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ABSTRACT: The tree-ring chronologies of Abies georgei Orr were developed for 3 sites at different
elevations: the southern (2750 m), middle (3050 m), and northern (3400 m) parts of the Baimang Snow
Mountains in northwestern Yunnan Province, China. The climate-growth response analysis indicated that trees at different elevations respond differently to environmental changes. The radial
growth of trees found at the middle and high elevation sites was determined by temperature variables (mean, maximum, and minimum temperatures), particularly during the summer season (June
to August), while moisture availability (precipitation and relative humidity) during spring (in March)
was the crucial climate factor for tree growth at the low elevation site. The linear climate-growth
model derived from the composite chronology of the 2 high elevation sites was verified with independent data from 1958 to 2005, and accounted for 33.4% of the mean temperature variation during summer (June to August). Based on this model, summer minimum temperature variations were reconstructed for the past 296 yr. The reconstruction revealed that cool climates mainly occurred in
1732–1743, 1758–1780, 1791–1824, 1836–1847, 1853–1862, 1908–1929, 1964–1976, and 1979–1993,
while warm climates prevailed in 1718–1731, 1744–1756, 1781–1790, 1825–1835, 1883–1907,
1930–1963, and 1995 to present. Spectral analysis of the reconstruction using the multi-taper method
(MTM) indicated the existence of some multidecadal (about 70 yr) and bidecadal (about 20 yr) cycles,
which might correspond to the related cycles of solar activity, and significant peaks at about 2 to 8 yr,
in agreement with the spectral mode of El Niño Southern Oscillation (ENSO)-type variability.
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Northwestern Yunnan Province, which is located in
the central Hengduan Mountains, forms the southeastern rim of the Tibetan Plateau and is strongly affected
by the South Asian summer monsoon (Charles et al.
1997, Kumar et al. 1999). As a result, improving knowledge of the long-term climate changes and potential

large-scale trends in northwestern Yunnan is of great
importance for future predictions of large-scale synoptic patterns, such as Asian monsoon dynamics (Allan et
al. 1996, Cook et al. 2010). However, meteorological
records are limited in northwestern Yunnan, so highresolution proxy data, such as tree rings, can add
invaluable information on the climate history of this
region.
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Tree-ring measurements provide a particularly valuable indicator of climatic history as they offer precise
dating, extensive spatial availability, and climatologically high sensitivity (Fritts 1976, Schweingruber
1996). Tree-ring data play an important role in reconstructing the climate variability of the Northern Hemisphere and have been integrated worldwide into
research on global change (Esper et al. 2002, Mann et
al. 2008). The coniferous forests in northwestern Yunnan are ancient and diverse (Wu 1987), offering a compelling opportunity to explore tree-ring data, but few
dendroclimatological studies have been conducted in
this region. The earliest such study in
this region was carried out at Haba Snow
Mountains, in which Wu et al. (1988)
reported a tree-ring chronology indicative of air temperature during the last
400 yr and suggested the existence of
similar variations in the Tibetan Plateau.
Based on the tree-ring data of the central
Hengduan Mountains, variability in summer temperatures and spring droughts
during the past several centuries have
also been reconstructed (Fan et al. 2008,
2009a, Li et al. 2011a). In this study, we
investigate the tree-ring data of fir (Abies
georgei Orr) forests at 3 different elevation sites in the Baimang Snow Mountains in northwestern Yunnan Province,
China. With these tree-ring data, we
describe the relationships of tree growth
to climate, enabling us to develop a temperature reconstruction covering the
past 3 centuries. This study expands the
knowledge of climatic variability in this
ecologically complex region.

parallel gorges (Gaetz 2002). The resulting spectacular
gorges rise from river valleys (1500 m) to the highest
glaciated peaks (6740 m) within a distance of 20 km or
less. The varied geology, topography, and climate of
northwestern Yunnan combine to create one of the richest temperate regions of the world in terms of biodiversity (Myers et al. 2000, Ying 2001, Xu & Wilkes 2004).
Abies georgei Orr is widely distributed at the subalpine vegetation zone between 2500 and 4200 m in
northwestern Yunnan. It is also one of the main climax
constituents of subalpine cold coniferous forests in the
Tibetan Plateau (Liu et al. 2001). A. georgei generally

2. MATERIALS AND METHODS
2.1. Study area
The study area is located on Baimang
Snow Mountains (27.47° N, 98.57° E to
28.36° N, 99.21° E), belonging to Three
Parallel River Natural World Heritage
Site (http://whc.unesco.org/en/list/1083)
in northwestern Yunnan Province, China
(Fig. 1). This region is characterized by a
chain of mountains and rivers crossing
from north to south (Xu & Wilkes 2004).
Three major Asian rivers, the Yangtze
(Jinshajiang), Mekong (Lancangjiang),
and Salween (Nujiang) Rivers, converge
within a 90 km corridor and carve deep

Fig. 1. Tree-ring sample sites and meteorological stations in the Baimang
Snow Mountains, northwestern Yunnan, China
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has strong shade tolerance, grows on the cold, shady
sides of mountains, and can reach heights of 30 m. A.
georgei is often found with with certain species of fir (A.
georgei var. smithii, A. forrestii and A. squamata),
spruce (Picea likiangensis), and larch (Larix potaninii
var. macrocarpa) in mixed coniferous forests (Wong et
al. 2010).
The climate of the region is strongly dominated by
the South Asian monsoons from May to October, with
summer rains mainly originating from monsoonal air
masses flowing from the Indian Ocean and Bay of Bengal, whereas the climate in winter is generally dry under the control of the continental air masses of the Central Asian high pressure cell (Ma et al. 1993, Xu et al.
2003). According to the meteorological stations in Deqin and Weixi, the mean annual temperature in the
study area is 8.31°C, with a mean temperature of
15.37°C in July and 0.6°C in January. Mean annual total precipitation is 806 mm, with a maximum monthly
sum of 147 mm in July (Fig. 2). The growing season covers approximately May to August, during which about
70% of the average annual precipitation is received.

2.2. Sampling and preparation
The tree-ring cores of living Abies georgei were collected from the west slopes of the Baimang Snow Mountains at 3 different elevations: the Yunling (3400 m),
Badi (3050 m), and Tacheng (2750 m) sites (abbreviated as YL, BD, and TC, respectively) (Table 1). The 3
sites are located in the northern, middle, and southern
parts of the Baimang Snow Mountains, respectively
(Fig. 1). The sampling sites are not disturbed by human
activity. To minimize non-climatic influences on treering growth and maximize the ages of the sampled

trees, only trees with the largest diameters that had no
obvious injury or disease were sampled. A minimum of
40 trees were selected at each site, and for each tree, 1
increment core was extracted at chest height. In total,
increment cores were extracted from 131 A. georgei
trees in the sample sites with an increment borer.
The tree-ring samples were processed following standard dendrochronological practices (Stokes & Smiley
1968), including air drying, mounting, and sanding in the
laboratory. The tree-ring series were rigorously crossdated and measured to a precision of 0.001 mm using a
Velmex tree-ring measurement system. The quality of
the cross-dating was checked by the COFECHA program, which can ensure exact dating for annual ring
width by correcting the potential bias of missing rings
Table 1. Summary statistics for the tree-ring width chronologies of Abies georgei from 3 different elevation sites in the
Baimang Snow Mountains, northwestern Yunnan Province,
China. MRW: mean tree width; SD: standard deviation; MS:
mean sensitivity; AC1: autocorrelation order 1; Rbar: mean inter-series correlation; SNR: signal-to-noise ratio; EPS: express
population signal; VFE: variance in first eigenvector
Location
(Lat./ Long.)

Altitude (m)
Chronology length
Number of cores
MRW (mm)
SD
MS
AC1
Rbar
SNR
EPS
VFE (%)

Tacheng
27.38° N,
99.37° E

Badi
27.88° N,
99.03° E

Yunling
28.25° N,
98.92° E

2750
3050
3400
1800–2005 1670–2005 1754–2005
32
37
44
1.755
1.060
1.038
0.876
0.622
0.540
0.238
0.226
0.201
0.528
0.689
0.811
0.386
0.469
0.494
4.434
7.140
8.459
0.819
0.877
0.894
20.9
25.8
28.6

Fig. 2. Monthly variation of total precipitation (bars) and maximum (s), mean (h) and minimum (m) temperatures for (a) Deqin
(3485 m) and (b) Weixi (2325 m) meteorological stations, calculated for 1958 to 2005. Mean annual temperature and precipitation
are given at top-right of panel
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and dating errors (Holmes 1983); 18 cores of poor quality
(e.g. fragmented, rotten, or below the 95% confidence
limit of cross-dating with the master series) were discarded from further analyses. The remaining 113 increment cores (32 cores for TC, 37 cores for BD, and 44 cores
for YL) were used in this analysis.

2.3. Chronology development
As is standard to most dendroclimatic studies, the
raw ring-width measurements of each site were detrended and standardized to remove long-term biological growth trends while preserving growth variations
that were likely related to climate variability (Fritts
1976, Cook 1987). Prior to standardization, a data adaptive power transformation based on the local mean and
standard deviation was applied to reduce the potential
end-fitting bias of tree-ring series (Cook & Peters
1997). Conservative detrending methods, or the use of
negative-exponential curves or straight lines with any
slopes, were employed in the standardization process
in order to limit the loss of low-frequency information
(Cook & Kairiukstis 1990). A cubic smoothing spline
with a 50% frequency-response cut-off equal to 67%
of the length of the series was also used in a few cases
when anomalous growth trends occurred (Cook &
Peters 1981). Deviations of the individual measurements from the detrending curves were calculated as
residuals, and dimensionless indices were averaged to
form the site chronologies by computing a biweight
robust mean in order to reduce the influence of outliers
(Cook & Kairiukstis 1990). To reduce the effect of
higher standard deviations in weakly replicated portions of the chronology, the variance of the chronology
was stabilized (Osborn et al. 1997). The so-called standard chronology was retained for analysis to maximize
low-frequency variance potentially due to climate.
We quantitatively evaluated chronology signal
strength using 2 common measures: (1) the expressed
population signal or EPS (Wigley et al. 1984), which
indicates how well the site chronology estimates a
theoretically infinite population; and (2) Rbar (Cook &
Kairiukstis 1990), which measures the average correlation among ring-width series. Both EPS and Rbar were
calculated in a 30 yr running window with 15 yr overlaps along the chronology. The reliable parts of the
chronologies were identified using EPS and, consistent
with the recommended threshold of 0.85 (Wigley et al.
1984), chronology sections with < 5 series were removed. Several other descriptive statistics were also
estimated to characterize the site chronologies, including mean sensitivity (MS) and signal-to-noise ratio
(SNR) to assess the high-frequency variation of the
tree-ring width, first order autocorrelation (AC1) to

detect the persistence of the site chronologies, and the
variance in the first eigenvector (VFE) to estimate the
strength of observed common signals among the trees.

2.4. Data analysis
For the calibration of tree-ring data, the climate data
from 2 meteorological stations (Deqin and Weixi) near
our sample sites were used; these data were provided
by the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/). The 2 stations both had
records for 1958 to 2005. The TC site was near the
Weixi station (2325 m), while the BD and YL sites were
near the Deqin station (3485 m). The climate variables
of the 2 stations included the monthly mean (Tmean),
minimum (Tmin), and maximum (Tmax) temperatures,
monthly total precipitation (PRE), and monthly relative
humidity (RH). Climate-growth relationships were
determined using correlation analyses in the DendroClim2002 program (Biondi & Waikul 2004). Common
period (1958 to 2005) correlations were calculated on
an 11-mo dendroclimatic year beginning in October of
the calendar year preceding radial growth and ending
in August of the radial growth year. The ‘year’ included several months leading up to the growth season, which allows for the identification of prior-year
climatic preconditioning effects on radial growth
(Fritts 1976).
The leave-one-out cross-validation method was
employed to assess the temporal stability of the regression model for climate reconstruction because the
available meteorological data set was too short to carry
out a robust split-sample calibration (Michaelsen
1987). Verification statistics included the Pearson’s correlation coefficient (r), reduction of error (RE), sign test
(ST), and product mean test (Pmt), all of which are commonly used in dendroclimatology (Fritts 1976, Cook et
al. 1994). The RE statistic tests whether the model provides a more skillful estimate than the mean climatology of the calibration period, with a positive value indicating skill of the regression model. The ST and Pmt
statistics describe how well the predicted values match
the actual data (Fritts 1976, Wilson et al. 2006). Additionally, the multi-taper method (MTM) spectral analysis (Mann & Lees 1996) was further employed to examine frequency domains of the reconstruction series.

3. RESULTS
3.1. Chronology statistics
The chronologies covered the past 206 to 336 yr, with
mean segment length (MSL) ranging from 148 (TC) to
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Fig. 3. Tree-ring width chronologies for 3 forest sites of the Baimang Snow Mountains, northwestern Yunnan Province, China. (a)
Tacheng site chronology at a low elevation (2750 m), (b) Badi site chronology at a middle elevation (3050 m), (c) Yunling site
chronology at a high elevation (3400 m), (d) sample count over time, with separately identified counts for the 3 chronologies.
Black dashed line: moving Rbar (mean inter-series correlation); arrow: year with EPS (express population signal) > 0.85

233 yr (BD) (Fig. 3). The EPS attained the generally recommended threshold value of 0.85 in 1915 for the YL site,
1830 for the TC site, and 1695 for the BD site. Although
the running Rbar displayed high variability over time,
this statistic was rather stable during the robust intervals
(EPS > 0.85) of the chronologies (0.412 to 0.604 for TC,
0.309 to 0.657 for BD, and 0.289 to 0.665 YL). In comparison to the 2 chronologies at high elevations (YL, BD), the
tree-ring series at a low elevation (TC) had high mean
ring width and standard deviation values. MS, characterizing the year-to-year variability in tree-ring records,
ranged from 0.201 to 0.238, whereas the SNR in tree
rings ranged from 4.434 to 8.459. The value of AC1
ranged from 0.528 to 0.811, indicating that the ringwidth data had some autocorrelation that was likely
caused by biological feedback (Fritts 1976). The relatively high level of VFE (20.9 to 28.6%) indicated strong
common signals among the trees constituting the mean

chronology. Therefore, our tree-ring chronologies provided a robust estimate of the mean of tree growth and
are suitable for dendroclimatological analysis.

3.2. Climate-growth response
The correlation analysis showed that temperature
(Tmean, Tmin, and Tmax) was generally the main factor influencing tree growth at the high (YL) and middle
(BD) elevation sites (Fig. 4), and the highest peaks of
correlations were found during the summer season
(June to August), especially in July (r = 0.318 to 0.458,
p < 0.01) and August (r = 0.409 to 0.565, p < 0.01). Temperatures (Tmean, Tmin, and Tmax) in April also had a
positive influence (r = 0.359 to 0.477, p < 0.01) on radial
growth, and the winter (prior November to current
February) Tmax appeared to be another relevant cli-
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matic factor limiting tree growth. Compared with the
predominant impact of temperature, the influences
of PRE and RH were much weaker. In contrast, the
chronology at the low (TC) elevation site had signifi-

Fig. 4. Correlations between monthly climatic variables for
the tree-ring chronologies of the lower (black, 2750 m,
Tacheng), middle (grey, 3050 m, Badi), and higher (white,
3400 m, Yunling) elevation sites, respectively. (a) Mean temperature, (b) minimum temperature, (c) maximum temperature, (d) precipitation and (e) relative humidity. Horizontal
dashed lines: significant effect (p < 0.05)

cantly positive correlations with PRE (r =0.388, p <
0.01) and RH (r = 0.356, p < 0.01) in March, while temperature had a weaker influence on radial growth in
comparison to the middle and high elevation sites.
The two high elevation site chronologies (BD, YL)
had similar responses to the climatic variables concerning climate-growth relations (Fig. 4). Further, considering the high percentage of similarity in growth variations between the 2 sites (r = 0.515 for their common
period: 1754 to 2005, p < 0.01), the tree-ring series of
the 2 sites could be merged to develop one robust composite chronology. Following the procedure outlined in
Section 2.3 of this paper, 81 cores of the 2 sites were
standardized and combined to develop a single ringwidth chronology capturing the regional climate signal
(Fig. 5). The MSL, or the average number of rings per
core in the composite chronology, was 294 yr with a
range of 52 to 425 yr. Consequently, the low-frequency
variance due to climate in the composite chronology
was relevant in multidecadal scales. However, the conservative standardization method used to develop this
chronology removes the overall slope of the chronologies, thus limiting our ability to consider multi-century
and longer timescale changes (Cook et al. 1995). The
running Rbar and EPS were used together to evaluate
the quality of the composite chronology. The reliable
portion of the chronology extended from 1710 to 2005

Fig. 5. Composite chronology based on tree-ring cores at the 2
higher elevation sites (Badi and Yunling). (a) Chronology series, (b) mean inter-series correlation (Rbar; dashed line:
mean), (c) express population signal (EPS; dashed line: 0.85
cut-off value), and (d) changing sample size over time
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Table 2. Leave-one-out cross-validation statistics of the climategrowth model for climate reconstruction in the Baimang Snow
Mountains, northwestern Yunnan Province, China. r: correlation coefficient calculated between the actual and estimated
data; R2: square of the correlation coefficient; Radj2: R2 value adjusted to take account of the effective number of predictors; RE:
reduction of error statistic; ST: sign test; PMT: t-value derived
using the product mean test. *significant at p < 0.05
r

R2

Radj2

Calibration 0.578 0.334* 0.317*

RE

ST

PMT

–

–

–

Verification 0.535 0.287* 0.274* 0.276 32+/14–* 3.987*

Fig. 6. Correlations of the composite chronology with
monthly climatic variables. (a) Correlations with mean temperature (black), minimum temperature (grey), and maximum temperature (white); (b) correlations with precipitation
(black) and relative humidity (white). Horizontal dashed
lines: significant effect (p < 0.05)

with an EPS > 0.85 (Fig. 5c), and the mean Rbar during
this period was 0.449 (Fig. 5b).
Correlation analysis between the composite chronology and climate data indicated that temperature
(Tmean, Tmin, and Tmax) was a main factor influenc-

ing radial growth (Fig. 6), and most of the significant
correlations occurred in the summer months (June to
August), followed by the correlations of temperature
(Tmean, Tmin, and Tmax) in the spring (April) and
Tmax in the winter (previous November to current February). Additionally, the composite chronology had no
clear association with PRE or RH. This result generally
confirms the climate-growth relationships derived
from individual chronologies. Seasonally averaged climate data may be more representative of climate conditions than data from one single month (Cook et al.
1999). Therefore, we tested different seasonal combinations of climate variables for reconstruction. Finally,
the mean temperature in summer (June to August) was
considered as a candidate predictor.

3.3. Summer mean temperature
reconstruction

Fig. 7. Climate reconstruction in the Baimang Snow Mountains, northwestern
Yunnan Province, China. (a) Comparison of actual and reconstructed summer
(June to August) mean temperatures (Tmean) from 1956 to 2005, (b) tree-ring
reconstruction (thin line) of summer Tmean plotted annually from 1710 to 2005
and its smoothed series (bold line) with an 11 yr low-pass filter

A linear regression model (y = 2.421x
+ 9.748) was developed to reconstruct
the summer Tmean history for the
Baimang Snow Mountains in northwestern Yunnan Province, China (Fig.
7). In the data on tree rings and temperature (1958 to 2005), the reconstruction
accounted for 33.4% of the actual temperature variance (Table 2). As shown
in Fig. 7a, our reconstruction paralleled
the general tendency of the observed
temperature at the correlation period.
The leave-one-out cross-validation test
yielded a positive RE (0.276), indicating
predictive skill of the regression model
(Table 2). The statistically significant
differences between recorded data
and leave-one-out-derived estimates
detected by ST and Pmt were additional indications of the validity of the
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reconstruction. All of the verification tests indicate that
our regression model is reliable and the composite
chronology could be used to reconstruct the past history
of summer Tmean in the study region.
The annual summer mean temperature records were
reconstructed over the past 296 yr (1710 to 2005), as
shown in Fig. 7b. These records show that alternating periods of cool and warm conditions were typical of reconstructed temperatures, and the length and amplitude of
these temperature cycles varied over time. The mean
and standard deviation of the reconstructed values were
8.58 and 0.44°C, respectively. The reconstruction
showed that warm periods prevailed in 1718– 1731,
1744– 1756, 1781– 1790, 1825– 1835, 1883– 1907, 1930–
1963, and 1995 to present. Extremely warm years (>1.5
SD, 0.665°C) occurred in 1723– 1727, 1748– 1749, 1751,
1753, 1785, 1933, 1936, 1940– 1942, 1944– 1945, 1953–
1961, and 2001– 2005. In contrast, the following intervals
were relatively cold: 1732– 1743, 1758– 1780, 1791– 1824,
1836– 1847, 1853– 1862, 1908– 1929, 1964– 1976, and
1979– 1993. Extremely cold years (<1.5 SD, 0.665°C)
were dramatically less frequent than extremely warm
years, and were concentrated around the following
years: 1799– 1800, 1817, 1862, 1866–1867, and 1880.

3.4. Spectral analysis
The spectral analysis for the reconstruction revealed
significant peaks at the 99% level in the frequency
domains of 0.042, 0.047, and 0.051, corresponding to
the 23.80, 21.32, and 19.68 yr cycles (Fig. 8). The reconstruction also showed peaks at frequencies of 0.014,
0.088, 0.183, 0.243, 0.271, and 0.337, which were significant at the 95% level for 72.99, 11.38, 5.48, 4.11, 3.71,
and 2.97 yr cycles, respectively.

4. DISCUSSION
4.1. The association of tree growth with climate
Tree-ring data derived from trees sampled at high
elevations displayed a strong correlation with summer
temperature measurements averaged over large areas
of northern America and Eurasia, demonstrating the
ability of this proxy to portray summer temperature
changes on large scales and across sub-continents
(Briffa et al. 2002, 2004, Esper et al. 2002, Osborn &
Briffa 2006, Jones et al. 2007, 2009). In agreement with
this reasoning, the chronologies of Abies georgei at
the higher elevation sites (BD and YL) in northwestern
Yunnan show similar temperature sensitivity in summer (June to August). Conifer tracheids divide and
enlarge most actively during the warmest period of the

Fig. 8. Multi-taper method (MTM) power spectra of the reconstructed summer temperatures. (bold line) Null hypothesis,
(dash) 90%, (dash-dot) 95%, and (dotted) 99% significance
levels

growing season, and warm temperatures during this
period can promote earlier snowmelt and more rapid
warming of soils, thereby increasing the growing season length and resulting in faster leaf, shoot, and stem
growth (Körner 1998, Peterson & Peterson 2001, Deslauriers et al. 2003). In contrast, cold nighttime temperatures in summer not only increase the frequency of
frost rings and missing rings, but can also limit the
growth of roots and their function in water uptake
(Körner & Paulsen 2004). These negative climatic effects may limit cambial activity by affecting the photosynthetic rate and, hence, the possibility of radial
expansion (DeLucia & Smith 1987). The climatic variable most strongly correlated to radial growth is also
summer temperature for the east and northeast
Tibetan Plateau (Bräuning 2006), the source region
of the Yangtze River (Liang et al. 2008), the central
Hengduan Mountains (Fan et al. 2009a, Li et al. 2011a),
and the Western Sichuan Plateau (Shao & Fan 1999,
Li et al. 2010, 2011b).
Correlation analysis indicated that spring (April)
temperature also has biological relevance for interannual variations in tree growth at the high elevation
sites, and similar results have been reported for the
Western Himalayas of India and Nepal (Yadav et al.
1997, 1999, Cook et al. 2003). The positive influence of
spring temperature on tree growth is evident, as high
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spring temperatures lead to the breaking of dormancy
and the resumption of physiological activity in the tree,
thus increasing the duration of the current growing
season (Lebourgeois et al. 2005). The positive effect of
an increase in precipitation and relative humidity in
spring (March) on tree growth at low elevation sites
can also be related to a direct physiological influence.
It is an accepted fact that precipitation decreases from
high elevations to low river valleys (Wilson & Hopfmueller 2001). A moisture deficit might become more
prominent at low elevations during the spring season
when rainfall is commonly insufficient. Tree growth
benefits from spring precipitation, which works
directly to increase the soil moisture available during
the early part of the growing season and is crucial for
tree growth over the next year (Vaganov et al. 1999,
Peterson & Peterson 2001).
There is strong circumstantial evidence that winter
temperatures play a major role in modulating mean climate-tree growth relationships. This seems to be a
widespread regional phenomena in the high mountains of the Tibetan Plateau and its adjoining areas,
including the eastern part of Tibet (Bräuning 2001), the
Qaidam Basin near the Qilian Mountains (Liang et al.
2006), the source regions of the Yangtze River (Liang et
al. 2008) and the Yellow River (Gou et al. 2007), the
western part of the Sichuan Plateau (Wu et al. 2006, Li
et al. 2011b), and the central part of the Hengduan
Mountains (Fan et al. 2009b). In this study, we also
found that winter temperatures are relevant in explaining year-to-year variation in tree-ring widths at the 2
higher elevation sites (Figs. 4 & 6). However, we also
detected a marked difference in signal strength between the temperature variables and the tree-ring
data. The tree-ring data showed a statistically significant relationship with the winter maximum temperature (r = 0.548, p < 0.01), followed by mean temperature (r = 0.337, p < 0.05), whereas the weakest
correlation was found with minimum temperature (r =
0.164, p > 0.05). This is in contrast to the much stronger
correlations with winter minimum temperature found
in the central Hengduan Mountains (Fan et al. 2009b)
and the source region of Yellow River (Gou et al. 2007).
Warm winter conditions notably reduce the frequency
of freezing events in winter (Körner & Paulsen 2004),
which are now recognized as a causal factor in tree
dieback (Auclair et al. 1996). Additionally, temperate
coniferous trees can have a positive carbon gain on
warm winter days when their leaves are not frozen
(Tardif et al. 2001), and winter carbon availability, as
demonstrated by sufficient non-structural carbohydrates (NSC) and the sugar to starch ratio, displays a
strong relationship with the survival and growth of
coniferous trees in high mountainous areas (Li et al.
2008).
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4.2. Changes in reconstructed summer minimum
temperatures over time
Other temperature-sensitive records in the surrounding area allowed us to assess whether our reconstruction
represents features that are coherent over a large spatial
scale. Our reconstruction mirrored decadal-scale patterns of the reconstructed summer temperatures of the
Sygera Mountains in southeast Tibet, China (Liang et al.
2009), based on tree-ring data for a similar fir species at
the timberline. The cold episodes found in this study
(1791–1824, 1836–1845, 1908–1929, 1964–1975, and
1980– 1994) were in agreement with the warm periods
occurring in southeast Tibet (1808– 1827, 1831–1845,
1888– 1933, and 1960–1995). The warm episodes of
1781– 1805, 1825–1835, and 1930– 1963 prominent in our
series also matched fairly well with the warm periods
of 1780s–1800s, 1830s, and 1930s– 1950s in southeast
Tibet. Interestingly, there was an evident discrepancy in
between-series coherence in the second half of the
19th century, when our series showed low temperatures
from 1853–1882 whereas Liang et al.‘s series showed
high temperatures from the 1850s–1880s. This could
partly result from the potential modulation of local
climate conditions.
A comparison of our reconstruction with other records could provide additional support for the spatial
synchrony of climate variation. The climate during the
18th century was relatively warm, characterized by
3 obvious warm periods occurring in 1718–1731, 1744–
1756, and 1781–1790, where 1748–1749 were the extremely warm years. Those warm periods are generally in agreement with the warm conditions from 1705–
1735 and 1775–1790 in the western Sichuan Plateau
(Shao & Fan 1999) and from 1740–1755 and the 1780s
in the source region of the Yangtze River (Liang et al.
2008). Based on historical archives, Zhang (2000) also
reported an extremely dry and warm period from 1784
to 1787 across a large area of east China, and many
snow-rich regions saw no snowfall during this warm
event. Temperatures were relatively low from 1809 to
1823, and the coldest year occurred in 1816–1817, with
a temperature about 1.5 standard deviations below the
long-term mean. This abrupt, extremely cold event in
1816– 1817 may be related to the well-documented
effect of the Tambora eruption (1815) on temperatures
worldwide (Harington 1992, Briffa et al. 1998). There
has been increasing tree-ring and ice-core evidence
concerning the environmental impacts of the volcanic
eruption of Tambora on the Tibetan Plateau and its
adjoining regions (Thompson et al. 2000, Liang et al.
2006, Yadav 2007, Fan et al. 2009b). The period of the
1850s–1870s was an apparently prolonged cold period,
and strong cool events occurred in the following years:
1862, 1866–1867, 1869–1870, and 1872. This cold pe-
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riod also appeared as a dominant feature in a temperature reconstruction synthesized from stalagmite and
tree-ring records from China (Tan et al. 2006).
It is noteworthy that the prolonged cold period in the
20th century occurred in the 1908–1929 period. The
incidence of severe cold in the 1910s–1920s is confirmed by tree-ring records and ice cores from the
Tibetan Plateau (Bräuning 2006, Singh et al. 2006, Yao
et al. 2006). The 1930s–1950s period was a relatively
prolonged warm period, which was synchronous with
a prolonged warm phase in the Himalayan region
(Yadav et al. 1999, Cook et al. 2003) as well as the
source region of the Yangtze River (Liang et al. 2008)
and the western Sichuan Plateau (Li et al. 2010). The
most noteworthy feature in the 20th century was a
clear trend of increasing cold intensity in the 1960s–
1980s. Starting in 1964, the cold intensity increased
step by step, especially for the 1965–1966, 1968–1970,
and 1983– 1989 intervals, and this was also a striking
feature of the temperature-sensitive tree-ring data in
the adjoining regions (Bräuning 1999, Cook et al. 2003,
Yadav et al. 2004, Li et al. 2011b). The 10 most recent
years were extremely warm and tree growth was relatively large compared to the earlier part of the 20th
century.

4.3. Significant cycles in the reconstruction

5. CONCLUSIONS
In this paper, we developed a tree ring-width series
from Abies georgei at 3 sites of different elevation in
the Baimang Snow Mountains of northwestern Yunnan, where high-resolution climate proxies are limited.
Temperature conditions, especially in the summer season, are shown to be the underlying cause of radial
growth at high elevation sites, while moisture availability in spring is crucial for radial growth variation at low
elevation sites. A derived linear climate-growth model
based on the composite chronology can account for
33.4% of the summer (June to August) mean temperature. Based on this model, summer temperature variations were reconstructed for the past 296 yr. The reconstruction revealed that warm episodes occurred in
1718– 1731, 1744–1756, 1781–1790, 1825–1835, 1883–
1907, 1930–1963, and 1995 to present, while the intervals occurring in 1732–1743, 1758–1780, 1791–1824,
1836– 1847, 1853–1862, 1908–1929, 1964–1976, and
1979– 1993 were relatively cold. The agreement in lowfrequency variations between the reconstruction and
temperature-sensitive tree-ring series and ice-core
records of the nearby regions confirmed the reliability
of our reconstruction. However, the spatial and temporal climate variability of the past several centuries in
northwestern Yunnan should be resolved through expanded and improved tree-ring networks in the future.
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