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Abstract  Primary productivity in the Antarctic aquatic environment with simple ecosystems is sensitive to climate and 

environmental fluctuations. We investigated δ13C values for n-alkanoic acids derived from phototrophic organisms in a lacustrine 

sediment core (IIL3) to indicate primary productivity in ponds on Inexpressible Island in the western Ross Sea, Antarctica. 

Short-chain n-alkanoic acids (C14–C18) were abundant in the IIL3 sediment profile. The carbon isotope ratios of short-chain 

n-alkanoic acids in the sediment samples and floating microbial mats were similar, indicating that the short-chain n-alkanoic acids in 

the IIL3 sediment profile predominantly originated from phototrophic organisms. The δ13C values for the short-chain n-alkanoic 

acids varied widely through the sediment profile, and 13C-enrichment of n-alkanoic acids was most likely related to high productivity 

due to carbon-limited conditions caused by enhanced photosynthetic efficiency. The δ13C values for the n-alkanoic acids changed

over the past 3200 years in similar ways to organic proxies for aquatic productivity (n-alkanoic acid and sterol sedimentary fluxes). 

C16 n-alkanoic acid was enriched in 13C in periods of high aquatic productivity ~750–1650 and 3000–3200 a BP but depleted in 13C 

in periods of relatively low productivity ~150–600 and 2500–3000 a BP. The results indicated that carbon isotope ratios of lipids 

from phototrophic organisms could be used as new proxies to reconstruct paleo-productivity in Antarctic lakes and ponds and 

therefore improve our understanding of past climate changes. 
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1  Introduction 

Antarctica is an ideal place for investigating past 
climate and environmental changes because of its high 
latitude, uncomplicated ecosystems, and sensitivity to 
global climate fluctuations (Lee et al., 2017; Stenni et al., 
2017; Giralt et al., 2020). There are numerous and widely 
distributed lakes and ponds in ice-free regions of Antarctica, 
and such water bodies can preserve terrestrial and biological 
information at a relatively high resolution in an easily 
datable form (Sun et al., 2000; Giralt et al., 2020). 
Lacustrine sediment has already been found to be suitable 
for improving our understanding of local and regional 
paleo-ecology and paleo-climate changes in Antarctica (Sun 
et al., 2000; Jin et al., 2021; Strugnell et al., 2022).  

Aquatic ecosystem structures and primary productivity 
can quickly respond to regional climate and environmental 
changes, and various proxies have been used to investigate 
past changes in lake and pond productivity in Antarctica 
(Hodgson et al., 2005; Borghini et al., 2016; Mahesh et al., 
2019). For example, the carbon isotope composition of bulk 
organic matter (δ13COM) has been used widely to determine 
changes in aquatic primary productivity (Meyers, 1997), 
13C-enriched organic matter indicating more productivity 
(Bird et al., 1991; Wei et al., 2016; Jin et al., 2021). 
However, organic matter in Antarctic lacustrine sediment 
generally has complex sources (Carrizo et al., 2019; Chen et 
al., 2020, 2021), including animal feces, terrestrial plant 
matter, and aquatic algae and bacteria, which have different 
carbon isotope compositions. Castañeda and Schouten 
(2011) found that various environmental factors (e.g., the 
growth rate, nitrogen supply, pH, salinity, and temperature) 
strongly affect the δ13C values of organic matter in 
phototrophic organisms. Chlorophyll a (Chl a), which is 
produced by phototrophs, has been used many times as an 
organic proxy for aquatic primary productivity in the past 
half century (Leavitt and Hodgson, 2001; Chen et al., 2015). 
However, post-deposition degradation can lead to bias when 
Chl a is used to reconstruct historical changes in primary 
productivity in lakes and ponds in some environments. For 
example, it has been found that intact Chl a could be partly 
degraded in sediment in “shallow” lakes with low 
accumulation rates and oxidizing conditions in Antarctica 
(Squier et al., 2004; Hodgson et al., 2005; Roberts et al., 
2006). It can be appreciated from the information presented 
above that using δ13COM and Chl a as proxies to allow 
aquatic primary productivity records for Antarctica to be 
reconstructed is complicated. Confounding effects of 
various factors in certain sedimentary environments need to 
be eliminated. Other relatively reliable proxies for aquatic 
primary productivity in lakes and ponds in Antarctica 
should be developed to allow historical primary 
productivity to be reliably reconstructed.  

Lipid biomarkers (e.g., n-alkanoic acids) are ubiquitous in 
lacustrine sediments, and compound-specific carbon and 

hydrogen isotopes have been used as accurate proxies in 
paleo-climate and paleo-ecological studies for several 
decades (Sachse et al., 2012; Sessions, 2016; Huang and 
Meyers, 2019; Chen et al., 2022, 2023). n-Alkyl lipids with 
different chain lengths have more specific source organisms 
than bulk organic matter, and n-alkyl lipids in sediment are 
more resistant than bulk organic matter to biological and 
abiotic degradation processes. The δ13C values of n-alkyl 
lipids are not markedly changed by even moderate 
degradation (Huang et al., 1997; Li et al., 2017). The 
concentrations and carbon isotope compositions of n-alkyl 
lipids derived from phototrophic algae may therefore be 
used as indicators to investigate historical changes in 
primary productivity in lakes (Aichner et al., 2010a; 
Castañeda and Schouten, 2011). The underlying principle is 
that photosynthesis by algae uses 12CO2 in preference to 
13CO2. However, algae will assimilate more 13C-enriched 
dissolved CO2 as the photosynthetic efficiency increases, 
resulting in lipids with relatively high δ13C values being 
synthesized (Bird et al., 1991; Wei et al., 2016; Mahesh et 
al., 2019; Ashley et al., 2021). The δ13C values of 
mid-chain-length n-alkanes derived from aquatic 
macrophytes have been successfully used as indicators of 
carbon limitation to assess historic primary productivity in 
lakes on the Qinghai-Xizang Plateau (Aichner et al., 2010a, 
2010b). Using compound-specific n-alkane carbon isotope 
data to assess paleo-productivity offers the advantages that 
the sources of lipids can be traced to particular organisms 
and n-alkanes are preserved exceptionally well in sediment. 
However, no study of whether lipid carbon isotopes can be 
used to investigate historic primary productivity in 
Antarctic lakes and ponds has been performed.  

Vascular plants are absent from the western Ross Sea 
region in Antarctica, and moss and lichen are only found in 
slightly wet areas. Abundant microbial mats (containing 
algae and cyanobacteria as the primary photoautotrophic 
organisms) have been found in lakes and ponds on 
Inexpressible Island in North Victoria Land in the western 
Ross Sea (Fumanti et al., 1997). In previous studies we 
found that short-chain n-alkanoic acids in sediment from 
surface lakes and ponds on Inexpressible Island are 
predominantly derived from phototrophic organisms (Chen 
et al., 2019, 2021). Antarctic lakes and ponds with abundant 
microbial mats are therefore ideal for determining carbon 
isotope signals of n-alkanoic acids in sediment profiles. In 
the study described here, we analyzed the distributions and 
compound-specific carbon isotope ratios of n-alkanoic acids 
in a lacustrine sediment profile (IIL3) from Inexpressible 
Island. We assessed the possibility of using the δ13C values 
of short-chain n-alkanoic acids in the lacustrine sediment 
profile to reconstruct historical changes in primary 
productivity. We believe that the results indicate that 
short-chain n-alkanoic acids can be used as new organic 
indicators to investigate historic primary productivity in 
lakes and ponds and therefore to investigate climate change 
in Antarctica.  
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2  Materials and methods 

2.1  Study site and sampling 

The study site was described in previous publications 
(Chen et al., 2019, 2021). Briefly, the IIL3 sediment core 
was collected from a small pond on Inexpressible Island, 
North Victoria Land, western Ross Sea, Antarctica. The 
location of the sampling site is shown in Figure 1. 
Inexpressible Island has an extreme climate with strong 
katabatic winds, low air temperatures, and little 
precipitation because of air masses coming from the Ross 
Sea, Ross Ice Shelf, and Victoria Land (Monaghan et al., 
2005). Data from meteorological stations on Inexpressible 
Island indicate that the mean annual temperature is 
−16.1 °C, the maximum temperature in the austral summer  

is 5.4 °C, and the minimum temperature in the austral 
winter is −39.3 °C. The mean relative humidity is 42.1% 
(Ding et al., 2015). All of the lakes and ponds on 
Inexpressible Island are completely covered with ice in 
winter but most were ice free when the core was collected 
in summer. No visible outlets were observed for most of 
lakes and ponds in the study area during our field 
investigations, and water is lost mainly through evaporation 
(Michaud et al., 2012). We previously found that lakes and 
ponds with no ice cover when the core was collected had 
relatively high water isotope values and salinities because 
of strong evaporation (Chen et al., 2021). Abundant floating 
microbial mats containing cyanobacteria and algae are the 
primary phototrophic organisms in the lakes and ponds. 
Vascular plants are absent from Inexpressible Island, moss 
and lichen are also very rare arounding the study area. 

 

Figure 1  Map showing the study area. Location of Inexpressible Island, Ross Sea, Antarctica (a and b). c, Location of the pond on 
Inexpressible Island that the lacustrine sediment profile IIL3 was collected from (redrawn from Jin et al. (2021)).  

The IIL3 sediment core was collected using a 
poly(vinyl chloride) pipe ~12 cm in diameter that was 
hammered into the sediment. The IIL3 core was 54 cm long. 
Subsamples were collected at 0.5 cm intervals along the 
core. The samples were stored at −20 °C until they were 
analyzed. Field observations and geochemical analyses 
indicated that the IIL3 sediment core did not contain 
appreciable amounts of animal feces (Wei et al., 2016; Jin et 
al., 2021). The IIL3 sediment profile chronology was 
determined by accelerator mass spectrometry 14C dating of 
bulk organic matter, and the results were reported in a 
previous publication (Jin et al. 2021). An age–depth model 
based on the SHCal13 Southern Hemisphere terrestrial 
source calibration was established, and the inferred age of 
the bottom section of the IIL3 profile was 3179 a BP (Jin et 
al., 2021).  

2.2  Sample analysis 

The procedure used to analyze n-alkanoic acids and 
sterols was described in detail by Chen et al. (2019). Briefly, 
total lipids were extracted from a ~1 g aliquot of a sediment 
sample by accelerated solvent extraction (using an Dionex 
ASE 200 instrument; Thermo Fisher Scientific, Waltham, 
MA, USA) using a 9 ∶ 1 (volume ratio) mixture of 
dichloromethane and methanol. The extract was passed 
through an aminopropylsilyl gel column and then an acid 
fraction was eluted using 4% acetic acid in ether and a 
neutral fraction was eluted using a 2∶1 (volume ratio) 
mixture of dichloromethane and isopropanol. The neutral 
fraction was then passed through a silica gel column, which 
was eluted with hexane (fraction N1), dichloromethane 
(fraction N2), a 3∶1 (volume ratio) mixture of hexane and 
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ethyl acetate (fraction N3), and methanol (fraction N4). 
Fraction N3 was silylated using N,O-bis (trimethylsilyl) 
trifluoroacetamide before instrumental analysis. Fatty acids 
were methylated using anhydrous 5% HCl in methanol at 
60 °C overnight. The methyl esters of carboxylic acids were 
purified by passing the extract through a silica gel flash 
column, which was eluted using dichloromethane. Fatty 
acid methyl esters and sterols were determined using an 
Agilent 6890+ gas chromatograph with flame ionization 
detection (Agilent Technologies, Santa Clara, CA, USA) 
with a DB-1 column (30 m long, 320 μm inner diameter, 
0.17 μm film thickness; Agilent Technologies). The 
compounds of interest were identified using an Agilent 
6890 gas chromatograph with an Agilent 5973N quadrupole 
mass spectrometer (Agilent Technologies). Hexamethylbenzene 
and 5α-cholestane were added to the fatty acid methyl ester 
and sterol fractions to allow the concentrations to be 
calculated from the proportional relationships between the 
peak areas of the biomarkers. Sedimentary lipid fluxes were 
calculated using the equation sedimentary lipid flux 
(μg·cm−2·a−1) = concentration (μg·g−1) × sedimentation rate 
(cm·a−1) × dry bulk density (g·cm−3). The sedimentation rate 
and dry bulk density were taken from a previous publication 
(Jin et al., 2021).  

The carbon isotope compositions of methylated 
n-alkanoic acids were determined using an HP 6890 gas 
chromatograph (Agilent Technologies, Santa Clara, CA, 
USA) connected through a combustion reactor to a Thermo 
Finnigan Delta V plus isotope ratio mass spectrometer 
(Thermo Fisher Scientific, Waltham, MA, USA) (Thomas et 
al., 2014). External standards (C16, C18, C22, C24, and C28 
fatty acid methyl esters) with predetermined carbon isotope 
ratios were analyzed after every sixth sample injection to 
monitor instrument stability (Gao et al., 2011; Chen et al., 
2019). The δ13C values for the individual n-alkanoic acids 
were corrected for the carbon isotopes in the methyl group 
added during methylation (Tierney et al., 2010). Carbon 
isotope values were expressed in units of per mil (‰) 
relative to Vienna Pee Dee Belemnite. The mean standard 
deviation for duplicate analyses of the extracts was <0.4‰. 

Organic carbon isotope analysis of the samples treated 
with 1 mol·L−1 HCl was performed using the sealed tube 
combustion method (Wei et al., 2016). The analytical 
precision (standard deviation) of the organic carbon isotope 
measurements was better than ±0.1‰. The δ13CTOC values 
for the IIL3 sediment core were reported previously by Jin 
et al. (2021). 

3  Results 

3.1  Lipid distribution patterns and concentrations in 
the sediment profile 

The n-alkanoic acid distribution in the surface 
sediment (the top 6 cm) in the IIL3 core was described 

previously (Chen et al., 2019). The n-alkanoic acids were 
dominated by C16 and C24, and compound-specific carbon 
and hydrogen isotope analyses indicated that they were 
predominately derived from phototrophs and heterotrophs, 
respectively (Chen et al., 2019, 2021). We mainly focused 
on n-alkanoic acids with carbon chain lengths of C14–C18 
derived from phototrophic organisms and therefore did not 
consider mid-and long-chain n-alkanoic acids (C22–C30) 
derived from heterotrophic microbes. The short-chain 
n-alkanoic acid concentrations varied markedly through the 
IIL3 sediment profile (Table S1). The total short-chain 
(C14–C18) n-alkanoic acid concentrations in the IIL3 core 
were 8.46–63.44 μg·g−1 (Table S1).  

Three sterols (cholesterol, sitosterol, and stigmasterol) 
were found in the IIL3 sediment profile (Table S2). Cholesterol 
was the most abundant sterol, and was found at concentrations 
of 5.40–27.97 μg·g−1. The sitosterol concentrations were 
4.28–14.94 μg·g−1 and the stigmasterol concentrations were 
2.42–9.01 μg·g−1.  

3.2 Compound-specific carbon isotopes in the 
sediment profile 

We measured the δ13C values of n-alkanoic acids with 
even numbers of carbon atoms in the chains. The 
concentrations of n-alkanoic acids with odd numbers of 
carbon atoms in the chains were too low for accurate carbon 
isotope measurements to be made. The mean δ13C values of 
C18 n-alkanoic acid (around −26‰) was slightly lower than 
C14 and C16 n-alkanoic acids (Table 1 and Figure 2). The 
δ13C values for the n-alkanoic acids in the IIL3 sediment 
profile varied (Figure 3). The n-alkanoic acid δ13C values 
were high for sediment 54–50, 38–20, and 15–8 cm deep 
and low for sediment 50–40, 20–18, and 10–5 cm deep.  

4  Discussion 

4.1  Potential sources of the lipids in the sediment 

Short-chain n-alkanoic acids are usually found in 
phototrophic organisms such as algae and cyanobacteria 
(Ficken et al., 2000; Liu and Liu, 2017). Short-chain 
n-alkanoic acids were abundant throughout the IIL3 
sediment profile, indicating that these compounds may have 
been mainly derived from phototrophic organisms (e.g., 
algae and cyanobacteria) (Chen et al., 2019, 2021). 
Compound-specific carbon isotope analysis can allow the 
sources of organic matter in complex sedimentary 
environments to be identified. The mean δ13C value for C16 
n-alkanoic acid in the IIL3 sediment core was −23.5‰, and 
the mean δ13C value for the microbial mat samples was 
similar (Figure 2). Taking the very low concentrations of 
n-alkanoic acids found in soils into consideration (Chen et 
al., 2019), these results suggest that short-chain n- 
alkanoicacids in the IIL3 sediment profile primarily originated 
in phototrophic organisms growing in microbial mats. The  
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Table 1  δ13C values for short-chain n-alkanoic acids and total organic matter (TOC) in the IIL3 sediment profile 

Depth/cm Dating materials 
Conventional age/ 

 (a BP) 
Calibrated age/ 

 (cal. a BP) 
C14/‰ C16/‰ C18/‰ TOC/‰ 

0.5    −23.7 −20.9 −25.3 −13.8 

2    −22.5 −21.9 −23.1 −13.3 

4    −21.8 −22.5 −24.8 −13.6 

6 Sediment 440 504–449 −23.0 −24.9 −25.7 −13.0 

8    −21.5 −21.6 −26.3 −12.5 

10    −20.2 −21.9 −26.5 −12.7 

12    −22.2 −24.2 −27.9 −13.3 

14 Sediment 1130 995–934 −21.9 −23.5 −25.1 −13.6 

16    −23.1 −25.8 −26.1 −13.5 

18    −20.1 −21.9 −23.6 −13.6 

20    −21.0 −23.2 −24.2 −13.8 

22 Sediment 1500 1372–1305 −21.0 −23.3 −27.1 −13.7 

24    −20.9 −22.9 −23.7 −14.2 

26    −20.5 −22.1 −22.6 −14.1 

28    −21.1 −23.1 −24.3 −14.0 

30 Sediment 1790 1710–1594 −22.4 −23.9 −27.3 −13.5 

32    −22.1 −23.0 −25.0 −13.6 

34    −22.9 −24.7 −27.9 −14.1 

36    −21.9 −23.6 −24.9 −13.7 

38 Sediment 2560 2604–2490 −22.3 −24.9 −27.7 −15.1 

40    −22.7 −25.2 −27.1 −15.0 

42 Sediment 3170 3406–3244 −23.6 −26.1 −28.0 −15.2 

44    −23.4 −25.7 −27.6 −15.6 

46    −24.1 −26.3 −28.0 −15.1 

48 Sediment 2960 3158–2967 −21.3 −23.1 −28.5 −15.4 

50    −22.8 −25.7 −27.6 −15.5 

52    −21.4 −21.4 −26.4 −16.1 

54 Sediment 2970 3169–2965 −21.1 −21.4 −28.2 −15.5 

Note: The δ13CTOC values and radiocarbon dates for the IIL3 sediment samples were taken from Jin et al. (2021). 

 

 
Figure 2  Mean δ13C values for short-chain n-alkanoic acids in 
the IIL3 sediment samples. Each error bar indicates the standard 
deviation for all of the relevant data. The microbial mat, moss, and 
soil data were taken from Chen et al. (2019).  

 
Figure 3  Variations in δ13C values for short-chain n-alkanoic 
acids in the IIL3 sediment profile. 

δ13C values for the short-chain n-alkanoic acids decreased 
as the carbon chain length increased (Figure 2), suggesting 
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that the chain elongation process resulted in 13C depletion 
(Hayes, 2001; Chikaraishi and Naraoka, 2007).  

Algae in the lakes and ponds on Inexpressible Island 
have previously been systematically investigated (Fumanti 
et al., 1997). Bacillariophyta, Chlorophyta, and Cyanophyta 
were found to be the most important algae in the lakes and 
ponds. Phormidium frigidum, Nostoc commune, and 
Phormidium antarcticum were the most abundant 
Cyanophyta, and Pinnularia cymatopleura and Navicula 
muticopsis were the most abundant Bacillariophyta. 
Microalgae contain a wide range of sterols, and 
Bacillariophyta, Chrysophyta, and Cryptophtya often 
contain epi-brassicasterol, stigmasterol, and cholesterol, 
with cholesterol the dominant sterol in chlorophytes 
(Rampen et al., 2010; Volkman, 2018). Cholesterol, 
stigmasterol and sitosterol were found throughout the IIL3 
sediment profile (Table S2). Very similar results were 
previously found for phototrophic organisms in microbial 
mats in lakes and ponds on Inexpressible Island (Fumanti et 
al., 1997). Short-chain (e.g., C16 and C18) n-alkanoic acids 
are often found in phototrophic organisms such as 
cyanobacteria and microalgae (Grimalt et al., 1991; 
Dalsgaard et al., 2003). Jungblut et al. (2009) systematically 
characterized n-alkanoic acids in cyanobacteria-dominated 
microbial mats from the McMurdo Ice Shelf in Antarctica. 
C16 n-alkanoic acid was found to have primarily originated 
in cyanobacteria and microalgae, which dominated the 
microbial mats in the study area (Jungblut et al., 2009). Our 
results led us to conclude that short-chain n-alkanoic acids 
in the IIL3 sediment profile predominantly originated in 
phototrophic organisms, including Bacillariophyta, 
Chlorophyta, and Cyanophyta.  

4.2  Factors affecting the δ13C values of n-alkanoic 
acids in the IIL3 sediment profile 

The δ13C values for n-alkanoic acids in phototrophic 
algae and cyanobacteria are mainly controlled by the carbon 
isotope ratios of dissolved inorganic carbon (DIC), 
post-deposition degradation, and changes in photosynthetic 
fractionation (εp) (Aichner et al., 2010a, 2010b; Castañeda 
and Schouten, 2011; Ashley et al., 2021). Here, we will 
discuss these potential drivers of variations in the δ13C values 
of n-alkanoic acids in the IIL3 sediment profile separately.  

4.2.1  Isotope composition of DIC 

The carbon isotope composition of DIC in lakes and 
ponds assimilated by phototrophic organisms strongly 
affects the δ13C values of the lipids produced by the 
phototrophic organisms. In mainland lakes with sufficient 
dissolved CO2, phototrophic algae preferentially use 12CO2, 
resulting in the residual CO2 becoming enriched in 13C. 
However, CO2 in the atmosphere cannot exchange with CO2 
in the water in Antarctic lakes and ponds at times when the 
lakes and ponds are covered with ice, and continuing 
photosynthesis can cause CO2 in the lake water to become 

enriched in 13C (Bird et al., 1991; Wei et al., 2016). The 
IIL3 sediment core was collected from a pond no more than 
0.5 m deep (Chen et al., 2019). No ice cover was present 
during our field study in the austral summer because the air 
temperature had quickly increased above freezing point 
(Chen et al., 2021). CO2 in the atmosphere can exchange 
freely with CO2 in lake and pond water during the period 
algae and cyanobacteria grow. The relatively high 
temperatures and solar radiation levels during the austral 
summer promote blooms of phototrophic organisms. 
Increased photosynthesis causes a CO2-diffusion-limited 
environment to develop because dissolved CO2 is rapidly 
consumed (Bird et al., 1991; Aichner et al., 2010b; Wei et 
al., 2016; Ashley et al., 2021). Algae and cyanobacteria 
therefore assimilate a larger proportion of 13CO2 for 
photosynthesis, leading to higher δ13C value of n-alkanoic 
acids. 

Bedrock erosion and meltwater can also supply DIC 
(e.g., bicarbonate and carbonate) to lakes and ponds 
(Neumann et al., 2004). Bicarbonate assimilated by 
phototrophs may also cause 13C-enrichment in lipids 
because the δ13C value is generally higher for bicarbonate 
than CO2 in the atmosphere (Aichner et al., 2010b). Lakes 
and ponds on Inexpressible Island are mostly at ~pH 8.5 
(Fumanti et al., 1997), at which bicarbonate preferentially 
forms. In a previous study, relatively low bicarbonate 
concentrations of 0.23–1.58 mEq·L−1 were found in lakes 
and ponds on Inexpressible Island that had not been affected 
by animal feces (Porcino et al., 2020). δ13C values of 
−0.86‰ to −0.04‰ have been found for bicarbonate 
supplied by bedrock and meltwater in the McMurdo Dry 
Valleys in Antarctica (Neumann et al., 2004). However, the 
small carbon isotope composition range for bicarbonate 
cannot have caused the relatively large variations (~6‰) in 
the δ13C values of the n-alkanoic acids in the IIL3 sediment 
profile (Figure 3), suggesting that assimilation of 
bedrock-supplied bicarbonate by phototrophic organisms 
could be ignored. We therefore concluded that phototrophic 
organisms in the studied pond all used dissolved CO2 
supplied by the atmosphere and that bicarbonate supplied 
by meltwater was not likely to be used by the organisms. 
According to Antarctic ice core records, δ13C values for 
CO2 in the atmosphere have varied over time by <0.5‰ 
(Indermühle et al., 1999), meaning such variations could 
not have contributed to the relatively large variations in the 
δ13C values for the n-alkanoic acids in the IIL3 sediment 
profile. The carbon isotope compositions of DIC and CO2 in 
the atmosphere were therefore not the main factors driving 
the variations in the δ13C values for the n-alkanoic acids in 
the sediment profile.  

4.2.2  Effects of post-deposition degradation on the δ13C 
values of n-alkanoic acids 

Microbial degradation strongly affects the carbon 
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isotope compositions of n-alkanoic acids in sediment. For 
example, the δ13C value for C16 n-alkanoic acid supplied by 
algae in oxic and anoxic seawater increased by ~4.6‰ 
during 100 d of incubation (Sun et al., 2004). The 
n-alkanoic acid concentration decreased markedly in 
two–three months. However, such changes occurred 
relatively rapidly in sediment incubated at 15 °C but did not 
match the changes of n-alkanoic acid concentration and 
δ13C value that we found in the IIL3 sediment profile. For 
example, the C16 n-alkanoic acid δ13C values were higher 
for sediment from 38–20 and 15–8 cm deep than the top 
sediment from the core (Figure 3). Similar patterns were 
found for the concentrations of n-alkanoic acids with 
different chain lengths, indicating that microbial 
degradation was not the main factor causing the changes in 
the n-alkanoic acid concentrations in the core (Table S1). It 
has been found in previous studies that decomposition in 
the field did not markedly affect the carbon isotope 
compositions of n-alkyl lipids (Huang et al., 1997; Li et al., 
2017; Yan et al., 2021). The extremely low temperatures on 
Inexpressible Island are suitable for preserving lipids in 
lacustrine sediment. We concluded that degradation had 
negligible effects on the n-alkanoic acid δ13C values.  

4.2.3  Changes in species in the past 3200 years 

Changes in the biota species present over the past  
3200 years could have affected the n-alkanoic acid δ13C 
values because of different 13C/12C fractionations between 
different species (Crosta et al., 2005). For example, 
different degrees of carbon isotope fractionation occur in 
diatoms such as Fragilariopsis kerguelensis, which are 
dominant in the open ocean, and species such as 
Fragilariopsis curta that prefer to occupy sea ice (Popp et 
al., 1998). We investigated the different types of sterols 
produced by a small range of phototrophs in the core. 
Similar changes in the sedimentary fluxes of cholesterol, 
stigmasterol , and sitosterol were found from the IIL3 
sediment profile data (Table S2 and Figure 4), indicating 
that the abundances of the three dominant phototrophs 
Bacillariophyta, Chlorophyta, and Cyanophyta changed in 
synchrony over the past 3200 years. Importantly, the 
short-chain n-alkanoic acid δ13C difference between 
Bacillariophyta and Chlorophyta determined in laboratory 
experiments were <2‰ (Schouten et al., 1998). The δ13C 
values for individual short-chain n-alkanoic acids in the 
sediment profile exhibited similar change patterns   
(Figure 3). The results suggested that the effects of species 
changes on n-alkanoic acid δ13C values could also be 
neglected.  

4.2.4  Factors controlling εp 

We assumed that εp was the main driver of variations 
in the n-alkanoic acid δ13C values in the IIL3 sediment 
profile, considering the information presented above. The εp 
is controlled by the dissolved CO2 concentration in surface 
water, with small carbon fractionation occurring at low than 

high dissolved CO2 concentrations (Aichner et al., 2010b; 
Wei et al., 2016; Ashley et al., 2021). The dissolved CO2 
concentrations in Antarctic lakes and ponds are controlled 
by various factors including the CO2 concentration in the 
atmosphere, the extent of ice cover (Neumann et al., 2004), 
and primary productivity (Bird et al., 1991).  

As mentioned above, CO2 can fully exchange between 
the atmosphere and the water in ponds on Inexpressible 
Island in summer because of the lack of ice. Dissolved CO2 
and CO2 in the atmosphere will therefore reach equilibrium 
quickly. Antarctic ice core records indicate that the CO2 
concentration in the atmosphere has varied by <10 mg·m–3 
in the past 3000 years except after the Industrial Revolution 
(Monnin et al., 2004). The relatively small changes in the 
CO2 concentration in the atmosphere are unlikely to have 
been the dominant drivers of the large changes in the 
n-alkanoic acid δ13C values in the sediment core (Ashley et 
al., 2021). The most likely driver of variations in the 
n-alkanoic acid δ13C values in the sediment core was 
primary productivity in the pond.  

The carbon isotope compositions of organic matter 
produced by phototrophic algae and cyanobacteria strongly 
correlate with the primary productivities of lakes and ponds 
(Hodgson et al., 2005; Aichner et al., 2010a; Borghini et al., 
2016; Mahesh et al., 2019). Phototrophic organisms 
preferentially assimilate 12CO2 for photosynthesis, leaving 
the residual CO2 in the water enriched in 13C. However, 
phototrophic organisms assimilate more 13CO2 under high 
primary productivity conditions than otherwise, leading to 
the δ13C values of the lipids produced by the phototrophic 
organisms leading to higher δ13C values in the lipids 
produced by the phototrophic organisms (Aichner et al., 
2010a; Ashley et al., 2021). We previously found that 
sections of the IIL3 sediment profile containing 
13C-enriched organic matter matched periods of high 
primary productivity in the pond because of carbon-limited 
conditions caused by enhanced photosynthetic activity (Wei 
et al., 2016; Jin et al., 2021). We therefore suggest that the 
variations in the C16 n-alkanoic acid δ13C values in the IIL3 
sediment profile were most likely associated with changes 
in the dissolved CO2 concentrations in the water, driven by 
primary productivity in the pond.  

It has also been concluded that the δ13C values of lipids 
in sediment derived from phototrophic organisms can be 
used to assess primary productivity in high productive lakes 
and oceans (Aichner et al., 2010a; Castañeda and Schouten, 
2011; Ashley et al., 2021). In a study in which fatty acids 
derived from phytoplankton were labeled with carbon 
isotopes it was found that the δ13C values of fatty acids 
strongly positively correlated with primary production 
(Dijkman et al., 2009), suggesting that the δ13C values of 
fatty acids can be used to indicate primary aquatic 
productivity. The δ13C values of C23 n-alkanes derived from 
aquatic macrophytes have been found to be excellent 
proxies for paleo-productivity in Lake Koucha in the 
eastern part of the Qinghai-Xizang Plateau (Aichner et al.,  
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Figure 4  Primary productivity data for Inexpressible Island in the past 3200 years and air temperature changes determined from an ice 
core. The air temperature changes were determined from the δD values for an ice core from the Talos Dome (10 point running mean) 
(Mezgec et al., 2017). 
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2010a). Using δ13C values of C23 n-alkanes derived from 
aquatic macrophytes is particularly effective for very 
productive lakes and ponds with stable and single 
phototrophic organism sources of organic matter, such as 
lakes and ponds in Qinghai-Xizang Plateau and Antarctica.  

4.3  Using n-alkanoic acid δ13C values as proxies 
for paleo-productivity 

Comparison of down core variations in compound- 
specific carbon isotopes with other proxies also can be used  
to interpret our records. The carbon isotope compositions of 
organic matter, and fatty acids and sterols concentration, 
have been successfully used to reconstruct historic aquatic 
primary productivity (Meyers, 2003; Hodgson et al., 2005; 
Castañeda and Schouten, 2011). In previous studies, we 
found that the total organic matter δ13C values for a 
sediment core strongly correlated with primary productivity 
for a pond on Inexpressible Island, with 13C enrichment 
indicating high productivity (Wei et al., 2016; Jin et al., 
2021). Short-chain n-alkanoic acids are biomarkers of 
aquatic phototrophic organisms, and short-chain n-alkanoic 
acid concentrations can be used to indicate primary 
productivity of a lake (Huang et al., 1999; Hodgson et al., 
2005). Sterols such as cholesterol, sitosterol, and stigmasterol 
have been found in various types of phytoplankton, including 
chlorophytes and diatoms (Volkman, 2018). The sediment 
fluxes of such compounds can also be used to indicate the 
primary productivity of a lake or pond (Castañeda and 
Schouten, 2011). The sediment fluxes of short-chain 
n-alkanoic acids and sterols strongly positively correlated 
with the C16 n-alkanoic acid carbon isotope ratios for the 
sediment profile (Figure 4). C16 n-alkanoic acid had higher 
δ13C values for the period ~750–1650 and 3000–3200 a BP, 
corresponding to higher sediment fluxes of sterols and 
short-chain n-alkanoic acids, than for the other periods 
(Figure 4). Under carbon-limited conditions driven by high 
productivity conditions, dissolved 12CO2 will quickly be 
used up by phototrophic organisms, so more 13CO2 will be 
assimilated and the δ13C16 values will be higher. In contrast, 
the C16 n-alkanoic acid δ13C values were relatively low for 
the periods ~150–600 and 2500–3000 a BP. The lower 
sediment fluxes of sterols and short-chain n-alkanoic acids 
indicated lower productivity during these periods. We 
assumed that the changes in the C16 n-alkanoic acid δ13C 
values were closely associated with changes in the CO2 
concentration in the surface water, which is driven by the 
primary productivity of the lake or pond. The results 
indicated that the δ13C values of C16 n-alkanoic acids 
associated with phototrophic organisms can be used as new 
proxies for reconstructing the historic primary productivities 
of lakes and ponds in Antarctica.  

4.4  Potential implications for the paleoclimate of 
Antarctica 

We found that the δ13C values of n-alkanoic acids 
derived from phototrophic organisms can be used to 

indicate primary productivity of lakes and ponds in 
Antarctica. It has been found in a number of previous 
studies (Bird et al., 1991; Böttger et al., 1993; Mahesh et al., 
2019) that aquatic primary productivity in Antarctica is 
primarily related to the CO2 concentration in the 
atmosphere, physical diffusion barriers (ice cover), nutrition, 
and the water temperature. A higher CO2 concentration in 
the atmosphere can promote the growth of algae, which will 
increase primary productivity in lakes and ponds (Jansson et 
al., 2012). The pond from which we collected the core is not 
covered with ice during the austral summer because the air 
temperature is relatively high (Chen et al., 2021). This 
means that CO2 in the atmosphere can mix readily with the 
pond water. The small variations in the CO2 concentration 
in the atmosphere reconstructed from Antarctic ice cores  
(< 10 mg·m–3 over the past 3200 years (Monnin et al., 2004)) 
indicate that such variations were not the main drivers of 
variations in primary productivity in the pond from which 
our core was collected. Our field observations and 
geochemical analyses indicated that the pond from where 
the IIL3 core was collected has not been affected by animal 
feces (Wei et al., 2016; Chen et al., 2019; Jin et al., 2021). 
We hypothesized that the air temperature may be the most 
important factor driving changes in productivity in 
Antarctica over the past 3200 years.  

We compared the aquatic productivity indicated by 
compound-specific carbon isotope data and sediment fluxes 
of short-chain n-alkanoic acids and sterols with the air 
temperatures determined from an ice core collected from 
the Talos Dome in the western Ross Sea (Figure 4). The 
aquatic primary productivity was higher in the relatively 
warm periods ~750–1650 and 3000–3200 a BP than the 
colder periods ~150–600 and 2500–3000 a BP. It is a 
reasonable conclusion that a warmer climate (meaning that 
there would be more solar radiation and less ice cover 
during the austral summer than in periods of a cooler 
climate) would promote blooms of algae and cyanobacteria 
in lakes and ponds in Antarctica (Bird et al., 1991; Wei et al., 
2016). Our results are supported by previous findings that 
the air temperature strongly affects primary productivity in 
lakes and ponds in Antarctica (Borghini et al., 2016; 
Mahesh et al., 2019). For example, the algal biomass 
indicated by pigments in lakes and ponds decreases as the 
latitude increases in Victoria Land, East Antarctica 
(Borghini et al., 2016). Recent global warming has caused 
productivity to increase rapidly in east Antarctic lakes 
because lakes and ponds are ice-free for longer during the 
austral summer (Roberts et al., 2006). We suggest that the 
δ13C values of n-alkanoic acids derived from phototrophic 
organisms can be used as new organic proxies to reconstruct 
paleo-productivity and therefore indicate regional climate 
changes in ice-free regions of Antarctica.  

5  Conclusions  

We found that the δ13C values of n-alkanoic acids 
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produced by phototrophic organisms can be used as new 
proxies for the productivities of Antarctic lakes and ponds. 
The short-chain n-alkanoic acids in sediment had similar 
δ13C values to floating microbial mats, indicating that 
short-chain n-alkanoic acids in the sediment were primarily 
derived from phototrophic organisms. The carbon isotope 
compositions of short-chain n-alkanoic acids in the IIL3 
sediment profile were mainly related to primary 
productivity in the studied pond. At a high photosynthesis 
efficiency, dissolved CO2 would have been rapidly 
consumed, resulting in CO2-diffusion-limited growth and 
more 13CO2 being assimilated into lipids in the aquatic 
microbial mats. The aquatic productivities predicted from 
the n-alkanoic acid δ13C values were compared with the 
aquatic productivities predicted using various proxies 
(δ13CTOC and sedimentary fluxes of n-alkanoic acids and 
sterols) in the same core. The C16 n-alkanoic acid δ13C 
values positively correlated with aquatic productivity, with 
13C enrichment indicating higher productivity. The results 
indicated that the δ13C values of n-alkanoic acids derived 
from phototrophic organisms can be used as new reliable 
proxies for reconstructing historic changes in the primary 
productivities of lakes and ponds in Antarctica and then to 
indicate regional climate changes.  
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Supplementary Tables 

Table S1  Concentrations of short-chain n-alkanoic acids in the IIL3 sediment profile 

Depth/cm C14/(μg·g−1) C15/(μg·g−1) C16/(μg·g−1) C17/(μg·g−1) C18/(μg·g−1) 

0.5 6.83 2.93 40.66 1.18 11.83 

2 3.56 1.40 25.94 0.91 10.59 

4 2.47 0.94 22.75 0.67 12.43 

6 1.53 0.65 11.16 0.39 4.30 

8 2.88 1.04 24.66 0.74 9.27 

10 1.80 0.50 16.34 0.47 6.28 

12 2.30 0.73 18.43 0.53 9.53 

14 2.63 1.03 21.89 0.76 13.41 

16 0.86 0.36 9.39 0.27 4.68 

18 1.57 0.49 12.05 0.49 7.62 

20 1.44 0.47 12.04 0.51 8.17 

22 1.09 0.40 10.04 0.35 4.89 

24 1.38 0.44 11.78 0.46 9.43 

26 1.38 0.47 12.38 0.56 10.60 

28 1.16 0.41 11.20 0.41 8.03 

30 1.48 0.56 12.54 0.36 6.49 

32 0.80 0.31 7.47 0.25 3.45 

34 0.98 0.37 10.96 0.27 4.31 

36 2.97 1.04 24.06 0.68 7.30 

38 0.66 0.27 6.25 0.19 2.64 

40 0.78 0.31 7.41 0.34 3.06 

42 0.73 0.33 6.92 0.19 2.84 

44 1.00 0.42 8.63 0.28 4.10 

46 0.84 0.37 8.24 0.21 3.69 

48 0.77 0.30 6.95 0.25 2.87 

50 0.70 0.29 7.16 0.20 3.23 

52 0.55 0.18 5.41 0.15 2.16 

54 1.22 0.40 10.14 0.36 7.08 

 

Table S2  Concentrations of sterols in the IIL3 sediment profile  

Depth/cm Cholesterol/(μg·g−1) Stigmasterol/(μg·g−1) Sitosterol/(μg·g−1) 

0.5 27.97 9.01 14.94 

2 18.40 6.61 11.27 

4 17.53 5.05 8.88 

6 25.04 6.44 11.10 

8 22.99 5.85 10.53 

10 16.52 4.05 8.02 

12 12.26 3.22 7.04 

14 12.02 3.16 6.84 

16 8.94 2.81 5.48 

18 8.52 3.00 6.35 

20 8.99 3.88 8.40 
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Continued 

Depth/cm Cholesterol/(μg·g−1) Stigmasterol/(μg·g−1) Sitosterol/(μg·g−1) 

22 13.15 4.81 9.52 

24 10.52 3.58 7.17 

26 11.22 5.24 10.25 

28 6.76 3.71 7.38 

30 11.78 4.57 8.90 

32 6.76 2.77 6.15 

34 11.64 4.55 8.88 

36 14.37 6.08 11.63 

38 15.96 6.63 11.98 

40 11.73 4.06 7.35 

42 19.25 5.08 8.55 

44 13.90 4.68 8.48 

46 15.65 5.87 10.63 

48 11.55 4.26 7.40 

50 18.38 6.42 11.10 

52 5.40 2.42 4.28 

54 8.91 3.61 5.66 

 
 


