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d wood density of Picea brachytyla were used to develop high-resolution climate
proxy data to extend the existing climate record in the central Hengduan Mountains, north-western Yunnan
Province, China. Growth–climate response analyses showed that the total ring width (TRW) and maximum
latewood density (MXD) in the sub-alpine zone are mainly influenced by summer temperature variability.
Based on a MXD regional chronology derived from two high elevation sites, we developed a warm season
(April–September) temperature reconstruction for the period A.D. 1750–2006. The climate/tree-growth
model accounts for 41% of the instrumental temperature variance during the period 1958–2004. Warm
summers occurred during 1750s, 1820–50s, 1880–1890s, 1930–1950s and 1990–present; while the periods of
1790–1810s, 1860–1870s, 1900–1920s, and 1960–1985 were relatively cold. Spatial climate correlation
analyses with gridded land surface data revealed that our warm season temperature reconstruction contains
a strong regional temperature signal for the Hengduan Mountain ranges. Our reconstruction successfully
captured recent abrupt climatic changes and agreed in general with other tree ring-based temperature
reconstructions from nearby regions on a decadal timescale. In addition, reconstructed summer temperature
variations were consistent with recorded glacier fluctuations in the surrounding high mountains.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The Tibetan Plateau, with an average elevation above 4000 m a.s.l.
and an extension of more than 2 million km2, plays a key role in
driving the Asian summer monsoon circulation (Webster et al., 1998).
Understanding of spatial and temporal climate variations over the
Tibetan Plateau is thus vital to improve our knowledge of Asian
monsoon dynamics. However, meteorological records over the
Tibetan Plateau are short and sparse in spatial distribution, which
limits our ability to examine current climate regimes in a long-term
perspective. High resolution proxy data like tree rings are needed to
shed more light on the climate variability of the Tibetan Plateau.

Tree-ring series, especially maximum latewood density from cold-
moist sites have great potential for the reconstruction of summer
temperatures on regional to hemispheric scales, reflecting inter-
annual to multi-centennial scale variability (e.g. Schweingruber and
Briffa, 1996; Briffa et al., 2001; Frank and Esper, 2005; Büntgen et al.,
2006, 2008). Many of the density-related studies, however, were
carried out in the boreal and temperate climate zones of North
America (Wang et al., 2001; Davi et al., 2003; D'Arrigo et al., 2004;
+49 9131 8522013.
n.de (A. Bräuning).
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Luckman and Wilson, 2005), Siberia (Briffa et al., 2001; Kirdyanov
et al., 2008) and Europe (Briffa et al., 1988, 2004; Büntgen et al., 2008).
Concerning the high mountain areas of China, century- to millennial-
scale temperature fluctuations were reconstructed for north-eastern
Tibet (e.g. Kang et al., 1997; Liu et al., 2005; Gou et al., 2007) and for
the southern parts of the Tibetan Plateau (Wu et al., 1989; Bräuning,
1994; Bräuning and Mantwill, 2004). However, the density of the
available tree-ring data is still sparse, and most studies were based on
total ring width (TRW). A combination of the wood parameters TRW
and maximum latewood density (MXD) may reflect different
temperature seasonality (Bräuning, 2001; Bräuning and Grießinger,
2006).

Despite of their widespread forest cover, only few dendroclima-
tological studies have been conducted in the north–south oriented
Hengduan Mountain ranges, which form the southern rim of the
Tibetan Plateau and are strongly exposed to the South Asian summer
monsoon (Wu et al., 1988; Shao and Fan,1999; Bräuning andMantwill,
2004). Using four ring-width chronologies, Shao and Fan (1999)
reconstructed winter season minimum temperature for the eastern
part of the Hengduan Mountains on the West Sichuan Plateau. Wu
et al. (1988) reported an annual temperature reconstruction for the
Hengduan Mountains, but no information about the strength of the
tree growth–climate signal or the reliability of the reconstruction
was provided. In addition, their data lack information about climatic
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Fig. 1. Map showing the locations of tree-ring sample sites and meteorological stations. Bold letters show the locations of the tree-ring based temperature reconstructions from the
south (STP) and eastern (ETP) Tibetan Plateau (Bräuning and Mantwill, 2004), the upper source region of Yangtze River (SRY; Liang et al., 2008) and west Sichuan Plateau (WS; Shao
and Fan, 1999).
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changes after A.D. 1981. Based on a network of 22 MXD chronologies
of high elevation conifer sites, late summer temperature over the
past 400 years was reconstructed for the southeastern Tibetan Plateau
directly to the north of our study region (Bräuning and Mantwill,
2004).
Fig. 2. Monthly total precipitation (bars) and maximum (line with triangles), mean (line w
Mountains, derived from meteorological records of Shangri-la and Daocheng. The dashed li
In this paper, we present new tree-ring chronologies of TRW and
MXD from Picea brachytyla located in the central Hengduan Mountain
ranges. We analyze the relationships between tree-ring parameters
and their climatic forcing. Based on MXD data, we reconstruct warm
season (April–September) temperatures over the A.D. 1750–2006
ith circles) and minimum (line with squares) temperatures for the central Hengduan
ne indicates a 5 °C temperature threshold. Gray bars highlight the summer season.



Table 1
Site information and tree-ring chronologies statistics. HP, Hongpo at Baima Snow Mountain; BTH, Bitahai Nature Reserve; RC, regional chronology; TRW, total ring width; MXD,
maximum latewood density; Lat., latitude; Lon., longitude; Elev., elevation; C/T, cores/trees; MSL, mean segment length; SD, standard deviation; MS, mean sensitivity; AC1, first-order
autocorrelation; Rbar, mean inter-series correlation; EPSN0.85, year/no. of cores when expressed population signal exceeds the 0.85 threshold

Site Date
type

Location
(Lat./Lon.)

Elev. C/T Time span MSL SDa MSa AC1a Rbarb EPSN0.85b

(m) (A.D.)

HP TRW 28.25/98.91 3500 80/51 1688–2005 186 0.28 0.20 0.70 0.59 1780/21
MXD 31/29 1724–2005 179 0.14 0.11 0.51 0.41 1820/15

BTH TRW 27.82/99.99 3580 50/40 1623–2007 234 0.22 0.15 0.65 0.48 1690/17
MXD 31/29 1623–2006 235 0.15 0.11 0. 59 0.46 1750/17

RC TRW 130/91 1623–2007 204 0.25 0.18 0.68 0.46 1690/18
MXD 62/58 1623–2006 207 0.15 0.11 0.55 0.39 1750/20

a Calculated for ARSTAN standard chronologies.
b Calculated for ARSTAN residual chronologies for 30-year intervals with 15-year overlaps.
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period of reliable internal signal strength. This new record is then
compared with existing findings from nearby regions.

2. Geographical settings

The study area is located in the central HengduanMountain ranges,
north-western Yunnan Province, China (Fig. 1). The region is well
known for its high levels of biodiversity owing to the steep topographic
gradients resulting from theMekong, Yangtze, Salween and Irrawaddy
rivers which cut deep, north–south oriented gorges in the mountai-
nous landscape during their descent from the Tibetan Plateau. The
region's climate is temperate and is characterized by a precipitation
maximum during the summer months. Summer precipitation origi-
nates from monsoonal air masses flowing over the Bay of Bengal,
whereas winters are generally dry (Xu et al., 2003). The deeply incised
gorges of the parallel rivers form pathways for the monsoonal air
masses, resulting in a steep moisture gradient from south–east to
north–west in southern Tibet (Chang, 1981). According to the regional
average of instrumental stations in Shangri-la andDaocheng, themean
Fig. 3. Temporal changes of regional monthly maximum (Tmax), mean (TEM), minimum (Tm
February) seasons; (c) temporal changes of regional diurnal temperature range (DTR). Va
smoothed using a 10-year low-pass filter.
annual temperature is 5.16 °C, with a mean temperature of 12.7 °C in
July and −4.2 °C in January. Mean annual total precipitation is 649mm.
The precipitation in the summer season (June to September) accounts
for 80% of the annual total precipitation (Fig. 2).

3. Materials and methods

3.1. Sampling

P. brachytyla var. complanata is a shade-tolerant species, dominat-
ing the sub-alpine altitudinal vegetation zone between 2800 and
3900 m in the mountain area of north-western Yunnan Province. Two
sites of P. brachytylawere chosen in forests near the upper timberline.
The Hongpo (HP) site (28.25 °N, 98.91 °E, 3500 m a.s.l.) was located
on the west slope of the Baima Snow Mountains. The Bitahai (BTH)
site (27.82 °N, 99.99 °E, 3580 m a.s.l.), ~120 km south-east of the
HP site, was located in the Bitahai Nature Reserve (Fig. 1). Totally, 130
increment cores from 91 treeswere extractedwith an increment borer
at breast height.
in) temperature in the summer (a, June–September) and winter (b, prior November–
lues are expressed as anomalies (reference period=1959–2004) and bold lines were



Fig. 4. Comparison between the HP (blue) and BTH (red) ring-width residual chronologies. (a) Expressed population signal (EPS) statistic (calculated over 30 years lagged by 15 years);
(b) the two residual chronologies adjusted to the same mean and variance over the common period 1688–2005; (c) the sample depth through time; (d) the 15-year low-pass filtered
components. The correlation coefficients were calculated for 1780–2005 when EPS exceeds the threshold of 0.85 for both chronologies.
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3.2. Chronology development

Chronologies were developed for the two parameters TRW and
MXD. The surface of cores was prepared with razor blades and the
Fig. 5. Comparison between theHP (blue) and BTH (red)maximum latewood density residual c
by 15 years); (b) the two residual chronologies adjusted to the samemean and variance over the
filtered components. The correlation coefficients were calculated for 1820–2005 when EPS exc
surface contrast was enhanced with chalk. Ring widths were
registered with a LINTAB II measuring system with a resolution of
0.01 mm, and all cores were cross-dated visually and using statistical
tests (sign-test and t-test) (Stokes and Smiley, 1996; Rinn, 1996). 62
hronologies. (a) Expressed population signal (EPS) statistic (calculated over 30 years lagged
commonperiod1724–2005; (c) the sample depths through time; (d) their 15-year low-pass
eeds the threshold of 0.85 for both chronologies.



Fig. 6. Climate response of ringwidth (TRW) for the sites HP (white), BTH (grey) and their regional chronology (RC, black) using (a)maximum temperatures (Tmax), (b)mean temperatures
(TEM), (c)minimum temperatures (Tmin), and (d) precipitation sums (PRE). Correlationswere calculated fromprevious year July to current year October over 1958–2004 commonperiods.
Horizontal dashed lines denote the 95% significance levels. Numbers on x-axis refer to seasonalmeans of prior November–February (−11/2), prior November–April (−11/4), prior October–
September (−10/9), and prior November–October (−11/10), respectively.
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cores (58 trees) with high wood quality (i.e. without wood de-
composition by fungal attack) were further processed for density
measurement using the Lignostation densitometry system (Rinntech,
Germany; Schinker et al., 2003). Relative density variations were
measured along smoothed wood surfaces using a high-frequency di-
electric scanner with a spatial resolution of 10 μm. For each ring, six
parallel pathswere scannedwith a distance-in-between ≥0.1 mm, and
a mean value was calculated from the six density profiles. Although
earlywood width, latewood width, minimum and maximum density
were also determined for eachyear, only TRWandMXDdatawere used
in this study as they have consistently proved to be the best tree-ring
parameters for the reconstruction of past temperatures (Briffa et al.,
2004; Bräuning and Mantwill, 2004; Luckman and Wilson, 2005).

In order to remove biological trends associated with tree-age
(Fritts, 1976) while preserving variations that are likely related to
climate, the tree ring series were standardized to dimensionless
indices using the program ARSTAN (Cook, 1985). Prior to standardiza-
tion, the variance of each series was stabilized using a data-adaptive
power transformation based on the individual mean and standard
deviation (Cook and Peters, 1997). The TRW measurements were
standardized by first adjusting a negative exponential or a linear
regression function to the raw data, and then the resulting sequences
were detrended with a cubic smoothing spline with a 50% frequency-
response cut-off equal to 2/3 of the series length. The only age-related
trend in most MXD series is a linear decrease of maximum density
with age. Therefore, MXD series were detrended using negative or
zero slope linear regression functions. This process removes or re-
duces the influence of disturbance and changes in tree growth with
age, while preserving inter-annual to multi-decadal scale variability in
the tree-ring series.



Fig. 7. Climate response of maximum latewood density (MXD) for the sites HP (white), BTH (grey) and their regional chronology (RC, black) using (a) maximum temperatures (Tmax),
(b) mean temperatures (TEM), (c) minimum temperatures (Tmin) and (d) precipitation sums (PRE). Correlations were calculated from previous year July to current year October over
1958–2004 common periods. Horizontal dashed lines denote the 95% significance levels. Numbers on x-axis refer to seasonal means of April–May (4/5), July–September (7/9), April–
September (4/9), April–October (4/10), April–September but excluding June (4/9⁎), respectively.
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Autoregressive modelling was used to remove persistence from
tree-ring series, producing pre-whitened ‘residual’ indices (Cook,
1985). All detrended series were averaged to chronologies by com-
puting the biweight robust mean in order to reduce the influence of
outliers (Cook and Kairiukstis, 1990). In order to reduce the influence
of decreasing sample size in the older parts of the chronologies, the
chronology variance was stabilized using the method described by
Osborn et al. (1997). The inter-series correlation (Rbar) and expressed
population signal (EPS) were employed to evaluate the most reliable
periods of internal signal strength (Wigley et al., 1984). Both Rbar and
EPS were calculated for pre-whitened residuals for 30-year moving
windows with 15-year overlaps, and a level of 0.85 in EPS was
considered to indicate a satisfactory quality of a chronology (Wigley
et al., 1984). Several descriptive statistics, commonly used in
dendrochronology, were calculated for standard chronologies prior
the persistence was removed. These included standard deviation (SD),
mean sensitivity (MS) and first-order autocorrelation (AC1).

3.3. Climate data

Monthly maximum, mean and minimum temperatures and
precipitation data were obtained from three climate stations nearby
our sample sites from the National Meteorological Information Centre
(NMIC) of China (Fig. 1). Homogeneity was tested by applying the
double-mass analysis, a graphical technique (Kohler, 1949). The
monthly records from Deqin (28.48 °N, 98.92 °E, 3320 m a.s.l.) station
contain heterogeneities, which are caused by the relocation of the
station in January 1981 and April 1994. Therefore, Deqin station
data were excluded from further analysis, despite its close location to
the HP site. A regional meteorological data series was developed from



Table 2
Statistics of calibration and leave one-out verification results for the common period
1958–2004. R, correlation coefficient; SE, standard error of the estimate; ST, sign test,
which counts the number of agreements and disagreements between the reconstructed
and the instrumental climatic data; Pmt, product mean test; RE, reduction of error. Any
positive value of RE indicates that there is confidence in the reconstruction (Fritts, 1976)

Calibration (model: Y=6.076+4.419X)

Period R R2 RR2
adj SE

1958–2004 0.64 0.409 0.396 0.35

Standard
verification

1st difference verification

Period R ST Pmt RE R ST Pmt RE

1958–2004 0.60⁎⁎ 33/14⁎⁎ 3.31⁎⁎ 0.36 0.80⁎⁎ 35/11⁎⁎ 4.78⁎⁎ 0.63

**Significant at pb0.01.

Fig. 8. (a) Comparison between actual and estimated mean warm season (April to
September) temperature for their common period 1958–2004; (b) warm season
temperature reconstruction for the central Hengduan Mountains derived frommaximum
latewood density. Thin line represents annual values; the bold line was smoothed with a
15-year low pass filter.
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monthly records of two nearby high elevation stations Shangri-la
(27.83 °N, 98.76 °E, 3276 m a.s.l.) and Daocheng (29.05 °N, 100.3 °E,
3729m a.s.l.) (Fig. 1), by applying the techniques outlined by Jones and
Hulme (1996). The climate stations are located in approximately the
same altitude than the tree-ring sites (Table 1).

The climate–tree growth relationships were investigated by using
correlation analyses between tree-ring data and meteorological
records for their common period 1958–2004. Prior to correlation
analyses, the climate series were modelled and prewhitened by ap-
plying the autoregressive model (AR), with the AR order objectively
determined by the minimum Akaike information criteria (ACI) pro-
cedure (Meko, 1981; Cook et al., 1999). Simple correlations were
calculated between the tree-ring residual chronologies and pre-
whitened regional monthly climate variables (precipitation, mean
temperature as well as maximum and minimum temperature) from
July prior to growth to October of the current growth year. In addition,
various seasonal means of climate variables and their correlations
with tree-ring data were calculated.

4. Results

4.1. Regional climate variability

The analyses of climate data revealed that during the past fifty
years regional mean temperatures (TEM) have been increasing sig-
nificantly by 0.028 °C yr −1 and 0.033 °C yr −1 for summer and winter
season, respectively (Fig. 3). However, this warming trend was mainly
contributed by an increase of minimum temperatures (Tmin) instead of
maximum temperatures (Tmax). The regional diurnal temperature
ranges (DTR) have been decreasing since the early 1980s. Other
meteorological observations from north China (Gou et al., 2008; and
references therein), west Canada (Wilson and Luckman, 2003) and
global (Easterling et al., 1997) indicate that during the twentieth
century minimum temperatures were rising much more rapidly
than maximum temperatures. However, the dramatic change in these
temperature relationships in the central Hengduan Mountains oc-
curred in the early 1980s (Fig. 3). The decrease of DTR can be attri-
buted to an increased cloud cover: daytime Tmax is reduced due
to greater reflection of incoming radiation from the upper surface of
clouds and night time Tmin increases because of enhanced downward
radiation from clouds (Dai et al., 1999).

4.2. Chronology statistics

The two spruce TRW chronologies ranged in length from 318 years
at HP to 385 years at BTH site. Based on the EPS statistics, the TRW
chronologies met signal strength acceptances after A.D. 1780 for HP
and A.D. 1690 for BTH (Table 1; Fig. 4). The MXD chronologies met the
0.85 EPS criterion for signal strength acceptance after A.D. 1820 (HP)
and A.D. 1750 (BTH), respectively (Fig. 5). The chronologies generally
showed a low mean sensitivity (MS) and high first-order autocorrela-
tion (AC1), which is typical for spruce trees in humid environments.
Compared with the TRW chronologies, the MXD chronologies of
P. brachytyla usually displayed lowerMS, standard deviations (SD) and
AC1 (Table 1). The mean inter-series correlations (Rbar) ranged from
0.41 to 0.59, which indicated that the developed chronologies contain
considerable common signals, and were thus suitable for climate
change studies.

Although the distance between these two sites was relatively
far (~120 km), significant correlations were found between the paired
two site chronologies. TRW chronologies and their 15-year low-pass
filter components correlated with r=0.39 and r=0.41 respectively
over 1780–2005 period (Fig. 4). The respective correlations between
the two MXD chronologies (1820–2005) were 0.44 and 0.61 (Fig. 5).
This suggested that spruce trees growing near the upper tree line
are influenced by some common regional climate signal. In order to
dampen possible site-specific effects on tree growth and to emphasize
regional-scale climate signals, all tree-ring index series of TRW and
MXD were averaged to form two regional chronologies (RC). The EPS
statistics were above the threshold of 0.85 after A.D. 1690 for TRWand
A.D. 1750 for MXD regional chronologies (Table 1).

4.3. Growth–climate relationships

Temperatures were generally the main factors influencing TRW
and MXD for trees growing at humid high-elevation sites (Figs. 6, 7).
The growth–climate responses were very similar for the two site
chronologies and generally the regional chronologies show higher
correlations with temperature than the individual site chronologies.
For TRW, the positive influence of temperature was predominant,
while the importance of precipitationwasweak except for the positive
impact of precipitation in January and August of the growth year
(Fig. 6). For regional TRW residual chronology, temperatures during
the winter season (prior November until current February) played a
crucial role (r=0.43; pb0.01). Although the influence of temperature



8 Z.-X. Fan et al. / Global and Planetary Change 65 (2009) 1–11
in the later growing season was also important, significant correla-
tions only occurred for the current August.

MXD correlated with the temperature variations in the warm
season of the current growth year (Fig. 7). Correlations between MXD
residual chronologies and monthly mean temperature were signifi-
cant from April to September except for June. The correlation between
regional MXD residual chronology and warm season (April until
September) mean temperature reached 0.64 (pb0.01), whereas split-
summer temperature (April through September, excluding June)
produced higher correlations (r=0.72, pb0.01) with regional MXD
residual chronology. The summer daily maximum temperature (Tmax)
showed a stronger influence on MXD than the night-time minimum
values (Tmin). Precipitation in the growing season has mostly negative
influence on MXD although positive correlations occur in August.
Since the common signals between different TRW site chronologies
were low (Fig. 4), more ring-width series are needed to develop a
robust winter temperature reconstruction. Therefore, this paper
concentrated on the warm season temperature reconstruction using
the MXD chronologies.

4.4. Warm season temperature reconstruction

Based on the results of the growth–climate analyses, a transfer
function was calculated based on a linear regression model, using the
prewhitened mean summer temperature as the dependent variable
and the regional MXD residual chronology as the independent vari-
able. In order to reflect temperature variability for the whole warm
season, April to September mean temperature was reconstructed
for the study area. The reconstruction accounted for 40.9% of the
actual summer temperature variances (Table 2), and agrees well with
variations of the actual temperature during their common period
1958–2004 (Fig. 8a). The reconstructed summer temperature series
covered the period A.D. 1750–2006 of reliable internal signal strength
(Fig. 8b), based on the sample depths (N20 cores) and commonly
acceptable EPS statistics (N0.85; Wigley et al., 1984) of the regional
MXD chronology (Table 1).

The leave-one-out cross-validationmethodwas employed to verify
our reconstruction, since the meteorological data set available was too
short to carry out a robust split-sample calibration (Michaelsen,1987).
Evaluative statistics include the Pearson's correlation coefficient (R),
Fig. 9. Spatial correlations of (a) instrumental and (b) reconstructed summer (April–Septem
1958–2001. The analyses were performed using the KNMI climate explorer (Royal Netherland
the Climatic Research Unit (Mitchell and Jones, 2005; CRUts 2.1).
reduction of error (RE), product mean test (Pmt) and sign test (ST)
(Fritts, 1976). The cross-validation test yielded a positive RE (0.36),
indicating predictive skill of the regression model (Table 2).
Statistically significant sign test and product mean test between the
recorded data and the leave-one-out-derived estimates were addi-
tional indications for the reconstruction's validity. When 1st differ-
ence of the actual and leave-one-out estimated series were used, even
better verification statistics were obtained, indicating that the
developed model was successful in tracking the high-frequency tem-
perature variability over the calibration period.

To demonstrate that our reconstruction and instrumental records
reflected regional-scale temperature variability, we correlated these
data with the CRUts 2.1 dataset (Mitchell and Jones, 2005) of all grid
cells available for a user-defined region. The analyses were achieved
using the KNMI climate explorer (Royal Netherlands Meteorological
Institute; http://climexp.knmi.nl). Instrumentally recorded warm
season temperatures in our study area (two stations means), as well
as reconstructed summer temperatures, correlated significantly with
gridded surface temperatures on a regional scale (Fig. 9). Spatial
correlation fields were similar for the instrumental and reconstructed
temperature variability, although correlations were lower for the
latter. The highest correlation fields were confined to the north–south
orientated Hengduan Mountain ranges. These results indicated that
our summer temperature reconstruction represents climatic varia-
tions for a large territory in the Hengduan Mountains.

5. Discussion

5.1. Growth–climate response

Spruce ring-width chronologies from the upper timberline are
sensitive to temperature, especially in the winter season (Fig. 6). This
was also reported for other high elevation conifers fromwest Sichuan
(Shao and Fan, 1999) and the eastern Tibetan Plateau (Bräuning, 2001;
Gou et al., 2007; Liang et al., 2008). Winter temperatures have been
found to constrain radial growth in different temperate species and
ecosystems in eastern North American (Pederson et al., 2004). Warm
conditions in the late autumnmight increase carbohydrate storages in
the stem, and thus enhance earlywood growth in the following spring
(Gou et al., 2008). Cold late-winter conditions, on the other hand,
ber) temperatures with regional gridded April–September temperatures for the period
sMeteorological; http://climexp.knmi.nl), the gridded climate dataset was developed by

http://climexp.knmi.nl
http://climexp.knmi.nl


Fig. 10. Graphical comparison of various temperature reconstructions for the western
China derived from tree-ring records. (a) warm season (April–September) mean
temperature reconstruction in the central Hengduan Mountains (CHM; this study);
(b) late-summer (August–September) reconstruction in the southern Tibetan Plateau
(STP; Bräuning andMantwill, 2004); (c) late-summer temperature reconstruction in the
eastern Tibetan Plateau (ETP; Bräuning and Mantwill, 2004); (d) summer (June to
August) minimum temperature reconstruction in the upper source region of Yangtze
River (SYR; Liang et al., 2008); (e) winter half year temperature reconstruction from
west Sichuan Plateau (WS; Shao and Fan, 1999). All series were adjusted for their long-
term means over period 1750–1994, and smoothed with a 15-year low-pass filter to
emphasize long-term fluctuations.
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might cause bud damage, frost desiccation, and fine rootmortality due
to low soil temperature (Körner, 1998). The growth–climate responses
indicate that low night-time temperatures in the late winter probably
cause frost damages and thus have a negative impact on radial growth
(Fig. 6). Highwarm season temperatures stimulate ring-width growth,
but significant correlations only occur with August.

Compared with TRW data, the MXD chronologies show a con-
sistent response to a wider window of warm season temperature
(Fig. 7). Similar results were reported by various studies and thusMXD
was used for reconstructing summer temperature variations in the
boreal and temperate climate zones (D'Arrigo et al., 1992; Schwein-
gruber et al., 1993; Davi et al., 2003) and in subtropical mountain
regions (Hughes, 2001; Davi et al., 2002; Bräuning and Mantwill,
2004). Temperature conditions influence the number and size of
latewood cells, and needle mass which determines the amount of
photosynthates available for cell wall thickening during the late
growing season (Hughes, 2001; Vaganov et al., 2006). Warmer tem-
perature during late summer can contribute to latewood cell wall
thickening, thus produce denser latewood. Meanwhile, latewood
formation appears to benefit from photosynthate production and
elevated hormone levels in the early growth season (April–May)
(Conkey, 1986; Vaganov et al., 2006). TRW at individual sites cor-
relatedwithMXD chronologies over 1820–2005 period (r=0.12 for HP,
0.50 for BTH and 0.38 for RC, respectively), which indicates that
particular years with narrow rings show corresponding lower
values of latewood density. Annual rings formed under unfavourable
environmental conditions consist of only several tracheids in a radial
dimension with radial sizes smaller than usual and with thinner cell
walls.

5.2. Comparison with regional records

Our warm season temperature reconstruction, as derived from
MXD, contains inter-annual to multi-decadal temperature variability.
Remarkable periods of high summer temperature occurred during
1750s, 1820–1850s, 1880–1890s, 1930–1950s and 1990–present. On
the opposite, the periods 1790–1810s, 1860–1870s, 1900–1920s and
1960–1985were relatively cold (Fig. 8). The spatial correlation analysis
shows that our reconstruction captures a great part of the regional
temperature variability of the Hengduan Mountains and the south-
eastern Tibetan Plateau (Fig. 9).

Several tree-ring based temperature reconstructions in surround-
ing areas have recently been developed (Shao and Fan,1999; Bräuning
and Mantwill, 2004; Liang et al., 2008). Based on MXD data of multi-
species from 22 temperature sensitive sites, four growth regions were
outlined from northeast to southwest of the Tibetan Plateau (Bräuning
and Mantwill, 2004). Late summer (August–September) temperature
reconstructions from the eastern (ETP) and southern (STP) region of
Tibet (Figs. 1, 10) of those four growth regions are compared with our
reconstruction. Shao and Fan (1999) developed four Balfour spruce
(Picea likiangensis var. balfouriana) TRW chronologies and recon-
structed winter (prior December to February) minimum temperature
in west Sichuan (WS in Figs. 1, 10). Their calibration model explained
58% of the actual temperature variances for 1960–1993. Using four
TRW series of Balfour spruce, Liang et al. (2008) developed a summer
(June–August) minimum temperature reconstruction (R2=0.27 for
1957–2002) for the upper source region of the Yangtze River on the
Tibetan Plateau (SRY in Figs. 1, 10).

Our reconstruction mirrors similar warm/cold intervals as tem-
perature reconstructions in the nearby regions (Fig. 10). Cold summers
of 1810s, 1860s, 1900–1910s, and 1970s found in the present study
are consistent with low summer temperatures in southern Tibet
(Bräuning and Mantwill, 2004) and the source region of Yangtze river
(Liang et al., 2008). Cold condition in the 1800s, 1900s and 1970s are
also reported for the northeastern Tibetan Plateau (Gou et al., 2008),
the Eastern Himalayan Region (Bhattacharyya and Chaudhary, 2003)
and Nepal (Cook et al., 2003). The warm 1820–1850s, 1880s, 1930–
1950s are consistent between the compared records (Fig. 10), and
were also reported as warm periods by Wu et al. (1988) in the
Hengduan Mountain region, and in Kashmir (Western Himalaya;
Hughes, 2001). Some differences existing between the reconstructions
(i.e. in the 1760s, 1800s) may reflect the local influence of different
geographic features or difference in seasonality of the various
temperature reconstructions.

Advance and retreat phases of monsoonal-temperate glaciers are
largely controlled by changes in temperature, especially by summer
temperature (Shi, 2002; Yang et al., 2008). The cold periods of the
1800–1810s and 1900–1920s are consistent with glacier advances or
standstill recorded from Lhamcoka (31°49′N, 99°06′E, 6168 m a.s.l.) in
the Chola Shan (Bräuning, 2006). The warm 1930–1950s and the last
two decades, as well as the cold 1960–1970s, are consistent with
fluctuations of the nearbyMingyong glacier (28°29′N, 98°47′E, 6740m
a.s.l.) in the Meili Snow Mountain (Zheng et al., 1999; Baker and
Moseley, 2007) and the Baishui No. 1 glacier (27°10′N, 100°13′E,
5600 m a.s.l.) of the Jade Dragon Snow Mountain (He et al., 2003).
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The 1930–50s is likely the warmest period in the last few centuries
seen in the tree-ring records, and was notable throughout the 20th
century over China, especially in the south-western part of China and
on the Tibetan Plateau (Wang et al., 2004). The cold period in the early
20th century and high temperatures in the 1940s and 1950s are also
indicated by δ18O variations in the Puruogangri and Malan ice cores in
northern Tibet (Wang et al., 2003; Yao et al., 2006). The cooling in the
1960s and warming in the 1980s seems to be more pronounced and
started earlier in the reconstructions of Shao and Fan (1999) and Liang
et al. (2008). This may reflect asymmetric variation patterns of max-
imum and minimum temperatures during regional warming pro-
cesses (Fig. 3). A delayed warming of summer maximum temperature
after the 1980s in comparison with rising winter minimum tempera-
turewas observed in tree-ring based temperature reconstructions and
meteorological records on the north-eastern Tibetan Plateau (Gou
et al., 2008). It should be noted that MXD seems to be more strongly
influenced by summer day-time maximum temperatures than by
nighttime minimum values (Fig. 7; Wilson and Luckman, 2003);
whereas there are considerable winter minimum temperature signals
in ring-width chronologies of Liang et al. (2008), although their re-
construction concentrated on summer season temperatures.

6. Conclusions

We developed TRW and MXD series from two sites of P. brachytyla
in the central HengduanMountains, where previously high-resolution
climate proxies were missing. TRW and MXD series are most sensitive
to regional temperatures variation, whereas MXD shows a strong
response to temperature variability in the summer season. Based on
MXD data, a warm season (April to September) mean temperature
was reconstructed over the past 257 years. Spatial correlation fields
using instrumental and reconstructed series reveal similar patterns,
indicating that our reconstruction represents a high degree of regional
summer temperature variability over the Hengduan Mountains. Com-
parison with other tree ring-based temperature reconstructions
shows high coherency in the timing of warm/cold episodes at the
decadal scale across the Tibetan Plateau, i.e. cold 1800s, 1860s, 1900–
1910s, 1970s; and warm 1750s, 1825–1850s, 1880s, 1930–50s. The
spatiotemporal discrepancies among different temperature recon-
structions may reflect the influences of different geographic features;
bands of climatic signals preserved, and target season windows.
Therefore, further efforts should be taken to develop more compre-
hensive tree-ring networks, and to combine various tree-ring
parameters like maximum latewood density and stable isotopes, to
shed more light on the spatial and temporal variability of the past
climate changes in this environmentally sensitive region.
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