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A B S T R A C T

Both pollen and the carbon isotope (δ13C) compositions of long chain n-alkanes (n-C29-31) are widely used to 
reconstruct changes in past vegetation in the tropics. Both approaches are able to infer the proportions of tree/ 
shrub (C3) and grass (C4) biomass, with changes in these proportions generally interpreted to be driven by 
changes in hydroclimate. Both pollen and n-alkane δ13C records are subject to biases in production and transport 
to a site of deposition that may influence the interpretation of the record. Here we compare detailed 150,000- 
year pollen and n-alkane carbon isotope (δ13C) records from a lake in monsoonal northern Australia. There is 
a broad agreement between the two records at some times, with both identifying major wet periods of high tree/ 
shrub C3 terrestrial biomass during marine isotope stages 5 and 1. There are significant differences between the 
two records at other times. At times during glacial marine isotope stages 2 and 6, C4 grass pollen comprised 
>80% of terrestrial pollen, whereas the n-C29-31 δ13C values indicate dominantly C3 terrestrial biomass.

These differences are the result of changes in the relative abundance and δ13C values of alkane inputs from 
within the lagoon itself that impact the δ13C value of the n-C29-31 ‘terrestrial’ alkanes. The drivers of these 
changes include (i) changes in the biomass and δ13C value of aquatic vegetation (floating and submerged) that 
result from dramatic changes in lake level (ii) the changing importance of groundwater-derived dissolved 
inorganic carbon as a substrate for photosynthesis in the lake, (iii) changes in the proportion of sedge biomass in 
and around the lake that also accompany changes in lake level, and (iv) changes in the mix of C3 and C4 species 
comprising the sedge biomass in and around the lake. The significance of contributions of n-alkanes from aquatic 
and sedge sources to chain lengths usually considered to derive from terrestrial plants, may be underestimated in 
small, high productivity lacustrine environments, particularly in carbonate terranes.

1. Introduction

Records of past vegetation change provide valuable insights into past 
climate and land use change in the tropics. Two proxies extensively used 
to infer change in vegetation over time are pollen and n-alkane bio
markers. Both are widely applied to lacustrine and marine sedimentary 
records and have provided valuable insights into the temporal course 
and dynamics of past vegetation, climate and land use change in the 
tropics (e.g. Rommerskirchen et al., 2006; Sarkar et al., 2015; Rowe 

et al., 2019; Deza-Araujo et al., 2020; Bird et al., 2024; Li et al., 2024).
Terrestrial and aquatic plants produce palynomorphs that are iden

tifiable to the genera or family that produced them. Changes in the 
representation of different palynomorphs in a sedimentary record are 
therefore interpretable as changes in the plant communities delivering 
pollen to the site of accumulation (Prentice, 1988). Palaeoecological 
interpretation of the plant communities identified then enables infer
ence as to the climate required to sustain those communities. In the 
tropics, hydroclimate (rainfall amount and seasonal distribution) exerts 
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a dominant control on vegetation (Rowe et al., 2019). In the humid 
tropics, natural vegetation is dominated by trees and shrubs (all using 
the C3 photosynthetic pathway), but as rainfall decreases, or becomes 
more seasonal, ecosystems include a variable component of grass 
biomass (dominantly using the C4 photosynthetic pathway) along a 
continuum of tree cover from closed forest to mixed tree-grass savanna 
to grassland. The pollen spectra in a sedimentary record can identify 
these communities, and changes in community structure over time can 
be used to infer changes in hydroclimate, in the tropics often linked to 
changes in monsoon strength (Ali et al., 2019).

n-alkanes are linear chain molecules composed of repeating subunits 
of single-bond carbon and hydrogen atoms. They are stable compounds 
due to the hydrogen and carbon atoms bonding covalently, making them 
non-exchangeable after death and deposition in sediments at tempera
tures below 150 ◦C (Schimmelmann et al., 1999; Sachse et al., 2006). 
Most n-alkane producing organisms produce a range of chain lengths, 
often centred on one or two high abundance n-alkanes, but with lesser 
amounts of both higher and lower chain-lengths also synthesised by the 
same organism (Naeher et al., 2022). For terrestrial vascular plants the 
highest abundance tends to occur at n-C27-29 for trees and shrubs, and 
n-C29-31, sometimes higher, for grasses and sedges (Eglinton and Ham
ilton, 1967; Massimo, 1996; Bush and McInerney, 2013; Naeher et al., 
2022; Liu et al., 2022a,b).

While information on source and past environment can be obtained 
from chain-length distribution in sediments alone, significantly more 
information can be accessed through measurement of the compound- 
specific stable isotope composition of carbon in each of the suite of al
kanes present in a sample (δ13Cn values; where n is the number of car
bons in an individual n-alkane). In the tropics and sub-tropics, and warm 
arid regions this is particularly useful because the two dominant forms of 
terrestrial vegetation present – trees and grass – use different photo
synthetic pathways. Trees and shrubs exclusively use the C3 pathway, 
resulting in mean n-alkane δ13C values (for n-C29) of − 37.6 ± 2.8 ‰ for 
tropical environments (Liu et al., 2022a,b). Grasses and sedges use both 
the C3 pathway and the C4 pathway, but grass species that use the C4 
pathway tend to dominate in warm, and wet to dry, environments, with 
mean n-alkane δ13C values (for n-C29) of − 21.4 ± 1.7 ‰ for ‘tropical’ 
environments (Liu et al., 2022a,b). Thus, in the same way that pollen 
spectra are used to reconstruct past vegetation, the δ13C values of 
long-chain n-alkanes in sedimentary records have been interpreted as 
dominantly reflecting changes in terrestrial vegetation between ‘tree’ 
and ‘grass’ end-members, and thereby hydroclimate in the past (e.g. 
Rommerskirchen et al., 2006; Garcin et al., 2014; Sarkar et al., 2015).

Both pollen and n-alkane derived records of vegetation change are 
subject to potential biases. Both represent a mix of a local and a regional 
signal. It has been known for a long time that n-alkanes can be trans
ported as aerosols over long distances before deposition (Gagosian et al., 
1981; Conte and Weber, 2002). It has also been known for a long time 
that pollen can also be transported airborne over a long distance before 
deposition (e.g. Hooghiemstra et al., 2006). Thus, both proxies will 
incorporate both a local and a region signal of vegetation change.

In addition to dispersal potential, different species produce different 
amounts of both n-alkanes and pollen per individual plant. The pro
duction of n-alkanes varies between species, with grasses tending to 
produce lower alkane abundance per leaf than many trees at n-C29 and n- 
C31 (Diefendorf and Freimuth, 2017; Liu et al., 2013), but against this, 
around half of primary production in tropical savannas is attributable to 
grasses which are mostly leaf (Lloyd et al., 2008). In the case of pollen, 
low productivity and targeted dispersal are associated with specialised 
modes of pollination, notably insect-(entomophily), animal-(zoophily) 
and self-pollination (autogamy). With efficient modes of transport by 
wind, abundant pollen production is not required to ensure successful 
pollination (Bennett and Willis, 2001; Vanderhoorn et al., 2024). In 
northern Australia, for example, the most important canopy dominants 
(e.g. Eucalyptus, Acacia, Melaleuca) are pollinated by insects, marsupials, 
birds, insects and bats (Mariani et al., 2016), influencing their relative 

pollen representation in the sedimentary record compared to the high 
dispersal (wind pollinated, anemophily) pollen potential of grass 
(Luplau, 2015).

One complication in interpreting n-alkane proxy records that does 
not impact pollen records is the fact that most species produce n-alkanes 
with multiple chain lengths that overlap with other taxonomic groups. 
Therefore, while most trees (and grasses) produce n-C29 to n-C31 in 
greatest abundance (Diefendorf and Freimuth, 2017; Liu et al., 2018), 
they also produce n-alkanes from n-C25 to n-C35 in lower abundance. 
While it is generally thought that sedges are ‘dominantly C4’, only 11 out 
of 107 genera that were assessed by Bruhl and Wilson (2007) include 
some species that utilise the C4 pathway, with most using the C3 
pathway, and sedges can be either terrestrial or fully aquatic. Sedges 
produce n-alkanes in abundance down to at least n-C25, while sub
merged aquatic plants can produce n-alkanes up to n-C35 and lilies, for 
example, have n-alkane distributions that are similar the terrestrial 
plants. These complications are particularly problematic in terms of 
interpreting changes in δ13C values as a simple measure of changes in the 
proportion of C3 (‘tree’) and C4 (‘grass’) biomass in the terrestrial 
landscape over time, and thereby as directly indicating changes in 
hydroclimate.

In general, both pollen and n-alkane records are subject to similar 
and different potential biases, that can influence the interpretation of 
each in terms of vegetation change, but the two ‘types’ of proxy record 
are rarely directly compared. Here we compare a pollen record with an 
n-alkane abundance and carbon isotope record from a sediment 
sequence spanning the last 150,000 years, collected from a relatively 
small lagoon in the mesic savanna of northern Australia. Our intent is to 
determine the degree to which the n-alkane and pollen records yield a 
similar and/or different interpretation of vegetation change in the area.

2. Study site and methods

2.1. Study site

Girraween lagoon (12◦ 31′ 3.6″ S, 131◦ 04′ 50.7″ E; 25 m above sea 
level; Fig. 1) is a perennial waterbody currently 4.5 m in depth and 45 ha 
in area. The lagoon was formed from a sinkhole collapse within a small 
catchment of 917 ha (Rowe et al., 2019). Drilling for water extraction 
has confirmed ‘dolomitic clay’, sandstone and dolomite with cavities 
underlie the area, beneath lateritic cover and beginning at 4–9 m depth 
(bores RN41159 and RN43239; https://nrmaps.nt.gov.au/knowyourbo 
re_desktop.html).

The site is in the core monsoon region of northern Australia, toward 
the southern margin of influence of the Indo-Australian summer 
monsoon. Since its formation, the lagoon has contained permanent 
water, and has therefore archived a rare, high-quality, record of vege
tation and climate change in the strongly seasonal Australian tropics. 
Most (90%) of the ~1700 mm annual rainfall is delivered in the wet 
season between November and April, currently supporting a mesic 
savanna that has developed over the course of the Holocene in the 
broader area with a number of concentric wetland communities 
bordering the lagoon (Fig. 1; Rowe et al., 2019). Previous studies of the 
terrestrial and lagoonal flora in the Darwin region have identified 111 
terrestrial species, 40 of which have been recorded at Girraween Lagoon, 
and 49 fully aquatic or aquatic/terrestrial species, 26 of which have 
been recorded at Girraween Lagoon (Lamche and Schult, 2012). Whilst 
both C3 and C4 grass species are represented in the region, Hattersley 
(1983) found that >90% of the grass biomass is produced by species that 
utilise the C4 photosynthetic pathway. During fieldwork from 2015 to 
2018, multiple vegetation surveys were carried out around the lagoon 
with leaf and flower samples of the major extant taxa opportunistically 
collected for pollen and alkane analyses. Representative images of the 
main vegetation zones are provided in Fig. 2.

A 19.4 m core was collected from the centre of the lagoon using a 
floating platform with hydraulic corer (Rowe et al., 2019). The record is 
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composed of alternating organic-poor green to grey clays deposited 
during dry periods of low water level when the water body retreated into 
the confines of the ~1–2 ha sinkhole itself, with no marginal area of 
shallow water, and therefore limited opportunity for in-lake photosyn
thetic carbon production. These sediments alternate with organic-rich 
black peaty sediments formed during wet periods of high-water level 
similar to today or higher, when the lagoon surface area expands by 1–2 
orders of magnitude across a shallow marginal area that enables high 
rates of organic carbon fixation from rooted floating and submerged 
aquatic plants (Bird et al., 2024). An absolute chronology is provided by 
12 radiocarbon ages (Rowe et al., 2019, 2021) and 24 optically stimu
lated luminescence ages (Bird et al., 2024). The entire record is 
continuous and spans the last 150 kyr.

2.2. Analytical

2.2.1. Initial handling
Core sections were split in half, described and samples of known 

volume taken at 5 or 10 cm intervals. Sediment samples were weighed, 
freeze-dried, and reweighed samples to calculate dry bulk density, and 
ground to a powder. Dried leaf samples were finely ground in a disc mill.

2.2.2. Pollen
Sediment samples of 2 cm3 were taken and maintained wet prior to 

preparation for pollen analysis. The samples were not aliquots of the 
material used for the n-alkane studies, but sampling resolution is similar, 
equivalent or adjacent to the intervals used for geochemical analysis. 
Sample preparation followed standard techniques as outlined in Bennett 
and Willis (2001) and detailed in Brown (2008). We selected chemical 
preparations (including Na4P2O7, KOH, HCL, acetolysis, and ethanol 
washes) to disperse sedimentary materials, and progressively remove 
humic acids, calcium carbonates, bulk organics and cellulose, silicates, 
as well as render pollen ornamentations more visible. A Lycopodium 
spike was added prior to laboratory preparations to determine relative 
concentrations of pollen and then samples were sieved at 125 μm and 7 
μm to obtain a final preparation for counting.

Pollen identification was based on regionally appropriate image and 
slide libraries built from collections at the lagoon and online resources 
such as the Australasian Pollen and Spore Atlas (apsa.anu.edu.au). Pollen 
sums averaged 300 grains, with an average of 12% of pollen grains not 
identified either because of damage, or the taxa was not represented in 
the available libraries. We present the proportion of total grass pollen as 
a percentage of total dryland pollen taxa in each sample with taxa in the 
dryland non-grass group listed in Bird et al. (2024).

We also calculated the percentage of wetland to total pollen, and 
within the wetland taxa, Cyperaceae taxa (Cyperus, Eleocharis and Fim
bristylis spp), and lily (Nymphaea and Nymphoides spp.) as a percentage 
of the total wetland pollen. The wetland taxa not included in these two 
groups are dominated by wetland-affiliated tree/shrub species such as 
Melalauca spp and other aquatic macrophyte taxa. For the full Girraween 
sediment sequence, a sum of 30 wetland and 97 dryland pollen-plants 
types were recorded. Sub-categories within this overall division incor
porated: Myrtaceae wetland canopy (7), sedges (3), wet ground associ
ated herbaceous (10), Pteridophytes (8), aquatics (2), and Myrtaceae 
dryland canopy (9), sclerophyll woody sub-canopy (22), monsoonal 
forest associated (25), liana and mistletoe (6), Poaceae (2), dry- 
herbaceous (sub-shrubs), 16), plus dry-herbaceous (forbs, 17).

2.2.3. n-alkane abundance carbon isotope composition
Aliquots of 10–50 g of freeze-dried homogenised sediment at 5–20 

cm intervals (depending on total organic carbon content), or 1–2 g of 
homogenised leaf material were extracted in dichloromethane:methanol 
(9:1) at 100 ◦C for 15 min in a MARS 6 microwave digestion system. The 
resulting total lipid extract was transferred into a 50 ml glass tube and 
evaporated to dryness under nitrogen, followed by transfer in hexane to 
a 4 ml glass vial. Alkanes were separated on a Restek 12 position solid- 
phase extraction vacuum SPE manifold using 6 ml Chroma bond SPE 
glass columns (Macherey-Nagel) filled with 1.5 g of silica gel (0.040 
mm–0.063 mm mesh size), via stainless steel connectors and valves 
(Macherey-Nagel) to avoid plastic contamination. Once the columns 
were cleaned with n-hexane, dichloromethane, and acetone, we trans
ferred the total lipid extract onto the column in hexane, and eluted the 
alkanes with a further 10 mL n-hexane. Next, we added 10 μg of 5a- 
androstane (Sigma-Aldrich) as an internal standard.

Most samples had multiple additional compounds that interfered 
with the measurements of the n-alkanes. Sulphur was removed by 
loading the sample onto a standard long-stem glass pipette used as a 
column, half-filled with activated copper powder <425 μm (Sigma- 
Aldrich with a purity of 99.5%). The copper was activated by washing 
with 6 ml of HCl and then rinsing with 10 ml Milli-Q water, followed by 
6 ml acetone and 6 ml dichloromethane. Each sample was then taken up 
in dichloromethane, transferred onto the copper pipette column, and 
rinsed five times with dichloromethane. Alkenes were removed from the 
samples with silver nitrate AgNO3 on silica gel (Sigma-Aldrich), 

Fig. 1. Top - Location of Girraween lagoon with current coastline mapped onto 
the landmass of Sahul, exposed by sea level fall at the LGM. Bottom: Vegetation 
zones around the lagoon, 1 Eucalyptus woodland to open forest, 2 Melaleuca 
seasonal swamp, 3 Mixed association with monsoonal forest and/or riparian 
inclinations, 4 Banksia transition community 5, grassland, 6 sedgeland, 7 Mel
aleuca cajuputi dominated low open woodland, 8 open-water with Nymphaea 
species and numerous submerged taxa. See Rowe et al. (2019) for detailed 
community structure. Base image: Google © 2023 Maxar Technologies.
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activated in an oven at 105 ◦C for 1 h, packed into log stem glass pipettes 
¾ full, and kept out of direct UV light. After cleaning the packed column 
with acetone, dichloromethane, and n-hexane, the sample was trans
ferred in n-hexane onto the AgNO3 column and eluted five times with n- 
hexane.

Branched alkanes were removed using urea adduction after drying 
each sample into an 8 ml screw-top vial. Three solutions were then 

added to the vial: (i) 300 μl 10% urea solution (Ultra-Pure Urea >98%; 
Thermo-Fischer Scientific), (ii) 300 μl acetone, and (iii) 300 μl pentane 
(99%; Scharlau). The vial was capped, homogenised with a vortex 
mixer, placed into a freezer for 30 min, then evaporated to dryness under 
N2. The urea crystallised as a precipitate with n-alkanes taken into 
channels in the urea structure while excluding branched alkanes. The 
extract was rinsed with 1 ml of n-hexane, leaving behind the clean urea 

Fig. 2. Representative images of vegetation zones delineated in Fig. 1 around Girraween Lagoon Photos by Xennephone Hadeen and Cassandra Rowe (2018.
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crystals containing the n-alkanes. This procedure was repeated twice 
more. Then 500 μl of ultraclean HPLC Plus grade water (Sigma-Aldrich), 
500 μl methanol, and 1.5 ml n-hexane was added to dissolve the urea, 
with the vial contents again homogenised by vortex mixer. The immis
cible n-hexane (containing the n-alkanes) was allowed to separate above 
the water and methanol and then transferred into another 8 ml vial, 
repeated in triplicate. The entire process was repeated 4–5 times to 
eliminate all branched alkanes.

Alkanes were identified and quantified on 1 μl aliquots using a Shi
madzu QP2010 GC-MS equipped with a mass selective detector and a 
flame ionisation detector coupled via an electronic split interface. 
Quantification was achieved by determining the peak area of each n- 
alkane in a sample with reference to the peak area of the internal 
standard 5a-androstane. The GC-MS also enabled confirmation of the 
elimination of impurities.

We determined the stable carbon isotope composition (δ13C value) of 
the purified n-alkanes in triplicate using a Trace 1310 gas chromato
graph coupled to a Thermo-Scientific Delta VPlus isotope ratio mass 
spectrometer. The mass spectrometer measured the stable isotope 
composition of all n-alkanes present in sufficient quantity in each sam
ple. We calibrated δ13C values through reference to standards (Eicosane; 
Sigma-Aldrich, Androstane; Sigma-Aldrich, Docosane; Sigma-Aldrich, 
and Squalane; Alfa Aesar) to the international VPDB reference stan
dard for carbon isotopes. Triplicate analysis enabled calculation of the 
uncertainty of each measurement for each n-alkane in each sample and 
the mean error across the 2585 individual n-alkane measurements was 
±0.14 ‰ (1σ).

2.2.4. Data handling
We calculated average values for the two most abundant odd- 

numbered alkanes that are representative of each of the following 
broad groups of alkane-producing organisms (based on Naeher et al., 
2022). Each of these two alkane groups is separated by a minimum of 
three carbon numbers from the next group of two alkanes to minimise, 
but not eliminate, tailing of n-alkanes produced by one group into the 
next: (i) algal/bacterial n-C17-19 (δ13CAl) (ii) aquatic plants n-C23-25 
(δ13CAq) (iii) terrestrial plants n-C29-31 (δ13CTe). We added a fourth group 
(see section 3.2) for sedges n-C35-37 (δ13CSe). For each group the error is 
the deviation from the mean of the two analyses, each analysis having 
been repeated in triplicate to provide a mean. For most samples, both of 
the alkanes in a group were present in sufficient quantity to enable a 
measurement. Not all samples produced a sufficient abundance of all 
alkanes for analysis.

Where a value for one alkane of a pair was missing, the single value 
available for that sample was adjusted up or down by the average de
viation from the mean of all the other analyses in the group for which 
both alkanes were present, with the uncertainty for the result taken to be 
the average deviation from the mean for all analyses in the group for 
which values for both alkanes were obtained. The corrections amounted 
to an adjustment of the addition or subtraction of (i) 0.17 ‰ applied to 
37% of the 237 samples from the n-C17-19 algal group, (ii) 0.1 ‰ applied 
to 4% of the 273 samples from the n-C23-25 aquatic plant group, (iii) no 
missing analyses of the 273 samples from the n-C29-31 terrestrial plant 
group and (iv) 0.9 ‰ applied to 10% of the 267 samples from the n-C35- 

37 sedge plant group.
We also calculated two indices to assess the potential magnitude of 

non-terrestrial n-alkane contributions to the n-C29-31 terrestrial plant 
group (and vice versa). These are defined as: 

Aq*(%)= (nC23− 25 / (n − C23− 25 + n − C29− 31 )) * 100 

Where n-C23-25 is the relative abundance of n-alkanes primarily attrib
uted to the aquatic plant group and n-C29-31 is the relative abundance of 
n-alkanes primarily attributed to the terrestrial plant group (proposed as 
a proportional measure P(aq) by Ficken et al., 2000), and, 

Se*(%)= (n − C35− 37 / (nC35− 37 + n − C29− 31 )) * 100 

Where n-C35-37 is the relative abundance of n-alkanes primarily attrib
uted to the sedge plant group and n-C29-31 is the relative abundance of n- 
alkanes primarily attributed to the terrestrial plant group.

High values Aq* and/or Se* indicate periods of maximum potential 
to significantly impact the abundance and isotope composition of the 
adjacent terrestrial alkane group, low values indicate periods where the 
terrestrial group may significantly impact the abundance and isotope 
composition of the adjacent groups.

2.2.5. Modelling
A non-linear model for Terrestrial δ13C (Yt) was tested against 

several potential explanatory features, Age (in ka; Tt) (for trend), aquatic 
δ13C(X1t), sedge δ13C(X2t), and their respective abundances 
(X3t and X4t). Generalized additive models (GAM; Wood and Augustin, 
2002) are the non-linear (smooth) extension of the generalized linear 
models (GLM). In standard implementation of a GAM this implies 
replacing linear coefficients bX with penalized regression splines f(X)
(Wood and Augustin, 2002). For the present study and with an 
approximately Gaussian distributed response Yt the GAM is defined as: 

Yt = α+ βTt + f1(X1t)+ f2(X2t)+ f3(X3t)+ f4(X4t) + ϵt , ϵt ∼
(
0, σ2)

For model fitting a penalized version of the maximum likelihood 
method, the restricted maximum likelihood (REML; Corbeil et al., 
1976), is used as default. For alternatives the user is referred to Wood 
and Augustin (2002). This approach prevents overfitting of the data by 
controlling the smoothness of the functions fi(.), i = 1, 2,3, 4, using the 
generalized cross-validation method of Wahba (1985). Note that it is 
likely that Yt is a mixture of multiple distributions and a key assumption 
is that the differences are only in the mean effect.

3. Results

All data are provided in Data Set S1 and the Supplementary Infor
mation (sections 1-3).

3.1. Pollen

The pollen results are discussed in their palaeoecological context 
elsewhere (Rowe et al., 2019, 2021, 2024; Bird et al., 2024), and here 
serve to provide the ‘benchmark’ against which to assess vegetation 
change as inferred from the n-alkane analyses. Across the entire record 
(C4-dominated) grass pollen representation varies widely. Extended 
periods occur when the percentage of grass pollen in the total terrestrial 
pollen sum is above 80% and up to 99%, punctuated by extended pe
riods below 80% including shorter periods where values are below 50% 
and as low as 3%.

Pollen from aquatic-affiliated taxa also ranges widely from <5% to 
>80% of total pollen, with periods of high aquatic pollen representation 
usually corresponding to periods of high total organic carbon, inter
preted as periods of high water level and large lagoon surface area. 
Within the wetland group, the sedges tend to be most abundant, with 
discrete intervals where lilies are most abundant. All other wetland taxa 
combined tend to be present in lower abundance than the sedge taxa, 
with some exceptions during periods of inferred high water level in 
Marine Isotope Stage (MIS) 5 and earlier. Fig. 3 displays the three pollen 
indices derived from the wetland, as well as the Poaceae (grass) and 
Cyperaceae (sedge) subdivisions of pollen taxa that are present in the 
core, aggregated into groups as described in section 2.2.4. All indices 
show substantial variation through the record.

3.2. Plant n-alkanes

The n-alkane distribution for all modern plant samples is provided in 
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Supplementary Table S1 and representative distributions for aquatic 
species (sedges, lilies and submerged aquatics) are shown in Fig. 4. For 
the fully terrestrial flora, Figs. S1 and S2 show the results for four C4 
grasses and two C3 grasses (Table S3 lists all major species identified, 

and their photosynthetic pathway), while Figs. S3–S5 show the results 
for four shrub and seven tree species, all C3. The n-alkane distributions 
for these taxa are typical of terrestrial species globally (Liu et al., 2022a,
b), with greatest abundance generally at n-C29 or n-C31, with some shrub 

Fig. 3. All proxies records used in this study from the Girraween sediment core. (A) Total organic carbon, (B) grass pollen as a percentage of total dryland pollen, (C) 
δ13C values for the Te = terrestrial, Aq = aquatic, Se = sedge and Al = Algal/bacterial groups as defined in section 2.2.4, with the global averages for C3 and C4 
vegetation from Liu et al. (2022a,b) also shown as horizontal dotted lines (D) Aq* and Se* indices as defined in section 2.2.4 and (E) The proportion of lily, sedge and 
‘other’ taxa as a percentage of total pollen.
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and tree species also producing significant n-C33 and most grass species 
also producing significant quantities of n-C33 and n-C35. All species also 
produce shorter n-alkanes generally down to n-C23-25 in successively 
lower amounts.

The n-alkane distributions of five abundant (non-Cyperaceae) aquatic 
plants are shown in Figs. S6 and S7. The water lilies (Nymphaea and 
Nymphoides; Fig. 4 lower panel) and Azolla pinnata (all C3) show a dis
tribution largely indistinguishable from tree/shrubs, with peak abun
dance at n-C29, decreasing in abundance up to n-C33-35 and down to n- 
C23. In contrast, the fully submerged Najas spp and Eriocaulon setaceum 
(Fig. 4 lower panel) exhibit a ‘typical’ aquatic plant distribution, with a 
peak in abundance at n-C25 decreasing in abundance at short and longer 
chain lengths, but still producing minor amounts of n-C31-33. In some 
cases, the shorter chain-length alkanes (<~nC21) may represent a 
contribution from algae and bacteria growing on the leaves that were 
not completely removed before analysis.

The results from four species from the sedge (Cyperaceae) family are 
shown in Fig. 4 (upper panel), with a further seven examples provided in 
Figs. S8 and S9, with photosynthetic pathway, and habitat preference 

listed in Table S2. One species, Eleocharis sundaica (C3), has an n-alkane 
distribution similar to terrestrial plants with peak abundance at n-C29, 
and five exhibit a peak in abundance at n-C31 similar to terrestrial 
grasses. In contrast to the terrestrial and other aquatic flora, seven of 
eleven species (five C3, two C4) show significant production of ~5 to 
>10%) of n-C37 and four (two C3 and two C4) also produce 1–3% n-C39. 
In some cases, the shorter chain-length alkanes present (<~n-C21) may 
represent a contribution from algae and bacteria growing on the leaves 
that were not completely removed before analysis.

3.3. Sediment n-alkane distributions

Four representative examples of sediment alkane distributions in the 
Girraween record are shown in Fig. 5 and these demonstrate a wide 
range of characteristics. Times of low lake level and hence a very 
restricted wetland/dampland margin due to retreat of the water body 
into a steep-walled sinkhole (Bird et al., 2024) are characterised by a 
dominance of shorter n-alkanes, generally most abundant at n-C19. 
Times of high lake level with an extensive wetland/dampland marginal 

Fig. 4. Odd-numbered n-alkane distributions for representative aquatic plants in Girraween Lagoon from n-C17 to n-C39. ‘Percent of total’ refers to the percent of each 
alkane as a function of the sum of all n-alkanes from n-C17 to n-C39, calculated from the peak area of each alkane measured sequentially during a GC analysis of a 
single sample (see methods). Top Panel: Cyperaceae samples. Bottom panel: two emergent aquatic plants in blue and two submerged aquatic plants in green. Carbon 
numbers used to calculate δ13C values for the Te = terrestrial, Aq = aquatic, Se = sedge and Al = Algal/bacterial groups as defined in section 2.2.4 also shown. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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zone, are characterised by the highest abundance of chain lengths in a 
broad range from n-C31 up to n-C39 in some cases.

Aq* and Se* indicate the degree to which it might be expected that 
alkanes produced by the aquatic and/or sedge groups can influence the 
terrestrial vegetation group and vice versa. Aq* ranges from ~20 to 
>50%, while Se* is generally >10% but includes several excursions to 
lower values and also to values > 50%, with a tendency to exhibit anti- 
correlation with Aq* in some intervals.

3.4. Sediment n-alkane carbon isotope composition

The carbon isotope values for the full record, for the four groups of 
chain lengths identified in section 2.2.4 are shown in Fig. 3C. Across all 
groups individual δ13C values range from − 33.8 ‰ (nC35-37 sedge 
group), approaching the global mean value for C3-derived alkanes (Liu 
and An, 2020; Liu et al., 2022a,b) to − 16.5 ‰ (nC23-25 aquatic group), 
higher than the mean global δ13C value for C4-derived alkanes but 
within the range for C4 reported globally (Liu and An, 2020; Liu et al., 
2022a,b).

The two alkanes that make up each group have δ13C values that are 
strongly and linearly correlated for the terrestrial group (δ13CTe r2 =

0.92) and the (δ13CAq r2 = 0.99), less strongly correlated for the algal 
group (δ13CAl r2 = 0.54) and sedge group (δ13CSe r2 = 0.77). Fig. 3C 
shows that temporal trends in the δ13CAq and δ13CSe are broadly similar 
to the δ13CTe record, but values for δ13CAq and/or δ13CSe can be higher or 
lower than δ13CTe values by several per mil, in one or the other group, or 
both. When both δ13CAq and δ13CSe values diverge from the δ13CTe re
cord, the divergence of each can be in either a similar or opposite 
direction.

Across the entire record δ13CTe values range from − 33 to − 19 ‰, 
δ13CAq values from − 33 to − 16.5 ‰ and δ13CSe values from − 33.4 to 
− 19 ‰. In contrast, δ13CAl values do not track the generally coherent 
trends between the other groups through the record. δ13CAq values 
exhibit long periods when δ13CAq values are generally lower than − 26 ‰ 
and as low as − 32 ‰, with a period during Marine Isotope Stage 5, 
between 70 and 110 ka, when δ13CAq values abruptly changed over 
relatively short, multiple periods from the low values characteristic of 

the rest of the record, to values as high as − 18 ‰.

3.5. GAM modelling

Fig. 6 shows the results of the non-linear calibration model for 
Terrestrial δ13C (Yt) as response fitted accounting for features, Age (ka) 
(Tt) (for trend), aquatic δ13C(X1t), sedge δ13C(X2t), and respective 
abundances (X3t and X4t). The estimates and corresponding uncertainty 
(p-values and standard errors) are given in Table S4. We observe that 
Age (ka) (p < 0.001), aquatic δ13C (p < 0.001), and sedge δ13C (p <
0.001), are statistically significant. There is a strong match (r2 = 0.98

)

between the mean effects of the two series indicating that we are able to 
reconstruct the terrestrial δ13C using a time dependent regression model 
involving only the aquatic and sedge records for abundance and δ13C 
values. Further detail is provided in Figs. S10–S12.

4. Discussion

4.1. Comparison of the alkane and pollen records

Given the complications in interpretation of both the pollen and n- 
alkane records identified in the introduction, with the additional caveat 
that the two sample sets were not always from identical core intervals, 
concordance in gross trends in the % grass and δ13CTe records is grati
fyingly reasonable, with the major changes in MIS-5/6 (before 65 ka) 
and the Holocene (after ~10 ka) represented in both records. The 
agreement between pollen and δ13CTe records is not good in some places 
and where there is disagreement, there tends to be a divergence between 
either or both of the δ13CAq and δ13CSe values from the δ13CTe values in 
the same sample, particularly at times of high Aq* and/or Se*.

We explore some of these periods below. 

(i) 3–5 ka – a period of monotonic decrease in grass pollen, that 
coincides with a broad minimum, then rise, in δ13CTe values at a 
time of particularly high Aq*. This suggests a significant contri
bution of macrophyte, and to a lesser extent sedge-derived 

Fig. 5. Four representative examples of Girraween sediment showing odd numbered n-alkane abundance from n-C17 to n-C39. ‘Percent of total’ refers to the percent 
of each alkane as a function of the sum of all n-alkanes from n-C17 to n-C39, calculated from the peak area of each alkane measured sequentially during a GC analysis 
of a single sample (see methods). Examples with dominant short chain lengths (in green) are from low TOC intervals of the core, examples with dominant long chain 
lengths (in blue) are from high TOC intervals of the core. Carbon numbers used to calculate δ13C values for the Te = terrestrial, Aq = aquatic, Se = sedge and Al =
Algal/bacterial groups as defined in section 2.2.4 also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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carbon, both with a low δ13C value to the carbon numbers from 
which δ13CTe is calculated.

(ii) 25–45 ka: a period when uniformly high grass pollen abundance 
is not reflected in high δ13CTe values, at a time of broadly average 
Aq* and Se*, and high lily pollen abundance. Both δ13CAq and 
δ13CSe values through this period are 3–5‰ lower than the cor
responding δ13CTe values. Contributions from the aquatics and 
the sedges have therefore likely lowered the δ13CTe values. An 
alternative explanation could be that, during what was the Last 
Glacial Maximum through MIS-2, cooler temperatures (by 3–4◦C; 
Li et al., 2023), favoured an increase in C3 grass biomass, as the 
proportion of C3 to C4 species is correlated to temperature 
(Hattersley, 1983). This might be part of the explanation for the 
low δ13CTe values, but decreased rainfall (Rowe et al., 2024) and 
lower atmospheric CO2 concentrations during this time interval 
should have provided a competitive advantage to C4 species 
(Sage, 2004), that would likely offset most if not all of any tem
perature effect.

(iii) 72–93 ka: This interval represents a period where δ13CTe values 
suggest both more and less C4 carbon compared with the pollen 
record. The period includes times when δ13CSe values tend to be 
similar to or up to 3‰ lower than δ13CTe values, while δ13CAq 
values are similar to or higher than δ13CTe values by up to 5‰. 
Aquatic pollen representation is high, Aq* is average to high, and 
Se* ranges erratically from high to low. This was a time when the 
sinkhole was not filled by sediment and hence was connected 
laterally to the carbonate aquifer. This appears to have resulted in 
the high δ13CAq values through access to carbonate-derived DIC, 
but the low δ13CTe values appear to be the result of the low δ13CSe 
values suggesting an increase in the proportion of C3 species in 
the sedge biomass.

(iv) 112–125 ka: The δ13CTe values are uniformly low during this 
interval, and do not capture the rise in grass pollen centred on 
115 ka, likely because of the high proportion of aquatic pollen at 
this time, including from lilies, which have low δ13CAq values. 
This is despite a brief period where δ13CSe values are up to 7 ‰ 
higher than both δ13CAq and δ13CTe values, but the sedges are not 
well represented in the pollen spectra at this time and Aq* is 
slightly below average. This is also a time when the lagoon waters 
were connected to the carbonate aquifer via the sinkhole walls. 
However, this is also a time of increased water level and hence 
expanded lake surface area to beyond the sinkhole itself, leading 
to limited impact of carbonate-derived DIC from the aquifer on 
δ13CAq values.

(v) 130–150 ka: As with MIS 2 δ13CTe values imply less C4 carbon 
than is evident in the abundant grass pollen through most of this 
interval, likely driven in particular by δ13CAq values that are up to 
8‰ lower than δ13CTe values.

In all the time periods discussed above, it appears that terrestrial 

vegetation does not exert the primary control on δ13CTe values. The 
conclusion that there is significant control from sedge and aquatic n- 
alkanes on δ13CTe values is underscored by the fact that for much of the 
record, δ13CTe values can be closely modelled (r = 0.98) from Aq*, Se*, 
δ13CAq and δ13CSe values alone (Fig. 6). This is partly due to tailing of the 
terrestrially-derived n-alkanes into the adjacent aquatic and sedge n- 
alkane distributions. However, given the divergence of δ13CAq and δ13CSe 
values from the δ13CTe values in some parts of the record, it is likely that 
the over-riding control on δ13CTe values across several intervals of the 
last 150 kyr is from in-lagoon carbon production. At some times, δ13CTe 
values are not well predicted by the results from the adjacent groups, 
suggesting periods where terrestrial carbon input exerts a more signifi
cant and direct control on δ13CTe values. For example, between 25 and 
45 ka, the GAM model predicts lower δ13CTe values than observed 
(Fig. 6), implying a high δ13C alkane component derived from terrestrial 
vegetation is making a significant and identifiable contribution the 
δ13CTe values. This consistent with the high abundance of grass pollen in 
this period (Fig. 3B).

4.2. The significance of sedges in the Girraween record

Sedges (Cyperaceae), which can be both aquatic and terrestrial in 
habitat, are a significant contributor to biomass in many terrestrial, 
lacustrine, swamp and seasonal ‘dampland’ areas (Starr and Ford, 2009). 
At Girraween, the sedges are currently represented by both C3 and C4 
species, some fully aquatic, some fully terrestrial (see Table S3). From a 
global compilation, Cyperaceae showed the greatest range in δ13Cn-C29 
values of any family from − 37 to − 22 ‰ (Liu et al., 2022a,b). Indeed, at 
least one species (Eleocharis vivipara) can change between the C3 and 
the C4 pathway depending on habitat (Ueno, 2001).

The proportion of Cyperaceae biomass attributable to each photo
synthetic pathway at Girraween Lagoon varies over time in response to 
changes in lake level (Fig. 3E). This is because lake level interacts with 
local, shallow basin topography to change the proportion of areas of 
shallow but fully submerged habitat preferred by C3 species, and 
seasonally ‘damp’ regions, preferred by C4 species. In addition, the 
localisation of sedge biomass around and in the lake means that sedge- 
derived n-alkanes are likely to be over-represented relative to the sur
rounding fully terrestrial vegetation, and will therefore exert a signifi
cant impact on the δ13C values of chain lengths usually ascribed to 
terrestrial vegetation. The total range of δ13CSe values in the Girraween 
record varies considerably over time (Fig. 3) and these variations at 
times of high Se* will impact δ13CTe values in a way that is not linked to 
the broader terrestrial vegetation change.

4.3. Interpretation of the δ13CAl record

While not central to the interpretation of the record in terms of 
terrestrial vegetation change, the δ13CAl record is also presented in 
Fig. 3C. For most of the last 150 ka δ13CAl values are stable and low, 

Fig. 6. Comparison between the observed δ13CTe record (in red) and GAM-modelled δ13CTe results (green). Note model values could only be provided where data was 
available for all of Aq*, Se*, δ13CAq and δ13CSe. Further information provided in the Supplementary information. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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generally below − 27 ‰. In contrast, the period between 72 and 112 ka is 
marked by erratic, short-lived increases in δ13CAl values by up to 7 ‰. 
This period coincides with several periods when δ13CAq values were also 
elevated. We cannot offer a definitive explanation for this behaviour. We 
do note that this was an ‘intermediate’ period in the filling of the sink
hole by sediment, prior to the time when sediments completely infilled 
the sinkhole, severing the direct connection between the aquifer and 
lagoon waters. It may be that the contribution of DIC supplied from the 
carbonate aquifer became particularly sensitive to changes in water 
level through changing lagoon surface area during this time.

4.4. Implications for interpreting n-alkane carbon isotope records in the 
tropics

Girraween lagoon, in some respects, is a special case in that it is (i) 
small in area, (ii) has had a variable input of carbonate-derived DIC in 
the past and (iii) can be highly productive, diluting the ‘terrestrial’ 
alkane signal. In addition, at times of high-water level, very small 
changes in water level can dramatically impact the areas available for 
colonisation by lilies and other emergent macrophytes, fully submerged 
macrophytes and sedges. Therefore, the extreme changes in carbon 
isotope values we report here, across most of the range reported glob
ally, due in part to local changes in hydrology, may not be as much of an 
issue in other places - for example in marine records, or records from 
large lakes with a small and/or invariant littoral zone.

We do note several instances where it may be that the impact of 
sedges has been more significant than recognized. The first is Lake 
Towuti in equatorial Indonesia (Konecky et al., 2016) where an increase 
in n-alkanoic acid carbon isotope composition was taken to indicate a 
major increase in C4-derived biomass, attributed to glacial aridity and an 
increase in terrestrial grass biomass. However, the pollen record of 
Stevenson (2018) from Lake Towuti does not indicate an expansion of 
grass at any time, and instead finds an increase in sedge pollen during 
the last glacial maximum, possibly as a result of an expanded area of 
shoreline around the lake. This indicates that even in a large lake, the 
impact of local factors may be significant.

Rommerskirchen et al. (2003) compared the pollen and n-alkane 
carbon isotope records from marine cores on a latitudinal transect off the 
southern Atlantic coast of Africa and found the two were in generally 
good agreement. However, even in these marine records, sedge pollen 
was generally over 5% and up to 28% of total pollen. There are large 
swamp areas in the alkane and pollen source areas for the cores (the 
Congo basin and Okavango delta for example). Therefore, it is possible 
that the alkanes derived from a (changing) mix of C3 and C4 sedge 
species, could influence the interpretation of the isotope record (derived 
in that study from n-C27-33) as one attributable solely to changes in the 
proportions of ‘land plant vegetation of different biosynthetic types’.

5. Conclusions

This study compares the pollen record with n-alkane chain length 
and carbon isotope records in a continuous sedimentary record spanning 
150 ka. The records have been generated from a small lagoon that is 
subject to multiple influences that impact the productivity and carbon 
isotope composition of aquatic biomass, as well as influences on 
terrestrial vegetation that relate to regional scale hydroclimate changes 
over the last glacial-interglacial cycle.

While there is broad agreement between the representation of grass 
(C4) pollen and the carbon isotope composition of the long chain n-al
kanes usually used to infer changes in the abundance of C4 biomass in 
terrestrial vegetation, there are significant differences in detail. These 
differences relate to large changes in the δ13C values of n-alkane chain 
lengths that contribute to the ‘terrestrial’ isotope composition but derive 
from biomass in the lagoon itself, associated (i) changes in the propor
tion and isotope composition of macrophyte vegetation, (ii) access of 
aquatic taxa to groundwater-derived DIC as a substrate for 

photosynthesis, (iii) changes in the abundance of sedge biomass and (iv) 
changes in the mix of C3 and C4 species making up the sedge biomass.

Alkanes produced by both the aquatic and sedge groups of plants 
make a significant contribution to the chain lengths ascribed to terres
trial vegetation (represented here as δ13CTe values), and at times can 
significantly modify the carbon isotope composition of those chain 
lengths to both higher and lower carbon isotope values. It therefore 
appears important in this case to ‘consider the lilies’ (Bradbury, 1953; 
Chapman et al., 2001), the submerged macrophytes and the sedges in 
terms of their impact on the interpretation of δ13CTe values as a measure 
of broad scale terrestrial vegetation (and thereby hydroclimate) change.

We propose a new index - Se* - that, in conjuction with Aq* (or Paq), 
and in the absence of pollen information, shows promise in being able to 
assess the likelihood that variation in δ13CAq or δ13CSe values could 
impact δ13CTe values (and vice versa). Correcting for the additional in
fluences on δ13CTe values we identify is likely difficult because (i) 
emergent macrophytes, as in this study, may have a chain length dis
tribution that is very similar to terrestrial plants (ii) correcting δ13CTe 
values for any change in δ13CAq or δ13CSe values would require a 
knowledge of the full chain length distributions of the organisms 
contributing to those groups and this may change over time. In some 
circumstances an approximation may be possible, but if the intent is to 
infer terrestrial vegetation change care should be exercised in choosing a 
site where a minimal n-alkane contribution from in-lake productivity 
can be reliably assumed.
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