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ABSTRACT: We developed four tree ring-width chronologies of three species (Picea likiangensis Pritz, Tsuga dumosa
(D. Don) Eichler and Abies ernestii Rehd.) in the central Hengduan Mountains, north-western Yunnan, China. Although the
four chronologies come from different species, significant correlations exist among the chronologies (mean r = 0.47), and
the first principal component accounts for 60.5% of total variance over their common period 1655-2005. Correlation and
response function analyses showed that pre-monsoon (March, April) precipitation and relative humidity and Palmer drought
severity index (PDSI) have positive effects on radial growth, while temperature in March influences tree growth negatively.
This indicates that tree growth is generally limited by spring-moisture availability. The spring (March—May) drought
reconstruction was verified with independent data, and accounts for 42% of the actual PDSI variance during their common
period 1951-2000. Wet springs occurred during AD 1690s, 1715-1730, 1750s, 1780s, 1825-1850, 1900s, 1930—-1960,
and 1990—present. Dry springs occurred during AD 1700-1715, 1733-1745, 1790-1820, 1860—1890, 1910—1925, and

1960-1990. Copyright © 2008 Royal Meteorological Society
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1. Introduction

As a consequence of global warming, the summer tem-
perature contrast between the Asian continent and the
surrounding oceans is increasing. Consequently, global
circulation models predict an increase in summer mon-
soon rainfall (Meehl and Washington, 1993; Hulme e al.,
1994; Bohner and Lehmkuhl, 2005). Comprehensive
knowledge about the past monsoon behaviour can provide
deeper insight into possible future circulation patterns.
The Tibetan plateau has a mean elevation of more than
4000 m asl and covers an area of more than 2 million
km?. Thus, it acts as a heating surface during spring and
summer and plays a key role in driving the Asian summer
monsoon circulation (Murakami, 1987; Webster et al.,
1998). However, climate stations were not installed on the
Tibetan plateau before 1950. This limits the analysis of
long-term climate trends from meteorological records and
requires the study of climate history from high-resolution
proxy data like tree rings.

In recent years, considerable progress has been
achieved in constructing century-to-millennial-long tree-
ring chronologies from north-eastern Tibet (e. g. Zhang
et al., 2003; Sheppard et al., 2004; Shao et al., 2005; Gou
et al., 2006) and from the southern parts of the Tibetan
Plateau (Wu and Zhan, 1991; Bréduning, 1994, 2001;
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Briduning and GrieBinger, 2006). Summer temperature
and summer monsoon history in south-east Tibet were
reconstructed from maximum latewood density (MLD)
and stable carbon isotopes in several coniferous species
(Helle et al., 2002; Brauning and Mantwill, 2004). How-
ever, only few studies have been conducted in the Heng-
duan Mountains (Wu et al., 1988; Briauning, 2001), which
form the southern rim of the Tibetan plateau and are,
therefore, strongly exposed to the South Asian summer
monsoon. Based on tree ring-width data from the upper
tree line and lower-altitude arid area, Wu ef al. (1988)
reported a reconstruction of fluctuations of air tempera-
ture and annual precipitation during the last 400 years,
but no information about the strength of the tree growth-
climate signal or the reliability of the reconstruction was
provided. In addition, their study was based on a very
short set of climate data and does not document environ-
mental changes that occurred during the last two decades,
a period of special interest.

Climate data from Deqin meteorological station
(Figure 1) indicate that summer and winter temperatures
have increased since the 1970s. Contemporaneously, a
decreasing trend in summer precipitation is registered. In
combination, these opposing trends seem to be a major
cause for the observed retreat of glaciers in the area and
for a rise of the upper tree line evidenced from repeat pho-
tographs (Baker and Moseley, 2007). Here, we present
four new tree ring-width chronologies from the central
Hengduan Mountains at the southern rim of the Tibetan



1880

ar o8° 99"

Z.-X. FAN ET AL.

29°

28"

27"

locations

A peak

a meteorological gy Abies ermestii
station

sample sites

B Ficea iikiangensis

PRSI grid . Tsuga dumosa

0 town

26° -

28"

27

26"

g7 98" 99

101°E

Figure 1. Map of the sampling sites in the central Hengduan Mountains, north-western Yunnan.

plateau. We analyse the relationships between the tree
growth and climatic variables to examine the regional
climate variability during the past 350 years.

2. Study area

The Baima Snow Mountain is located in the central Heng-
duan Mountain range in north-western Yunnan Province,
China (Figure 1). Biogeographically, the area is in a tran-
sitional zone between the south-eastern Tibetan Plateau
and the north-western edge of the Yunnan Plateau. The
Hengduan Mountains were not completely covered by
ice in the Pleistocene, making them a refuge area for
plant species and wildlife. Thus, the region is one of
the hot spots of plant biodiversity in the world (Fren-
zel et al., 2003). Four of Asia’s major rivers, the Jinsha
Jiang (upper Yangtse), Lancang Jiang (upper Mekong),
Nu Jiang (upper Salween), and Dulong Jiang (tributary
of the Irrawaddy) converge within a 90 km corridor in
this portion of Hengduan Mountain range. The resulting
landscape patterns include extreme topographic gradients
between deeply incised parallel gorges in ca 1500 m
elevation and glaciated peaks (>6700 m asl) within a dis-
tance of 20 km or even less. As a consequence, distinct
altitudinal belts of different vegetation types occur. These
gorges form passage ways for the monsoonal air masses
to penetrate into the dry interior of Tibet (Chang, 1981).

3. Materials and methods
3.1.

The four chronologies presented in this study come
from three coniferous tree species, i.e. Picea likiangensis

Chronology development

Copyright © 2008 Royal Meteorological Society

Pritz, Tsuga dumosa (D. Don) Eichler, and Abies ernestii
Rehd. Increment cores from 98 trees (148 cores) were
extracted with an increment borer at four sites on the
west-facing slopes of the Baima Snow Mountains, NW
Yunnan (Figure 1). The forests at the sampling sites
are hardly disturbed by human activity. They have old-
growth characteristics including many large and old trees
and many snags, and a dense crown cover of 50—60%.
At each site, a minimum of 16 trees were cored at breast
height.

After air-drying, the surface of the cores was prepared
with razor blades and the surface contrast was enhanced
with chalk. Ring widths were registered with a LINTAB
measuring system with a resolution of 0.01 mm, and
all cores were cross-dated by visual growth pattern
matching, skeleton plotting and statistical tests (sign-test
and t-test) in the software package TSAP (Stokes and
Smiley, 1968; Rinn, 1996). Some cores of poor quality
(e.g. fragmented, rotten, and not cross-datable) were
discarded from further analyses. Finally, 136 increment
cores from 93 trees were selected, while 12 cores were
excluded.

The final chronologies were developed with the
ARSTAN program (Cook, 1985). The raw ring-width
series were standardized to remove biological growth
trends while preserving growth variations that are prob-
ably related to climate variability. Prior to standardiza-
tion, the variance of each series was stabilized using a
data-adaptive power transformation based on the local
mean and standard deviation (Cook and Peters, 1997).
Standardization was carried out in two steps. After
fitting a negative exponential or a linear regression
curve of the negative slope, the tree-ring sequences
were detrended with a cubic smoothing spline with a
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50% frequency-response cutoff equal to 67% of the
series length. The final tree-ring index chronologies were
obtained by calculating differences between the trans-
formed ring-width measurements and the fitted splines.
All detrended series were averaged to chronologies by
computing the biweight robust mean in order to reduce
the influence of outliers (Cook and Kairiukstis, 1990).
To reduce the potential influence of decreasing sample
depth with increasing age, the variance of the chronology
was stabilized (Osborn et al., 1997). We produced two
versions of each chronology. The first version is a stan-
dard chronology where low-order persistence has been
retained, the second version is the pre-whitened or resid-
ual chronology where significant low-order persistence
has been removed (Cook, 1985).

Signal strength of the site chronologies was assessed by
the mean inter-series correlation (Rbar) and the expressed
population signal (EPS, Wigley et al., 1984). EPS is a
function of Rbar and the sample size and estimates the
variance fraction of an infinite, hypothetical population
expressed by the chronology. A level of 0.85 in EPS
is considered to indicate a satisfactory quality of a
chronology. Both Rbar and EPS were calculated for 30-
year moving windows with 15-year overlaps along the
chronology.

3.2. Climate data

There are two meteorological observation stations, rel-
atively close to the sampling sites (Figure 1), located
in Deqin (28.48°N, 98.92°E, 3320 m asl, record length
1957-2000), and Weixi (27.17°N, 99.28°E, 2325 m asl,
record length 1961-2000). The region’s climate is tem-
perate and is characterized by a rainfall maximum during
the summer months (Figure 2). Summer rains originate
from monsoonal air masses flowing over the Bay of
Bengal; whereas winters are generally dry (Xu et al.,
2003). A second rainfall maximum, which is more pro-
nounced at Weixi than at Deqin, occurs during spring
(February—April). The mean annual temperature at Deqin
is 5.2°C, with a mean temperature of 12.3°C in July
and —2.5°C in January. Mean annual total precipitation
is 644 mm. The mean annual temperature at Weixi is
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11.5°C and annual rainfall is 962 mm (Figure 2). Deqin
is located north of the highest peaks of Baima Snow
Mountain and Kawagebo (Figure 1); the rain shadow
effect results in less precipitation at Deqin than at Weixi,
despite the higher elevation of the former. The Palmer
drought severity index (PDSI; Palmer, 1965) measure
the moisture conditions by incorporating precipitation,
soil moisture demand and supply into a primitive hydro-
logical accounting system. A dataset for the PDSI on
a 2.5° x 2.5° grid was developed by Dai et al. (2004).
The two grid points next to our sampling sites (26.25 °N,
98.75°E and 28.75°N, 98.75 °E) were used for detecting
the growth response to moisture conditions. A regional
series of climate data was created from the two meteoro-
logical stations for their common period of 1961-2000,
and from the two PDSI grid points for 1951-2000, by
applying the methods described by Jones and Hulme
(1996).

3.3.

An inter-site comparison of the four tree-ring index
chronologies was assessed by creating a correlation
matrix over the common period 1655-2005. In addi-
tion, a principal component analysis (PCA) was carried
out, which involves the extraction of orthogonal (uncor-
related) principal components from an original set of
correlated variables by employing a variance maximiz-
ing rotation of the original variable space (Richman,
1986). The first principal component (PC1) represents the
common variance of the chronology set and thus indicates
the regional growth signal.

The climate—growth relationships were examined by
computing correlations (Blasing et al., 1984) between
station climate data and tree-ring index chronologies.
Pearson correlations coefficients were calculated between
the ring-width chronologies and the monthly series of
temperature and precipitation from both Weixi (1961-2000)
and Deqin station (1957-2000), for a 15-month period
ranging from July of the summer prior to growth
until September of the growth year. The bootstrapped
correlation and response functions were performed to
analyse the relationships between PCI1 and regional
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Figure 2. Climate diagrams for the meteorological stations of Deqin and Weixi in north-western Yunnan.
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climatic variables (Biondi and Waikul, 2004). PC1 was
compared with the regional climate series (precipitation,
temperature, relative humidity and PDSI) for a 15-month
period from July of the summer prior growth to Septem-
ber of the growth year.

4. Results

Descriptive statistics of the four standard chronologies
are shown in Table I. All chronologies exceed 460 years
and one 613-year-old tree (Tsuga dumosa) was found
at Yet site. The average mean sensitivity (a measure
of the inter-annual variability in tree-ring series) at all
sites was around 0.18, indicating that the ring-width
chronologies show relative low inter-annual variability,
which is characteristic for trees growing in humid envi-
ronments. First-order autocorrelation ranged from 0.66
to 0.71, which documents that the chronologies con-
tain low-frequency variance generated by climate and by
tree-physiological lag effects. The latter include needle
retention and the remobilization of stored food reserves
for growth in the following spring (Fritts, 1976). The
Rbar and EPS statistics of the site chronologies sig-
nal strength ranged from 0.28 to 0.37 and from 0.77 to
0.87, respectively. Three site chronologies meet the 0.85-
EPS criterion after AD 1655, except for site Yet whose
EPS was above 0.75 at 1655 and reached the 0.85 limit
only after 1685 (Figure 3(d)). Nevertheless, we regarded
the period 1655-2005 (351 years) as common period of
acceptable chronology quality for further analyses.

Despite of the different species analysed, the four
chronologies correlated to each other significantly over
the common period 1655-2005, with correlation coeffi-
cients ranging from 0.40 to 0.55 (p < 0.01) (Table II).
Ring-width patterns were very similar among the four
chronologies, especially concerning high and middle fre-
quency growth variations (Figure 3). The average cross-
chronology correlation (calculated for a 30-year mov-
ing window)was 0.47 (p < 0.001) over 1655-2005, and
ranged from 0.20 to 0.66 (Figure 7(a)).

The PCA of the four residual chronologies showed that
only the eigenvalue of PC1 was greater than one and
that PC1 accounts for 60.5% of the total variance. The

Z.-X. FAN ET AL.

Table II. Correlation matrix of the four ring-width chronologies
for the common period 1655-2005.

Gkm Ycd Yam Yet

Gkm 1.00 0.55 0.44 0.44

Ycd 1.00 0.40 0.49

Yam 1.00 0.52

Yet 1.00

The site codes are identical with those in Table 1. All correlations are
significant at p < 0.01.

four chronologies showed common positive loadings on
PC1: 0.78 for Gkm, 0.79 for Ycd, 0.75 for Yam and
0.79 for Yet, respectively. Therefore, PC1 reflects the
common growth response to regional climatic variations,
and the score of PC1 can be used to evaluate the regional
climate-growth relationships and to indicate regional
climate variability. Other PCs were insignificant, and can
probably be assigned to small-scale growth variations
caused by site-specific growth reactions or local growth
disturbances.

Correlation analyses indicated that tree growth was
mainly affected by early spring precipitation, especially
during January, March and May (Figure 4). The cor-
relation coefficients between regional seasonal precipi-
tation (March—May) and the residual ring-width index
chronologies were significant (p < 0.05) except for
site Yet (r =0.53 for Gkm, 0.47 for Ycd, 0.37 for
Yam, and 0.29 for Yet). Compared with the other two
species, the radial growth of Tsuga dumosa showed
a weaker (positive) spring-precipitation response, but
stronger (negative) response to temperatures (Figure 4(c),
(d)). When standard chronologies instead of residual
chronologies are compared with climate parameters, we
found the same general patterns but lower correlations
(not shown). The correlation coefficients were mostly
positive between the PC1 of the four residual chronolo-
gies and regional monthly precipitation, relative humidity
and PDSI (Figure 5(a), (c), (d)), but negative between
PC1 and regional monthly temperature (Figure 5(b)).
Response-function analyses indicated that the water
availability in March and April was a crucial factor

Table 1. Site locations and chronology statistics.

Site Lat./Lon. Elev Trees Period MSL AGR? MSP ACIP Rbar® EPS°¢
(degree) (m) (cores) (year) (mm)

Gkm 27.58/99.35 3240 28 (38) 1429-2005 285 1.30 0.19 0.69 0.31 0.85

Ycd 27.59/99.29 3150 32 (49) 1542-2005 222 1.34 0.19 0.71 0.28 0.85

Yam 28.04/99.02 3200 17 (19) 1489-2005 273 1.09 0.18 0.66 0.37 0.87

Yet 28.04/98.98 3100 16 (30) 1393-2005 297 1.08 0.17 0.69 0.28 0.77

Gkm: Picea likiangensis; Yam: Abies ernestii; Ycd and Yet: Tsuga dumosa.
Lat, latitude; Lon, longitude; Elev, Elevation; MSL, mean segment length (tree age); AGR, average growth rate; MS, mean sensitivity; ACI,
first-order autocorrelation; Rbar, mean inter-series correlation; EPS, expressed population signal.

4 Calculated for raw ring-width values.
b Calculated for ARSTAN standard chronologies.

¢ Calculated for ARSTAN standard chronologies for 30-years intervals with 15-year overlaps.

Copyright © 2008 Royal Meteorological Society
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Figure 3. The four residual chronologies from Baima snow mountains, NW Yunnan. The expressed population signal (EPS) statistic through
time is shown in the upper section of each graph. Thin lines represent annual values; bold lines were smoothed with an 11-year-FFT filter (fast
Fourier transform) to emphasize long-term growth variations. The site codes match with those of Table 1.

impacting radial growth. The highest correlation between
PC1 and PDSI occurred for the season March—May
(r =0.65, p < 0.01) which was therefore reconstructed
by using PC1 of the four residual chronologies as pre-
dictor variable.

A linear regression model (Y = 0.818X — 0.0724) was
developed to reconstruct the drought history for the cen-
tral Hengduan Mountain region. During the common
period of tree rings and PDSI data (1951-2000), the
reconstruction accounted for 42% of the actual PDSI vari-
ance (Table III). The spring PDSI estimates derived from
this model agreed well with the yearly departures from
the long-term mean in the observed data (Figure 6). Split-
sample calibration-verification and leave-one-out cross-
verification methods (Michaelsen, 1987) were employed
to evaluate the statistical fidelity of this model. The reduc-
tion error (RE) and the coefficient of efficiency (CE)

Copyright © 2008 Royal Meteorological Society

were positive; indicating significant skill in the tree-ring
estimates (Fritts, 1976). The results of the sign-test and
product mean test demonstrated the validity of our regres-
sion model (Table III).

The spring (March—May) PDSI reconstruction
(Figure 7(b)) showed that wet periods prevailed in the
1690s, 1715-1730, 1750s, 1780s, 1825-1850,1900s,
1930-1960, and 1990-present. Extremely wet years
(=2SD) occurred in AD 1703, 1824, 1835, 1940,
and 1998. In contrast, the intervals AD 1700-1715,
1733-1745, 1790-1820, 1860-1890, 1910—-1925, and
1960-1990 were relatively dry. Extremely dry years
(<2SD) were more frequent than extremely wet years
and were concentrated during AD 1730-1800 and
1870-1900, and after 1980. From the higher mean
correlation between the four individual chronologies
(Figure 7(a)), it can be concluded that these were time

Int. J. Climatol. 28: 1879-1887 (2008)
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Table III. Statistics of calibration-verification test results for the common period 1951-2000.

Split-sample calibration-verification

Calibration Verification
Period R R? F Period Sign-test Pmt RE CE
1951-1980 0.65 0.42 20.4** 1981-2000 14/6** 2.50™* 0.318 0.298
1981-2000 0.68 0.47 15.9** 1951-1980 22/8* 2.51* 0.374 0.359
1951-2000 0.65 0.42 34.5%*
Leave-one-out verification
1951-2000 0.61 38/12** 2.775% 0.372

* Significant at p < 0.05,
** Significant at p < 0.01

R is correlation coefficient; Sign-test is sign of paired observed and estimated departures from their mean on the basis of the number of
agreements/disagreements; Pmt is product mean test; RE is the reduction of error, any positive value indicates that there is some sense in the

reconstruction (Fritts, 1976); CE is the coefficient of efficiency.

periods of strong climatic forcing of regional tree-growth
patterns. Particularly, dry years occurred in AD 1670,
1706, 1735-1736, 1757, 1766, 1772, 1792, 1800, 1820,
1870, 1887, 1897, 1987, and 1999.

5. Discussion

We found significant positive correlations between tree
growth and precipitation in January, March and May
(Figure 4). The correlation and response functions results
between PC1 and climate variables also indicated that

Copyright © 2008 Royal Meteorological Society

the spring-moisture availability was a major limiting
factor for tree-ring growth (Figure 5). It is interesting
to note that the seasonal rainfall distribution (Figure 2)
shows a secondary rainfall maximum during
March—May, just before the onset of summer monsoon
season (June—September). This rainfall probably origi-
nates from local circulation patterns and accounts for 27
and 25% of total annual precipitation at Weixi and at
Deqin, respectively. In southern Tibet, dry and warm con-
ditions before the onset of the summer monsoon cause
drought stress to the trees and are thus limiting growth
(Briauning, 1999; Brauning and Grielinger, 2006). Thus,

Int. J. Climatol. 28: 1879—1887 (2008)
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tree-growth benefits from the former winter and current
spring precipitation, which increase the soil moisture con-
tent during the early part of the growing season. Later on,
after the onset of the summer monsoon season, enough
moisture is available to satisfy the water demand of the
trees.

Most of the correlations between tree growth and
temperature were negative, especially at the two Tsuga
dumosa sites. High temperatures during the growing sea-
son enhance evapotranspiration and thus decrease soil
moisture availability (LeBlanc and Terrell, 2001). This
growth response is not surprising for trees growing on
steep slopes in a subtropical climate. Our study sites are

Copyright © 2008 Royal Meteorological Society
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located at middle elevations, far away from the upper tree
line which lays around 4200 m asl in the Baima Mountain
region.

Although our PDSI reconstruction was based on
the residual tree-ring chronologies, considerable decadal
scale moisture variability was retained in our recon-
struction. The dry springs in the 1700s, 1730s and
1790s—1820s (Figure 7(b)) were also detected as dry
periods in the same area by Wu et al. (1988). The dry
periods in the 1800s are synchronous with dry condi-
tions in Mongolia and in the western Himalaya (Peder-
son et al., 2001; Singh et al., 2006). Other intervals in
the 18th century were relative wet, especially the period
1715-1730. The period 1825-1850 was a relatively pro-
longed wet period, and abrupt growth increases occurred
in 18241825, 1835—-1836, and in 1846. This period has
also been reported as a prolonged phase with wet springs
(AD. 1820s—1840s) in the western Himalayan region of
India (Singh ez al., 2006). The most severe drought period
in the past 350 years occurred during 1910-1925. This
severe drought has also been recorded in tree-rings from
North China (Li et al., 2006; Liang et al., 2006) and
southern Tibet (Brauning and GrieBinger, 2006). Liang
et al. (2006) combined tree-ring records and historical
records (meteorological, hydrological and documentary
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evidence) and reported that the 1920s drought was severe
and sustained. It extended across north China, southern
Ningxia, eastern Qinghai, Gansu and eastern Xinjiang
in north-west China. Spring climate was relatively wet
from 1930 to 1960, which was also reported by Wu et al.
(1988). The period 1960—1990 was relatively dry, espe-
cially 1983-1988, which coincides with reports about a
regional drought disaster in 1986 by the county annals of
Deqin (The Editing Committee of ‘The annals of Deqin
County’, 1997). The last ca 15 years were comparatively
wet, but were still within the range of fluctuations over
the last 350 years. Multi-taper method (MTM) spectral
analysis (Mann and Lees, 1996) was used to evaluate fre-
quency domains in local drought variability (Figure 8).
A decadal broadband power was identified at 10 years
(p < 0.05), which resembles other findings from Mon-
golia and northern China and suggests an influence of
solar forcing (Pederson et al., 2001; Li et al., 2006). Sig-
nificant high-frequency peaks were found at 2.3 years
and 5.2-5.5 years (p < 0.01), as well as at 2.1, 2.8,
and 3.0 years (p < 0.05). These periods fall within the
range of variability of the El Nino—Southern Oscillation
(ENSO). The latter has been found to have strong, but
variable influence on the strength of the South Asian sum-
mer monsoon system (e.g. Charles et al., 1997; Kane,
2006). Thus, like in other annually resolved climate
archives from the Tibetan plateau (e.g. in ice cores) (Yang
et al., 2000), ENSO variability might be reflected in
the long-term growth curves of moisture-sensitive trees.
However, this point needs further investigation concern-
ing sample density and climate-growth analyses.
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