance of n-alkanes from (a) plants, separated into their different
growth forms and (b) soils displayed as average percentage for each chain length

relative to total n-alkanes (C25-C3s). Error bars represent one standard deviation.

The average ACL of trees was 28.9 + 1.4 SD (n = 13) and was lower and
significantly different to that of forbs (31.0 £ 1.2 SD, n = 4, p = 0.02), grasses (31.2 + 0.9

SD,n =22,p <0.0001), and shrubs (30.3 + 1.2 SD, n = 20, p = 0.005 inclusive of
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chenopods) (Fig. 3a). No other pair-wise comparisons between plant growth form and
between plants and soils were statistically distinguishable (p >.0.5) (Fig. 3a).

From north to south, tree cover increased and grass cover decreased (Fig. 4). The
measured soil ACL showed a weak but statistically significant positive correlation with
grass cover (R2=0.265, p = 0.02) and no relationship with tree cover (R2= 0.04, p = 0.4)
(Fig. 5a and b).

The average Norm33 of trees was 0.209 + 0.177 SD (n = 13) and was lower and
significantly different to that of grasses (0.712 * 0.244 SD, n = 22, p < 0.0001), and
shrubs (0.465 + 0.465 SD, n = 20, p = 0.007), but not distinguishable from that of forbs
(0.599 £0.277 SD, n = 4, p = 0.2) (Fig. 3b). The Norm33 of grasses was statistically
different from shrubs (p = 0.01). No other pairwise comparisons showed statistical

difference (p > 0.05) (Fig. 3b).
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Figure 3. a) Boxplots of ACL values for plants, grouped by plant growth form, and soils.
b) Boxplots of Norm33 values for plants, grouped by plant growth form, and soils. Boxes
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and upper quartiles.
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Figure 4. Proportional coverage of the plant growth forms at each site compared to the
measured and predicted soil ACL (unitless), the measured and predicted soil CPI
(unitless), MAP, MAT, maximum temperature of the hottest month, annual and lowest
quarter mean MI (unitless) and highest period of radiation for each site. Site bioregions

(see Supplementary Table S1, Appendix 1 for descriptions) indicated by colour bar.

The measured soil Norm33 showed a weak but statistically significant positive
relationship with grass cover (R2=0.212, p = 0.04) and a weak but statistically negative
relationship with tree cover (R2=0.229, p = 0.03) (Fig. 5c and d).

Kolmogorov-Smirnov tests of leaf wax n-alkane distributions indicated that

grasses (n=20) contain significantly higher proportions of C33 than trees (n=13) and
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shrubs (n=21); trees contain a significantly higher proportion of C29 than grasses; and
shrubs are indistinguishable from grasses or trees in terms of the proportion of Cz9 (Fig
2. and Supplementary Fig. S2, Appendix 1).

Plant CPI values ranged from 0.6 - 106.6, with all but one plant showing an odd-
over-even carbon number preference (CPI > 1). The one sample that did not have an
odd-over-even predominance was Rhagodia paradoxa, a chenopod, with a CPI of 0.6.
The CPI for the soils ranged from 2.2 - 12.5. This strong odd-over-even predominance,
indicates that the source of the n-alkanes in the soils was from a terrestrial higher plant
origin.

In most cases, the predicted soil ACL and Norm33, was longer than the measured
soil ACL and Norm33 (Fig. 6a and b). The degree of offset (measured soil- predicted)
did not correlate with any climate variables (p > 0.05) (Fig. 4 and Supplementary Fig.
S3, Appendix 1) suggesting that model performance does not vary as a function of
climate. Similarly, predicted soil CPI was longer than the measured soil CPI for the
majority of sites (Fig. 6¢.). Particle size analysis revealed no relationship between n-
alkane concentration, ACL or Norm33 and percentage clay, silt or sand of the soils

(Supplementary Fig. S4, Appendix 1).
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4. Discussion

Long-chain n-alkanes extracted from sedimentary archives derived from ancient
soils are routinely used as biomarkers for plants, therefore it is vital to understand what
these archives represent. Cave sediments, such as Naracoorte Caves in SE Australia,
represent a major archive derived largely from terrestrial soils (Macken et al. 2013).
Similarly, tectonically active settings, such as the Bighorn Basin and the Siwalik Group
preserve paleosols across key intervals of geologic history, such as the Paleocene-
Eocene Thermal Maximum and Miocene, respectively (Zaleha 1997, Smith et al. 2007,
Ghosh et al. 2017). To better characterise the nature of these records, we compared n-
alkanes in plants and soils along a transect across Australia to examine whether n-
alkanes in surface soils are dominated by inputs from the current, local vegetation. We
use point intercept data to approximate the proportional species cover of each of the
three most dominant species present at a site. We then measure the concentration and
distribution of long-chain n-alkanes from each of these species and from the surface
soils at each site. n-Alkane inputs from vegetation are modelled as the cover- and
concentration-weighted average of the three most dominant taxa at each site. If local
and recent vegetation were the dominant component of surface soil n-alkanes, we
would expect the modelled n-alkane distributions to match those measured in soils.
However, the modelled values of both ACL and Norm33 are offset from observed n-
alkane characteristics, with measured values generally lower than the modelled ones
(Figs. 6a and 6b). The offset between our modelled and observed distributions could be
the result of integration of records over larger spatial scales/longer temporal scales
than represented by the surveys; could reflect unaccounted fluxes of leaf waxes to soils;

or could reflect post-depositional modification. These possibilities are evaluated below.
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4.1 Regional vegetation inputs to soils

The modern vegetation survey used here encompasses one hectare plots (0.01
km?), however, soils may accumulate n-alkanes from further afield. Aerosol samples
collected from a mid-latitude forest in Germany have shown that their distribution of
leaf wax n-alkane 8D values differs significantly from that of local plants, suggesting that
wind dispersal can transport n-alkanes across long-distances ranging from hundreds to
thousands of kilometres (Nelson et al. 2017). Furthermore, Conte et al. (2003)
demonstrated that the isotopic composition of ablated waxes in aerosols collected
above a prairie canopy in southern Alberta, Canada, represented a regional scale
catchment. Air mass trajectories have shown that wind-blown n-alkanes can travel as
far as between continents, as well as having a regional or local source (Bendle et al.
2007, Yamamoto and Kawamura 2010, Nelson et al. 2017). While n-alkanes in the
atmosphere necessarily represent wind-blown aerosols, it is unclear whether in soils
the aerosol deposition represents a significant contribution in comparison to local
direct leaf fall. The offset observed here between measured and modelled n-alkane
distributions may indicate that the signals recorded in the surface soils are integrating
across a larger area than the one hectare survey plot.

We observe a systematically shorter chain length distribution in the surface soils
than that of the local plant community, which could result if regional aerosol or water
borne inputs have shorter chain length distributions. Our results show that of all the
growth forms, trees have the shortest average chain length (Fig. 3a). Therefore if trees
from outside of the hectare plots are contributing significantly to soils, this would
explain the systematic offset between the local plant community and the surface soils.
We hypothesize that trees may be overrepresented in the surface soils relative to other

plant types due to their height in the landscape making them more susceptible to
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ablation by wind as compared to plants lower in stature, such as small shrubs and

grasses.

4.2 Time averaging of n-alkanes in soils

The model uses the plants surveyed at the time of soil collection as the basis for
the vegetation inputs to examine whether leaf waxes in surface soils are dominated by
recent vegetation. However, n-alkanes can accumulate in soils over hundreds or
thousands of years and then be re-mobilised and deposited with younger lacustrine and
marine sediments (Smittenberg et al. 2006, Drenzek et al. 2007, Douglas et al. 2014,
Gierga et al. 2016). If the n-alkanes in the surface soils accumulated over thousands of
years, the standing plant community would be a poor predictor of soil n-alkane
distributions because the dominant vegetation and climate across Australia have
changed radically over this time (Hope 2017). Over the course of the Late Pleistocene
into the Holocene, variable but increasing aridity has resulted in a shift from forested to
herbaceous vegetation in the Western Plains of Victoria (Edney et al. 1990) and an
increase in the dominance of eucalypt dominated grassy woodlands in the last 5000
years in mainland SE Australia (Kershaw et al. 1991). More recently, vegetation has
changed since European settlement. Australia’s vegetation prior to European settlement
had greater plant cover than today, with forests and woodlands in greater abundance
(COAG Standing Council on Environment and Water 2012). Past ecosystems with a
different n-alkane contributors would have produced different n-alkane distributions in
soils. Environmental changes over the lifetime of the soil would cause a difference
between the modern plant community and the temporally integrated soils. This would
prevent soils from providing annual or decadal records, but not impact on using soils as

recorders of long-term vegetation over centuries to millennia.
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4.3 Unconstrained fluxes from plants to soils

Despite accounting for the relative abundances of the plants and differences in n-
alkane concentration among the plants, we are unable to quantify the actual flux of n-
alkanes from the plants to the surface soils. The flux can vary with the rate of litter fall,
which is a function of leaf lifespan (Wright and Cannon 2001), or with wax turnover
rates within leaves due to physical removal (e.g. by wind ablation and herbivore
removal and subsequent deposition) and regeneration of waxes (Koch et al. 2004). Leaf
lifespan represents the duration of photosynthetic return to the plant and is balanced
against the cost of producing greater leaf mass area (Wright et al. 2004). A global study
of leaf economics has shown that in general plants that grow in arid conditions with
higher mean annual temperature tend to have longer leaf lifespans (Wright et al. 2004).
Our transect represents a broad range of climatic conditions, ranging from monsoonal
tropics in the north, to arid central deserts, to winter rainfall in the south. These climatic
differences are likely to contribute to variations in both leaf lifespan and the flux of litter
to surface soils across the transect. Furthermore, the seasonal dominance of some
annual species (e.g. Sorghum spp.) would lead to intra-annual variability in both local
and regional n-alkane inputs.

Similarly, differences in the rate of wax production and replacement within a
leaf, particularly in rarer species, would result in inputs to surface soils that are not
proportional to the standing vegetation composition and concentration. Our inability to
constrain fluxes from plants to surface soils would contribute to the spread in the offset
between modelled and measured values. However, it is unlikely to explain the

systematic overestimates in modelled ACL and CPI.
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4.4 Post-depositional modification

Our model tests the local, modern day inputs of n-alkanes, but does not measure
the fate of these compounds once they have been deposited in the soils. In theory, post-
depositional modification to the n-alkanes could alter the chain length distributions in
soils. In Australian soils, carbon content of soils is positively correlated with
precipitation and negatively correlated with temperature; high pH and high clay content
also facilitate preservation (Oades 1988, Carvalhais et al. 2014). Soil particle size is
considered to play an important role in turnover of carbon, with decreasing carbon
content and increasing carbon turnover rates in soils of increasing particle size (Cayet
and Lichtfouse 2001, Quenea et al. 2004, Quénéa et al. 2006). However, our study finds
no correlation between particle size and n-alkane concentration or distribution
(Supplementary Fig. S4, Appendix 1).

At a global scale, organic matter turnover times vary across different biomes
with shorter turnover times in tropical forests, savannahs and grasslands and longer
turnover times in temperate forests, grasslands and shrublands (Carvalhais et al. 2014).
We expect that variation in edaphic conditions could result in differential preservation
potential of lipids. Bull et al. (2000) found an increase in n-alkane concentrations in
soils with a higher pH and Pisani et al. (2015) found that soil warming resulted in a
decrease in aliphatic lipid concentrations in the soil mineral horizon. Wang et al.
(2017a) similarly find a decrease in concentration of n-alkanes with experimental
heating at diagenetic temperatures ranging from 60-300 °C, as well as a decrease in ACL
over time. However, due to our use of surface soils at a depth of only 3 cm, we expect
temperatures to be significantly lower than in this experiment, and thus diagenetic

effects to be minimised. Validated modelling of soil temperatures across Australia at 5
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cm depths, a depth at which air temperature is the primary driver of the subsequent soil
temperature, showed that even at extreme maximum temperatures of the year and day,
soil temperature did not exceed 40 °C (Horton 2012). In addition, if variations in climate
controlled the degree of post-depositional modification, we would expect the offset
between modelled and measured values to vary with climate. However, we find the
degree of offset between our modelled and measured ACL does not correlate with
temperature or precipitation (Supplementary Fig. S3, Appendix 1). Thus, there is no
evidence for climate-driven differences in post-depositional processing in our dataset.
Litterbag studies have explored the effects of microbial degradation on leaf
waxes, but the effects varied among studies. Zech et al. (2011) find a decrease in
concentration of odd, long-chain n-alkanes, as well a decrease in their odd-over-even
predominance in a leaf litter bag experiment over 27 months which they interpret as a
degradation signal. Similarly, our results show that overall the soils have a lower CPI
than do the modelled plant inputs (Fig. 6¢), which may indicate that degradation
processes impact n-alkane signals in the soil. In contrast, Nguyen et al. (2017) noted
that degradation processes resulted in a decrease in concentration of n-alkanes in a
two-year litterbag study of beech leaves submerged in a pond, but did not result in a
change to CPI, nor ACL. Additionally, Celerier et al. (2009) found that the longer chain
lengths were not preferentially removed with depth in a soil profile of a long-term field
experiment in France and show high resistance to microbial degradation. There is some
evidence that differences in soil conditions may have an effect, where Li et al. (2017)
find a small change to ACL of buried leaves at one of their study sites, but not at another
with a different soil type. This evidence suggests that the ACL is not drastically altered
by degradation processes in the soils, but that instead the odd-over-even predominance

may vary in soils significantly as a result of degradation. As such, post-depositional
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modification is not a likely explanation for the ACL offset between the plants and

surface soils.
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Figure 6. Predicted versus measured soil ACL (a), Norm33 (b) and CPI (c). Prediction
represents a concentration- and cover-weighted average of three most dominant plants

at each site. The grey dashed line represents the trend. Black 1:1 line for comparison.

4.5 Vegetation type and climatic effects on n-alkane distribution

A meta-analysis of plants from around the globe showed that in general grasses
do not have longer ACL than woody vegetation (Bush and McInerney 2013). However,
within Africa, C4 monocots (grasses and sedges) produce more C33 than C3 plants, and
C3 plants tend to produce more C29 than C4 monocots (Garcin et al. 2014). Similarly, in
Australia, the grasses, which were predominantly C4, produced proportionally more C33
and had significantly longer ACL than trees (Fig. 3); trees produced statistically more
C29, and had a shorter ACL than grasses (Fig. 3). Shrubs and forbs produced a widely
varying range of chain lengths (Fig. 3). Plant coverage effects are also evident in the
soils. We find statistically significant (p<0.05) correlations between % grass cover with
both Norm33 and ACL and between % tree cover and Norm33 (Fig. 5). Similarly

variations between biomes are seen in sediments from the southwest African
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continental margin, with longer chain lengths associated with savannahs, compared to
shorter chain lengths in rainforests (Rommerskirchen et al. 2006). Carr (2014) found
that although there was considerable individual plant variability in the succulent karoo
and fynbos biomes of South Africa, the succulent karoo was associated with longer
maximum chain lengths than the fynbos, and these longer chain lengths were mirrored
in the soils.

An alternative hypothesis for the cause of plant type differences observed here is
that chain length distributions could be directly influenced by climate (Bush and
McInerney 2013, Bush and McInerney 2015). Evidence of correlations between ACL and
climate (e.g. temperature, relative humidity) have been found in North America (Tipple
and Pagani 2013, Bush and Mclnerney 2015), Italy (Leider et al. 2013), on the Tibetan
Plateau (Qiuhuan et al. 2016) and in Australia (Hoffmann et al. 2013). We found no
relationship between any climate variables and the ACL of plants or soils, testing both
climatic extremes and annual means of both temperature and precipitation (Fig. 4,
Supplementary Figs. S5 & S6, Appendix 1). This is similar to the findings of Wang et al.
(2017b), who did not find a strong relationship with temperature and ACL in soils
across a > 1000 km transect in SW China. Plant type appears to be a greater
determinant of ACL than climate in this study. Carr et al. (2014), found that climate was
only very weakly correlated with ACL, while there were clear differences between
growth forms. Phylogenetic constraints on leaf wax concentration and distribution was
shown among conifers (Diefendorf et al. 2015) and may play a role in constraining

responses to climate in other groups as well.
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4.6 Evaluation of factors influencing soil n-alkane signatures

Our results suggest that soil n-alkanes are not dominantly from local and recent
vegetation at the sites examined in this study. Moreover, a greater influence of trees
from more distant, or previous plant communities could cause shorter ACL in the soils
than that observed in modern, local vegetation. Our inability to account for the flux of
waxes from the local plants into the soils is noteworthy, but unlikely to result in
systematic overestimates by the models. Post-depositional microbial modification may
contribute to the reduction in CPI in soils compared to plants, but is unlikely to affect
ACL. The offsets between the modelled and measured ACL and Norm33 most likely
reflect that soils integrate over larger spatial and/or temporal scales than those
sampled by our plant survey. The correspondence between plant cover type (% grass or
% trees) and n-alkane distributions (Norm33, ACL) in soils suggests that soil n-alkanes
faithfully record larger scale ecosystem features, rather than localised plant

communities.

4.7 Implications for palaeoecology

Our results show that we can be confident that the n-alkanes found in the surface
soils are of a terrestrial plant origin due to their odd-over-even predominance. We
suggest that the leaf waxes in the soils represent a spatially and/or temporally
integrated signal. A distinct benefit for palaeoecology is that n-alkanes in soils should
not be susceptible to microclimates, spatial heterogeneity of vegetation, or short term
changes in vegetation due to interannual variability. The correspondence of n-alkane
distributions in soils with plant cover type (grass or tree) suggests that information on
vegetation structure is preserved in soils. Although we detect degradation processes

occurring in the soils, with a decrease in soil CPI relative to the vegetation, we do not
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expect that the ACL of the soils is affected by degradation based on the results of

previous studies, however further work to investigate this at greater depth is necessary.

5. Conclusions

Characterising the temporal and spatial scale of inputs of n-alkanes from plants
to surface soils allows us to better understand the environmental or climatic signal that
we are measuring when analysing these compounds. Our results show an offset
between the modelled signals based on current and local vegetation, and the measured
signals in the soils. This offset allows us to reject the hypothesis of recent and local
source, and indicates spatial and/or temporal averaging of inputs into the soils. We
further suggest that trees, including those further afield than the one hectare field site
are the likely source of the shorter ACL observed in the soils. This is due to their
elevation in the landscape, making them potentially more susceptible to wind ablation
than lower-statured species, and due to their greater presence in Australia’s pre-
European settlement as compared to today. Vegetation cover type (% grass or % tree)
correlates with surface soil n-alkane distributions (Norm33), suggesting that large-scale
features of vegetation structure are preserved in soil n-alkanes. The signals we observe
in sedimentary records are likely to reflect a regional, time-averaged signal that is not
heavily susceptible to short-term variability or small-scale spatial heterogeneity in

climate.
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Abstract

In order to interpret leaf wax n-alkane characteristics observed in soils and
sediments in terms of past vegetation and environment, we need to understand
whether post-depositional modification has altered the original plant-derived
signatures. To determine whether degradation processes alter n-alkane signals in soils,
we conducted 18 month incubation experiments of soils combined with different
organic composts to examine the effects of post depositional modification in isolation
from herbivory. After 18 months of incubation, n-alkane concentration decreased by up
to 85%, with the greatest decrease occurring within the first month. Carbon preference
index (CPI) also decreased across all samples, suggesting that CPI may be a good
indicator of the degree of degradation. Despite large decreases in n-alkanes
concentration, average chain length (ACL) of long chain n-alkanes remained stable
throughout the experiment. The alkyl/o-alkyl ratio shows that there is greater n-alkane
loss in those samples where there is a greater relative abundance of lipid-related carbon
added via the composts. This suggests that n-alkanes are unstable at the time of
deposition and are susceptible to soil processes before stabilisation and preservation.
The results presented here indicate that CPI may be a useful indicator of n-alkane
degradation. These findings provide confidence in the use of n-alkane ACL signals
preserved in soils for palaeoenvironmental research, despite the effects of post

depositional modification.

Keywords

n-alkanes, soils, incubation experiment, ACL, CPI, A/OA
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1. Introduction

The compounds contained in leaf waxes are useful for palaeoecological research
because they play a critical role in protecting the plant from its environment and can
therefore record information about past ecosystems. Leaf waxes provide protection
against non-stomatal water loss from the leaf surface of plants, as well as provide
protection against herbivory, fungal infection and UV radiation (Eglinton and Hamilton
1967, Eigenbrode and Espelie 1995, Shepherd and Wynne Griffiths 2006). They are
made up of multiple compound types, including n-alkanes (Eglinton and Hamilton 1967,
Banthorpe 2006). In the leaf waxes of terrestrial higher plants, the n-alkanes are long
chained (Czs5-C3s), with an odd-over-even chain length predominance and these specific
characteristics make them useful as proxies or biomarkers that record past vegetation
(Eglinton and Hamilton 1967). The strong odd-over-even predominance of chain
lengths forms as a result of the decarboxylation of even-numbered fatty acid chains
(Khan and Kolattukudy 1974, Shepherd and Wynne Griffiths 2006). The relative
abundance of the different n-alkane chain lengths produced in leaf waxes is quantified
as an average chain length (ACL), and the predominance of odd over even chain lengths
observed in terrestrial higher plants is quantified as a carbon preference index (CPI).

Implicit in the interpretation in palaeoecological studies is that the n-alkane
signals found in the sediments are representative of the plant community that deposited
them (Pearson and Eglinton 2000, Eglinton and Eglinton 2008). Our recent work
showed that surface soil samples did not reflect the n-alkane signals of the local (<1
hectare) standing plant community, but instead appeared to represent either a spatially
and temporally integrated signal of the contributing plants, or an altered signal

influenced by post-depositional modification (Howard et al. 2018).
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Temporal and spatial averaging is regarded as an important consideration when
interpreting the signals from leaf wax n-alkanes observed in soils and sediments
(Diefendorf and Freimuth 2017). These compounds become deposited into soils as a
result of wind ablation and leaf fall (Cranwell 1981, Lichtfouse et al. 1998). There they
accumulate and can remain preserved in palaeosols for millions of years (Smith et al.
2007, Yamamoto et al. 2010). Studies exploring the pre-aging of leaf wax n-alkanes in
soils and sediments have found that they can have residence times of decades, or up to
hundreds to thousands of years before becoming remobilised and redeposited (Pearson
and Eglinton 2000, Smittenberg et al. 2006, Douglas et al. 2014, Gierga et al. 2016).

In addition to temporal and spatial averaging, post-depositional modification
that occurs in the soils may result in plant and soil n-alkane signals differing from one
another (Howard et al. 2018). Understanding the potential impact of edaphic
modification of n-alkane signals is critical to their interpretation in palaeoecological
research. Litterbag studies have increased our understanding of the role that microbes
and herbivorous fauna play in altering n-alkane signals observed on abscised leaves in
litter and soil. Specifically, litterbag studies have shown that n-alkanes do breakdown
while still in association with leaves and have found that lipid content decreased by up
to 99 percent over the course of an experiment (Nguyen Tu et al. 2011, Li et al. 2017).
However, carbon preference index (CPI) changes were variable between experiments,
with some showing a decrease in CPI (Li et al. 2017) and others observing a stable CPI
over the course of the experiments (Wang et al. 2014). Further, when examining ACL,
litterbag studies have revealed that ACL remained stable or only slightly changed over
the course of the experiments (Wang et al. 2014, Li et al. 2017). These litterbag studies
replicate various post-abscission effects on n-alkanes while still in direct association

with leaves, but have shown variable results potentially due to differences among

62



studies. This may be due to the variation between plant species as observed by Li et al.
(2017), or due to differences in experimental set up, with some experiments being
buried (Wang et al. 2014, Li et al. 2017) and others being left exposed on the soil surface
(Nguyen Tu et al. 2011). Further, litterbag studies do not provide insight into the fate of
leaf wax n-alkanes that have been disseminated in soils and are no longer in association
with the leaf cuticle. In addition to n-alkanes associated with leaf litter, there is also a
separate pool of isolated leaf wax n-alkanes accumulated in soils, which may be subject
to further post-depositional modification and organo-mineral interactions, which
litterbag studies are unable to examine. Our study builds on the litterbag work by
examining the change in n-alkane composition after the leaves have decomposed and
been mixed into soils through a controlled experiment.

In order to measure post depositional effects on n-alkane signals in soils,
controlled incubation experiments were conducted of soils mixed with different types of
compost (organic amendments) as an analogue for the processes of herbivory and
breakdown of whole leaf matter. By comparing the signatures of the n-alkanes in the
amended soils prior to and after incubation for 18 months, we can infer the effects of
microbial degradation on the n-alkane signals. This controlled experiment eliminates
the natural variations in plant sources and time-averaging in different soils found in the
natural world (Howard et al. 2018) and allows for examination of different organic
materials with a broad range of chemistries. Additionally, differences within and
between plant species as a result of climate and phylogeny introduces significant
variability n-alkane chain length distributions (Bush and McInerney 2013, Bush and
Mclnerney 2015, Diefendorf et al. 2015). This study helps to overcome the challenges
associated with variation between individual plants and between environments by

examining the input of n-alkanes into soil from homogenised organic matter from
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different sources. By examining n-alkane degradation in soil in this manner, we seek to

replicate conditions of an integrated signal observed in the natural environment.

2. Methods
2.1 Soil incubation

Australian agricultural chromosol (Isbell and National Committee on Soil Terrain
2016) had different organic composted amendments added (Table 1). Prior to their
addition to the soil, nuclear magnetic resonance (NMR) analysis was conducted on the
composts in order to examine their alkyl/o-alkyl (A/OA) ratio (Table 1, Baldock et al.
1997, Farrell et al. 2015) following NMR conditions of Baldock et al. (2013). Amended
soils were incubated in the dark in 250 mL sealed jars at a stable temperature of 22 °C
with a small vessel containing water to maintain humidity for 18 months. Headspace
was refreshed regularly throughout this incubation period to prevent anoxia. To
observe changes over time, replicate samples were destructively harvested at 0, 1, 3, 6,
12 and 18 months by halting incubation and subsequent microbial activity by drying at

40°C to a constant mass (Farrell et al. 2015).

Table 1. Details of the different organic amendments added to and homogenised with

the soils and their respective A/OA ratios (Baldock et al. 2013, Farrell et al. 2015).

Sample A/OA | Details of Organic Amendment

Co01 0.28 | Mixture of pig manure and straw

C004 0.31 | Composted chicken manure

C005 1.19 | Fresh biosolids

€008 0.40 | Composted green organics (green waste and food waste)
€009 0.11 | Fresh green waste (garden clippings etc)

C046 1.06 | Composted cotton trash

c047 0.40 | Composted green waste and biosolids

€049 0.54 | Municipal green waste composted

C053 0.12 | Green waste and timber
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CO54 0.78 Composted cow m.a.nure, straw, hay, clay and rock dust
(latter two as stabilisers)

C063 0.19 | Composted green waste and biosolids

Chromosol 0.57 | No amendment

2.2 Sample selection

Eleven samples of amended soil were selected from the larger experiment to
examine the stability of n-alkanes. These samples were selected based upon the wide
spread of chemistries of the composts used, and thus were expected to be a robust test
of how n-alkanes from disparate sources responded to microbial decomposition. Soils
were incubated for 0 or 18 months prior to subsampling. Additionally, an unamended,
unincubated chromosol control sample was examined. Finally, in order to examine
changes at a finer temporal resolution, samples at 1, 3, 6 and 12 months incubation
were subsampled from two of the samples, C009 and C047. Total organic carbon (TOC)
of all samples was determined through elemental analysis using a LECO Corporation

Trumac CN (Farrell et al. 2015).

2.3 Lipid extraction

Lipid extraction of the samples was conducted using a Thermo Scientific Dionex
Accelerated Solvent Extractor (ASE) 350 using a 9:1 DCM:MeOH. The ASE extraction
occurred at 100 °C and a pressure of ~11,000 kPa with a 12 minute preheat, three static
cycles of five minutes, and a rinse volume of 60%. Excess solvent was evaporated from

the TLE under nitrogen gas using a FlexiVap nitrogen blow down station.

2.4 n-Alkane purification
The polar and non-polar fractions of the TLEs were separated by solid phase
extraction using ~0.5g of activated silica gel in short glass columns eluting them with 4
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ml of hexane to collect the non-polar, aliphatic hydrocarbon fraction, followed by 4 ml 1:1
DCM:MeOH eluent to collect the polar fraction (Bastow et al. 2007). The aliphatic

hydrocarbon fraction was dried under nitrogen gas.

2.5 GC-MS Lipid Quantification

Quantification of n-alkanes was conducted using gas chromatography mass
spectrometry (GC-MS) analysis of the non-polar lipid fraction. Analysis was performed
on a Perkin Elmer Clarus 500 GC-MS with the following specifications: The capillary was
an SGE CPSil-5MS, 30 m (length) x 0.25 mm (internal diameter) x 0.25 pm phase
thickness. The carrier gas was helium with a 1 ml/ min constant flow. The injection
temperature was 300 °C, with a temperature program of 50 °C (hold 1 minute), ramped
at 8 °C/ min to 340 °C (hold for 7.75 minutes). Injection was set to 1 pl in either split
mode, with a 50:1 split for higher concentration samples, or pulsed splitless for low
sample concentrations. Perkin Elmer Turbomass software was used for data
interpretation and quantification of n-alkane homologues (Czs to C3s). 1-1’binaphthyl
internal standard was added to each sample at a concentration of 1 pg/mL.
Concentrations of n-alkanes were calculated from the response factor of each
homologue against the internal standard plotted against a seven point calibration curve
prepared and analysed in triplicate using known concentrations of a homologous suite
of n-alkanes (C7 to Cao Saturated Alkanes Standard, Supelco 49452-U) with the same 1
pug/mL 1-1’ binaphthyl internal standard concentration (r2 > 0.96, with a precision of

+10% based on 10 replicate standard injections).

2.6 Calculations
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The distribution of n-alkane chain lengths were characterised by calculating

average chain length (ACL),

25C55+27C57+29C>9+31C31+33C33+35C
ACL = (25C;5 27 29 31 33 35) (1)

(C25+C27+C29+C31+C33+C35)

where Cx is the concentration of each n-alkane with x carbon atoms.

Carbon preference index (CPI) for each sample was calculated using the below

equation, modified from Marzi et al. (1993):

_ [Xoad(Ca5-33)+ X0dd(Ca7-35)]
CPI'= 2(Xeven C26-34) (2)

Where Xodd refers to the sum of the concentrations of odd carbon numbered n-alkanes,
and Zeven refers to the sum of concentrations of even carbon numbered for the inclusive
range of chain lengths indicated for each.

Loss of n-alkanes was calculated as a percentage change in concentration (ug n-
alkane/mg soil) after 18 months. We also calculated the concentration of n-alkanes with
respect to total organic carbon (pg n-alkane/mg TOC) in order to examine the

proportion of n-alkane loss that occurred over the 18 month incubation period.
2.7 Statistical methods

Paired sample t-tests were conducted to determine whether there was
significant change to the ACL, CPI and concentration of the samples after 18 months of

incubation.

3. Results
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In all amended samples, total organic carbon (TOC, mg C/g soil) decreased after
18 months of incubation, with samples having a starting TOC of 30.1 - 34.5 mg TOC/g
soil and decreasing to 15.8 - 27.6 mg TOC/g soil (Table 2, Fig. 1a).

Total n-alkane concentration (C1s-Css, ug n-alkane/mg soil) also decreased after
18 months of incubation, with samples having starting concentrations ranging from
11.1 - 29.23 pg n-alkane/mg soil at 0 months incubation, and 3.67 - 12.05 ug n-
alkane/mg soil at 18 months incubation (Table 2, Fig. 1b). However, n-alkane
concentration does not decrease in proportion to TOC (Table 2, Fig. 2).

After the 18 month incubation period, ACL shows no significant change (t = -
0.87, p = 0.4). Although sample C063 had an increase in ACL, all other samples had an
ACL that remained almost unchanged after 18 months of incubation (Fig. 1c). Sample
C063 had the greatest percent decrease of TOC and total n-alkane concentration of all
amended samples (Fig. 1c). In all samples, CPI significantly decreased (t = 3.49, p =

0.006) after 18 months of incubation (Fig. 1 d).

Table 2. Characterisation of amended soils at 0 and 18 months of incubation: Total
Organic Carbon (TOC) (mg C/g soil), total n-alkane concentration for Ci5-C3s (ug n-
alkane/mg soil), ACL, CPI sorted in order of decreasing values of the ratio of alkyl to o-

alkyl carbon in each sample (A/OA) (Farrell et al. 2015).
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Total n-alkane

A/OA TOC concentration (C;s - C35) ACL (Cy5-C35) CPI (C,5-C35)
Months

incubated| N/A 0 18 % Loss 0 18 % Loss 0 18 0 18
C005 1.19 33.97 25.90 23.7 29.23 441 84.9 30.4 30.2 14.1 7.9
Co46 1.06 33.96 21.80 35.8 18.46 3.67 80.1 30.1 30.1 17.6 9.0
C054 0.78 30.85 25.15 18.5 11.10 5.89 46.9 30.2 30.2 16.9 8.6
C049 0.54 32.88 16.50 49.8 12.01 6.96 42.1 30.2 30.2 16.7 13.4
8 [coos 0.40 33.02 25.02 24.2 15.65 5.78 63.1 30.3 30.2 15.0 12.6
E' C047 0.40 34.50 16.35 52.6 12.54 8.20 34.6 30.2 30.3 16.4 10.9
& |co04 0.31 31.92 25.78 19.2 12.56 8.40 33.1 30.2 30.3 15.2 17.7
C001 0.28 32.01 22.04 31.2 18.80 6.74 64.1 30.3 30.4 18.7 15.0
C063 0.19 33.00 27.58 16.4 13.70  12.05 12.1 29.7 30.2 33 5.3
C053 0.12 33.52 15.79 529 19.57 9.31 52.4 30.2 30.2 18.0 14.5
C009 0.11 33.65 24.14 28.2 16.43 8.20 50.1 30.0 30.1 10.1 5.8

69



71 Chromosol
& hpin B owvontns B s
Y B 18 Months
TOC
a 4
35
30
3 25
220
Q
@15
10
S
0
b n-alkane concentration
35
30
32
an
£ 2
¢ o
S5
il
<
<10
f=
; i I I |
. d i
ACL
c 30.5
30.25
w}
I 30
29.75
29.5 |
d cpl
25
20 ]
_ 15
o 4
© 0 J
4
o 1l
A/OA and % Loss
1.4 / 2 100
e
1.2 20
1
<O( 0.8 60
? 0.6 40
0.4
0.2 2
0 0
P FFSPIFTSF S F S
@o S FEEE &S & 8
O
o)

Amendment

$507 9%

70



Figure 1. TOC, n-alkane concentration (C1s-C3s), ACL and CPI at 0 and 18 months of
incubation, and % Loss over 18 months, presented in order of decreasing alkyl to o-
alkyl carbon in each sample (A/OA) (Farrell et al. 2015). Composition of unamended

chromosol shown for comparison.
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Figure 2. Comparison of loss in total organic carbon and loss in n-alkane concentration

over 18 months of incubation.

Two samples, C009 (fresh green waste) and C047 (composted green waste and
biosolids), were also analysed at 0, 1, 3, 6, 12 and 18 months incubation. In these time
series, percent TOC decreased both after 1 month and between 12-18 months of
incubation, whereas percent n-alkane concentration decreased after 1 month
incubation and then remained relatively constant (Fig. 3a and 3b). In all amended

samples, we find that all the low molecular weight (C15-C24, LMW) chain lengths
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decrease in concentration after incubation, and in all but two amended samples, the

high molecular weight (C2s-C3s, HMW) chain lengths also decrease after incubation (Fig.

4).
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Figure 3. Percent total n-alkane concentration remaining (a) and percent TOC

remaining (b) at 0, 1, 3, 6, 12 and 18 months of incubation for samples C009 and C047.
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Figure 4. Concentration of individual n-alkanes at 0 and 18 months of incubation

presented in order of decreasing A/OA, as in Figure 1.

The ratio of lipid-related (alkyl) carbon to carbohydrate-related (o0-alkyl) carbon
of each of the samples was compared with the loss of concentration of n-alkanes after
18 months of incubation relative to the control sample from 0 months. Results show
that the greatest amount of loss occurred with higher A/OA (Fig. 1e), with a positive
correlation (R2 = 0.36, p = 0.04) between the loss of n-alkane concentration and the
starting alkyl/o-alkyl ratio (Fig. 5a). In other words, the greater the relative abundance
of lipid-related carbon added via the composts, the greater the percentage of n-alkane
loss after 18 months of incubation. Further, the change in CPI after 18 months shows a
negative correlation with A/OA (R2 = 0.41, p = 0.03, Fig. 5b) and percent n-alkane loss

(R2 = 0.44, p = 0.03, Fig. 5¢).
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Figure 5. Cross plots of a) the alkyl/o-alkyl ratio (A/OA) of amendment versus percent
n-alkane loss after 18 months of incubation, b) the A/OA of amendment versus the
difference in CPI after 18 months of incubation, and c) the percent n-alkane loss after 18

months of incubation versus the difference in CPI after 18 months of incubation.

4. Discussion
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This work examines the effects of post depostional modification on n-alkanes
that have been disseminated into soils after the leaves they are sourced from have
undergone breakdown processes, such as digestion or litter decomposition. By
incubating different composted organic matter, the controlled experiments conducted
here replicate conditions after intial leaf breakdown and hence examines the next steps
in n-alkane degradation to those tested in existing litterbag studies. Results here show
that after 18 months up to 85% of n-alkanes were removed from the soils (Table 1, Fig.
1b). Similarly, litterbag studies have observed large decreases in n-alkane
concentrations over the course of the experiments, with Zech et al. (2011) finding an
average of 85% reduction and Nguyen Tu et al. (2011) observing a 99% decrease in
total leaf lipids. Our work demonstrates the potential for further degradation of the pool
of n-alkanes that remain after intital leaf litter degradation after dissociation from leaf
tissue and having been mixed into a soil.

As well as seeing a large decrease in concentration, there is also a wide range of
variability in loss, ranging from 12 - 85% in n-alkane concentration and 16 - 53% in
TOC loss (Table 2, Fig. 1). However, the losses in n-alkane concentration and percent
TOC are not correlated to one another (Fig. 2). Given that the soil and the incubation
conditions remained identical between samples, it is likely that this wide range of
variability is due to the differences between the composts and their microbial
communities. Composts were chosen based on their broad range of compostions and
chemistries. Furthermore, the microbes in each incubation would have been heavily
influenced by the community derived primarily from the compost, despite being air-
dried and finely ground before addition to the soil. Each compost would have had its
own individual community of microbes, specific to the composting materials and their

specific chemistries (Pérez-Piqueres et al. 2006). The efficacy of these microbial
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communites is evident from the two samples that were monitored at a higher temporal
resolution which both show that majority of loss occurred after only one month of
incubation (Fig. 3).

The different compositions of the composts corresponded with the degree of n-
alkane loss. Microbes preferentially metabolise o0-alkyl compounds (e.g. carbohydrates)
because of their greater bioavailability than alkyl (e.g. lipid) compounds, and thus a high
alkyl/o-alkyl (A/OA) ratio is regarded as an indicator of greater degradation or
decomposition (Baldock and Preston 1995). The amendments varied significantly in
A/OA ratios (0.28 to 1.19, Table 1). The A/OA ratio of the composts was significantly
correlated with the loss of of n-alkanes, with the greater losses in samples with higher
A/OA ratios (Fig. 5a). This result seems counter-intuitive because the composts with the
highest A/OA ratios (most decomposed prior to addition to the soils) also have the
highest loss of n-alkanes during the experiment. However, the high alkyl/o-alkyl ratio
may force microbes to resort to metabolising the alkyl compounds present when soil
conditions (temperature and humidity) are favourable, but only limited o-alkyl
compounds are available. In addition, alkyl compounds are kinetically unstable which
makes them susceptible to degradation, but their hydrophobicity leads them to become
bound to clay particles in soils which can protect them from microbial degradation
(Schmidt et al. 2011, Lehmann and Kleber 2015). In this experiment, we examine soils
with freshly added composts rich in alkyl compounds that have not yet been stabilised
in the soils, and see high losses that correlate with high A/AO ratios. This further
supports that n-alkanes are unstable at the time of deposition and their long-term
preservation in soils and sediments is dependent upon their interaction with clay

minerals.
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Although A/OA correlated with n-alkane loss, it did not correlate with TOC loss
and TOC and n-alkane concentration do not decrease proportionally to one another
(Figs. 1 and 2). This non-proportional decrease in TOC and n-alkane concentration is
likely as a result of the various organic amendments containing different proportions of
organic compounds that may be more susceptible to post-depositional modification
than n-alkanes. The diverse composition and degree of decomposition of composts
contribute to the observed variation in loss of TOC, but the changes in TOC are not an
indication of the degree of n-alkane breakdown.

The odd-over-even predominance of the long-chain n-alkanes (C2s-Css),
measured as CP], significantly decreased after 18 months of incubation. This is due to a
greater proportion of loss in the odd than the even chain lengths. On average, odd chain
length n-alkanes (Cz25-C3s) experienced a loss of 23%, whereas even chain lengths
decreased by only 12%. Previous litterbag studies have found contrasting results with
one showing a decrease in odd over even predominance of chain lengths (Zech et al.
2011) and another finding no changes in either CPI nor ACL (Wang et al. 2014). These
contrasting results may be due to differences in experimental set up, or perhaps
differing environmental conditions controlling degradation rates. Comparisons of CPI in
soils with that of local plant populations found a lower average CPI in the soils as
compared to the plants, potentially indicative of degradation of organic matter in soils
(Bliedtner et al. 2018, Howard et al. 2018). Further, analysis of changes to CPI with
depth have revealed, in one case, decreasing values of CPI and decreasing n-alkane
concentration with depth, attributed to progressive degradation (Andersson and
Meyers 2012). In another case oscillations in n-alkane CPI values occurred with depth,
attributed to temperature variations causing alternating periods of high and low

degradation (Ortiz et al. 2010). In this study, where environment and time were held
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constant, we found CPI generally decreased as a result of degradation, with variation
observed amongsth composts. Evidence of degradation processes occuring in the soils is
further supprted by the greater decrease in CPI occuring where there is a higher A/OA.
The greatest break down of n-alkanes with a high A/OA leads to a greater change in CPI
(Figs. 5b and 5c¢).

Despite evidence of degradation and a significant decrease in n-alkane
concentration in the soils over the period of incubation, the ACL in the soils remains
unchanged after 18 months of incubation. ACL is widely used in palaeoenvironmental
studies as a proxy for vegetation and climate (Diefendorf and Freimuth 2017) and this
study provides additional confidence in the durability of ACL signal observed in soils
despite microbial degradation. Litterbag studies have been conducted examining the
effects of microbial activity on n-alkane signals of whole leaves and have found similar
results. A litterbag experiment found leaves of one plant species showed no notable
change in ACL and only a small increase in ACL in a different plant species after burial
for 1 year (Li et al. 2017). Further, a recent 2 year litterbag study in France found no
change in n-alkane ACL in beech leaves, and suggested that the original plant lipid
signatures were able to retain their characteristics despite degradation (Nguyen Tu et
al. 2017). Our work expands on the results of litterbag degradation studies by
examining the fate of n-alkanes after they have been disseminated in soils.

Although the observed decrease in CPI indicates a preferential loss of odd chain
lengths over even ones, the stability of ACL demonstrates that microbial metabolism
does not preferentially remove shorter or longer odd chain lengths. They are instead
metabolised in proportion to one another. Our results show that overall mid chain
length n-alkanes (Cz21 to C24) concentrations decrease (Fig. 4, Supplementary Table 1)

which indicates that microbes are not simply converting longer chain lengths into
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shorter chain lengths. Microbial metabolism of n-alkanes has been widely studied as an
important bioremediation tool for oil spills in soil and water (Pérez-de-Mora et al. 2011,
Jietal. 2013, Mapelli et al. 2017, Varjani 2017). Microbes are able to convert recalcitrant
n-alkanes into less inert compounds by oxidation of a methyl group to form a primary
or secondary alcohol, and then through a series of degradation pathways to form fatty
acids, which other microorganisms are able to access and utilise more readily than the
n-alkanes they are formed from (Pérez-de-Mora et al. 2011, Ji et al. 2013, Varjani 2017).
However, it is widely regarded that n-alkanes are generally highly resistant to
degradation, and the longer the chain length, the lower their degradability (Leahy and
Colwell 1990, Hasinger et al. 2012, Ji et al. 2013). Studies examining reservoir oils have
previously observed the sequential biodegradation of n-alkanes, with the intitial
degradation of shorter chain lengths followed by the longer chain lengths as the rate of
bacterial attack increases (Wenger et al. 2002). However, subsequent work has found
that degradation of all n-alkane chain lengths occurs simultaneously, and instead longer
chain lengths experience lower rates of degradation which gives the impression of
sequential degradation (Head et al. 2006). Results of this study show that in soils,
microbial degradation of all chain lengths has occurred, and whilst the longer chain
lengths are also susceptible to degradation the difference in the rate of removal of
higher molecular weight hydrocarbon homologues is not significant enough to alter the
ACL. Work examining the effects of composting as a means of bioremediating soils
contaminated with hydrocarbons has found that there is significant enhancement of
hydrocarbon degradation as a result of organic amendments being added to soils
(Namkoong et al. 2002, Chen et al. 2015).

The use of leaf wax n-alkanes for palaeoenvironmental research relies on the

signals being interpreted in terms of source plants and post depositional processes. Our
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previous work examining the relationship between the n-alkane signalsobserved in
plants and soils found a mismatch in ACL between the standing plant community and
the soils and a lower CPI in the soils than the plants (Howard et al. 2018). The lower CPI
in the soils was interpreted as a measure of degradation, which is further supported by
the results of the incubation experiment presented here. The ACL mismatch was
hypothesized to result from either temporal and spatial averaging of n-alkane inputs to
soils or from post-depositional modification in the soil. The results presented here
provide evidence against post-depositional degradation of n-alkanes in soils as the
cause for the mismatch in ACL observed between soils and the local plant community,
and instead supports that soils reflect a spatial and temporal average of plant
communities rather than the local (<1 hectare) plant community. Furthermore, this
provides confidence in the stability of ACL, despite post-depositional modification,

when examining ACL in soils and sediments for palaeoenvironmental research.

5. Conclusions

Leaf wax n-alkanes are widely used as a proxy for the plants that produced them
and are particularly useful for palaeoecological research due to their abundance in the
sedimentary record (Diefendorf and Freimuth 2017). It is therefore fundamental that
we have an understanding of their preservation and whether the signals observed in
soils and, subsequently, sediments, are significantly altered. This study experimentally
tested the effects of post-depositional modification to n-alkane signals in soils using
incubation experiments. Our study differs from previous litterbag studies by isolating
the effects of microbial degradation in soils from the effects of herbivory and
additionally expands on these studies by examining the changes that occur to n-alkanes

that have been disseminated into soils. The same soil was used across all samples with

80



variation only in the organic composts and their associated microbial communities.
Results from this study find large decreases of up to 85% in n-alkane concentration
after incubation, with the greatest decrease occurring in the first month. Further, we
find that the concentration loss is not correlated to TOC, but it is correlated with the
A/OA ratio, with increasing concentration loss at higher A/OA ratio. We hypothesize
that this is due to the kinetic instability of n-alkanes, making them more readily
susceptible to degradation, before they become stabilised in the soil. Additionally,
results show that CPI decreases during incubation, providing support for CPI as an
indicator of degradation. Despite evidence of significant degradation occurring after n-
alkanes are added to soils, ACL remains stable. This provides confidence in the use of

ACL as a signal for paleaoenvironmental research.
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Abstract

Vegetation and climate records for Australia before, during and after the time of
the megafauna extinction that occurred at around 50 - 40 thousand years ago (ka) are
important for examining the environmental factors that may have played a role in the
decline of these species. Naracoorte Caves in south eastern Australia is an ideal study
locality for reconstructing Australia’s late Quaternary vegetation record through
examination of sediments found in association with vertebrate fossils preserved in the
caves. In particular, Blanche Cave sediments provide an archive of sedimentary n-
alkanes that record the regional vegetation and climate across the megafauna extinction
boundary. We extracted the n-alkanes from 23 layers of Blanche Cave sediments, dating
from 70 - 17 ka, and examined their 613C and 6D values in order to reconstruct
vegetation and hydroclimate for the region during this time period. The Blanche Cave
sedimentary n-alkanes reveal evidence for both C3 and C4 vegetation during Marine
I[sotope Stage (MIS) 4 with C4 vegetation decreasing prior to the disappearance of
megafauna fossils. C4 vegetation disappears entirely after the time megafauna fossils
disappear, but then rebounds and begins to return to the record with mixed C3 and C4
vegetation by the start of MIS 2. The disappearance of megafauna fossils corresponds
with the wettest period in the record, however C4 vegetation does not completely
disappear until after this time, as conditions begin to dry. We propose that the initial
decrease of C4 vegetation was as a result of an increasingly wet climate and that this
vegetation change may have adversely impacted some megafauna species. Further, the
subsequent complete disappearance of C4 vegetation after megafauna fossils disappear
may be itself a direct result of the loss of large herbivorous species, which would have
allowed C3 woody vegetation to proliferate in its place. C4 vegetation then begins to

return to the record, which corresponds with dry conditions at this time and may also
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be affected by human-induced changes in fire regime. These findings provide an
important environmental context for examining the debate surrounding the causes of

megafauna extinction in Australia.

Keywords
Naracoorte Caves, n-alkanes, leaf wax, sediments, hydrogen isotopes, stable carbon

isotopes, megafauna extinction

1. Introduction
1.1 Australia’s extinct megafauna

Megafauna are a suite of large animal species that became extinct in Australia at
about 45,000 year ago (Prideaux et al. 2010, Roberts and Brook 2010). Australia’s late
Quaternary vegetation and climate records provide a critical context for understanding
the environment before, during and after the megafauna extinction, with much of the
debate about the cause of their extinction centring around climate change versus human
impacts (Prideaux et al. 2010, Bird et al. 2013, Cooper et al. 2015, Johnson et al. 2016,
Saltre et al. 2016). Many megafauna species were herbivorous and major changes to
vegetation, either through changes in fire regime, habitat alteration or climate change,
may have played a significant role in their extinction (Miller et al. 1999, Prideaux et al.

2010, Rule et al. 2012).

1.2 The isotopic composition of molecular leaf wax n-alkanes
The molecular fossil record provides insight into vegetation changes, particularly
where other floral remains can be scarce (Pancost and Boot 2004, Diefendorf and

Freimuth 2017). In particular, long chain n-alkanes are highly recalcitrant compounds
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that are ubiquitous throughout the sedimentary record and have diagnostic
characteristics that readily identify them as being sourced from terrestrial plants
(Eglinton and Hamilton 1967, Cranwell 1981, Diefendorf et al. 2011). Analysis of the
isotopic signatures of leaf wax n-alkanes from ancient sediments can provide insight
into past vegetation and climate (Eglinton and Eglinton 2008).

Carbon isotope ratios (613C) of n-alkanes reflect the carbon fixation pathway of
the plant that produced them (Collister et al. 1994, Chikaraishi and Naraoka 2003, Grice
et al. 2008). Plants preferentially take up 12C over 13C during photosynthesis and the
extent to which they discriminate against 13C is dependent on the plant’s photosynthetic
pathway (Farquhar et al. 1989). As a result, the leaf wax n-alkanes from C3 plants
exhibit lower 613C values than C4 plants. (Collister et al. 1994, Chikaraishi and Naraoka
2003). C3 and C4 plants grow in different climatic conditions, with C4 plants being
favoured by high temperatures, high aridity, warm season precipitation and low
atmospheric pCO2 (Ehleringer et al. 1997, Sage et al. 1999). In Australia, trees, forbs and
shrubs form the majority of C3 vegetation, with grasses and chenopods comprising the
majority of C4 vegetation and C4 grass species being much more prevalent than C3
grass species (Supplementary Fig. S1, Appendix 3).

The 8D values of leaf wax n-alkanes provides insight into the hydrologic
conditions the plant experienced during its life. The factors influencing the isotopic
composition of leaf wax n-alkanes include the isotopic composition of the rainwater
sourced by the plant as well as various environmental, physiological and biosynthetic
processes (Sachse et al. 2012). The 6D values of rainfall is determined by humidity
source and environmental conditions specific to a site or region (Dansgaard 1964,
Rozanski et al. 1993). In particular, the environmental conditions that play a role in the

isotopic composition of rainfall include: the temperature effect, where decreasing
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temperature results in greater rainout and a greater depletion of deuterium (D)
(Dansgaard 1964); the continental effect, where deuterium is depleted further inland
and with increasing altitude (Rozanski et al. 1993, Araguas-Araguas et al. 2000); and the
amount effect, where large rain events become increasingly depleted in deuterium
compared to small rain events (Dansgaard 1964). Analysis of modern rainfall in
Adelaide, South Australia, shows weak seasonal variation in its isotopic composition
with only small fluctuations in temperature and precipitation, with winter minimum
and spring-summer maxima, primarily driven by latitude, elevation and distance from
the coast (Liu et al. 2010, Hollins et al. 2018). The rain permeates soil and 6D values can
become further fractionated as a result of evaporation from the soil (Sachse et al. 2012).
Plants take up source water from the soil through their roots, which is transported via
their xylem to their leaves. While no isotopic fractionation of hydrogen occurs during
uptake or transport in xylem water, once the water reaches the leaf, its hydrogen
isotopic composition becomes enriched in deuterium as a result of transpiration. This
occurs due to faster evaporation of the lighter hydrogen isotope than the heavier
deuterium isotope through leaf stomata. The degree of D enrichment varies with
relative humidity through its effect on vapour pressure deficit, and can be described by
the Craig-Gordon model (Craig et al. 1965, Sachse et al. 2012, Cernusak et al. 2016). The
resulting isotopic composition of leaf water exhibits a greater deuterium enrichment
with increasingly arid conditions (Kahmen et al. 2013). Leaf water provides the
hydrogen required for leaf lipid synthesis, with n-alkanes being produced by the
acetogenic pathway (Sachse et al. 2012). Variation in biosynthetic fractionation of
hydrogen from leaf water to lipid occurs during synthesis of n-alkanes as a result of a
range of biochemical, and physiological factors (Sachse et al. 2012), and can vary

between species (Gamarra and Kahmen 2015). The net effect of both transpiration and
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biosynthetic fractionation is referred to as “apparent fractionation” (Sachse et al. 2006,
Smith and Freeman 2006, Polissar and Freeman 2010), with some variation in apparent
fractionation between different growth forms (Sachse et al. 2012). Further, the strong
covalent bond between hydrogen and carbon in n-alkanes means that their 6D values
produced at the time of leaf wax synthesis is well preserved in sediments over
geological timescales, as long as they are not exposed to high temperature or pressure
(Schimmelmann et al. 1999, Sessions et al. 2004, Zhou et al. 2010, Sessions 2016).
Analysis of marine and lake sediments reveal that it is feasible to infer hydrological
conditions from the 6D values of leaf wax n-alkanes preserved in the sedimentary
record (Sachse et al. 2004, Polissar and Freeman 2010, Garcin et al. 2012, Niedermeyer

etal. 2016).

1.3 Geological setting of Naracoorte Caves

Caves are useful repositories for palaeoenvironmental analysis due to the
sedimentary accumulations, fossil remains, speleothems and other physical and
geochemical properties that they preserve (Osborne 1984). The Naracoorte Caves
National Park in South Australia provides an ideal study area for examining the
palaeoenvironmental conditions across the Australian megafauna extinction due to the
rich Pleistocene vertebrate fossil assemblages preserved spanning the past 500,000
years (Wells et al. 1984, Moriarty et al. 2000, Reed and Bourne 2000, Prideaux et al.
2007, Reed and Bourne 2009). The fossils have been preserved in sediments that were
deposited in the caves via pitfall entrances. These sediments are a valuable resource for
examining the palaeoenvironmental conditions at the time Australia’s megafauna

became extinct due to their direct association with the megafauna fossils (Macken et al.

2013a).
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The World Heritage listed Naracoorte Caves National Park is situated in the
South East of South Australia, approximately 10 km from the township of Naracoorte
(Fig. 1). Blanche Cave is one of the larger caves in the Naracoorte system, formed
around 1.1 million years ago in the Naracoorte Member of the late Eocene to Miocene
Gambier Limestone (White and Webb 2015). The study site is within the third chamber
of Blanche Cave which has a roof collapse window entrance that allowed accumulation
and deposition of deep sediment deposits sourced from surficial dune-derived
sediments. Sediment deposits in the chamber consist of coarse silts sourced from the
Murray-Darling Basin, fine sands sourced from the region’s sand units, as well as local
organic material, and limestone and fossil fragments (Forbes and Bestland 2007,
Darrénougué et al. 2009). The deposit is rich in vertebrate fossils and a palaeontological
excavation has been conducted by one the authors (EHR). This revealed a two-metre-
deep, finely stratified section consisting of consists of a total of 43 layers that date back
70,000 years (Macken et al. 2013b). Fossil analysis of these cave sediments reveals
diverse vertebrate assemblages (Reed and Bourne 2009, Macken and Reed 2013,

Macken and Reed 2014), with the last appearance of megafauna species after Layer 27.
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Figure 1. Location map of the Naracoorte Caves National Park, located SE of Adelaide in

South Australia, with inset map showing location of Naracoorte in South Australia, made

using data provided by naturalearth.com.

1.4 Dating of sedimentary layers

The chronological framework for the Blanche Cave excavation sequence has
been established using a combination of radiocarbon (14C) dating of charcoal and single-
grain optically stimulated luminescence (OSL) dating of quartz and is summarised in
Fig. 2. Macken et al. (2013b) presented 40 14C ages for Layers 1 to 27 of the sequence,
and integrated these results in a stratigraphically constrained Bayesian age-depth
model to derive combined age range estimates for each individual layer. We have
adopted the 95.4% Bayesian modelled age ranges of Macken et al. (Macken et al. 2013b)

for the relevant layers under examination in the present study (Layers 18 to 27). The
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chronologies for layers 28 and below are based on five unpublished single-grain OSL
dating samples. These single-grain OSL ages were obtained using the experimental
procedures and equipment outlined in Arnold et al. (2016), and are reported here with
their 20 uncertainty ranges to enable direct comparisons with the modelled 4C age
ranges. The intervening layers in the lower part of the profile that have not been
directly dated (i.e., Layers 29, 31-34, 36-37) have been inferred to fall within the age
ranges constrained by bracketing OSL samples, in accordance with the principle of
superposition.

The sequence is sub-divided into three separate units, broken down according to
correspondence with Marine Isotope Stages (Fig. 2, Table 1), in order to ensure our
climatic interpretations are not unduly biased by minor stratigraphic inversions in the
OSL age ranges and to accommodate the discontinuous nature of the chronological

record between Layers 28 and 37.
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Figure 2. Numerical dating framework for the studied layers of Blanche Cave, with
95.4% Bayesian modelled and calibrated *C age ranges (Macken et al. 2013b) shown as
black bars, and single-grain OSL ages (Arnold et al., pers. comms.) shown as grey circles

with their associated 20 standard error ranges.

Table 1.Details of each of the three units, including the Marine Isotope Stages (MIS) that

each unit corresponds to, the layers included in each unit, the average temporal

resolution of each layer (kyr), the dating method used and the source of the dates.
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. Average .
C d Dati
Unit orrespon ng Layers |resolution avng Source
interval Method
(kyr)
A MIS 4 18-23 1.3 OSL Unpublished
B MIS 3 24-29 4.7 e Macken et al. (2013b)
C MIS 2 30-40 2.5 14c | Macken etal. (2013b)

1.5 Naracoorte palaeoclimate

The Blanche Cave sediment layers (18 - 40) analysed in this study were
deposited during Marine Isotope Stages (MIS) 4, 3 and 2. MIS 4 (~75 - 59 ka) was a
glacial period characterised by colder and drier conditions in southern Australia (De
Deckker et al. 2019), whereas MIS 3 (~59 - 30 ka) represents a period of successive
stadial and interstadial conditions (Lisiecki and Raymo 2005). MIS 2 (~30 - 12 ka) is
glacial period typified by the Last Glacial Maximum (LGM) (Emiliani 1955, Martinson et
al. 1987, Dansgaard et al. 1993, Van Meerbeeck et al. 2009). Existing palaeoclimate
records at Naracoorte Caves indicate that the climate from 45 to 25 ka, during MIS 3,
experienced fluctuating moisture availability, with evidence of increased speleothem
growth at this time (Macken et al. 2013a). Further, evidence of significant aeolian
sediment deposition containing low percent total organic carbon (TOC), indicate very
dry, cold and windy conditions leading up to and including the LGM (Forbes et al. 2007).
In addition, the sedimentation at the end of MIS 3 and early stages of MIS 2 into the LGM
demonstrate arid conditions (Macken et al. 2013a). Following the LGM, silty laminations
indicate cyclic water transport into the caves with increasing climatic fluctuations
during deglaciation, as indicated by alternating sand and clay laminations (Macken et al.
2013a). While this extensive work provides valuable insight into the climate conditions

across the general time of the megafauna extinction in the Naracoorte region, detailed
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work exploring vegetation and climatic shifts is required to help better understand the
potential causes and effects of the extinction event.

By examining the isotopic signatures of leaf wax n-alkanes preserved in the
sediments in Blanche cave, this study aims to explore the palaeoenvironmental
conditions at the time of megafauna extinction. We use leaf wax n-alkane carbon and
hydrogen isotope data to examine evidence for major changes and variability in
vegetation and climate of the Naracoorte region from 70 to 17 ka. Using the carbon
isotopic composition of the n-alkanes preserved in Blanche Cave sediments, we examine
shifts in the relative proportions of C3 and C4 vegetation leading up to and across the
megafauna extinction period. We additionally examine the hydrogen isotopic
composition of the n-alkanes to determine regional hydrological conditions across the
megafauna extinction event and how those changes related to major global climate

dynamics.

2. Methods
2.1 Lipid extraction from sediments

Lipid extraction of sediments was conducted using a Thermo Scientific Dionex
Accelerated Solvent Extractor (ASE) 350 using 9:1 DCM:MeOH. The ASE sequence was
set to 100 °C with a 12 minute preheat, three static cycles of five minutes, and a rinse
volume of 60%. Excess solvent was evaporated from the total lipid extract (TLE) under

nitrogen gas.

2.2 n-Alkane purification
The polar and non-polar fractions of TLEs were separated through a silica gel

glass short column by eluting them with 4 ml of hexane to collect the non-polar,
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aliphatic hydrocarbon fraction, followed by 4 ml 1:1 DCM:MeOH eluent to collect the
polar fraction (modified from Bastow et al. 2007). The aliphatic hydrocarbon fraction

was dried under nitrogen gas.

2.3 GC-MS Lipid Quantification

Quantification of n-alkanes was conducted using gas chromatography mass
spectrometry (GC-MS) analysis of the non-polar aliphatic hydrocarbon fraction using a
Perkin Elmer Clarus 500 GC-MS with the following specifications: The capillary column
was an SGE CPSil-5MS, of 30 m length x 0.25 mm internal diameter x 0.25 pm phase
thickness. Helium was the carrier gas used, with a 1 ml/min constant flow. Injection
temperature was set to 300 °C, with an oven temperature program of 50 °C (hold 1
minute), ramped at 8 °C/min to 340 °C (hold for 7.75 minutes). Injection was set to 1 pL
in either split mode, with a 50:1 split for higher concentration samples, or pulsed
splitless for low sample concentrations. Interpretation and quantification of n-alkane
homologues (Czs to C3s) was conducted using Perkin Elmer Turbomass software. For
quantification, a 1-1’-binaphthyl internal standard was added to each sample at a
concentration of 1 ug/mkL. n-Alkane concentrations were calculated from the response
factor of each homologue against the internal standard plotted against a seven point
calibration curve from a certified reference material (C7-C40 Saturated Alkanes
Standard, Supelco 49452-U) prepared and analysed in triplicate using known
concentrations of a homologous suite of n-alkanes (C7 to C40) with the same 1 pg/mL 1-
1’ binaphthyl internal standard concentration (r? > 0.96, with a precision of +10% based

on 10 replicate standard injections).

2.4 GC-IRMS Isotopic Analysis
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[sotopic analysis of n-alkanes was conducted using a Thermo Trace Gas
Chromatograph (GC) Ultra with a GC Isolink, Conflo IV interface and a Delta V
Advantage isotope ratio mass spectrometer (irMS). The GC column was an Agilent DB-
1MS ultra-inert, 60m long, 0.25 mm i.d., 0.25 pm film thickness. The GC oven
temperature started at 40 °C, ramped at 10 °C / min to 325 °C, and held for 10 minutes.
1 puL of sample was injected into a split/splitless inlet operating in splitless mode, with
an inlet temperature of 280 °C, and helium carrier gas at a constant flow of 1.5 mL/min.
Flow from the GC column flowed into the GC Isolink reactors. For §13C, the combustion
reactor contained copper oxide and nickel oxide, held at 1000 °C to combust compounds
to CO2. For 8D, the high temperature conversion (HTC) reactor was a graphite-lined
ceramic tube, held at 1420 °C, to pyrolyse compounds to Hz. The analyte gas then flowed
through the Conflo IV interface to the irMS which measured m/z 44, 45 and 46 (for
013C) or m/z 2 and 3 (for 6D). Samples were measured in triplicate, with standard
deviations of replicate measurements less than 0.6%o for 613C and 4.8%o for 8D values
of n-alkane chain lengths C29 and C31. §13C and 8D was calculated from these ratios by
Thermo Isodat software, and calibrated to the international reference scales (Vienna
Pee Dee Belemnite (VPDB) for 613C, Vienna Standard Mean Ocean Water (VSMOW) for

0D) by comparison with a mixture of alkane standards of known isotopic composition.

2.5 Accounting for changes in 613C values of atmospheric CO:

Carbon isotope data were adjusted for pre-industrial atmospheric 613C by
applying the offset between the average 613C of atmospheric COz of ice core bubbles
spanning 155 kyr to present, measured by Eggleston et al. (2016) and the measured

813C of our samples.
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2.6 Calculations

We use the same carbon isotope end member values determined by Garcin et al.
(2014) and adopted by Uno et al. (2016) and Andrae et al. (2018) to examine the
relative proportions of C3 and C4 vegetation in our samples corrected to pre-industrial
atmospheric pCO2 (6§13Catm). For C31, the end member ranges are -33.8 + 3.9% for C3
plants and -20.1 + 2.5%o for C4 plants (Garcin et al. 2014). Percent of C4 vegetation was
calculated using a mixing model, based on these end member values.

Relative abundances of n-alkane chain lengths were characterised by calculating

average chain length (ACL):

ACL = (25C25%27C27+29C50+31C3 +33C33+35Cs5)
(C25+C37+C29+C31+C33+C35)

where Cx is the total concentration of each n-alkane with x carbon atoms.

3. Results

The 613C values of Cz9 and C31 in Unit A are offset from one another, with Cz9 values
ranging from -32.1 £ 0.1%o to -31.2 * 0.1%o and C31 values ranging from -30.7 * 0.2%o
to -28.4 + 0.1%o (Table 1, Fig. 3a). Approximate percent C4 for Unit A ranges from 24 to
40%. In Unit B, the §13C values of C29 range from -34.8 + 0.6%o to -31.9 + 0.6%0 and
range from -34.2 + 0.4%o to -30.4 * 0.1%o for C31 (Table 1, Fig. 3a). Further, 613C values
of C29 and C31 converge at Layer 27 and remain very similar through to Layer 24.
Estimated percent C4 for Unit B falls from 26% (Layer 29) to 0% (Layer 26) and then
rises to 10% (Layers 25 and 24) . The §13C values of C29 and C31 in Unit C are offset from
one another, with C29 values ranging from -32.5 + 0.2%o to -31.8 * 0.04%0 and C31
values ranging from -31.3 + 0.04%o to -28.8 + 0.2%o (Table 1, Fig. 3a). Percent C4 for

Unit C ranges from 19 to 37%. We calculate the isotopic divergence of §13C between C31
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and Cz29 (A513C(C31-C29)), and find highly diverging values in Unit A, ranging from 1.1 to
3%o that then converged and fell to -0.2%o in Layer 27, to high isotopic divergence in
Unit C, ranging from 1.2 to 2.9%o (Table 1, Fig. 3b).

Throughout Unit A, 8D values of C31 fluctuate, with values ranging from -159%o to -
134%o (Table 1, Fig. 3¢). During Unit B, 6D values show a progressive decrease to a
minimum of -165%o in the middle of the Unit at Layer 27 and then increase to -130%o
(Table 1, Fig. 3c). Throughout Unit C the 8D values of C31 remain relatively stable and
high compared to the lower Units, with values ranging from

-136%o to -129%o (Table 1, Fig. 3¢).
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Figure 3. Leaf wax n-alkane data showing a) the n-alkane 613C values of C29 and Cs1
(error bars represent one standard deviation of replicate measurements) along with
percent C4 vegetation, b) the 613C isotopic divergence between C31and Cz9, and C) the
0D values of C31 throughout our record (error bars represent one standard deviation of
replicate measurements). The green line divides the section between megafauna fossil

presence (below the green line) and megafauna fossil absence (above the green line).

Throughout the record, average chain length (ACL) remains quite stable, with a
range from 30.3 to 31.1 over the entire record (Table 1). Chain length quantification

values can be found in the Supplementary Table S1, Appendix 3.

4. Discussion
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4.1 Vegetation: §13C values of leaf wax n-alkanes

Examination of the §13C values of the C29 and C31 n-alkanes provides insight into the
relative abundance of C3 and C4 vegetation in the landscape before, during and after the
last appearance of megafauna fossils observed in Blanche Cave, Naracoorte. Data on
chain length of different plants in Australia indicates that on average, trees produce
greater proportions of C27 and Cz9 than grasses, while grasses produce greater
proportions of C31 and C33 (Howard et al. 2018). Therefore, the carbon isotope ratio of
the C31 chain length should be more responsive to changes in the proportion of C4
versus C3 vegetation than Cz9 in Australia. Similarly, in a global compilation of arid-
adapted taxa, Rouillard et al. (2016) found that C3 plants have greater abundances of C27
and C29 than C4 plants, and C4 plants have greater abundances of C31 and C33 indicating
that C29 is biased towards C3 vegetation and C31 is more sensitive to C4 grasses in the
landscape. Uno et al. (2016) recommend the use of C31 for vegetation reconstruction
because it reflects vegetation distribution across the landscape.

Throughout the record we observe shifts in 613C of the C29 and C31 chain lengths,
which indicate changes in the abundance of C4 vegetation across the time that
megafauna lived and became extinct in Naracoorte. C29 follows a similar trend to C31
although the shifts are not as large as they are for C31, which supports that Cz9 is less
responsive to shifts in C4 vegetation than C31. We see the presence of C4 vegetation in
Unit A (MIS 4), as indicated by the high and stable §13C values of C31. The percentage of
C4 vegetation then begins to decrease in the lead up to the disappearance of megafauna
fossils, and follows with a further decline after megafauna fossils disappear from the
record. This is then followed by the return of a C4 vegetation signal to the section in
Unit C. Using the end member values of C31 determined by Garcin et al (2014), we apply

a mixing model to estimate that the percentage of C4 vegetation during MIS 4 (Unit A),
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when megafauna were extant, ranged from 24% to 40%. In MIS 3 (Unit B) the
percentage of C4 vegetation decreased to 12% at in the layer in which megafauna fossils
are last observed (Layer 27) and decreases further to 0% in Layer 26, at the same time
that megafauna fossils disappear. Percent C4 vegetation then increases again to 10%
above the fossil disappearance boundary (Layers 25 and 24). Furthermore, §13C values
for C29 and C31 converge at the base of Unit B (Layer 27) and remain similar throughout
this Unit further indicating a shift from mixed C3 and C4, to dominantly C3 vegetation.
In Unit C, C4 vegetation returns, and §13C values for C29 and C31 diverge, with estimates
ranging from 19% to 37% C4 vegetation throughout the Unit.

Loss of C4 vegetation would have had an adverse effect on megafauna species that
were dependent on the presence of C4 vegetation. For example, §13C analysis of tooth
enamel and dental micro wear has revealed that the giant kangaroo, Procoptodon goliah,
relied heavily upon a C4 chenopod diet (Prideaux et al. 2009). Carbon isotope analysis
of tooth enamel from two fossil deposits in Cuddie Springs in New South Wales also
identified a shift from a predominantly C4 diet in the fauna of the middle Pleistocene to
a more C3 dominated diet in the late Pleistocene fauna, 40 - 30 ka (DeSantis et al. 2017).
The 813C of n-alkanes from an offshore core recorded a decrease in C4 vegetation across
the southeast of Australia during this same time period (Lopes dos Santos et al. 2013).
Further, isotopic analysis of eggshells from the extant Dromaius (emu) in Australia’s
arid zone find that its diet contained mixed C3 and C4 prior to 50 ka, but that C4
vegetation disappeared from its diet at around 50 £5 ka (Johnson et al. 1999, Miller et
al. 2005, Miller et al. 2016). The browsing giant megafaunal bird Genyornis consumed a
diet containing a dominantly C4 vegetation prior to 50 ka and became extinct at 50 +5
ka (Miller et al. 2016). This extinction is hypothesized to be due to an inability to adapt

to an abrupt shift in ecosystem structure (Miller et al. 2016). They suggest that, as a
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browser, Genyornis was dependent on the chenopod Atriplex, a C4 genus common in the
arid zone (Miller et al. 2016). While they observe no correlative change in climate at this
time, human-induced change to arid zone fire regimes may have resulted he loss of
Atriplex and other C4 species, subsequently causing the extinction of Genyornis and the
abrupt change in the diet of Dromaius (Miller et al. 2016).

Carbon isotopic records from tooth enamel and eggshell reflect animal diet, and
therefore, are subject to dietary selectiveness. In contrast, analysis of the sedimentary
leaf wax n-alkanes provides a direct record of shifts in vegetation and thereby
eliminates the potential effects of selective feeding. Further, the immediate association
between the sediments and the megafauna fossils in our record allows for a direct
temporal and spatial comparison of the vegetation before, during and after the last
occurrence of megafauna fossils at Naracoorte. The results presented here demonstrate
a decrease in the abundance of C4 grasses and/or C4 chenopods leading up to the
disappearance of megafauna fossils at Naracoorte caves. Following megafauna
disappearance C4 vegetation declines further (Fig. 3a).

Unlike Miller et al. (2016) and Johnson et al. (1999), our record shows a return of C4
vegetation to the record after the disappearance of megafauna. We propose that the
observed return of C4 vegetation in the Blanche Cave record may be due to the direct
measurement of leaf wax n-alkanes, which eliminate the potential bias that may occur
due to selective feeding by fauna. Further, it may be that the differences in vegetation
observed in the Blanche Cave record may also be due to differences in vegetation type
growing in the Naracoorte region as compared to that growing in the more northern
arid regions analysed by Miller et al. (2016) and Johnson et al. (1999).

The shift from mixed C3 and C4, to exclusively C3 vegetation, and back to mixed C3

and C4 vegetation observed in our record may be the result of human impact and/or
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climatic change and or/feedbacks from megafaunal extinction in the Naracoorte region.
Previous work has found that between 50 - 45 ka Australia’s arid zone lost much of its
C4 vegetation, but that this loss did not coincide with significant climate change and
instead has been attributed to human impacts on fire regime (Miller et al. 2016). In
order to explore the role that climate may play in the shifts observed in C3 and C4
vegetation of the Naracoorte region, we examine the hydrological conditions using n-

alkane hydrogen isotope ratios preserved in the Blanche Cave sediments.

4.2 Hydroclimate: 6D values of leaf wax n-alkanes

The 8D values of n-alkanes in our sediments provides a record of the hydrological
conditions present before, during and after the disappearance of megafauna fossils in
Blanche Cave. Throughout our record we see large shifts in the 6D values of C31, with
lower values generally interpreted as indicating wetter conditions and higher values
indicating drier conditions (Smith and Freeman 2006, Douglas et al. 2012, Kahmen et al.
2013). Unit A records variable, but overall relatively high 6D values (average = -144 *
8.6%0). This greater degree of variability in Unit A may be an artefact of the higher
temporal resolution in this Unit capturing short term variations in climate (Table 1).
Following Unit A, there is a sharp decrease in 8D values in Unit B, with a minimum in
Layer 27 immediately preceding the loss of megafauna fossils in the section. This
represents the wettest signal observed throughout the section. This low 6D value
corresponds to a period of speleothem deposition in Naracoorte Caves from 50 - 40 ka,
when it is suggested that precipitation levels outstripped evaporation rates (Ayliffe et
al. 1998). Following this period of increased available moisture, the 6D values steadily

increase for the rest of Unit B, suggesting progressive drying. 6D values are stable in
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Unit C, with an average of -133 + 3%y, indicating drier conditions than the Units below

it.

4.3 Ecosystem change

Variations in hydroclimate and atmospheric CO2 concentration play a role in the
types of vegetation that dominate in an ecosystem. In general, wetter conditions and
higher pCO2 favour C3 vegetation and drier conditions, summer precipitation and lower
pCO2 favour C4 vegetation (Ehleringer et al. 1997, Sage et al. 1999). In Australia, C4
grasses have been found to be more diverse and in greater abundance where the
summer period is wet and less abundant in cooler temperatures and/or lower summer
rainfall (Hattersley 1983, Murphy and Bowman 2007). In this study, some but not all of
the shifts observed can be explained by the above factors. Throughout Unit A of our
record the presence of C4 vegetation remains stable, while moisture is quite variable,
although relatively low. Similarly, Unit C records the presence of C4 vegetation, with
quite stable dry climate conditions. During MIS 4 and 2, represented by Units A and C
respectively, pCO: levels were low and glacial conditions prevailed (Bereiter et al.
2015). Thus, in addition to the relatively dry conditions, it is possible that low pCO2 was
also a driver in maintaining the C4 vegetation observed in these Units (Ehleringer et al.
1997).

In Unit B, large changes are reconstructed in both vegetation and climate, but these
shifts are not entirely concurrent. Conditions become increasingly wet toward the
middle of the Unit and then become dry again in the upper section of the Unit. Around
the time of megafauna extinction, the climate conditions in Unit B are consistent with
findings elsewhere in Australia, with 6180 analysis of speleothems from caves in

Kosciuszko National Park in New South Wales, revealing wetter conditions throughout
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MIS 3 (Webb et al. 2014). In addition, meta analysis of climate records across Australia
find that mid-MIS 3, about 49 - 40 ka, was a period of peak wet conditions (Kemp et al.
2019). In Unit B at Layer 27, when megafauna fossils last appear in the record, there is a
large decrease in 8D values, indicating an increase in available moisture at this time.
Wet conditions during deposition of Layer 27 may explain the increasing abundance of
C3 vegetation at the expense of C4 vegetation. The decrease in available C4 vegetation
may have in turn been the driver for the extinction of megafauna species that were
dependent on C4 vegetation in their diet (Johnson et al. 1999, Prideaux et al. 2009,
Miller et al. 2016). Johnson et al. (1999) observe the loss of C4 vegetation at the time
that megafauna disappear in arid central Australia, which they attribute to a weakening
of the Australian summer monsoon resulting in reduced warm-season precipitation. It
is unlikely that the Australian summer monsoon was a significant contributor to climate
conditions in Naracoorte, however, due to its southerly and coastal location making it
much more temperate and susceptible to dominantly winter precipitation (Johnson et
al. 1999, Hollins et al. 2018). Nonetheless, the Blanche Cave record indicate increasing
wet conditions prior to megafauna extinction, which is a likely cause for decreasing C4
vegetation.

However, the proportion of C4 vegetation continues to decline after the megafaunal
extinction and this cannot be explained by changes in the hydrological conditions
observed in the record. The wettest conditions are observed in Layer 27, but the lowest
proportion of C4 vegetation occurs after this time, in Layer 26, when conditions are
becoming relatively drier. Thus, climate does not appear to be the primary driver of C4
vegetation loss at this time. Miller et al. (2016) show climate drivers did not correlate
with vegetation change and speculate that the loss of C4 was related to the human-

induced removal of herbivores and/or change to fire regime. In contrast, Cohen et al.
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(2015) observe significant climatic shifts in arid Australia at the time Genyornis went
extinct, with drying of the lakes and rivers of the Lake Eyre Basin occurring at 48 + 2 ka.
Given the results of this study do not demonstrate a correlative shift in hydrological
conditions with the timing of C4 vegetation loss following the megafaunal extinction, we
hypothesize that other factors played a role. It has been hypothesized that
anthropogenic changes to fire regime resulted in vegetation shifts tropical Australia
(Bird et al. 2013). However, it is expected that increased fire frequency would decrease
woody forest vegetation and favour open, grassy C4 vegetation (Bond 2008), and thus
cannot explain the loss of C4.

The complete loss of C4 vegetation that followed the megafaunal extinction could be
the direct result of the removal of large herbivores. In modern studies, much work has
been conducted examining the role of herbivores on African savanna vegetation, with
elephant activity found to reduce woody vegetation and increase open grassland
vegetation (Guldemond and Aarde 2008, Asner et al. 2009). Furthermore, analysis of
global palaeo-data has shown that reduced megafaunal diversity and biomass in the
Pleistocene was instrumental in woody vegetation abundance into the Holocene, with a
decrease in large fauna resulting in an increase of woody taxa (Bakker et al. 2016). The
shift from more open, grassy C4 vegetation to exclusively C3 vegetation, may be
explained by the loss of megafauna in Naracoorte.

Following the brief period of complete loss of C4 immediately after megafaunal
extinction, C4 vegetation returns to the landscape in the upper section of Unit B. This
may be due to the return to more arid climate conditions recorded in the 6D values,
which would favour the presence of C4 vegetation, or due to an anthropogenic increase

in fire frequency, resulting in more open grasslands (Sage et al. 1999, Bond 2008).
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Units A and C represent periods of time in which the relative abundance of C3 and

C4 vegetation in the landscape correlate with the hydrological conditions present, with
drier conditions correlating with the presence of C4 vegetation. It is also possible that a
change to fire regimes also contributed to the presence of C4 vegetation in Unit C.
However, in Unit B, the layer experiencing the wettest conditions and representing the
last presence of megafauna fossils, does not correspond to the lowest percentage of C4
presence, which occurs after the last megafaunal fossils. As such, we infer that the loss
of C4 vegetation at this time is unlikely to have been driven by climate change, and may

have instead been driven by the removal of megafauna herbivores in the region.

5. Conclusions

The isotopic signatures of leaf wax n-alkanes preserved in Blanche Cave sediments
indicate that climate and vegetation varied before, during and after megafauna were
present in the region. Combined with pCO2 conditions across the record, changes in
hydrological conditions may have been a factor for some of the observed shifts in
vegetation. In the lead up to the disappearance of megafauna, C4 vegetation abundance
begins to decline. At the same time as C4 vegetation is beginning to decline, climate
conditions become increasingly wet, which may have driven the vegetation shift
because C4 vegetation is favoured by more arid conditions. Further, given that other
workers find that there is evidence to indicate that some megafauna species are
dependent on C4 vegetation in their diet, it is possible that this decrease in C4
vegetation may have been a driver for the extinction of megafauna in Naracoorte.
However, following the disappearance of megafauna fossils, C4 continues to decrease
and vegetation becomes entirely C3 as climate starts to dry. Therefore, the vegetation

shift that occurs after megafauna fossil disappearance cannot be explained by climate.
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Instead, the disappearance of C4 vegetation may have been due to the removal of large
herbivores, which may have otherwise cleared woody vegetation and allowed for a
proliferation of C4 grasses. Following this, C4 vegetation then returns to the landscape.
This return of C4 vegetation corresponds with a shift to more a more arid climate,
which favours C4 over C3 plants. In addition it is plausible that human-induced changes
to fire regime may have been a driver for increased opening of the landscape, allowing
for an increase of C4 grass abundance. These vegetation and climate records that are in
direct association with megafaunal fossils at Blanche Cave provide unparalleled insights
into both the causes and consequences of megafaunal extinction in Naracoorte region of

Australia.
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CHAPTER 5

CONCLUSIONS, IMPLICATIONS & FURTHER WORK

In a series of manuscripts, either published or in preparation for submission, this
thesis set out to contribute to the wider understanding of the utility and robustness of

leaf wax n-alkanes in palaeoecological research, particularly in the Australian context.

1. Motivation

At a time when significant global climate change is occurring, understanding
ecosystem responses to climatic conditions is essential for future environmental
management (IPCC 2014). In order to predict the effects of climate change on different
species in the future it is useful to make observations of, and comparisons to, what has
occurred to ecosystems in the past. Conservation palaeobiology is an emerging field of
research dedicated to better understanding future climate impacts on ecosystems based
on past conditions (Dietl et al. 2015, Barnosky et al. 2017). Extensive work has been
conducted reconstructing past climate through the use of ice cores, sedimentary
deposits, plant and animal macro- and micro-fossils, and molecular fossils. Leaf wax n-
alkanes make an ideal molecular fossil for environmental analysis due to their
pervasiveness in the sedimentary record when other fossil remains are rare or absent
(Eglinton and Eglinton 2008, Diefendorf and Freimuth 2017). They are used widely for
examining the vegetation that produces them by and are well utilised in
palaeoecological research as a means of understanding past environments (Diefendorf
and Freimuth 2017). This is of particular interest in the Australian context due to the
unique climate conditions and ecosystems that it represents and the relative paucity of

records for this continent. However, to interpret the records of the past, it is essential to
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make calibrations to modern environments and to also understand the taphonomic and
post-depositional processes that may affect the preserved signals. To achieve this, I
analysed leaf wax n-alkanes in modern plants and soils, soil incubation experiments and

ancient cave sediments.

2. Sources of leaf wax n-alkanes in soils

In Chapter 2, [ examined modern day n-alkanes in plants and compared them to
the n-alkanes in soils to determine what the signals in the soils represent. Results
showed a mismatch between the measured n-alkane signals in the soils when compared
with the modelled n-alkane signals from the surveyed plant community. Specifically, the
results indicated that, across Australia, the measured leaf wax n-alkane average chain
length (ACL) of soils is generally shorter than the modelled n-alkane ACL, based on the
immediate plant community. [ hypothesized that the source inputs from plants to soils
are not dominantly recent and local, and instead reflect spatial and/or temporal
averaged inputs with the potential for post depositional modification to have also
played a role. When compared to the average n-alkane chain lengths of the different
dominant growth forms such as tree, shrub or grass, the n-alkane signals in soils most
closely resembled those of trees, with trees generally having a shorter average chain
length than grasses in particular. [ hypothesized that the similarity between the soils
and the trees is due to trees experiencing greater susceptibility to wind ablation, as
compared to other growth forms that do not stand as tall in the landscape.

The benefit of this work is that it enables greater insight into the temporal and
spatial scales of input that the n-alkane signals preserved in soils represent. The signals

observed in sedimentary archives are likely to reflect a regional, time-averaged signal
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that is not heavily sensitive to short-term variability or small-scale spatial heterogeneity
in ecosystem structures. These findings provide context for understanding what the leaf
wax n-alkane signals preserved in ancient sediments represent. The results found here
have already contributed to a greater ability to interpret the Australia’s past C4 record.
Specifically, the different isotopic composition of different chain lengths was

interpreted as deriving from different plant types, based on the findings here that, on
average, grasses produce more longer chain lengths than trees do (Appendix 4 “Initial

expansion of C4 vegetation in Australian during the late Pliocene”).

2.1 Future work: Wind blown transport of n-alkanes across continents

Previous work examining wind-blown particles has been conducted in order to
determine input sources of n-alkanes in aerosols (Gagosian and Peltzer 1986), although
this work has been largely limited to marine or urban settings. In China, where the
effects of high levels of air pollution are of great concern, extensive work has been
conducted examining petroleum-derived n-alkanes in aerosols, in order to differentiate
between emission sources (Guo et al. 2003, Bai et al. 2017). Work examining leaf wax
derived n-alkanes of aerosols showed that n-alkanes can be sourced from the vegetation
in the vicinity of the aerosol sampling location, as well as from further afield (Gagosian
et al. 1987, Simoneit et al. 1990). Wind-blown n-alkanes can travel thousands of
kilometres, with analysis showing that that n-alkanes sourced from the African
continent can be recognised and quantified across the entire equatorial Atlantic Ocean
and with minimal degradation (Schreuder et al. 2018). In terms of the types of

vegetation source, carbon isotope analysis of leaf wax n-alkanes in aerosol particles has
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further revealed that it is possible to discern the relative regional inputs of C3, C4 and
CAM vegetation (Simoneit 1997, Schefuf et al. 2003).

The unanswered questions that remain are how wind transports leaf wax n-
alkanes across a continent, whether the dominant source of transported n-alkanes are
local or from further afield, whether n-alkanes produced by trees are more susceptible
to wind-blown transport than lower lying plant species, and whether vegetation density
plays a role. These factors could be tested by examining aerosols downwind of known
combined C3 tree and C4 grass populations and measuring the carbon isotope ratios of
their leaf wax n-alkanes to determine relative C3/C4 abundance contained in the
aerosols. This would help to determine whether trees are the dominant input source of
wind-blown n-alkanes into soils and would further constrain what the n-alkane signals
in soils represent. Aerosol sampling across different types of ecosystems would provide

insight into the different vegetation densities that dominate the signal.

3. Post depositional modification of leaf wax n-alkanes in soils

To further elucidate what leaf wax n-alkane signals observed in soils represent |
examined the effects of post-depositional modification occurring in soils. In Chapter 3, I
isolated the effects of post depositional modification by incubating soils mixed with
organic composts and measured the n-alkane concentration and distribution pre- and
post-incubation to identify alteration to the n-alkane signals during burial. Results
showed that n-alkane concentrations in the soils decreased significantly during
incubation, with the greatest amount of decrease occurring after the first month. |
proposed that the significant decrease in the n-alkane concentrations of the amended
soils in the first month of incubation is due to the n-alkanes being freely available for

microbial metabolism, as compared to the unamended soil, which contains n-alkanes
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that are bound up in the clay minerals. I hypothesize that the decreasing rate of
concentration loss over time is due to n-alkanes stabilising in the soils and sorbing to
the clay minerals, and therefore becoming less accessible to microbes. In addition,
decreasing CPI over the course of incubation is suggestive of degradation processes
occurring to the n-alkanes, which is an important consideration when interpreting n-

alkane signals in soils.

These findings have useful implications for work in palaeoenvironmental
research, due to the need to understand whether modification to n-alkane signals
occurs after burial. Results here showed that degradation processes occurred in the
soils and in addition to concentration loss, the alkyl to o-alkyl ratio and CPI signals all
indicate evidence of degradation. However, despite this strong evidence of degradation
occurring in the soils, ACL remains steady after incubation, which provides confidence

in the use of this signal in palaeoenvironmental reconstruction work.

3.1 Future work: The role of clays for n-alkane preservation

Work examining soil particle size fraction relationships with organic molecules
has found that alkyl carbon is in greatest abundance in the finest particle, or clay,
fraction size (Baldock et al. 1992, Hofle et al. 2013). Although alkyl compounds are
kinetically unstable and should be readily susceptible to degradation in soils, due to
their hydrophobicity they become bound to clay particles which makes them
inaccessible for microbial degradation (Schmidt et al. 2011, Lehmann and Kleber 2015).
Stabilisation of alkyl carbon in clays is thought to be primarily through interaction with

Fe oxides and Al silicates (Kégel-Knabner et al. 2008).
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Further work examining the role of clay content on n-alkane preservation in soils
is required. The original CSIRO incubation experiment, from which the samples for the
work discussed in Chapter 3 were obtained, measured the carbon sequestration
potential of organic soil amendments using 6 different soil types, each with different
clay content proportions (Farrell et al. 2015). A comparison of the n-alkane
concentration loss and CPI change of the different soils each incubated with the same
organic amendment would provide insight into the role of clay content proportion on n-
alkane preservation in soils.

In addition, work quantifying the amount of time averaging, or degradation of n-
alkanes occurring in soils could be conducted using C1# dating methods, particularly in
an Australian context where factors such as aridity and the ancient landscape may affect

degradation rates in soils.

4. Vegetation and climate reconstruction across Australia’s megafauna extinction

boundary

Based on the findings from Chapters 3 and 4, in which I established the

robustness of leaf wax n-alkane signals for use in palaeoecological reconstruction, I
examined the leaf wax n-alkanes signals preserved in sediments from Blanche Cave at
Naracoorte in south eastern Australia. These leaf wax n-alkane signals allowed us to
reconstruct environmental conditions across the late Pleistocene megafaunal extinction
interval at Naracoorte, due to the direct association between the sediments and the
presence and subsequent absence of megafauna fossils within the Blanche Cave deposit.
Here, I examined the range of ecological variability across this time period through the
comparison of leaf wax n-alkane chain length distributions and isotopic ratios. The n-

alkane 613C values showed that mixed C3 and C4 vegetation was present in the region
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prior to the disappearance of megafauna fossils, but C4 vegetation abundance was
progressively declining. C4 vegetation then disappeared from the record after the
megafauna fossils disappeared, but later rebounded and returned. Further, the n-alkane
0D values indicated wetter conditions in the layer preceding the disappearance of
megafauna fossils compared to earlier and later in the record. I proposed that climate
played a role in the initial decrease of C4 vegetation, but that the disappearance of C4
vegetation may have been attributed to the loss of large herbivores causing a reduction
of an open C4 landscape. I further proposed that the subsequent return of C4 vegetation
may have been due to human-induced changes to fire regime, in combination with drier
climate conditions, resulting in opening up the landscape and allowing C4 vegetation to
again proliferate. These findings provide an important environmental context for
examining the climate versus human induced debate surrounding the causes of

megafauna extinction in Australia.

4.1 Future work: Determine whether shifts in C4 vegetation in Naracoorte at the time of

megafauna extinction indicate a change in the presence of chenopods

In Chapter 4, [ find that the carbon isotopic analysis of leaf wax n-alkanes show
that the relative proportion of C4 vegetation begins to decrease prior to the
disappearance of megafauna fossils in Blanche Cave. C4 vegetation then fully disappears
from the record at the same time megafauna fossils also disappear at ~42 - 60 ka, and it
then reappears in the record following megafauna extinction.

Presently, Australia has a high predominance of C4 grasses, however there have
been shifts in the dominance of C4 vegetation recorded in the past (Desmarchelier et al.

2000, Andrae et al. 2018). During the time of the megafauna extinction in the late
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Pleistocene, in addition to our work here, records show that C4 vegetation decreased
around the time of megafauna extinction (Lopes dos Santos et al. 2013, Miller et al.
2016, DeSantis et al. 2017). However, the type of C4 vegetation present during these
periods is not well characterised. In Australia today, the dominant C4 plant growth
forms are grasses, followed by chenopods (Supplementary Fig. S1, Appendix 3). Work
by Prideaux et al. (2009) reveals that the that the giant kangaroo, Procoptodon goliah,
relied heavily upon a C4 chenopod diet, suggesting that some megafauna species may
have been adversely affected if chenopod predominance changed. Analysis of an
offshore core from off the coast of Western Australia reveals that Chenopodiaceae
pollen abundance increased at about 46 to 40 ka (van der Kaars and De Deckker 2002).
Palynological analysis of the Blanche Cave sediments examined here in this thesis would
further elucidate the types of vegetation present before, during and after megafauna
extinction in Naracoorte and would provide further context to the environmental

conditions that Australia’s megafauna were subject to at this time.

5. Final conclusions

Increasing evidence suggests that the leaf wax n-alkane signals produced by plants vary
regionally, with different species, ecosystems and climates contributing to this
variation. The environments represented in Australia are widely diverse and the flora is
unique and this makes Australia an ideal study area to gain greater insight into leaf wax
n-alkane signal variation. However, there has previously only been limited work
examining leaf wax n-alkanes in the Australian context and there are fewer
palaeoclimate records in Australia than compared to the rest of the world. The work

presented here in this thesis significantly expands upon this, by providing insights into
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the leaf wax n-alkane composition of Australian plants and soils, how well they preserve
in Australian soil, and what information they can provide about the environment at the
time of the Australian megafauna extinction. As such, this work significantly furthers the

utility and robustness of leaf wax n-alkanes for use in palaeoecological research.
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APPENDIX 1

Modelling leaf wax n-alkane inputs to soils along a latitudinal transect across

Australia
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Supplementary Table S1. Details of the bioregions sampled.

Bioregion Location Area Description Climate Source
Generally flat, low-lying country, drained by
several large rivers. Vegetation communities Tropical Australian
Western . .
) ] include eucalypt forest and woodlands with monsoonal Government -
Darwin coastline of the 2 : .
27,800 km*“ tussock and hummock grass understory. Land climate with a Department of the
Coastal Northern L . _— .
. use is mixed, with urban development around distinct wetand Environment and
Territory A L.
Darwin, Aboriginal land, pastoral leases and dry season. Energy
conservation reserves.
Landscape includes spectacular gorges, water
Northern half of holes and dissected sandstone plateaus. Monsoonal Australian
Gulf Fall and Northern Vegetation is predominantly eucalypt climate with Government -
Uplands Territory, 118,480 km? woodlands over spinifex grasslands. Cattle much higher Department of the
P extending into grazing and mining are the main industries. rainfall in the Environment and
Queensland Other land uses include Aboriginal land and north. Energy
conservation reserves.
Characterised by plains and low rocky ranges. Australian
Southern Vegetation is predominantly mulga and other  Arid with Government -
Burt Plain Northern 73,800 km? acacia woodlands with short grasses and forbs, predominantly  Department of the
Territory and spinifex grasslands. The predominantland summer rainfall. Environmentand
use is cattle grazing, with some Aboriginal land. Energy
Arid sand plains with dissected uplands and
Crosses the valleys, including some major rivers (Finke, R Australian
. . Arid and hot,
border of the Hugh and Palmer rivers). Dominated by mulga with very low Government -
Finke Northern 72,700 km? with various Senna, Eremophila and other rainfall aynd hich Department of the
i i
Territory and Acacia species present over short grasses and evaporation & Environment and
South Australia forbs. Major land uses are cattle grazing and P ’ Energy
Aboriginal land management.
Includes tablelands and low gibber plains within
Northern South . . . X
. some of the most arid areas in Australia. Australian
Australia with L -
th thern ti Vegetation includes chenopod shrublands, Very arid climate Government -
e northern ti
Stony Plains extendin 'ntop 134,200 km? gidgee and mulga woodlands. Land use is with extreme Department of the
ingi
the Northgern mostly pastoral, with cattle in the north and temperatures. Environment and
. both sheep and cattle grazing in the south. Opal Energy
Territory .
mining occurs too.
General pattern of mountain ranges, ridges and
wide, flat plains. Vegetation types are related
to landforms, with eucalypts on hills and ranges Semiarid to arid .
. ) . o . ) Australian
that receive higher rainfall, mulgain drier areas, climate with G ¢
overnment -
Flinders Southeast South , and sparse low shrubs or spinifex on stony unreliable and
. 57,930 km . . L Department of the
Lofty Block  Australia areas. The area is mainly used for sheep and erratic, winter- R
. . . Environment and
cattle grazing. Conservation reserves and dominant Ener,
n
associated tourism are also important. Coal is rainfall. gy
mined at Leigh Creek and there is limited
dryland agriculture in the south and east.
Includes Diverse landscape with rugged and inaccessible
Kangaroo Island terrain as well as significant lowland areas. A Temperate
i . . . Government of
and the Fleurieu large amount of the vegetation has been climate with )
: ) S South Australia -
Peninsula and , cleared, however dominant vegetation includes warm summers
Kanmantoo 8,120 km . Natural Resources
part of the mallee shrublands and woodlands, heath, and winter- .
. Adelaide & Mt Lofty
Mount Lofty eucalypt woodlands and eucalypt open forests. dominant Ranges
Ranges in South The land is mainly used for grazing, nature rainfall. &

Australia

conservation and cereal cropping.
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Supplementary Figure S1. Total concentration of n-alkanes (C25-C35) for each plant sampled, grouped by growth form.

134



=927
*x . '
< = \
gl
° o
'-:'_ - e ——
= S .
- 1)
= T T T
Grass Shrub Tree
C29
o o
o e
O - | P
w — = :
o B — :
o ’! -~ :
— | N -
M = £
C)‘ e T T T
g; Grass Shrub Tree
Qe
~ — 1 C31
N S—— S
O & 1 . ‘.
A ' ' —_—
w 2 | ’ 4 !
oL = - '
O, -t H
ey ' S
o & 1 '
E ~ : g
o < ‘
N — R —
—_- :
3 o ‘l T T
2 Grass Shrub Tree
R nd
S
: C33
o 24 -_—
- = s —_—
- ' '
o . .
o - :
g_ =
h o
A =4 r —
::- B 1] 1 1
Grass Shrub Tree
81—
=1 C35 .
[In]
=5 o
2 ’ =
5 R T T 1
Grass Shrub Tree
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Supplementary Figure S3. Cross plots of ACL mismatch against the different climate variables, a) MAP, b) MAT,
¢) Annual M|, d) Lowest quarter mean MI, €) Month hottest maximum temperature, and f) Highest period
radiation. Blue points are Northern Territory, orange points are South Australia.
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APPENDIX 2

Post-depositional modification of n-alkane signals in incubated soils

Howard, S.2, McInerney, F.A.2, Farrell, M.b & Hall, P.A.2

aSchool of Physical Sciences, Department of Earth Science, Sprigg Geobiology Centre,

University of Adelaide, Australia

bCSIRO Agriculture & Food, Locked Bag 2, Glen Osmond, SA 5064, Australia

Supplementary Table
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APPENDIX 3

Vegetation and climate change 70,000 to 17,000 years ago from leaf wax n-

alkanes preserved in Blanche Cave sediments, Naracoorte, South Australia

Howard, S.2, McInerney, F.A.» Arnold, L.].2, Grice, K., Holman, A.L.b, Hall, P.A.2 & Reed,

E.Ha

aSchool of Physical Sciences, Department of Earth Science, Sprigg Geobiology Centre,

University of Adelaide, Australia
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Supplementary Figure S1. (Top) Boxplot showing the average chain length (ACL) of

different plant growth forms from n-alkane analysis in plants from a latitudinal transect
across Australia (Howard et al. 2018) and (Bottom) the percent C3 versus C4 vegetation
of different plant growth forms in Australia compiled from the TERN AEKOS data portal
(Osborne et al. 2014, The £KOS Data Contributors 2014) using the TRY, Sevilleta LTER,
TREND, SWATT and NECT transects (Kattge et al. 2011, Prentice et al. 2011, Osborne et

al. 2014, Lowrey 2015, Caddy-Retalic 2017).

144



References

CADDY-RETALIC S. 2017 Quantifying responses of ecological communities to bioclimatic
gradients. Faculty of Sciences. University of Adelaide.

HOWARD S., MCINERNEY F. A, CADDY-RETALIC S., HALL P. A. & ANDRAE ]. W. 2018. Modelling leaf wax
n-alkane inputs to soils along a latitudinal transect across Australia, Organic
Geochemistry. 121, 126-137.

KATTGE J., DIAZ S., LAVOREL S., PRENTICE 1. C., LEADLEY P., BONISCH G., GARNIER E., WESTOBY M., REICH P.
B., WRIGHT I. ]., CORNELISSEN J. H. C., VIOLLE C., HARRISON S. P., VAN BODEGOM P. M., REICHSTEIN
M., ENQUIST B. ]., SOUDZILOVSKAIA N. A., ACKERLY D. D., ANAND M., ATKIN O., BAHN M., BAKER T.
R., BALDOCCHI D., BEKKER R., BLANCO C. C., BLONDER B., BOND W. ]., BRADSTOCK R., BUNKER D.
E., CASANOVES F., CAVENDER-BARES ]., CHAMBERS J. Q., CHAPIN III F. S., CHAVE ]., COOMES D.,
CORNWELL W. K., CRAINE J. M., DOBRIN B. H., DUARTE L., DURKA W., ELSER ]., ESSER G., ESTIARTE
M., FAGAN W. F., FANG J., FERNANDEZ-MENDEZ F., FIDELIS A., FINEGAN B., FLORES O., FORD H.,,
FRANK D., FRESCHET G. T., FYLLAS N. M., GALLAGHER R. V., GREEN W. A,, GUTIERREZ A. G.,
HICKLER T., HIGGINS S. 1., HODGSON J. G., JALILI A., JANSEN S., JoLY C. A., KERKHOFF A. ]., KIRKUP
D., KiTAJIMA K., KLEYER M., KLOTZ S., KNOPS ]. M. H., KRAMER K., KUHN I., KOROKAWA H.,
LAUGHLIN D., LEE T. D., LEISHMAN M., LENS F.,, LENZ T., LEWIS S. L., LLOYD J., LLUSIA ]., LOUAULT
F., MAS., MAHECHA M. D., MANNING P., MASSAD T., MEDLYN B. E., MESSIER ., MOLES A. T,
MULLER S. C., NADROWSKI K., NAEEM S., NIINEMETS U., NOLLERT S., NUSKE A., OGAYA R., OLEKSYN
J., ONIPCHENKO V. G., ONODA Y., ORDONEZ J., OVERBECK G., OZINGA W. A., PATINO S., PAULA S,,
PAUSAS J. G., PENUELAS J., PHILLIPS O. L., PILLAR V., POORTER H., POORTER L., POSCHLOD P.,
PRINZING A., PROULX R., RAMMIG A., REINSCH S., REU B., SACK L., SALGADO-NEGRET B., SARDANS
J., SHIODERA S., SHIPLEY B., SIEFERT A., SOSINSKI E., SOUSSANA ].-F., SWAINE E., SWENSON N.,
THOMPSON K., THORNTON P., WALDRAM M., WEIHER E., WHITE M., WHITE S., WRIGHT S. J., YGUEL
B., ZAEHLE S., ZANNE A. E. & WIRTH C. 2011. TRY - a global database of plant traits, Global
Change Biology. 17, 2905-2935.

LOWREY T. 2015. Master plant species information database for the Sevilleta National Wildlife
Refuge, New Mexico (1989-1996) <http://sev.Iternet.edu/data/sev-51>. (retrieved.

OSBORNE C. P., SALOMAA A., KLUYVER T. A,, VISSER V., KELLOGG E. A., MORRONE O., VORONTSOVA M. S,,
CLAYTON W. D. & SIMPSON D. A. 2014. A global database of C4 photosynthesis in grasses,
New Phytologist. 204, 441-446.

PRENTICE I. C., MENG T., WANG H., HARRISON S. P., N1]. & WANG G. 2011. Evidence of a universal
scaling relationship for leaf CO2 drawdown along an aridity gradient, New Phytologist.
190, 169-180.

THE £KOS DATA CONTRIBUTORS 2014. A derivative of multiple ecological plot databases for the
Advanced Ecological Knowledge and Observation System (£KOS)
<http://www.portal.aekos.org.au/>. (retrieved 01/02/2017).

145


http://sev.lternet.edu/data/sev-51%3e
http://www.portal.aekos.org.au/%3e

APPENDIX 4

ADVANCING
AGU 100w

| .

Geophysical Research Letters

RESEARCH LETTER
10.1029/2018GL077833

Key Points:

« Carbon isotope ratios of plant waxes
reveal the onset of C; expansion
during the late Pliocene in Australia,
later than other geographic regions

« Palynological analysis reveals
increasingly open landscapes in the
lead-up to C, expansion

« Northern Australian monsoon
initiation linked to East Asian winter
monsoon intensification is
hypothesized as a driver

Supporting Information:

« Supporting Information S1
- Data Set S1

« Data Set 52

« Data Set S3

- Data Set 54

- Data Set S5

Correspondence to:
J.W. Andrae,
jake.andrae@adelaide.edu.au

Citation:

Andrae, J. W, Mclnerney, F. A, Polissar, P. J,
Sniderman, J. M.K, Howard, S, Hall, P. A, &
Phelps, S. R. (2018). Initial expansion of C,
vegetation in Australia during the late
Pliocene. Geophysical Research Letters, 45,
4831-4840. https://doi.org/10.1029/
2018GL077833

Received 7 MAR 2018

Accepted 26 APR 2018

Accepted article online 2 MAY 2018
Published online 17 MAY 2018

©2018. American Geophysical Union.
All Rights Reserved.

Initial Expansion of C, Vegetation in Australia
During the Late Pliocene

J. W. Andrae'?
P. A. Hall'?

, F. A. Mcinerney™> (), P. J. Polissar® ("), J. M. K. Sniderman® "), S. Howard'?

, and S. R. Phelps®®

"Department of Earth Sciences, School of Physical Sciences, University of Adelaide, Adelaide, South Australia, Australia,
2Sprigg Geobiology Centre, University of Adelaide, Adelaide, South Australia, Australia, *Biology and Paleo Environment,
Lamont-Doherty Earth Observatory, Columbia University, Palisades, NY, USA, “School of Earth Sciences, University of
Melbourne, Parkville, Victoria, Australia, SDepartment of Earth and Environmental Sciences, Columbia University, New York,
NY, USA

Abstract Since the late Miocene, plants using the C, photosynthetic pathway have increased to become
major components of many tropical and subtropical ecosystems. However, the drivers for this expansion
remain under debate, in part because of the varied histories of C, vegetation on different continents.
Australia hosts the highest dominance of C, vegetation of all continents, but little is known about the history
of C, vegetation there. Carbon isotope ratios of plant waxes from scientific ocean drilling sediments off
north-western Australia reveal the onset of Australian C, expansion at ~3.5 Ma, later than in many other
regions. Pollen analysis from the same sediments reveals increasingly open C3-dominated biomes preceding
the shift to open C4-dominated biomes by several million years. We hypothesize that the development of a
summer monsoon climate beginning in the late Pliocene promoted a highly seasonal precipitation regime
favorable to the expansion of C, vegetation.

Plain Language Summary This study documents for the first time that C, vegetation initially
expanded on the Australian continent in the late Pliocene, several million years later than in Asia, Africa,
North America, and South America. The expansion of C, plants displaced C; open habitat vegetation.
Understanding the timing and sequence of expansion of C4-dominated biomes enables us to better
constrain the key environmental and evolutionary factors in their development and provides a basis for
future conservation of these widespread and important biomes.

1. Introduction

Vegetation utilizing the C4 photosynthetic pathway is an important component of modern ecosystems glob-
ally, comprising ~23% of global gross primary productivity (Still et al,, 2003). Biomes dominated by C4 plants
are mainly “open” habitats, that is, with sparse tree canopy density. Australia has the highest proportional area
dominated by C4 vegetation of all continents (Murphy & Bowman, 2007; Still et al.,, 2003). The majority of the
continent is dominated by C, rather than C; grasses, and the relative abundance of C, species within grass
communities is closely related to seasonal water availability (Murphy & Bowman, 2007). Survey data on mod-
ern Australian vegetation compiled in this study further support a close association between warm-season
precipitation and C4 dominance (Figure 1 and Text S1.1 in the supporting information). Australian biomes with
significant C, taxa include arid and tropical to subtropical grasslands and savannas, dominating in the north,
and chenopod shrublands, dominating in the south (Hattersley, 1983; Leigh, 1994; Murphy & Bowman, 2007).

On many continents, C, vegetation began to proliferate by the late Miocene, with this expansion recorded as
shifts in carbon isotope ratios of plant-fixed carbon stored within a wide range of terrestrial and marine
sediments and paleosols, as well as in fossil tooth enamel (Cerling et al., 1997; Stromberg, 2011; Tipple &
Pagani, 2007). C4 expansion on these continents occurred as the final stage in what has been inferred as a
stepwise progression of ecosystem transformation in which Cs forest transitioned to C3 open landscapes,
and then to C, open landscapes (Cerling et al., 1997; Edwards et al., 2010; Stromberg, 2011).

Despite being the most C4-dominated continent today, little is known about the timing and pattern of C,
expansion in Australia. Evidence exists for open habitat vegetation increasing in abundance in the late
Miocene (e.g., Locker & Martini, 1986; Macphail, 1997; Martin, 2006; Martin & McMinn, 1994; Sniderman
et al, 2016). However, it is unknown whether late Miocene Australian grasses and chenopods employed
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Figure 1. Study site in the context of modern Australian C4 vegetation and climate. (a) Location of ODP 763A, with mapped
Summer Rainfall Index (SRI) and surveyed percent C4 plant cover (Kattge et al,, 2011; Lowrey, 2015; Osborne et al., 2014;
White et al., 2012, see Text S1.1 in the supporting information for details). SRI calculated as the proportion of summer
rainfall (December, January, and February) out of summed summer (December, January, and February) and winter
(June, July, and August) rainfall (Australian Government Bureau of Meteorology, 2016). The arrows indicate modern dust
transport pathways (Hesse & McTainsh, 2003). (b) The probability that C4 vegetation is present for a given range of SRI
based on survey data.

the C3 or C; photosynthetic pathway. Reconstructing changes in the dominant photosynthetic pathway has
been limited by the spatial and temporal discontinuity of Australian terrestrial geological records (Kershaw
et al, 1994; Macphail, 1997). In this paper, we present ~10 Myr records of plant wax n-alkane carbon
isotopes and pollen abundances from sediments of Ocean Drilling Program (ODP) Hole 763A (hereafter
ODP 763A), off north-western Australia, to determine when, how, and why C; vegetation expanded on the
Australian continent.

2. Materials and Methods
2.1. ODP 763A Sample Preparation

Samples constitute 26 portions of foraminifera to nanno-fossil ooze or foraminifera-bearing nanno-fossil
chalk (Haq et al.,, 1990) from ODP 763A (collected August 1988). To minimize contamination, 0.5 cm of all
exposed faces of the samples was removed and all tools and equipment were thoroughly cleaned (washed
with dilute Decon 90° decontaminant solution followed by three rinses of reverse osmosis water, and three
rinses each of methanol, dichloromethane [DCM], and n-hexane). Samples were lyophilized in ashed borosi-
licate glass containers, prior to homogenization using a mortar and pestle. Total lipids were extracted from
9.5 to 18.9 g of each sample (mean: 13.9 g) using a Thermo Scientific” Dionex” ASE 350. Samples underwent
five cycles of solvent rinse (5-min static rinse with 9:1 DCM:methanol) and purge (2 min) at a temperature of
100 °C and a pressure of ~11,000 kPa. Solvents were evaporated from the total lipid extract under N, on a
FlexiVap~ heated evaporator. Nonpolar and polar components were separated by solid phase extraction
through ~0.5 g of solvent-cleaned activated silica gel of 0.035 to 0.070 mm mesh size using 4 ml of n-hexane
and 4 ml 1:1 DCM:methanol, respectively. Elemental sulfur was removed using copper shavings activated in
hydrochloric acid.

2.2. Biomarker Quantitation and Compound-Specific Carbon Isotope Analysis

n-Alkanes (Cy6 to C35) were characterized and quantified on a Perkin Elmer Clarus 580 gas chromatograph-
mass spectrometer (GC-MS) fitted with a PE Elite 5MS capillary column. Samples were dissolved in 100 pl
n-hexane with 1 pg/ml 1-1” binaphthyl as internal standard. Quantitation standards were prepared by dilu-
tion of a Certified Reference Material (C;-C4o Saturated Alkanes Standard, Supelco 49452-U) with 1-1
binaphthyl as internal standard for concurrent analysis with the sample batch (see Text S1.2 in the supporting
information for full GC-MS instrument setup specifications).

Compound-specific 5'3C measurements were performed for n-alkanes (C55-Css) using a Thermo Delta V iso-
tope ratio MS coupled to a Thermo Trace GC Ultra and Isolink through a ConFlo IV interface. Samples were
injected into a PTV injector with 2 mm i.d. silicosteel liner packed with glass wool. The inlet was held
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splitless at 60 °C during injection and then ramped ballistically to 320 °C where it was held for 1.5 min during
the transfer phase. Compounds were separated on an HP-5MS column (30 m length, 0.25 mm id. and
0.25 um phase thickness) with a constant helium flow of 1.0 ml/min. The GC oven was held at 60 °C for
1.5 min, ramped at 15 °C/min to 150 °C and then at 4 °C/min to 320 °C, and held for 10 min. The GC effluent
was connected to a custom-made combustion reactor consisting of 1 strand each of 0.1 mm nickel, copper,
and platinum wires inside a 0.5 mm i.d. fused alumina tube held at 1000 °C. Continued oxidation and com-
plete combustion of compounds were ensured with the introduction of a trickle of 1% O, in helium. Water
was removed from the combustion effluent with a custom-built cryotrap consisting of a 20-cm loop of
0.25 mm i.d. deactivated fused silica capillary immersed in an ethanol bath at —85 °C. The trap was periodi-
cally thawed and purged to prevent plugging from the buildup of ice. Standard mixtures of n-alkanes with
known '3C values (Mixes B4 and A5 purchased from Arndt Schimmelmann, Indiana University) were inter-
spersed between sample measurements to calibrate the isotopic measurements. Measurement uncertainties
(standard error of the mean), including both analytical uncertainty and uncertainty in realizing the Vienna Pee
Dee Belemnite reporting scale, were calculated after Polissar and D’Andrea (2014).

2.3. ODP 763A Age Model

Sample ages were calculated using linear interpolations between tie-points in an age-depth model estab-
lished in Karas et al. (2011), complemented by paleomagnetic reversal event datum tie-points established
in Tang (1992) and updated to Hilgen et al. (2012). See Data Set S4 in the supporting information.

2.4. Adjustment for Preindustrial Atmospheric 3'>C and Modeling Percent C,

The sedimentary n-alkane 5'>C values were normalized to preindustrial atmospheric CO, 5'>C by applying
the offset between 3'>C of atmospheric CO, for a given sample age estimated from a 3 Myr moving average
benthic foraminifera record and §'3C of atmospheric CO, of —6.5%o (Tipple et al., 2010; Uno et al., 2016).
Fraction of C4 vegetation was calculated from the carbon isotopic composition of C3; in the sediments using
a linear two end-member mixing model incorporating the mean carbon isotopic composition of Cs; in a cali-
bration set of modern C5 (n = 106) and C, (n = 45) plants, also normalized to preindustrial atmospheric CO,
8"3C of —6.5%o (Garcin et al., 2014). The C3, alkane was used to minimize plant wax production biases related
to plant functional type (Garcin et al., 2014).

2.5. Pollen

Fossil pollen was extracted from 12 sample splits using palynological methods adapted from Moore et al.
(1991). Samples were digested in cold HCI, followed by treatment with hot 10% KOH, acetolysis (a 9:1 mixture
of acetic anhydride and concentrated sulfuric acid), and overnight immersion in concentrated HF, followed
by heavy liquid separation using a Na-polytungstate liquid of specific gravity 2.0 (Munsterman & Kerstholt,
1996). The acid- and alkali-resistant residues were then dehydrated in ethanol and mounted on glass slides
in glycerol. Pollen was counted along transects at 300X and 600X magnification on a Zeiss AxioScope A.1 with
EC Plan Neofluar objectives, until at least 100 pollen grains were counted. Pollen was identified by compar-
ison with modern reference collections and with images stored in the Australasian Pollen and Spore Atlas
(APSA Members, 2007).

3. Results
3.1. Plant Wax n-Alkane Distributions and Carbon Isotope Ratios

Sedimentary n-alkanes in samples from 8.8 to 1.0 Ma display unimodal homolog distributions, peaking at Cxo,
Cz4, or C33, with a strong odd-over-even predominance (carbon preference index > 2; Data Set S1 in the
supporting information) that is indicative of a higher plant origin (Bush & Mclnerney, 2013). The oldest sam-
ple, at 9.5 Ma, has a bimodal distribution with peaks at C,5 and C,4 and a weak odd-over-even predominance
(carbon preference index < 2; Data Set S1 in the supporting information), suggestive of petrogenic hydrocar-
bons from unknown sources that obscure plant-derived 5'3C and chain-length distributions. Thus, we disre-
gard the oldest sample as it is likely not of terrestrial plant origin. The proportional abundance of Cs3
compared to Cyo n-alkanes increases significantly throughout the record (Figure 2 and Data Set S1 in the
supporting information).
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Figure 2. Organic geochemical and palynological data derived from sediments of ODP 763A. (a) Compound specific car-
bon isotope ratios of n-alkane homologs: C»g (blue), C34 (yellow), and C33 (pink), with percent C4 based on the C3;
homolog. The error bars represent plus and minus one standard error of the mean. (b) The difference between the carbon
isotope ratio of C33 and that of C,g. (c) Grouped pollen percentages indicating relative proportions of herbaceous, woody,
and other taxa. (d) The proportional concentration of C33 relative to Cy9 + C33.

From 8.8 to 3.6 Ma, carbon isotope ratios of Cy9, C31, and Cs3 are stable with values indicative of predomi-
nantly C; vegetation. Beginning at 3.5 Ma, 5'>C values progressively increase, becoming more enriched in >C
(Figure 2 and Data Set S1 in the supporting information). In addition, at 3.5 Ma, the §'3C values of Cs, C31, and
C53 n-alkanes begin to diverge, causing an increasing difference between §'C values of C33 and C after that
time (Figure 2 and Data Set S1 in the supporting information). The fraction of the source vegetation that is C4
plants is estimated from the carbon isotopic composition of the sedimentary Cs3; n-alkane (Figures 2 and 3).

+27. +26.5
Estimated C, fraction from 8.8 to 3.6 Ma is low, ranging from 9.2 0 %t019.2 19 2% (modern plant end-

member 1-sigma calculation uncertainty). At ~3.5 Ma, the estimated C, fraction begins progressively increas-
ing, save for one sample at 2.8 Ma. Percent C, reaches a maximum of 59.2 + 22.4% at 1.0 Ma (Figures 2 and 3
and Data Set S1 in the supporting information). It must be noted that the uncertainties in calculations of frac-
tion C,4 vegetation are likely overestimated, due to the geographically and climatically broad modern plant
calibration set used (Garcin et al., 2014). Variability in the isotopic composition of the C3; n-alkane in modern
C3 and C,4 plant end-members from any one region is likely to be less than the calibration set.

3.2. Palynological Results

Pollen analysis was undertaken on samples ranging in age from 6.8 to 1.0 Ma, and results are presented as a
summary pollen percentage diagram (Figure 2). During the latest Miocene, Gyrostemonaceae, Casuarinaceae,
Acacia, and Dodonaea are important components of the pollen sum. Poaceae, Asteraceae, and Eucalyptus pol-
len are also present in substantial proportions during the latest Miocene. Across the Miocene-Pliocene
boundary, values of Gyrostemonaceae, Casuarinaceae, Acacia, and Dodonaea decline, while those for
Restionaceae, indeterminate Myrtaceae pollen, Cyperaceae, and ferns (Polypodiaceae and Cyathea) increase
steadily until collapsing at ~4.9 Ma. Poaceae, Asteraceae, and chenopods maintain steady or increasing values
through the Early Pliocene. Around the early-late Pliocene boundary (3.5-3.6 Ma), the vegetation becomes
strongly dominated by Poaceae and Asteraceae, with varying contributions from Eucalyptus, Myrtaceae,
and chenopods, which persists with little subsequent change for the remainder of the record (note, the full
pollen data are presented in Figure S3 and Data Set S2 in the supporting information).

4, Discussion and Conclusions

4.1. Pliocene Expansion of C, Vegetation

The carbon isotope ratios of leaf wax n-alkanes begin to become enriched in '>C at ~3.5 Ma (Figure 2) imply-
ing an expansion of C, vegetation in north-western Australia. In addition, beginning at ~3.5 Ma, the 5'C of
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Figure 3. Australian record of C4 expansion in the context of contemporaneous climate records and interpretations.

(a) Percent C4 reconstructed from the carbon isotope ratio of the C3¢ n-alkane homolog, with modern plant end-member
1-sigma calculation uncertainty shown as dashed black lines. (b) Mg/Ca sea surface temperature reconstruction from ODP
763A (the black line is a 15-point simple moving average, calculated using the “TTR” package; Ulrich, 2018, in R; R Core
Team, 2016). Data from Karas et al. (2011). (c) Mass accumulation rates from ODP Sites 885/886 in the central North Pacific
Ocean (Rea et al, 1993, 1998; Snoeckx et al., 1995), interpreted as increasing a eolian flux into sediments resulting from
intensification of the East Asian winter monsoon (Data Set S5 in the supporting information, see Text S1.4 in the supporting
information for methods used to calculate mass accumulation rate and to update timescale). (d) Arid (tan) and humid (blue)
intervals interpreted from potassium abundance in wireline logs from IODP U1463 and U1464 off north-west Australia
(Christensen et al., 2017; Groeneveld et al., 2017). The dashed lines on all panels indicate approximate alignment between a
SST change point at 3.44 Ma (Sniderman et al., 2016), the increase observed in percent C4 at ~3.5 Ma, and increased a eolian
dust flux into the central North Pacific Ocean.

the C33 n-alkane becomes increasingly enriched in >C compared to the other shorter chain lengths (Figure 2).
Modern Australian grasses produce a higher proportion of C33 than trees or shrubs (Howard et al., 2018, Figure
S2, Table S1, Text S1.3, and Data Set S3 in the supporting information). This pattern is mirrored in North
America and Africa, where grasses have higher abundances of longer chain n-alkanes (C33 and C3s) than trees
that show higher abundances of shorter chain n-alkanes (C,; and C,o; Bush & Mclnerney, 2013; Garcin et al.,
2014; Rommerskirchen et al., 2006; Vogts et al., 2009). Cs3 is therefore proposed to be more sensitive to the
presence of C, grasses on the landscape (Uno et al., 2016), while Cyg is less influenced by grasses. Carbon-
13 enrichment and the beginning of isotopic divergence between C;o and C33 in our sedimentary record at
~3.5 Ma mark the onset of the expansion of C4 vegetation. Phylogenetic evidence suggests that the moder-
ately diverse C, grass tribe Triodiinae, characteristic of central Australian arid vegetation today, radiated in
the Australian interior during the late Miocene (Toon et al., 2015). Nonetheless, any late Miocene C4 vegetation
must have been sparse, as it is not detectable in our C, to C33 n-alkane record. However, '*C enrichment of the
C35 n-alkanes relative to Cyq, C37 and Cs3 (Figure S1 in the supporting information) could be an indication of
trace amounts of C, vegetation on the landscape prior to 3.5 Ma. The significant expansion in C, vegetation
beginning at 3.5 Ma indicated by the inflection in our carbon isotope record reflects widespread biologically
productive C4 vegetation like that supported in the Australian monsoon tropics today (Williams et al., 2017).
This timing postdates the onset of most C, expansions in Asia, Africa, North America, and South America,
which occurred across the middle to late Miocene (Cerling et al,, 1997; Dupont et al., 2013; Feakins et al.,
2013; Fox et al, 2012; Fox & Koch, 2004; Ghosh et al, 2017; Hoetzel et al., 2013; MacFadden et al., 1996;
Passey et al., 2002; Passey et al., 2009; Quade & Cerling, 1995; Uno et al., 2016).

4.2. Late Miocene/Early Pliocene Opening of the Landscape

Substantial Poaceae, Asteraceae, and Eucalyptus pollen suggest that north-west Australia was dominated by
open woodland or shrubland in the latest Miocene. The prominence of Gyrostemonaceae and Casuarinaceae
suggests that this vegetation may have had similarities to contemporaneous late Miocene open shrubland
recorded on the Nullarbor Plain in the south of the continent, which was dominated palynologically by these
two families (Sniderman et al, 2016). Increases in Restionaceae pollen percentages across the late
Miocene/early Pliocene transition suggest an increase in effective precipitation, based on the preference of
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Restionaceae for seasonally moist wetland habitats (Briggs, 2001). Peaks in representation of Myrtaceae,
Cyperaceae, and ferns are consistent with a peak in moisture at ~4.9 Ma, just before these taxa decline
abruptly. Rising values of Poaceae, Asteraceae, and chenopod pollen during the early Pliocene imply the
increasing dominance of very open vegetation, in which grass and chenopods were more important than
previously. Increasing relative abundance of the C33 compared to C,4 n-alkane homolog beginning between
7 and 6 Ma also suggests increasing contributions from grasses (Figure 2). Our carbon isotope record indi-
cates that C4 vegetation did not begin to compose a significant fraction of the increasingly open landscape
until ~3.5 Ma. From these data, we interpret an initial late Miocene expansion of C; grasses and/or cheno-
pods, followed by a shift to C4 grasses and/or chenopods near the early/late Pliocene boundary. Fossil mar-
supial tooth enamel isotope data showing mixed C3 and C, diets from the bio-stratigraphically dated late
Pliocene Chinchilla Sands of south-eastern Queensland are consistent with this timing (Montanari et al,,
2013). We infer from our record a pattern of ecosystem changes on the Australian continent not dissimilar
to other geographic regions (Edwards et al., 2010; Strémberg, 2011), though delayed by several million years.

4.3. Drivers of Late C4 Expansion on the Australian Continent

Environmental conditions that tend to promote C, over C5 photosynthesis are low atmospheric pCO,, high
temperature, aridity, warm-season precipitation, high irradiance, and fire (Ehleringer, 2005; Keeley & Bond,
2001; Knapp & Medina, 1999; Long, 1999). Decreased pCO, has been postulated as a major control on the
onset of C, expansion globally (Cerling et al., 1993; Cerling et al.,, 1997; Ehleringer et al., 1991), with new devel-
opments in atmospheric pCO, reconstruction suggesting a significant decrease through the late Miocene
(Bolton et al., 2016; Mejia et al., 2017). However, heterogeneous timing of C, expansion across the globe
(Figure S4 in the supporting information) indicates that decreased pCO, cannot be the only driving factor.
This assertion is supported by models showing that while changes in pCO, have the potential to transform
global vegetation states, the timing of transformation will vary due to regional differences in the timing
and rates of change of temperature, rainfall amount and seasonality, and fire severity (Higgins & Scheiter,
2012). We argue that the relative importance of pCO, and environmental factors will likely vary by region.

The timing of the expansion of C, vegetation documented here coincides closely with evidence for cooling
and aridification in north-west Australia. Sea surface temperatures cool significantly in the region at 3.44 Ma
(Karas et al,, 2011; Sniderman et al., 2016; Figure 3), while at 3.3 Ma, there is evidence for the beginning of a
transition from a humid to a more arid and/or more seasonal climate (Christensen et al., 2017; Figure 3). On
the Nullarbor Plain, Sniderman et al. (2016) found no pollen in Pliocene speleothems younger than 3.4 Ma, sug-
gesting that increasing aridity slowed speleothem growth after this time. The drivers of Australian aridification
are debated; restriction of the Indonesian Throughflow (ITF) has been hypothesized as the driver of changes in
precipitation in north-western Australia during the Pliocene (Christensen et al., 2017; Krebs et al., 2011). Krebs
et al. (2011) simulated a constricted ITF based on Pliocene ocean bathymetry, finding that this could have
caused a precipitation decrease of up to 30% over the eastern Indian Ocean. Conversely, other modeling
experiments have indicated that ITF restriction was not associated with a decrease in precipitation over the
eastern Indian Ocean, nor was it associated with significant globally pervasive impact on climate (Brierley &
Fedorov, 2016; Jochum et al,, 2009). Regardless of the driver of late Pliocene aridification, there is also evidence
for aridity in north-western Australia during the late Miocene, from ~16 to 6 Ma (Groeneveld et al., 2017), that
did not lead to an expansion of C, vegetation (Figure 3). This suggests that aridity by itself was not the primary
driver of the Australian late Pliocene C, expansion, an inference that is substantiated by globally inconsistent
relationships between C,4 plant distributions and modern climate (Sage et al., 1999).

Opening of the landscape, increased seasonality of precipitation, and increased incidence of fire are sug-
gested to have played significant roles in promoting the expansion of C, vegetation on other continents
(Beerling & Osborne, 2006; Edwards et al., 2010; Osborne, 2008; Scheiter et al., 2012; Zhou et al., 2017). Our
pollen record suggests that Australian vegetation structure was already open by the late Miocene/early
Pliocene. Our record of C4 expansion also coincides very closely with evidence of increased east Asian dust
flux into marine sediments, at ~3.5 Ma (Figure 3; Rea et al,, 1993, 1998; Snoeckx et al., 1995), widely inter-
preted as marking the initial intensification of the East Asian winter monsoon (EAWM) or Siberian High (An
et al, 2001; Guo et al., 2004; Rea et al,, 1998; Sun et al., 1998; Zheng et al,, 2004). Controls governing the
Australian monsoon over late Neogene to Quaternary timescales are complex (Z. Liu et al., 2003; Wyrwoll &
Valdes, 2003), but are dominated by two opposed influences: within-hemisphere insolation forcing
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(Wyrwoll et al., 2007; Wyrwoll & Valdes, 2003), that is comparatively weak because of the relatively small, low
relief land surface of northern Australia; and remote forcing driven by cross-equatorial thermal and pressure
gradients between Australia and East Asia (An, 2000). The persistence of an east Asian-Australian precipita-
tion teleconnection, in which northern cooling leads to southward migration of the Intertropical
Convergence Zone, has been indicated at a range of Quaternary timescales from centennial-millennial
(Denniston et al., 2013; Eroglu et al,, 2016) to orbital (Y. Liu et al., 2015) and has been observed in sedimentary
records from the Holocene (Eroglu et al., 2016), the last deglaciation (Yancheva et al., 2007), and as far back as
the mid-Pleistocene (Y. Liu et al., 2015). The sensitivity of the cross-equatorial meridional circulation linking
the EAWM and the Australian monsoon to orbital obliquity has been explored using climate model simula-
tions (Shi et al., 2011).

The abrupt increase in the abundance of C; plants at ~3.5 Ma is most easily explained as a vegetation
response to the onset of the Australian monsoon regime. In this interpretation, the intensification of the
EAWM (Figure S4 in the supporting information), itself thought to be related to ongoing late Cenozoic global
cooling (Herbert et al,, 2016; Ge et al., 2013; Lu et al., 2010; Raymo, 1994), for the first time pushed the
Intertropical Convergence Zone far enough southward to develop a substantial summer monsoon in north-
ern Australia, characterized by a strong seasonal precipitation contrast and potentially greater incidence of
fire. The relatively late appearance of a distinctly monsoonal moisture regime in northern Australia may help
to explain the Plio-Pleistocene evolution of animal clades confined to the Australian monsoon tropics today
that are nested within lineages more typical of inland, arid Australia (Laver et al.,, 2017; Nielsen et al., 2016).
The establishment of this new climatic regime would have provided the ecological opportunities necessary
for the expansion of C, vegetation in Australia beginning at ~3.5 Ma. This supports the hypothesis that the
heterogeneous rise of C, ecosystems globally reflects variations in the environmental factors providing com-
petitive advantages to C, vegetation.
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