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Abstract The responses of the Indian and East Asian summer monsoons (ISM and EASM) to warming
since the last deglaciation are controversial. Pollen results from a subalpine lake in the ISM area show
that the Tsuga dumosa forest zone migrated at least 650 m upward during 18.6-7.1 kyr BP, indicating a
gradual rise in mean annual temperature exceeding 3.9 °C. In response, grasses and deciduous and
evergreen broad-leaved trees successively colonized the mountainous environment. By contrast, the area
around a lake in the EASM area was gradually occupied by temperate deciduous trees. In both areas, the
maximum monsoonal precipitation occurred during 7.1-6.4 kyr BP, coinciding with peak Holocene warmth,
but lagging the peak in Northern Hemisphere summer insolation by 3.9-4.6 kyr, due to delayed ice melting
in northern high latitudes. Our results indicate the synchronous strengthening of the ISM and EASM in
response to warming-induced northward shifts in the Intertropical Convergence Zone.

Plain Language Summary The responses of the Indian summer monsoon (ISM) and East Asian
summer monsoon to past global warming provide valuable insights into future climate scenarios. A
paleovegetation reconstruction from the ISM area shows a gradual warming of over 3.9 °C in mean annual
temperature from 18.6 to 7.1 kyr BP. The ISM and East Asian summer monsoon strengthened synchronously
in response to warming-induced shifts in the Intertropical Convergence Zone and reached their peak at
7.1-6.4 kyr BP, lagging the summer insolation maximum by 3.9-4.6 kyr, due to delayed ice melting in
northern high latitudes. As future warming continues, the loss of habitat for Tsuga dumosa and other alpine
species will accelerate in the ISM area, and the abundance of deciduous trees will increase in

northern China.

1. Introduction

Understanding the dynamics and variability of the Indian summer monsoon (ISM) and the East Asian sum-
mer monsoon (EASM) since the last deglaciation is crucial for developing accurate projections of future cli-
matic conditions (Broecker & Putnam, 2013). However, the spatiotemporal patterns of the ISM and the
EASM are debated. Some have argued for the asynchronous evolution of the ISM and the EASM, in terms
of the onset of the Holocene Climate Optimum and the timing of peak Holocene warmth (An et al., 2000;
Herzschuh et al., 2006; Hong et al., 2005; Wang et al., 2010; Zhou et al., 2016), emphasizing the dominance
of processes internal to the climate system. By contrast, others have documented roughly synchronous
changes in the ISM and the EASM (Cheng et al., 2012; Dong et al., 2010; Zhang et al., 2013), pointing to pri-
macy of insolation forcing of the Asian monsoon system. This discrepancy may be due to the use of diverse
physical, chemical, and biological proxy records from various geological archives, with variable temporal
resolutions, many of which are only indirect measures of monsoon rainfall. However, comparison of the
variability of the ISM and the EASM, assessed using a single direct measure, arguably provides the soundest
basis for understanding monsoon dynamics.

Here we present vegetation reconstructions from two lake sediment cores, based on pollen-based plant func-
tional types (PFTs; Prentice et al., 1996; Yu et al., 2000), a robust method for measuring palacomonsoon
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Figure 1. Study sites and monsoon pathways. The yellow star indicates Lake Tianchi, and the red star indicates Lake
Bayanchagan. Solid circles with numbers indicate the locations of lakes for which previously published palaeomonsoon
records (Table S1; Chen et al., 2014, 2015; Cheng et al., 2013; Demske et al., 2009; Enzel et al., 1999; Herzschuh et al.,
2006, 2009, 2014; Jarvis, 1993; Kramer et al., 2010; Lee et al., 2010; Leipe et al., 2014; Li et al., 2011; Ma et al., 2014;
Maxwell, 2001; Prasad et al., 2014; Quamar & Chauhan, 2012; Shen et al., 2005, 2006; Singh et al., 1990; Stebich et al., 2015;
Sun et al., 1993, 2016; Tang et al., 2000; VanCampo et al., 1996; VanCampo & Gasse, 1993; Wang et al., 2007; Wen
etal., 2010, 2017; Wischnewski et al., 2011; Wunnemann et al., 2010; Xiao et al., 2004, 2014, 2015; Zhang et al., 2016; Zhou
et al., 2016) for the Indian summer monsoon area (yellow) or the East Asian summer monsoon area (red) were used in our
combined analysis. The yellow dashed line indicates the northern limit of the modern Asian summer monsoon (Jiang,
2013). The arrows depict the directions of monsoon winds.

intensity. The core from the ISM area is from Lake Tianchi (Figure 1) in the Hengduan Mountains, Yunnan
Province, southern China, and covers the last 18.6 kyr. The core from the EASM area is from Lake
Bayanchagan (Figure 1) in Inner Mongolia, northern China, and covers the last 11.5 kyr. We also conducted
an analysis and synthesis of previously published palaeovegetation data obtained from lake sediments
throughout the Asian summer monsoon (ASM) domain, with the aim of determining the spatiotemporal
patterns of the ISM and the EASM and their respective mechanisms.

2. Materials and Methods

The mean annual temperature and annual precipitation are about 10.7 °C and 920 mm for Lake Tianchi
and about 3 °C and 350 mm for Lake Bayanchagan. Most of the precipitation occurs in summer (June to
September). The present-day vegetation in the region of Lake Tianchi has a zoned distribution with ele-
vation: from low to high elevation along an altitudinal gradient (~700 to ~4,000 m above sea level [a.s.1.]),
the vegetation is successively characterized by monsoon rainforest (<~1,500 m a.s.l.), subtropical broad-
leaved evergreen forest (~1,500-~2,100 m a.s.l.), midmontane moist broad-leaved evergreen forest
(~2,100-~2,600 m a.s.l.), Tsuga dumosa stands mixed with other coniferous species and broad-leaved
forest (~2,600-~3,100 m a.s.l.), coniferous forest (~3,100-~3,700 m a.s.l.), and alpine shrubs and meadows
(>~3700 m a.s.l.; Editorial Committee of Vegetation Map of China, CAS, 2007). These changes reflect the
steep vertical gradients in temperature and precipitation. In the region of Lake Bayanchagan, steppe is
currently the dominant vegetation.

Core YL (10.69-m long; 25°52.4'N, 99°16.8’E, 2,550 m a.s.l.) from Lake Tianchi was recovered from a water
depth of 14 m (Figures Sla and S1b in the supporting information). An age model was created using 20
AMS *C dates processed using the Bacon age-modeling software (Blaauw & Christen, 2011; Table S2 and
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60 _E + Soil (Mountains Gaoligong) R Figure S2a). Core BY (1.8-m long; 41°39'N, 115°12.6E, 1,355 m a.s.1.) was
_ 50 3 5 Soil (around Lake Tianchi) collected from a trench at the center of Lake Bayanchagan (Figure 1). The
S 403+ Lake sediment lake is almost completely dry at present due to human activity, although
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§° 20 e dates (Jiang et al., 2006; Table S3 and Figure S2b).
- 10 E N ”, . In total, 98 samples were selected for pollen analysis: 45 and 53 samples
o . o . a® A;. : - . from surface soils in the Hengduan Mountains (Figures Slc-S1f and

T v| T T T 'l LI ] AL T 7 "‘[ AL ] LI

800

1200

1600

Altitude (m a.s.l.)

T ] . .
2000 2400 5800 3200 Ta.ble S4) and from core YL., respectively. Pol.len gr.alns were concen?ated

using HF treatment (Faegri et al., 2000) and identified at X400 magnifica-
tion using an optical microscope. Between 470 and 680 terrestrial pollen

Figure 2. Variations in Tsuga dumosa pollen percentages of modern surface ~ grains were counted for each fossil sample, and 200 to 500 grains were
soils along an altitudinal transect in the Hengduan Mountains. counted for most modern samples. Pollen diagrams were drawn using

Psimpoll 4.25 (Bennett, 2005; Figures S3 and S4). PFTs scores were calcu-
lated using the PPPBASE software package (Guiot & Goeury, 1996). Vegetation changes were then recon-
structed based on the affinity scores for steppe vegetation and deciduous evergreen and coniferous trees.
In addition, total carbon and total nitrogen (Figure S5) were determined for 262 samples from Lake
Tianchi using a Euro 3000 Elemental Analyzer. All samples were treated with 1-M HCI to remove inorganic
carbonate prior to measurement.

3. Pollen Data
3.1. Pollen Assemblages in Modern Soils

The relationship between the eight vegetation types and pollen assemblages (Table S4) shows that T. dumosa
pollen has a low dispersal ability (Figure S3). For modern soil samples collected under T. dumosa stands
mixed with other coniferous species and broad-leaved forest (Nos. 2-16), T. dumosa pollen is abundant,
ranging from 3% to 54%. In soils collected from midmontane moist broad-leaved evergreen forest (Nos.
17-31) and Pinus yunnanensis forest (Nos. 43-44), the values of T. dumosa pollen decrease to <8% and
<2%, respectively. T. dumosa pollen is rare or absent in soil samples collected in northern tropical mountai-
nous monsoon rainforest (Nos. 41-42), subtropical broad-leaved evergreen forest (Nos. 32-33, 38-39), sub-
tropical valley rainforest (Nos. 34-37), xeromorphic scrub vegetation (No. 40), and dwarf (Rhododendron)
forest (No. 1).

Surveys of surface soils along an altitudinal transect (Table S4 and Figure 2) show that T. dumosa pollen
percentages reach 3-50% (average ~11%) in samples collected under T. dumosa stands mixed with other
coniferous species and broad-leaved forest (2,600-3,000 m a.s.l.); the percentages decrease to 0-7%
(average < 2%) in samples collected within a vertical distance of 200 m from the mixed forest and to ~0%
at distances exceeding 200 m. In a sediment sample collected from a stream flowing into Lake Tianchi, below
the T. dumosa zone, the T. dumosa pollen content reaches 6.17%, implying that it can be transported
comparatively long distances by water.

3.2. Pollen Assemblages From Core YL From Lake Tianchi

Forests have dominated the area surrounding Lake Tianchi for the past 18.6 kyr (Figure S4). Pollen zones
YL-1 and YL-2 (18.6-15.9 kyr BP) are characterized by broad-leaved forest with Betula, Quercus,
Castanopsis, Salix, and Ulmus-Zelkova. Mixed coniferous (Abies, Picea, and Pinus) and broad-leaved
(Alnus, Betula, Quercus, Castanopsis, and Ulmus-Zelkova) forest occurred between 15.9 and 10.3 kyr BP
(YL-3 to YL-4). During the early to mid-Holocene (YL-5, 10.3-3.2 kyr BP), mixed coniferous (7. dumosa
and Pinus) and broad-leaved (Alnus, Betula, Cyclobalanopsis, Quercus, and Castanopsis) forests were
present. The late Holocene (YL-6, 3.2 kyr BP to present) was characterized by mixed Pinus, Alnus, and
Quercus forests.

3.3. Pollen Assemblages From Core BY From Lake Bayanchagan

The original pollen data for core BY were published in Jiang et al. (2006). Steppe vegetation has dominated
the area around Lake Bayanchagan over the past ~11.5 kyr (Figure S6). Pollen zone BY-1 (~11.5-7.4 kyr) is
characterized by a gradual decrease in Artemisia and by increases in Quercus and Pinus. The maximum
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abundances of broad-leaved trees (Betula, Quercus, Corylus, Ostryopsis, and Ulmus) occurred between 7.4
and 5.9 kyr BP (BY-2). Patches of coniferous (Abies and Pinus) and broad-leaved (Betula and Ulmus) forest
were present between 5.9 and 4.5 kyr BP (BY-3). Pollen zone BY-4 (4.5-2 kyr BP) is characterized by
increases in Poaceae and Chenopodiaceae and a decrease in Pinus. During the late Holocene (BY-5 and
BY-6, 2 kyr BP to present), the trees almost disappeared. Vegetation consisted mainly of Artemisia,
Poaceae, and Chenopodiaceae.

4. Results and Discussion

In the Hengduan Mountains of the ISM area, Tsuga is temperature sensitive (Li et al., 2013), thus enabling
palaeotemperature reconstruction based on pollen records. Modern investigations demonstrate that
T. dumosa, a local species, occurs today at elevations of 2,300-3,500 m a.s.l. in the Hengduan Mountains,
and its optimum elevation within the study area is 2,600-3,000 m a.s.l. (Editorial Committee of
Vegetation Map of China, 2007; Li et al., 2013). Because T. dumosa pollen is large (60-110 pm) and heavy
(Wang et al., 1997), our surveys of surface soils along an altitudinal transect show that it can be transported
from the T. dumosa zone over a vertical distance of <200 m by wind and over large distances by water
(Table S4 and Figure 2). Thus, the T. dumosa pollen preserved in the sediments of Lake Tianchi is mainly
wind transported when the T. dumosa forest zone was located below the lake (2,550 m a.s.l.); however, it
was transported by both wind and water when the forest zone was above the lake.

The limited dispersal ability of T. dumosa pollen permits a precise assessment of the vertical movements of
the T. dumosa forest zone and the associated temperature changes. Pollen data from Lake Tianchi show that
T. dumosa pollen were nearly absent between 18.6 and 16 kyr BP and rare (<2%) from 16 to 12 kyr BP
(Figure 3a), indicating that the upper limit of the mixed T. dumosa forest zone was below 2,350 m a.s.l. from
18.6 to 12 kyr BP (given the 200-m dispersal distance of its pollen; Figure 2). After 12 kyr BP, the content of
T. dumosa pollen gradually increased, peaking at ~17% at 7.1 kyr BP before commencing a decreasing trend
(Figure 3a). This indicates an upward movement of the T. dumosa forest zone during the early and
mid-Holocene, in response to warming. Since the mid-Holocene was warmer than today (Marcott et al.,
2013), the upper optimum elevation of the T. dumosa forest zone was slightly higher than the current level
(3,000 m a.s.l.). Thus, we derive a minimum upward migration distance of 650 m for T. dumosa forest from
the last deglaciation to the mid-Holocene. Assuming a lapse rate of 0.6 °C for every 100 m of elevation
change (Domros & Peng, 1988; Lenoir et al., 2008), this upward shift of the vegetation zone indicates an
increase in mean annual temperature of at least 3.9 °C from 18.6 to 7.1 kyr BP. The magnitude of the
temperature change during this interval is consistent with estimates obtained in other low-latitude areas
(Porter, 2001; Weijers et al., 2007).

Vegetation reconstructions show that, although forest plants have dominated the Lake Tianchi area over the
past 18.6 kyr, successive colonization of different vegetation communities has occurred (Figures 3b-3f):
grass and temperate deciduous trees dominated from 18.6 to 15 kyr BP, warm temperate deciduous trees
from 15 to 8 kyr BP, and finally, warm temperate coniferous forest and subtropical evergreen forest
dominated from 10 to 4 kyr BP and peaked at 7.1 and 6.4 kyr BP, respectively. The increase in subtropical
evergreen forest during the early to mid-Holocene is consistent with the high carbon/nitrogen (C/N) ratios
of the lake sediments (Figure 3g), which suggest the increased input of terrestrial organic matter into the
lake, resulting from increased vegetation productivity. All of these records indicate a progressively warmer
and wetter climate, reflecting a trend of increasing ISM intensity, from the last deglaciation until
the mid-Holocene.

Vegetation results for Lake Bayanchagan in the EASM area (Figures 3h-3k) show that, although steppe
vegetation dominated over the past ~11.5 kyr BP, it decreased from 11 to 6 kyr BP, whereas temperate decid-
uous forest gradually increased from 10.5 to 6.8 kyr BP before decreasing and finally disappearing at approxi-
mately 6 kyr BP. Maximum abundance of cool temperate deciduous trees occurred between 10.5 and 5.5 kyr
BP, and desert vegetation increased gradually after 6 kyr BP. The increase in deciduous (cool temperate and
temperate) forest is consistent with the low 8'®0 values of authigenic carbonate from the same core
(Figure 31), which resulted from increased monsoonal precipitation and decreased evaporation (Jiang &
Liu, 2007). This evidence indicates the occurrence of warm, humid climatic conditions from 10.5 to
5.5 kyr BP—the period which includes the Holocene Optimum peak at 6.8 kyr BP.
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Figure 3. Fossil pollen-based vegetation records from Lake Tianchi (a-g) and Lake Bayanchagan (h-1) and comparison
with records of summer insolation anomalies (m), the area of the Laurentide ice sheet (m), and global sea-level

changes (n). (a-g) Changes in Tsuga dumosa forest (a), grassland (b), temperate deciduous forest (c), warm temperate
deciduous forest (d), warm temperate coniferous forest (e), evergreen forest (f), and a comparison of evergreen forest (red)
and C/N ratios (olive; g) over the past 18.6 kyr at Lake Tianchi in southern China. (h-1) Changes in desert vegetation
(h), steppe vegetation (i), cool temperate deciduous forest (j), temperate deciduous forest (k), and a comparison of
deciduous forest (blue), and 880 of authigenic carbonate (orange; 1) over the past ~11.5 kyr at Lake Bayanchagan in
northern China (Jiang et al., 2006). All vegetation records are plotted as plant functional type scores, except that of Tsuga
dumosa. (m) Summer insolation anomalies at 60°N (Berger & Loutre, 1991; red), and the area of the Laurentide ice sheet,
expressed as a fraction of the LGM Laurentide ice area (Shuman et al., 2005) (black). (n) Sea level (Barbados sea level:
blue diamonds (Peltier & Fairbanks, 2006) and red circles (Fairbanks, 1990); Red Sea level: green plus signs (Grant et al.,
2012) and mean ITCZ location (black squares) relative to today (McGee et al., 2014). Vertical shaded bars correspond to the
Holocene Optimum (light orange) and its peak (orange). ITCZ = Intertropical Convergence Zone.
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507 i The Holocene Optimum, as reflected by the pollen and geochemical
. a ] records from Lake Bayanchagan in the EASM area (10.5-5.5 kyr BP), is
OZ 40+ i roughly in phase with that obtained from Lake Tianchi in the ISM area
B’ ] (10-4 kyr BP) and is also consistent with recent findings from sites in
'g 304 ] northern China (Chen et al., 2016; Liu et al., 2015). Peak warmth at these
= ] 7] two sites occurred roughly synchronously at 7.1-6.4 kyr BP. To enable a
S 204 ] spatial comparison of the timing of the Holocene Optimum, we combined
] : 37 previously published pollen-based palaeoclimatic records from lakes
] 1 distributed across East Asia, from northern China to India (Figure 1 and
. 807 b ] Table S1). Although the timing of the Holocene Optimum in these records
X | | exhibits no regular spatial pattern from north to south (Figure 4a), over
; 60+ ] 60% of the sites were warm and wet during the interval of 8-6 kyr BP
% 4 O—- _ and over 80% at approximately 7 kyr BP (Figure 4b). These results agree
-] | | well with our findings, suggesting the occurrence of synchronous changes
g 204 | in the intensity of the ISM and the EASM since the last deglaciation, with
L | | the Holocene Optimum occurring in the mid-Holocene.
0 : : The ISM is driven mainly by the north-south thermal contrast between
0 8 10 12 14 16 the Indian Ocean and the Asian land mass, whereas the EASM is con-

Age (kyr) trolled by both the north-south thermal contrast between the Australian

land mass and the western North Pacific and the east-west thermal con-

Figure 4. Comparison and synthesis of the Holocene Optimum recon-  trast between the Asian continent and the Pacific Ocean (Wang et al.,

structed from previously published records. (a) Timing and duration of
the Holocene Optimum determined from 37 previously published pollen-
based palaeomonsoon records obtained from lake sediments (lake locations

2001). Synchronous changes in the intensity of the ISM and of the
EASM indicate that a common mechanism—the latitudinal displacement

are provided in Figure 1 and Table S1). Blue indicates sites in the EASM of the Intertropical Convergence Zone (ITCZ)—controls the two main
region, and gray indicates sites in the ISM region. (b) Changes in distribu-  subsystems of the ASM. In general, the ITCZ migrates toward the warmer
tion frequency of the timing of the Holocene Optimum with age. The hemisphere (Schneider et al., 2014). The external forcing of a progressive

duration of the Holocene Optimum (a) was first sliced at 100-year interval
along the age axis, and the distribution frequency was then calculated as the
number of intersection points divided by the total number of study sites (37).

increase in Northern Hemisphere (NH) summer insolation from the last
deglaciation to the early Holocene caused the ITCZ to shift gradually
northward (Fleitmann et al., 2003; Schneider et al., 2014), thereby
strengthening both the ISM and the EASM. Moreover, the increased atmospheric water vapor concentra-
tions, driven by rising temperature, thermodynamically enhanced the monsoon rainfall (Mohtadi
et al., 2016).

The peak in monsoon warmth and moisture (7.1-6.4 kyr BP) occurred some 3.9-4.6 kyr after the peak in
insolation (Figure 3m), because the position of the ITCZ is also influenced by the extent of polar ice sheets
(Chiang & Bitz, 2005). As shown by records of the Laurentide ice sheet (Figure 3m) and global sea level
(Figure 3n), the NH ice sheets were still relatively large at 11 kyr BP, despite the occurrence of peak insola-
tion, which impeded the northward shift of the ITCZ. From 11 to 6 kyr BP, the NH ice sheets melted substan-
tially, enabling a major northward shift of the ITCZ (Figure 3n) and the synchronous strengthening of the
ISM and the EASM. After 6 kyr BP, even though NH ice volume remained constant, the decreasing NH inso-
lation cooled the NH continents and impeded the continued northward shift of the ITCZ, thereby weakening
both the ISM and the EASM.

5. Conclusions

Our results show that the ISM and the EASM varied synchronously since the last deglaciation and responded
sensitively to the migration of the ITCZ. This was caused by the combined effects of external insolation
forcing and internal NH ice volume forcing. In this context, 1.5-2 °C warming in the near-future (IPCC,
2013) will lead to decay of the extant NH ice sheets and hence to a further northward shift of the ITCZ.
Thus, we propose that the ISM and the EASM will both intensify, and the Asian monsoon domain will
become wetter. In this scenario, deciduous forest will increase in northern China, and the modern subalpine
T. dumosa forest in the Hengduan Mountains of the ISM area will migrate upward. Given the average
altitude of the Hengduan Mountains (3,000-4,000 m), the loss of habitat for T. dumosa and other alpine
species will accelerate in a warmer world.
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