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Abstract  Molecular biomarkers (e.g., isoprenoid glycerol dialkyl glycerol tetraethers (iGDGTs) and proxies, such as 

di-unsaturated to tri-unsaturated highly branched isoprenoids (D/T) ratio, total organic carbon, δ13C and ice-rafted debris (IRD)) 

were used to reconstruct the dominant phytoplankton (diatoms, dinoflagellates and coccolithophores), phytoplankton and 

zooplankton productivity, biological pump structure, and archaea assemblage (Euryarchaeota and Crenarchaeota) from a marine 

sediment core (D5-6) dated with 210Pb (1922–2012). We characterized the environmental response to sea ice variations/global 

warming off the eastern Antarctic Peninsula. The results showed that (1) the biomarkers brassicasterol (average = 

519.79 ng·g−1), dinosterol (average = 129.68 ng·g−1) and C37 alkenones (average = 40.53 ng·g−1) reconstructed phytoplankton 

(average = 690.00 ng·g−1) and zooplankton (cholesterol average = 669.25 ng·g−1) productivity. The relative contribution to 

productivity by different phytoplankton groups was diatoms > dinoflagellates > coccolithophores. This is consistent with field 

surveys showing that diatoms dominate the phytoplankton in waters adjacent to the Antarctic Peninsula. (2) The relative 

abundances of different highly branched isoprenoids reflected the contributions of sea ice algae and open water phytoplankton 

(D/T = 1.2–30.15). Phytoplankton productivity and sea ice showed a good linear relationship with a negative correlation, 

indicating that more open water during periods of warming and reduced sea ice cover led to an enhanced biological pump. 

(3) Over the past 100 years, phytoplankton productivity and zooplankton biomass increased. This trend was particularly evident 

in the last 50 years, corresponding to increased global warming, and showed a negative correlation with IRD and D/T. This 

suggests that with decreasing sea ice coverage in a warming climate, diatom biomass greatly increased. Coccolithophore/diatom 

values and the ratio of C37 alkenones to total phytoplankton productivity decreased, indicating the proportion of coccolithophores 

in the phytoplankton community decreased. The reduction in coccolithophores changes the phytoplankton assemblage and 

affects the overall efficiency of the biological pump and carbon storage. (4) The results also showed that the abundance of 

iGDGTs and archaea phyla (Euryarchaeota and Crenarchaeota) showed consistent changes over the past 100 years in response to 

global warming. Since 1972, trends in archaea, phytoplankton and zooplankton showed variations but a consistent decline.

Whether their response to the changing climate off the Antarctic Peninsula involves interactions and influence among different 

marine biological groups remains an open question. As a result of global warming and reductions in Antarctic sea ice, the 

relative effectiveness of the Antarctic biological pump can significantly affect global ocean carbon storage. 
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1  Introduction 

Polar seas are an important sink in the global carbon cycle. 
With global warming, the structure and efficiency of the 
biological pump (BP) in polar seas have an important 
impact on the global carbon cycle. The marine BP is 
divided into an organic carbon pump and carbonate pump 
(Riebesell et al., 2000). While non-calcareous phytoplankton, 
such as diatoms and dinoflagellates, and larger algae 
sequester carbon in the ocean surface through 
photosynthesis and then through export production that 
transports organic material to the deep ocean (organic 
carbon pump), calcifying phytoplankton, such as 
coccolithophores and foraminifera, directly absorb the 
bicarbonate in seawater to form calcium carbonate; they 
transport carbon to the deep sea and release CO2 to the 
surface of the ocean (carbonate pump) (Holligan et al., 
1993). The relative strength of these two pumps largely 
determines the influence of the sea–air exchange of CO2, 
which is regulated by the BP and affected by phytoplankton 
community structure (Riebesell et al., 2001; Rost and 
Riebesell, 2004). These two pumps ultimately determine the 
proportion of organic and inorganic carbon transported to 
marine sediments (Werne et al., 2000). Different phytoplankton 
community compositions can directly affect the carbon 
cycle and energy flow in the Southern Ocean. 

The fundamental mechanism by which carbon is 
transported from surface water to the deep ocean through 
the BP is biological sequestration. Sequestration of carbon 
from the atmosphere into marine sediment occurs in a series 
of biological processes with about 3.7 × 105 billion tons of 
organic carbon stored in marine sediments. Within the BP, 
phytoplankton primary production determines the intensity 
of CO2 fixation by photosynthesis (Chen, 2004). The 
Antarctic Peninsula region is warming significantly faster 
than the global average. Satellite data have shown that sea 
ice around the Antarctic Peninsula froze later and thawed 
earlier, and that seasonal variations in sea ice extent have 
increased (Vaughan et al., 2003; Turner et al., 2005). The 
melting of sea ice affects phytoplankton biomass and can 
alter phytoplankton assemblage dominance from diatoms to 
cryptophytes (Moline et al., 2004; Montes-Hugo et al., 
2008), as well as reduce production of Antarctic krill 
(Euphausia superba) (Schloss et al., 2012). The sensitivity 
of the Antarctic Peninsula marine ecosystem and its 
response to rapid changes in sea ice and global warming, as 

well as its impact on the BP, have been the focus of many 
studies (Smith et al., 2011; Ducklow et al., 2015). 

In the Southern Ocean, phytoplankton community and 
BP research have mainly focused on structure and 
efficiency as key problems, but accurate information 
regarding changes to these requires long sequences of 
continuous data to identify spatial and temporal patterns. 
However, there is a shortage of related historical material 
from the Antarctic, especially information on zooplankton 
and phytoplankton productivity, sea ice algae, 
microorganisms (e.g., archaea) and synchronous 
observations of sea ice changes.  

It is currently an important part of global change 
research to actively acquire and verify new environmental 
proxy indicators. There are some sedimentary proxies for 
climate change that have well-defined sources including 
many molecular biomarkers, such as ones for diatoms 
(brassicasterol), dinoflagellates (dinosterol), coccolithophores 
(C37 alkenones), zooplankton productivity (cholesterol), ice 
algae (di-unsaturated highly branched isoprenoids, HBI II), 
open water phytoplankton (tri-unsaturated highly branched 
isoprenoids, HBI III), a sea ice index (HBI II/HBI III) and 
archaea (glycerol dialkyl glycerol tetraethers, GDGTs), 
specifically the moieties GDGT-0 for Euryarchaeota and 
crenarchaeol for Crenarchaeota. By using biomarker 
contents and compound ratios in marine sediment cores and 
analyzing the relationship between them and climate control 
factors, information about the evolution of marine 
communities, the surrounding environment and historical 
climate change can be retrieved. These techniques have 
been successfully applied in polar regions (Calvo et al., 
2004; Hernandez et al., 2008; Denis et al., 2010; Massé et 
al., 2011; Collins et al., 2013; Etoureau et al., 2013). 

In this study, a marine sediment core (D5-6), recovered 
from the eastern Antarctic Peninsula and dated using 210Pb, 
was studied using primarily biomarker contents and ratios. 
These data were combined with synchronous records of 
ice-rafted debris (IRD), total organic carbon (TOC) and 
δ13C to characterize the response of zooplankton (Antarctic 
krill) and phytoplankton to sea ice change and global 
warming in the eastern Antarctic Peninsula. The results 
were used to describe Antarctic climate–sea ice–ocean– 
biological community interactions and changes more clearly. 
Thus, this study investigated the response of a regional 
ecosystem (Antarctic Peninsula) to global warming over the 
past ~100 years. It is scientifically significant to reveal the 
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interactions between the polar ecosystem and climate 
change and also to provide data for subsequent research.  

2  Materials and methods 

2.1  Sample collection 

The Antarctic Peninsula is an important marginal region of 
Antarctica and the seas surrounding it (e.g., Weddell Sea) 
are a key area for primary production in the Southern Ocean; 
thus, it is an ideal area to study the BP and its changing 
trends in the Southern Ocean. Station D5-6 is located at 

44°40.709′W, 62°47.878′S (Figure 1) between the Scotia 
and Weddell seas and across the South Orkney platform off 
the eastern Antarctic Peninsula; the water depth is 385 m. 
The surface current is mainly in the northwest direction, and 
the current velocity flowing west is about 0.21 m·s−1. 
Material was collected during the 28th Chinese National 
Antarctic Research Expedition in 2011/2012, and a 
sediment core was recovered with a box sampler (column 
length = 17 cm). The sediments were mostly grayish silty 
clay. The core was sampled at one centimeter intervals in 
the laboratory for the determination of 210Pb, grain size 
parameters, IRD content and biomarker composition. 

 
Figure 1  Map showing the general circulation and sampling station D5-6 off the eastern Antarctic Peninsula (modified from 
Hernández-Molina et al., 2006). WSBW: Weddell Sea Bottom Water, WSDW: Weddell Sea Deep Water. 

2.2  Sample analyses 

2.2.1  210Pb dating 

Sediment samples (10 g) were freeze-dried and ground, 
then passed through a 100-mesh sieve and packed into a 
plastic container with the same specifications as the 
standard source. The samples were sealed with wax for    
1 month to put 226Ra and 210Pb into a permanent decay 
equilibrium. A high-purity germanium detector (GWL- 
120-15N), digital spectrometer and multi-channel analysis 
system (EG&G ORTEC) were used to determine the 210Pb 
content. The peak area at 46.5 keV was used to calculate the 
total 210Pb specific activity. The background 210Pb specific 
activity was calculated based on the peak area at 295.6 keV 
(214Pb, daughter of 226Ra). The difference of 295.6 keV 
(214Pb, daughter of 226Ra) is the excess specific activity of 
210Pb (210Pbex).  

For the energy resolution (FWHM) of 60Co at     
1.33 MeV ≤ 2.4 keV, and the FWHM of 57Co at 122 keV ≤ 
1.4 keV, the 210Pb and 226Ra standard samples were 

provided by the China Atomic Energy Research Institute 
(Han et al., 2015). 

2.2.2  Biomarker extraction and purification  

For sterol and GDGT analysis, sediment samples (10 g) 
were freeze-dried, ground and then loaded into an 
accelerated solvent extractor (ASE 350) (Chen et al., 2019). 
The samples were fully mixed and 24 alkanes with 
deuterium, 19 alcohols and C46-GDGT standards were 
added. A solvent mixture of dichloromethane:methanol (9:1, 
v:v) was used for extraction, and the extracted solution was 
collected, representing the total extractable organic matter. 
After being concentrated, a methanol solution with 6% 
KOH was added for alkaline hydrolysis. After 
ultrasonication, the methanol solution was left standing at a 
constant temperature overnight. n-Hexane was used for 
multiple ultrasonic extraction steps; after ultrasonication, 
the extraction fluid was combined and reduced under a 
stream of nitrogen to a smaller volume. The extract was 
separated by silica gel column chromatography, and the 
non-polar components were obtained by leaching with 
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n-hexane. The polar fraction was separated with 
dichloromethane:methane (1:1) leaching. The polar fraction, 
containing sterols and GDGTs, was divided into two 
extracts: one was derivatized with N,O-bis (trimethylsilyl) 
trifluoroacetamide for sterol analysis and the other was used 
in GDGT analysis.  

To analyze the HBIs, freeze-dried sediment was placed 
into a neutral borosilicate glass bottle to which an internal 
standard was added (Belt et al., 2012). The branched 
hydrocarbons 7-hexylnonadecane and 9-octylheptadec-   
8-ene were used to quantify a specific C25 HBI, IP25. A 
mixture of dichloromethane:methanol (2:1, v:v) was added 
into the sediment with a glass straw before ultrasonic 
extraction (34 kHz, 15 min) and centrifugation (2500 rpm); 
the extraction and centrifugation steps were repeated four 
times. The total organic matter extract was collected and an 
activated copper plate was added to remove sulfur. The 
extract was dried under a stream of nitrogen (25 ), and ℃
then redissolved with n-hexane before silica gel column 
(60–200 mm) chromatography. The extract was washed 
through with n-hexane to collect the non-polar components, 
including HBIs, and the resulting extract was dried under 
nitrogen (25 ) to a con℃ stant volume. 

2.2.3  Instrumental analysis 

To analyze sterols, an Agilent 6890N gas chromatograph 
(HP-1 methy-1 siloxane column with dimensions of 50 m 
× 0.32 mm × 0.17 μm) coupled to a flame ionization 
detector (FID) was used. The injection temperature was 
310  and the FID detector temperature was 320℃  . ℃
Non-shunt injection was used. The carrier gas (N2) 
velocity was kept at 1.2 mL·min−1. The heating procedure 
was an initial temperature of 80 , which was held for   ℃
1 min, with increases to 200  at 25℃  ℃·min−1, to 250  ℃
at 3 ℃·min−1 and to 300  at 1.8℃  ℃·min−1, at which point 
the temperature was held for 8 min; finally, the 
temperature was increased to 310  at 5℃  ℃·min−1 (held 
for 5 min). 

An ultra-high performance liquid chromatograph 
(Acquity UPLC, Waters Corp, USA) coupled to a mass 
spectrometer (Xevo TQ MS/MS, Waters Corp.) was used 
for GDGT analysis. A Waters HSS Cyano column (2.1 × 
150 mm2, 1.8 m) was used for the liquid chromatography 
with an injection volume of 2 L. The mass spectrometer 
used an atmospheric pressure chemical ionization source at 
a temperature of 150 . The probe temperature was 550℃  ℃, 
the gas flow in the cone hole was 100 L·h−1, the desolvent 
gas flow was 1000 L·h−1 and the impact gas flow was  
0.15 mL·min−1. To improve instrument sensitivity and 
reproducibility, selected ion monitoring mode was adopted 
for scanning. The m/z of scanned ion nuclei were: 1302 (V), 
1300 (VI), 1298 (VII), 1296 (VIII), 1292 (crenarchaeol, IV), 
1050 (III), 1048 (IIIb), 1046 (IIIc), 1036 (II), 1034 (IIb), 
1032 (IIc), 1022 (I), 1020 (Ib) and 1018 (Ic). The residence 
time of a single ion scan was 237 ms. Finally, an integral 

quantification of the peak area was carried out (Schouten et 
al., 2007).    

HBI samples were analyzed using a gas 
chromatograph (7890A, Agilent, USA) and mass 
spectrometer (5975C, Agilent, USA) combined system 
equipped with a HP-5MS column (30 m × 0.25 mm ×   
0.25 μm). The gas chromatography conditions were an inlet 
temperature of 300 ℃ and non-shunt injection. The heating 
procedure spanned 40–300  at 10℃  ℃·min−1 with a hold of 
10 min at 300 ℃. The mass spectrometry scanning range 
was 50–500 mass range with an ion bombardment source of 
70 eV; both total ion current scanning and selected ion 
monitoring were used. The ratio of scanning ion to plasma 
nucleus (m/z) was 348.3 (HBI II) and 346.3 (HBI III).  

All targeted biomarkers in the sediment samples were 
determined according to their characteristic ion peaks, 
retention times and relevant literature. Quantification of 
each target compound was determined by the ratio of the 
target peak to the peak area of the internal standard. 

2.2.4  Organic carbon and isotope determination 

A portion of each sediment sample was taken and 4 mol·L−1 
of HCl was added to excess for 24 h. The samples were 
washed with deionized water to neutralize the acid and then 
placed in an oven (60 ) to dry. After constant weighing℃ , 
samples were ground into powder through 60 mesh. To 
remove carbonate, subsamples (~10 mg) were accurately 
weighed and placed into 4 × 6 tin cups. The sedimentary 
TOC and δ13CTOC were determined online by an elemental 
analyzer (Flash EA 1112 HT, Thermo Scientific) coupled to 
a stable isotope mass spectrometer (Delta V Advantages, 
Thermo Scientific). The velocity of the carrier gas (He) was 
90 mL·min−1, the reaction tube temperature was 960 , and ℃
the chromatographic column temperature was 50 . To ℃
control data quality, duplicate samples were inserted into 
the test samples; the TOC STD of these duplicates was less 
than 0.25‰ and organic carbon isotope (δ13CTOC) STD < 
0.2. The δ13CTOC value is reported in delta notation 
compared to Pee Dee Belemnite international standard as a 
reference material.   

The sample experiments and tests were carried out at 
the Second Institute of Oceanography, Ministry of Natural 
Resources, China. 

2.2.5  IRD analysis 

Debris contained within ice is carried by icebergs to the 
ocean, forming IRD deposits. So far, there is no uniform 
standard to determine the IRD content (Cooke et al., 1982; 
Smith et al., 1983; Labeyrie et al., 1986; Phillips et al., 
2001). Our chosen method was to use an 1/10000 electronic 
balance to weigh 5–15 g of dry sample, sieve and retain the 
>250 µm particle fraction, then dry and weigh the material, 
and calculate the mass percentage of >250 µm particles 
(Han et al., 2015) (Figure 2).   
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Figure 2  Example features of ice-rafted debris from specific depths. a, 13–14 cm and b, 16–17 cm, in the D5-6 sediment core. 

3  Results and discussion 

3.1  Establishing the age model 

The determination of 210Pb in the sediment core and the 
sedimentation rate were calculated using the steady initial 
radioactivity model (CIC model). From the vertical profile 
of 210Pbex in the core, sedimentary 210Pbex declines 
exponentially with depth (Figure 3), indicating that the 
deposition and flux of 210Pbex into the sediments in this area 
were stable, and the accumulated 210Pbex did not migrate 
basically after deposition. The decay curve of 210Pbex and 
the column depth were fitted to calculate the sedimentation 
rate (S = 0.19 cm·a−1); the correlation coefficient was R = 
0.96 (n = 17) and the fitting degree was good. The sediment 
core has a total length of 17 cm, and a continuous marine 
sediment sequence was obtained with the resolution varying 
on a 5-year scale for 90 years (1922–2012). 

 
Figure 3  The 210Pbex profile in the D5-6 sediment core. 

3.2  Biomarker evidence for total phytoplankton 
and zooplankton productivity  

Phytoplankton communities are sensitive to climate change 
because their rapid succession reflects rapid changes in 
climate. It is important that their biomass determines the 
primary productivity of the upper ocean. Diatoms and 
dinoflagellates are the dominant phytoplankton groups in 
the Southern Ocean. Field measurements in waters adjacent 
to the Antarctic Peninsula showed that the phytoplankton is 

dominated by diatoms (Zhu et al., 1993; Rodriguez et al., 
2002; Luan et al., 2012; Murphy et al., 2012). Usually, the 
biomarkers studied here, namely brassicasterol, dinosterol 
and C37 alkenones, are cell membrane components of some 
diatoms, dinoflagellates and coccolithophores, respectively 
(Werne et al., 2000; Zhao et al., 2006). The relative changes 
of their sedimentary concentrations can indicate biomass or 
community structure changes in phytoplankton, while the 
total content of these three biomarkers can represent the 
total phytoplankton productivity (SUM) (Schubert et al., 
1998; Seki et al., 2004). The linear relationship between the 
productivity of diatoms and dinoflagellates in the sediment 
core was 0.72 < R < 0.96 and significant (P < 0.01, n = 18), 
indicating that the biomass correlation of these dominant 
groups was significant. Phytoplankton abundance, 
composition and cell size distribution directly affect the flux 
of organic carbon in the upper Southern Ocean water 
masses. 

According to our new ~100-year sedimentary record 
(Table 1), the reconstructed SUMs were 358.61–   
1179.40 ng·g−1 (brassicasterol = 269.67–944.32 ng·g−1, 
dinosterol = 62.35–199.14 ng·g−1 and C37 alkenones = 
26.52–51.26 ng·g−1). The average SUM was 690.00 ng·g−1, 
with specific average concentrations of 519.79 ng·g−1 for 
brassicasterol, 129.68 ng·g−1 for dinosterol and 40.53 ng·g−1 for 
C37 alkenones. Thus, diatoms, dinoflagellates and 
coccolithophores dominate phytoplankton productivity with 
relative contributions of diatoms > dinoflagellates > 
coccolithophores. Overall, biomarkers and the SUM 
showed an increasing trend from the bottom of the core to a 
relatively high value at 8.5 cm. All parameters, except C37 
alkenones, showed an increasing trend, indicating that 
primary phytoplankton productivity and zooplankton 
biomass increased overall. However, C37 alkenone 
concentrations, the C37 alkenones/SUM and C37 
alkenones/brassicaste (coccolithophores/diatoms) all 
decreased, indicating that the productivity of calcareous 
phytoplankton and its abundance in the phytoplankton 
assemblage decreased. This change in phytoplankton 
community structure affects the BP.  

The cholesterol trend, was used here to reconstruct 
temporal changes in zooplankton biomass, the average 
cholesterol content in the sediment core was 669.25 ng·g−1. 
It was similar to those for diatoms, dinoflagellates and the 
SUM overall, and showed a good correlation with diatoms 
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(R = 0.891, p < 0.01, n = 17; Figure 4). Antarctic krill are 
perennial marine macro-zooplankton (Nicol et al., 1999), and 
are a key species in the Southern Ocean ecosystem. The sea 
around the South Orkney Islands is one of the main habitats for 
Antarctic krill, and, in particular, is an important wintering site 
for juveniles (Reiss et al., 2008). Therefore, to a certain extent, 
sedimentary cholesterol content can track variability in 
Antarctic krill abundance. Generally, the trends in zooplankton 
biomass were relatively consistent with those for 
phytoplankton biomass. The increase and decline in diatoms 
directly affects zooplankton biomass because diatoms are an 
important food source for zooplankton, which, in turn, affects 
the quantity of phytoplankton through feeding. Notably, the 
sharp increase in cholesterol from 2.5 cm indicates a 
significant increase in Antarctic krill abundance that changes 
the pattern of phytoplankton. If this divergence with 
phytoplankton continues, it could have a serious impact on the 
marine food web and further affect the efficiency of the BP.  

 
Figure 4  Correlation between brassicasterol and cholesterol 
contents in the D5-6 sediment core. 

The SUM and cholesterol were also well correlated with 
TOC ((R = 0.8546, p < 0.05, n = 18, and R = 0.6319,  p < 
0.05, n = 18, respectively; Figure 5). This indicates that TOC 

Table 1  Distribution characteristics of molecular biomarker contents and total organic carbon (TOC) in the D5-6 sediment core 
Depth/ 

cm 
Cholesterol/ 

(ng·g−1) 
Brassicasterol/ 

(ng·g−1) 
Dinosterol/ 

(ng·g−1) 
C37 alkenones/

(ng·g−1) 
SUM/ 

(ng·g−1) 
Bra/Din Bra/SUM/% Din/SUM/% C37/SUM/%

TOC 
/% 

C37/Bra/%

0–1 2184.56 944.32 199.14 35.94 1179.40 4.74 80.07 16.88 3.05 1.97 3.81 

1–2 849.56 573.51 149.76 43.40 766.67 3.83 74.81 19.53 5.66 1.67 7.57 

2–3 1217.74 722.25 191.57 51.26 965.08 3.77 74.84 19.85 5.31 1.77 7.10 

3–4 720.06 560.70 155.16 53.78 769.64 3.61 72.85 20.16 6.99 1.60 9.59 

4–5 762.45 688.64 159.55 45.54 893.73 4.32 77.05 17.85 5.10 1.63 6.61 

5–6 805.77 623.82 159.32 46.56 829.70 3.92 75.19 19.20 5.61 1.95 7.46 

6–7 546.78 584.77 148.86 45.58 779.21 3.93 75.05 19.10 5.85 1.63 7.79 

7–8 542.36 569.23 137.80 40.64 747.67 4.13 76.13 18.43 5.44 1.64 7.14 

8–9 658.87 579.09 159.22 56.45 794.76 3.64 72.86 20.03 7.10 1.66 9.75 

9–10 449.01 452.60 124.83 42.02 619.45 3.63 73.06 20.15 6.78 1.40 9.28 

10–11 526.95 443.11 124.89 39.95 607.95 3.55 72.89 20.54 6.57 1.58 9.02 

11–12 405.43 439.34 121.41 40.00 600.75 3.62 73.13 20.21 6.66 1.43 9.10 

12–13 431.39 476.36 96.96 37.77 611.09 4.91 77.95 15.87 6.18 0.95 7.93 

13–14 288.62 290.31 77.55 26.52 394.38 3.74 73.61 19.66 6.72 1.24 9.14 

14–15 301.78 321.16 64.93 26.70 412.79 4.95 77.80 15.73 6.47 0.87 8.31 

15–16 369.01 297.51 71.19 30.35 399.05 4.18 74.55 17.84 7.61 0.59 10.20 

16–17 296.87 269.67 62.35 26.59 358.61 4.33 75.20 17.39 7.41 0.44 9.86 

Mean 669.25 519.79 129.68 40.53 690.00 4.05 75.12 18.73 6.15 1.41 7.80 

*Abbreviations: SUM: total phytoplankton productivity; Bra/Din: brassicasterol/dinosterol; Bra/SUM: brassicasterol/SUM; Din/SUM: dinosterol/SUM; C37/SUM: C37 

alkenones/SUM; C37/Bra: C37 alkenones/brassicasterol. 

 
is mainly derived from marine organic carbon and reflects 
the important contribution of plankton communities to 
sediments and the size of this carbon pool corresponds to 
climate change. 

3.3  GDGTs indicate changes in archaea/bacteria 
population 

Microbes form part of the base of the ecological food web 
and they are sensitive to changes in their environment; thus, 

the composition of GDGTs can be a good indicator of 
climate change. Microbial GDGTs can be divided into 
isoprenoid (iGDGTs) and branched GDGTs (Weijers et al., 
2006; Schouten et al., 2008) that are generally produced by 
archaea and bacteria, respectively.  

The total GDGT content in the sediment core averaged 
261.51 ng·g−1 and ranged from 168.74 to 375.65 ng·g−1. The 
bacterial-derived branched GDGTs ranged from 18.07 to 
45.80 ng·g−1 (Table 2). The iGDGTs content averaged 
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Figure 5  Correlation of total organic carbon (TOC) with molecular biomarkers: a, Total phytoplankton productivity (SUM); b, 
Brassicasterol; c, Dinosterol; d, Cholesterol, in the D5-6 sediment core. 

Table 2  Variations in GDGT contents (ng·g−1), including different moieties, and related indexes in the D5-6 sediment core 

        GDGTs iGDGTs bGDGTs iGDGT-0 iGDGT-1 iGDGT-2 iGDGT-3 Cren Cren'
GDGT-

IIIa 
GDGT-

IIIb 
GDGT-

IIIc 
GDGT-

IIa 
GDGT- 

IIb 
GDGT- 

IIc 
GDGT-Ia GDGT-Ib GDGT-Ic

             SIM 
Depth/m    1302.3 1300.3 1298.3 1296.3 1292.3 1292.3 1050 1048 1046 1036 1034 1032 1022 1020 1018

0–1 235.66 201.87 33.79 98.83 4.21 1.28 0.82 95.78 0.95 8.84 1.76 0.97 4.30 9.35 2.00 2.44 2.87 1.26 

1–2 256.84 231.16 25.68 117.08 5.55 1.63 0.99 104.86 1.05 6.72 1.37 0.76 2.31 7.52 1.67 1.66 2.65 1.02 

2––3 263.79 226.25 37.54 103.96 4.95 1.51 1.38 113.61 0.84 10.22 1.83 1.04 3.37 9.81 2.52 2.17 4.54 2.04 

3–4 268.37 237.8 30.57 99.62 6.57 2.18 1.09 127.18 1.16 7.57 1.40 1.02 3.31 8.13 2.45 1.84 3.26 1.59 

4–5 284 240.51 43.49 118.31 5.81 1.57 0.93 112.91 0.98 11.36 1.95 1.27 4.45 11.36 3.31 3.56 4.11 2.12 

5–6 343.84 302.38 41.46 154.52 7.90 2.46 1.34 135.00 1.16 11.24 1.67 1.10 4.03 11.21 2.97 2.66 4.78 1.80 

6–7 309.88 264.08 45.8 128.73 7.06 1.80 0.94 124.34 1.21 13.55 2.13 1.39 4.21 12.39 3.52 2.69 3.97 1.95 

7–8 328.4 300.96 27.44 184.30 8.12 1.91 0.87 104.83 0.93 7.11 1.46 0.74 2.79 7.73 1.97 1.80 2.49 1.35 

8–9 375.65 338.88 36.77 190.52 9.88 2.71 1.53 132.70 1.54 10.28 1.77 1.11 3.56 9.41 2.50 2.60 3.81 1.73 

9–10 242.59 205.29 37.3 100.09 5.52 1.42 0.68 96.77 0.81 10.96 1.68 1.17 3.56 9.58 2.44 2.65 3.70 1.56 

10–11 202.39 177.15 25.24 90.58 4.13 1.26 0.65 80.10 0.43 6.64 1.11 0.76 2.49 6.65 1.90 1.79 2.65 1.25 

11–12 196.14 164.96 31.18 79.27 3.99 1.19 0.73 78.96 0.82 8.52 1.53 0.92 2.88 8.64 2.45 2.18 2.82 1.24 

12–13 283.89 248.47 35.42 127.01 5.55 1.75 1.08 112.11 0.97 9.72 1.78 1.14 3.25 9.71 2.49 2.37 3.29 1.67 

13–14 198.9 176.04 22.86 87.61 3.59 1.00 0.49 82.67 0.68 6.67 1.15 0.66 2.03 6.10 1.62 1.73 1.96 0.94 

14–15 268.38 250.04 18.34 170.96 5.70 1.56 0.68 70.69 0.45 5.87 0.79 0.51 1.73 4.30 1.35 1.06 1.81 0.92 

15–16 218.25 193.6 24.65 101.79 4.85 1.52 0.88 83.91 0.65 7.95 1.34 0.63 2.37 6.01 1.78 1.89 1.87 0.81 

16–17 168.74 150.67 18.07 80.11 3.72 1.05 0.76 64.45 0.58 6.02 0.80 0.47 1.68 4.54 1.11 1.39 1.51 0.55 

Mean 261.51 230.01 31.51 119.61 5.71 1.64 0.93 101.23 0.89 8.78 1.50 0.92 3.08 8.38 2.24 2.15 3.06 1.40 
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230.01 ng·g−1, ranged from 150.67 to 338.88 ng·g−1, and 
were mainly composed of the moieties iGDGT-0, iGDGT-1, 
iGDGT-2, iGDGT-3, iGDGT-4 (crenarchaeol) and the 
crenarchaeol isomer (crenarchaeol'). iGDGT-0 and 
crenarchaeol are mainly derived from marine Euryarchaeota 
and Crenarchaeota, respectively. The content of iGDGT-0 
was 79.27–190.52 ng·g−1 and that of crenarchaeol was 
44.45–135.00 ng·g−1. The GDGT-0/crenarchaeol ratio, used 
to  evaluate the presence of  two archaea phyla 
(Euryarchaeota and Crenarchaeota) (Blaga et al., 2009), was 
between 0.78 and 2.42. The abundance of iGDGT-0 in our 
record indicates that these archaea must have evolved a 
unique adaptation to survive in the extreme environmental 
conditions of the Antarctic region. Stable cell membrane 
fluidity is  the key to the survival of Antarctic 
microorganisms at low temperatures. The optimal fluidity 
of the cell membrane is increased by adding unsaturated 
fatty acids and branched-chain fatty acids, which play an 
important role in determining an organism’s adaptability to 

low temperatures, and the membrane lipids. 
The dominant iGDGT trend in our sedimentary record 

off the eastern Antarctic Peninsula was crenarchaeol < 
iGDGT-0, which is different from warmer areas where 
crenarchaeol > iGDGT-0. Total GDGT contents, total 
iGDGTs, branched GDGTs, iGDGT-0, iGDGT-1 and 
crenarchaeol in the sediment core showed similar changes 
(Figure 5) and, in particular, the trends from 8–17 cm were 
similar. In that interval, there was a gradually increasing 
trend. Subsequently, the number of archaea decreased 
gradually from high amounts. An index to represent change 
in dominant archaeal phylum (iGDGT-0/crenarchaeol) 
fluctuated between 0.78 and 2.42, and the ratio generally 
showed a slightly decreasing trend from the bottom of the 
core to the top, indicating that the proportion of 
Crenarchaeota increased. There is a correlation between 
iGDGTs and TOC, which may reflect the fact that archaea 
rely on the organic matter produced by primary production 
as their energy source (Figure 6). 

 
Figure 6  Depth variations in highly branched isoprenoids (HBIs) and a sea ice proxy (D/T) in the D5-6 sediment core. a, HBI II;       
b, HBI III; c, D/T. 

3.4  Effects of sea ice freeze-thaw on 
phytoplankton (HBI II and D/T)  

Rapid changes in sea ice have a unique significance in 
carbon cycle studies (Gates et al., 1996). A specific HBI 
synthesized by a sea ice-dwelling diatom and retained in 
marine sediments (IP25) (Rowland et al., 2001; Damsté et al., 
2004) was developed as a new proxy for seasonal Arctic sea 
ice conditions (Armand et al., 2010; Belt et al., 2010). Sea 
ice diatoms capable of producing IP25 are not particularly 
abundant in the Southern Ocean, but other C25-HBIs 
isomers have been found in sediments, suspensions and 
phytoplankton. Studies have investigated these isomers and 
the resulting indicators of sea ice algae (HBI II and IPSO25) 

have been successfully applied in oceanographic 
reconstructions (Johns et al., 1999; Denis et al., 2010; 
Massé et al., 2011). A biomarker for phytoplankton in sea 
ice-free water (HBI III) (Collins et al., 2013; Campagne et 
al., 2015) and a resulting index (HBI II/HBI III, for short 
D/T) can provide information regarding changes in sea ice 
under different local environmental conditions in the 
Southern Ocean (Massé et al., 2011; Campagne et al., 
2016).   

Johns et al. (1999) proposed that in Southern Ocean 
sediments HBI II was synthesized by sea ice algae, HBI III 
by open ocean phytoplankton, and there was no HBI II 
biomarker in phytoplankton. Belt et al. (2007) reconstructed 
modern and Holocene sea ice changes using HBI II and 
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HBI III in Antarctic continental shelf sediments. Armand et 
al. (2010) proposed that HBI II and HBI III combined with 
13C data could reflect the relative contribution of sea ice 
diatoms and other phytoplankton. Denis et al. (2010) and 
Massé et al. (2011) suggested that in the Southern Ocean, 
the D/T ratio represented the relative contribution of 
organic matter from sea ice algae or phytoplankton in open 
waters, and that it was correlated with the sea ice 
environment or quick-freezing ice, or ice-free conditions 
(summer or longer term). Generally, high values of D/T are 
correlated with high sea ice concentration or a long duration 
of sea ice cover (including in summer), reflecting the low 
temperatures and strong winds in the region. Low D/T 
values indicate low sea ice concentrations, increased 
regional warming and melting, or a shorter sea ice duration 
(Barbara et al., 2010). The relative abundance of HBI II and 
HBI III can reflect the relative contribution of ice algae and 
phytoplankton in open water.  

D/T is correlated with HBI II, and HBI II in Antarctic 
sediments is homologous with the sea ice alga Berkeleya 
adeliensis (Massé et al., 2004; Belt et al., 2016). Sea ice 
provides a relatively stable growth environment for algae 

that live within it, while its duration is beneficial to the 
accumulation of algal biomass. Therefore, a high D/T 
indicates a significant increase in sea ice algal biomass and 
sea ice expansion. When sea ice melts, these algae are 
released into seawater, aggregate and sink rapidly. 
Compared with other phytoplankton, sea ice algae have a 
higher BP efficiency, which is significant for the Southern 
Ocean carbon cycle (van Leeuwe et al., 2018). 

In this study, HBI II content in the sediment core ranged 
from 982.37 to 3220.67 ng·g−1, and HBI III content ranged 
from 49.31 to 1189.42 ng·g−1. D/T fluctuated between 1.2 and 
30.15. D/T was negatively correlated with the SUM (R = 
−0.7904, p < 0.01, n = 17; Figure 7c) and brassicasterol (R = 
−0.7548, p < 0.01, n = 17; Figure 7a). D/T was also 
negatively correlated with dinosterol (R = −0.8399, p < 0.01, 
n = 17; Figure 7b). There were good linear correlations 
between the SUM, diatom and dinoflagellate biomarkers, and 
D/T that indicates a relationship in their response to climate 
warming and reduced sea ice cover, where a more open water 
environment leads to increases in phytoplankton biomass and 
an enhanced BP, so that melting sea ice is a direct driver in 
ecosystem change (Smith and Comiso, 2008).    

 
Figure 7  Correlation between biomarkers and a sea ice index (D/T) in sediment core D5-6. a, Brassicasterol; b, Dinosterol; c, Total 
phytoplankton productivity (SUM); d, Crenarchaeol. 

3.5  IRD signals of climate change 

IRD is used to indicate terrestrial material transported 
offshore via ice and the amount of IRD in sediments shows 
a relationship with cold/warm climate conditions. 
Sedimentary IRD content is generally higher in cold periods 
and lower in warm periods (Wang et al., 2009). IRD in the 
sediment core ranged from 0.43% to 13.7% at the highest 

(average = 3.62%), and gradually decreased from the 
bottom of the core to the top (Figure 8). The overall 
distribution could be divided into two parts (0–8 cm, 8–  
17 cm). The sharp decrease in IRD at 8 cm suggested that 
the climate has warmed in recent decades. There is also a 
relationship between the transport of sea ice or icebergs and 
the size of sediment particles. Sea ice carries mainly silt and 
clay components, while icebergs carry more sand and 
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coarser components (Clark et al., 1983; Hass, 2002). 

3.6  Phytoplankton community and BP changes in 
response to global warming over the past 
century 

One of the most important phenomena in climate change is 
global warming. Figure 8a shows global land and ocean 
temperature data (http://data.giss.nasa.gov/gistemp/graphs_v3/) 
over 90 years from 1922 to 2012; there is an overall 
increase with 1972 appearing as a turning point in global 
climate change. According to temperatures of the Northern 
and Southern hemispheres, global warming began to show 
increasing variability in the early 1970s, which is consistent 
with the slow rise of global temperatures since 1972. The 
most recent 50 years have the largest warming amplitude in 
a century (Folland et al., 2001; Jones et al., 2003). Over the 
past 50 years, the Antarctic Peninsula has warmed 
significantly (Vaughan et al., 2003; Turner et al., 2005). 
This is reflected in the warming of adjacent seas, the 
disintegration of ice shelves and the retreat of sea ice (Gille, 
2002; Ducklow et al., 2007). Melting sea ice changes the 
phytoplankton community and affects the size distribution 
of phytoplankton (Moline et al., 2004; Montes-Hugo et al., 
2008), which drives changes in the BP (Chierici et al., 2004; 
Chen et al., 2019). Therefore, we identified the interval in 
our sediment core (8.5 cm depth). The record was divided 
into two periods.  

Stage I (8.5–0.5 cm) corresponds to the period from 
1972 to 2012. The SUM ranged between 747.67–     
1179 ng·g−1, the biomass of diatoms and dinoflagellates 
were 569.23–944.32 ng·g−1 and 137.80–199.14 ng·g−1, 
respectively. The cholesterol content has a sharp increase 
from 546.78 to 2184.56 ng·g−1. It shows that global 
warming since 1972 has played a key role in increasing 
phytoplankton productivity in the study area. The TOC was 
relatively high, δ13C was lighter and IRD (< 250 µm) and 
D/T were generally low. Thus, in this stage, a warming 
climate and more open water from the melting of sea ice 
increased phytoplankton productivity, but there were still 
large inter-annual variations. 

Stage II (8.5–16.5 cm) corresponds to the period from 
1922 to 1972. Overall, there were small particles in the IRD 
(< 250 µm) and high D/T values. The SUM ranged from 
358.61 to 749.76 ng·g−1 and the biomass of diatoms, 
dinoflagellates and coccolithophores ranged from 
269.67–579.09 ng·g−1, 62.35–159.22 ng·g−1 and 26.52– 
56.45 ng·g−1, respectively. The cholesterol content showed a 
slowly rising trend from 288.62 to 658.87 ng·g−1. In this 
stage, δ13C was relatively heavy and TOC content was low. 
Thus, phytoplankton productivity and zooplankton biomass 
were generally low. Generally, when the climate is colder, 
there is greater sea ice cover and the growth of marine 
phytoplankton and zooplankton is restricted, with a 
resulting overall marine productivity decline. The input of 
sedimentary organic matter from marine organisms 

decreased, but the relative contribution of sea ice algae 
increased from the increase in sea ice cover. 

By comparing data in these two stages, phytoplankton 
productivity, diatoms and dinoflagellates, and zooplankton 
biomass showed an obvious increasing trend over the past 
~100 years. This trend has been particularly obvious in the 
past 50 years, which corresponds to increasing global 
warming. The results indicate that with climate warming 
and the reduction of sea ice cover, diatom biomass is greatly 
increased and the BP is enhanced. Related to this was our 
finding that the proportion of calcareous phytoplankton (i.e. 
coccolithophores) decreased significantly. The C37 

alkenones/SUM decreased from 6.18–7.61 to 3.05–6.99, 
and the calcium/silica ratio decreased from 7.93–10.20 to 
3.81–9.5. The biological processes of coccolithophores and 
diatoms involve both the organic carbon and carbonate 
pumps. Different mechanisms play diversified roles in 
different environments, and environmental change may 
affect the efficiency of the BP, which may also impair its 
ability to act as a carbon receiver. The iGDGT content, 
dominant GDGT moieties, and dominant archaeal phylum 
have undergone consistent changes in the past 100 years 
that correspond to global warming (Figure 8). Since 1972, 
the biomass of these key microorganisms, archaea, and 
phytoplankton and zooplankton communities showed 
different trends but a consistent decline overall. However, 
an open question remains regarding whether the response of 
the Antarctic Peninsula’s marine biota to changing climate 
conditions implies interactions and influence among 
different groups of marine organisms. Reduced microbial 
production may weaken the ocean’s newly recognized 
microbiological carbon pump (MCP). In contrast, the 
carbon storage efficiency of the MCP is very high. In the 
context of global warming and predicted continued 
Antarctic sea ice reduction, the relative effect (increase or 
decrease) and proportion of the Antarctic BP/MCP can 
significantly affect the carbon storage of the global ocean 
and thus the Earth’s carbon cycle.  

4  Conclusions 

In this study, phytoplankton and zooplankton productivity 
was 690.0 ng·g−1 on average. The average brassicasterol 
(519.79 ng·g−1), dinosterol (129.68 ng·g−1), C37 alkenones 
(40.53 ng·g−1) and cholesterol (669.25 ng·g−1) indicated that 
the relative contribution of phytoplankton productivity in 
the upper ocean was diatoms > dinoflagellates > 
coccolithophores. This is consistent with a field survey in 
waters adjacent waters to the Antarctic Peninsula that 
showed phytoplankton was dominated by diatoms.  

In addition to productivity, we also reconstructed the 
dominant phytoplankton and zooplankton biomass in the 
eastern Antarctic Peninsula over the past century using 
brassicasterol, dinosterol, C37 alkenones and cholesterol as 
well as indexes such as the SUM, C37 alkenones/SUM and 
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Figure 8  Response of the ecological environment in the eastern Antarctic Peninsula to global warming over the past ~100 years. a, Global 
temperature data; b, D/T; c, Cholesterol; d, Brassicasterol; e, Dinosterol; f, C37 alkenones; g, Total phytoplankton productivity (SUM);    
h, C37 alkenones/SUM; i, Calcium/silica; j, GDGTs; k, Isoprenoid GDGTs (iGDGTs); l, GDGT-0; m, Crenarchaeol (Cren); n, TOC; o, δ13C 
and p, Ice-rafted debris (IRD). 

calcium/silica. Overall, the records showed similar 
characteristics. In the past 100 years, zooplankton biomass, 
phytoplankton productivity, diatoms and dinoflagellates 
increased, with this trend especially obvious in the last   
50 years. In contrast, coccolithophores decreased, which 
may affect the phytoplankton assemblage (calcium/silica) 
and efficiency of the BP. The D/T ratio fluctuated between 
1.20 and 30.15. Overall, diatoms, dinoflagellates and the 
SUM showed a good linear relationship with D/T, and there 
was an obvious response to climate warming and the 

reduction of sea ice cover. The development of a more open 
water environment during the study period led to an 
increase in phytoplankton and an enhanced BP.  

We also found that iGDGT content and concentrations 
of different GDGT moieties as well as the dominant archaea 
phylum changed in a consistent manner over the past   
~100 years, with an obvious shift corresponding to global 
warming. Reduced microbial production may weaken the 
ocean’s newly recognized MCP.  

Since 1972, the archaea, phytoplankton and zooplankton 
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records diverged and showed different trends. One area that 
will require future research is whether the climate response 
of the major biological groups off the eastern Antarctic 
Peninsula implies significant interactions and influence 
among these different groups.  
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