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Abstract: Global warming causes an unstable
response in tree radial growth at high latitudes in the
Northern Hemisphere. Additionally, different climatic
responses of different age groups of trees have been

found due to their different physiological mechanisms.

In this study, the response stability and growth trend
of three age groups (young < 100a, middle 100-200a,
old > 200a) of Picea schrenkiana (Schrenk spruce) to
climate change and the causes of the different
responses in different age groups were analyzed in the
relatively dry climate of the eastern Tianshan
Mountains. The results showed that: (1) With the
abrupt increase in temperature in 1989, the annual
mean minimum temperature became the dominant
radial growth-limiting factor of the three age groups
of Schrenk spruce. (2) The radial growth of the middle
and young groups was more sensitive than that of the
old group based on growth-climate correlation
analysis. (3) The radial growth of the different age
groups had different responses to climate factors, and
all age groups were unstable on time scales. (4) The
trend of the linear regression simulation of the basal
area increment (BAI) indicated that the Schrenk
spruce had the same growth trends in different age
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groups with growth first increased and then decreased;
however, the decreased growth rate was higher in the
middle and young age groups than in the old age
group after the abrupt increase in temperature.
Therefore, we should pay active attention to the
impact of drought on Schrenk spruce in the eastern
Tianshan Mountains and should particularly
strengthen the conservation and management of the
middle and young age groups.

Keywords: Divergent response; Global warming;
Tree age; Annual mean minimum temperature;
Schrenk spruce; Tianshan Mountains

Introduction

Global climate change has had a significant
effect on human production activities and forest
ecosystems for nearly a century. Forest ecosystem
are sensitive to climate change and are
characterized by a series of changes in species
distribution, forest productivity, biodiversity,
carbon balance and the carbon cycle (Cox et al.
2013). Therefore, it is necessary to understand the
relationships between climate change and tree
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growth. Studies on long-term climate change and
tree responses to climate are limited due to the
short time scale and uneven distribution of
instrumental climate data. However, tree rings
have been widely used in climate reconstruction
and growth-climate relationship studies, as tree
rings provide past climate information and have
dating accuracy, high resolution, a close relation to
climate and wide distribution (Shao 1997; Ewane
and Lee 2017).

Traditional dendrochronology thought that the
responses of detrended chronologies of different
ages to climate factors were consistent, such as
Pinus tabulaeformis in the Guancen Mountains of
China, Picea abies in the Austrian Alps, and Pinus
longaeva in the eastern Italian Alps (Rossi et al.
2008; Schuster and Oberhuber 2013a; Sun et al.
2015). However, there were still age effects and
different  response results of detrended
chronologies to climate due to the different
physiological functions of trees of different ages.
The sensitivity of Pinus tabulaeformis was
different in the old and young age groups on the
northeastern Qinghai-Tibetan Plateau. The middle
and old age groups of Picea schrenkiana were
more sensitive than the young age group in the
eastern Tianshan Mountains, and the younger
Araucaria araucana in Patagonia, Argentina were
more sensitive. There were differences in the
response of Larix gmelinii to climate factors in
Northeast China (Zhang et al. 2003; Wang et al.
2009; Hadad et al. 2015). Studies on tree
physiology have proven that the response
mechanism of trees of different ages to climate is
not consistent with differences in photosynthetic
and respiratory intensity, hydraulic conductivity,
nutrient absorption and storage of trees of different
ages; thus, age might affect the response sensitivity
of trees to climate factors (Joana et al. 2009).

Tree rings are influenced by their own genetic
factors as well as by external environmental factors.
Since 1990s, the response relationship between the
radial growth of trees and climate factors has
changed, and the trends of tree-ring width do not
increase or decrease with temperature in high
latitude and altitude regions in the Northern
Hemisphere (40° N-60° N). And the sensitivity of
tree to climate response decreases after warming
was defined as "divergence problem" (D'Arrigo et al.
2008). With the development of research, different
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responses of tree growth to climate have been found
in different areas in different tree species, such as
Larix sibirica in the Tianshan Mountains, Pinus
koraiensis in the Changbai Mountains, and Abies
faxoniana in the western Sichuan Mountains (Li et
al. 2012; Yu et al. 2013; Jiao et al. 2015). Meanwhile,
the divergence problem challenges the scientificity
and rationality of traditional dendrochronology
research based on the principle of "uniformity”, such
as the growth-climate relationship and historical
climate reconstruction. There is no consensus on the
causes and mechanisms of the divergence problem,
including the tail effect of detrends, temperature
threshold, nonlinear response of trees to climate,
and age effect (Cooker and Peters 1997; D’Arrigo et
al. 2004). Trees of different ages may have different
climate sensitivities, which will have an impact on
the responses of tree growth to climate (Gai et al.
2017). Therefore, it is necessary to systematically
analyze the age effect on the responses of tree
growth to climate in additional regions and tree
species.

The Tianshan Mountains are an ideal area for
studying the temporal stability of tree radial
growth in trees of different ages caused by their
varied topography and complex climatic conditions.
Compared with the western and central areas,
there is less precipitation and tardier in the eastern
Tianshan Mountains (Li 1991), where trees are
subjected to more restrictive factors and are more
sensitive to climate factors. In addition, the climate
has changed from warm-dry to warm-wet since the
1960s in the Tianshan Mountains (Yao et al. 2018),
which provides an ideal opportunity to study
whether tree responses and growth trends change
in response to climate transformation. At present, a
large number of studies have been carried out in
the Tianshan Mountains, especially in the western
and central. But researches were mainly focused on
the historical climatic reconstruction. For example,
June-August mean temperature was reconstructed
since 1850 C.E. in the western Tianshan Mountains,
256-year total precipitation from June of previous
year to May of current year was reconstructed in
central  Asia, standardized precipitation
evapotranspiration index (SPEI) in August-July
was reconstructed in eastern Tianshan from 1725
to 2013, Palmer drought severity index (PDSI)
April-May in was reconstructed in central Tianshan
Mountains over the past 553 years (Chen et al.
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Zhang et al. 2017; Zhang et al. 2019a;
Zhang et al. 2020). And some
researches on the response of trees to
climate factors were analyzed, showing
the growth of Schrenk spruce was the
mainly controlled by the minimum te
mperature in  eastern Tianshan
Mountains, and precipitation was the
main limiting factor for radial growth of
Schrenk spruce in the central Tianshan
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Mountains (Jiao et al. 2015; Jiao et al.
2016; Zhang et al. 2016; Wu et al. 2018;
Zhang et al. 2019b). In addition, some
studies have found that altitude and
tree species could affect the response stability of
radial growth of trees to climate change (Huo et al.
2017; Jiao et al. 2019).

However, there was a lack of evaluation on the
response stability of the tree-age effect. Therefore,
we analyzed the dynamic r elationship of growth-
climate and radial growth patterns to determine
the climate sensitivity of different age groups of
Schrenk spruce in the eastern Tianshan Mountains.
This article investigates the following: (1) Analysis
of the main controlling climate factors of different
age groups; (2) identification of age group that is
most sensitive to climate change; (3) assessment of
the response stability of different age groups to
climate factors; and (4) characterization of the
trends of radial growth in different age groups in
response to climate transformation.

T
86°E

1 Materials and Methods

1.1 Study area

The Tianshan Mountains are an international
mountain range located in the central part of the
Eurasian continent, with a total length of 2500 km
and a territorial length of approximately 1700 km
in Xinjiang Province of China. The study region
(43°32.1' N, 92°56.3"' E) is located on the north
slope of the eastern Tianshan Mountains with an
altitude of 2552 m, which belongs to the temperate
continental semi-arid climate area and has the
same period of water and heat (Figure 1). Water
vapor from the Atlantic Ocean enters the Xinjiang
region under the influence of the westerly
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Figure 1 Location of the study region and the nearest meteorological
station on the north slope of the eastern Tianshan Mountains.

circulation of central Asia, showing that the
amount of precipitation in the western Tianshan
Mountains is higher than that in the eastern
Tianshan Mountains because of the barrier
provided by the Tianshan Mountains (Li 1991). The
annual mean temperature was 2.08°C, and the
annual total precipitation was 220.64 mm during
1960-2012. The maximum temperature was
18.08°C in July, and the lowest temperature was
-17.63°C in January. The precipitation in the
growing season (from May to September)
accounted for 74% of the annual precipitation
(Figure 2a). Meanwhile, the temperature (mean
minimum temperature, mean temperature and

mean maximum temperature) increased
significantly (P<0.01), while the annual total
precipitation  increased  slightly  (P>0.05).

According to the Mann-Kendall test (Goossens and
Berger 1987), 1989 was a year in which the mean
temperature changed abruptly, but there was no
year with an abrupt change in annual total
precipitation (Figure 3a, b). The mean minimum
temperature, mean temperature, mean maximum
temperature and total precipitation in 1989-2012
were 2.91°C, 1.98°C, 0.87°C and 23.04 mm higher
than those in 1960-1988, respectively (Figure 3c, d,
e, ).

1.2 Sample collection and
establishment

chronology

The sampling point was selected in Barkol of
the eastern Tianshan Mountains, the sampling
time was August 2013. To minimize the impact of
sample differences on the results, we chose the
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Figure 2 Monthly (a) and interannual (b) variability of minimum temperature, mean temperature, maximum
temperature and total precipitation from 1960 to 2012 on the north slope of the eastern Tianshan Mountains (the red
solid lines with arrows represent the trends simulated by linear regression).
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Figure 3 Mann—Kendall test results of annual mean temperature (a) and total precipitation (b), and climatic elements of
minimum temperature (c), mean temperature (d), maximum temperature (f) and total precipitation (f) boxplots during the
two periods of 1960—1988 and 1989—2012 (C1 represents the U values for the normal time series, C2 represents the U
values for the retrograde time series, and the solid lines indicate the value of significance at the 0.01 level).

same geographical conditions for sampling, with a
north slope of 27°, mean canopy density of 30%,
mean tree spacing of 3.0 m, and mean crown width
of 2.7 m. Trees with good growth conditions and no
obvious effects of fire , pests and diseases were
selected as samples. Two cores per tree were
extracted at a breast height of 1.3 m with a 5.15-
mm-diameter increment borer along both the slope
direction and the vertical slope direction, and a
total of 86 tree cores were obtained from 43 trees.
In the laboratory, the obtained tree cores were
placed in a wooden bracket. After the tree cores
were air-dried, they were polished with 120, 400

1738

and 600 grit until a clear tree-ring boundary could
be seen. The tree-ring width of each sample core
was measured by a LINTAB measurement system
(TM6, Rinntech, Heidelberg, Germany) with an
accuracy of 0.001 mm. To ensure the accuracy of
the dating and measurement results, COFECHA
software (Holmes 1983) was used to cross-date the
measurement results. According to the relationship
between the physiological characteristics of
Schrenk spruce (Carrer and Urbinati 2004), the
tree cores were divided into three age groups:
young age with <100 a (mean age 69a), middle age
with 100-200a (mean age 122a), and old age



with >200a (mean age 236a). The trend
of measuring the tree-ring width
sequence was removed by using a
negative exponential curve or linear

J. Mt. Sci. (2020) 17(7): 1735-1748

Table 1 Dendrochronological characteristics of chronologies in the
three age groups of Schrenk spruce on the north slope of the eastern
Tianshan Mountains (YAC: young age chronology, MAC: middle age
chronology, OAC: old age chronology).

. . Dendrochronological Parameters YAC MAC OAC
reg?essmn method  using ARSTM Number of cores / trees (IV) 24/12 34/17 28/14
(Fritts 1976). The standard chronologies  pjme span (a; EPS>0.85) 1914-2012 1823-2012 1735-2012
(STDs) of the three age groups of Mean tree age (a) 69 122 236
Schrenk spruce were obtained to  Mean sensitivity (MS) 0.249 0.256 0.261
analyze the dynamic growth-climate Standard deviation (SD) 0.204 0.232 0.235
relationship. Autocorrelation coefficient (AC) -0.140 -0.052 -0.059

The statistical characteristic Correlation qufﬁ.dent (R) 0-419 0-533 BiE0E
Mean correlation in a tree (R1) 0.733 0.718 0.758
parameters were calculated to assess the  \ean correlation between trees (R2) 0.367 0.525 0.596
reliability and quality of the  Sjgnal-to-noise ratio (SNR) 25776  29.668  21.734
chronologies of the three age groups Expressing population signal (EPS) 0.852 0.967 0.956

(Table 1). The mean sensitivity and

standard deviation of the three chronologies were
all greater than o0.20, indicating that the
interannual variation and fluctuation range of tree-
ring width of the three age samples were relatively
large. The mean within-tree correlations of
chronologies in the young, middle and old age
groups were 0.733, 0.718 and 0.758, respectively,
indicating that the variations in the tree-ring width
of the three age groups were basically consistent.
The signal-to-noise ratios in the middle and young
age groups (29.668 and 25.776, respectively) were
higher than those in the old age group (21.734),
indicating that the chronology in the middle and
young age groups contained more climate
information and they were more susceptible to
climate impacts. The values of the expressed
population signal (EPS) for the three chronologies
were larger than 0.85, indicating the higher quality
and reliability of chronologies, which were suitable
for research on the relationship between radial
growth and climate factors.

1.3 Meteorological data

The meteorological data were acquired from
the Barkol meteorological station, which was the
nearest to the sampling points (93.03°E, 43.36°N;
altitude: 1677.3 m), and the data included the
monthly minimum temperature, mean
temperature and maximum temperature and the
monthly total precipitation. The drought index of
the SPEI was calculated, integrating the
temperature, precipitation, solar radiation, wind
speed, and water vapor pressure factors (Vicente et
al. 2010). Climate factors from May of the previous

year to September of the current year during the
timespan from 1959 to 2012 were selected for
analysis because of the "lag effect” on the response
of radial growth to climate.

1.4 Statistical analysis

The main climate factors limiting the radial
growth of trees were determined by calculating the
Pearson correlation coefficient between the
chronologies of different age groups and climate
factors. The dynamic variations in the tree growth-
climate relationships were analyzed by moving
correlation backward from the fixed year 1960 to
the moving interval of 24 years using the
DendroClim2002 program (Biondi and Waikul
2004). The basal area increase (BAI) of Schrenk
spruce was calculated using raw tree-ring width
chronologies to determine the radial growth trend
under climate change. The BAI is a much more
biologically meaningful variable used to quantify
tree growth patterns because it inevitably
overcomes the deviation of data transformation
(Rubino and McCarthy 2000; Go”mez-Guerrero et
al. 2013). In particular, the downward trend of BAI
indicated that the radial growth of trees was
inhibited by environmental pressure (Xu et al.
2014a). The BAI calculation formula is as follows:

BAIL, = BA, — BA,_,

= m((Re—1 + TRW,)? — (R,_1)?) (1)

where BA represents the basal area of a continuous
cross-section, R is the tree-ring length measured

from pith to year t-1, and TRW is the raw width of
the tree-rings measured in year t.
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2 Results and Analysis

2.1 Correlation between chronologies of
three age groups and climate factors

The relationships between the radial growth of
the three age groups and climate factors before and
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after the abrupt temperature transition were
analyzed (Figure 4). From 1960 to 1988, the
chronology of young trees was significantly
positively  correlated with the minimum
temperature in May, June and October of the
previous year and significantly positively correlated
with the SPEI in November of the previous year

1989-2012
B young [0 middle [l od

Mean Temperature[
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Figure 4 Correlations between chronologies and monthly climate factors during 1960—1988 and 1989—2012 (the
dotted lines represent significance at the 0.05 level, and the solid lines represent significance at the 0.01 level. P:
previous year, C: current year, P5: May of previous year, C1 January of current year).
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and in May of the current year (P<0.05). The
chronology of middle trees had a significant
negative  correlation with the minimum
temperature in September of the previous year and
in June of the current year and was significantly
negatively correlated with the SPEI in September
of the previous year and in September of the
current year (P<0.05). The chronology of old trees
was significantly positively correlated with the
minimum temperature in May of the previous year
(r=0.497, P<0.01), significantly positively
correlated (r=0.386) with the SPEI in May of the
current year and significantly negatively correlated
(r=-0.388, P<0.01) with the SPEI in May of the
previous year.

From 1989 to 2012, the chronology of young
trees had a significant negative correlation with the
minimum temperature in May to August of the
previous year and in May, August and September
of the current year (P<0.05). The chronology of
middle trees had a significant negative correlation
with the minimum temperature in May to August
of the previous year and in May, June, August and
September of the previous year and a significant
positive correlation with the SPEI in July and
August of the previous year (P<0.05). The
chronology of old trees had a significant negative
correlation with the minimum temperature in May,
July, and August of the previous year and in August
of the current year (P<0.05). The changes in
annual mean temperature, annual maximum
temperature and annual minimum temperature
before and after the abrupt changes were
approximately the same.

Figure 5 showed the results of the first-order
difference correlation. From 1960 to 1988, the
chronologies of all age groups had the significant
positive correlations with mean minimum
temperature in May of the previous year (P<0.05),
and the significant negative correlations in
September, December of the previous year and
May of current year (P<0.05). From 1989 to 2012,
the chronology of young trees had the significant
negative correlations with mean minimum
temperature in May, July of the previous year and
May, June, September of the current year (P<0.05),
and the significant positive correlation in
September of the previous year (P<0.05). The
chronology of middle trees had the significant
negative correlations with mean minimum

J. Mt. Sci. (2020) 17(7): 1735-1748

temperature in May, July, November of the
previous year and May, June, August, September of
the current year (P<0.05). The chronology of old
trees had the significant negative correlations with
mean minimum temperature in July of the
previous year and May of the current year (P<0.05).

2.2 Moving correlation between
chronologies of three age groups and
climate factors

The results of Pearson correlation between the
radial growth and climate factors in two time
periods (1960-1988 and 1989-2012) showed that
the mean minimum temperature in the growing
season were the main limiting factors of tree
growth for the three age groups (Figure 4). And
warming can lead to the aggravation of water
deficit. Therefore, moving correlations between the
chronologies of the three age groups and the
minimum temperature and SPEI were conducted.

The chronologies of the three age groups
showed a trend from a positive correlation to a
negative correlation, or the negative correlation
gradually increased with the mean minimum
temperature from May to August in the previous
growing season and from May to September in the
current growing season. However, the positive
correlation between the chronologies of the three
age groups and the mean minimum temperature in
September of the previous year was strengthening.
The transition from positive to negative responses
of the middle and young trees occurred earlier than
that of the old trees (Figure 6).

All three age groups chronologies showed a
trend from negative correlation to positive
correlation or a gradually increasing positive
correlation with the SPEI in May, July and August
of the previous year and in August and September
of the current year; additionally, all three showed a
trend from positive correlation to negative
correlation or a negative correlation that gradually
increased with the SPEI of the growth season in
May of the current year. There were also significant
differences in the sequences of the three age groups.
For the samples in the middle age group, the
positive correlation with the SPEI decreased only
in May of the current year during the growing
season and increased in the other growing months.
For the young and old age groups, a decreasing
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Figure 5 First-order difference correlations between chronologies and monthly climate factors during 1960-1988
and 1989—2012 (the dotted lines represent significance at the 0.05 level, and the solid lines represent significance at
the 0.01 level. P: previous year, C: current year, P5: May of previous year, C1 January of current year).

trend with the SPEI was observed in June and
September of the previous growth season, which
was different from the middle age group. There was
also a certain difference between the old and young
age groups, and the results showed that the
positive correlation between the old group and the
SPEI of the growing season in June and July of the
current year was weakened, while the positive
correlation between the young group and the SPEI
of the growing season in July of the current year
was enhanced. The three age groups showed a
stable and significant positive correlation with the
SPEI in July of the previous year (P<0.05), and the
old group also showed a stable and significant
positive correlation with the SPEI in August of the
previous year (P<0.05). For the combination of the
SPEI in May-August of the previous year and in
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August-September of the current year, all three age
groups showed a trend from negative correlation to
positive correlation or a gradually increasing
positive correlation.

2.3 Growth trend of three age groups

Radial growth of the three age groups showed
a trend of first increasing and then decreasing
based on the 10-year moving average of the BAI
(Figure 7). However, the three age groups showed
different trends after the abrupt temperature
transition. On the one hand, the decreasing trend
of BAI for the middle age group in 1997 was earlier
than that for the young and old groups in 2000. On
the other hand, the decreasing BAI rates for the
middle age group (3 cm2/10a) and the young age
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group (1.5 cm2/10a) were higher than that for the The main limiting climate factors of different
old age group (0.7 cm2/10a). age groups were consistent before and after the
abrupt change in temperature, they were both
subject to temperature restriction not precipitation
(Figure 4). The research regions are located in the
high-altitude area of the eastern Tianshan
Mountains, where precipitation is relatively high

3 Discussion

3.1 Main controlling climate factors of
different age groups of Schrenk spruce
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than low-altitude (the total precipitation in the
growing season before the abrupt change of
temperature was 31.15 mm and 35.12 mm after
abrupt change of temperature) and temperature is
relatively low (the mean temperature in the
growing season was 13.92°C before the abrupt
change of temperature and 15.78°C after the abrupt
change of temperature). Therefore, the radial
growth of trees in high-altitude regions was more
affected by temperature (White et al. 2014;
Malanson 2017). BAI of different age groups all
showed the trends of first increase and then
decrease (Figure 7). We found that the correlation
was mainly significantly positive between tree
radial growth and temperature from 1960s to 1970s,
not significant from 1970s to 1980s, and
significantly negative from 1989 to 2012. According
to the temperature threshold theory, when the
temperature is higher than the lowest threshold
value of tree, the increase in temperature is
beneficial to tree growth due to increasing
photosynthesis, delaying the growth season and
prolonging the cell differentiation time, reducing
the negative effects of low temperature on plants,
but when the temperature continues to increase
beyond the optimum threshold value of trees, the
radial growth of tree is restricted by the increase in
temperature due to enhanced respiratory
consumption and drought stress (Jacoby et al. 1981;
D’Arrigo et al. 2009; Jiang et al. 2014; Zhang et al.
2018). Both the temperature and the precipitation
in the research region increased, but the range of
increased temperature was higher than that of
precipitation (Figure 2b, Figure 3). Climate
warming in recent decades has changed the climate
factors limiting the radial growth of trees and the
stability of the tree growth-climate relationship in
the eastern Tianshan Mountains (Figure 4).

The correlation changes between the three
chronologies and temperature were basically the
same before and after 1989. By comparing the
minimum temperature, the mean temperature and
the maximum temperature, our results showed
that the three chronologies were most sensitive to
the minimum temperature (Figure 4). Therefore,
the minimum temperature was the main
controlling factor of Schrenk spruce in recent
decades. The same conclusion was found in the
middle and eastern Tianshan Mountains and in the
Qilian Mountains (Gao et al. 2013; Xu et al. 2014a;
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Schrenk spruce in the whole time series (a) and during
1960—2012 (b) The solid line represents the 10-year
moving average of BAI and the dotted line represents
the individual BAI of tree age groups.

Jiao et al. 2015). Although the temperature
increased significantly after 1989, the rate of
increase of the mean minimum temperature
(0.955+£0.075°C/10a, P<0.01) was significantly
higher than that of the maximum temperature
(0.245+0.071°C/decade, P<0.01). The minimum
temperature increase significantly increased tree
dark respiration and reduced the net accumulation
of photosynthetic nutrients, restricting the radial
growth of trees and forming narrow tree rings
(Peng et al. 2013; Franceschini et al. 2013; Palo
mbo et al. 2014; Zhang et al. 2015). In addition, the
significant increase in minimum temperature could
have increased soil moisture evaporation and
drought stress, which led to the decline of radial
growth (Peng et al. 2005; Rozas et al. 2008; Wu et
al. 2013; Qi et al. 2015).

3.2 Sensitivity of different age groups of
Schrenk spruce to climate change

The sensitivity difference among the three age
groups after 1989 was more significant than that
before the abrupt transition, showing the
increasing correlation of the month number and
the significant degree between chronology and
climatic factors. Meanwhile, the middle and young
age groups of Schrenk spruce were more sensitive
to climate change than the old age group (Figure 4).
In other studies in the Tianshan mountains, the
middle and old age trees of Schrenk spruce is more
sensitive than young trees to climate, and it might
have something to do with the regional
environmental differences (Jiao et al. 2017). For
example, the correlation coefficients of radial



growth in the middle and young age groups with
temperature (minimum, mean and maximum
temperature) in the growing season were higher
than those in the old age group basically. The
moving correlation analysis of the chronologies
and the minimum temperature also showed that
the middle and young age groups had earlier
divergent responses than the old age group (Figure
6a). Moreover, the decline rate of BAI in the middle
and young age groups was faster than that in the
old age group according to the BAI 10-year moving
averages under climate change (Figure 7). Research
on Picea glauca in Canada, Juniperus thurifera in
north-central Spain, Pinus pinaster on the
northwest coast of Portugal, and Schrenk spruce in
the western and eastern Tianshan Mountains also
provided evidence that older trees were less
sensitive to climate change (Szeicz and MacDonald

1994; Rozas et al. 2009; Vieira et al. 2009; Wu et al.

2013).

The reason for the sensitivity difference among
trees of different ages might relate to differences in
the resource acquisition ability and consumption of
different age groups under the condition of
increased environmental stress. Compared with old
trees, the middle and young trees were less
competitive in obtaining water and nutrient
resources due to imperfect roots and channeling
tissues (Pichler and Oberhuber 2007). In addition,
the middle and young trees had higher nutrient
consumption than old trees because stomatal
conductance showed a downward trend as tree age
increased, and higher stomatal conductance could
increase the transpiration intensity and the
consumption of nutrients. In addition, delayed
cambium cell growth significantly reduced the
sensitivity of the old age group (Rossi et al. 2008;
Bond 2000; Richard et al. 2017). With global
warming, drought stress has become the main
threat limiting forest ecosystems in the inland
mountains of Asia. Our results confirmed this
conclusion, supporting evidence of the enhanced
negative correlation of radial growth with
minimum temperature and the positive correlation
of radial growth with the SPEI (Figure 6b).
Meanwhile, the older trees were more drought-
tolerant than the middle and young groups,

showing less sensitivity to drought stress (Ogle et al.

2000). A number of studies have also found that
older tree groups are more tolerant to drought,
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such as Pinus edulis in the northern United States,
Picea schrenkiana in the eastern Tianshan
Mountains, Pinus cooperi in the Sierra Madre
Occidental and Pinus taiwanensis in Taiwan (Ruiz-
Benito et al. 2015; Pompa and Hadad 2016; Jiao et
al. 2017).

3.3 Influence of age-effect on wunstable
growth-climate relationships

Schrenk spruce in the eastern Tianshan
Mountains  had  unstable  growth-climate
relationships based on a comparison of the
differences in correlation coefficients between
chronology and climate factors before and after
temperature change and the moving correlation
analysis (Figures 4, 5), e.g., the divergence
responses of the three age groups with minimum
temperature in the growing season from May to
August of the previous year and in May, June,
August and September of the current year (Figure
4). The radial growth divergent response to
temperature is mainly caused by the drought stress,
which can accelerate soil water evaporation and
enhanced respiratory consumption (Liang et al.
2006; Oberhuber et al. 2008). The water
restriction was aggravated after 1989 in the study
region, with the temperature increasing
significantly (P<0.01) and the total precipitation
remaining relatively stable (P>0.05) in terms of
interannual variation (Figure 4). In addition, the
sampling site is relatively steep (slope of 27°), with
high solar radiation and soil permeability,
exacerbating the effects of drought stress on trees
(Xu et al. 2014b). We believe that the reason for the
different responses of tree growth to the climate in
Schrenk spruce are enhanced respiratory
consumption and water stress caused by increasing
temperature.

There was no divergent response of radial
growth in the three age groups in some months,
showing a stable significant negative correlation
with the mean minimum temperature in August of
the previous year (P<0.05) and a significant
positive correlation with the SPEI in July of the
previous year (P<0.05). These months without
divergence can be used for historical climate
reconstruction accordingly.

Tree age would have an impact on the different
responses of tree growth to climate (Gai et al. 2017).
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Our results showed that there were differences in
the divergence month and the starting time of
divergence among the three age groups. For
example, the middle trees had divergent responses
to minimum temperature in all months of the
growing season, the young trees had responses
from May to August in the previous growing season
and from May to September in the current growing
season, and old trees had responses from May to
September in the previous growing season and in
May, June, August and September of the current
growing season. In addition, as climate warming
progressed, the divergence between the middle and
young age groups in the temperature of the
growing season began in the 1970s, but the old age
group started relatively late, around the 1980s and
1990s (Figure 6). The difference in tree divergence
response at different ages is related to tree
sensitivity to climate change. The middle and
young age groups were more sensitive to climate
factors than the old age group and were more
prone to create different responses of tree growth
to climate. The old trees had obvious advantages in
obtaining resources, reducing resource
consumption and mitigating drought stress, which
allowed them to maintain stable growth under
climate change (Figure 7). Therefore, it is necessary
to classify trees by age with different physiological
processes to improve the research accuracy of the
growth-climate dynamic relationship with climatic
warming. Meanwhile, the management and
protection of middle and young trees should be
strengthened according to the response discrepancies
of different age groups to climate change.

Trees in arid areas are more vulnerable to
climate change and less resistant to drought
(Schuster and Oberhuber 2013b). The different
responses of the three age groups to climate change
may explain the influence of water restriction on
radial growth caused by climate warming in the
Tianshan Mountains. The trees in the eastern
Tianshan Mountains were more likely to be
affected by drought stress than those in the central
and western Tianshan Mountains, with less
precipitation and higher temperature (Qi et al.
2015). Especially with the abrupt increase in
temperature in 1989, the radial growth of the three
age groups showed a decreasing trend in the
eastern Tianshan Mountains (Figure 7). Climate
warming has caused tree death and forest
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degradation in different arid and semiarid areas of
the globe, such as in the southeastern France
Mediterranean  Mountains, interior Alaska,
northern Canada, and boreal North America
(Lebourgeois et al. 2012; Girardin et al. 2016;
Cahoon et al. 2018; Marchand et al. 2019). Based
on the above results, we speculate that climate
warming will trigger changes in the radial growth
response to climate factors through a threshold
mechanism (Jacoby and D’Arrigo 1995). If
temperature continues to increase, drought stress
may also affect trees growing in relatively wet areas,
such as high altitudes and middle-low latitudes.
Therefore, we need to pay attention to the growth
trends and response change of trees in relatively
humid areas under global climate warming.

4 Conclusion

The age effect is a key factor affecting the
stability of the growth-climate relationship and
radial growth trends under global climate change.
Our results showed that the mean minimum
temperature was the most important growth
limiting factor of Schrenk spruce in the arid eastern
Tianshan Mountains. The divergent responses of
radial growth at different ages for dominant
coniferous species have also been confirmed in the
eastern Tianshan Mountains. However, the middle
and young trees had more months with divergent
responses, earlier times of divergent transitions
and faster declining rates of radial growth than the
old trees due to greater sensitivity to climate
change. To improve the study accuracy on tree
growth trend simulation, historical climate
reconstruction, and ecological adaptation strategies,
it is necessary to evaluate the age effect on the
response stability to radial growth of trees, which
can help improve scientific management of forest
ecosystems, reduce the inhibiting effect of climate
change on tree growth, and maintain the stability
of forest ecosystems.

Acknowledgments

This research was supported by the National
Natural Science Foundation of China (Projects No.
41861006 and 41630750), the Scientific Research
Program of Higher Education Institutions of Gansu



Province (2018C-02) and the Research Ability
Promotion Program for Young Teachers of
Northwest Normal University (NWNU-LKQN2019-4).

References

Biondi F, Waikul K (2004) DENDROCLIM2002: a program for
statistical calibration of climate signals in tree-ring chronologies.
Computers & Geosciences 30: 303-311.
https://doi.org/10.1016/j.cageo.2003.11.004

Bond BJ (2000) Age-related changes in photosynthesis of woody
plants. Trends in Plant Science 5: 349-353.
https://doi.org/10.1016/S1360-1385 (00)01691-5

Cahoon SMP, Sullivan PF, Brownlee AH, et al. (2018) Contrasting
drivers and trends of coniferous and deciduous tree growth in
interior Alaska. Ecology 99(6): 1284-1295.
https://doi.org/10.1002/ecy.2223

Carrer M, Urbinati C (2004) Age-dependent tree-ring growth
responses to climate in Larix decidua and Pinus cembra. Ecology
85: 730-740. https://doi.org/10.2307/3450399

Chen F, Yuan YJ, Wei WS, et al. (2014) Tree-ring recorded
hydroclimatic change in Tienshan mountains during the past 500
years. Quaternary International, 358: 35-41.
https://doi.org/10.1016 /j.quaint.2014.09.057

Chen F, Shang HM, Yuan YJ, et al. (2016) Dry/wet variations in the
eastern Tien Shan (China) since AD 1725 based on Schrenk
spruce (Picea schrenkiana Fisch. et Mey) tree rings.
Dendrochronologia 40: 110-116.
https://doi.org/ 10.1016 /j.dendro.2016.07.003

Cook ER, Peters K (1997) Calculating unbiased tree-ring indices for
the study of climatic and environmental change. Holocene 7(3):
361-370. https://doi.org/10.1177/095968369700700314

Cox PM, Pearson D, Booth BB, et al. (2013) Sensitivity of tropical
carbon to climate change constrained by carbon dioxide
variability. Nature 494: 341-345.
https://doi.org/10.1038 /nature11882

D’Arrigo R, Jacoby G, Buckley B, et al. (2009) Tree growth and
inferred temperature variability at the North American Arctic
treeline. Global Planet Change 65: 71-82.
https://doi.org/10.1016 /j.gloplacha.2008.10.011

D’Arrigo R, Wilson R, Liepert B, et al. (2008) On the “Divergence
Problem” in Northern Forests: A review of the tree-ring evidence
and possible causes. Global and Planetary Change 60: 289-305.
https://doi.org/10.1016 /j.gloplacha.2007.03.004

D’Arrigo R, Kaufman RK, Davi N, et al. (2004) Thresholds for
warming-induced growth decline at elevational tree line in the
Yukon Territory, Canda. Global Biogeochemical Cycles 18(3):
GB3021. https://doi.org/10.1029/2004gb002249

Ewane BE, Lee HH (2017) Tree-ring reconstruction of streamflow
for Palgong Mountain forested watershed in outheastern South
Korea. Journal of Mountain Science 14(1): 60-76.
https://doi.org/10.1007/s11629-016-3860-3

Franceschini T, Bontemps JD, Perez V, et al. (2013) Divergence in
latewood density response of Norway spruce to temperature is
not resolved by enlarged sets of climatic predictors and their non-
linearities. Agricultural and Forest Entomology 180: 132-141.
https://doi.org/10.1016 /j.agrformet.2013.05.011

Fritts HC (1976) Tree Rings and Climate. London: Academic Press,
1976: 11-14. https://doi.org/10.1038 /scientificamerican0572-92

Gai XR, Yu DP, Wang SL, et al. (2017) Research progress on the
formation mechanism of climate "divergence problem". Chinese
Journal of Ecology 36 (11): 3273-3280. (In Chinese)
https://doi.org/10.13292/j.1000-4890.201711.005

Gao LL, Gou XH, Deng Y, et al. (2013) Climate—growth analysis of
Qilian juniper across an altitudinal gradient in the central Qilian
Mountains, northwest China. Trees 27: 379-388.
https://doi.org/10.1007/s00468-012-0776-6

Girardin MP, Bouriaud O, Hogg EH, et al. (2016) No growth
stimulation of Canada’s boreal forest under half-century of
combined warming and CO. fertilization. Proceedings of the
National Academy of Sciences USA 113(52): E8406-E8414.
https://doi.org/10.1073/pnas.1610156113

Go’mez-Guerrero A, Silva LCR, Barrera-Reyes M, et al. (2013)
Growth decline and divergent tree ring isotopic composition (§:3C
and §180) contradict predictions of CO. stimulation in high
altitudinal forests. Global Change Biology 19: 1748-1758.

J. Mt. Sci. (2020) 17(7): 1735-1748

We also thank the anonymous referees for helpful
comments on the manuscript.

https://doi.org/10.1111/gcb.12170

Goossens C, Berger A (1987) How to Recognize an Abrupt Climatic
Change? Abrupt Climatic Change 31—45.
https:// doi.org/10.1007/978-94-009-3993-6_3

Hadad MA, Jufient FAR, Boninsegna JA, et al. (2015) Age effects on
the climatic signal in Araucaria araucana from xeric sites in
Patagonia, Argentina. Plant Ecology & Diversity 8: 343-351.
https://doi.org/10.1080/17550874.2014.980350

Holmes RL (1983) Computer-assisted quality control in Tree-ring
dating and measurement. Tree-Ring Bulletin.
https://doi.org/51-67. 10.1006/biol.1999.0214

Huo YX, Gou XH, Liu WH, et al. (2017) Climate—growth
relationships of Schrenk spruce (Picea schrenkiana) along an
altitudinal gradient in the western Tianshan mountains,
northwest China. Trees, 31: 429-439.
https://doi.org/ 10.1007/s00468-017-1524-8

Jacoby GC, Darrigo RD (1995) Tree-ring width and density evidence
of climatic and potential forest change in Alaska. Global
Biogeochemical Cycles 9: 227-234.
https://doi.org/10.1029/95GB00321

Jiang P, Liu HY, Wu XC, et al. (2016) Tree-ring-based SPEI
reconstruction in central Tianshan Mountains of China since A.D.
1820 and links to westerly circulation. International Journal of
Climatology 37: 2863-2872. https:// doi.org/10.1002/joc.4884

Jiang Y, Zhang WT, Wang MC, et al. (2014) Radial growth of two
dominant montane conifer tree species in response to climate
change in north-central China. Plos One 9: e112537.
https://doi.org/ 10.1371/journal.pone.0112537

Jiao L, Jiang Y, Wang M, et al. (2015) Divergent responses to
climate factors in the radial growth of Larix sibirica in the eastern
Tianshan Mountains, northwest China. Trees 29: 1673-1686.
https://doi.org/10.1007/s00468-015-1248-6

Jiao L, Jiang Y, Wang MC, et al. (2016) Responses to climate change
in radial growth of Picea schrenkiana along elevations of the
eastern Tianshan Mountains, northwest China.
Dendrochronologia 40: 117-127.
https:// doi.org/10.1016 /j.dendro.2016.09.002

Jiao L, Jiang Y, Wang M, et al. (2017) Age-Effect Radial Growth
Responses of Picea schrenkiana to Climate Change in the eastern
Tianshan Mountains, Northwest China. Forests 8: 204.
https://doi.org/10.3390/f8090294

Jiao L, Jiang Y, Zhang WT, et al. (2019) Assessing the stability of
radial growth responses to climate change by two dominant
conifer trees species in the Tianshan Mountains, northwest China.
Forest Ecology and Management 433: 667- 677.
https://doi.org/10.1016 /j.foreco.2018.11.04

Joana V, Filipe C, Cristina N (2009) Age-dependent responses of
tree-ring growth and intra-annual density fluctuations of Pinus
pinaster to Mediterranean climate. Trees 23(2): 257-265.
https://doi.org/10.1007/s00468-008-0273-0

Lebourgeois F, Me rian P, Courdier F, et al. (2012) Instability of
climate signal in tree-ring width in Mediterranean mountains: a
multi-species analysis. Trees 26: 715-729.
https://doi.org/10.1007/s00468-011-0638-7

Li JF (1991) Climate of Xinjiang. China Meteorological Press Pg7-
104. (In Chinese)

Li ZS, Liu GH, Fu BJ, et al. (2012) Anomalous temperature-growth
response of Abies faxoniana to sustained freezing stress along
elevational gradients in China’s Western Si-Chuan Province.
Trees 26: 1373-1388. https://doi.org/10.1007/s00468-012-0712-9

Liang EY, Shao XM, Eckstein D, et al. (2006) Topography-and
species-dependent growth responses of Sabina przewalskii and
Picea crassifolia to climate on the northeast. Forest Ecology and
Management 236(2-3): 268-277.
https://doi.org/10.1016 /j.foreco.2006.09.016

Malanson GP (2017) Mixed signals in trends of variance in high-
elevation tree ring chronologies. Journal of Mountain Science
14(10): 62-69. https://doi.org/10.1007/s11629-017-4425-9

Oberhuber W, Kofler W, Pfeifer K, et al. (2008) Long-term changes
in tree-ring—climate relationships at Mt. Patscherkofel (Tyrol,
Austria) since the mid-1980s. Trees 22: 31-40.

1747



J. Mt. Sci. (2020) 17(7): 1735-1748

https://doi.org/10.1007/s00468-007-0166-7

Ogle K, Whitham TG, Cobb NS (2000) Tree-ring variation in
pinyon predicts likelihood of death following severe drought.
Ecology  81(11):3237-3243.  https://doi.org/10.1890/0012-
9658(2000)081[3237: TRVIPP]2.0.CO;2

Palombo C, Battipaglia G, Cherubini P, et al. (2014) Warming-
related growth responses at the southern limit distribution of
mountain pine (Pinus mugo Turra subsp. mugo). Journal of
Vegetation Science 25: 571-583.
https://doi.org/10.1111/jvs.12101

Peng JF, Gou XH, Chen FH, et al. (2005) Tree ring climate records
of spruce and Siberian larch. Ecology and Environment 14(4):
460-465. (In Chinese)

Peng SS, Piao SL, Ciais P, et al. (2013) Asymmetric effects of daytime
and night-time warming on Northern Hemisphere vegetation. Nature
501: 88-92. https://doi.org/10.1038 /nature12434

Pichler P, Oberhuber W (2007) Radial growth response of
coniferous forest trees in an inner Alpine environment to heat-
wave in 2003. Forest Ecology and Management 242: 688-699.
https://doi.org/10.1016 /j.foreco.2007.02.007

Pompa-Garcia M, Hadad MA (2016) Sensitivity of pines in Mexico
to temperature varies with age. Atmdsfera 29: 209-219.
https://doi.org/10.20937/ATM.2016.29.03.03

Qi ZH, Liu HY, Wu XC, et al. (2015) Climate-driven speedup of
alpine treeline forest growth in the Tianshan Mountains,
Northwestern China. Global Change Biology 21: 816-826.
https://doi.org/10.1111/gcb.12703

Richard W, Réisin CJ, William M, et al. (2017) Dynamics of canopy
stomatal conductance, transpiration, and evaporation in a
temperate deciduous forest, validated by carbonyl sulfide uptake.
Biogeosciences 14: 389-401. https://doi.org/10.5194/bg-14-389-2017

Rossi S, Deslauriers A, Anfodillo T, et al. (2008) Age-dependent
xylogenesis in timberline conifers. New Phytologist 177(1): 199-
208. https://doi.org/10.1111/j.1469-8137.2007.02235.X

Rozas V, DeSoto L, Olano JM (2009) Sex-specific, age-dependent
sensitivity of tree-ring growth to climate in the dioecious tree
Juniperus thurifera. New Phytologist 182(3): 687-697.

Rozas V, Olano JM, DeSoto L, et al. (2008) Large-scale structural
variation and long-term growth dynamics of Juniperus thurifera
trees in a managed woodland in Soria, central Spain. Annals of
Forest Science 65: 809. https://doi.org/10.1051/forest:2008066

Rubino DL, McCarthy BC (2000) Dendroclimatological analysis of
white oak (Quercus alba L., Fagaceae) from an old-growth forest
of southeastern Ohio, USA. Journal of the Torrey Botanical
Society 127: 240-250. https://doi.org/10.2307/3088761

Ruiz-Benito P, Madrigal-Gonzélez J, Young S, et al. (2015) Climatic
stress during stand development alters the sign and magnitude of
age-related growth responses in a subtropical mountain pine. Plos
One 10: e0126581. https://doi.org/10.1371/journal.pone.0126581

Schuster R, Oberhuber W (2013a) Age-dependent climate-growth
relationships and regeneration of Picea abies in a drought-prone
mixed-coniferous forest in the Alps. Canadian Journal of Forest
Research 43: 609-618. https://doi.org/10.1139/cjfr-2012-0426

Schuster R, Oberhuber W (2013b) Drought sensitivity of three co-
occurring conifers within a dry inner Alpine environment. Trees
27: 61-69. https://doi.org/10.1007/s00468-012-0768-6

Shao XM (1997) Advancements in dendrochronology. Quaternary
Sciences 17(3): 265-271.

Sun J, Liu Y (2015) Age-independent climate-growth response of
Chinese pine (Pinus tabulaeformis Carriere) in North China.
Trees 29: 397-406. https://doi.org/10.1007/s00468-014-1119-6

Szeicz JM, MacDonald GM (1994) Age-dependent tree-ring growth
responses of subarctic white spruce to climate. Canadian Journal
of Forest Research 24(1): 120-132. https://doi.org/10.1139/x94-017

Vicente-Serrano SM, Begueria S, Lopez-Moreno JI (2010) A
multiscalar drought index sensitive to global warming: The
Standardized Precipitation Evapotranspiration Index. Journal of
Climate 23: 1696-1718. https://doi.org/10.1175/2009JCLI2909.1

Vieira J, Campelo F, Nabais C (2009) Age-dependent responses of
tree-ring growth and intra-annual density fluctuations of Pinus
pinaster to Mediterranean climate. Trees 23: 257-265.
https://doi.org/10.1007/s00468-008-0273-0

Wang XC, Zhang YD. McRae DJ (2009) Spatial and age-dependent
tree-ring growth responses of Larix gmelinii to climate in

1748

northeastern China. Trees 23: 875-885.
https://doi.org/10.1007/s00468-009-0329-9

White PB, Soulé P, Gevel S (2014) Impacts of human disturbance
on the temporal stability of climate—growth relationships in a red
spruce forest, southern Appalachian Mountains, USA.
Dendrochronologia 32: 71-77.
https://doi.org/10.1016 /j.dendro.2013.10.001

Marchand W, Girardin MP, Hartmann H, et al. (2019) Taxonomy,
together with ontogeny and growing conditions, drives needleleaf
species' sensitivity to climate in boreal North. Global Change
Biology. https://doi.org/10.1111/gcb.14665

Wu GJ, Liu XH, Chen T, et al. (2015) Long-term variation of tree
growth and intrinsic water-use efficiency in Schrenk spruce with
increasing CO2 concentration and climate warming in the
western Tianshan Mountains, China. Acta Physiologiae
Plantarum 37: 150. https://doi.org/10.1007/s11738-015-1903-y

Wu GJ, Xu GB, Chen T, et al. (2013) Age-dependent tree-ring
growth responses of Schrenk spruce (Picea schrenkiana) to
climate-A case study in the Tianshan Mountain, China.
Dendrochronologia 31(4): 318-326.
https://doi.org/10.1016 /j.dendro.2013.01.001

Xu GB, Liu XH, Qin DH, et al. (2014a) Tree-ring 610 evidence for
the drought history of eastern Tianshan Mountains, northwest
China since 1700 AD. International Journal of Climatology 34:
3336-3347. https://doi.org/10.1002/joc.3911

Xu GB, Liu XH, Kang SC, et al. (2018) Age-dependent impacts of
climate change and intrinsic water-use efficiency on the growth of
Schrenk spruce (Picea schrenkiana) in the western Tianshan
Mountains, China. Forest Ecology and Management 414: 1-14.
https://doi.org/10.1016 /j.foreco.2018.02.008

Xu Y, Li WJ, Shao XM, Xu ZH, et al. (2014b) Long-term trends in
intrinsic water-use efficiency and growth of subtropical Pinus
tabulaeformis Carr. and Pinus taiwanensis Hayata in central
China. Journal of Soils and Sediments 14: 917-927.
https://doi.org/10.1007/s11368-014-0878-4

Yao J, Chen 'Y, Zhao 'Y, et al. (2018) Response of vegetation NDVI to
climatic extremes in the arid region of Central Asia: A case study
in Xinjiang, China. Theoretical and Applied Climatology 131:
1503-1515. https://doi.org/10.1007/s00704-017-2058-0

Yu D, Liu J, Zhou L, et al. (2013) Spatial variation and temporal
instability in the climate-growth relationship of Korean pine in
the Changbai Mountain region of Northeast China. Forest
Ecology and Management 300: 96-105.
https://doi.org/10.1016 /j.foreco.2012.06.032

Zhang QB, Cheng GD, Yao TD, et al. (2003) 2326-year tree-ring
record of climate variability on the northeastern Qinghai-Tibetan
Plateau. Geophysical Research Letters 30(14): 1739.
https://doi.org/10.1029/2003GL017425.

Zhang RB, Yuan YJ, Gou XH, et al. (2016) Intra-annual radial
growth of Schrenk spruce (Picea schrenkiana Fisch. et Mey) and
its response to climate on the northern slopes of the Tianshan
Mountains. Dendrochronologia 40: 36-42.
https://doi.org/10.1016 /j.dendro.2016.06.002

Zhang RB, Yuan YJ, Yu SL, et al. (2017) Past changes of spring
drought in the inner Tianshan Mountains, China, as recorded by
tree rings. Boreas 46: 688-696. https://doi.org/ 10.1111/bor.12238

Zhang RB, Qin L, Shang HM, et al. (2020) "Climatic change in
southern Kazakhstan since 1850 C.E. inferred from tree rings".
International Journal of Biometeorology.
https://doi.org/10.1007/s00484-020-01873-5

Zhang TW, Zhang RB, Yuan YJ, et al. (2015) Reconstructed
precipitation on a centennial timescale from tree rings in the
western Tien Shan Mountains, Central Asia. Quaternary International
358: 58-67. https://doi.org/10.1016/j.quaint.2014.10.054

Zhang TW, Lu B, Zhang RB, et al. (2019a) A 256-year-long
precipitation reconstruction for northern Kyrgyzstan based on
tree-ring width. International Journal of Climatology 40: 1477-
1491. https://doi.org/10.1002/joc.6280

Zhang TW, Zhang RB, Jiang SX, et al. (2019b) On the ‘Divergence
Problem’ in the Alatau Mountains, Central Asia: A Study of the
Responses of Schrenk Spruce Tree-Ring Width to Climate under
the Recent Warming and Wetting Trend. Atmosphere 2019, 10:
473. https://doi.org/10.3390/atmos10080473




<<
  /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 false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /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 /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /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 (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /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 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


