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Abstract Palaeo-notch sediment, accumulated in lacustrine environment, is a reliable proxy material for palaeoclimatic and
palaeoenvironmental research. In this study, we collected a palaeo-notch sediment profile from the Blomstrandhalvøya, used
multiple geochemical proxies to reconstruct palaleoproductivity variations, and investigated their link to climatic records from
surrounding regions. C/N atomic ratios and carbon isotope indicate that organic matter in the sediment is mainly derived from
lacustrine algae. Toward the surface sediment, the TOC, TN, P contents and the reconstructed palaeoproductivity show
remarkable fluctuations with several peaks and troughs, opposite to the variation trend of the CaCO 3 contents. Changes in the
reconstructed palaeoproductivity are in good agreement with palaeoclimatic records from the surrounding regions, and three
interruptions are likely linked to the well-known cooling periods around 1900 BP, 2800 BP and 4200 BP. Thus
palaeoproductivity variations on the Blomstrandhalvøya are mainly driven by climate changes; palaeoproductivity increase
during warmer periods, and vice versa. This study will help the research of Arctic lake ecosystem and its response to climate
change.
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1 Introduction
The Arctic is undergoing profound climate changes in
recent decades (Cohen et al., 2014; Jiang et al., 2011), and
climate model results (Holland et al., 2006) show that rapid
climate warming, known as “polar amplification”
phenomenon, will continue in the future (Røthe et al., 2015).
The available instrumental climate records in the Arctic are
sparsely distributed and of short-time span; therefore, many
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proxy climate records have been reconstructed to study the
natural climate changes in the Arctic region (Yang et al.,
2017; Balascio et al., 2015; Gajewski, 2015; Røthe et al.,
2015; Miller et al., 2010; Bond et al., 2001).
Svalbard is a high Arctic Archipelago, and it is very
sensitive to climate change. Although the climate changes
in Svalbard have been well studied (Røthe et al., 2015; van
der Bilt et al., 2015), to the best of our knowledge, research
on palaeoproductivity using lacustrine sediment have rarely
been reported in Svalbard. The organic matter in lacustrine
sediments mainly consists of detritus from algae in the lake
or terrestrial plants in the drainage basin (Kołaczek et al.,
www.aps-polar.org
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2015; Meyers and Ishiwatari, 1993). When the vegetation in
or around the lakes flourishes, the amount of organic matter
in lacustrine records rises correspondingly. Organic matter
is an important part of the lacustrine sediment, and it
provides significant information about palaeoenvironmental
variations and the history of climate change (Kołaczek et al.,
2015; Vreca and Muri, 2006).
Lack of studies on lacustrine palaeoproductivity in
Svalbard is likely due to lack of good study materials,
especially in Spitsbergen. Glaciers during the Little Ice Age
in western Spitsbergen were the largest during the Holocene
(Mangerud and Landvik, 2007) and destroyed large
quantities of lacustrine sediment sequences. Sun et al. (2005)
identified palaeo-notch sediments as lacustrine sediments
and proposed that palaeo-notches sediments are reliable
proxy materials for palaeoclimate and palaeoenvironment
research in Antarctica.
In our previous work, we reconstructed mid- to late
Holocene climate change records (Yang et al., 2018) and
this study is a more in-depth study of our earlier work. In
the present study, we collected a well-preserved
palaeo-notch sediment sequence in Svalbard. We analyzed
the geochemical characteristics of organic matter in the
sediment profile, and the C/N atomic ratios and stable
carbon isotopes indicate that organic matter is mainly
derived from lake algae. From this sediment profile, we
reconstructed the history of palaeoproductivity variations,
and discussed its responses to climate change.

2 Study area
The Svalbard archipelago (74°–81°N; 10°–35°E) has a total

Figure 1
site.
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land area of approximately 63000 km2 and two-thirds of the
land is permanently covered by ice and glaciers, which are
especially extensive in north-eastern part (Jiang et al., 2011;
Birks et al., 2004). During the Last Glacial Maximum,
Svalbard was totally covered by the Late Weichselian
Barents ice sheet (Landvik et al., 1998). The margin of Late
Weichselian ice retreated to the western coast of Svalbard
around 13000–12000 BP and the islands gradually appeared
(Forman et al., 2004; Mangerud et al., 1992). Although the
Svalbard archipelago was located entirely in the High
Arctic region, there exists a great diversity of vegetation in
Svalbard including 742 lichen species, 373 bryophyte
species, and 173 vascular plant species (Zhang et al., 2015).
Blomstrandhalvøya is located in the middle of
Kongsfjorden, close to the NW coast and facing the
settlement of Ny-Ålesund. It is ~ 5 km long and < 4 km
wide with an area of 16.4 km2. The bedrock of the island
mainly consists of medium-to-high-grade metamorphic
marble (Proterozoic age) with a very thin surface
weathering, while the unmetamorphosed redbeds sediments
(Devonian) are present only in scattered remnants of a more
widespread blanket of Devonian sediments (Miccadei et al.,
2016).
The samples were collected on the Blomstrandhalvøya,
about 5 km north of Ny-Ålesund in the Svalbard
archipelago (Figure 1). The mean temperature in
Ny-Ålesund between 1969 and 2013 was −4.2℃, while the
mean temperature from October to February and from
March to June was −9.2℃ and −1.4℃, respectively. The
mean annual precipitation was 415.5 mm, most of which is
accumulated in the early snow season (López-Moreno et al.,
2016).

Map of studied area and sampling site. a, Location of Svalbard Islands; b, Location of Ny-Ålesund; c, Location of sampling
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3

Materials and methods

3.1

Sample collection

sequence was sectioned at 2 cm intervals and labeled as
LDP-1–LDP-18. All the samples were frozen in cold
storage prior to analysis.

A 36-cm-long undisturbed palaeo-notch sediment profile
was excavated using a small shovel on the
Blomstrandhalvøya (78°57′46" N, 12°02′10" E) during the
China Arctic Expedition in 2014. The palaeo-notch is
located in the southwestern side of Blomstrandhalvøya,
about 5 km north of the Yellow River Station of China.
The palaeo-notch was discovered in the marine terrace of
Blomstrandhalvøya, about 8 m above sea level, it opens
towards the southwest, it is approximately 80 cm wide,
50 cm deep and 30 cm high and its configuration is very
similar to that of the palaeo-notch found in Antarctica
(Sun et al., 2005). Based on the field observation and
existing results, this palaeo-notch is likely formed by
ocean wave before rising to the terrace (Yuan et al., 2010;
Sun et al., 2005). The detailed description and formation
process of the palaeo-notch LDP was illustrated in our
previous research (Yang et al., 2018). The sediment
profile LDP is a brown clay layer with a few angular
gravels (0.5–1.5 cm). The well-preserved sediment
Table 1

3.2

Analytical methods

Each sample was air-dried in a clean laboratory and
homogenized with a mortar and pestle, and then sieved
through a 200-mesh sieve. For determination of element Cu,
Zn, Pb, Co, Ni, P and Cr content, about 0.25 g of each
powder sample was taken, precisely weighed, digested by
multi-acids, and then determined using inductively coupled
plasma-atomic
emission
spectrometry
(ICP-AES).
Concentrations of Se were determined by atomic
fluorescent hydrogenation (AFS). Precision and accuracy of
our results were monitored by analyzing sediment standard
reference materials (GBW-7301a and GBW-7408) in every
batch of analysis. The analyzed results for the trace
elements are within ±0.5% of the reference values. The
analyzed values of Cu, Zn, Pb, Co, Ni, P, Cr and Se are
listed in Table 1. The concentrations of element SiO2, Al2O3,
Fe2O3, K2O, Na2O, CaO, MgO, Sr and Ba were analyzed
and published in Yang et al. (2018).

The analyzed values of Cu, Zn, Pb, Co, Ni, P, Cr and Se in the palaeo-notch sediment profile LDP

Sample ID Depth/cm

Cu/(μg·g−1)

Zn/(μg·g−1)

Pb/(μg·g−1)

Co/(μg·g−1)

Ni/(μg·g−1)

P/(μg·g−1)

Cr/(μg·g−1) Se/(μg·g−1)

LDP-1

2

8.55

40.27

20.90

10.68

15.76

566.02

35.71

0.34

LDP-2

4

10.39

45.32

20.92

12.59

19.37

695.10

42.54

0.43

LDP-3

6

9.36

47.50

25.90

13.78

19.52

642.64

34.91

0.28

LDP-4

8

6.74

44.20

18.01

9.75

14.09

453.86

32.10

0.26

LDP-5

10

8.23

35.49

18.14

10.87

16.90

496.45

26.86

0.30

LDP-6

12

10.18

46.87

19.03

11.20

19.61

578.54

34.97

0.37

LDP-7

14

7.92

33.65

16.81

9.74

15.68

475.02

32.93

0.31

LDP-8

16

9.77

37.44

17.12

10.32

17.81

545.65

36.53

0.35

LDP-9

18

11.19

41.80

18.05

11.48

19.58

596.95

39.64

0.36

LDP-10

20

17.14

48.43

19.41

13.23

29.09

649.72

45.88

0.40

LDP-11

22

11.90

45.02

18.40

12.20

21.27

632.71

39.90

0.38

LDP-12

24

9.49

34.73

15.45

9.26

15.92

528.70

32.94

0.27

LDP-13

26

10.43

35.53

16.07

9.68

16.66

540.52

34.45

0.24

LDP-14

28

10.37

36.62

16.05

10.01

16.75

563.01

36.05

0.25

LDP-15

30

10.50

35.22

15.76

9.96

17.04

561.73

35.34

0.25

LDP-16

32

11.04

37.92

16.75

10.51

18.20

592.96

37.97

0.29

LDP-17

34

8.79

30.68

14.81

8.20

13.41

496.42

30.23

0.20

LDP-18

36

7.76

28.31

14.26

7.50

12.43

444.07

25.91

0.15

For grain size analysis, ~ 0.5 g of fully dispersed dry
sample was taken, 10 mL of H2O2 solution (10%) was
added, and the mixture was heated to 100℃ for 30 min to
remove organic matter. Then 10 mL of HCl solution (10%)
was added to remove carbonate and shell fragments. Finally,

all the samples were fully dispersed by adding 10 mL
(NaPO3)6 (10%) and treated by ultrasonic for 15 min before
measurement. The grain size was analyzed using the LS230
laser diffraction particle size analyzer (Beckman Coulter,
Inc.). We also analyzed the sensitive components, which
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reflect the difference at the same grain size interval of the
grain size contents of different samples. We calculated the
standard deviations of the grain size contents for all samples
and the sensitive components of grain size were obtained
using the grain size-standard deviation variation curve.
Total nitrogen (TN) and total carbon (TC) were
determined by NCSH elemental analyser (vario EL) with an
error of less than 1%. Blank samples and standard with
known elemental composition (sulfanilamide) were used for
quality assurance. Total organic carbon (TOC), C/N atomic
ratios and δ13C values measured during AMS 14C dating
were reported by Yang et al. (2018). In this study, TC and
TOC contents were used to calculate carbonates (CaCO3=
(TC−TOC) × 8.333) (Müller et al., 2012).
The dry bulk density (DBD) of the sediments was
measured using a density determination kit for Excellence
XP/XS analytical balances (Mettler-Toledo AG, Laboratory
& Weighing Technologies, Switzerland).
According to previous studies (Choudhary et al., 2010;
Ishiwatari et al., 2005), the following equation was used to
estimate the palaeoproductivity (PP: g C·m−2·a−1),
PP=(%TOC×DBD)/(0.0030×S 0.3),
Equation (1)
where DBD is the dry bulk density (g·cm−3) of the sample
and S is the sedimentation rate (cm·ka−1). The
sedimentation rate used in this study is calculated from the
linear interpolation of dating results.
As for the calculation of the relative content of
allochthonous and autochthonous organic matters, Colman et
al. (1996) estimated the terrigenous organic carbon content in
Lake Baikal sediments based on the assumption that C/N
atomic ratio is 7.4 for algal organic matter and 22 for
terrestrial plant organic matter. A similar assumption was
made by Ishiwatari et al. (2005) to estimate the percent of
autochthonous organic carbon. We also used a similar mixing
model in this study. We adopted the average C/N atomic
ratios (43) of four common tundra plants near our sampling
site (Yuan et al., 2010) as the C/N atomic ratio for
allochthonous organic matter. As we did not find any papers
about C/N atomic ratios for lacustrine algae near our
sampling site, we used the average C/N atomic ratio for
lacustrine algae (Meyers, 1994), which is widely used in
other studies. Based on this assumption, the compositions of
autochthonous and allochthonous sources could be

Figure 2
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determined more accurately.

4

Results and discussion

4.1

Chronology and sedimentology

The chronology of sediment profile LDP was established
using AMS 14C dating techniques. Six bulk sediment
samples were selected for AMS 14C dating at Center for
Applied Isotope Studies, University of Georgia and one
sample at the bottom was supplemented for AMS 14C dating
at A.E. Lalonde AMS Laboratory, University of Ottawa.
Radiocarbon dates were calibrated using Clam 2.2 (Blaauw,
2010) based on IntCall13 radiocarbon age calibration curve
(Reimer et al., 2013). The chronology throughout the core
was created using Clam 2.2 (Blaauw, 2010) (supplementary
Figure 1) and the detailed results of LDP chronology was
reported by Yang et al. (2018). The temporal resolution of
the sediment profile is relatively low with temporal
sampling resolution of ~200 a, which may make it difficult
to interpret high-resolution climate records. However, it is
very difficult to find well-preserved and long time span
sediment sequences during mid to late Holocene because
glaciers during the Little Ice Age, the most extensive in the
Holocene, destroyed large quantities of sediment sequences
in Svalbard. Fortunately, palaeo-notch sediments could
withstand glaciers and be well-preserved after deposition.
Therefore, it is a valuable material to reconstruct past
climate changes in the study area.
As the lithology of LDP has little difference
throughout the entire sediment profile, we performed grain
size analysis to investigate the particle size compositions at
different layers. Grain size standard deviation curve of the
sediment profile exhibits peak values at 33 μm and 373 μm,
labeled as component 2 and 3, respectively (Figure 2). The
fine fraction (<2 μm) was labeled as component 1. The
variation range of component 2 is 37%–96% with a mean
value of 71%, so the sediment profile is mainly composed
of clayey silt. The grain size contents of component 1 and 2
show opposite trends compared with component 3, while
the variations of component 1 and 2 are similar with TOC
contents.

Grain size-standard deviation curve (left) and the variations of component 1, 2 and 3.

Records in palaeo-notch sediment: changes in palaeoproductivity from Svalbard

TOC and TN are generally considered to be a good
proxy for relative organic matter content in sediments. In
the sediment profile LDP, the TOC and TN contents have an
increasing trend toward the surface sediment, thus the
organic matter content increases towards the upper part of
the sediment profile. The C/N atomic ratio is widely used to
distinguish between different origins of organic matter. The
C/N atomic ratios of the sediment profile LDP has very
small variation range between 7.78 and 10.22, indicating a
relatively stable source of organic matter.
The CaCO3 content was calculated according to the
formula by Müller et al. (2012), to reflect the carbonate
abundance. In LDP, the CaCO3 content ranges from 2.34% to
20.21% and it has a decreasing trend toward the upper part of the
sediment. The vertical profile of CaCO3 content shows a trend
opposite to those of TOC and TN, likely due to the relative
dilution of organic matter input. Yoon et al. (2006) reconstructed
postglacial palaeoproductivity in Long Lake, King George
Island, West Antarctica and got similar results with us.
The P concentrations in the sediment profile LDP
varies from 444.07 to 695.09 mg·kg−1, with an average of
558.59 mg·kg−1. P is generally regarded as the limiting
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nutrient in lakes and higher P loads may lead to enhanced
primary productivity (Schindler, 1978). As expected, the P
concentration shows good agreement with TOC content in
the palaeo-notch sediment profile.
Based on the geochemical characteristics, temporal
changes of these proxies can be divided into three periods
(Figure 3). Period I is characterized by relatively low TOC,
TN and P contents, high CaCO3 contents and dry bulk
density, and thus less organic matter input. Between period I
and period II is a trough of TOC and TN content, likely
related to the “4.2 ka” cooling event (Roland et al., 2014).
Afterward, the TOC, TN and P contents rise and peak
around 3700 BP during period II and then decrease to
another trough around 2800 BP, also a great cooling period
(Plunkett and Swindles, 2008). During period II, CaCO3
content and dry bulk density all show a decreasing trend
while the C/N atomic ratio has an opposite variation trend,
indicating increasing input of allochthonous organic matter.
During period III, overall, the changes of TOC, TN and P
contents show an increasing trend upwards; and the C/N
atomic ratio has a sharp decrease, indicating a rapid
decrease in the input of allochthonous organic matter.

Figure 3 Down-core variation profiles of total organic carbon (TOC), total nitrogen (TN), C/N atomic ratios, the contents of CaCO3, dry
bulk density (DBD), sedimentation rate, the contents of P, and palaeoproductivity for the LDP sediment sequence.

4.2

Sources of organic matter

The organic matter preserved in the lacustrine sediments
could provide important information about lake
palaeoenvironment and climate change (Vreca and Muri,
2006). In LDP, the C/N and Sr/Ba atomic ratios indicate that
the palaeo-notch sediment was accumulated in a lacustrine
environment (Yang et al., 2018). The C/N atomic ratios of
nearly all samples are lower than 10, thus the organic matter
are mainly derived from lacustrine algae (Meyers, 1994). In
addition, both δ13C and C/N atomic ratio can be used to
distinguish the origin of organic matter (Meyers, 1994).
Here δ13C values measured during AMS 14C dating and
corresponding C/N atomic ratios in the palaeo-notch
sediment, as well as δ13C values and C/N atomic ratios of
four different lakes in the Arctic region, are plotted in δ 13C
and C/N space (Figure 4). Nearly all the values of the
palaeo-notch sediment fall in the area of lake algae, further
confirming that lake algae is the major contributor to

organic matter in the sediments. Thus the sediments in the
palaeo-notch are accumulated in a lacustrine environment,
consistent with the results from the Antarctic (Sun et al.,
2005).
The organic matter in the sediment profile LDP comes
from both allochthonous and autochthonous sources, and
the proportion varies in LDP different periods. The
autochthonous source is mainly derived from lake algae,
while the allochthonous part of the sediment is mainly
derived from the weathering materials around the sampling
site. In addition, organic matter from surrounding
vegetation could also be transported to the palaeo-notch.
C/N atomic ratio is generally assumed to be an index of the
contribution of terrestrial organic matter relative to
algae-derived organic matter (Ishiwatari et al., 2005). In
order to estimate the relative organic matter contribution
from allochthonous and autochthonous sources in LDP, we
also used a mixing model. Yuan et al. (2010) determined the
C/N atomic ratios of four common tundra plants near our
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sampling site (with an average of 43) and thus we assumed a
C/N atomic ratio of 43 for allochthonous organic matter. As
the C/N atomic ratio of lacustrine algae ranges from 4 to 10,
we assumed a C/N atomic ratio of 7 for autochthonous
organic matter. Based on the above assumption, we calculated
the relative content of allochthonous and autochthonous
organic matters (Figure 5a). The autochthonous organic matter
ranges from 91% to 98% of TOC, it is the major contributor
of the sediment organic matter, and the temporal variations of
autochthonous organic carbon (OC) are very similar to that of
sediment TOC (Figure 5b).

4.3

Figure 4 C/N atomic ratios and δ13C for lacustrine algae, C3
land plants, C4 land plants and sediments in the palaeo-notch;
δ13C values and C/N atomic ratios from a small fresh lake near
Sisimiut in south-west Greenland (Leng et al., 2012), Lake
Vikjordvatnet and Lake Fiskebolvatnet in the Lofoten Island,
northern Norway (Balascio and Bradley, 2012), and Lake Igaliku
in south Greenland (Massa et al., 2012) are also plotted in the
figure for comparison.

Geochemical characteristics

The element contents in sediments are influenced by
various factors and the geological explanations for any
single element are complex, however, an assemblage of
elements could be used to indicate different material
sources (Liu et al., 2006; Sun and Xie, 2001; Sun et al.,
2000). “Bio-elements” have been utilized as important
geochemical markers in the Antarctic (Sun et al., 2000) and
South China Sea (Liu et al., 2006) to indicate the influence
of seabird. We performed R-mode cluster analysis with
scaled data of 19 proxies, and the results showed that TOC,

Figure 5 a, Variations in allochthonous and autochthonous organic carbon (OC) estimated using C/N atomic ratio for sediment profile
LDP from Blomstrandhalvøya; b, Temporal variations in total organic carbon (TOC) and autochthonous organic carbon (OC); c,
Correlation between TOC and autochthonous OC.

TN, Se, Pb, Zn, Ba, Co, Al2O3, Fe2O3 and K2O are clustered
into one group (Figure 6), indicating a similar variation
trend. Then we performed principle component analysis
(PCA) on the major and trace elements contents of the
palaeo-notch sediment LDP. PC1, characterized by TOC,
TN, Se, P, Pb, Zn, Ba, Co, Al2O3, Fe2O3 and K2O, is the

main controlling factor in the element contents. Pearson
correlation analyses on these elements were performed and
the results are listed in Table 2.
The material sources of the palaeo-notch sediment are
mainly from weathering products (Yang et al., 2018) and
organic matter derived from lake algae. Al2O3, Fe2O3 and
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Table 2
TOC

Correlation coefficients among the elements in the palaeo-notch sediment profile LDP
TN

Pb

Se

P

TOC

1.00

TN

0.95*

1.00

Pb

0.84*

0.89*

Se

0.86*

0.73*

0.52

1.00

P

0.70*

0.70*

0.63*

0.72*

1.00

Zn

Co

Ba

K2O

Fe2O3

Al2O3

1.00

Zn

0.83*

0.79*

0.78*

0.75*

0.73*

1.00

Co

0.85*

0.81*

0.85*

0.77*

0.85*

0.88*

1.00

Ba

0.89*

0.81*

0.81*

0.78*

0.53

0.83*

0.86*

1.00

K2O

0.91*

0.82*

0.78*

0.87*

0.76*

0.89*

0.94*

0.94*

1.00

Fe2O3

0.94*

0.93*

0.85*

0.84*

0.86*

0.87*

0.95*

0.85*

0.94*

1.00

Al2O3

0.90*

0.84*

0.78*

0.87*

0.76*

0.88*

0.95*

0.93*

0.98*

0.95*

1.00

Note: * Significant at the 0.01 level (2-tailed).

Figure 6 R-mode cluster analysis result for the chemical
elements in the palaeo-notch sediment profile LDP.

K2O are apparently related to chemical weathering. In
addition, primary productivity controls the enrichment of
most of the metals in sediments (Das et al., 2008). The
levels of elements in PC1 are highly correlated with TOC and
TN contents (Table 2); thus, PC1 very likely represents the total
organic matter input. This is further confirmed by the similar
profiles of TOC and PC1 factor score (Figure 7). As discussed
above, the organic matter in the palaeo-notch sediment is mainly
derived from lake algae, therefore, PC1 factor score could be the
proxy for palaeoproductivity in Ny-Ålesund.

4.4

Palaeoproductivity

Estimation of variations in primary palaeoproductivity in
Svalbard is important for understanding the ecological
r esp o n s e to cl i ma te c h an g e. I n t hi s st ud y, t h e
palaeoproductivity was estimated according to Equation 1.
However, this equation is based upon total organic carbon
input, not autochthonous input. In order to better evaluate

Figure 7
Comparisons between palaeoproductivity on the
Blomstrandhalvøya and climatic records. a, The δ18O profile of Greenland
Ice Core GISP2 (Johnsen et al., 1997); b, The content of hematite-stained
grains in North Atlantic sediment (Bond et al., 1997); c, Sedadna taxon
richness records from Lake Skartjørna, Svalbard, which is used to reconstruct
past vegetation changes (Alsos et al., 2016); d, Climatic records reconstructed
through weathering intensity (WI) on the Blomstrandhalvøya, Svalbard
(Yang et al., 2018); e, Reconstructed palaeoproductivity in palaeo-notch
sediment LDP; f, The TOC content and PC1 factor score of sediment profile
LDP. The shading area marks the cold periods.

250

Yang Z K, et al. Adv Polar Sci

palaeoproductivity of autochthonous organic matter input,
we recalculated palaeoproductivity using the autochthonous
organic matter content (Figure 3).
As shown in Figure 3, the palaeoproductivity is
relatively low (3–6 g C·m−2·a−1) prior to 4200 BP, begins to
increase thereafter, and peaks (~8.6 g C·m−2·a−1) around
3500 BP. Then the palaeoproductivity begins to decrease to
about 6 g C·m−2·a−1 around 2800 BP, probably corresponding to the cold event during this period. After that, the
palaeoproductivity has a slight increase and stays at a
relatively stable level except the valley around 1900 BP.
TOC and TN are also extensively used as a proxy for
palaeoproductivity (Arsairai et al., 2016; Prokopenko and
Williams, 2004). Higher productivity is characterized by
elevated organic matter content. According to the estimation
of organic matter sources, the TOC content in the
palaeo-notch sediment is mostly derived from in-lake algae
and the variations of TOC and autochthonous OC are very
similar with each other. Thus the TOC content is a good
indicator for palaeoproductivity in this palaeo-notch
sediment profile. Furthermore, many studies have
successfully used P content to reconstruct lake productivity
(Hiriart-Baer et al., 2011; Brezonik and Engstrom, 1998).
Excessive P loads could promote increase in primary
productivity (Liu et al., 2010; Schindler, 1978). In LDP, the
variation profiles of PC1 factor score, P and TOC contents
are consistent with that of the estimated palaeoproductivity,
providing a further support for the reconstructed
palaeoproductivity in Svalbard.

4.5

Palaeoproductivity and its response to climate
change

Lacustrine sediments are ideal archives for study of
palaeoclimatic and palaeoenvironmental changes, and lake
palaeoproductivity is an important proxy to study the
evolution of lake ecosystems. Generally, palaeoproductivity
is closely related to climate change, it increases during
warmer periods (Prasad et al., 2016; Jiang et al., 2011), and
climate changes could leave “fingerprints” in organic matter
of sediments. In this study, we reconstructed the
palaeoproductivity variations in Svalbard during mid to late
Holocene and compared it with the sedaDNA records,
which was used to reflect past vegetation changes in the
Arctic (Figure 7), from Lake Skartjørna, Svalbard (Alsos et
al., 2016). The good agreement between our reconstructed
palaeoproductivity and the sedaDNA records confirms the
robustness of our chronology and the validity of our
reconstructed palaeoproductivity.
In order to better understand the climate-ecosystem
dynamics in the Arctic, we investigated the relationships
between the reconstructed palaeoproductivity on the
Blomstrandhalvøya and climate changes from surrounding
regions (Figure 7).
According to the previous description of the
palaeo-notch formation process (Yang et al., 2018), this
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palaeo-notch started to receive deposit no later than
5700 BP during a very cold period. This cold period is
recorded in Greenland Ice Core (GISP2) δ18O profile
(Johnsen et al., 1997) corresponding to the ice rafting event
in North Atlantic Ocean (Bond et al., 1997). In addition, the
cold climate conditions terminate the Holocene thermal
maximum inferred from proglacial lake sediment in
Scoresby Sund region (Larsen et al., 2012; Funder, 1978).
Thus the cold climate conditions during this period
promoted the formation of catchment around the
palaeo-notch (Yang et al., 2018). The sediment accumulated
at the beginning is characterized by high CaCO3 content
and low TOC content, likely caused by relatively high
weathering product input and low organic matter input.
Climate record from Lake Skartjørna, Svalbard also shows
a decline in LOI values around 5500 BP (Alsos et al., 2016).
Moreover, the low value of C/N atomic ratios indicates that
organic matter in the sediment is mainly derived from
autochthonous sources. The low palaeoproductivity
reconstructed in our record and the low sedaDNA taxon
richness from Lake Skartjørna are likely a response to the
cold climate conditions during this period.
TOC, PC1 factor score and the reconstructed
palaeoproductivity start to increase after 5700 BP,
coincident with the decrease in CaCO3 content (Figure 3);
this indicates an increasing organic matter content and
likely warm climate conditions. From 5300 BP to 4600 BP,
according to the δ18O profile of GISP2 in Greenland and the
content of hematite-stained grains in North Atlantic
sediment, the climate is relatively warm. However, the
warm climate condition was interrupted by the “4.2 ka”
cooling event (Roland et al., 2014; Bond et al., 1997;
Johnsen et al., 1997), in line with climate records
reconstructed on the Blomstrandhalvøya. Correspondingly,
the TOC and TN contents as well as palaeoproductivity in
LDP all fall into a valley around 4200 BP, while the CaCO 3
content shows a small peak. This is consistent with the low
sedaDNA taxon richness from Lake Skartjørna, Svalbard
(Alsos et al., 2016).
After the “4.2 ka” cooling event, the pa laeoproductivity increases rapidly and peaks around 3500 BP.
The increase in TOC and TN content and decrease in
CaCO3 content reflect a rise in the content of organic matter
in the palaeo-notch sediment. The C/N atomic ratios show a
steady increase from 4200 BP to 2800 BP, indicating a
gradual rise in terrestrial organic matter input. Besides, the
variation of palaeoproductivity and PC1 factor score is
consistent with climate change records on the
Blomstrandhalvøya; the climate records in Greenland and
North Atlantic also suggest a relatively warm episode
during this period. However, the palaeoproductivity drops
to another valley around 2600 BP, together with rapid
decrease in sedaDNA taxon richness from Lake Skartjørna
(Alsos et al., 2016), which coincide with the 2800 BP
cooling event, well-documented in several sites from
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Greenland and North Atlantic regions (Balascio et al., 2015;
Bond et al., 1997). The response of the palaeoproductivity
to climate changes is synchronous (Figure 7).
The climate is relatively warm from 2600 BP to
1600 BP based on the climate records from Greenland,
North Atlantic and Svalbard (Yang et al., 2018; Bond et al.,
2001; Johnsen et al., 1997). Correspondingly, the palaeoproductivity fluctuates around a relatively high level and the
TOC content also shows an upward trend except an
interruption around 1900 BP. During this interruption, the
sedaDNA taxon richness from Lake Skartjørna dives to a
very low level (Alsos et al., 2016). This interruption is also
recorded in Greenland Ice Core (GISP2) during the
corresponding period (Johnsen et al., 1997), and it might be
related to a cooling event. In addition, the content of
hematite-stained grains in North Atlantic sediment
increased (Bond et al., 1997) and Bregne ice cap in East
Greenland expanded ~1900 BP (Levy et al., 2014).
Research on hydroclimate variability of High Arctic
Svalbard also revealed an abrupt shift to colder conditions
around 1800 BP (Balascio et al., 2016). The palaeo-lake
was destroyed due to high water level in the pond or other
external reasons around 1600 BP, the sediments in front of
the palaeo-notch was gradually eroded and only those in the
palaeo-notch were well preserved (Yang et al., 2018).
Therefore, there are no records of palaeoproductivity
changes in this palaeo-notch after 1600 BP.
The good agreement between palaeoproductivity
changes on the Blomstrandhalvøya and palaeoclimatic
records from the surrounding regions suggests that
palaeoproductivity may be mainly driven by climate change
in the Arctic. The palaeoproductivity increases during warm
periods and decreases during cold periods. Similar
observations were reported in both high altitude Tso Moriri
Lake, India (Prasad et al., 2016) and Long Lake, King
George Island, West Antarctica (Yoon et al., 2006).
Moreover, the interruptions (cold periods) observed in the
reconstructed palaeoproductivity records suggest that lake
ecosystem is very sensitive to climatic and environmental
changes in the Arctic.

5

Conclusions

Palaeo-notch sediment is a reliable proxy material for the
study of palaeoclimate and palaeoenvironment. The C/N
atomic ratios and carbon isotope results of the palaeo-notch
sediment indicate that the organic matter is mainly derived
from lacustrine algae. The estimation of relative organic
matter contribution using C/N atomic ratios suggests that
~91%–98% of organic matter comes from autochthonous
sources. The palaeoproductivity on the Blomstrandhalvøya
was reconstructed using multiple geochemical proxies, and
its changes are closely linked to climatic records from the
surrounding regions. When the climate is warm, the
palaeoproductivity increases, and vice versa. Furthermore,
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several interruptions in the palaeoproductivity variation
profiles are likely linked to the well-known cooling periods
around 1900 BP, 2800 BP and 4200 BP. The palaeoproductivity changes on the Blomstrandhalvøya are mainly
driven by climate change and this study is helpful in
understanding climate-ecosystem dynamics in the Arctic.
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