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In this study we report changes in Indian summer monsoon (ISM) intensity during the past ~3500 yr inferred
from proxy indices at Lake Erhai, southwestern China. Both the pollen concentrations and other proxy indices,
including sediment grain size, total organic carbon contents (TOC), and elemental contents (e.g., Fe, Al), clearly
indicate a long term decreasing trend in ISM intensity over the late Holocene. During the period from approxi-
mately AD 750 to AD 1200, pollen concentrations of conifer and broadleaf trees, and herbs reached the lowest
levels over the past ~3500 yr; while the pollen percentages of both herbs and broadleaf trees increased, suggest-
ing a significant medieval drought. The grain size, TOC, and elemental contents also support an arid climate dur-
ing the medieval period. The Little Ice Age (LIA) at Lake Erhai was characterized as cold and wet. The medieval
and LIA climatic patterns at Lake Erhai were similar to those over most of the ISM areas, but anti-phase with
those over East Asian summer monsoon (EASM) areas. We suspect that sea surface temperature variations in
the Indo-Pacific oceans and the related land-sea thermal contrasts may be responsible for such hydroclimatic
differences between EASM and ISM areas.

© 2014 University of Washington. Published by Elsevier Inc. All rights reserved.
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Introduction

The Indian summer monsoon (ISM) plays an important role in
influencing population, economies, and cultural development. Knowl-
edge of the changes in ISM intensity during the late Holocene is critical
in understanding the underlying mechanisms and in predicting region-
al/local changes in monsoon precipitation. Lines of evidence have
revealed several remarkable episodes in the past ~2000 yr, e.g., the me-
dieval period, the Little Ice Age (LIA), and the most recent 100-200 yr,
during which the ISM has experienced large and significant changes.
Among those climatic episodes, the medieval period received the most
attention because climatic changes during this period are important to
understanding the natural and anthropogenic driving forcings of the
recent warming. This is because the medieval period, which has been
suggested to have been generally warm by multiple lines of evidence
(e.g., Stine, 1994; Graham et al., 2011; Diaz et al., 2011; Laird et al.,
2012), is analogous to modern warming, but anthropogenic impacts
were minor and weak relative to today. Although lines of evidence
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suggest that broadly warmer conditions may have prevailed during
the medieval period, changes in precipitation appear to have varied
regionally (Grahametal., 2011; Diaz et al., 2011). For example, droughts
occurred over much of the ISM areas, like equatorial East Africa
(Verschuren et al., 2000; Thompson et al., 2002), southern China (Chu
et al., 2002), and south China Sea (Sun et al., 2012). Meanwhile, over
the East Asian summer monsoon (EASM) areas, like northern China, a
considerable body of evidence indicates that a warm and wet climate
occurred during the medieval period (e.g., Zhou et al., 2011, and refer-
ences therein). Wetter climatic conditions have also been reported dur-
ing this time in central (Adhikari and Kumon, 2001) and northern Japan
(Yamada et al.,, 2010). Such hydroclimatic contrasts may also have
existed during the LIA and the recent 100-200 yr. Clearly, it is necessary
to develop more evidence for a clearer view of the hydroclimatic con-
trasts over ISM and EASM areas, and to understand the controlling
mechanisms.

Lake Erhai is located in the northwest Yunnan province, China, on
the southeastern Tibet plateau (Fig. 1). The climatic changes around
this region are sensitive to variations in ISM intensity (e.g., Shen et al.,
2005; An et al.,, 2011; Chen et al.,, 2014). Although relatively long-term
climatic and ecological changes at Lake Erhai have been studied (Shen
et al., 2005, 2006; Dearing et al., 2008), short-term variations have
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Figure 1. Sampling site at Lake Erhai, southwestern China. Red star shows locations of cores EH11-2 A, and 2B in this study. The green circle and triangle show locations of cores by Hyodo
etal. (1999) and Shen et al. (2006), respectively. Rivers in Lake Erhai catchment (right panel) were redrawn from Shen et al. (2006). The grey shading over southwestern China represents

the Tibetan Plateau.

been less well constrained. For example, more work is needed to ad-
dress changing climatic patterns during the medieval period, and
understand how regional ecology responded. Here we studied high-
resolution proxy records of climatic changes at Lake Erhai over the
late Holocene and discussed the possible causes.

Background and methods
Background

Lake Erhai is a pull-apart rift lake. The mean annual temperature is
15.1 °C and the mean annual precipitation is 1060 mm (at Dali meteo-
rological station). More than 85% of the annual precipitation is delivered
from May to October. Lake water is supplied mainly by precipitation and
snow melt. A large number of small rivers are distributed around
the lake (Fig. 1; see Shen et al., 2006 for details). Bedrock in the catch-
ment mainly consists of schist, gneiss, and calcareous conglomerates
(Xu et al., 1999). Fir (Abies delavayi) and pine trees (mainly Pinus
yunnanensis and Pinus armandi) are widely distributed between 2500
and 3500 m elevations within the catchment (Ming and Fang, 1982).
Shrubs such as Rhododendron are distributed predominantly in the
eastern catchment. Eucalyptuses are also common.
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Sampling

Surface sediment cores were collected with a gravity corer from the
northern part of the lake (with 100% sediment recovery) in 2011. Core
EH11-2A, and 2B (25°53.226’ N; 100°10.890’ E; water depth: 12 m)
are 125 and 127 cm long, respectively. Sediment lithologies of both
cores correlate well; the upper ~60 cm of the cores was gray-blackish
in color, while the lower sections were cyan-grayish in color. Samples
from core EH11-2B were prepared at every 0.5 cm for the upper
39 cm and at every 1 cm for the remainder of the section; while those
from core EH11-2A were prepared at 1-cm intervals.

Methods

Dating

The radioactivities of '*’Cs and 2'°Pb (Fig. 2) were determined for
the upper 25 cm of core EH11-2B using an Ortec Germanium (HPGe)
well detector (GWL-15-250). Snail shells (Erhaiini) were found at inter-
vals of 83-64 cm and 127-112 cm in core EH11-2B, and were selected
for '“C dating (Fig. 3). We also chose samples at 55 cm and 127 cm in
core EH11-2B for '“C dating, based on bulk organic matter after removal
of the carbonates (by treatment with dilute HCI). To quantify the pres-
ence of an “old” carbon effect, we also determined “C ages of the lake

137Cs radioactivity (Bq/Kg)
1963 AD
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Depth (cm)

Figure 2. 2'°Pb (a) and *’Cs (b) activity concentrations from core EH11-2B. Lines in panel a and b denote the logarithmic and polynomial regression, respectively.
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Figure 3. Age model of core EH11-2B. Ages of the upper 17 cm sediments (0-17 cm) were
derived from 2'°Pb and '*’Cs ages. Ages below 17 cm were derived from a combination of
the 21°%Pb-"3"Cs ages and the corrected '“C ages of the snail shells. Red crosses show the
calibrated '“C ages of snail shells from Hyodo et al. (1999) after correcting for the old
carbon effect (Table 1); green triangles show the calibrated TOC-'“C ages after correcting
for the old carbon effect (Table 1; see the text for details).

water, living snails, and living submerged pondweeds (predominantly
Potamogetonaceae; see '“C age model).

Measurement of proxy indices

Elemental contents of core EH11-2A (Fig. 4) were measured using an
X-ray fluorescence spectrometer (XRF, Axios advanced, PW 4400).
Pollen concentrations of core EH11-2B were analyzed using the method
described by Li et al. (2006). Magnetic susceptibility (MS) of core EH11-
2B was determined by a Bartington Meter (Model MS2). Bulk carbonate
contents (carb%) of core EH11-2B were determined by titration with
dilute HCI. The remaining sediments were rinsed to neutral pH, and
then the total organic carbon (TOC) and total nitrogen contents were
measured with an elemental analyzer (vario MACRO cube, Elementar,
Germany), with an experimental error of <0.5%. C/N ratios were then
calculated. Sediment samples of core EH11-2B were pretreated with
H,0, to remove organic matter, and then grain size was measured
with a laser particle size analyzer (Malvern 2000, England), with an
experimental error of <3%. Biogenic silica contents (BSi%; core EH11-
2B) were determined using an alkaline-extraction method (Liu et al.,
2014a).

Results
219p and 37Cs dating

Both the low *’Cs radioactivities and the pattern of the *’Cs profile
of core EH11-2B (Fig. 2) are similar to those from previous work at Lake
Erhai (e.g., Zhang et al., 1993; Xu et al., 1999). The *’Cs radioactivities in
core EH11-2B increased sharply at ~17 cm, which is also similar to the
results of Wang et al. (2012). The shape of the *’Cs profile may be influ-
enced by some local limnological processes, including mixing of the sur-
face sediments; but the central peak will not be moved (e.g., Xu et al.,
2010b). We assign the date of 1963 to the center of the '*’Cs best fit
(at 10.5 cm) (Fig. 2b).

The fit of the excess 2'°Pb radioactivities at Lake Erhai exhibits a
classical logarithmic pattern (Fig. 2a), which is also similar to the results
of previous work there (e.g., Xu et al., 1999). The 2!°Pb dating results
are generally consistent with the *’Cs dating results. For example, at
10.5 cm, the 2'°Pb ages produced using the constant initial concentra-
tion (CIC) and constant rate of supply (CRS) models (Goldberg, 1963;
Robbins and Edgington, 1975; Appleby, 1978) are AD 1964.6 and AD
1969, respectively, both of which are similar to the assigned *’Cs date

https://doi.org/10.1016/j.yqres.2014.12.004 Published online by Cambridge University Press

(AD 1963). We obtained the age model of the upper 17 cm by averaging
the 37Cs and 2!'°Pb-CIC ages. Eucalyptus trees were introduced to
southwestern China from Australia around the beginning of the 20th
century (Zhang et al.,, 2007). Therefore, eucalyptus pollen can be used
as another time-marker at Lake Erhai. In this study, eucalyptus pollen
was identified in the upper 15 cm of sediment in core EH11-2B
(Figs. 5, 6); while no eucalyptus pollen was found below 15 cm. The
age determined at 15 cm is approximately AD 1934, which is consistent
with the occurrence of the eucalyptus pollen and strongly supports the
137Cs-210pp dating model.

¢ age model

As shown in Table 1, the calibrated '“C age of the lake water is
702 cal yr BP (Table 1; median probability). The calibrated '“C ages of
the living snails and living submerged plants are 523 and 610 cal yr
BP, respectively, both of which are close to the calibrated '“C age of
the lake water. These data clearly indicate an old carbon effect in Lake
Erhai. Depending on local hydrological and climatic conditions, the old
carbon effect may vary with time. Due to the lack of such information
at Lake Erhai, relatively constant old carbon effects are assumed during
the past 3500 yr. Thus, the corrected '“C ages of the snail remains are
the 'C ages minus that of the living snails (523 cal yr BP); while the
14C ages of the bulk organic matter are corrected against the '“C age of
the living submerged plants (610 cal yr BP). Xu and Zheng (2003) car-
ried out a comprehensive study of the '“C ages of different organic fac-
tions in the sediments of Lake Erhai, and found considerable differences
in the 'C ages of different organic fractions. Considering the complexity
of organic matter '“C ages at Lake Erhai, we established our age model
based on the 21°Pb-137Cs ages, and the corrected '“C ages of the snail re-
mains (see below).

We used the average 2'°Pb-"37Cs age at 17 cm (AD 1916.6) as the
first age-controlling point. We then used the corrected snail shell '*C
ages at 66 and 126 cm (Table 1) as additional dated points: AD 673
and 1458 BC, respectively. Then the dating model of core EH11-2B
below 17 cm was obtained by linear interpolation between these
three points (Fig. 3). Core EH11-2A shares the same age model with
core EH11-2B as both were collected from the same site. Hyodo et al.
(1999) also established a dating model for Lake Erhai sediment (core
ER3) based on calibrated “C ages of snail shells. However, their '*C
ages were not corrected for the old carbon effect. As shown in Figure 3,
after removal of the old carbon effect (523 yr), the corrected snail-shell
14C ages of Hyodo et al. (1999) correlate well with the age model of
this study. The TOC “C ages of this study and those of Shen et al.
(2006; after an old carbon correction of 610 yr) are also plotted. As
shown in Figure 3, some of these TOC C ages agree with our dating
model, and others do not, consistent with Xu and Zheng's (2003) view-
point that “special caution is necessary when radiocarbon ages of bulk
sediments are used” in Lake Erhai sediments.

Results of the proxy measurements

Grain size, carb%, elements, MS

Sediment grain size (mean value, and hereafter) shows a general
decreasing trend from ~900 BC to AD 750. It was fine (~10 um) and
relatively constant from AD 750 to AD 1400, and increased after AD
1400 (Fig. 4). The carb% shows a similar trend as the grain size (Fig. 4).
Rb/Sr ratios are generally inversely correlated with grain size and carb%.
Concentrations of some primary crustal elements, including Fe and Al,
also show long term trends similar to the Rb/Sr ratios (Fig. 4). The mag-
netic susceptibility increased sharply after ~AD 750, and kept increasing
to ~AD 1750; after ~AD 1750, MS showed a decreasing trend (Fig. 4).

TOC and C/N ratios
TOC percentages were relatively steady from 1500 BC to AD 500, and
then decreased, and stabilized at relatively low values from about
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Figure 4. Comparison of proxy indices in Erhai sediment cores and stalagmite 5'0 of Dongge cave (curve a; green; Wang et al., 2005). Curve b (pink): grainsize; c (blue): carbonate con-
tent; d (red): Rb/Srratios; e. (light blue) TOC; f (purple): Fe%; g (orange): Al%; h (brown): magnetic susceptibility; i (cyan) C/N ratios; j (black): biogenic silicon contents. The grey-blackish
and cyan-grayish rectangles indicate different colors of the core; while the green shaded rectangles indicate the occurrences of snail remains in the core.

AD 750 to AD 1900. After AD 1900, TOC percentages increased rapidly
(Fig. 4). The total nitrogen of lake sediments shows a trend similar to
TOC (figure not shown). C/N ratios exhibit a clear decreasing trend dur-
ing the past 3500 yr, which is similar to the results of Zhang et al.
(2000). The BSi% curve generally shows a trend similar to TOC.

Pollen records

Total pollen concentrations, and pollen concentrations of conifer and
broadleaf trees, and herbs exhibit long-term decreasing trends over the
late Holocene, except for the past 100-200 yr (Fig. 5). The pollen con-
centrations of conifer and broadleaf trees, as well as herbs, were higher
between 1500 BC and AD 0, after which they began declining, and
reached the lowest concentrations between ~AD 750 and AD 1400
(Fig. 5). Between approximately 400 BC and AD 100, the pollen concen-
trations of both conifer and broadleaf trees reached their maximum
(Fig. 5), which is broadly synchronous with high BSi% values in lake
sediment (Fig. 4).

Pollen percentages of the conifer trees (e.g., Pinus) show similar
long-term trends as the corresponding pollen concentration, i.e., broadly
decreasing over the late Holocene (Fig. 6). As the proportion of conifer
trees decreases, herbs and some drought-tolerant broadleaf trees,
such as Alnus, would comprise an increasing proportion. As a result,
the pollen percentage of the herbs shows an increasing trend during
the past 3500 yr; while that of the broadleaf trees been relatively steady
(Fig. 6).

Discussion
Climatic significance of the proxy indices
Since Lake Erhai is a hydrologically open lake, the lake level would be

relatively steady over the late Holocene (e.g., Chen et al., 2000). There-
fore, the grain size of the lake sediments should be mainly controlled

https://doi.org/10.1016/j.yqres.2014.12.004 Published online by Cambridge University Press

by the volume and intensity of runoff, and quantity of river discharge
to the lake (e.g., Chen et al., 2000). Increases in runoff and discharge
will transport more sediment to the lake, and will increase the coarse
fraction of terrestrial sediments, and vice versa. Since runoff and river
discharge intensity at Lake Erhai are dominated by the monsoon inten-
sity, the grain size can be used as one indicator of ISM intensity.

Rb generally co-exists with K in K-rich minerals, such as K-feldspar
and biotite; while Sr tends to be enriched in Ca-bearing minerals,
which are often more easily broken down as compared to K-bearing
minerals. Consequently, Rb and Sr are widely used to indicate the inten-
sity of chemical weathering (Xu et al., 2010a; An et al., 2011; Zeng et al.,
2013). Stronger chemical weathering in the Lake Erhai catchment
results in a greater influx of Sr to the lake, and results in lower Rb/Sr
ratios in lake sediments, and vice versa. As a result, the Rb/Sr ratios
in Lake Erhai sediment can be used to indicate the intensity of
chemical weathering in the lake's catchment, and the ISM intensity
(e.g., An et al,, 2011). Both Al and Fe, as constituents of primary rock-
forming minerals, can be utilized to indicate changes in runoff intensity
and river discharge over time, and to indicate changes in monsoon
intensity.

Vascular plants are rich in fiber but are low in protein, and therefore
organic matter derived from them has high atomic C/N ratios (Meyers,
2003; Xu et al., 2014). In contrast, algae and plankton are relatively
protein-rich, and hence exhibit low atomic C/N ratios (Meyers,
2003). The variations in C/N ratio of organic matter in lake sediments
are therefore widely used to evaluate the relative contributions
of terrestrial organic matter, and lacustrine organic matter in lake
sediments.

The climatic significance of the pollen data may be variable on differ-
ent spatial and temporal scales. Because Abies and Picea favor shaded,
cool and wet environments, and are sensitive to strong droughts
(Li and Walker, 1986; Zhou and Li, 2012), and because the fir and
pine trees around Lake Erhai are selectively distributed within a cool
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Figure 5. Pollen concentrations of core EH11-2B. The grey shadings denote the exaggeration (x 10) of the corresponding data.

elevation zone (2500-3500 m; e.g., Shen et al., 2006), fluctuations in
their abundances on short term time scales (like decadal/multi-
decadal timescales) are most likely to be primarily controlled by varia-
tions in precipitation. Meanwhile, the indigenous herbs prefer relatively
arid environments. As a result, when it is drier, the relative abundance of

conifer trees would decrease, while that of the herbs would increase,
and vice versa. Quercus (Oak) and Alnus (Alder) generally have high
drought tolerance (Li and Walker, 1986; Schrader et al., 2005), and
their abundances are mainly controlled by temperature variations on
decadal/multi-decadal time scales.
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Figure 6. Pollen percentages, and total pollen concentration in core EH11-2B. The grey shadings denote the exaggeration (x 10) of the corresponding data.
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Table 1
14C dating for different samples in Lake Erhai.
Lab code Sample code Depth Dating materials Uncalibrated Calib. age range, 20 Calib. age, Corrected Dates
(cm) 14C age + error (cal yr BP) (prob.) 20 median prob. ages, (yr BPP) (AD/BC)
(**CyrBP) (cal yr BP) ?
XA7992 EH120702-4 / Lake water 770 + 40 661-745 (0.97) 702 /
XA7950 EH12-2 / Submerged pondweeds 656 + 41 553-613 (0.52) 610 /
619-675 (0.48)
XA7869 EH120702-1 / Living snail 492 + 26 505-541 (1) 523 /
XA7856 EH11-2-B2-27 66 Snail shell 1863 + 31 1720-1873 (1) 1800 1277 673
XA7872 EH11-2-B2-87 126 Snail shell 3621 4+ 25 3850-3985 (0.99) 3931 3408 -1458
XA6913 EH11-2-B2-16 55 Sediment, TOC 2388 £+ 29 2344-2488 (0.96) 2415 1805 145
XA6912 EH11-2-B2-88 127 Sediment, TOC 3836 + 26 4150-4300 (0.86) 4238 3628 -1678

aThe calibrated C ages were calibrated using the program Calib 6.0.1 (Stuiver et al., 1998), and the median probability (prob.) values were used in this study.
PThe final 'C ages of the snail remains were corrected against the C age of the living snail shells; the final '4C ages of the TOC in lake sediments were corrected against the '“C age of the

submerged pondweeds.

Long term climate trends of the late Holocene

Both the trends in pollen concentrations of conifer trees, broadleaf
trees, and herbs (Fig. 5), and the corresponding trends in pollen per-
centages (Fig. 6), reflect a decreasing trend in ISM intensity over the
late Holocene. The grain size data also exhibit a general decreasing
trend during the past 3500 yr, further suggesting a decreasing ISM in-
tensity. The stalagmite 5'80 curve from Dongge cave has been widely
used as an indicator of Asian summer monsoon precipitation (Wang
et al, 2005). As shown in Figure 4, the stalagmite 680 data also suggest
a long term decreasing trend in ISM intensity, consistent with that
inferred from proxy indices at Lake Erhai.

As ISM intensity declined, terrestrial organic matter loading to the
lake also declined, resulting in a long term decreasing trend in TOC con-
centrations in lake sediments (Fig. 4). However, the total biomass with-
in the lake may have remained relatively steady, and if so, the organic
matter produced within the lake would comprise a higher fraction of
the bulk organic matter in lake sediments. Since the C/N ratio of lacus-
trine organic matter is much lower than that of terrestrial organic mat-
ter (Meyers, 2003; Xu et al., 2006), the C/N ratio of bulk lake sediments
would also decrease. This is consistent with the trend of C/N ratio values
as shown in Figure 4. In addition, since lake algae and plankton partly
utilize dissolved inorganic carbon (DIC) to synthesize organic matter,
their organic matter 6'>C values would be much higher than those of
terrestrial organic matter. We measured 6'>C ratios of submerged and
emergent plants in Lake Xihu (located about 10 km northwest of Lake
Erhai), and found that the average &'3C of submerged plants was
about — 13.09%., while that of the emergent reeds was —27.31%.,
strongly supporting such an inference. Therefore, the trend in 6'>C of
the bulk organic matter in lake sediments would also increase corre-
sponding to an increasing contribution of organic matter produced
within the lake. This is also consistent with the results of Shen et al.
(2005).

Decreased ISM intensity over the late Holocene led to weaker chemi-
cal weathering, which is reflected in the increasing trend of Rb/Sr ratio
values (during approximately 800 BC to AD 1400; Fig. 4). Concentrations
of Fe and Al show broadly increasing trends from 800 BC to AD 1400
(Fig. 4), which can be ascribed to the decreasing fraction of bulk organic
matter and bulk carbonate contents in lake sediments, also supporting
a decreasing trend in ISM intensity during this period. Chen et al.
(2000) reported &'3C and 6'80 data from bulk carbonates in Lake Erhai
sediments during the period of AD 1290 to AD 1990, and found relatively
negative values for both isotopes (—13.6% — —5.7%. for 6'20, and
—7.9%. — —1.6%. for §'3C), suggesting that the carbonates were mainly
chemical/biogenic deposits within the lake. Weaker ISM resulted in
lower runoff and lower water salinities due to weaker chemical
weathering, which would eventually have led to fewer chemical deposits
within the lake. As shown in Figure 4, the carb% in lake sediments exhibits
a similar long term trend to that of the grain size, suggesting again a long
term decreasing trend in ISM intensity over the late Holocene.
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Climates during the Roman and medieval periods, and the Little Ice Age

The Roman period

The biogenic silica content of lake sediment (Fig. 4) was much higher
from about 100 BC to AD 400. Meanwhile, both the pollen concentra-
tions (Fig. 5) and percentages (Fig. 6) were also elevated during the
period from approximately 400BC to AD 100. These data indicate an in-
crease in biomass both within the lake and the catchment, suggesting
that the climate was more favorable during this period. This favorable
period coincides with the Roman warm period in Europe (e.g., Bianchi
and McCave, 1999; Wang et al., 2013), which has also been suggested
to have occurred in Asia (e.g., Yang et al., 2004, 2009; Ji et al., 2005).

The medieval period

As shown in Figure 5, from about AD 750 to AD 1200, the pollen con-
centrations of both conifer (e.g., Pinus) and broadleaf trees (e.g., Quercus
and Alnus) decreased considerably. The total pollen concentration was
lower during this interval than at any other time over the past
3500 yr. The conifer trees declined more seriously, as inferred from
the relative increases of the pollen percentages of broadleaf trees
(Fig. 6). This contrast suggests a severe, dry climatic condition during
the medieval period. The grain size remained consistently fine from
AD 750 to AD 1400 (Fig. 4), suggesting that runoff and riverine dis-
charge to the lake were significantly lower during that interval. TOC
concentrations decreased to their lowest values over the period of
record, and remained steady during this interval, suggesting that
vegetation cover within the catchment was reduced (Fig. 4). All of
these lines of evidence suggest that the ISM intensity was weak during
the medieval interval, as has been illustrated in other ISM regions
(e.g, Diaz et al,, 2011; Graham et al., 2011).

Little Ice Age

During the interval of approximately AD 1450-1850, pollen concen-
trations of conifer and broadleaf trees remained low (Fig. 5); and the
relative pollen percentages of conifer trees, like pinus, also declined
(Fig. 6). These data suggest cold climatic conditions during this interval,
which falls within the traditional LIA period in China. However, both the
pollen concentration (Fig. 5) and percentage (Fig. 6) of the herbs, as well
as the total pollen concentrations (Fig. 5), increased relatively during
this period, suggesting a relatively wet environment as compared with
that during the medieval period. Such a relatively wet climatic condition
may be ascribed to decreased evaporation under lower temperatures
and/or to increased monsoon precipitations. The grain size and carb%
increased after ~AD 1450; while the concentrations of Fe and Al, as
well as the Rb/Sr ratio, decreased during this period (Fig. 4), suggesting
that monsoon precipitation may have increased slightly after ~AD 1450.
As shown in Figure 4, monsoon precipitation also increased over the
past ~500 yr as inferred from 6'80 data from Dongge cave (Fig. 4), con-
sistent with the results from Lake Erhai.
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Recent climatic changes and human activities

Concentrations of TOC and BSi% increased sharply during the past
century. Since multiple lines of evidence indicate a decline in ISM pre-
cipitation during the past 100 to 200 yr (e.g., Xu et al., 2012, 2014),
these increases cannot be explained by decreased monsoon precipita-
tion, but are most likely a function of increasing human activities during
this time. Increasing human activities in the Lake Erhai catchment have
resulted in increased nutrient supply to the lake, and consequent
increases in primary productivity. Human activities have also resulted
in strengthened chemical weathering, for example, as a result of air
pollution (lowering pH of precipitation via carbonic and sulfuric acid)
associated with industrialization, which has been well-documented
throughout China (e.g., Xu and Liu, 2007; Chetelat et al., 2008; Li et al,,
2008). This has produced a clear decrease in Rb/Sr ratio values in the
lake sediment (Fig. 4). More coarse sediments were brought into the
lake due to enhanced human activities (Shen et al., 2005), resulting in
an obvious increase in grain size (Fig. 4). Since primary production
within the lake increased, the relative proportions of Fe and Al have
been diluted (Fig. 4). Increased primary productivity may also result
in decreased dissolved oxygen concentrations in lake water, and even-
tually change the aquatic ecosystems (Zhao et al., 2011). For example,
the decreased abundances of aboriginal snails in Lake Erhai today may
be ascribed to such a decrease in dissolved oxygen concentration in
lake water (Zhao et al,, 2011).

Hydrological contrasts between ISM and EASM areas

As mentioned above, the medieval period was dry around Lake
Erhai. This relatively dry interval has also been documented in other
ISM areas (Graham et al., 2011; Diaz et al,, 2011), including Eastern
Africa (Verschuren et al., 2000; Thompson et al., 2002), Southern
China (Tong et al., 1997; Chu et al., 2002), and the South China Sea
(e.g., Sun et al., 2012). We reviewed a number of previous studies and
found that there prevailed a broadly “warm-wet” medieval optimum
over EASM areas. For example, from northern to northeastern China,
and from central to northern Japan, warm and wet climatic conditions
can be inferred from peatland/lake sediments (e.g., Ren, 1998; Adhikari
and Kumon, 2001; Zhang et al., 2009; Yamada et al., 2010), tree ring
records (Zhang et al., 2003; Liu et al., 2009), desert records (Wu and
Lu, 2005; Zhou et al., 2008), as well as from historical literature
(Zhang, 1994; Ge et al., 2002). These results collectively suggest a
broad hydroclimatic contrast during the medieval period between ISM
and EASM areas. However, such hydroclimatic contrast may not uni-
formly cover the whole medieval period; evidence also suggests that
there are some specific intervals (within the medieval period) during
which both the EASM and ISM areas were possibly dry (e.g., Liu et al.,
2014b). Clearly, more evidence is necessary for deep understanding of
the medieval hydroclimatic contrasts between EASM and ISM areas.

The relatively wet climatic condition at Lake Erhai during the
LIA is also similar to those over other ISM areas, e.g., Eastern Africa
(Verschuren et al., 2000), southern China (Chu et al., 2002), and the
South China Sea (Sun et al., 2012). However, over typical EASM areas,
climate during the LIA has been reported as relatively dry (e.g., Zhang
et al,, 2003; Tan et al., 2011), which also contrasts with the hydro-
climatic pattern over ISM areas. We suspect that changes in sea surface
temperature (SST) and changes in land-sea thermal contrasts may have
played important roles in generating such hydroclimatic differences
between ISM and EASM areas.

Conclusions

We studied ISM precipitation over the past ~3500 yr recorded in
sediments from Lake Erhai, southwestern China. Our results suggest a
long-term decrease in ISM intensity over the late Holocene as inferred
from pollen records and physical and chemical proxy indices. For
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example, the pollen concentrations of conifer trees, broadleaf trees,
and herbs clearly declined over the late Holocene; while other proxy in-
dices, including sediment grain size, TOC, and elemental concentrations
(e.g., Fe, Al) also indicate decreasing ISM intensity during the same
period. One striking feature is that the medieval climate at Lake Erhai
was much drier than those of the earlier and later periods. Such a dry
medieval climatic condition is broadly similar to those over other ISM
areas, but differs from those over EASM areas. The LIA at Lake Erhai
was characterized as cold and relatively wet, suggesting that ISM pre-
cipitation may have increased during this period, which is also different
from the cold and dry climatic conditions over EASM areas. We suspect
that the changes in SST of the Indo-Pacific oceans and the related land-
sea thermal contrasts may be responsible for these climatic differences
between the EASM and ISM areas.
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