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Abstract: Identification and analysis was conducted on the diatoms from the 19 cm sediment of
the P6-10 core, drilled from China’s 29th Antarctic Expedition, to attempt to semi-quantitatively
reconstruct the annual sea surface temperature (SST) of Prydz Bay from 1893 to 2013. There were
30 species within the 12 genera of diatoms found, and the main contributors were Fragilariopsis curta, F.
cylindrus, F. sublinearis, F. ritscheri, and Thalassiosira antarctica. They were divided into three categories
based on their ecological affinity. The percentages of four specific species, i.e., F. curta, F. cylindrus,
F. ritscheri, and F. separanda, which might be low SST indicators, were added together to represent the
SST of Prydz Bay. With the help of cluster analysis, diatom assemblages were divided into diatom
zones. Therefore, SST changes were divided into five stages by both the percentage of those four
diatom species and the diatom zones: the high-temperature stage from 1893 to 1903, the cooling stage
from 1903 to 1936, the stable and warm stage from 1936 to 1983, the low-temperature stage from 1983
to 1996, and the temperature rising stage from 1996 to 2013. On the multidecadal scale, SST change
was affected by adjustments to solar radiation. On the contrary, the ENSO events mainly affected
SST on the interannual scale. In addition, regarding the unique geographical environment (such as
regional atmospheric circulation and a wind field) in Prydz Bay, volcanic eruptions and the like also
played important roles in some exceptional periods.

Keywords: diatom; SST; semi-quantitative reconstruction; Prydz Bay

1. Introduction

Of its special geographical location and unique ecological, climatic, and natural envi-
ronment, Antarctica is less affected by human activities, which makes it unique in global
change research [1]. Therefore, it is advantageous to research changes in natural factors
in Antarctica, which will provide references with which to further explore the effects of
human activities on global climate change. In addition, the abundant marine sediments in
the Antarctic oceans contain a large amount of information about changes in the palaeo-
ocean environment, which may provide more accurate records for the reconstruction of the
palaeo-climates and palaeo-environments.

Marine sediments are important components of the marine ecosystem that provide
information on the evolution of the ocean in the past, reflect the long-time-sequenced
changes of the palaeo-climate and palaeo-environment, and provide an important basis for
the reconstruction of the ecological environment during the historical period and its future
development [2]. The changes in the palaeo-environment can be reflected by the fossils of
microbiota in sediments as a bioenvironmental proxy indicator due to their difficulty in
decomposition and sensitivity to the environment. Among them, diatoms, as one of the
most commonly used carriers of information about past environmental evolution, have
unparalleled advantages in reconstructing the palaeo-climate and palaeo-environment.
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A diatom is a kind of important microcellular alga with a wide range of species,
quantities, and distribution. It is found in almost all waters, from the poles to the tropics,
whether in lakes, offshore areas, or oceans. Due to their high sensitivity to the environment,
diatoms have been significantly affected by some important environmental factors such
as temperature, salinity, and nutrients, etc., and can respond quickly to changes in those
factors [3]. In addition, diatoms have siliceous shells that are not easily dissolved and
can be stored in sediments for a long time [4]. Therefore, diatoms can reflect the past
environment [5] as an effective bioenvironmental proxy indicator and have important
advantages in the research of climate and environmental reconstruction. Benefitting from
the development of dating technology and core drilling technology [6,7], reconstruction of
the palaeo-climate and the palaeo-environment based on diatoms has been widely used in
lakes [8–10] and oceans [11–13] all over the world. In the lakes, the research includes water
depth [14], salinity [15], pH [16], conductivity [17], and indicators such as nitrogen and
phosphorus that reflect eutrophication [18–20]. Compared with freshwater environments
such as lakes, marine environments are more complicated, and the environmental parame-
ters of inversion are, accordingly, different. Therefore, the main focus is on sea level [21],
temperature [22], and salinity [23] in the oceans.

Temperature is the most basic physicochemical index in the ocean. Sea surface tem-
perature (SST) is a result of ocean heat, dynamic action, and air–sea interaction. The ocean
transfers the stored heat to the atmosphere through air–sea heat exchange, driving atmo-
spheric motion through thermal changes and affecting atmospheric circulation [24]. Due to
an “amplifier” effect of the changes in the Antarctic region on global change, an SST change
in Antarctica has an important effect on regional and global climate change, and researching
its pattern is essential for research on global change [25]. Moreover, the South Pacific Index
(SPI) indicates that there may be a teleconnection between this region and ENSO events [26].
The reconstruction of SST helps restore the palaeo-ocean environment and understand the
history of regional temperature changes and even global climate changes [27].

In winter, Prydz Bay is covered with thick sea ice. On the contrary, it gradually begins
to melt in summer, followed by a reduction in sea ice concentration. By February, most
areas become open sea; however, some are still covered by floating ice [28,29]. As a seasonal
sea ice region, there is high biomass under the ice sheet and in an ice edge region [30],
which also makes diatoms diverse and abundant. Especially in summer, phytoplankton
blooms [31]. Obvious glaciomarine sedimentation develops the sediments well and thick,
making Prydz Bay an excellent region for the use of diatoms to reconstruct the palaeo-
environment and a representative region for exploring the response and feedback of polar
seas to the global change [32].

However, due to the limitation of sample age and resolution, research on reconstruct-
ing the palaeo-environment has mainly focused on medium and large timescales ranging
from ten thousand to million years. For example, core diatom assemblages were divided
into zones using diatoms, based on which eight stages had been divided over the past
15 ka, for a preliminary and semi-quantitative reconstruction of climate changes since
the Late Pleistocene [33]. Quaternary diatom assemblages were analyzed, Quaternary
sedimentation was explained [34,35], and the glacial environment in Prydz Bay had been
reconstructed semi-quantitatively using diatoms [36]. Even more, some palaeo-climate and
palaeo-environment indexes had also been reconstructed semi-quantitatively on a large
timescale of one million years [37]. However, research on the small-scale reconstruction of
the palaeo-environment in Prydz Bay over the past century remains relatively lacking.

A large number of surface and core sediments in Prydz Bay were successfully ob-
tained in 2013 during China’s 29th Antarctic Expedition. Moreover, 210Pb dating of the
cores showed that the timescale did not exceed 200 years, which provided massive and
excellent sediment samples for research in Prydz Bay, especially for the small timescale
reconstruction of climate and environmental changes in the last hundred years. In addition,
much research on the diatom assemblages and their distribution has been carried out in
Prydz Bay [34,38,39], which has also provided a steady foundation for the reconstruction
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of palaeo-environment research over the past century. Therefore, based on the sediments
in the P6-10 core extracted from Prydz Bay in 2013, this paper attempts to conduct a
semi-quantitative reconstruction of SST on the last centennial scale and preliminarily dis-
cusses the relationship between regional sea environmental changes and the global change,
which may provide some references for the research on the small timescale climate and
environmental changes in Antarctica through diatoms.

2. Geographical Setting

Prydz Bay, located in East Antarctica, is deeply embedded in the Antarctic continent
in a shape of an inverted triangle; moreover, it is the third largest bay in Antarctica [40].
The Amery Ice Shelf at the end of Lambert Glacier to the south, extending northward, is
closely adjacent to Prydz Bay, with Princess Elizabeth Land to the east and Mac. Robertson
Land to the west [35]. Two shoals have developed at the mouth of the bay, with the Four
Ladies Bank to the northeast and the Fram Bank to the northwest. There is a waterway
with a depth of about 600 m between them, which is an important channel for material
and energy exchange between Prydz Bay and open oceans [41]. In addition, Prydz Bay
is a main drainage channel for the Emery–Lambert Glacier, a trough valley zone where
the downdraft of an ice sheet converges [42] and the wind speed is constantly increasing
and deflecting to the left under the action of gravity, Coriolis force, and friction. The
adjacent Antarctic continent along the coast of Prydz Bay has a low temperature, and the
temperature in the bay is higher due to the effect of the warm and humid air in low latitudes,
thereby resulting in a large temperature gradient along the coast of Prydz Bay [43]. Due to
a thermal difference between the sea and the land, sea and land wind is easily generated in
a transition zone around the Antarctic continent.

Water masses in Prydz Bay and its adjacent water mainly include Antarctic surface
water (AASW), Antarctic bottom water (AABW), circumpolar deep water (CDW), and
shelf water (SW) [44]. There is a clockwise eddy in the west-central part of the bay, the
Prydz Gyre (PG), which is relatively closed; however, its water mass plays a limited role
in Prydz Gyre activity [45]. The Antarctic coastal current (CoC) flowing from east to west
originates from a cold water mass of the West Wind Drift [45]. It flows from the West Ice
Shelf into the bay, passes the Amery Ice Shelf and Cape Darnley, and continues westward
out of the bay [46]. The Antarctic circumpolar current (ACC) in the northern sea is mainly
composed of a warm water mass called Circumpolar Deep Water (CDW). This rises to
the surface at 67◦ S, and the modified circumpolar deep water (mCDW) enters Prydz
Bay [46]. Another large cyclonic vortex, the Antarctic Divergence (AD), forms between
the west-to-east Antarctic circumpolar current (ACC) and the east-to-west Antarctic slope
current (ASC) [45].

3. Materials and Methods
3.1. Sampling

Diatoms were studied in the multi-tube core P6-10 (75.57◦ E, 68◦ S) in Prydz Bay,
Antarctica (Figure 1), which was drilled by the “Snow Dragon” polar exploration vessel on
7 February 2013, during China’s 29th Antarctic Expedition. The sediment core is 19 cm thick
and has a silty texture with little sand and no gravel. It is mainly composed of plankton
remains, with very few land-based materials, and is bluish-gray in color. This core was
divided into 19 samples on the deck of the exploration vessel. Each sample represented
a 1 cm thick slice of sediment. The samples were stored in a 4 ◦C geological sample bank
specially set up on the exploration vessel. Then, the samples were stored in the hydro-
chemical analysis laboratory at the School of Earth Sciences at Yunnan University after the
exploration vessel returned to China. The samples were stored in brown glass bottles sealed
away from light after drying, grinding, and other pretreatments in the laboratory. A total
of 19 continuous sediment samples covering a time interval of 120 years were identified
and analyzed for diatom contents.
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Figure 1. Schematic diagram of Prydz Bay with the position of the P6-10 core.

3.2. Treatment and Analysis of Diatoms

All the diatom samples were prepared as follows [47]: (1) 3–5 g of the sediment was
dried and placed in a test tube; then, hydrochloric acid with a concentration of 10% was
added (1 h) for uniform stirring to remove calcium, and the resultant was left for still
standing for 12–24 h and cleaned with distilled water 3 times; (2) hydrogen peroxide with a
concentration of 30% was added to remove organic material; the sample and the hydrogen
peroxide were preliminarily reacted; the resultant was placed in a water bath (at 70 ◦C)
for heating for 1–2 h; after the reaction was completed, the sample was taken out of the
water bath, cleaned 3 times with distilled water again, and centrifuged (2500 rpm, 5 min)
to remove water; (3) anhydrous ethanol was added for uniform stirring with a glass rod;
then, a diatom suspension was smeared evenly on a coverslip with the glass rod; after it
completely dried, Naphrax (dn = 1.73) was used to mount.

A Leica microscope with a magnification of ×1000 under oil immersion with phase
contrast was used for identification. Diatoms were counted in random transects. More than
300 valves of diatoms were counted in each sample, and the percentage of each diatom
species was measured. All diatoms were identified at the species level (excluding the
Chaetoceros resting spores) according to diatom taxonomic references [48–51].

3.3. Age Model
210Pb dating of the P6-10 core was tested by the Second Institute of Oceanography, Min-

istry of Natural Resources, Hangzhou. A GWL-120-15N high-purity germanium gamma
spectrometer produced by ORTEC was used along with the constant initial concentra-
tion (CIC) model. The results showed that the average sedimentation rate of the core is
0.15 cm·year−1, which spans from 1893 to 2013 C.E. (Figure 2).



J. Mar. Sci. Eng. 2023, 11, 1428 5 of 15J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 5 of 15 
 

 

 
Figure 2. 210Pb profiles of the P6-10 core. 

3.4. Cluster Analysis 
Diatom assemblage zoning can be used to explain the characteristics of the diatom 

assemblages in different periods and the related ecological environment changes. Cluster 
analysis is a common ecological research method that is used to divide diatom zones. 
Stratigraphically constrained cluster analysis for numerical zonation provided by 
CONISS was used to cluster all the diatom species data in the sediment core due to the 
time continuity of the samples [52]. 

3.5. Semi-Quantitative Reconstruction 
There are two key approaches to semi-quantitatively reconstructing the palaeo-envi-

ronment based on diatoms: one is to use multivariate statistical analysis (such as canonical 
correspondence analysis (CCA)) to analyze the relationships between surface diatoms and 
environmental factors, finding the environmental factor most significantly affecting the 
composition and distribution of diatoms in the research region; meanwhile, the diatom 
with the strongest correlation with this environmental factor is selected as the correspond-
ing environmental indicator species. The other is to analyze the composition of the dia-
toms in samples at different depths in the core sediment and to calculate a percentage sum 
of the diatom indicator species in each layer of samples. A change in the percentage sum 
of the diatom indicator species represents a change in the environmental factor. In combi-
nation with the 210Pb dating results, the change of the environmental factor over time is 
obtained to achieve a semi-quantitative reconstruction of a specific environmental factor. 
C2 1.4.2 software [53] is usually used to carry out the above operations. 

4. Results 
4.1. Diatom Assemblage 

There were 30 species within the 12 genera of the diatoms found in the P6-10 core. F. 
curta (54.0% on average), F. ritscheri (11.2% on average), Thalassiosira antarctica (8.5% on 
average), F. cylindrus (5.7% on average), and F. sublinearis (4.2% on average) were the main 
contributors (Figure 3). Furthermore, the contents of some diatoms such as F. separanda, F. 
kerguelensis, Porosira pseudodenticulata, Azpeitia tabularis, and Actinocyclus spiritus were not 
dominant but also had important environmentally indicative significance. The percent-
ages of some important diatom species are shown in Figure 3. The diatom assemblages 

Figure 2. 210Pb profiles of the P6-10 core.

3.4. Cluster Analysis

Diatom assemblage zoning can be used to explain the characteristics of the diatom
assemblages in different periods and the related ecological environment changes. Cluster
analysis is a common ecological research method that is used to divide diatom zones.
Stratigraphically constrained cluster analysis for numerical zonation provided by CONISS
was used to cluster all the diatom species data in the sediment core due to the time
continuity of the samples [52].

3.5. Semi-Quantitative Reconstruction

There are two key approaches to semi-quantitatively reconstructing the palaeo-environment
based on diatoms: one is to use multivariate statistical analysis (such as canonical correspondence
analysis (CCA)) to analyze the relationships between surface diatoms and environmental factors,
finding the environmental factor most significantly affecting the composition and distribution of
diatoms in the research region; meanwhile, the diatom with the strongest correlation with this en-
vironmental factor is selected as the corresponding environmental indicator species. The other is
to analyze the composition of the diatoms in samples at different depths in the core sediment and
to calculate a percentage sum of the diatom indicator species in each layer of samples. A change
in the percentage sum of the diatom indicator species represents a change in the environmental
factor. In combination with the 210Pb dating results, the change of the environmental factor over
time is obtained to achieve a semi-quantitative reconstruction of a specific environmental factor.
C2 1.4.2 software [53] is usually used to carry out the above operations.

4. Results
4.1. Diatom Assemblage

There were 30 species within the 12 genera of the diatoms found in the P6-10 core.
F. curta (54.0% on average), F. ritscheri (11.2% on average), Thalassiosira antarctica (8.5% on
average), F. cylindrus (5.7% on average), and F. sublinearis (4.2% on average) were the main
contributors (Figure 3). Furthermore, the contents of some diatoms such as F. separanda,
F. kerguelensis, Porosira pseudodenticulata, Azpeitia tabularis, and Actinocyclus spiritus were not
dominant but also had important environmentally indicative significance. The percentages
of some important diatom species are shown in Figure 3. The diatom assemblages can be
divided into three categories: sea ice, ice edge, and cosmopolitan species. The original data
of the diatoms are shown in Supplementary Materials Table S1.



J. Mar. Sci. Eng. 2023, 11, 1428 6 of 15

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 6 of 15 
 

 

can be divided into three categories: sea ice, ice edge, and cosmopolitan species. The orig-
inal data of the diatoms are shown in Supplementary Materials Table S1. 

 
Figure 3. The percentage of some major diatoms in the P6-10 core. 

4.2. Ecological Affinity of Some Important Diatom Species in Prydz Bay 
F. kerguelensis, A. tabularis, and P. pseudodenticulata are cosmopolitan species in terms 

of temperature. Among them, F. kerguelensis lives in relatively warm oceans [54] with a 
wide range of temperature adaptation and is considered eurythermic. A. tabularis is a typ-
ical species of tropical/subtropical diatoms that is found in sub-Antarctic regions and the 
Southern Ocean [50]; moreover, its maximum abundances is closely related to the warm 
SST [55]. P. pseudodenticulata is widely distributed in the oceans around Antarctica [48]. 

T. antarctica and A. spiritus frequently occur along the Antarctic coast or near the ice 
edge with a low SST; however, it is higher than the SSTs of typical sea ice species [48,56,57]. 
They are an ice edge species. 

Although an endemic species in the Southern Ocean, F. curta is considered a rela-
tively cold-living species. F. cylindrus is mostly distributed in high-latitude regions [58]. 
Its content is increased when there is a decrease in the SST, showing a good adaptation to 
the cold environment [59]. Therefore, it is often regarded as a sea ice indicator. F. ritscheri 
lives in the cold regions of Antarctic oceans with temperatures ranging from −1.6 °C to 
−0.09 °C [60]. In addition, F. separanda is also a common species found in Antarctic oceans 
that is related to the sea ice [61]. 

4.3. Diatom Zones 
According to the diatom assemblages in the samples at different depths, stratigraph-

ically constrained cluster analysis for numerical zonation provided by CONISS was ap-
plied to analyze all the diatom species data in the P6-10 core. With a total sum of squares 
equal to 0.05 as a dividing line, five diatom zones were divided (Figure 3). 

4.3.1. Zone I (1893–1903 C.E. 17–19 cm) 
The typical sea ice species F. cylindrus and F. sublinearis had the lowest abundance in 

this zone with percentages below 5%. Other sea ice species also had limited numbers. 

Figure 3. The percentage of some major diatoms in the P6-10 core.

4.2. Ecological Affinity of Some Important Diatom Species in Prydz Bay

F. kerguelensis, A. tabularis, and P. pseudodenticulata are cosmopolitan species in terms
of temperature. Among them, F. kerguelensis lives in relatively warm oceans [54] with a
wide range of temperature adaptation and is considered eurythermic. A. tabularis is a
typical species of tropical/subtropical diatoms that is found in sub-Antarctic regions and
the Southern Ocean [50]; moreover, its maximum abundances is closely related to the warm
SST [55]. P. pseudodenticulata is widely distributed in the oceans around Antarctica [48].

T. antarctica and A. spiritus frequently occur along the Antarctic coast or near the ice
edge with a low SST; however, it is higher than the SSTs of typical sea ice species [48,56,57].
They are an ice edge species.

Although an endemic species in the Southern Ocean, F. curta is considered a relatively
cold-living species. F. cylindrus is mostly distributed in high-latitude regions [58]. Its
content is increased when there is a decrease in the SST, showing a good adaptation to
the cold environment [59]. Therefore, it is often regarded as a sea ice indicator. F. ritscheri
lives in the cold regions of Antarctic oceans with temperatures ranging from −1.6 ◦C to
−0.09 ◦C [60]. In addition, F. separanda is also a common species found in Antarctic oceans
that is related to the sea ice [61].

4.3. Diatom Zones

According to the diatom assemblages in the samples at different depths, stratigraphi-
cally constrained cluster analysis for numerical zonation provided by CONISS was applied
to analyze all the diatom species data in the P6-10 core. With a total sum of squares equal
to 0.05 as a dividing line, five diatom zones were divided (Figure 3).

4.3.1. Zone I (1893–1903 C.E. 17–19 cm)

The typical sea ice species F. cylindrus and F. sublinearis had the lowest abundance
in this zone with percentages below 5%. Other sea ice species also had limited numbers.
Comparatively, the percentage of the ice edge species T. antarctica reached its peak of
17.39%, and cosmopolitan species such as F. kerguelensis and A. tabularis also achieved
their respective maximum contents. Overall, the percentage sum of the sea ice species
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was the minimum in the five zones, and the percentage sum of the ice edge species was
the maximum.

4.3.2. Zone II (1903–1936 C.E. 12–17 cm)

This zone was divided into two sections in 1926. The percentages of some sea ice
species such as F. curta and F. ritscheri showed a slowly increasing trend before 1926, and the
abundance of ice edge species A. spiritus, T. antarctica, and some cosmopolitan species such
as P. pseudodenticulata and A. tabularis were decreased. After 1926, F. curta and F. ritscheri
reached peaks of 60.95% and 14.34% in the subsequent decade, respectively; moreover,
most sea ice species in this period were at a relatively high level. However, the percentages
of the three cosmopolitan species continued to decrease, and the percentage of A. tabularis
even decreased to 0. Overall, the percentage sum of the sea ice species increased during this
period, while the percentage sums of the ice edge and cosmopolitan species were decreased.

4.3.3. Zone III (1936–1983 C.E. 5–12 cm)

Compared with the other four zones, the percentage changes of various diatoms in this
zone were relatively stable. The percentages of the cosmopolitan species P. pseudodenticulata,
F. kerguelensis and the ice edge species A. spiritus and T. antarctica were at a relatively
high level. This period was divided into two sections based on data from 1968. The
percentages of the sea ice species F. curta, F. cylindrus, and F. sublinearis and the cosmopolitan
species A. tabularis increased, while the percentages of F. ritscheri and F. rhombica decreased
before 1968. After 1968, sea ice species such as F. separanda and F. sublinearis decreased,
while percentages of F. curta, F. rhombica, and two ice edge species increased. Overall, the
percentage sum of the sea ice species in this zone was slightly lower, while the percentage
sums of the ice edge species and the cosmopolitan species were higher.

4.3.4. Zone IV (1983–1996 C.E. 3–5 cm)

The typical sea ice species F. curta was most abundant in this zone with a percentage
above 50% and reached a peak of 66.19% in 1993. Other sea ice species such as F. separanda
and F. sublinearis also reached a relatively high level. On the contrary, the percentage of the
cosmopolitan species decreased, and P. pseudodenticulata reached its minimum percentage
in 1993. Meanwhile, ice edge species such as A. spiritus and T. antarctica also had a low
abundance. Overall, the percentage sum of the sea ice species in this zone gradually
increased, while the percentage sums of the ice edge species and the cosmopolitan species
gradually decreased.

4.3.5. Zone V (1996–2013 C.E. 0–3 cm)

Most sea ice species had a relatively high amount of content in this zone, with
F. cylindrus, F. separanda, and F. rhombica reaching their peaks of 12.32%, 3.94%, and 3.45%.
Compared with Zone IV, the percentage of the sea ice species F. curta greatly decreased
from 66.19% to 48.82%; therefore, the percentage sum of the sea ice species somewhat
decreased, while the percentage of the ice edge species A. spiritus and three cosmopolitan
species somewhat increased.

4.4. Changes in SST Reflected by Specific Diatom Indicator Species

Based on previous research [62], 22 surface sediment samples and 6 environmental
factors including the sea surface temperature were collected in the same cruise of the P6-10
core in 2013. A total of 29 species within 12 genera of diatoms were identified from the
surface sediment samples, including 8 sea ice species. The exact relationship between the
surface diatoms in Prydz Bay and environmental factors was analyzed using canonical
correspondence analysis (CCA), and it was found that the sea surface temperature was
the most important environmental factor affecting the composition and distribution of
diatoms in the research region. In the CCA result diagram, the four diatoms, i.e., F. curta,
F. separanda, F. cylindrus, and F. ritscheri, showed a strongly negative correlation with the
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sea surface temperature, while the correlation between other sea ice species and the sea
surface temperature was not strong. This indicated that not all ecological sea ice species can
represent the low sea surface temperature in Prydz Bay and its adjacent water. Meanwhile, a
large amount of F. curta, F. separanda, F. cylindrus, and F. ritscheri species were also identified
in the P6-10 core. Therefore, we used these four sea ice species as low SST indicators to
represent the low sea surface temperature in Prydz Bay (Figure 4).

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 8 of 15 
 

 

surface diatoms in Prydz Bay and environmental factors was analyzed using canonical 
correspondence analysis (CCA), and it was found that the sea surface temperature was 
the most important environmental factor affecting the composition and distribution of di-
atoms in the research region. In the CCA result diagram, the four diatoms, i.e., F. curta, F. 
separanda, F. cylindrus, and F. ritscheri, showed a strongly negative correlation with the sea 
surface temperature, while the correlation between other sea ice species and the sea sur-
face temperature was not strong. This indicated that not all ecological sea ice species can 
represent the low sea surface temperature in Prydz Bay and its adjacent water. Meanwhile, 
a large amount of F. curta, F. separanda, F. cylindrus, and F. ritscheri species were also iden-
tified in the P6-10 core. Therefore, we used these four sea ice species as low SST indicators 
to represent the low sea surface temperature in Prydz Bay (Figure 4). 

 
Figure 4. Plates of four specific diatom species representing low SST in Prydz Bay: (1–4): F. curta, 
(5–8): F. cylindrus, (9–12): F. ritscheri, (13–16): F. separanda. 

In this paper, a change in the percentage sum of the four low SST diatom indicator 
species was used to reflect a change in the SST. A high percentage sum means that the sea 
surface temperature is low; the opposite means that the sea surface temperature is high. 
From this information, a semi-quantitatively reconstructed SST change curve is shown in 
Figure 5a. The sea surface temperature changes from 1893 to 2013 in Prydz Bay could be 
roughly divided into five stages: the high-temperature stage from 1893 to 1903, the cooling 
stage from 1903 to 1936, the stable and warm stage from 1936 to 1983, the low-temperature 
stage from 1983 to 1996, and the temperature rising stage from 1996 to 2013. 

The percentage sum of the low SST diatom indicator species was about 68–72% from 
1893 to 1903, which belonged to a low value stage in the research period. This means that 
the surface water was relatively warm during this period. The percentage sum of the low 

Figure 4. Plates of four specific diatom species representing low SST in Prydz Bay: (1–4): F. curta,
(5–8): F. cylindrus, (9–12): F. ritscheri, (13–16): F. separanda.

In this paper, a change in the percentage sum of the four low SST diatom indicator
species was used to reflect a change in the SST. A high percentage sum means that the sea
surface temperature is low; the opposite means that the sea surface temperature is high.
From this information, a semi-quantitatively reconstructed SST change curve is shown in
Figure 5a. The sea surface temperature changes from 1893 to 2013 in Prydz Bay could be
roughly divided into five stages: the high-temperature stage from 1893 to 1903, the cooling
stage from 1903 to 1936, the stable and warm stage from 1936 to 1983, the low-temperature
stage from 1983 to 1996, and the temperature rising stage from 1996 to 2013.

The percentage sum of the low SST diatom indicator species was about 68–72% from
1893 to 1903, which belonged to a low value stage in the research period. This means that
the surface water was relatively warm during this period. The percentage sum of the low
SST diatom indicator species was about 76% in 1993, which showed a slowly increasing
trend in the following 30 years; by 1933, the percentage sum had reached about 85%. Over
the next three years, the percentage sum further decreased slightly to about 80% in 1936.
In general, the percentage sum of the low SST diatom indicator species increased during
1903–1936, while the sea surface temperature showed a decreasing trend. The percentage
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sum of the low SST diatom indicator species from 1936 to 1983 fluctuated between 74% and
80%, and the overall change was little, reflecting the stable and warm stage. This period
could be further divided into two stages: the sea surface temperature decreased slowly
from 1936 to 1963 and then began to decrease again after a brief rise in 1963. The percentage
sum of the low SST diatom indicator species increased from 80% in 1983 to 88% in 1993,
indicating that the sea surface temperature decreased year by year during this period. The
percentage sum of the low SST diatom indicator species decreased from 1996 to 2006 and
increased after 2006 reflecting a general rising trend of the sea surface temperature.
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VRS13: (a) the semi-quantitatively reconstructed SST, (b) the number of the sunspots (a dotted line
represents an original curve of the number of sunspots, and a solid line is a curve obtained after
spline smoothing), (c) the Niño3.4 index (a solid black line represents the smoothed Niño3.4 index
curve, a blue line represents La Niña events, and a red line represents El Niño events), (d) δ18O, and
(e) the temperature converted from δD.

5. SST Reconstruction in Prydz Bay

Four types of records, which represent past temperature in the same timescale and
were obtained from other research studies in Antarctica and the globe, were used to compare
with the semi-quantitatively reconstructed SST in Prydz Bay. Sunspots are regarded as
the primary indicator of solar activities, and the regularity of their periodic activities can
affect the earth’s climate change. Several of the sunspots herein are used to represent
solar radiation intensity [63] (Figure 5b). The change in the global sea temperature is not
isolated but rather synergistic. Abnormal SST signals of the ocean–atmosphere interaction
in one sea area can be transmitted globally through atmospheric circulation, affecting the
sea surface temperatures in other sea areas [64]. El Niño (La Niña) is a widespread and
persistent abnormal warming (cooling) phenomenon of the sea surface temperatures in
the eastern and central equatorial Pacific Ocean which can affect global climate change.
The Niño3.4 index [65] herein is used to define El Niño and La Niña events (Figure 5c).
Precipitations δD and δ18O are closely related to temperature and are the most widely
used climate proxies; moreover, they can better indicate a change in the temperature [66].
Therefore, we used a δ18O record [67] (Figure 5d) of an ice core ITASE-2002-4 (86.5◦ S,
107.99◦ W, Figure 1) that described the atmospheric temperature in West Antarctica, as well
as the temperature converted using a δD record [68] (Figure 5e) of a snow core VRS13 at
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Vostok in East Antarctica (78.47◦ S, 106.83◦ E, Figure 1). In this chapter, the change in trends
and causes of the sea surface temperature in the five stages are discussed.

5.1. 1893–1903. C.E.

The semi-quantitatively reconstructed SST was relatively high in this period, indicating
that Prydz Bay was in the high-temperature stage, in which the temperature steadily rose
before 1900 [69]. The global temperature recorded in glaciers [70] and boreholes [71] all
over the world also indicated the warming trend from 1890 to 1900. Then, the decreased
semi-quantitatively reconstructed SST showed a short-term cooling period after 1900. The
δ18O records [67] and the temperature converted from δD [68] also represented the same
trend. Moreover, this was demonstrated by the number of sunspots that decreased from
nearly 150 to 0 [63]. From 1895 to 1903, multiple El Niño events occurred consecutively [65],
which might be the reason for the high temperature during this period.

5.2. 1903–1936. C.E.

The SST showed a downward trend during this period. It started to decrease after 1900
and rose again from 1933 to 1936. The global sea surface temperature entered a relatively
cold period after 1900 [24], and the SST estimated from UK

37 in Prydz Bay also showed a
low temperature around 1904 [72]. The atmospheric temperature reflected by δ18O [67]
rose for a short time between 1906 and 1913. On the contrary, the SST reflected by diatoms
continued to decline, which might be due to the weakening of solar radiation reflected by
the minimal number of sunspots [63]. Furthermore, the successively occurring La Niña
events prolonged the abnormal cooling of the SST, resulting in a continuous decrease in the
SST in the research region [65]. After 1935, a warming SST period occurred [24], which was
also reflected by the δ18O [67] and δD [68] records. It was a warming period [73] that was
affected by the rise in the radiation intensity of the sun.

5.3. 1936–1983. C.E.

The semi-quantitatively reconstructed SST was higher in this stage. It was a relatively
stable and warm period, as demonstrated by the global atmospheric temperature [73].
The SST continued to rise from 1936 to 1940, and the global temperature increased syn-
chronously [73], with a peak occurring in 1940 [24]. Then, a slight decrease in the SST
was occupied from 1946 to 1960, which was represented by both δ18O [67] and δD [68]
data. The consecutive La Niña events that occurred between 1940 and 1953 resulted in
the continuous cooling of the SST [65], which might explain the decrease in the SST in the
research region during this stage. From 1966 to 1983, the SST gradually decreased, which
showed the same trend as the SST estimated from UK

37 in Prydz Bay [72]. However, an
opposite result was represented by both the δ18O [67] and δD [68] records, which might
be due to a certain lag in the SST response to the atmospheric temperature. Prydz Bay
is located near Lambert Glacier, being a trough valley zone where a descending airflow
of the ice sheet converges. Under the combined action of descending wind affected by
terrain factors and the sea–land wind under the control of a sea–land thermal difference, the
atmospheric circulation and wind field around it are relatively complex. The temperature
change is caused by heat transfer between the atmosphere, the land, and the oceans [74]. In
addition, it is also at the edge of the cold polar high-pressure control area in the Antarctic
continent, which is affected by warm and wet air in the north and the strong cold air in
the mainland; moreover, sometimes, abnormal weather processes occur. A colder year is
controlled by the strong cold airflow in the mainland, and a warmer year is affected by a
circumpolar low pressure [75].

5.4. 1983–1996 C.E.

During this period, the semi-quantitatively reconstructed SST was low, indicating
that the SST in Prydz Bay was relatively cold. With the lowest value occurring in 1993, a
significant decrease in the SST was observed from 1983 to 1993, which corresponded to
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the increasing sea ice in East Antarctica along the coast [76]. And the SST increased from
1993 to 1996. The increasing sea ice might enhance the reflectivity of the sea surface and
reduce heat absorption [77], which, in turn, reduced the SST. It was also reflected by a small
number of sunspots [63]. The temperature records of Zhongshan Station and Davis Station,
which are relatively close to Prydz Bay, also indicate that the temperature in 1993 was the
lowest in decades [78–80]. One of the reasons for the low temperature was the small effect
of cyclones with a large effect of continental cold high pressure [81].

In addition, the Pinatubo volcano in the Philippines erupted in June 1991, and the
Hudson volcano in Chile erupted in August of the same year, which might be another
reason for the low temperature in Prydz Bay in 1993. The volcanic ash emitted into the
atmosphere during eruptions, which made the solar radiation scattered and weaken, also
lowered the temperature [82]. The direct effect generated by a single volcanic eruption
typically lasts for 1–2 years, leading to the cooling of the climate in the hemisphere and even
the globe, and this is more pronounced in the polar regions [83,84]. The Hudson volcano
is close to Antarctica, and materials immediately moved southward after its eruption.
However, the Pinatubo volcano is far away in the Northern Hemisphere, and emission
particles are transported in the stratosphere and are then required to be transported to the
Antarctic atmosphere by aerosols to have an effect.

5.5. 1996–2013 C.E.

The SST gradually increased during the period from 1996 to 2006, which was also
shown by the Uk

37 record [72]. Correspondingly, the El Niño events that occurred from
September 2004 to February 2005 might be the cause of the SST rising [65]. However,
the semi-quantitatively reconstructed SST decreased after 2006, corresponding to two
consecutive moderate La Niña events between 2010 and 2012, called the “double dip” La
Niña event, which caused a widespread cooling of the SST [85] and may have even affected
the SST in the research region.

6. Conclusions

(1) There were 30 species within 12 genera of diatoms found in the P6-10 core. The
main contributors were F. curta, F. cylindrus, F. sublinearis, F. ritscheri, and T. antarctica. Three
categories were divided based on their ecological affinity.

(2) Four dominant sea ice diatoms, F. curta, F. cylindrus, F. ritscheri, and F. separanda
were selected to represent the SST in Prydz Bay. From 1893 to 2013, five stages were divided:
the high-temperature stage from 1893 to 1903, the cooling stage from 1903 to 1936, the
stable and warm stage from 1936 to 1983, the low-temperature stage from 1983 to1996, and
the temperature rising stage from 1996 to 2013.

(3) Among the factors that affect the SST in Prydz Bay, solar radiation is the most
important factor on the multidecadal scale. Contrarily, it is controlled by the ENSO events
at the interannual scale. The alternating changes of El Niño and La Niña lead to an increase
or decrease in the SST. In addition, regionally unique physical-geographical environments
such as the atmospheric circulation and wind field in Prydz Bay, as well as volcanic
eruptions, also play important roles in the temperature changes. Among them, the effects
of the intensity of the solar radiation and the volcanic eruptions are global, and the ENSO
events have an effect on the regional SST; meanwhile, the effects of atmospheric circulation
and the wind field are local.

(4) The diatom records are effective palaeo-environmental carriers of SST data in Prydz
Bay and reflect the palaeo-climatic changes over the past century, which serve as a scientific
basis for research on the global change on small timescales.

In this paper, the SST of Prydz Bay from 1893 to 2013 was semi-quantitatively re-
constructed based on the percentage sum of the low SST diatom indicator species; from
this, a good result was obtained, which has provided a certain reference for the further
exploration of the relationship between the marine environmental change in the sea area
and the global change. However, a quantitative relationship between the percentages of
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diatoms and the SST was not established in this research, and the obtained value was not
an actual value of the SST. The SST of the sea area may be quantitatively reconstructed by
establishing a diatom–SST transfer function in the future, and the change in the SST may
further be analyzed in combination with more data.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse11071428/s1, Table S1: Percentage of diatoms in the P6-10 core.
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