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Sabina przewalskii is the longest living endemic tree species in the northeastern Tibetan Plateau, and has been widely employed in
tree ring based climate research in China. However, most dendroclimatic reconstructions have been primarily based on empirical
relationships between tree growth and climate factors identified by statistical assessment. To date, the physiological relationships
between tree growth and their limiting climate factors have not been properly assessed. Here, we simulated the physiological re-
sponse of Sabina przewalskii tree growth to major limiting climate factors based on the Vaganov-Shashkin (VS) model. The VS
modeled results validated the relationships between tree ring and climate factors constructed by statistical models, both ap-
proaches suggesting that precipitation during the early growing season, especially in May and June, has significant effect on tree
growth, while temperature mainly affects tree growth by warming-induced drought and by extending the growing season. Under
current and projected climate scenarios, our modeling results predict an increase in radial growth of Sabina przewalskii around the

Qaidam Basin, with the potential outcome that regional forests will increase their capacity to sequester carbon.
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Tree ring indices (width, maximum latewood density and
isotope etc.) play a crucial role in paleoclimatic research
[1,2]. Several millennial climatic reconstructions at regional
and hemisphere scale have been developed by this proxy
[3,4]. Tree ring indices are useful in revealing historical
climatic variation and in projecting future climate change
[5]. One common approach in dendroclimatology is to ap-
proximate the relationship between tree growth and climate
factors by a linear regression function [6,7]. However, as
temperatures have increased in many parts of the Earth dur-
ing the last century, a phenomenon called “divergence” be-
tween tree growth and climate factors has been reported
from the Northern hemisphere circumpolar area and from
mountain area in the mid-latitudes of the Northern Hemi-
sphere. This phenomenon encompasses the divergence be-
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tween tree ring based reconstruction and measured data
[8-10], the divergence of tree growth and their main limit-
ing climate factors [11,12] and the divergent growth re-
sponses of trees within sites [13,14]. All of these diver-
gences indicate that the statistically approximated linear
relationship might not universally apply between tree
growth and their limiting climate factors. Tree ring based
climate reconstructions based on statistical models might
over- or underestimate climate history, highlighting the
need for a systematic physiological analysis of tree growth-
climate relationships.

Physiological tree growth models are process-based
models based on linear and non-linear relationships between
tree growth and climate factors. Among such models, the
Vaganov-Shashikin (VS) model is the most popular and
widely used [15,16]. The VS model focuses mainly on the
relationships between cambium activity and its limiting
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climate factors. The model is based on the following hy-
potheses: (1) External influences mainly affect the cambial
zone, specifically, the linear growth rate of cambial cells.
(2) The external factors are temperature, light and soil
moisture. (3) The principle of limiting factors is employed
in the calculation of growth rates i.e. growth rate at a certain
time of a season cannot be higher than that allowed by the
most limiting factor. (4) The variations of growth rate in the
cambial zone mainly pre-determine the anatomical charac-
teristics of the tracheids being formed (e.g. radial diameter,
cell wall thickness). (5) The model simulates variations in
growth rate and tree ring structure resulting from current
climatic changes (within the season). However, the model
simulates the climatically induced tree ring width and
structural variations only. Compared to other models, e.g.
TREERING2000, that explicitly treats photosynthesis, res-
piration and the partitioning of assimilates [17], its applica-
bility is limited. Despite such limitations, the VS model
remains the most popular process based physiological
model on account of its simplicity and its proven success in
simulating coniferous tree growth in North America and
Siberia [18,19]. In China, the VS model successfully simu-
lates the growth of Pinus tabulaeformis from Helan Mts and
Pinus armandii from Huashan [20-22], and was hence an
obvious choice for the simulation of radial tree growth in
our current study species.

Sabina przewalskii is an endemic conifer species on the
northeastern Tibetan Plateau [23]. It is the most important
forest component because of its long age, drought endur-
ance, and wind resistance. Several millennia-long tree-ring
width chronologies of Sabina przewalskii have been com-
piled [24-27] and employed in regional precipitation recon-
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struction. However, the tree growth climate relationships
underlying these reconstructions were mainly assessed by
statistical models, and no process based physiological vali-
dation has been undertaken to date. In this study, we simu-
lated Sabina przewalskii growth and its main limiting cli-
mate factors by the physiological process model (VS model)
to test (1) how trees physiologically respond to variations in
their main limiting factors, (2) whether results are compara-
ble to this relationship as derived by statistical models, (3)
how this relationship has varied in the past and what it pre-
dicts for the future.

1 Material and methods

1.1 Tree ring data

Thousands of Sabina przewalskii tree cores from seven sites
have been collected from Zongwulong Mt. and Shalike Mt.
around the northeastern Qaidam basin (Figure 1). Increment
cores were taken from dominant and co-dominant trees
which appeared healthy and which were isolated at or close
to their upper limit of around 3500-4000 m a.s.l. [24]. All
cores were processed following standard methods [28]. All
series have been employed to reconstruct the millennial
precipitation in the Delingha region. After comparing the
relationship between the sites, we chose DLH3
(37°27'05"N, 97°32'33"E) as a typical site representative of
all seven sites to simulate the regional physiological process
of Sabina przewalskii to its main limiting climate factors.
DLH3 is the closest sample site to Delingha city, in
which the meteorological station is located. 56 cores from
28 trees appeared healthy and isolated were sampled at a
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northwest facing site with slope around 20°, 50 cm soil
layer at 3920 m a.s.l. Following precise crossdating, chro-
nologies were developed using the ARSTAN program [24].
Nine pointer years were selected from 11 trees according to
the annual precipitation and common wide rings and narrow
rings. Wide rings developed in 1959, 1989, 1993 and 2002,
while narrow rings were formed in 1957, 1966, 1979, 1995
and 1998. Cell numbers of each pointer year were counted
by image analysis. First, the mean xylem cell numbers from
five files were counted in each ring of every pointer year on
each selected tree. The cell number of a given pointer year
is the average of all standardized mean cell numbers of each
tree in that year [28].

1.2 Climate data

The continental arid climate pronounced in our study area is
primarily influenced by the Westerlies. The average month-
ly and daily temperatures and precipitation data from the
meteorological station in Delingha (Figure 1), which holds
climate records dating from 1955 (1956 in our analysis be-
cause some data from 1955 are missing) have been used in
this study. The Mann-Kendall test was applied to test the
significance of trends in annual temperature and precipita-
tion. Because the elevation of the meteorological station
(2981.5 m) is lower than that of the sample site (3920 m), a
lapse rate (0.56°C/100 m) was applied to interpolate the
measured temperature from Delingha station to our sample
site. No interpolation was performed on the precipitation
data.

1.3 VS model

In the model, the seasonal growth of a tree is assumed de-
pended on three main factors:

Gr(H)=GrE (t) x min[GrT () , GrW (#)], (1)

where GrE (¢), GrT (t) and GrW (¢) are the partial growth
rates, calculated independently from solar irradiation, tem-
perature and water content in soil.

(1) Calculation of solar radiation on tree growth. GrE (¢)
is calculated from eq. (2), where ¢ is latitude, &is sun slope
angle, and ¢ is day length.

GrE (f)=sing sin@+ cosg cos@ cosg. 2)

Here the transmittivity of the atmosphere and the eccentric-
ity of the Earth around the sun are ignored.

(2) Calculation of temperature on tree growth. In the
model, tree growth starts when accumulated temperature is
equal to Ty, A piecewise linear function is employed for
calculation of temperature on tree growth. There is no
growth when temperature is less than a given minimum
temperature. The growth rate increases linearly up to the
first temperature optimum (7). Growth rate is stable be-
tween T, and the second temperature optimum (7opp) in-
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clusive. The growth rate decreases linearly between Ty,
and a limiting temperature (7,x), beyond which growth
ceases.

(3) Calculation of soil moisture on tree growth. Similarly
to GrT (t), GrW (¢) is calculated by a piecewise function
with four parameters Wi, Wopi, Wope and Wy, Daily wa-
ter in soil (dy) is determined from a water balance equation:

dw=f (P)-Er-Q, 3

where f (P) is daily precipitation, Er is daily water loss in
soil by transpiration and Q is runoff. f(P) is calculated as

f(P)=min[k1XP, P, “)

where P is the actual daily precipitation and k1 is the part of
precipitation falling into soil.

There are two ways to evaluate and define the parameters
in the model. All parameters can be derived from experi-
mental information prior to calculation. Alternatively, ap-
proximate starting values of parameters can be used in ini-
tial calculations and the simulated results are then compared
with the observed tree ring chronologies, as the first step in
an iterative model-improvement process. In this study, both
approaches have been applied. Parameters such as the depth
of root system, wilting moisture and maximum daily pre-
cipitation falling into soil were defined by observed infor-
mation. The other parameters were determined using the
iterative approach. Start values used here were the same as
those in previously-published studies [21].

2 Results

2.1 Climate condition in study area

The continental arid climate is pronounced in the study area,
which is characterized by a typical inland aridity. The
warmest and wettest month is July. Throughout the past 50
years, the highest recorded temperature in July was 20.5°C
and the maximum precipitation was 36.1 mm. The main
source of soil moisture is precipitation. According to cli-
mate data recorded at Delingha meteorological station (Fig-
ure 2), annual mean temperature and precipitation have in-
creased significantly during the last half century
(P<0.0001). Temperature increased mainly during autumn
and winter (Jan., Feb., Sep., Nov. and Dec.), while precipi-
tation increased mainly in July (P=0.0008), January
(P=0.01) and June (P=0.09). These results suggest an up-
ward warming and wetting trend in this region.

2.2 Statistical analysis

The standing and environment of Sabina przewalskii is
similar at northeastern Qaidam Basin. The climate informa-
tion recorded by trees sampled within this area is coincident
also. According to correlations between chronologies after
removing growth trend and retaining most of the low



Zhang Y X, et al.

20 ; ; ; —40
— Temperature

Il Precipitation

130

120

Temperature (°C)

Precipitation (mm)

110

J FM A M J J AS O ND

Month

Figure 2 Monthly temperature and precipitation recorded in Delingha
meteorological station.

frequency signals (Table 1) [24], it is clearly seen that trees
from these sites have been coherent at both low and high
frequency (first difference) during the last thousand years.
The highest correlation (0.827) is between DLH1 and
DLH2, the lowest (0.598) is between DLH1 and WL4. Cor-
relation relationships of these two pairs are significant at
first difference with correlation coefficients 0.919, 0.696
respectively. DLH3 shows high correlation relationships
with all other sites. Hence we used DLH3 to represent all
the other sites in the following analysis.

Trees at the DLH3 site have high common variance. The
mean sensitive is 0.4 and miss ring rate is 1.238%. The ring
width chronology is 1599 a, AD404-2002. The statistical
model shows that DLH3 ring width chronology correlates
positively with precipitation of current May (R=0.38,
P<0.01) and June (R=0.65, P<0.001) and negatively with
temperature of current June (R=-0.39, P<0.01, Figure 3).

2.3 Process model analysis

(1) Model parameters. Tree ring model parameters used in
our final simulation are listed in Table 2. Model parameter
testing revealed that Wy, Trminand T are the most sensitive
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Figure 3 Correlations between DLH3 chronology and monthly tempera-
ture and precipitation.
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Table 1 Correlations between chronologies of all sample sites (AD 1005
—2001) [24]

DLH1I DLH2 DLH3 DLH4 DLH5 WL3 WL4Y
DLH1 1.00 0919 0.855 0.734 0.797 0.735 0.696
DLH2 0.827 1.00 0.887 0.785 0.853  0.780 0.749
DLH3 0.679 0.783  1.00 0.784 0.852 0.753 0.733
DLH4 0.621 0.737 0.724  1.00 0.873  0.759 0.773
DLHS 0.686 0.787 0.771 0.837  1.00 0.788 0.776
WL3  0.610 0.727 0.689 0.728 0.792 1.00  0.895
WL4 0598 0.710 0.691 0.733 0.776  0.890 1.00

a) Lower left corner is annual correlation coefficients, top right corner is
first difference correlation coefficients.

parameters to tree growth (Figure 4). The correlation be-
tween the observed and calculated values of tree ring width
increases as W,y increases in the range 0.1<W,; < 0.18.
This trend disappears for values of W,,,>0.18. No obvious
change is observed when other parameters are changed (e.g.
Topt27 Wopt2)~

(2) Model behavior: inter-annual and intra-annual simu-
lations. We first assessed the ability of the VS model to
simulate inter-annual tree ring formation. The observed and
simulated annual tree ring indices of the analyzing period,
1956-2002, are plotted in Figure 5. In general, good agree-
ment is observed at annual and at inter-annual scale. The
correlation between observed and simulated series during
the analysis period is 0.681 (P<0.001). Xylem cell numbers
of pointer years also match well between actual and simu-
lated data, with correlation 0.73 (P<0.01). Comparing
model result and observed data of single trees, the highest
correlation is 0.92(P<0.001) and the lowest is 0.50 (P<
0.01).

(3) Influence of climate factors on ring width formation.
The difference between a wide ring year and narrow ring
year is caused mainly by moisture limitation (Figure 6). A
high annual radial growth (wide ring formed) results when
the moisture is abundant and temperature is not high during
the beginning of the growing season (May to June). On the
contrary, small annual radial growth (narrow ring formed)
results when moisture is reduced during the beginning of the
growing season, although the growth rate due to temperature
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Figure 4 The sensitivity range of model parameters.



1522 Zhang Y X, et al.

Table 2 Numerical value of model parameters
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Model parameter Description Value
Tnin Minimum temperature (°C) 4
Toput The first temperature optimum (°C) 14.6
Top2 The second temperature optimum (°C) 22.0
Tnax Limiting temperature (°C) 31.0
Wain Minimum soil moisture (wilting moisture; v/v) 0.04
Woptt The first optimum of soil moisture (v/v) 0.18
Wop The second optimum of soil moisture (v/v) 0.8
Winax Limiting soil moisture (v/v) 09
Toce Temperature sum determining growth start (°C) 60
Prax Maximum daily precipitation falling into soil (mm) 20
Dioor Depth of root system (mm) 500
ki Part of precipitation falling into soil (dimensionless) 0.86
ko The first coefficient for calculation of transpiration (mm/d) 0.12
ks The second coefficient for calculation of transpiration (1/degree) 0.175
kr Coefficient of water infiltration from soil (dimensionless) 0.001
1.2
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Figure 5 Observed and simulated tree-ring width indices, DLH3, ® o 0.9
1956-2002. Annual (thin lines) and 5-year mean (thick lines) correlations % :_.3
are r=0.68 and r=0.81, respectively, both significant at the 99% level for =]
the effective numbers of degrees of freedom. ; % 0.6
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z803
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difference between years results from the accumulation of pre-
cipitation from January to June, especially in April, May and
June. In years when a wide ring is formed, the precipitation
during April-June is around 150 mm, about 50% to 75% of the
annual total precipitation. In years with narrow rings formed,
the precipitation during April-June is less than 50 mm, a mere
28% of annual precipitation. Meanwhile, there is no difference
in temperature during this period between all pointer years.

(4) Effects of growth start and end dates on cell numbers
and tree ring widths. According to our model simulation
(Figure 7), the start date of the growing season falls within
the range of the 114th to the 218th day of each calendar
year (corresponding to end of April to beginning of Au-
gust). The end date of the growing season falls within the

Figure 6 Modeled mean growth rate due to soil moisture (top) and mean
temperature (bottom) in pointer years of wide rings (black line) and narrow
rings (gray dashed line). The shaded areas in the top figure are the mean
plus/minus one standard deviation.

range of the 234th day to the 284th day (corresponding to
end of August to beginning of October). The length of the
growing season of Sabina przewalskii has expanded in re-
cent years. In the last half of the analyzing period, the start
date is advanced by 9 days, and the end date delayed by 6
days, compared to the first half part of the analyzing period.
Correlation coefficient for the observed tree ring index series
and the start date series is —0.611, which is significant at the
0.001 level. There is no significant correlation between the
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Figure 7 Modeled changes of the start date and the end date of the
growing season and ring width index.

observed tree ring index series and the end date series.

3 Discussion

The VS model has been successfully employed to simulate,
evaluate and interpret the tree growth-climate relationship
of several conifer species for a variety of environmental
conditions in the northern hemisphere [17,19,21,22]. Here,
the VS model performed well in simulating the
growth-climate relationship of Sabina przewalskii in a dry,
high-altitude area. High correlations between observed and
simulated values indicate that the VS model could simulate
the radial growth of Sabina przewalskii well at both the an-
nual radial growth and at the cell level. Hence, it can be
used with confidence to evaluate the physiological relation-
ship between Sabina przewalskii tree growth and its major
limiting climate factors.

Physiologically, different species growing in different
environments respond differently to climate factors, as does
the same species growing in different environments. Con-
sequently, parameters in the model are characterized by
different species and sites. Our values of Wy, Trminand Topy
are lower than those used in the simulation of Pinus tabu-
laeformis from Helen Mt. [22]. (for which W,,;=0.4,
Tin=5°C, T,p1=20°C). Reasons for this difference might be
related to the habitat of Sabina przewalskii. Sabina
przewalskii grow mainly on sunny slopes of mountains sur-
rounding Qaidam Basin, where more solar radiation is re-
ceived than on other slopes and trees can start growth at
lower temperature. Meanwhile, trees are expected to utilize
all available moisture to grow in this arid area, especially
given the high evaporation induced by enhanced solar ra-
diation. On the other hand, parameters values used in the
simulation of Sabina przewalskii are similar to those of
some conifer species at boreal tree line (e.g. Yakutia,
Tmin=4°C, 15°C<T,<20°C) [17]. This finding could be
explained by the high and cold climate condition of the Ti-
betan Plateau, which is similar to that found at high lati-
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tudes.

The climate conditions during the first part of the grow-
ing season greatly influence ring width formation at mid-
and high latitudes [17,29,30]. Precipitation during the be-
ginning of the growing season is crucial for radial growth of
Sabina przewalskii. This is reflected in results from the sta-
tistical model, which reveal a positive correlation with pre-
cipitation during May and June, and a negative correlation
with temperature in June. In the physiological model, wide
ring formation and more xylem cell growth is associated
with years of increased precipitation during May and June
(e.g. 1989, 1993 and 2002). The effect of temperature is
lower than that of precipitation on the radial growth of Sa-
bina przewalskii in our study. Temperature mainly affects
tree growth indirectly by warming-induced drought at the
beginning of the growing season. Although temperature has
increased during the last century in our study area and the
growing season has extended, the influence of temperature
on growth rate has not changed over this period.

The divergences phenomenon between tree growth and
main climate factors is one of the most important research
interests in dendroclimatology [8—10]. It has been reported
not only at high latitudes in the northern hemisphere [9,10]
but also in mountain areas of Eurasia [30,31]. The diver-
gence between tree growth and growing season temperature
is potentially driven by warming-induced moisture stress
[10,13,14]. The crucial role of precipitation on the radial
growth of Sabina przewalskii in Qaidam Basin has been
demonstrated in both statistical models and a physiological
model. However, according to our research, recent warming
has not affected the tree growth climate relationship in re-
cent decades.

During the past 50 years at Qaidam basin, significant
temperature increases have occurred mainly in autumn and
winter, while precipitation has increased primarily during
summer and winter [32-34]. This change of hydrothermal
condition is advantageous to tree growth. Comparing the
growth rate in two parts of the analyzing period (Figure 8),
the growth rate due to precipitation (GrW) in the second
part is greater than that in the first part. No obvious change
in growth rates due to temperature (GrT) has occurred be-
tween the two time intervals. The total growth rate (Gr) is
accelerated in summer and is also affected by moisture con-
dition, consistent with observations that the mean ring width
in the last half of the analyzing period is wider than that of
the first half. Recent studies have projected an ongoing
warming and wetter trend in northeastern China [35]. The
results presented here suggest that this trend has already
begun in the Qaidam Basin. Under current and projected
climate conditions there will be an increase in radial growth
of Sabina przewalskii around the Qaidam Basin. An impor-
tant potential outcome of this prediction is that regional
forests may enhance growth and increase their capacity to
sequester carbon.
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Figure 8 The growth rate during two parts of the analysis period, before
is 1956-1980 and after is 1981-2005.

4 Conclusion

Using the VS model, we simulated the physiological re-
sponse of Sabina przewalskii tree growth to its major limit-
ing climate factors. Results show that this model can suc-
cessfully simulate the radial growth of Sabina przewalskii at
both ring width and at cell level, and can reveal the effects
of different climate factors on tree growth at different
stages. Precipitation during the early growing season, espe-
cially during May and June, has significant effect on tree
growth, while temperature mainly affects tree growth by
warming-induced drought. No change has been found in
tree growth climate relationships over the last half century.
However, the growing season of Sabina przewalskii has
been extended as a result of recent warming. The radial
growth has also increased, because of higher precipitation at
the beginning of the growing season during recent decades.
Our modeling results also suggest future favorable growth
conditions for Sabina przewalskii around the Qaidam Basin,
leading to a potential increase of local carbon sequestration.

We thank the two anonymous reviewers for their valuable comments that
helped to improve and clarify our manuscript, Prof. Michael Evans from
the University of Arizona for his support on the VS model. This work was
supported in parts by the National Basic Research Program of China
(2010CB950101) and the National Natural Science Foundation of China
(40671194 and 41071061).

1 Mann M, Jones F D. Global surface temperatures over the past two
millennia. Geophys Res Lett, 2003, 30: 1-4

2 IPCC. IPCC Fourth AR Summary for policy makers. In: Climate
Change 2007. Cambridge: Cambridge University Press, 2007

3 Mann M, Zhang Z, Hughes M, et al. Proxy-based reconstructions of
hemispheric and global surface temperature variations over the past
two millennia. Proc Natl Acad Sci USA, 2008, 105: 13252-13257

4 Mann M, Zhang Z, Rutherford S, et al. Global signatures and dy-
namical origins of the Little Ice Age and Medieval climate anomaly.
Science, 2009, 326: 1256-1260

5 Jones P, Briffa K, Osborn T, et al. High-resolution paleoclimatology

13

14

16

17

18

19

20

21

22

23

24

25

26

27

May (2011) Vol.56 No.14

of the last millennium: A review of current status and future pros-
pects. Holocene, 2009, 19: 3-49

Fritts H. Tree Rings and Climate. London: Academic Press, 1976
Hughes M. Dendrochronology in climatology—The state of the art.
Dendrochrologia, 2002, 20: 95-116

Jacoby G, D’Arrigo R. Tree-ring width and density evidence of cli-
matic and potential forest change in Alaska. Glob Biogeochem Cy-
cles 1995, 9: 227-234

Briffa K, Schweingruber F, Jones P, et al. Reduced sensitivity of re-
cent tree-growth to temperature at high northern latitudes. Nature,
1998, 391: 678-82

D’Arrigo R, Wilson R, Liepert B, et al. On the “divergence problem”
in northern forests: A review of tree-ring evidence and possible
causes. Glob Plan Chan, 2007, 60: 289-305

Oberhuber W. Influence of climate on radial growth of Pinus cembra
within the alpine timberline ecotone. Tree Physiol, 2004, 24: 291—
301

Carrer M, Urbinati C. Long-term change in the sensitivity of treering
growth to climate forcing in Larix decidua. New Phytol, 2006, 170:
861-872

Wilmking M, Juday G, Barber V A, et al. Recent climate warming
forces contrasting growth responses of white spruce at treeline in
Alaska through temperature thresholds. Glob Chan Biol, 2004, 10:
1724-1736

Wilmking M, Juday G. Longitudinal variation of radial growth at
Alaska’s northern treeline—Recent changes and possible scenarios
for the 21st century. Glob Plan Chan, 2005, 47: 282-300

Fritts H, Shashkin A, Downes G. A simulation model of conifer ring
growth and cell structure. In: Wimmer R, Vetter R E, eds. Tree-Ring
Analysis. Cambridge: Cambridge University Press, 1999. 3-32
Vaganov E A. Analysis of a seasonal growth patterns of trees and
modelling in dendrochronology. In: Dean J T, Swetnam T, Meko D,
eds. Tree-Rings, Climate and Humanity, Arizona, Radiocarbon, 1996.
73-87

Vaganov E A, Hughes M K, Shashkin A V. Growth Dynamics of
Tree Rings: An Image of Past and Future Environments. Berlin: Springer-
Verlag, 2006. 189-243

Anchukaitis K, Evans M, Kaplan A, et al. Forward modeling of re-
gional scale tree-ring patterns in the southeastern United States and
the recent influence of summer drought. Geophys Res Lett, 2006, 33:
L04705, doi:10.1029/2005GL025050

Evans M, Reichert B, Kaplan A, et al. A forward modeling approach
to paleoclimatic interpretation of tree-ring data. J Geophys Res, 2006,
111: GO3008, doi:10.1029/2006JG000166

Yin X, Wu X. Modeling analysis of Huashan Pine growth response to
climate (in chinese). Quart J Appl Meteorol, 1995, 6: 257-264
Vaganov E A, Anchukaitis K J, Evans M N. How well understood
are the processes that create dendroclimatic records? A mechanistic
model of the climatic control on conifer tree-ring growth dynamics.
In: Hughes M K, Swetnam T W, Diaz H F, eds. Dendroclimatology:
Progress and Prospects. Berlin: Springer-Verlag, 2011. 37-76

Shi J, Liu Y, Vaganov E A, et al. Statistical and process-based mod-
eling analyses of tree growth response to climate in semi-arid area of
north central China: A case study of Pinus tabulaeformis. J Geophys
Res, 2008, 113: G01026, doi:10.1029/2007JG000547

Editorial Board of Qinghai Forest. Qinghai Forest. Beijing: Chinese
Forestry Press, 1993

ShaoX, Huang L, Liu H, et al. Reconstruction of precipitation varia-
tion from Tree rings in recent 1000 years in Delingha, Qinghai. Sci
China Ser D-Earth Sci, 2005, 48: 939-949

Zhang Q, Cheng G, Yao T, et al. A 2326-year tree-ring record of cli-
mate variability on the northeastern Qinghai-Tibetan Plateau. Geo-
phys Res Lett, 2003, 30: 1739-1741

Liu Y, An Z, Ma H, et al. 2006, Precipitation variation in the north-
eastern Tibetan Plateau recorded by the tree rings since 850 AD and
its relevance to the Northern Hemisphere temperature. Sci China Ser
D-Earth Sci, 49: 408-420

Yin Z, Shao X, Qin N, et al. Reconstruction of a 1436-year soil
moisture and vegetation water use history based on tree-ring widths



Zhang Y X, et al.

from Qilian Junipers in northeastern Qaidam Basin, northwestern
China. Int J Climatol, 2007, 28: 37-53

28 Cook E, Kairiukstis L. Methods of Dendrochronology: Applications
in the Environmental Sciences. New York: Springer, 1990. 394

29 Rossi S, Deslauriers A, Anfodillo T, et al. Evidence of threshold
temperatures for xylogenesis in conifers at high altitudes. Oecologia,
2007, 152: 1-12

30 Zhang Y, Wilmking M, Gou X. Changing relationships between tree
growth and climate in Northwest China. Plant Ecol, 2008, doi:
10.1007/s11258-008-9478

31 Carrer M, Urbinati C. Long-term change in the sensitivity of tree-ring
growth to climate forcing in Larix decidua. New Phytol, 2006, 170:

Open Access

Chinese Sci Bull

32

33

34

35

May (2011) Vol.56 No.14

1525

861-872

Ma X, Li D. Analyses on air temperature and its abrupt change over
Qinghai-Xizang Plateau in modern age (in Chinese). Plateau Meteo-
rol, 2003, 22: 507-512

Li Y, Yang T. Study on abrupt and periodic changes of temperature
and precipitation in the Qaidam Basin (in Chinese). Geogr Geo-Inf
Sci, 2007, 23: 105-108

LiJ, Cook E, D’ Arrigo R, et al. Common tree growth anomalies over the
northeastern Tibetan Plateau during the last six centuries: Implications
for regional moisture change. Glob Chan Biol, 2008, 14: 2096-2107

Shi Y, Shen Y, Kang E, et al. Recent and future climate change in
northwest China. Clim Chan, 2007, 80: 379-393

This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction
in any medium, provided the original author(s) and source are credited.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


