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a b s t r a c t

A late Quaternary pollen record from northern Sakhalin Island (51.34�N, 142.14�E, 15 m a.s.l.) spanning
the last 43.7 ka was used to reconstruct regional climate dynamics and vegetation distribution by using
the modern analogue technique (MAT). The long-term trends of the reconstructed mean annual tem-
perature (TANN) and precipitation (PANN), and total tree cover are generally in line with key palae-
oclimate records from the North Atlantic region and the Asian monsoon domain. TANN largely follows
the fluctuations in solar summer insolation at 55�N. During Marine Isotope Stage (MIS) 3, TANN and
PANN were on average 0.2 �C and 700 mm, respectively, thus very similar to late Holocene/modern
conditions. Full glacial climate deterioration (TANN ¼ �3.3 �C, PANN ¼ 550 mm) was relatively weak as
suggested by the MAT-inferred average climate parameters and tree cover densities. However, error
ranges of the climate reconstructions during this interval are relatively large and the last glacial envi-
ronments in northern Sakhalin could be much colder and drier than suggested by the weighted average
values. An anti-phase relationship between mean temperature of the coldest (MTCO) and warmest
(MTWA) month is documented during the last glacial period, i.e. MIS 2 and 3, suggesting more conti-
nental climate due to sea levels that were lower than present. Warmest and wettest climate conditions
have prevailed since the end of the last glaciation with an optimum (TANN ¼ 1.5 �C, PANN ¼ 800 mm) in
the middle Holocene interval (ca 8.7e5.2 cal. ka BP). This lags behind the solar insolation peak during the
early Holocene. We propose that this is due to continuous Holocene sea level transgression and regional
influence of the Tsushima Warm Current, which reached maximum intensity during the middle Holo-
cene. Several short-term climate oscillations are suggested by our reconstruction results and correspond
to Northern Hemisphere Heinrich and DansgaardeOeschger events, the BøllingeAllerød and the Younger
Dryas. The most prominent fluctuation is registered during Heinrich 4 event, which is marked by
noticeably colder and drier conditions and the spread of herbaceous taxa.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The Asian monsoon, comprising the Indian and East Asian
subsystem, is a major global atmospheric circulation system which
principally controls the climate of a vast area stretching from the
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western Arabian Sea to the southern Russian Far East (RFE)
including the most densely populated regions of the world
(Alpat'ev et al., 1976; Wang, 2006). Palaeoclimate studies from both
monsoon domains have outlined that climate conditions have
varied significantly on different time-scales during the Holocene
(e.g. Hu et al., 2008; Leipe et al., 2014) and last glacial period (e.g.
Wang et al., 2001).

The spatiotemporal patterns and the magnitude of past varia-
tions in Asian monsoon activity and its relation with other com-
ponents of the global climate system need further research (e.g.
Nakagawa et al., 2008; Masson-Delmotte et al., 2013). To improve
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our knowledge, additional climate reconstructions based on
continuous long-term records from different regions of the Asian
monsoon domain are required (e.g. Ju et al., 2007; Tarasov et al.,
2011; Jin et al., 2014). To date, marine and terrestrial palae-
oclimate proxy records from both the Indian summer monsoon
(ISM) and East Asian summermonsoon (EASM) domains are mostly
derived from the core monsoon zone and seldom exceed the Ho-
locene interval (e.g. Morrill et al., 2003; Wang et al., 2005a;
Herzschuh, 2006; Fleitmann et al., 2007; Wang et al., 2010; Ran
and Feng, 2013 and references therein).

Especially from the northern EASM domain (ca 45e55�N),
which covers parts of the northeast Asian continent and the north-
western Pacific islands, the number of palaeoclimate studies is very
scarce (e.g. Mokhova et al., 2009; Tarasov et al., 2011). In summer
this area represents the transitional zone between cold air masses
from high latitude polar regions and the warm and moist EASM air
masses originating from the north-western Pacific. EASM influence
here is strongest between June and July (Ding and Chan, 2005)
when the monsoon front reaches its northernmost position at ca
55�N (Geograficheski Atlas SSSR, 1990). In winter, the climate is
generally controlled by the East Asian winter monsoon (EAWM)
(Alpat'ev et al., 1976). During this season, the region is situated on
the boundary which separates the area to the south and to the
north of ca 50�N where surface air temperature is significantly
influenced by the Siberian High and the Arctic Oscillation, respec-
tively (Wu and Wang, 2002).

Regional palaeoclimate studies available to the international
community are based on a limited number of proxy records from
sites in the southern RFE including the Amur river valley (e.g.
Bazarova et al., 2008, 2011; Mokhova et al., 2009), Sakhalin (e.g.
Igarashi et al., 2002; Takahara et al., 2010; Igarashi and Zharov,
2011), the Kuril Islands (e.g. Razjigaeva et al., 2013 and references
therein) and the Japanese island of Hokkaido (e.g. Igarashi, 2013
and references therein). The majority of these works employed
fossil pollen assemblages to provide qualitative interpretation of
past climates and vegetation. Pollen records have also proved to be
an excellent tool to quantify past variations in climate (e.g. Guiot,
1990; Jackson and Williams, 2004; Nakagawa et al., 2006) and
vegetation cover (e.g. Prentice et al., 1996; Tarasov et al., 2000;
Williams et al., 2011) in different parts of the world.

The so far longest terrestrial fossil pollen record Khoe, from the
northernmost East Asianmonsoon domain, has been obtained from
a peat section on the north-western coast of Sakhalin (Fig. 1B) and
spans the last ca 44 ka. Results of the conventional pollen and spore
analysis are presented and discussed in a palaeoclimatological
context by Igarashi et al. (2000, 2002). Later, this pollen record was
also employed by Takahara et al. (2010) in their regional synthesis
aimed to evaluate vegetation variability in response to Dans-
gaardeOeschger (DO) events, and by Igarashi and Zharov (2011) to
review the last glacial climate and vegetation dynamics on Hok-
kaido and Sakhalin. In this study we utilise the Khoe fossil pollen
record for quantitative reconstruction of past climate conditions
and tree cover using the modern analogue technique. The recon-
struction results are compared with the published qualitative
pollen-based vegetation and climate reconstructions and further
discussed in the context of available regional and extra-regional
palaeoclimate proxy records.

2. Environmental setting of Sakhalin

2.1. Location and climate conditions

Sakhalin is an island in the north-western Pacific (Fig. 1A). It is
relatively narrow in shape but stretches ~950 km from north to
south between ca 54.5� and 46�N. The island is separated from the
continent by the ca 10 m deep Tatar Strait (~8 km at the narrowest
point) in the northwest and from Hokkaido by the Soya Strait
(~43 km at the narrowest point) in the south.

The climate of Sakhalin is mainly determined by a typical
summer and winter monsoon circulation (Alpat'ev et al., 1976;
Martyn, 1992). The summer monsoon is driven by low air pres-
sure over Siberia (Asiatic Low) and high air pressure (Hawaiian
High) over the northern Pacific Ocean. The development of both
pressure systems results in the continuous northward migration of
the East Asian polar front (Fig. 1A). This movement culminates in
middle to late summer when the front stretches roughly from the
northern tip of Sakhalin, over Mongolia, to eastern Kazakhstan.
During this time, Sakhalin is affected by predominant flow of moist
air masses from southern to south-eastern directions, which cre-
ates humid and thermally mild conditions (Fig. 1A). Due to the
formation of the Aleutian Low and the Siberian High during
autumn, the pressure gradient reverses and leads to the continuous
southward migration of the East Asian polar front (Fig. 1A). In
winter, when the pressure gradient is most pronounced, weather
conditions on Sakhalin are predominated by south-eastward flow
of continental cold and dry air masses. Simultaneously to the
development of the Siberian High, the northern RFE is marked by
enhanced cooling, which results in the southward shift of the Arctic
front. In January it is approximately situated along the northern
shore of the Okhotsk Sea (Alpat'ev et al., 1976; Geograficheski Atlas
SSSR, 1990; Ivanov, 2002; Fig. 1A).

Another factor which affects the climate of Sakhalin involves the
different thermal conditions of the surrounding seas driven by
ocean currents (Fig. 1B). On the eastern coast of the island the East
Sakhalin Cold Current (ESCC) flows southward. In the southwest
and south of Sakhalin mean surface water temperatures are higher
under the influence of the Tsushima Warm Current (TWC), which
flows as a sub-branch of the Kuroshio Warm Current (KWC)
northwards along the eastern margin of the Sea of Japan, and the
Soya Warm Current (SWC), which flows as a TWC sub-branch be-
tween Sakhalin and Hokkaido towards the Okhotsk Sea. While the
TWC gradually cools when progressing further north into the Tatar
Strait, parts of the current turn and flow southwards along the
shore of the Eurasian mainland as the Liman Cold Current (LCC).

Mean temperatures and precipitation generally follow a lat-
itudinal gradient with highest values in the southern part of the
island. The mean annual temperature (TANN) is 2.1 �C at Yuzhno-
Sakhalinsk (46.97�N, 142.73�E, Fig. 1B) in the south, drops to
0.0 �C at Poronaysk (49.22�N, 143.10�E, Fig. 1B) and reaches
only �2.4 �C at Okha (53.52�N, 142.91�E, Fig. 1B) in the north
(Krestov, 2003). Mainly due to the maritime conditions and the
influence of the TWC, winters are particularly mild in the narrow
southern part of Sakhalin. The mean temperature of the coldest
month (MTCO) in Yuzhno-Sakhalinsk is �13.8 �C, i.e. about six
degrees higher than at Nogliki (51.81�N,143.16�E, Fig.1B) and Okha.
A noticeable winter temperature gradient (and an increase in the
continentality of climate) is also recognised between Sakhalin and
the coastal areas of Asia. For example, the MTCO is �14.8 �C in
Uglegorsk inwestern Sakhalin (49.08�N, 142.06�E, Fig. 1B), but only
reaches �19.4 �C in Sovetskaya Gavan (48.97�N, 140.29�E, Fig. 1B)
situated ~130 km westwards on the same latitude (Krestov, 2003).
This feature should be considered during former intervals of low
sea level when Sakhalin was not an island but a part of the Asian
mainland. The global surface climate database (1961e1990 aver-
ages) of New et al. (2002) reveals that on Sakhalin ~60% of themean
annual precipitation (PANN) is received during the warm half of the
year (AprileSeptember). While the PANN in Okha is ~550 mm, it is
almost double (~960 mm) at Cape Krilion in the south (Krestov,
2003). Like the western coastal areas of Honshu and Hokkaido
(Japan), the southern part of Sakhalin receives enhanced snow falls



Fig. 1. (A) Overview map of the study region showing the mean July position of the East Asian polar front and the mean January position of the Arctic front together with the
prevailing surface winds during summer (continuous arrows) and winter (dotted arrows) and (B) map of Sakhalin and adjacent regions illustrating the location of the Khoe
sedimentary succession marked by a star; geographic features mentioned in the text; and schematic ocean currents including the East Sakhalin Cold Current (ESCC), the Liman Cold
Current (LCC), the Tsushima Warm Current (TWC) and the Soya Warm Current (SWC) (according to Boyd, 1995). The boundary of the mean maximum extent of sea ice cover in the
Okhotsk Sea and the Tatar Strait is indicated in both maps by a broken line (according to Geograficheski Atlas SSSR, 1990). (C) Actual vegetation map of Sakhalin (simplified after
Bukhteeva and Reimers, 1967). (D) The AVHRR-derived total woody coverage of Sakhalin (after DeFries et al., 2000a, 2000b).
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promoted by the predominance of winter monsoon winds which
transport significant amounts of moisture absorbed over the rela-
tively warm Sea of Japan.

2.2. Vegetation

The cool and humid climate promoted the growth of boreal and
temperate forests, which cover most of the island. North of ca
51.5�N, Sakhalin is dominated by Larix gmelinii (Dahurian larch)
cold deciduous forest and evergreen shrubs of Pinus pumila (Sibe-
rian dwarf pine) (Fig. 1C). The area to the south is mainly covered by
dense evergreen forests (i.e. taiga) with Picea jezoensis (Jezo spruce)
and Abies sachalinensis (Sakhalin fir) as the main components. As
far as ca 48�N these conifer forests are dominated by P. jezoensis and
further south by A. sachalinensis. An exception is the northernmost
part of Sakhalin (i.e. the Schmidt Peninsula, Fig. 1B), where P.
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jezoensis forms stands with L. gmelinii and P. pumila. The south-
westernmost end of Sakhalin is characterised by mixed forests
comprising evergreen conifers (mostly A. sachalinensis) and
temperate deciduous broadleaf trees like Acer mono (Painted ma-
ple), Fraxinus mandshurica (Manchurian ash), Juglans ailantifolia
(Japanese walnut), Juglans mandshurica (Manchurian walnut),
Kalopanax septemlobus (Prickly castor oil tree), Phellodendron
sachalinense (Sakhalin corktree), Quercus mongolica (Mongolian
oak), Quercus crispula (Japanese oak), Tilia japonica (Japanese lime)
and Ulmus japonica (Japanese elm) (Bukhteeva and Reimers, 1967;
Alexandrova, 1982; Krestov, 2003; Nakamura and Krestov, 2005).
However, Q. mongolica, Ulmus laciniata (Manchurian elm) and U.
japonica may grow sporadically in climatically favourable locations
within the taiga forest zone, as far north as ca 51.5�N (Sokolov et al.,
1977). Higher elevations south of ca 51.5�N are characterised by
mountain woodland with open Betula ermanii (Erman's birch) for-
est and shrubland with P. pumila and shrubby Ericaceae like
Empetrum nigrum (crowberry) and Rhododendron spp. (azalea).
Wetlands are a common feature of the coastal and fluvial land-
scapes of Sakhalin. Themost widespread are Sphagnum (peat moss)
peat bogs of up to 7 m thickness with Larix, Salix (willow), Alnus
(alder) and Myrica (bayberry) growing on the ridges (Bukhteeva
and Reimers, 1967; Zhulidov et al., 1997).

3. Data and methods

3.1. Study site and fossil pollen record

The pollen record presented in this study was obtained from a
coastal cliff, which is located ~3 km north of the settlement of Khoe
(51.34�N, 142.14�E, 15 m a.s.l.) on the western coast of Sakhalin
facing the Tatar Strait (Fig. 1B). There is no permanent climate
station in the vicinity of Khoe. The modern climate conditions
derived from the New et al. (2002) dataset for the 100 � 100 grid
surrounding the sampling site are characterised by MTCO, MTWA,
TANN and PANN values of �18.5 �C, 16.4 �C, 0.2 �C and 625 mm,
respectively. Altogether, 113 samples were collected from a sedi-
mentary succession situated in a tectonic depression in the Khoe
area (see Igarashi et al., 2000, 2002; Igarashi and Zharov, 2011 for
further details). The succession primarily consists of peat, clay, silt
and sandy layers (Fig. 2; Igarashi et al., 2000, 2002).

A total of 42 arboreal (AP) and non-arboreal (NAP) terrestrial
pollen types, three aquatic taxa and spores from six types of ferns
and fern allies were identified. In the simplified pollen diagram
(Fig. 2) percentages of individual pollen taxa are calculated upon
the total sum of all terrestrial AP and NAP taxa, and percentages of
individual spore types are calculated using the total sum of
terrestrial pollen and spores. For plotting both fossil and modern
pollen percentage diagrams, we employed the Tilia/Tilia-Graph/
TGView software package (Grimm, 1993, 2004).

3.2. Radiocarbon dates and core chronology

Eight radiocarbon dates were obtained from the sedimentary
succession fromKhoe (Table 1). For the present study, we converted
14C ages into calendar (cal.) ages (Table 1) using the online version
of the CalPal radiocarbon calibration program (Danzeglocke et al.,
2013) and the software-based CalPal-2007 program (Weninger
and J€oris, 2008; Weninger et al., 2013). The radiocarbon dates
suggest that the Khoe sedimentary succession represents the last ca
43.7 ka. For the Holocene part there are five 14C dates (Table 1)
available. Taking into account the overall pattern of these dates in
relation to depth, the 14C age of the sample at 302.5 cm depth
(9420 ± 50 14C yr BP) appears to be displaced towards older ages,
which may be the result of contamination. We consequently
excluded it from the ageedepth model (Fig. 2). The chronology for
the Holocene part was defined by linear interpolation based on the
calibrated ages of the remaining four 14C dates.

The Marine Isotope Stage (MIS) 2 and 3 interval in the Khoe
record is represented by three radiocarbon dates (Table 1). Previous
studies have shown that late PleistoceneeHolocene temperature
records from the North Atlantic region are consistent with re-
constructions from the Asian monsoon domain (e.g. Porter and An,
1995; Wang et al., 2001; Zhao et al., 2003; Dykoski et al., 2005;
Nakagawa et al., 2005). Pronounced climate fluctuations (i.e. DO
and Heinrich events) reported from the North Atlantic region were
also identified by variations in the relative abundances of AP types
in the fossil pollen records from the north-western Pacific by
Takahara et al. (2010). This encouraged us to use the well-dated
mean annual temperature reconstruction from central Greenland
(Alley, 2000) and the TANN curve derived from the Khoe pollen
record (this study) to further confine the chronology for the pre-
Holocene part of the sedimentary succession by means of stadial
and interstadial temperature oscillations. Though, we have done
our best to put forward as strong an agemodel as possible given the
limitations of available radiometric dates and problems of using a
peat, a potentially high level of chronological uncertainty remains
for the glacial part of the Khoe record. However, given the impor-
tance of this region in understanding the East Asian summer
monsoon and the apparent antiquity and high quality of the Khoe
pollen record, our pollen-based reconstructions and interpretations
can be offered as a framework for further testing.

3.3. Modern pollen data

We employed a set of modern pollen spectra from existing
reference datasets from Eurasia (Tarasov et al., 1998, 2005) and the
southern (Mokhova et al., 2009) and northern (Edwards et al.,
2000) RFE that have been used in previous studies for quantita-
tive vegetation and climate reconstructions (e.g. Bigelow et al.,
2003; Andreev et al., 2004; Tarasov et al., 2011; Williams et al.,
2011; Melles et al., 2012). The sites of the pollen samples are
distributed over four major regions of the RFE including the south-
eastern Sakha Republic, the southernMagadan Oblast, the southern
Khabarovsk Krai and Sakhalin covering a broad range of vegetation
and climate conditions. Calculation of relative pollen abundances
for each spectrum was based upon the total sum of terrestrial
pollen.

3.4. Pollen-based climate and tree cover reconstruction

Based on the modern analogue technique (MAT, Overpeck et al.,
1985; Guiot, 1990), we reconstruct four main climate variables
(MTCO, MTWA, TANN and PANN) and percentage total tree cover.
Performance tests (cross-validation) revealed a reasonably high
correlation between pollen-inferred and observed climate variables
for modern reference datasets from Japan and the southern RFE
(R2 ¼ 0.79e0.91; Tarasov et al., 2011), eastern Siberia and the
northern RFE (R2 ¼ 0.72e0.81; Melles et al., 2012). Similarly strong
correlations are obtained for percentage total tree cover using
modern pollen datasets from north-eastern Eurasia (R2 ¼ 0.77;
Tarasov et al., 2007) and China (R ¼ 0.83; Zheng et al., 2010). This
suggests the high potential for reliable reconstruction of these
environmental parameters from fossil pollen assemblages. The
climate variables were attributed to the reference pollen sampling
sites by interpolation (Inverse Distance Weighting) from the global
high-resolution (100 � 100 grid size) dataset of surface climate
averaged over a thirty-year (1961e1990) period from New et al.
(2002) using free-access Polation software (Nakagawa et al.,
2002; http://dendro.naruto-u.ac.jp/). For estimating the thermal

http://dendro.naruto-u.ac.jp/


Fig. 2. Simplified percentage pollen and spore diagram representing the 113 fossil pollen spectra from the Khoe sedimentary succession (redrawn using the data of Igarashi and
Zharov, 2011) along with the simplified lithology (according to Igarashi et al., 2002). The age axis (cal. ka BP) and average sedimentation rates (cm/ka) reflect the age-depth model
used in the current study. Units IaeIIIc illustrate climate and environmental zonation as revealed by the MAT reconstructions (Fig. 4) and discussed in the text.
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variables, we accounted for a standard temperature lapse rate
of �0.6 �C per 100 m difference in altitude (Domr€os and Peng,
1988).

To reconstruct past changes in total tree cover, we utilised the
satellite-based Advanced Very High Resolution Radiometer
(AVHRR) dataset with a spatial resolution of 0.50 � 0.50 providing
the estimated percent area covered bywoody vegetation, herbs and
bare ground (DeFries et al., 2000a, 2000b). Surface coverage values
in the dataset range between 0 and 80% with the value of 80%
corresponding to a coverage of �80% (Fig. 1D). Williams and
Jackson (2003) have demonstrated that results of pollen-based
reconstructions correspond best to satellite-based estimates of
woody cover within a window size ranging from 20 � 20 to
150 � 150 km. Later, Tarasov et al. (2007) obtained highest corre-
lations for northern Eurasia using a search window of 21 � 21 km
(~441 km2), which was recently confirmed for China by Zheng et al.
(2010). Therefore, we first defined a “geodesic” (equal area) buffer
with a radius of 11.85 km (~441 km2) around each reference pollen



Table 1
Radiocarbon dates for samples from the Khoe sediment profile (Igarashi et al., 2002; Igarashi and Zharov, 2011) and calibrated ages assigned to samples of the Khoe profile
based on the correlation between annual temperature reconstructions from Khoe (this study) and central Greenland (Alley, 2000). Calibrations were performed using CALPAL-
2007 (Weninger and J€oris, 2008; Weninger et al., 2013) and the online version of the CalPal radiocarbon calibration program (Danzeglocke et al., 2013). Ages marked by an
asterisk were used in the ageedepth model applied in this study.

Laboratory ID Composite
depth
(cm, mid point)

Dated material Radiocarbon
date, 14C BP

Calibrated
age, cal. BP

Reference CalPal
age, cal. BP

Error range (95% conf. interval)

Upper age
limit, cal. BP

Lower age
limit, cal. BP

IAAA 62612 157.5 Plant fragment 6330 ± 40 7262 Igarashi and Zharov, 2011 7255* 7160 7360
KIA 9557 252.5 Plant fragment 8251 ± 62 9229 Igarashi et al., 2002 9246* 9020 9460
IAAA 72344 302.5 Plant fragment 9420 ± 50 10,651 Igarashi and Zharov, 2011 10,653 10,520 10,800
IAAA 72345 342.5 Bulk TOC 9520 ± 50 10,854 Igarashi and Zharov, 2011 10,887* 10,580 11,180
IAAA 72346 357.5 Plant fragment 10,020 ± 50 11,514 Igarashi and Zharov, 2011 11,535* 11,250 11,810
KIA 9558 387.5 Plant fragment 12,000 ± 101 13,865 Igarashi et al., 2002 13,989* 13,610 14,330
e 395.0 e e 15,950* Alley, 2000 e e e

e 405.0 e e 19,250* Alley, 2000 e e e

e 410.0 e e 20,300* Alley, 2000 e e e

e 430.0 e e 23,400* Alley, 2000 e e e

KIA 9559 432.5 Organic mud 20,050 ± 230 24,009 Igarashi et al., 2002 23,974* 23,400 24,600
e 435.0 e e 24,100* Alley, 2000 e e e

e 445.0 e e 25,600* Alley, 2000 e e e

e 465.0 e e 29,000* Alley, 2000 e e e

e 470.0 e e 29,700* Alley, 2000 e e e

e 475.0 e e 30,500* Alley, 2000 e e e

e 495.0 e e 33,600* Alley, 2000 e e e

e 515.0 e e 36,400* Alley, 2000 e e e

e 535.0 e e 38,300* Alley, 2000 e e e

e 560.0 e e 39,700* Alley, 2000 e e e

e 580.0 e e 41,130* Alley, 2000 e e e

e 585.0 e e 41,600* Alley, 2000 e e e

Beta 122027 607.5 Organic debris 37,270 ± 750 42,365 Igarashi et al., 2002 42,007 41,090 42,970*
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sampling site using the ArcGIS v10.0 software package (ESRI, 2012).
In a second step, the AVHRR total tree cover estimates of all grid
cells situated within each buffer were arithmetically averaged and
assigned to the appropriate reference pollen spectrum.

Each terrestrial pollen taxon in the Khoe fossil pollen record
(Igarashi et al., 2000) appears in the employed pollen reference
dataset. Thus, all taxa were considered in the MAT application.
Prior to method application, all pollen abundances were square
root transformed in order to further enhance minor taxa. The
similarity between each assemblage of the Khoe fossil pollen re-
cord and each of the spectra in the modern reference dataset was
numerically measured by squared chord distance (SCD) (Overpeck
et al., 1985; Guiot, 1990). As was frequently done in applications of
the existing modern pollen reference dataset (Nakagawa et al.,
2002; Tarasov et al., 2007, 2011; Melles et al., 2012), we consid-
ered a number of eight best modern analogues. A weighted
average was applied to the climate values and percentage tree
cover of the modern analogues. The range of the variables asso-
ciated with the eight best modern analogues is regarded as the
uncertainty (i.e. error) interval. Calculation of the dissimilarities
was performed with the aid of the computer program C2 v1.6.8
(Juggins, 2007).

4. Results and interpretation

All eight best modern analogues assigned to the fossil pollen
samples are allocated within the area between 46.34 and 62.70�N
and 130.00e152.33�E, which roughly corresponds to the spatial
window shown in Fig. 1A. The modern reference data set from this
area comprises of 236 surface samples (Fig. 3). MAT-based annual
and seasonal temperature reconstructions reveal that TANN is
basically controlled by MTCO. Temperature (MTCO and MTWA),
precipitation (PANN) and tree cover reconstruction results from the
Khoe site (Fig. 4A, B, D, E) are briefly summarised belowwith regard
to the fossil pollen assemblages (Fig. 2). The boundaries of the
identified zones (roughly corresponding to the MIS boundaries)
and subzones (IaeIIIc) defined on the basis of the climate and
environmental reconstruction results are plotted in Fig. 2. For in-
formation on the visually defined pollen zones, the reader is
referred to Igarashi et al. (2002) and Igarashi and Zharov (2011).

The interval ca 43.7e41.9 cal. ka BP (620e590 cm, unit Ia) is
marked by relatively high average values for PANN ranging be-
tween 675 and 705 mm and average values for MTCO ranging
between �18.5 and �17.4 �C. The error ranges are relatively small.
Reconstructed total tree cover is lower than present and ranges
between 44 and 52%, suggesting a forested landscape. The pollen
assemblage shows a predominance of Picea accompanied with
Pinus, Larix and Betula, and very low percentages of Abies and Tsuga
(Igarashi et al., 2002), indicating boreal conifer forests with larch
and spruce growing around the study site (Igarashi and Zharov,
2011). Relatively high percentages of Sphagnum moss spores and
peat accumulation (Fig. 2) suggest moist environments, in line with
the quantitatively reconstructed PANN values and qualitative
interpretation of the local climate as maritime (Igarashi and Zharov,
2011).

At ca 41.9e38.6 cal. ka BP (590e540 cm, unit Ib), the recon-
struction indicates very cold and dry climate, with PANN andMTCO
values of 410 mm and �36 �C, respectively. By contrast, MTWA
values are relatively high (18 �C), pointing to more continental than
present conditions around the Khoe site. With minimum values of
approximately 30%, total tree cover reconstruction suggests a more
open than present (though still forested) landscape. The pollen
assemblage of this interval also demonstrates highest percentages
for herbaceous taxa and drop in AP taxa percentages (Fig. 2), sug-
gesting strengthening of cold grassland communities (Igarashi and
Zharov, 2011). In agreement with these interpretations, Sphagnum
percentages dropped significantly (Fig. 2) and peat accumulation
was interrupted by accumulation of predominantly inorganic silty
and sandy material (Igarashi and Zharov, 2011), likely indicating
colder and drier environments.



Fig. 3. Summary chart showing (A) the simplified percentage pollen diagram including 236 continuously numbered modern pollen spectra from the study area grouped by sample
source area (I e Sakha Republic, II e Magadan Oblast, III e southern Khabarovsk Krai, IV e Sakhalin) and sorted within each group by latitudinal position (north to south). (B) Main
climate variables and percentage modern tree cover are inferred from the New et al. (2002) modern climate dataset and the AVHRR-derived dataset from DeFries et al. (2000a,
2000b). MTCO ¼ mean temperature of coldest month, MTWA ¼ mean temperature of warmest month, TANN ¼ mean annual temperature and PANN ¼ mean annual precipitation.
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The subsequent interval between ca 38.6 and 29 cal. ka BP
(540e467.5 cm, unit Ic), demonstrates a return to moderately high
temperature and precipitation values similar to the values recon-
structed for the bottommost unit Ia (620e590 cm). This is paral-
lelled by relatively high but slightly decreasing tree cover
percentages. The pollen assemblage also reveals increased, though
fluctuating, percentages of Larix and Pinus and relative decrease in
Picea and Cyperaceae pollen percentages.
During ca 29 and 22 cal. ka BP (467.5e420 cm, unit IIa) the
thermal and precipitation reconstructions show considerably
more fluctuations and larger uncertainty intervals. This suggests
at least several excursions towards generally colder and drier
conditions. Tree cover reconstruction shows higher variability
and a noticeable decrease after ca 28 cal. ka BP. While Larix and
Picea percentages are comparable to unit Ic, Pinus relatively
increases.



Fig. 4. Results of the pollen-based climate and tree cover reconstructions from Khoe, Sakhalin (AeE, this study) with curves indicating weighted mean averages of reconstructed
variables and vertical lines representing error bars or the analogue uncertainty range defined by the minimum and maximum value of the eight best modern analogues assigned to
each analysed fossil sample. Other climate records include (F) the NGRIP ice core (75.10�N, 42.32�W, 2917 m a.s.l.) d18O record (according to Svensson et al., 2008) with Dans-
gaardeOeschger (DO) events (according to Dansgaard et al., 1993); (G) the stalagmite d18O records PD and MSD from Hulu cave (23.50�N, 119.17�E, 100 m a.s.l., according to Wang
et al., 2001) and D4 from Dongge cave (25.28�N, 108.08�E, 680 m a.s.l., according to Yuan et al., 2004) in China; (H) the reconstructed (Waelbroeck et al., 2002) and (I) ICE-5G(VM2)
model simulated (Peltier and Fairbanks, 2006) changes in relative global sea level. (J) shows the computed mean summer (JuneeAugust) and winter (DecembereFebruary)
insolation at 55�N (according to Laskar et al., 2004). (K) Marine Isotope Stages (MIS) are illustrated according to Lisiecki and Raymo (2005). Heinrich events H1 to H4 (according to
Heinrich, 1988) and the Younger Dryas (YD) are indicated by grey bars.
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The reconstruction results indicate a phase of significant climate
deterioration between ca 22 and 15.3 cal. ka BP (420e392.5 cm,
unit IIb) with lower MTCO (down to �30 �C) and PANN values
(down to 470 mm). Reconstructed tree cover persists on relatively
low levels of 35%, though boreal woody plants still play a significant
role in the vegetation cover, despite increased landscape openness.
In line with the reduced precipitation and colder winter conditions,
the percentages of Larix and Picea during this phase are relatively
high and low, respectively. Although Larix reached maximum and
Picea minimum values of the whole record between the interval ca
15.3 and 12.8 cal. ka BP (392.5e372.5 cm, lower unit IIc), mean
values of the climate reconstruction suggests most unfavourable
conditions around 20 cal. ka BP. The trend of climate amelioration
suggested by the increase in PANN (up to 640 mm) and TANN (up
to �1 �C) parallelled by a decrease in seasonality (MTCO up
to �18.5 �C, MTWA down to 13.5 �C) is interrupted by a climate
reversal with slightly colder climate conditions between ca 12.8
and 11.7 cal. ka BP (372.5e357.5 cm, upper unit IIc).

The interval between ca 11.7 and 8.7 cal. ka BP (357.5e227.5 cm,
unit IIIa) shows continuous peat accumulation in the sediment
column and progressively improving climate conditions, which are
wetter and warmer compared to the lower part of the Khoe section,
i.e. MTCO (�21 to �17 �C), MTWA (14.5e17 �C) and PANN
(620e720 mm). The average tree cover density of ca 60% reflects
spread of forests in the area. Simultaneously, pollen assemblages
show abrupt increase in Betula and Picea and decrease in Larix and
Pinus, indicating a shift to warmer/wetter conditions. The warming
trend is also confirmed by pollen of thermophilous broadleaf
woody taxa (i.e. Quercus and Ulmus), which start to appear in the
lower part of this interval. Cool temperate taxa and temperate taxa
become more diverse and abundant (Fig. 2) above 322.5 cm (ca
10.5 cal. ka BP), though Picea and Betula remain dominant taxa.

Most favourable climate conditions are reconstructed between
ca 8.7 and 5.2 cal. ka BP (227.5e112.5 cm, unit IIIb). Compared to the
previous part of the record, average MTCO, MTWA and PANN are
higher by about 2.5 �C, 0.5 �C and 70 mm, respectively. Average
total tree cover around 50% is slightly lower than in the previous
interval, which might reflect a more open nature of the cool mixed
forest in comparison to the dense boreal conifer forest. Pollen as-
semblages reveal highest percentages of Quercus and Ulmus pollen
within this interval (Fig. 2). Pollen of Myrica gale (bog myrtle) e a
deciduous shrub typically growing in acidic peat bogs e show
highest percentages within the whole record, likely pointing to an
open shrubland and mire environments at and around the site.

In the topmost part of the record (ca 5.2 cal. ka BP to present;
112.5e0 cm, unit IIIc), the reconstructed climate variables show a
slight deterioration of the climate conditions and slightly higher
tree cover than in the previous unit. The pollen assemblage of this
interval (Fig. 2) shows a dominance of Picea and Abies and high
values of Ericaceae pollen, whereas percentages of temperate
woody taxa and M. gale decrease.

5. Discussion

5.1. Late Quaternary vegetation and climate dynamics in northern
Sakhalin

The refined Khoe chronology illustrates a shift to significantly
higher sedimentation rates (Fig. 2) and onset of peat accumulation
at the boundary between MIS 2 and 1 (i.e. around 14 cal. ka BP;
Lisiecki and Raymo, 2005, Fig. 4K) and a further increase in sedi-
mentation rate at the LateglacialeHolocene transition (i.e. around
11.7 cal. ka BP). Another noticeable change from silty to sandy
sediment occurs about 27.5 cal. ka BP, shortly after the transition
from the MIS 3 interstadial to the MIS 2 full glacial interval dated to
ca 29 cal. ka BP in the marine isotope records (Lisiecki and Raymo,
2005, Fig. 4K), supporting the temperature-tuned Khoe chronology
during the late Pleistocene interval.

For chronological comparison, the results of the quantitative
climate and tree cover reconstructions together with selected
palaeoclimate records and insolation parameters are plotted along
their original age axis in Fig. 4. On a broader time scale, the
reconstruction results allow a rough subdivision of the Khoe
vegetation and climate records into two milder and moister in-
tervals, i.e. ca 43.7e29 cal. ka BP (620e467.5 cm, unit I in Fig. 2) and
ca 11.7e0 cal. ka BP (357.5e0 cm, unit III in Fig. 2) interrupted by
noticeably colder and drier period (unit II in Fig. 2), which broadly
correspond to the later part of the MIS 3 interstadial, the Holocene
interglacial and the full glacial interval, respectively.

The MAT-based climate reconstruction at Khoe shows that
during the late Pleistocene, TANNmainly reflects changes in winter
temperatures, which are represented by MTCO. This corresponds
with climate reconstructions from other regions of the Northern
Hemisphere (NH) including North America and Northern Eurasia
(e.g. Tarasov et al., 1999; Bartlein et al., 2011; Helmens, 2014). In our
reconstructions, PANN is parallelled by MTCO. This matches the
long-term relationship between the reconstructed TANN and PANN
variation over the last ca 450 ka in central Japan, which was
determined by Nakagawa et al. (2008). The Khoe pollen-based
climate reconstruction also demonstrates relatively high average
MTWA values during the MIS 2 and MIS 3 intervals. Though, rela-
tively warm glacial summers were reconstructed by different
proxies in other regions of northern Asia (e.g. Kageyama et al.,
2001; Kienast et al., 2005; Müller et al., 2014) in line with more
continental climate conditions, the degree of warmth should not be
overestimated since the error ranges, especially during MIS 2, leave
a potential for colder than present summer temperatures. It has to
be noted that the generally larger error ranges during the late
Pleistocene, and especially during MIS 2, might be the result of
weaker modern analogues or/and a greater range of bioclimatic
tolerance of the past and present vegetation communities repre-
senting cold and dry regions of Asia (e.g. Prentice et al., 1992;
Müller et al., 2014).

The coldwinters and relatively warm summers suggested by the
MTCO and MTWA reconstructions during the late Pleistocene are
supported by an analysis of the full set of the Paleoclimate
Modelling Intercomparison Project (PMIP) simulations for the Last
Glacial Maximum (LGM) (Jiang and Lang, 2010). For the Sakhalin
region, the averaged simulation results demonstratemuch stronger
temperature anomalies during winter (ca �10 to �15 �C) than
during summer (ca �4 to �3 �C). These anomalies are well within
the reconstructed temperature ranges (Fig. 4A, B).

The derived climate and tree cover reconstructions for the Ho-
locene interval are marked by comparably small error ranges. The
relationship between MTCO and MTWA follows a different pattern.
Unlike the late Pleistocene period, variations in both parameters
appear to be in phase. This is probably a result of rising sea level,
which led to a reduction in continentality.

The following sections provide a more detailed discussion on
the pollen-inferred changes in vegetation and climate in viewof the
previously published regional and extra-regional palaeoclimate
and palaeoenvironmental proxy records in chronostratigraphical
order. Given the relatively coarse resolution of the Khoe record,
emphasis is put on long-term trends and on multicentury-scale
climate oscillations.

5.2. The MIS 3 interstadial (ca 43.7e29 cal. ka BP)

Despite the very cold and dry conditions suggested around H4
(ca 41.9e38.6 cal. ka BP), the long-term average temperature and
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precipitation reconstructions with relatively small error ranges
attest the MIS 3 interval of the Khoe record as representing rela-
tively moist and thermally mild climate conditions (Fig. 4AeD)
favourable for tree growth (Fig. 4E). Compared to Holocene con-
ditions, NAP taxa played a more important role in the regional
vegetation (Fig. 2; Igarashi and Zharov, 2011). The weighted aver-
ages of the pollen-derived climate variables during the MIS 3
interstadial are close to modern ones. The Hulu Cave MIS 3 d18O
values (Wang et al., 2001, MSD in Fig. 4G) are more or less identical
with the modern and slightly higher than the early to middle Ho-
locene optimum d18O values from Dongge Cave (Yuan et al., 2004,
D4 in Fig. 4G). Climate conditions during MIS 3, which were similar
to today or evenwarmer and wetter, are also reported from several
other palaeoclimate proxy studies from the Asian monsoon domain
including the Chinese Loess and Tibetan plateau, south-western
China, and the South China Sea (see Herzschuh, 2006 and refer-
ences therein). The results of palaeobotanical and isotope studies in
northern and eastern Siberia led to the reconstruction of a more
continental regional climate during the last glacial interval,
including MIS 3 interstadial characterised by relatively high sum-
mer temperatures and/or a longer snow-free period and extremely
low winter temperatures and precipitation (see Müller et al., 2010
for details and references). A visual comparison of the fossil and
modern surface pollen spectra from Lake Billyakh (Müller et al.,
2010) in the northern part of eastern Siberia and from Lake Koto-
kel (Bezrukova et al., 2010) in the southern part of eastern Siberia
primarily points towards drier than present climate. Anderson and
Lozhkin (2001) came to the conclusion that the western Beringian
climate conditions were similar to today's between 39 and 33
14C ka BP (ca 43.2e37.5 cal. ka BP). As indicated by Overpeck et al.
(1996) and Hodell et al. (1999) for the southern Asian monsoon
domain, such favourable climate conditions as inferred from the
Khoe pollen record and the above mentioned studies probably
reflect the interplay between solar forcing and other glacial climate
boundary conditions during MIS 3. While the summer insolation
exceeded the present-day conditions (Laskar et al., 2004, Fig. 4J), its
positive effect on the Asian summer monsoon intensity was sup-
pressed by the NH continental ice sheets, low North Atlantic sea
surface temperature (SST) and large-scale Asian snow cover. This is
supported by Nakagawa et al. (2008), who postulated that during
periods of minimum eccentricity (e.g. MIS 3) the control of solar
forcing over the monsoon decreased relative to glacial forcing (i.e.
the extent of global ice sheets).

As indicated by weighted averages of the MTCO and PANN
values and larger error bars, the MIS 3 interstadial conditions are
interrupted by a phase of distinctive climate deterioration around
39 cal. ka BP. A synchronous trend towards less favourable condi-
tions is seen in decreasing values for tree cover (Fig. 4E) and in
increasing NAP taxa percentages at this time interval (Fig. 2;
Igarashi and Zharov, 2011), which appears to be coincident (within
accuracy of the age model) with Heinrich event 4 (H4). H4 is
described as the largest of the six North Atlantic cold events during
the last glacial period (Hemming, 2004). As denoted by the MTCO
and MTWA reconstructions, the temperature decline is attributed
to the winter season, which might be related to widespread winter
sea-ice across the North Atlantic Ocean (Denton et al., 2005). Sig-
nificant shifts towards drier conditions during Heinrich events are
also suggested for the Indian monsoon domain by elemental and
grain size records from the Indus submarine slope in the northern
Arabian Sea (Deplazes et al., 2014) and for the East Asian monsoon
domain by stalagmite d18O records from the Hulu (Wang et al.,
2001, Fig. 4G) and Sanbao (Wang et al., 2008) caves in China.
Moreover, there is correspondence between the annual tempera-
ture reconstructions (T. Nakagawa, personal communication 2013)
based on the SG06 high-resolution pollen record from Lake
Suigetsu in central Japan (Nakagawa et al., 2012) and our results
during H4. Although smaller in magnitude, the recognised phase of
cooler conditions in central Japan is similarly pronounced in rela-
tion to MIS 3 climate fluctuations and nearly identical in timing.
Given the robust chronology of the annually laminated sediment
record SG06 (Bronk Ramsey et al., 2012), these correlations would
in turn enhance the confidence for the ageedepth model of the
Khoe sedimentary succession. The more sensitive climate reaction
denoted in our MAT results may be due to the location of the Khoe
site at the northern limit of the EASM, which would lead to a
stronger influence of cold Siberian air masses during phases of
weak EASM circulation. Comparable relations between the position
of palaeoclimate archives (ranging from central to outer monsoon
zone) and the magnitude of precipitation variations over the Ho-
locene interval are also identified for the ISM domain (Fleitmann
et al., 2007; Leipe et al., 2014). We associate the decrease in
average MTCO and PANN in combination with rather low min
MTCO and PANN values at the end of MIS 3 (ca 29.7 cal. ka BP) with
Heinrich event 3 (H3). In contrast to H4, the climate deterioration of
H3 appears less pronounced. This might be a result of the lower
temporal resolution in this part of the core section and/or shorter
duration of a regional H3-related climate change. It also may
indicate that the North Atlantic cooling had a much weaker impact
on the climate of the study region than during H4.

5.3. The MIS 2 full glacial and Lateglacial interval (ca 29e11.7 cal.
ka BP)

Within the full glacial section of the Khoe record (ca 29e16 cal.
ka BP), which largely represents MIS 2, most samples are charac-
terised by MAT-inferred reconstructions showing noticeably lower
min values (Fig. 4AeD), thus suggesting generally cooler and drier
annual conditions in the study region. After phase of climate fluc-
tuations (ca 29e21.8 cal. ka BP), including several short pulses to-
wards climate amelioration, annual temperature and precipitation
decrease. Most unfavourable growing conditions are suggested
during ca 21.8e15.3 cal. ka BPwhen lowest annual temperature and
precipitation levels are parallelled by increased seasonality
(Fig. 4AeD). Basically inorganic sediment and minimal sedimen-
tation rates (Fig. 2) are likely a response to lowered biomass pro-
duction due to climate deterioration during the last glacial interval.

The cold (MTCO ¼ �30.5 �C) and dry (PANN ¼ 470 mm) pulse
around 20 cal. ka BP, which coincides with the simulated absolute
minimum global sea level (Peltier and Fairbanks, 2006, Fig. 4I) lag-
ging theNH summer insolationminimum (Laskar et al., 2004, Fig. 4J)
by ca 3 ka is likely related to the LGM. The reconstructedmean value
for MTCO is in agreement with averaged PMIP simulation results for
the LGM (Jiang and Lang, 2010), which suggest winter temperature
for the Khoe region between ca �28.5 and �33.5 �C. The cold/dry
pulse identified in our reconstructions is synchronous with recon-
structed minimum mean effective moisture based on a set of 75
palaeoclimate records from monsoonal Central Asia (Herzschuh,
2006) and much drier and cooler than present conditions in
eastern China (Wang et al., 2001, Fig. 4G) and northern Japan
(Igarashi et al., 1993; Igarashi, 1996).

Heinrich event 2 (H2) and 1 (H1) are less distinct in our climate
and tree cover reconstructions in comparison with H4. However,
H1 is suggested to be the longest stadial of the last glacial interval
(Denton et al., 2010). It also appears to be well reflected in the
stalagmite d18O records from China (Wang et al., 2001; Yuan et al.,
2004, Fig. 4G). Possibly, the climate signals in the fossil pollen as-
semblages of the Khoe record during both events are obscured by
lowest sedimentation rates between ca 29e15.3 cal. ka BP and
relatively low temporal resolution. The subsequent climate
amelioration towards the Holocene with a stepwise increase of



C. Leipe et al. / Quaternary Science Reviews 116 (2015) 57e71 67
MTCO and PANN between ca 15.3e12.8 cal. ka BP is interrupted by a
climate reversal between ca 12.8e11.7 cal. ka BP. Both
reconstructed events are well in agreement with key palaeoclimate
records from the North Atlantic region (e.g. Svensson et al., 2008,
Fig. 4F), thus correspond to the late-glacial BøllingeAllerød inter-
stadial and the Younger Dryas stadial, respectively, which are
widely recognised within the Asian monsoon domain including
coastal China (e.g. Wang et al., 2001; Yuan et al., 2004, Fig. 4G;
Stebich et al., 2009) and central Japan (Nakagawa et al., 2005,
2006). A North Atlantic region-like pattern of deglacial warmer/
moister and cooler/drier climate conditions is also evident in
different fossil pollen records from the Hokkaido Region of north-
ern Japan (Igarashi et al., 1993; Igarashi, 1996, 2013). According to
the reconstruction, MTWAweighted averages are lowest during the
late-glacial ca 15.3e11.9 cal. ka BP.We presume that this late-glacial
MTWA decrease is related to the continuous rise in global sea level
in response to large-scale deglaciation (Waelbroeck et al., 2002,
Fig. 4H; Peltier and Fairbanks, 2006, Fig. 4I), which marks the
transition from continental glacial to maritime interglacial climate
in the Khoe record. Furthermore, the melting of the sea- and
mountain ice would have led to the discharge of large amounts of
cold water into the adjacent seas (i.e. Okhotsk Sea and Sea of Japan)
and contribute to lowered summer temperatures on Sakhalin
during the LateglacialeHolocene transition. Though, extensive
glaciation in the Okhotsk Sea region (e.g. Grosswald and Hughes,
2002) is not indicated by recent studies (e.g. Brigham-Grette,
2001; Melles et al., 2012), most of the authors agree that sea ice
cover could play an important role for the Okhotsk Sea and Sakhalin
environments during the full glacial and the Lateglacial interval
(e.g. Sakamoto et al., 2005; Yamazaki et al., 2013; Gorbarenko et al.,
2014).

5.4. The Holocene (ca 11.7 cal. ka BP e present)

The early Holocene (ca 11.7e8.7 cal. ka BP) is characterised by
considerably warmer and wetter conditions compared to the Late-
glacial period, with winters slightly cooler than today but precipi-
tation levels comparable to modern conditions. Themarked climate
amelioration is supported by narrower uncertainty ranges and
higher upper and lower reconstruction limits in contrast to the last
glacial period. Although summer insolation peaked, Holocene
climate optimum conditions did not occur in the study region
before ca 8.7 cal. ka BP, which, at first glance, seems to be in
agreement with review studies arguing for a middle Holocene
climate optimum in the northern (Zhao and Yu, 2012; Ran and
Feng, 2013) or entire (Herzschuh, 2006; Wang et al., 2010)
domain of the EASM. In contrast, asynchrony with the ISM domain,
where Holocene climate optimum conditions are identified during
the early Holocene (see Leipe et al., 2014 and references therein),
has been questioned by the works of different authors (e.g. Rudaya
et al., 2009; Zhang et al., 2011; Li et al., 2014) and thus remains
controversial. Different palynological studies from Hokkaido pro-
vide further evidence for a Holocene climate optimum not having
occurred before ca 8 cal. ka BP (Sakaguchi, 1992; Igarashi et al.,
2002, Igarashi et al., 2011), when pollen of cold-tolerant Larix dis-
appeared from the records and pollen of the temperate broad-
leaved taxon Quercus started to strongly increase. Although climate
gradually ameliorated during the early Holocene stage, boreal
conifer forest taxa prevailed (Igarashi et al., 2002; Igarashi et al.,
2011). Correspondingly, middle Holocene optimum climate condi-
tions are also inferred from studies in the lower Amur River basin
(Mokhova et al., 2009; Bazarova et al., 2011) and on the Kuril Islands
(Razjigaeva et al., 2013).

Holocene optimum climate with slightly increased precipitation
and improved thermal conditions is reconstructed for the period ca
8.7e5.2 cal. ka BP. This is well in line with a major spread of cool
mixed and cool conifer forests in Hokkaido and in the southern part
of Sakhalin which is reflected by maximum pollen percentages for
Ulmus, Quercus, Fraxinus, Juglans, Corylus and Acer (e.g. see Igarashi
et al., 2002; Igarashi, 2013 and references therein). Although
remaining on high levels, summer insolation had started to
decrease, which indicates a mainly regional rather than orbital
forcing of the early to middle Holocene climate conditions in
northern Sakhalin. An important factor for the regional climate was
probably the influence of the surrounding seas and ocean currents.
By this time, the Sea of Japan had transgressed further north to-
wards the modern Tatar Strait with its shoreline located fairly close
to the Khoe sampling site. After its initial inflow to the Sea of Japan
at the onset of the Holocene (e.g. Oba et al., 1991, 1995), the TWC
(Fig. 1B), is suggested to have reached a phase of highest intensity
between ca 9/8e7 cal. ka BP (Oba et al., 1991,1995; Itaki et al., 2004;
Takada et al., 2006). The TWC intensity probably culminated at
around 8 cal. ka BP when according to Sawada and Handa (1998)
the subtropical heat transport to northern latitudes of the Pacific
Ocean reached a maximum. Furthermore, evidence for cool early
Holocene conditions is found in the north-western and southern
Okhotsk Sea. Records of ice rafted debris and marine diatom as-
semblages and alkenones suggest that SSTs were low until ca
9e8 cal. ka BP due to persistent sea ice influence and reached a
maximum in the late middle Holocene at ca 4e5 cal. ka BP (Ternois
et al., 2000; Gorbarenko et al., 2014).

Interestingly, climate optimum conditions are parallelled by a
slight reduction in weighted averages of total tree cover compared
to the previous Holocene interval. A possible reason for this is that
tree growth is not necessarily directly related to precipitation, but
depends on the annual moisture availability often expressed with a
(PriestleyeTaylor coefficient) as the ratio of actual evapotranspi-
ration over potential evapotranspiration (Prentice et al., 1992),
which also accounts for thermal conditions (Prentice et al., 1992).
Hence, tree growth may be constrained by temperature-induced
high evapotranspiration (i.e. low a) even when precipitation is at
high levels. Similar findings are reported in a study of a fossil pollen
record from the EASM domain in north-eastern China, where the
Holocene peak period of tree pollen percentages is not in phase
with warmest and wettest conditions but with the peak in MAT-
based a reconstructions (Guiot et al., 2008). On the contrary, it
might be also considered that higher precipitation levels were
parallelled by increased moisture availability, which led to a large-
scale expansion of bogs at the expense of forests. This hypothesis is
supported by the high percentages of typical bog taxa like
Sphagnum andM. gale in the fossil pollen and spore assemblages of
the Khoe record (Fig. 2), which would in turn explain less favour-
able conditions for tree growth. Whether bog growth at that time
was restricted to a rather small area at and around the sampled site
or affected wider areas of Sakhalin need more study. A substantial
impact on the vegetation by deforestation may yet be ruled out as
the early inhabitants of Sakhalin are reported to have been sub-
sisting on hunting, fishing and gathering (Lutaenko et al., 2007;
Kuzmin and Rakov, 2011) and were likely not numerous and
rather dispersed.

The uppermost interval (ca 5.2e0 cal. ka BP) is initiated by a
swing towards a drier and on average cooler environment that
culminated ca 4.4 cal. ka BP with a coeval interruption in the overall
dominance of cool mixed forest taxa by taiga taxa. Subsequently,
MTCO and PANN remained on a level that was lower than during
the middle Holocene. This is broadly in agreement with palae-
oclimate proxy studies from the entire Asian monsoon domain (e.g.
Herzschuh, 2006; Fleitmann et al., 2007; Rudaya et al., 2009; Wang
et al., 2010; Ran and Feng, 2013; Li et al., 2014) and the summer
insolation decline (Laskar et al., 2004, Fig. 4J). Between ca
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5.2e0 cal. ka BP, NAP and shrubby taxa expand while AP taxa
decrease, which, according to Igarashi et al. (2002), is due to un-
stable climate conditions expressed by the fluctuation in dominant
pollen taxa percentages and changes in forest composition. Anal-
ogous late Holocene climate trends are inferred on the basis of
palynological investigations from the wider study region including
the lower Amur River basin (Mokhova et al., 2009; Bazarova et al.,
2011) and the Kuril Islands (Razjigaeva et al., 2013). However, late
Holocene climate deterioration is less obvious in the fossil pollen
records from Hokkaido, as suggested by the migration history of
Fagus crenata (Japanese beech) (see Igarashi, 2013 for review and
references). A recent quantitative climate and vegetation recon-
struction derived from a ca 5500-year-old pollen record from
south-western Hokkaido (Leipe et al., 2013) suggests that between
ca 3.6 cal. ka BP and today, climate there was even slightly wetter
and warmer during winter than the previous interval, which is
likely caused by strengthening of the TWC. It seems well conceiv-
able that a re-intensified TWC had a stronger influence on the
regional and local climate conditions during the late Holocene than
the weakening summer insolation (Fig. 4J). However, the lack of
additional well-dated marine records from the northern Sea of
Japan and terrestrial proxy records from Sakhalin and/or northern
Japan prevents us from conducting a more robust and detailed
interpretation.

Several Holocene short-term pulses towards climate deteriora-
tion are imprinted in the Khoe reconstructions (Fig. 4AeD). The
most prominent cold/dry relapses are found at around 10.3, 9.3, 8.2,
7.4, 6.0, 4.4, 2.9, 1.5 and 0.5e0.9 cal. ka BP, and thus match well with
the Holocene cold events recorded in the North Atlantic marine
sediment (Bond et al., 1997, 2001) and Greenland ice cores
(Mayewski et al., 1997, 2004). Such cold events are also recon-
structed for other regions within the Asian monsoon domain (Hong
et al., 2003; Wang et al., 2005b; Leipe et al., 2014) and the Okhotsk
Sea (Gorbarenko et al., 2014). The driving mechanisms for these NH
cold climate oscillations, which show no clear cyclicity but a fairly
complex spatiotemporal pattern, are still insufficiently understood
(Wanner et al., 2008). In order to clarify whether the short-term
cold spells registered in the Khoe fossil pollen record represent a
direct teleconnection with one or several of the identified pro-
cesses, further high-resolution palaeoclimate proxy records are
required from the study region.
6. Conclusions

The results of the MAT-based reconstruction of temperature,
precipitation and percentage tree cover of the Khoe record show
distinct changes in climate and environmental conditions.

Weighted averages of MTCO and PANN during MIS 3 are lower
than present but generally similar to the late Holocene averages,
suggesting interstadial conditions. Further reduced MTCO and
PANN values are reconstructed during the following full glacial
interval representing MIS 2.

The anti-phase relationship between MTCO and MTWA during
the last glacial interval might be related to changes in the degree of
continentality due to variations in the global sea level and glacia-
tion. However, the average MTWA reconstructions should not be
overinterpreted since the uncertainty ranges are rather large and
the influence of summer temperatures on the boreal forests (and
pollen assemblages) of the late Pleistocene is less important, as
shown by vegetation models.

The Lateglacial interval is marked by an increase in MTCO and
PANN, which broadly coincides with the BøllingeAllerød intersta-
dial followed by the Younger Dryas oscillation towards colder and
drier climate. Synchronously, MTWA reconstructions suggest that
summer temperatures were slightly decreased, which we relate to
more maritime conditions in response to rising global sea levels.

The climate during the Holocene interval is warmer and wetter
with highest levels of tree cover in the study region. Reconstructed
maximum tree cover indicates that annual moisture availability (a)
was highest during the early Holocene (prior to ca 8.7 cal. ka BP)
when, despite peak summer insolation, a rise in annual tempera-
tures was suppressed by the influence of low SSTs of the sur-
rounding seas. Middle Holocene climate optimum conditions
ca 8.7e5.2 cal. ka BP are likely caused by the effect of high-level
solar output, which was amplified by the rising global sea level
(i.e. more maritime conditions) and intensified flow of the TWC in
the Sea of Japan.

Supplementary material associated with this article is provided
in the Open Access information system PANGAEA (http://www.
pangaea.de/).
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