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ARTICLE INFO ABSTRACT

Handling editor: P Rioual The carbon and hydrogen isotope compositions (5'3C and 5?H) of sedimentary n-alkanes are excellent recorders

of past vegetation and precipitation change. Yet, few studies have combined and compared n-alkanes in modern

Keywords: plants and paleoenvironmental records. Here we analyzed the §!3C and 82H values of n-alkanes (5'°C,y and
Pi?]‘(’e“‘”ronmem §2H,i, respectively) from a 7-m-long sediment sequence in Lake Barrine, modern catchment soils, fallen leaf
n-. anes

mixtures, rainforest tree leaves and grasses from tropical northeastern Australia. We exploited the correlation
between the relative abundances, 613C, and 8%H values of n-alkanes from fresh modern rainforest leaves, grasses,
fallen leaves, soils and surface sediments. Based on this, we developed two binary mixing models to determine C3
plant abundances and the §2H values of precipitation (§?Hp.g) to study rainfall and vegetation in the Lake Barrine
catchment since 18.3 cal ka BP. Combining the results of this study with mean annual air temperature, pollen,
and clastic influx, we reconstructed a robust climatic and environmental record for this site and compared it with
other regional paleoenvironmental records. The modern samples indicate slight C enrichment and obvious 2H
depletion in the n-alkanes from fresh rainforest leaves, fallen leaves, soils, and surface sediments, which is
possibly due to microbial build-up of n-alkanes during decomposition. A broad consistency in regional paleo-
climate trends was identified, including a cool, dry Last Glacial Maximum (23-17.0 cal ka BP), warmer, wetter
last deglacial (17.0-14.9 cal ka BP), wetter with stable temperature Antarctic cold reversal (14.9-12.8 cal ka BP),
(possibly) cooler, drier Younger Dryas (12.8-11.6 cal ka BP), warmer, wetter early-to-middle Holocene (11.6-5
cal ka BP) and cooler, slightly drier and more variable late Holocene (5 cal ka BP to the present).

Carbon and hydrogen isotopes
Lake sediment
Tropical NE Australia

1. Introduction water loss by transpiration (Schonherr, 1982), and leakage of essential

solutes from plants (Schonherr, 2000; Koch and Ensikat, 2008). Alkanes,

The carbon (5!3C) and hydrogen (52H) isotope compositions of plant
waxes record vegetation and hydroclimatic conditions at present and in
the past (Hayes et al., 1990; Bird et al., 1995; Sessions et al., 1999;
Sachse et al., 2012; Liu et al., 2022). Plant waxes impregnate and cover
plant cuticles, forming a continuous extracellular membrane covering
the organs of lower and higher plants (Eglinton and Hamilton, 1967;
Koch and Ensikat, 2008). This waxy covering prevents uncontrolled

alkanoic acids, alcohols, aldehydes and esters are the major components
of plant waxes (Eglinton and Hamilton, 1967; Jetter et al., 2000).
Long-chain n-alkanes (>Cj;) can be well-preserved in sediments and
therefore have been extensively used to reconstruct terrestrial vegeta-
tion and hydrology at present and in the geologic past (Sachse et al.,
2004; Niedermeyer et al., 2014).

Compound-specific carbon isotope analysis of n-alkanes (6'3Ca0) in
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sediments in tropical environments can help reconstruct relative con-
tributions of C3 and C4 vegetation in the past (Hayes et al., 1990; Bird
et al., 1995; Diefendorf et al., 2015). The 613Calk values of plants are
influenced by both biochemical (e.g., photosynthetic pathways) and
geo-environmental factors (e.g., water availability, temperature, light
intensity, altitude and latitude) (Farquhar et al., 1989; Vogts et al., 2009;
Diefendorf et al., 2010; Liu and An, 2020). Photosynthetic pathways
exert the strongest influence among these factors, with waxes produced
by plants using the C3 carbon fixation pathway (Calvin-Benson) signif-
icantly more 13C-depleted relative to those from plants that use the C4
carbon fixation pathway (Hatch-Slack) (O’Leary, 1981). The third
photosynthetic pathway, Crassulacean acid metabolism (CAM), is less
considered as only ~7% of vascular plants use this pathway (Winter and
Smith, 1996).

Cs plants include trees, shrubs and cool-climate grasses (Huang et al.,
2000), with a global carbon isotope composition range of —45.9%o to
—26.9%o for the Cg; n-alkane (8'3Cp.c31) (Liu and An, 2020). C4 plants
consist mainly of tropical grasses and sedges (Huang et al., 2000), with
613C,,_C31 values ranging from —28.5%o0 to —16.7%o globally (Liu and An,
2020). The global mean §'3Cpr.c31 values for Cs and Cy4 plants are —35.4
=+ 3.1%0 and —21.8 + 2.3%o, respectively, and are markedly consistent
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across climate zones where they co-occur (Liu et al., 2022). Therefore,
the 8'3C values of long chain n-alkanes provide a valuable proxy for the
relative abundances of tropical C3 and C4 vegetation, provided they are
terrestrially sourced, in turn providing information on climate (Ruiz
Pessenda et al., 2009; Russell et al., 2014; Bird et al., 2019).

The hydrogen isotope composition of n-alkanes (8°Hy) is mainly
controlled by three factors: source water isotope composition, biosyn-
thesis, and evapotranspiration, with the first being the dominant con-
trolling factor (Sachse et al., 2012; Liu and An, 2018). Long-chain
n-alkanes extracted from lake sediments exhibit §?H values that are
lower than, but highly correlated with, those values of mean annual
precipitation (Sachse et al., 2004; Garcin et al., 2012). Nevertheless,
different net fractionations (eax.p) between 82Halk values and precipi-
tation have been shown between monocots and dicots (Liu and An,
2019) which compose 98.2% and 77.3% of C4 and C3 plants, respec-
tively (Liu and An, 2020), potentially due to different physiologies
(Sachse et al., 2012; Liu et al., 2022). Therefore, major variations in
plant types can impact the 5?H values of precipitation reconstructed
from 8%H,jk values, which requires correction.

In tropical northern Queensland, grasses are composed of 90% or
more C4 plants (Hattersley, 1983), which means that in this region
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Fig. 1. Sampling sites and regional records used in this research. (a) The collection sites of the sediment core (white star), surface sediments (white diamonds,
$1-S5), catchment soil and fallen leaves (yellow triangles, B1-B7). (b) The modern vegetation around Lake Barrine. (¢) Sampling sites of the 18 fresh rainforest tree
leaves (Curtain Fig National Park) and 11 grasses, as well as modern rainfall (Chillagoe) and inflow water (Lake Tinaroo). The red pin denotes the coring site at Lake
Barrine while the white circles represent the locations of the regional records used for comparison with this study.
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grasses are essentially all C4 monocots while rainforest trees are all Cg
dicots. A combination of §'3C and 52H analyses of n-alkanes from sedi-
ments provides a cross-check on climatic signals and can resolve ambi-
guities. Yet, this potential remains unexploited in this tropical region.
Here, we combined the §'°C and 8°H values of the C3; n-alkane
(613Cn_C31 and 62Hn_c31) with pollen and temperature records in a
7-m-long sediment sequence from Lake Barrine spanning the period
18.3-1.7 cal ka BP (Li et al., 2022). We aim to (i) build a robust climatic
record using multiple proxies to determine Cg plant abundance in the
catchment and monsoon intensity at Lake Barrine over the past 18.3 kyr,
and (ii) form a broader view of paleo climatic change on the Atherton
Tablelands in northeastern Australia.

2. Materials and methods
2.1. Research site, sample collection and chronology

Lake Barrine (17.25° S, 145.64° E, 726 m asl; Fig. 1) occupies a maar
crater on the basaltic Atherton Tablelands, one of over 40 recognized
volcanic eruption points (Timms, 1976) in north Queensland, tropical
Australia. This lake is a small, flat-floored, freshwater maar lake with a
surface area of 1.0 km?, a diameter of 1.1 km and a total catchment area
of 1.95 km? (Walker, 1999). The lake is surrounded by a crater rim of
pyroclastics of low inclined outer slopes (15°, Jardine, 1925) and high
inclined inner slopes (averaging ~30° and as high as 75°) (Timms,
1976). The maximum water depth of the lake is 68.3 m at present and
varies +£0.5 m annually, constrained by an outflow to Toohey Creek
(Timms, 1976) on the northeastern margin in the wettest months. The
closed lake is recharged by direct precipitation, groundwater and sur-
face runoff from the catchment basin, without any inlet rivers.

The mean annual air temperature at the site is around 21.2 + 0.4 °C
(1969-2020 CE, Walkamin research station, 2021a,b; Li et al., 2023).
The mean annual precipitation is 1601 + 481 mm (2000-2020 CE,
Malanda Alert Station, 2021), over 80% of which is delivered during the
wet season from December to March (Suppiah, 1992). The water table
around Lake Barrine lied between 740 m and 680 m above sea level (a.s.
1.) from 1991 to 2009 CE (Bore 92678 and 92710, 1991; Bore 148037
and 148111, 2009), similar to, or above the modern lake level (726 m a.
s.1.). The mean 580 and 62H values of the water in Lake Barrine were
0.77%0 and —0.82%o, respectively, measured from the surface to the
bottom of the lake water in December 2012 and July 2013 (Munksgaard,
unpublished).

Modern vegetation growing on red ferrosol around Lake Barrine
consists of ~3 km? remnant complex mesophyll vine forest (Fig. 1a and
b; Tracey, 1982), with the original vegetation largely cleared for agri-
culture and pasture (Neldner et al.,, 2023). Complex mesophyll vine
forest, in the Wet Tropics bioregion, represents optimally developed
rainforest in Australia under the most favorable climate and soil con-
ditions (Tracey, 1982). Distinct layers of vegetation develop, with the
tallest trees and plank buttressing plants, such as robust woody lianas,
vascular epiphytes, palms, and fleshy herbs with wide leaves. The closest
sclerophyll woodland and savanna areas, with a canopy dominated by
Eucalyptus spp., are ~28 km to the west of the lake (Chen, 1986).

In situ sediment cores were taken in October 2018, near the center of
Lake Barrine in 68-m-deep water using a raft mounted Uwitec Piston
corer with 6.5 cm diameter barrels (Fig. 1a). An almost 14-m-long
sediment sequence was recovered, composed of five drives of ~3 m
each. The sediment cores were transported to the lab and each core was
cut into ~1-m sections to facilitate handling and minimize disturbance
and kept vertically at —18 °C at the conclusion of the fieldwork. Each
section was later split longitudinally into two halves — one half was
archived while the other half was sampled. A combined ‘master core’ of
7.2 m in length was developed by correlating sections according to ages
and excluding overlapping sections (see details in Li et al., 2022).
Forty-eight subsamples were cut from the master core sediment
sequence, with each subsample spanning 1-7 cm.
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Additionally, surface lake sediments, fallen leaves and soils from the
crater, fresh rainforest tree leaves and grasses were collected to study
modern terrestrial plants and environment at Lake Barrine. Five surface
lake sediment samples were collected from different locations within
Lake Barrine and immediately frozen in the lab in November 2021
(Fig. 1a). Seven fallen leaf and seven soil samples were collected from
around the crater in August 2021 to represent the terrestrial n-alkane
source and to investigate the origin and the isotopic evolution of n-al-
kanes in the sediments (Fig. 1a).

Canopy leaves from 18 rainforest trees were collected in the mature
rainforest in the Curtain Fig National Park, 8 km southwest of Lake
Barrine in 2016 (Bauman et al., 2022). Six tree species were represented,
with three individual trees sampled per species. The species were chosen
on the basis that they made up 80% of the basal area in a 0.5 ha forest
census plot in which all trees larger than 10 cm diameter at breast height
had been identified and diameters measured over time (Metcalfe et al.,
2014). Eleven samples of the most common grasses were collected on a
transect from Cairns to Chillagoe, northern Queensland, 40-120 km
away from Lake Barrine, in 2022 (Fig. 1c). These samples provide
end-members of carbon and hydrogen isotope compositions from which
to estimate the C3 plant abundance and monsoon intensity in the past
from the sedimentary record.

In addition, source waters for the rainforest tree leaves and grasses
were collected to define the hydrogen net fractionation between source
water and n-alkanes. Monthly water samples from catchments draining
into Lake Tinaroo near Lake Barrine (Fig. 1¢), 13 km north of the Curtain
Fig Park, were collected from November 2018 to November 2020 and
their isotope composition used as source water for the rainforest tree
leaves. As Lake Tinaroo is only 6 km northwest to Lake Barrine, we used
the 5°H value of these waters to approximate the composition of pre-
cipitation at Lake Barrine. Accumulated weekly rainfall in Chillagoe
(Fig. 1c) was collected on open ground from February 2015 to December
2022 using an International Atomic Energy Agency (IAEA)-designed
Palmex rain collector which minimizes evaporation from the sample.
These samples were used as the source water for the collected fresh grass
samples.

Hydrogen isotope analyses of the inlet lake water and rainfall sam-
ples were conducted on a Picarro L2130i water isotope analyzer with its
autosampler connected to a diffusion sampler device (Munksgaard et al.,
2011). Measurements were scaled relative to the VSMOW using sec-
ondary water standards tied to the IAEA standards VSMOW2 and
VSLAP2. Precision was typically +0.5%o for the §2H values of water (16
standard deviation).

The chronology for the Lake Barrine sedimentary record was
generated from 1“C analyses. Twenty-two radiocarbon measurements on
selected samples were performed at the Radiocarbon Dating Laboratory
at the University of Waikato in 2019 and 2020. The samples were made
up of nine hand-picked organics, seven bulk sediments, three wood and
three charcoal. These samples were washed in hot HCI, rinsed, and
treated with multiple hot NaOH washes and then washed again with hot
HC], filtered, rinsed, and dried at the Waikato Radiocarbon Laboratory.
An age-depth model was then developed based on the AMS C ages and
the ‘master depth’ using Bacon package (Blaauw and Christen, 2011) in
R (R Core Team, 2020) and was then mapped onto the
compound-specific isotope data series (for further details see Li et al.,
2022, 2023). The ages of the catchment soils and surface lake sediments
are unknown.

2.2. Lipid extraction, separation, and identification

Freeze dried sediment, soil and plant samples were ground into fine
powder and 1-32 g dry mass of the powder was weighed for total lipid
extraction. These powdered samples were ultrasonically agitated in
dichloromethane: methanol = 9:1 (v:v; volume: volume) and were
placed in a MARS 6 microwave digestion instrument for total lipid
extraction at 100 °C for 21 min (ramp for 15 min and hold for 6 min).
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The solid was removed from the total lipid extract (TLE) by rinsing each
microwaved sample through a glass microfiber filter with a further ~20
mL DCM: methanol = 9:1 (v:v) three times. For all samples, the TLE was
dried under a gentle stream of nitrogen. This total lipid extraction was
completed in the Advanced Analytical Centre in James Cook University,
Cairns, Australia.

n-Alkanes were then separated from the TLE using column chroma-
tography. We prepared the columns by packing pre-ashed long pipettes
with activated silica gel that was pre-washed using dichloromethane and
methanol twice before drying at 50 °C. Hydrocarbons were eluted with
n-hexane, although isoprenoids existed in the hydrocarbons in our case.
We therefore separated n-alkanes from other hydrocarbons with double
bonds by passing the hydrocarbons through AgNOs-impregnated silica
gel (10% by weight) chromatography in short columns using ~4 mL n-
hexane. We then dried the n-alkanes using N, and transferred to GC vials
for GC-MS and GC-IRMS measurements.

n-Alkanes were identified on gas chromatography-mass spectrom-
etry (GC-MS) in the Lab of Isotopomics in Chemical Biology (ICB),
Shaanxi University of Science and Technology, China and Advanced
Analytical Center (AAC) in James Cook University, Australia. The GC-
MS (ThermoScientific) in the ICB includes a Trace 1300 GC and an
ISO single quadrupole mass selective detector system. The GC-MS
(Shimadzu; GCMS-QP2010 SE) in the AAC includes an Agilent 7890A
GC, Agilent 5975C quadrupole mass selective detector system and a
flame ionization detector (FID). Compounds were separated on fused
silica columns (Agilent J&W HP-5ms; 30 m x 0.25 mm, 25 pm film
thickness in the ICB and Agilent J&W DB-5ms; 30 m x 0.25 mm, 25 mm
film thickness in the AAC). The oven ramped from an initial temperature
of 80 °C-150 °C at 15 °C/min, then to 250 °C at 30 °C/min and lastly to
310 °C (held 10 min) at 4 °C/min. Samples measured in the AAC were
dissolved in n-hexane spiked with 25 pL 5a-androstane of 0.4 pg/pL as
an internal standard before quantification. Compound peak areas were
normalized to those of 5a-androstane and converted to concentration
using response curves for an in-house mixture of C;6-C3 n-alkanes at
concentrations ranging from 5 to 250 pg/mL. Recovery standards were
not used and therefore we could not account for potential lipid loss
during extraction and separation processes.

The fractional abundances of n-alkanes from Cy3 to Cgs were calcu-
lated using Eq. (1)., where i denotes the absolute abundance of a given n-
alkane, and Cy3-C35 are the sum of absolute abundances of n-alkanes
with 23-35 carbon atoms.

f(i) = i/ZCa3.35 1

2.3. Carbon and hydrogen isotopic analyses

The carbon and hydrogen isotope compositions of individual n-
alkane compounds were determined using gas chromatography isotope
ratio mass spectrometry (GC-IRMS). These analyses were conducted in
the Lab of Isotopomics in Chemical Biology, Shaanxi University of Sci-
ence and Technology and Southern University of Science and Technol-
ogy, China. A trace GC was coupled to an Isolink combustion/pyrolysis
reactor (1000 °C for C and 1420 °C for H, respectively) and interfaced to
a MAT-253 via a Conflo IV. The Trace GC was equipped with a non-polar
capillary column HP-5ms and split/splitless injector was used for
analyzing the samples. The purified n-alkane samples were injected into
the GC oven in splitless mode with an inlet temperature of 300 °C and
helium as carrier gas. The GC oven temperature ramp was the same as
that for GC-MS.

Before measuring hydrogen isotope compositions, an Hj factor
correction was determined and was <11 ppm/nA, indicating a contri-
bution of <0.11% H3 to HD'. During the C and H isotope measure-
ments, the precision of the isotope analyses was routinely checked after
every six sample injections by injecting one/two A7 standard of C16-Cso
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n-alkanes with known 8'3C and 5H values (A. Schimmelmann, Indiana
University). Linearity and drift corrections were applied to both C and H
isotope measurements to correct instrument offset and only values with
voltages above 300 mV and 500 mV respectively, were used for these
two isotope measurements. The 5'3C values of n-alkanes were normal-
ized to the Vienna Peedee Belemnite (VPDB) while the 5%H values were
normalized to the Vienna Standard Mean Ocean Water (VSMOW) scales.
The analytical precisions (16) for carbon and hydrogen isotope com-
positions of standards were better than 0.4%o and 5%o, respectively.

We corrected the measured carbon isotope compositions of modern
n-alkane samples to account for changes in atmospheric *3C due to fossil
fuel burning. We added 1.6%o to the 8'3C values of n-alkanes from
modern samples, including fresh grasses, fresh rainforest tree leaves, and
fallen leaves, because the average 5'3C value of the present atmosphere
is —8%o while that of the pre-industrial atmosphere was —6.4%o
(McCarroll and Loader, 2004). We did not correct the §'°C values of
n-alkanes from the surface sediments as we assume the lake sediments
are dominated by pre-industrial n-alkanes. We added 0.8%o to the 5'3C
values of n-alkanes from the catchment soils because they could have an
intermediate age and contain a mix of pre-industrial and post-industrial
n-alkanes.

We also corrected the measured §2H values of n-alkanes from the
sediments to offset changes in water isotope composition due to changes
in ice volume since the Last Glacial Maximum (LGM). Changes in ice
volume on glacial-interglacial timescales impact the 2H values of pre-
cipitation due to changes in the isotope composition of seawater. A 1%o
increase in the 580 values of seawater (61805w) during the LGM has
been suggested (Schrag et al., 1996; Shackleton, 2000) and a time series
of 5180y, values was developed in the tropical western Pacific (Scroxton
et al., 2022) based on the modeled global 5180, values (Lisiecki and
Raymo, 2005). We therefore converted the 61805W values into §2H values
of seawater (SZHSW) using the Global Meteoric Water Line (Craig, 1961)
assuming a deuterium excess of zero (Vimeux et al., 2001). We then
subtracted the §°Hg,, values from the measured §°H values of n-alkanes
from the surface and downcore sediments in this study.

2.4. Estimation of the fraction of Cs plants and the 5°H values of
precipitation

Despite the influence from precipitation and temperature, sedimen-
tary 5'3C values of the C3; n-alkane (6'Cp.c31) mainly reflect changes in
the proportions of Cz and C4 plants deposited in the sediments (O’Leary,
1981; Diefendorf and Freimuth, 2017). Therefore, we applied a linear
binary mixing model (vegetation composition model; Eq. (2)) to the
613Cn_C31 values of the lake sediments to estimate the fractions of C3 and
C4 plants in the catchment of Lake Barrine since 18.3 cal ka BP. On the
other hand, as photosynthetic pathways are not the only factor that
influences the §'3C values of plants, we acknowledge that this model is
an estimation that may not capture all sources of uncertainty. The two
end members in the binary mixing model were the corrected average
513Cp.c31 values of the 11 grasses (—19.9 + 2.5%o; with a range of
—24.9%0 to —17.9%0) and 18 rainforest tree leaves (—37.3 & 1.5%o;
ranging from —39.6%o to —35.4%o), respectively.

813Cn.c31 sed = fC3 *81%Cpn.ca1 c3 + (1 - fC3) *8'3Crca1 ca 2

where fC3 and (1 - fC3) are the fractions of C3 and C4 plants, respectively.
513Cn.c31_sed, 613CH_C31_C3 and 613Cn,(;31_c4 are the average 5'3C values of
Csp n-alkane from sediment in Lake Barrine, 18 rainforest tree leaves,
and 11 grasses in this study, respectively.

Similarly, we applied a vegetation correction (Eq. (3); 4; 5) to the
§2H values of precipitation reconstructed from the lake sediments using
another linear binary mixing model (vegetation-corrected precipitation
model). This model was based on the fractions of C3 and C4 plants in the
sediment reconstructed from the vegetation composition model, and the
hydrogen isotope fractionation between precipitation and C3; n-alkane
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(ec31-p; Eq. (3)) in C3 and C4 plants. This method has been successfully
employed in other tropical studies (Feakins, 2013; Shanahan et al.,
2015; Konecky et al., 2016).

ecs1-p = [(6°Hncs1 -+ 1000)/(5%Hp + 1000) — 1] * 1000 (%o) 3

where ecs1.p refers to the net fractionations between the §°H values of
precipitation and Cs; n-alkanes. §%H,.c31 denotes the hydrogen isotope
compositions (62H) of C31 n-alkane while 62Hp refers to the 5%H values of
local precipitation. All epsilon values herein are interpreted based on
their absolute values (e.g., larger e,pp, means that the absolute e, value
is greater).

€c31-pveg = fC3 * ec31p.c3 + (1 - fC3) * ec31p.c4 4
5°Hp.r = [(6°Hn.c31.sed + 1000) / (ec31-pveg / 1000 + 1)] -1000 5

where fC3 and (1- fC3) denote the fractions of C3 and C4 plants,
respectively. ecs31-p ¢3 and ec31-p ¢4 refer to the average net fractionations
between precipitation and Cg; n-alkane (ec31.p) of the 18 rainforest tree
leaves and 11 grasses in this study, respectively. ec31.p veg is vegetation-
corrected ecs1.p. 8°Hp.g is the reconstructed 5°H values of precipitation
while 52Hn-c31_sed is the measured 52H,,.c3; values of the lake sediments.

The two end members in the vegetation-corrected precipitation
model were the average ec31.p values of the 11 grasses (ec31-p c4; —181.5
+ 15.5 %o) and 18 rainforest tree leaves (ec31.p.c3; —96.1 £ 15.2 %o)
(Fig. 3c). The ecs1.p values were calculated based on Eq. (3), using the
measured 62Hn_C31 values of the grass and rainforest tree leaf samples
and 8%H values of precipitation (52Hp). We used the average 52H values

Grasses (n = 11)

C23C24 C25C26 C27C28 C29C30C31C32C33C34C35

45 - Fallen leaf mixtures (n =7)

i— T || 1] .
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of rainfall in Chillagoe (—28.2%0; Table S1) and inlet water of Lake
Tinaroo (—34.0%o; Table S2) as the 5%H values of source waters of the
grasses and rainforest tree leaves, respectively. Based on Eq. (4), the
estimated fraction of C3 plants, and the two end members (ec31.p c3 and
ec31-p.ca), we then calculated the vegetation-corrected ecsi.p values
(ec31-p_veg) for the lake sediments, soils, and fallen leaf mixtures. Using
Eq. (5), we reconstructed the 52H values of precipitation (52Hp.g) using
the ice volume corrected 52Hn-031 values and estimated €c31.p_veg Values
of the sediments in Lake Barrine over the past 18.3 kyr (Eq. (5)).

Over 80% of total precipitation at Lake Barrine occurs from
December to March when the Indonesian-Australian summer monsoon
(IASM) dominates local rainfall (Suppiah, 1992). Additionally, modern
hydroclimate studies have shown that the IASM and cyclones bring
precipitation with lower 5°H values to tropical northern Australia
compared to other winds, including the southeast trade winds (Munks-
gaard et al., 2012; Zwart et al., 2018). Therefore, rainfall amount is
negatively correlated to the 5?H values of precipitation (5%Hp) brought
by the IASM but not by other winds in this region (Zwart, 2021). For
example, the southeast trade winds bring precipitation of high §°H
values (up to 0%o) (Munksgaard et al., 2012), which induces no amount
effect (Zwart et al., 2018). We therefore interpreted the GZHP_R values as
a measure of the IASM intensity — whereby lower §2Hp g values indicate
stronger IASMs generating higher rainfall and vice versa.
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Fig. 2. The average fractional distributions of C,3-C3s n-alkanes. (a) the modern grasses; (b) rainforest tree leaves; (c) the fallen leaf mixtures and (d) catchment soils
around Lake Barrine; (e) the surface and (f) downcore sediments in Lake Barrine. The color scheme from green to orange and brown indicates n-alkanes from fresh

plants to sedimentary archives.
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3. Results

3.1. The fractional abundance, 5'3C and 5°H values of long-chain n-
alkanes from modern samples

For fractional abundance, the n-C3; dominated in all modern plant
and soil samples, followed by n-Cyg or n-Csz (Fig. 2). The n-Cs;
composed 42%, 38%, 40%, and 28% of the total n-alkanes from the 18
rainforest tree leaves, seven fallen leaf mixtures in the catchment, seven

Quaternary Science Reviews 337 (2024) 108807

catchment soils, and 11 grasses, respectively. The n-Ca9 was the second
most abundant in the rainforest tree leaves, fallen leaf mixtures and
catchment soils (Fig. 2b-d), while in grass samples, the n-Cs3 (26%) was
the second most abundant (Fig. 2a). The n-alkanes of long odd chains
(Ca7, Ca9, C31, C33) made up the highest proportions (>72%) of the total
n-alkanes whereas mid-chain (Cy;—Cog) n-alkanes constitute less than
11% in all the modern samples.

In the modern plants, the 613Cn_c29, 613Cn_c31, 613Cn_c33 values of
each sample are similar, with subtle differences (Fig. 3a). The average
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Fig. 3. The average 5'°C (a) and 6H values (b) of n-Cyo, n-C3; and n-Cs3 and net fractionation between precipitation and n-Cs; (c) in modern grasses and rainforest
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513Cp.co9 values were slightly higher than the average 5!3C,..c3;1 values of
grass and rainforest tree leaf samples (—19.0 + 2.5%0 and —19.9 +
2.5%0, —37.5 £ 1.5%0 and —37.9 + 1.1%o, respectively). By comparison,
Css and Cs3; n-alkanes from the modern plant samples had nearly the
same 8'3C values (—19.9 = 1.9%o and —19.9 + 2.5%o for grasses, —38.2
+ 1.5%o and —37.9 + 1.1%o for rainforest tree leaves, respectively). The
average 5'3Cp.c31 values of the seven rainforest fallen leaf mixtures and
seven soil samples around Lake Barrine were similar, —37.5 + 0.98%o
and —37.1 + 0.59%., respectively. However, the 5'3Cp.c31 values of
modern rainforest (—37.9 + 1.1%o), fallen leaf mixtures and soil samples
were close but presenting a slight increasing trend.

In terms of hydrogen isotope composition of the modern plant
samples, the 62Hn_czg values were similar to, but slightly higher than, the
corresponding 62Hn_c31 values (Fig. 3b). The average 62Hn_c31 value of
the 18 rainforest tree leaves was —127.9 + 15%o while that of the 11
grasses was —204.6 + 15%o, on average 77%o lower than that of rain-
forest tree leaves. The average §2H,,.c29 value of the rainforest tree leaves
was —123.6 + 17%o compared to —196.4 + 15%o of the grasses, 73%o
lower than that of rainforest tree leaves. The seven soil samples and
seven fallen leaf mixtures around Lake Barrine have similar average
SZHn_C31 values, —146.1 + 9.8%0 and —145.4 + 12.0%o, respectively,
—19%o lower than that of the fresh rainforest tree leaf samples. The
average net fractionation between n-Cg; and precipitation (ec3;.p) in the
11 grasses (ecs1-p.ca) Was —181.5 + 15.5 %o ranging from —202.5%o to
—161.0%0 while that in the 18 rainforest tree leaves (ec3i-pc3) was
—96.1 + 15.2 %o with a range of —127.9%. to —72.9%. (Fig. 3c;
Table S3).

3.2. The fractional abundance, 5'3C and 5°H values of long-chain n-
alkanes from the lake sediments

The n-Cs; also dominates in the sediments of Lake Barrine (Fig. 2e;
2f). The n-C3; alkane constitutes 22% and 28% of the total n-alkanes
from surface and downcore lake sediments respectively, generally lower
than the modern samples. The n-Cy9 was the second most abundant in
the downcore sediments. In surface sediment samples, however, the n-
Ca7 (18%) had the second highest proportion, while none of the modern
terrestrial samples contained such a high fraction of n-Cy;. Long odd
chain n-alkanes, n-Cy7, n-Cyg, n-Csg; and n-Cz3 formed the highest pro-
portions (>62%) of total n-alkanes in the sediment samples whereas
mid-chain (Cy;-Cy) n-alkanes were 19%, slightly higher than those in
the modern samples.

In the surface sediments of Lake Barrine, the average §13C,y.co0 values
(—34.0 £ 1.2%0) are much higher than 5'3C,.c31 (—=36.7 + 0.4%0) and
5'3Cp.c33 values (—36.9 =+ 0.5%o) compared to modern terrestrial plants.
In the sedimentary sequence, the 513C values of n-Cag, n-Cs1 and n-Css
(613Cn_c31, 613Cn_C33) track each other closely over the past 18.3 kyr
(Fig. 4a; Table S4). The §'3C,y 20 values of the sediments in Lake Barrine
were higher than the 5'3C,.c31 values after 6.9 cal ka BP but lower or
close to 5'3Cp..c31 values before that. However, the §'3Cy.c33 values were
virtually the same as the 813Cn_c31 values during two periods, 6.9 cal ka
BP-the present and 18.3-14.9 cal ka BP, but were usually higher than
513Cp.c31 values by ~2%o from 14.6 to 6.9 cal ka BP.

As the trends for the different n-alkanes are similar, here we only
describe the §'3C values of the most abundant component, n-Cgy, in the
lake sediments (Table S4). The §'3C values of n-Cs1 (613Cn_c31) from the
lake sediments were the highest (—23.0 + 0.1%o) at 17.5 cal ka BP and
decreased generally thereafter. The only continuous increase (by 4%o) in
the 613Cn_C31 values of the sediments occurred from 12.8 to 11.2 cal ka
BP. The 8'3C,.c3; values reached the lowest value (—35.5 + 0.0%0) at
6.1 cal ka BP and increased slightly thereafter to 1.7 cal ka BP (—34.8 +
0.1%0), ~2%o higher than the average 5'3Cp.c31 value of the surface
sediments (—36.7 + 0.4%o). The average 5'3C.c31 value of the modern
surface sediments is slightly higher than that of the seven catchment soil
samples (—37.1 + 0.6%o) around Lake Barrine (Table S4).

Concerning hydrogen isotope composition, we mainly compared the
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Fig. 4. The average 513C values of n-Cog, n-Cs; and n-Css (a) and average 5%H
values of n-Cyg and n-Cs; (b) from the downcore and surface sediments in Lake
Barrine since 18.3 cal ka BP. The blue, red and dark gray lines denote n-Cyg, n-
C3; and n-Cgg, respectively, and the corresponding shades are measurement
uncertainties (standard deviation).

5%H values of Co9 and C3p n-alkanes (62Hn_c29 and 62Hn_C31) because
small peak sizes could have affected some of the 52H values of Cs3 n-
alkane (6°H,.c33) even after correction. In the sedimentary record from
Lake Barrine, the §°Hycoe and 8°Hp.cs1 values displayed similar
decrease-then-increase trends over the past 18 kyr, with the inflection
occurring at 6.1 cal ka BP (Fig. 4b; Table S4). The 62Hn_C31 and 82Hn_C29
values of the lake sediments were similar after 6.9 cal ka BP. However,
the §%H,.c31 values were lower than the §%Hy.co9 values during periods
12.8—ca. 6.9 cal ka BP and 18.3—ca. 15.7 cal ka BP, and higher than the
§2Hy.co9 values from 15.7 to 13.4 cal ka BP.

Likewise, we only describe trends in the 62Hn_cg1 values of the lake
sediments over the full record (Fig. 4b; Table S4). From 18.3 to 16.4 cal
ka BP, the ice-volume corrected 62Hn_(;31 values of the lake sediments
decreased from —155.1 + 3.4%o to —184.0 =+ 4.1%o, the lowest point of
the record. From 16.4 to 14.9 cal ka BP, this value increased rapidly and
reached the highest (—145.5 £ 1.7%o) values in the record. From 14.9 to
9.7 cal ka BP, the 6°Hy.c31 value decreased consistently to —173.0%o.
From 9.7 to 1.7 cal ka BP, this value increased again to —158.5 + 0.8%o,
with multiple individual further peaks to around —140%. in the late
Holocene. The average §%H,..c31 value of the modern surface lake sedi-
ments (—155.1 + 6.8%o) is close to that of the sediment at 1.7 cal ka BP
(—158.5 £ 0.8%o).

3.3. The Cs plant fraction and 5°H estimates of precipitation (§°Hp.g) at
Lake Barrine

According to the vegetation composition model (Eq. (2)), the fraction
of C3 plants in the catchment of Lake Barrine increased overall from
17.5 cal ka BP to the present from 18% to 93% (Fig. 5a; Table S4). Cg
plants were slightly more abundant at 18.3 cal ka BP (25%) compared to
those at 17.5 cal ka BP (18%), although this observation is based on a
single sample. From 17.5 to 12.8 cal ka BP, the fraction of C3 plants rose
to 67% but then decreased to 45% from 12.8 to 12.1 cal ka BP. After a
general increase thereafter, Cg plants reached 86% at 6.1 cal ka BP and
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Fig. 5. The reconstructed fraction of C3 plants in the catchment (a) and the 5°H
values of precipitation (5%Hp.r) over Lake Barrine (b) over the period of
18.3-1.7 cal ka BP.

then remained stable to 1.7 cal ka BP. Cg plants contributed ~93% to the
modern sediment according to the average 5'3Cp.c31 value of the five
surface sediment samples, close to the observed modern C3 plant per-
centage (effectively 100%). As a test, the reconstructed modern fraction
of C3 plants using the 613Cn_c31 values of the seven catchment soils and
the seven fallen leaf mixtures around Lake Barrine are 95% and 98%,
respectively.

According to the vegetation-corrected precipitation model (Eq. (3);
4; 5), the reconstructed 5°H values of precipitation (5%Hp.r) over Lake
Barrine generally decreased from 18.3 cal ka BP to the present, with the
highest and lowest values occurring at 18.3 and 6.1 cal ka BP, respec-
tively (Fig. 5b; Table S4). From 18.3 to 12.8 cal ka BP, the 62Hp_R value
decreased from +5.9%o to —44.1%o, with a particular rapid decrease to
—48.3%o0 at 16.4 cal ka BP. From 14.9 to 12.8 cal ka BP, this value
decreased from —12.8%o to —44.1%o, followed by an increase to —21.1%o
from 12.8 to 11.6 cal ka BP. From 11.6 to 6.1 cal ka BP, the 5°Hp.g value
generally decreased and reached the lowest value (—65.5%o) at 6.1 cal ka
BP in the mid-Holocene. The 8?Hp.y value thereafter fluctuated errati-
cally and overall increased to —53.5%o from 6.1 to 1.7 cal ka BP. The
modern average 62Hp_R value (—59.0 £+ 9.2%o) from the five surface
sediments is close to the estimate at 1.7 cal ka BP. The modern 5°Hpgr
estimates using surface sediments is lower than those using the seven
catchment soils (—51.2 + 11.9%o) and seven fallen leaf mixtures (—52.4
+ 18.6%0) around Lake Barrine, and lower than the measured modern
5%H values of precipitation (—34.0%o; Table S2).

4. Discussion

All the sediment, soil and plant samples we investigated in this study
contained Cp3—C3s n-alkanes, but we interpret the vegetation and pre-
cipitation changes in the Barrine record based mainly on n-C3;. The
reasons are as follows: (1) Long-chain (Cy9, C31, C33 and Cgs) n-alkanes
are known to derive mainly from terrestrial plants (Zhao et al., 2021).
(2) The n-Cs; is the most abundant in sediments in Lake Barrine (Fig. 2).
(3) The 5'3C values of n-Cyg, n-Cs1 and n-Cas from the sediments in Lake
Barrine displayed very similar trends over time, which indicates they are
from similar sources. (4) Compared to n-Cyg, the n-Cs; is unlikely to have
a significant aquatic component (Aichner et al., 2010; Zhao et al., 2021).
For example, according to Zhao et al. (2021), aquatic flora in tropical
lakes contain minor (3.2%) n-Cyg but only trace n-Cz; (0.6%). (5) Trees
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and grasses have more equivalent proportions of n-C3; compared to
n-Csz (Fig. 2a; b).

4.1. Correlations among the n-alkanes from modern plants, soils and
surface sediments

The average fractional abundances of n-Cy3 — n-Css indicated that n-
C3; dominates in all modern plant, soil and surface sediment samples,
followed by n-Cgg, n-Css or n-Coy (Fig. 2). The lower fractional abun-
dances of n-Cag, n-Cyg, n-Cszo and higher n-Css in fallen leaves compared
to soil samples may suggest longer-chain n-alkanes tend to preserve
more easily due to their higher stability. The second most abundant
component, n-Cyy, in surface sediments may suggest an aquatic plant
and/or algal contribution as all the terrestrial plant samples have lower
percentages of n-Cyy. In the fresh plant samples, the 613C,,_C29 values are
similar to, but slightly higher than, the §'3Cp.c31 and 8'3Cp,.c3 values (by
0.9%o in the grasses and by 0.4%o in the rainforest leaves), which may
result from lower 5'3C values in the carbon atoms added from acetyl-
CoA during biosynthesis (Zhou et al., 2010).

In the surface sediments, however, the 613C,,_c29 values (—34.0 +
1.2%o) are 2.7%o higher compared to the 613Cn_c31 (—36.7 £ 0.4%0) and
613Cn_C33 values (—36.9 + 0.5%o), suggesting a n-Cag contribution from
aquatic plants. Moreover, a slight increasing trend exists in the corrected
813Cn_C31 (same for 613Cn_cgg and 813Cn_(;33) values from fresh rainforest
leaves (—37.9 £ 1.1%o), to fallen leaves (—37.5 4 1.0%o), soils (—37.1 &+
0.6%o0) and surface sediments (Fig. 6a), which possibly indicates a small
degree of 1C enrichment over time. This enrichment has been noticed in
the 8!3C values of n-alkanes from plants and soils and is suggested to be
due to degradation (Nguyen Tu et al., 2004; Chikaraishi and Naraoka,
2006; Brittingham et al., 2017).

In the rainforest and grass leaf samples, the slightly higher 8%Hp.c20
values (—124.2 + 16.3%o0 and 196.4 + 15.0%o, respectively) compared
to the 8%H,.c3; values (—126.8 + 14.7%o and —204.6 + 15.0%0) and
62Hn_033 values (—127.6 £ 18%o; —202.7 + 14.0%o) are possibly due to
the lower 52H values of the hydrogen atoms added from NADPH during
biosynthesis (Zhou et al., 2010). Interestingly, the 62Hn_c31 (same for
§%Hy.co9 and 8%H,,.c33) values exhibit an obvious decreasing trend from
the fresh rainforest leaves (—126.8 & 14.7%o), to the rainforest fallen
leaf mixture (—145.5 £ 12.0%o), catchment soils (—146.1 & 9.8%o), and
surface sediments (—155.1 + 6.8%0) (Fig. 6b). A similar amount of
deuterium depletion (over —15%o) is observed in other research and
suggested to be a result of a build-up of microbial n-alkanes during
decomposition and/or diagenesis (Zech et al., 2011).

4.2. Paleo vegetation and precipitation change at Lake Barrine

The reconstructed fraction of Cs plants in the catchment is poten-
tially close to the true fraction of C3 plants over time, as the estimated
modern percentage of C3 vegetation is 93% (Fig. 5a; Table S4) while the
observed value is ~100%. The C3 plant percentage (25-18%) during
18.3-17.5 cal ka BP suggests that the catchment around Lake Barrine
was probably mostly covered by grassy open savanna. C3 plants
increased from 18% to 67% during 17.5-12.8 cal ka BP, indicating a
progression to a higher woody canopy cover. After a brief decrease
during 12.8-11.6 cal ka BP (the Younger Dryas), the woody plants
continuously developed to 86% at 6.1 cal ka BP, potentially forming the
rainforest canopy since then.

The average modern 52H estimate of precipitation (—59.0 + 9.2%o)
using surface sediments is —25%o lower than the measured values
(—34.0%o). This is probably because 2H is depleted in n-alkanes during
the sedimentary process of fresh rainforest leaves into soils, in which
—19%o depletion occurred in 82Hp.c31 values (see Section 4.1). This
phenomenon suggests that the soils below modern plants may be better
end members for reconstructing the 52H values of precipitation.

The 8%Hp g values over Lake Barrine decreased from 18.3 cal ka BP to
the present (Fig. 5b; Table S4), indicating a general trend to wetter,
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Fig. 6. The trends of 13¢C enrichment and 2H depletion in n-Cyg, n-C3; and n-Css in fresh rainforest leaves, fallen leaves, soils and surface sediments.

more monsoonal conditions. The highest and lowest §2Hpy values
occurred at 18.3 cal ka BP and 6.1 cal ka BP, respectively, suggesting the
driest and wettest periods at Lake Barrine over the past 18,300 years
occurred at these times. From 18.3 to 12.8 cal ka BP, the §°Hpy value
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From 14.9 to 12.8 cal ka BP, 5°Hp.y value decreased from —12.8%o to
—44.1%o, which may also suggest wetter conditions pertained during the
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Fig. 7. Visualization of climatic and environmental changes at Lake Barrine over the period of 18.3-1.7 cal ka BP. The arrows 1, —, | denote increase, stability, and
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Antarctic Cold Reversal (14.7-13.0 cal ka BP; Jouzel et al., 1995). From
12.8to 11.6 cal ka BP, the 62Hp_R value increased to —21.1%o, indicating
less rainfall during the period covering the Younger Dryas in this region.
From 11.6 to 6.1 cal ka BP, the §%Hpy value generally decreased and
reached the lowest values in the record (—65.5%o) at 6.1 cal ka BP, which
suggests increasingly intense monsoonal rainfall into the early and
middle Holocene. From 6.1 to 1.7 cal ka BP, the 5°Hp g value fluctuated
erratically and overall increased to —53.5%o, suggesting less rainfall
and/or more rainfall variability.

4.3. A robust multi-proxy-based record of climate and environmental
change at Lake Barrine

The results from this study enable the identification of robust envi-
ronmental and climatic records of change by combining multiple proxies
from the sediment record in Lake Barrine. The proxies include the
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reconstructed fraction of C3 plants from 513C values of Cz; n-alkane
(613Cn_c31), the reconstructed 5%H values of precipitation (GZHP_R) in this
study, as well as pollen (Walker, 2007), brGDGTs (Li et al., 2023), clastic
and Ti influxes (Ti Itrax counts/accumulation years, modified from Li
et al., 2022). The fraction of C3 plants and pollen enable inferences in
relation to vegetation change, the 5°Hp.g values indicate changes asso-
ciated with the relative intensity of monsoonal precipitation, the
brGDGTs allow inferences of mean annual air temperature (air tem-
perature hereafter) change, while clastic and Ti influxes suggest the
accumulation rate of clastic input into Lake Barrine. The pollen record
(Walker, 2007) covers only the past 13.2 kyr whereas all other proxies
cover the period from 18.3 to 1.7 cal ka BP.

The period from 18.3 to 17.5 cal ka BP appears to have been rela-
tively dry and cool (Fig. 7a). The 613Cn_c31 values suggest that the
catchment around Lake Barrine was probably mostly covered by grassy
open savanna, because C4 plant biomass is estimated to be over 75-82%
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Fig. 8. A selection of representative proxies from Lake Barrine sediment records. a. Pollen record (Walker, 2007); b. Reconstructed fraction of C3 plants (this study);
c. Reconstructed §%H values of precipitation (this study); d. Mean annual air temperature estimates (Li et al., 2023) e. Clastic influx (Li et al., 2022); f. Ti influx (Ti
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stadial 1), ACR (Antarctic Cold Reversal), YD (Younger Dryas), early-mid Holocene, and late Holocene.
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(Fig. 8b). High 8Hp.g values (+5.9%o to +0.5%o; Fig. 8¢) suggest that the
monsoon was weak, with low overall precipitation. Increased evapora-
tion (both in soil and leaf water) due to the aridity may have also
contributed to the particularly high 5?Hp.g values during this period
(Kahmen et al., 2013). BrGDGTs from the lake sediment suggest that the
annual air temperature was the lowest (19.4 + 0.7 °C) at 17.5 and 17.0
cal ka BP for the past 18,300 years, 3.1 &+ 0.9 °C colder compared to
current temperatures (Fig. 8d; Li et al., 2023). The low clastic and Ti
influxes suggest low clastic input (Fig. 8e; f; Li et al., 2022), consistent
with the low precipitation and savanna cover.

From 17.5 to 14.9 cal ka BP, the proxies below suggest a general
trend to wetter and warmer conditions at Lake Barrine compared to the
preceding period. The decreasing §2Hpr values (from +0.5%c to
—12.8%o; Fig. 8c) suggest a progressive increase in monsoon strength
bringing more precipitation, especially from 17.0 to 16.4 cal ka BP. The
brGDGT record indicates that air temperature increased from 19.4 +
0.7 °C to 21.9 + 0.2 °C over the period from 17.0 to 14.6 cal ka BP
(Fig. 8d; Li et al., 2023). The 613Cn_C31 values of the lake sediment
suggest that C3 plants increased from 18% to 55% during this period
(Fig. 8b), indicating a progressive increase in woody canopy cover, but
no extraordinary changes from 17.0 to 16.4 cal ka BP when 52Hp.y
values suggest intensified monsoon. The clastic and Ti influxes were low
but started to increase from 15.4 cal ka BP, inferring increasing detrital
inputs as a result of more precipitation (Fig. 8e; f).

The period from 14.9 to 12.8 cal ka BP encompasses the Antarctic
cold reversal, but the brGDGTs has suggested that air temperature was
stable at ~21.6 °C at Lake Barrine (Fig. 8d; Li et al., 2023). The
decreasing &§%Hp.g values (from —12.8%o to —44.1%q; Fig. 8c) suggest
that the monsoon continued to strengthen, implying a further increase in
precipitation compared to earlier in the record. The §'3Cp.ca1 values
indicate that C3 plants increased from 55% to 67% (Fig. 8b). This is
generally consistent with the pollen record (Walker, 2007) which has
suggested dominant shrubs and trees, such as Allocasuarina, Eucalyptus
and Callitris, and ~10% grass pollen from 13.2 to 7.4 cal ka BP (Fig. 8a).
The clastic influx into the lake peaked from 14.9 to 13.1 cal ka BP
(Fig. 8e; ), likely as a result of intense rainfall when the catchment was
relatively sparsely covered by grasses and sclerophyll shrubs and trees.

From 12.8 to 11.6 cal ka BP, the proxies below indicate a return to
drier and cooler conditions compared to the previous period (Fig. 7c).
The 52Hp. values increased by 21%o (from —44.1%o to —21.1%o; Fig. 8c),
suggesting less precipitation brought by the Indonesian-Australian
summer monsoon. Air temperature at Lake Barrine possibly decreased
by ~1.0 °C, but this trend was based only on three samples and the
variation is within the root mean square errors (2.1 °C), so that the
reliability of this temperature drop is not high (Fig. 8d; Li et al., 2023).
The §'3C,.c31 values indicate that Cg plants in the catchment decreased
marginally from 67% to 46% (Fig. 8b) during this period in response to
lower rainfall. This millennial shift was not noted in the pollen records
as no samples covering this period were analyzed (Walker, 2007)
(Fig. 8a). The low clastic influx into the lake from 13.0 to 11.6 cal ka BP
(Fig. 8e; f) is compatible with the decreased rainfall.

From 11.6 to 6.1 cal ka BP, there was a sustained period of
increasingly wet and warm conditions compared to the earlier period
(Fig. 7d). The SZHP,R values decreased by —41%o (—21.1%o0 to —65.5%o;
Fig. 8c) reaching the lowest value at 6.1 cal ka BP in the past 18,300
years, indicating that the Indonesian-Australian summer monsoon was
particularly strong, bringing abundant monsoonal precipitation. The
clastic influx remained low from the early to middle Holocene, similar to
the previous period (Fig. 8e; f), likely because increasing tree cover
reduced the erosive potential of the monsoonal rain in the catchment.
The brGDGTs suggest that this was the warmest period over the past
18,300 years with air temperature fluctuating around 23.0 + 0.2 °C
from 11.2 to 5.1 cal ka BP (Fig. 8d; Li et al., 2023). In response to the
warm, wet conditions, Cg plants increased to 86% in the catchment at
6.1 cal ka BP (Fig. 8b). This timing is comparable to the peak time of 6.7
cal ka BP in rainforest pollen (Walker, 2007). The consistency between

11

Quaternary Science Reviews 337 (2024) 108807

proxies may indicate that a closed rainforest canopy in the Lake Barrine
catchment was established from 7.3 to 6.1 cal ka BP (Walker, 2007; Li
et al., 2022).

However, the pollen proportions of different life forms remained
stable from 13.2 to 7.3 cal ka BP (Walker, 2007) while the §"3Cp.cs1
values suggest increasing Cs plants during this period (Fig. 8b). Addi-
tionally, the pollen record indicates a rapid rainforest expansion from
7.3 to 6.7 cal ka BP (Walker, 2007) while the 613Cn_C31 values suggest a
gradual development of rainforest and non-rainforest trees from 11.6 to
6.1 cal ka BP (Fig. 8b). The difference is likely because the pollen from
Lake Barrine records vegetation over a broader area beyond the crater
rim, and trees were not well developed due to broadly spread fire events
before 7.3 cal ka BP (Walker, 2007; Haberle et al., 2010). After 7.3 cal ka
BP, a threshold, likely in rainfall, or seasonality of rainfall, was crossed
that enabled the rapid expansion of forest across the broader savanna
landscape beyond the Barrine crater, possibly from a refugial population
in the crater. In contrast, the §'3C,.c3; values reflect local vegetation
within the catchment itself, and the record indicates a much more
gradual increase in tree cover in the catchment itself, in response to the
more gradual increase in rainfall suggested by the §2Hpg record
(Fig. 8c).

From 6.1 to 1.7 cal ka BP, there was a trend back toward slightly
drier and cooler conditions compared to the previous period (Fig. 7e).
The reconstructed Cs plant abundance remained relatively stable (from
86% to 83%) from 6.1 to 1.7 cal ka BP (Fig. 8b), consistent with the
pollen record that has suggested slightly decreased rainforest and
increased non-rainforest taxa after 6.7 cal ka BP (Walker, 2007). The
52Hp.g values increased by 12%. (from —65.5%0 to —53.5%0; Fig. 8c)
implying that the intensity of the Indonesian-Australian summer
monsoon overall decreased, bringing less rainfall. After 5 cal ka BP,
there is a marked increase in inter-sample variability in 62Hp_R values,
suggesting increased monsoon variability. This increased variability is
also evident in the record of clastic influx (Fig. 8e; f) and air temperature
(Fig. 8d), but the fraction of C3 plants remained stable (Fig. 8b). We
therefore consider this variability increase is unlikely to be an artifact of
increased sampling resolution, but possibly results from an increased
irregularity in El-Nino Southern Oscillation (ENSO) (Moy et al., 2002;
Conroy et al., 2008).

In modern days, the 62Hp.R estimate (—59.0 + 9.2%o; Fig. 8b) and C3
plant fraction (93 + 0.02%; Fig. 8c) suggest that the modern intensity of
Indonesian-Australian summer monsoon are similar to the conditions at
1.7 cal ka BP while rainforest trees may have increased. The increased
rainforest cover is consistent with warmer climate (Li et al., 2023) and
higher CO, concentration in the atmosphere (Monnin et al., 2004).
BrGDGT analysis has indicated that air temperature decreased from 23.0
+ 0.2°Cto0 20.8 + 0.2 °C from 5.1 to 1.7 cal ka BP and increased by 1.6
°C-22.4 £ 0.4 °C at the present time (Fig. 8d; Li et al., 2023).

4.4. Regional environmental change

This section places the record from Lake Barrine in the context of
regional records and known major inflections in global climate from the
last Glacial to the present. Discussion is therefore organized around
known global or Southern Hemisphere periods of environmental
change.

4.4.1. The last deglaciation (18.0-14.9 cal ka BP)

Paleoenvironmental records on and near the Atherton Tablelands (Li
et al., 2022) consistently suggest a dry and cool climate during this
period. In terms of vegetation, the §'3C,.c31 values of the sediment in
Lake Barrine allow us to infer that C4 plant biomass comprised over 75%
of total biomass in the catchment from 18.3 to 17.5 cal ka BP after which
time Cg plants began to increase in representation. Pollen from Lake
Euramoo suggests that grasses and sclerophyll woodland taxa domi-
nated (>95% of total pollen) the region and palynological richness was
minimal from 23 to 16.8 cal ka BP (Haberle, 2005). Rainforest
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gymnosperms Agathis and Podocarpus first appeared by 15.5 cal ka BP in
the pollen record from Lake Euramoo (Haberle, 2005). ODP site 820
records similar vegetation conditions, including reduced woody plants
(Cunoniaceae, Myrtaceae) and increased sedges and grasses (Cyper-
aceae and Poaceae) from 23.7 to 17.2 cal ka BP (Moss et al., 2017),
indicating drier conditions in the broad region sampled in the offshore
marine core.

The estimated high 5%H values of precipitation (SZHP_R; > —12.8%o0)
at Lake Barrine suggest that the Indonesian-Australian summer monsoon
was probably not developed during this period except possibly for a
wetter period (—23%o decrease) from 17.0 to 16.4 cal ka BP. At a similar
time in southern China, the Hulu cave stalagmite records a sharp ca. 2%o
increase in 880 values (16.1 + 0.06 ka BP), indicating a drier period in
the East Asian summer monsoon region more broadly (Wang, 2001).
From 17.0 to 16.0 ka BP, the §'%0 values of stalagmite decreased by
—4%o in Ball Gown Cave in northwestern Australia, suggesting a wetter
period in that region (Denniston et al., 2013). The anti-phased rainfall
distribution in the Indonesian-Australian and East Asian summer
monsoon regions may support the speculations that precipitation vari-
ations in these regions are correlated and related to movements of the
Intertropical Convergence Zone (Li et al., 2022).

In terms of temperature, Lake Barrine records a deglacial warming of
2.5+ 0.9 °C from 18.0 + 0.4 to 14.9 + 0.4 cal ka BP relative to the Last
Glacial Maximum (Li et al., 2023). At site 820, the increased forami-
niferal 80 values (—0.98%o) have been used to infer a cooler climate at
17.2 cal ka BP, after which time, temperature increased until 13.9 cal ka
BP (Peerdeman and Chivas, 1993; Moss et al., 2017). In Lynch’s Crater,
low Cyperaceae, increasing optical absorption values, which was inter-
preted as increased humification, and reduced organic carbon percent-
age have been taken to indicate drier conditions from ca. 19.1 to 13.9 cal
ka BP (Turney et al., 2006). Additionally, low charcoal amounts in Lake
Euramoo and site 820 indicate infrequent fires during this period
(Haberle, 2005; Moss et al., 2017), possibly as a result of relatively low
biomass available to burn.

4.4.2. The Antarctic cold reversal (14.9-12.8 cal ka BP)

The climatic records on and near the Atherton Tablelands (Turney
et al.,, 2004, 2006; Haberle, 2005; Walker, 2007; Moss et al., 2017)
consistently suggest wetter and warmer conditions compared to the
preceding period, supporting the conclusion of Li et al. (2022) and this
study. This period coincides with the Antarctic cold reversal in the
Southern Hemisphere and the Bglling-Allersd warming in the Northern
Hemisphere, during which periods temperature decreased in both
Hemispheres, even though they have opposite names (Johnsen et al.,
1992; Jouzel et al., 1995). The mean annual air temperature at Lake
Barrine has been suggested to be stable at ~21.6 °C from 14.9 to 12.8 cal
ka BP (Li et al., 2023). The 62HP_R estimates in this study suggest more
rainfall brought by the Indonesian-Australian summer monsoon during
this period consistent with the dramatic increase in clastic input during
this period when closed forest had not yet developed (Li et al., 2022).
Similarly, slightly lower optical absorption values and sharply increased
Cyperaceae in the sediment in Lynch’s Crater suggest a wetter period
from 13.9 to 11.6 cal ka BP (Turney et al., 2004, 2006).

The §'3C,,.c31 values of the sediment in Lake Barrine suggest that Cg
plants increased from 55% to 67% from 14.9 to 12.8 cal ka BP. In terms
of vegetation, pollen from Lake Barrine has indicated a regional sparse
cover of grasses, and sclerophyllous trees and shrubs from 13.2
(maximum age reported) to 7.4 cal ka BP (Walker, 2007). In Lake Eur-
amoo, the pollen record suggests 10-20% pollen of rainforest taxa from
16.8 to 11.5 cal ka BP, and fine charcoal particles have been used to infer
that regional and local grasses probably dominated the fire events from
16.8 to 8.7 cal ka BP (Haberle, 2005). At site 820, pollen with limited
resolution (three data points in this period) displays decreased scle-
rophyll herbs (73%-59%) and increased sclerophyll arboreal taxa
(11%-21%) and rainforest angiosperms (6%-12%) (Moss et al., 2017).
These paleo-ecological records are generally consistent with the Cg plant
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abundance and 8%Hp.g estimates in this study, but the timings of the
changes are different as described above. These discrepancies may
reflect real difference in vegetation conditions, but could also arise from
the different sample resolutions and dating uncertainties of the records.

4.4.3. The Younger Dryas (12.8-11.6 cal ka BP)

The record from Lake Barrine indicates this period likely saw a return
to drier and cooler conditions compared to the previous period, different
from the interpretation of several other records in the region (Turney
et al., 2006; Ayliffe et al., 2013; Li et al., 2022). At Lake Barrine, the
mean annual air temperature potentially decreased by ~1.0 °C during
this period, but the reliability of this inference is not high due to the
small temperature variation and only three available samples in this
interval (Li et al., 2023). The reconstructed C3 plant abundance
decreased to 46% and the 52Hp.g values increased by 23%o during this
period, suggesting decreased monsoonal rainfall. No pollen samples
were analyzed in Lake Barrine during this period due to limited sam-
pling resolution (Walker, 2007). In Lake Euramoo, the pollen record
indicates that rainforest gymnosperms disappeared from 12.6 to 9.6 cal
ka BP; instead, dry sclerophyll taxa (mainly Casuarina) dominated be-
tween 11.5 and 9.6 cal ka BP, also suggestive of drier conditions (Hab-
erle, 2005). Notably, the reliability of this pollen climate reconstruction
for this period is not high because only three samples were analyzed
(Haberle, 2005).

Turney et al. (2006) has interpreted the period from ca. 12.6 to 11.6
cal ka BP as one of significant moisture availability due to increased
carbon content and a spike in monolete fern spores in Lynch’s Crater.
However, increasing optical absorption values indicated a drier climate
during this period, but the optical absorption was considered less sen-
sitive due to the inconsistency associated with the high carbon content
(Turney et al., 2006). Nonetheless, both lower clastic input (suggestive
of dry or wet conditions) and higher organic carbon input (suggestive of
wet conditions) can result in a higher carbon content. Taking these el-
ements into consideration, it is therefore possible that Lynch’s Crater
recorded drier climate during this period.

Similarly, Li et al. (2022) has suggested this period to be wetter
because of increased C:N ratios (21) and lower 5'3C values of bulk
organic carbon (613CT0C; —28.6%0) in the sediment in Lake Barrine.
However, these two proxies reflect both terrestrial and aquatic plant
inputs and the changes observed could have been driven by changes in
the proportion of aquatic-derived carbon in this period. The §'3Cy.cs;
and &%H,.cs; values are more specific and reliable indicators of the
terrestrial environment than the bulk proxies used by Li et al. (2022).
Thus, the indications of decreased C3 plant percentage and lower pre-
cipitation derived from the 613Cn_C31 and 62Hn_C31 values are considered
to be more robust.

4.4.4. Early to middle Holocene (11.6-5 cal ka BP)

The reconstructed 5?Hpy values at Lake Barrine suggest that the
monsoon brought progressively more precipitation during this period
compared to prior conditions, with maximum precipitation inferred at
6.1 cal ka BP. In Lynch’s crater, Turney et al. (2006) has suggested a
drier shift between ca. 11.6 to 10.9 cal ka BP followed by a shift to wetter
conditions thereafter to 10 cal ka BP (the uppermost interval reported)
based on pollen amount of Cyperaceae and Poaceae, and monolete fern
spores. However the optical absorption values of the peat changed little
from 11.6 to 10 cal ka BP (Turney et al., 2006), suggesting little varia-
tion in moisture availability at that time.

The 8'3C,.c31 values of the sediment in Lake Barrine suggest that C3
plants in the catchment reached the highest abundance (86%) at 6.1 cal
ka BP except for the modern day. Pollen from Lake Barrine has indicated
regionally and locally dominant non-rainforest trees and shrubs and
grassland components from 13.2 to 7.4 cal ka BP, after which time the
representation of rainforest taxa in the pollen record rapidly peaked
over a few centuries at 6.7 cal ka BP (Walker, 2007). In Lake Euramoo,
pollen indicates a regional and local shift from sclerophyll to a warm
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temperate rainforest dominance from 8.7 to 5.0 cal ka BP, with the
pollen of rainforest taxa sharply rising to ~80-90% at 7.3 cal ka BP
(Haberle, 2005). Rainforest taxa attained maximum percentage (close to
100%) at 6.3 cal ka BP (Haberle, 2005), similar to the pollen record in
Lake Barrine (Walker, 2007). Charcoal influx reached a minimum be-
tween ca. 7.3 to 6.3 cal ka BP when the rainforest taxa reached the
maximum at Lake Euramoo (Haberle, 2005). At ODP site 820, pollen
suggests a sharp increase in major complex rainforest taxa and fern
spores, and reduced sclerophyll canopy from ca. 9.5 to 8.5 cal ka BP
(Moss et al., 2017), also implying warmer and wetter conditions. There
is agreement between multiple lines of evidence from multiple sites,
including Lake Barrine, that the wettest and warmest conditions in the
Holocene occurred in this period, with minor differences in the timing of
peak wet conditions.

4.4.5. Late Holocene (5 cal ka BP-the present)

On the Tablelands, this period saw drying and cooling conditions
relative to the early and middle Holocene. The brGDGT record from the
sediment in Lake Barrine indicates that air temperature decreased from
23.0 £ 0.2°Cto0 20.8 + 0.2 °C from 5.1 to 1.7 cal ka BP (Li et al., 2023).
The increased SZHP_R values (by 9%o) implies some decrease in the in-
tensity of the Indonesian-Australian summer monsoon, bringing less
rainfall from 6.1 to 1.7 cal ka BP. The reconstructed Cg plant percentage
around Lake Barrine remained relatively stable (86%-83%) from 6.1 to
1.7 cal ka BP. The pollen record from the lake suggests slightly decreased
rainforest and increased non-rainforest taxa in the broader region after
6.7 cal ka BP, especially with a rise in non-rainforest pollen from 2.2 to
0.3 cal ka BP (Walker, 2007), consistent with the geochemical in-
dicators. In Lake Euramoo, pollen indicates a dry subtropical rainforest,
represented by Elaeocarpaceae, Agathis and Trema, that dominated from
5.0 to 0.07 cal ka BP in this region (Haberle, 2005). At ODP site 820,
pollen displays a decrease in rainforest taxa and an increase in scle-
rophyll herbs from 8.5 cal ka BP to the present across the broad catch-
ment area of this marine core (Moss et al., 2017).

Fire events, clastic input, and sediment accumulation rate in specific
lakes are also included to form a comprehensive picture of environ-
mental and climatic changes on the Tablelands. Fine and coarse charcoal
particles were present in the sediment in Lake Euramoo from 5.0 to 0.07
cal ka BP, with a series of peaks from 4.0 cal ka BP onwards (Haberle,
2005), suggesting increasing fire events in the late Holocene. Lake
Barrine recorded two clastic influx peaks during periods from 4.9 to 4.2
cal ka BP and from 2.8 to 2.6 cal ka BP; meanwhile, the 62HP_R values
increased by ~23%o but the 613Cn_C31 values remained stable. Interest-
ingly, Lake Euramoo also records a rise in sediment accumulation rate
between 2.7 and 1.2 cal ka BP (Haberle, 2005), at a similar time to the
clastic influx increase in Lake Barrine. We consider these variations may
be related to higher variability in precipitation, possibly related to
increased ENSO variability as observed in other regional records (Moy
et al., 2002; Conroy et al., 2008; Toth and Aronson, 2019; Tan et al.,
2020).

According to the modern surface sediment samples, the average §°H
estimate of precipitation (—59.0 + 9.2%0) and Cs plant fraction (93 +
0.02%) suggest that the monsoon intensity may be like the conditions at
1.7 cal ka BP but C3 plants have increased further at Lake Barrine. On the
other hand, the pollen from this lake records that non-rainforest pollen,
particularly Allocasuarina, decreased to ca. 10% after 300 cal a BP
(Walker, 2007). The pollen from Lake Euramoo indicates that scle-
rophyll taxa maintained at low values whereas several rainforest taxa
declined markedly, most likely due to selective logging in the 19th
century (Haberle, 2005). Charcoal particle accumulation rate in this lake
returned to high values from 1880 to 1999 CE, comparable with values
in the early Holocene (Haberle, 2005), indicating more frequent fire
events in recent times.
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5. Conclusions

In this study, we analyzed n-alkanes from modern plants and a
sedimentary record to study the climate and vegetation change since
18.3 cal ka BP in tropical northeastern Australia. We firstly investigated
the relationships of relative distributions, carbon and hydrogen isotope
compositions of long-chain n-alkanes from modern biomass, leaf litter,
soils, and surface sediments from Lake Barrine. Based on this compari-
son, we developed a vegetation composition model to estimate Cg plant
fraction and a vegetation-corrected precipitation model (5%Hpg) to
enable tracking monsoon intensity at this lake over time. Lastly,
combining the results in this study with air temperature (Li et al., 2023),
pollen (Walker, 2007), and clastic influxes (Li et al., 2022), we built a
robust climatic and environmental record at Lake Barrine and compared
it with other paleoenvironmental records from the region. The main
conclusions are as follows:

The average fractional abundances of C3-C3s n-alkanes indicate that
n-C3; dominates in all sample types at this tropical site, including
modern rainforest tree leaves, grasses, fallen leaves, soils, and lake
sediments. The fractional abundances of n-Cpg, n-Cag, n-C3o decreased
while that of n-Csg; remained unchanged and n-Cgz increased in soil
samples compared to in situ fallen leaves. Slight 3C enriching and
obvious ?H depleting trends are seen in the n-C3; (same for n-Cyg and n-
Cs3) from the fresh rainforest leaves, rainforest fallen leaf mixture,
catchment soils, and surface sediments. The changed fractional abun-
dances, slightly enriched '3C, and obviously depleted 2H in n-alkanes
suggest possible microbial n-alkane build-up during decomposition and/
or diagenesis.

The modern Cs vegetation is estimated to be 93% using the vegeta-
tion composition model, close to the observed number of ~100%. We
therefore infer that the C3 plant fraction estimates in the catchment over
time are impacted little by the slight 3C enrichment during terrestrial
decomposition process. By contrast, the §?H estimates of modern pre-
cipitation using surface sediments is —22%o lower than the measured
52H values of precipitation around Lake Barrine. The terrestrial 2H
depletion in the n-C3; from fresh rainforest leaves to soils, —19%., offsets
the —22%o difference, suggesting that n-alkanes from soils represent
better end members for use in the vegetation-corrected precipitation
model.

In the downcore sediments, as the trends for the §'°C and §2H values
of the n-Cyg, n-C3; and n-Css in the sediments are similar, we present the
results of vegetation and precipitation changes using the most abundant
component n-Cz;. The multiple proxies, 613Cn_c31, 62HH_C31 values, pol-
len (Walker, 2007), air temperature (Li et al., 2023), and clastic influxes
(Lietal., 2022), from Lake Barrine cross check and are closely correlated
with each other, except for an inconsistency from 17.0 to 16.4 cal ka BP
when two low 8?Hp.g values suggest wetter conditions while no varia-
tions occurred in clastic influx or C3 plant percentage.

A broad consistency was identified between the robust paleoclimatic
record developed from Lake Barrine and other paleoenvironmental re-
cords on the Atherton Tablelands. The records on the Tablelands include
pollen in Lake Barrine, Lake Euramoo, Lynch’s Crater and ODP site 820,
and other less commonly applied proxies including optical absorption
and Ti from these sites. The consistency between results across the
broader suite of studies include cool, dry Last Glacial Maximum
(23-17.0 cal ka BP), warmer, wetter last deglacial (17.0-14.9 cal ka BP),
stable temperature, wetter Antarctic cold reversal (14.9-12.8 cal ka BP),
(possibly) cooler, drier Younger Dryas (12.8-11.6 cal ka BP), warmer,
wetter early-to-middle Holocene (11.6-5 cal ka BP) and cooler, slightly
drier and more variable late Holocene (5 cal ka BP to the present).
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