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Abstract

Key message The radial growth of Larix sibirica has
exhibited divergent responses to temperatures in the
growing season due to the temperature-driven drought
stress in the eastern Tianshan Mountains of Northwest
China.

Abstract The warming of the continental interior of the
Northern Hemisphere in the latter half of the twentieth
century has led to divergent responses between trees
growth and climate factors at high latitudes. This study
explored the variability in the responses of radial growth to
climate factors and the temporal stability of growth—cli-
mate relationships under climate change for Siberia larch
(Larix sibirica Ledeb.) in the mid-latitude area of the
eastern Tianshan Mountains. The results indicated as fol-
lows: (1) Analysis of the relationships between tree-ring
width chronology and climate factors before and after the
abrupt increases in temperature demonstrated that diver-
gent responses of radial growth occurred in the eastern
Tianshan Mountains, suggesting that correlation coeffi-
cients with temperature varied significantly in the growing
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season. (2) Examination of variations in the climate factors
limiting radial growth in the two time periods demonstrated
that the minimum temperature played a key role from 1989
to 2012. (3) Assessment of the temporal stability of
growth—climate relationships by a moving correlation
function demonstrated that the positive sensitivity of
Siberia larch to temperature during the growing season
decreased. The reasons for this ‘divergence problem’ were
the increased drought stress and changes in the physio-
logical responses of trees. (4) Simulation of the trend of
basal area increment by linear regression showed that the
growth rate of Siberia larch first increased and then
decreased. The future effects of increasing temperature
may cause significant alterations in forest ecosystems, with
greater effects on forests in arid and semi-arid areas.

Keywords Divergent response - Climate change -
Dendroclimatology - Drought stress - Tianshan Mountains

Introduction

Global climate change is an undeniable fact (IPCC 2013).
For average annual Northern Hemisphere temperatures, the
period from 1983 to 2012 was likely the warmest 30-year
period of the last 800 to 1400 years (IPCC 2013). The
forest ecosystem is the most important terrestrial ecosys-
tem for humans, and it is deeply affected by global climate
change, with effects on species distribution, forest pro-
ductivity, biodiversity, plant biotemperature, the global
carbon cycle and more (Bonan 2008; Cox et al. 2013).
Therefore, it is critical to understand the variations in the
global climate and the regularity of the trees’ responses to
those variations. This information is likely to provide some
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theoretical basis for the sustenance, monitoring and
assessment of the forest ecosystems.

As natural archives, tree-ring is a critical tool providing
high-resolution data on climate change. These data
describe the ongoing processes of tree growth and feature
benefits including exact dating, high continuity, high sen-
sitivity, long temporal span and easily obtained duplicates
(Stoffel and Corona 2014). Meanwhile, dendroclimatology
has been used to evaluate tree growth—climate relation-
ships, providing baseline knowledge for climate change
researches (Beniston 2002; Zhang et al. 2012). The ‘uni-
formitarian principle’ generally assumes that the relation-
ship between tree growth and limiting climate factors is
stable over time (Fritts 1976). However, as global warming
has intensified in the second part of the twentieth century,
many recent studies have found evidences violating this
principle. Some studies have reported that the relationship
between tree growth and temperature weakens as temper-
ature increases, especially at the higher latitudes of the
Northern Hemisphere (Briffa et al. 1998; Franceschini
et al. 2012). This tendency towards changes in the strength
of the responses of tree growth to climate factors has been
termed the ‘divergence problem’ (D’Arrigo et al. 2008).

Studies of the ‘divergence problem’ have produced a
complex set of results regarding the responses of growth to
climate change, with different responses observed for dif-
ferent trees, regions and climate factors (Trindade et al.
2010; Wang et al. 2013). For example, a long-term change
was observed in the sensitivity of the tree-ring growth of
Larix decidua and Larix sibirica to climate forcing in
eastern Italy and north-central Mongolia (De Grandpre
et al. 2011). However, no divergence phenomenon was
observed for Larix decidua in the European Alps (Biintgen
et al. 2008). Diverging growth trends were observed for
Pinus tabulaeformis and Sabina przewalskii but not for
Picea crassifolia in northwest China (Zhang et al. 2009).
While the ‘divergence problem’ has received greater
attention and recognition in recent years, the explanation of
the ‘divergence problem’ remains a topic of debate,
focusing on the response threshold effect of climate change
and environmental pollution (Barber et al. 2000; Wilson
and Elling 2004), the age effect of biological species
heterogeneity (Wu et al. 2013a), the end effect of inap-
propriate detrending method (Briffa and Melvin 2011) and
other concepts. Therefore, it is critical to detect the
divergent responses of tree growth to climate change and
analyze the potential causes of the ‘divergence problem’.

The forest ecosystems of arid and semi-arid areas are
predicted to experience the most severe effects of global
climate change (Ma et al. 2013). Evaluating trees’
responses to climate change under arid environments
requires further data analysis at various locations
(Lioubimtseva 2004). The Tianshan Mountains of Central
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Asia are considered to be a sensitive indicator due to their
unique natural conditions (Wu et al. 2013b). Studies of
tree-ring-based climate reconstructions and climate—growth
relationships concentrated on the Tianshan Mountains
(Yuan et al. 2003; Wang et al. 2005). However, the
divergent responses of radial growth to climate change
have not yet been studied in the Tianshan Mountains, and it
remains unclear whether the ‘divergence problem’ of
Siberia larch occurs in this study region.

Given the background of global climate change, it is
essential to investigate the chronological characteristics,
the relationships between radial growth and climate factors,
and the stability and variance of climate factors limiting
radial growth. These studies are able to accurately assess
climate change, understand the dynamic responses of tree
growth and fill in gaps in our understanding of the ‘di-
vergence problem’ of growth—climate relationships in the
mid-latitude region of the Tianshan Mountains. The main
aims of this study are (1) to detect whether significant
changes have occurred in the growth—climate relationships
over time and (2) to analyze the effects of climate change
on the tree growth of Siberia larch in this region.

Materials and methods
Study area

The study area is located on the north side of the eastern
Tianshan Mountains, northwest China (Fig. 1), which is
dominated by the cold and drought of the temperate
semiarid continental climate. From 1957 to 2012, the mean
annual temperature was 2.0°, the hottest mean month
temperature (July) was 18.1°, the coldest mean month
temperature (January) was —17.8°. The total annual pre-
cipitation was 219.3 mm, with 73.5 % falling in the spring
and summer (Fig. 2).

In this study, we collected samples from the northern
slope of the Heixi valley in the Barkol Kazakh Autono-
mous County. The forested area is distributed on the shady
slopes at altitudes of 2100-2700 m, and Siberia larch and
Schrenk spruce (Picea schrenkiana Fisch. et Mey.) are the
dominant species (Wang et al. 2004). The Siberia larch, a
deciduous and cold—drought-resistant tree, is a superior tree
species at high elevations from 2300 to 2700 m (Peng et al.
2005).

Meteorological data

Meteorological data of the annual and monthly total
precipitation and mean, minimum and maximum tem-
peratures were obtained from the nearest Barkol
meteorological station (approximately 12 km from the
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Fig. 1 Locations of the sampling site and the nearest meteorological station (Tianshan)
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Fig. 2 Monthly total precipitation and mean, minimum and maxi-
mum temperatures averaged for the time period from 1957 to 2012
using the records from the Barkol meteorological station

study site) (Fig. 1). The Mann—Kendall test was applied to
detect the abrupt turning point of trends in annual tem-
perature and precipitation (Goossens and Berger 1987).
Because radial growth is affected not only by the climatic
conditions of the current year but also by those of the
previous year (Dang et al. 2013), the correlation analysis
between radial growth and the annual climate data (the
previous and current year) and the monthly climate data
(from June of the previous year to September of the current
year) were performed from 1958 to 2012.

Tree-ring materials and statistical analyses

Tree-ring samples may be affected by differences in habitat
conditions. To avoid interference from these factors, the
tree-ring samples were collected from a consistent north-
facing slope with a gradient of 33° in this study region. The
elevations ranged from 2590 to 2645 m above sea level and

the canopy coverage is approximately 20 % (Table 1).
Older trees growing in relatively sparse or isolated condi-
tions without obvious physical damage from fire, disease
and insect infestation were selected as samples. Two cores
were collected from each tree with a 5.15-mm-diameter
increment borer. One core was bored parallel to the contour
line and the other core was bored orthogonally to the first at
breast height (1.3 m above the ground). In total, 50 cores
were extracted from 25 living trees in August 2013.

In the laboratory, the tree cores were mounted on woody
supports, air dried and sanded to produce clearly visible
boundaries for identification (Stokes and Smiley 1968).
Ring widths were measured with 0.001 mm resolution
using the LINTAB measurement system (TMS5, Rinntech,
Heidelberg, Germany). The cross-dating results of the
measured tree-ring series were verified using the COFE-
CHA program (Grissino-Mayer 2001). Two series with
significant deviations were excluded from the master
chronology. The age-related trend in growth from raw
series was removed by the negative exponential curve or
linear regression method using the ARSTAN program
(Cook 1985). The standard chronology (STD) and residual
chronology (RES, Fig. 3) were developed. The standard
chronology is more suited for the long-term trend analysis,
which retains more low-frequency (mainly decade or more)
growth variability (Dang et al. 2013). By contrast, the
residual chronology by removing the problem of biological
persistence in the resulting series using autoregressive
modeling, contains more high-frequency signals (mainly
annual), which is better in assessing climate-growth rela-
tionships (Sanchez-Salguero et al. 2010; Jiang et al. 2014;
Gazol et al. 2015). In addition, the residual chronology
avoids possible ‘end-effect’ bias due to index inflation
after calculating ratios and dose not offset the formerly
temperature sensitive with less low-frequency trend, which
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Table 1 Information about the sampling site and the meteorological station

Site Elevation Latitude Slope Exposure Canopy coverage Tree distance = DBH Tree height ~ Crown width
(m) N) (%) (m) (cm) (m) (m)
Longitude
(E)
blk (L) 2590-2645 N 43°32/ 33° North 20 4.5 33.8 9.7 3.7
E 92°56¢'

Barkol 1677 m N 43°36'

station E 93°03’
DBH diameter at breast height
Fig. 3 The residual tree-ring x 2.5 1 SSS> 0.85 r

. [5) : - 50
width chronology and sample © 20 ! 3 -]
depth. The dotted line £ ' C 40 %
represents the chronology, the g 1.5 § 30 ©
thin straight line represents the 'z 10 [ 20 %
5-year moving average, and the 2 05 10 g

. . . (=14 B 5]
thick straight line represents R : L 175}
sample depth 0.0 == T T T T T T T 0

1770 1800 1830 1860 1890 1920 1950 1980 2010
Year

is suitable for analyzing ‘divergence problem’ (He et al.
2014; Schneider et al. 2014). Given the above, we selected
the residual chronology for the analysis.

To assess the reliability of the chronology and compare
key properties, several dendrochronological parameters
were computed from 1949 to 2012 (common period). The
mean sensitivity (MS) indicating the variability of ring
width between consecutive years and the standard devia-
tion (SD) estimating the variability of each series can
assess the response to considerable high-frequency varia-
tion (Fritts 1991). The mean correlation (R) representing
the strength of the correlation among all series can express
the degree of common signal (Fritts and Shatz 1975). The
expressed population signal (EPS) defining the reliable part
of the chronology with a threshold of 0.85 is usually
accepted as sufficient, and the signal to noise ratio (SNR)
reflecting the signal strength of each chronology can
quantify the degree of chronological quality (Wigley et al.
1984). The high values of SNR (23.70) and EPS (0.960) for
this dataset indicate that the chronology is of high quality
and reliable. Meanwhile, we found that the MS (0.254), SD
(0.219) and R (0.411) were high, demonstrating that the
Siberia larch contain climatic information and are sensitive
to climate change.

Analysis of the growth—climate relationship
Growth—climate relationships were investigated by calcu-
lating the Pearson correlation coefficients between tree-

ring width chronology and climate factors (Fritts 1976).
Moreover, to examine the variations in growth—climate

@ Springer

relationships over different periods, the value of u was
calculated (Lindeman et al. 1980). The value of u is the
quantile of a standard normal distribution that shows the
correlation discrepancy

In(2) —n(E2)

2 % l_|_1

n1—3 112—3

u =

: (1)

where r; and r, represent the correlation coefficients
between tree-ring width chronology and climate factors,
and n; and n, represent the numbers of samples in the two
periods. If lul > 1.96, the correlation coefficients exhibit
significant changes at the 0.05 level.

The variations of radial growth over time in response to
climate factors were calculated by a moving correlation
function with a 30-year time window using the Dendro-
clim2002 program (Biondi and Waikul 2004). The results
of the moving correlation function not only accurately
depicted the dynamic growth—climate relationship but also
indicated the variation of the physiological responses with
mainly climate factors limiting radial growth.

Analysis of the tree radial growth pattern

We calculated the basal area increment (BAI, cm” year_l)
using the non-standardized raw measurement ring width
data. Compared with ring-width series, the BAI is a more
biologically meaningful variable to quantify the speed and
trend of tree growth. This is because the BAI is a highly
conservative approach that retains the original data and
eliminates any data-transformation biases (Rubino and
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McCarthy 2000). Meanwhile, the conversion of ring width
to BAI overcomes the problem of ring width decline with
age (Gomez-Guerrero et al. 2013). Unlike the tree-ring
width, age-related trend in unstandardized BAI is generally
positive and maintains culminating in a linear level for
many decades after trees reach maturity, until senescence is
reached or environmental stress is applied (Phipps and
Whiton 1988; Schuster and Oberhuber 2013). Therefore,
BAI has been considered to be a better tool for assessing
tree growth pattern. And the negative trend in BAI is a
strong indication of a real decline in tree growth under
environmental stress (Xu et al. 2014b). In order to avoid
age influence on the growth trend, the mean BAI was
calculated using all sampled trees older than 50 years. The
BAI is calculated as:

BAI = BA, — BA,_; = n((R,_; + TRW,)* — (R_1)?),
(2)

where the BA variable represents consecutive cross-sec-
tional basal areas, R is the core length measured for dated
tree-rings formed in years ¢t — 1, and TRW is the measured
raw width of the tree-ring in year ¢.

Results
Climate change characteristics

The results of Mann—Kendall test showed that the year of
1989 was an abrupt transition point in mean annual tem-
perature and that there was no abrupt transition point in
total annual precipitation (Fig. 4a, b). The instrumental
records exhibit increasing trends in temperature and pre-
cipitation from 1957 to 2012 (Fig. 4a, b). The total annual
precipitation from 1989 to 2012 increased by 24.4 mm
compared with 1957-1988, while the mean annual tem-
perature increased by 2.1°. The rate of rise in mean annual
temperature was greater than the rate of rise in total annual
precipitation, with temperature increasing by 181.4 % and
precipitation increasing by 11.7 %. In addition, the rate of
rise in the minimum temperature was greater than those of
the mean temperature and maximum temperature. The
minimum temperature from 1989 to 2012 was 3.0° higher
than in the previous period, whereas the maximum tem-
perature was only 0.9° higher.

Relationships between tree-ring width chronology
and climate factors

The growth—climate relationships were analyzed by Pear-
son correlations in the two time periods before and after the

abrupt increase in temperature (Fig. 5). Overall, the radial
growth appeared to have no significant response to pre-
cipitation, whereas significant responses to temperature
were observed. This finding indicates that temperature
exerts the greatest control on the radial growth of Siberia
larch in this study region.

The comparison between the growth—temperature rela-
tionships in the two time periods was complex. The tree-ring
width indices significantly positively correlated with the
mean temperature in June of the previous year (r = 0.358,
p < 0.05) and significantly negatively correlated with the
mean temperature in November of the previous year
(r = —0.355, p < 0.05) during the period from 1958 to
1988. For the period from 1989 to 2012, significant negative
correlations were observed between the tree-ring width
indices and the mean annual temperature of the previous
year (r = —0.541, p < 0.01) and the mean temperatures in
June of the previous year (r = —0.407, p < 0.05), July of the
previous year (r = —0.410, p < 0.05), and August of the
current year (r = —0.393, p < 0.05).

The tree-ring width indices were only significantly
negatively correlated with the minimum temperature in
November of the previous year (r = —0.357, p < 0.05)
during the period from 1958 to 1988. However, for the
period from 1989 to 2012, significant negative correlations
were found between the tree-ring width indices and the
minimum annual temperature of the previous year
(r = —0.502, p < 0.01) and the minimum temperatures in
June of the previous year (r = —0.484, p < 0.05), July of
the previous year (r = —0.419, p < 0.05), and August of
the current year (r = —0.565, p < 0.01).

A significant positive correlation was observed between
tree-ring width indices and the maximum annual temper-
ature of the current year (r = 0.428, p < 0.05) during the
period from 1958 to 1988, with significant negative cor-
relations observed for the period from 1989 to 2012
between tree-ring width indices and the maximum annual
temperature of the previous year (r = —0.567, p < 0.01)
and the maximum temperature in July of the previous year
(r=-0417, p < 0.05).

A moving correlation investigating the dynamic varia-
tion of growth—climate relationships confirmed the previ-
ous results (Fig. 6). The negative correlation between tree-
ring width indices and total precipitation in the current May
exhibited a weakening trend over time (y = 0.003x —
0.341, R* = 0.216, p = 0.02). The positive correlations
have clearly weakened between tree-ring width indices and
the mean annual temperature of the current year
(y = —0.010x + 0.489, R* =0.525, p <0.01), mean
monthly temperatures in the growing season, such as the
previous June (y = —0.017x 4+ 0.583, R*> = 0.624,
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Fig. 4 Variation of annual total precipitation (A), maximum temper-
ature (B;), mean temperature (B,) and minimum temperature (B3)
from 1957 to 2012. The abrupt change was detected by the Mann—
Kendall test of annual total precipitation (a) and mean temperature

p <0.01), current May (y = —0.005x + 0.293, R? =
0.386, p < 0.01) and current June (y = —0.009x + 0.310,
R = 0.245, p = 0.01). The same results were observed for
the minimum and maximum temperatures.

Temporal variation of radial growth

The inter-annual variation of radial growth was evaluated
by the basal area increment (BAI). Overall, the BAI curve
increased (R* = 0.643, p <0.01) from 1958 to 2012.
However, the BAI was different before and after the abrupt
increase in temperature (Fig. 7a). The mean BAI from
1989 to 2012 was about two times (increased by
6.246 cm® year™') that from 1958 to 1988 (Fig. 7b).
Meanwhile, while the radial growth exhibited a general
upward trend (R* = 0.317, p < 0.01) in mean BAI from
1958 to 1988, the mean BAI remained quite constant
(R* = 0.007, p = 0.699) from 1989 to 2012. These results
demonstrate that in recent decades, the radial growth has
been characterized by a greater BAI and slower trend in
growth speed.
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(b). C, represents the U values for the normal time series, C,
represents the U values for the retrograde time series. The dotted lines
indicate the value of significance at the 0.01 level. The dotted lines
with arrows represent the trends simulated by linear regression

Discussion

The divergence response of temperature-dependent
radial growth to climate change

This study demonstrated that temperature had a greater
impact on the radial growth of Siberia larch than precipi-
tation, with the current and previous growing season tem-
peratures found to be particularly important to control
radial growth in the eastern Tianshan Mountains. As the
Siberia larch lives at high elevation, where the relatively
great amount of precipitation ensures the availability of
moisture, the finding that radial growth is limited by tem-
perature is logical (White et al. 2014). Before 1989, the
radial growth exhibited an upward trend, with increasing
temperature suggested to be the primary driver of growth
(Fig. 7). The energy and material required for tree growth
may be mainly derived from accumulated carbohydrates.
High temperature could increase photosynthesis, and the
lengthening growing season due to the warmer climate
would delay the cessation of cell differentiation at the
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Fig. 5 Correlations between tree-ring width chronology and annual and monthly climate factors from 1958-1988 and 1989-2012. The open
stars represent significant at the 0.05 level and the filled stars represent significant at the 0.01 level. @ annual, p previous year, ¢ current year

cambium level (Fritts 1976; Jiang et al. 2014). However,
the stability of the climate signal differed before and after
the abrupt increase in temperature (Fig. 5). After 1989,
rather than cool temperature limiting radial growth, the
warm temperature in the growing season became a limiting
factor, apparently by exacerbating moisture limitations.
The shift in the climate response of radial growth was
interpreted as an excessive response to the ongoing
warming speed due to plant respiration and the consump-
tion of available carbohydrates (Schaberg 2000).

The climate factors limiting radial growth revealed
some dramatic shifts with climate warming during recent
decades as evidence of a divergence response. The dis-
crepancies of correlation coefficients before and after the
abrupt increase in temperature also demonstrated the
instability of the climate—growth relationships in the east-
ern Tianshan Mountains. The u test revealed significant
changes in the correlation coefficients between tree-ring
width indices and the temperature of the previous June (T:

u = 2.80, MinT: u = 2.51, p <0.05), current August
MinT: u = 2.13, p < 0.05) and current annual tempera-
ture MaxT: u = 2.22, p < 0.05) (Table 2). These results
were likely associated with the shift from a positive to
negative response of radial growth to the temperature of the
growing season following the abrupt increase in tempera-
ture (Fig. 5). This finding might indicate an ongoing trend
of changes in the sensitivity of radial growth to the tem-
perature of the growing season. Based on these results, we
posit that recent climate changes might have altered the
instability of growth—climate relationships, with the result
that temperature-dependent tree species could display more
divergent responses to climate factors (Zhang and
Wilmking 2010; Filipescue et al. 2014).

In the Tianshan Mountains, the mean temperature in the
growing season was shown to have a strong influence on
the radial growth of coniferous trees (Peng et al. 2005;
Wang et al. 2005). However, our results suggested that
minimum temperature was a major climatic factor with a
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Fig. 6 Moving correlation results between tree-ring width chronol-
ogy and annual and monthly climate factors. Moving window: 30
years. The black solid dots represent significance at the 0.05 level.

The black bars represent positive correlation and the grey bars
represent negative correlation
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Fig. 7 Basal area increment (BAI) curve from 1958 to 2012 (a) and
BAI boxplots during the two periods of 1958-1988 and 1989-2012
(b). a The gray dotted lines represent the individual BAI of all tree-
rings, the black line represents the mean BAI and the dotted lines with

significant negative effect on the radial growth of Siberia
larch in recent decades (Fig. 5). The minimum temperature
in the late 1980s obviously became abruptly higher, but the
increase in maximum temperature was relatively small in
this study region, demonstrating that the climate warming
and the narrowing of the diurnal temperature range may be
mainly caused by the significant increase in the minimum
temperature (Figs. 4, 8). In fact, the minimum temperature
regulates many terrestrial biogeochemical processes such
as plant respiration, plant productivity, plant nutrient

@ Springer

arrows represent piecewise linear regression results of BAIL. b The
solid lines represent the median and the black squares represent the
mean BAI, the differences between two classes were significant

(p < 0.01)

uptake and so on (Palombo et al. 2014). Therefore, more
nutrients were consumed by dark respiration as the mini-
mum temperature increased, and photosynthesis decreased
due to the increasing cloud cover with the decreasing
diurnal difference, leading to a negative impact on radial
growth (Zha et al. 2004; Franceschini et al. 2013).

The relationships between the minimum temperatures in
previous June and current August and tree-ring width were
generally stronger than the other factors under climate
warming, indicating that the minimum temperatures in
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Fig. 8 Trend of basal area increment (BAI) for Siberia larch, mean
temperature and temperature diurnal variation smoothed using a
10-year moving average in the growing season (May to September)
from 1957 to 2012. The shadowed area represents the diurnal
variation of temperature. The black line represents the mean BAI

The divergence responses of radial growth to temper-
ature were induced by the greater water deficit (Oberhuber
et al. 2008). Our results showed that the Siberia larch have
changes from positive responders (r = 0.358, p < 0.05) to
negative responders (r = —0.407, p < 0.05) to the mean
temperature of the previous June (Fig. 5). The negative
relationship with temperature could indicate a direct stress
(Chavardes et al. 2013). Additionally, a moving correla-
tion demonstrated the concurrence between the progres-
sively weakening trend of the positive responses to
temperature in the growing season and negative responses
to total precipitation of the current May (Fig. 6), con-
firming that the sensitivity of the Siberia larch to drought
stress has been strengthened in the recent exceptionally
warm years.

During these decades, the warmer climate conditions
that were once favorable to radial growth seemed to
become detrimental. A number of forests in Eurasia and
western North America also exhibited shifts to negative
correlations between summer temperature and radial
growth coupled with declining growth rates over the past
few decades, with rising temperature induced drought
stress invoked as the dominant mechanism (Buermann
et al. 2014). The shortage of available soil moisture might
lead to the inhibition of root development, cambial activity,
nutrient storage, foliage efficiency and the proportion of
early wood (Andreu-Hayles et al. 2011; Xu et al. 2012).
Therefore, we believed that the intensification of drought
stress might be a main reason for the ‘divergence problem’
in the eastern Tianshan Mountains.

Climate warming is by now unequivocal, as it is evident
from observations of increases in global average tempera-
tures (IPCC 2013). The climate warming poses a risk for
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(older than 50 ages), the grey line represents the BAI of 51-100 ages,
the dotted line represents the BAI of 101-150 ages, the dashed line
represents the BAI of 151-200 ages, the dashed dotted line represents
the BAI of older than 200 ages

much drier conditions, potentially leading to modify
growth trends and response patterns of forests around the
world, especially in the drought-prone regions (Gazol et al.
2015). Since around the middle twentieth century, the
evidences for reduced sensitivity of tree growth to tem-
perature have been reported on Picea glauca (Alaska),
Picea abies (Alps), Picea rubens (southern Appalachian
Mountains), Fagus sylvatica (European Mediterranean
Basin) and so on (Lloyd and Fastie 2002; Biintgen et al.
2006; Tegel et al. 2014; White et al. 2014). And similar
results had also been recorded by several dendroclimatic
studies on Pinus tabulaeformis (Helan Mountains), Sabina
przewalskii (Qilian Mountains), Picea crassifolia (north-
east Tibet Plateau), Pinus koraiensis (Changbai Mountains)
and so on in China (Zhang et al. 2009; Zhang and
Wilmking 2010; Gao et al. 2013; Yu et al. 2013). Com-
bining these instances of unstable growth—temperature
relationships, warming-induced drought stress might be a
driving factor in recent decades (D’ Arrigo et al. 2008). Our
results were also in good agreement with their studies.

The responses of tree growth to climate warming
and the prediction of forest dynamics

As climate warming has progressed, the effects on tree
growth have varied considerably over the period from
1958-2012. Based on the 10-year moving averages of the
BALI, tree growth of mean (older than 50 ages) and four age
groups (51-100 ages, 101-150 ages, 151-200 ages and
older than 200 ages) showed the same trend, which
increased slightly during the 1966-1988, then increased
dramatically since the 1989, and decreased slowly after
2002 (Fig. 8). Since 1950, most sampling trees (between
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50 and 200 years old) had already reached maturity and
were far from their natural senescence. Both the relatively
young and older trees showed the similar radial growth
(BAI) trends during the same period. Therefore, the recent
growth patterns observed could be attributed to climate
factors, rather than age in our study region. Meanwhile, the
mean temperature in the growing season was stable prior to
1989, with a rapid upward trend observed from 1989 to
2012. The trend in BAI was broadly synchronous with the
variation of mean temperature before 2002, whereas this
relationship diverged from 2003 to 2012. The conclusions
were consistent with the investigation of tree growth pat-
terns and the relationships between tree-ring width indices
and climate factors in this study region.

Although plants can gradually adjust strategies to adapt
to climate change, tree growth responses are likely to be
limited by the range of the physiological threshold (Day
et al. 2002). Within the range of threshold values, tree
growth is positively related to temperature, but when the
temperature exceeds a certain threshold value, a negative
response is observed. The mean temperature range from
14.44° to 15.60° in the growing season from 1989 to 2002
generally promoted the growth rate of Siberia larch in this
study region. Then, the growth rate declined with the rapid
increase in temperature (16.10° £ 0.06°), exceeding the
upper limits of the optimum range for Siberia larch during
the period from 2003 to 2012. These results suggest that the
optimal climate conditions for the growth of Siberia larch
have passed and that its growth is limited at the warm, dry
margins of its range by some combination of excessive
temperature and limited moisture.

Differences in responses to climate change might
explain the effects of climate warming on radial growth
under different moisture restrictions. The total annual
precipitation in the Tianshan Mountains in China slightly
decreases from west to east, meaning that the eastern part
suffers from drought stress more than the western part. In
response to a similar increase in temperature, the spruce
species, namely the Schrenk spruce, exhibited a higher
growth speed after 1960 in the western and central Tian-
shan Mountains (Qi et al. 2015). In contrast, our results
showed first an increase until 2002 and then a decrease in
the growth rate of Siberia larch in the eastern Tianshan
Mountains. This pattern of tree growth might imply high
vulnerability to drought stress for forests in arid areas
(Schuster and Oberhuber 2013).

Recent climate changes have already caused an increase
in forest damage in many regions throughout Europe,
North America and Inner Asia (D’Arrigo et al. 2009;
Lebourgeois et al. 2012). If the temperature continues to
rise, we speculate that the structure and function of forests
will be changed and that tree mortality and forest die-off
may tend to increase not only in arid areas but also in

relatively humid areas (Liu et al. 2013). Based on the above
discussion, we posit that an increase in temperature might
trigger a shift in the response to climate factors via a type
of threshold mechanism. Drought stress would slow tree
growth, reduce the sensitivity of radial growth to temper-
ature and lead to divergent growth—temperature relation-
ships (Carrer and Urbinati 2006).

Conclusion

Divergent responses of radial growth to climate change
were clearly observed in the eastern Tianshan Mountains at
the mid-latitude of the Northern Hemisphere. This study
proved that the Siberia larch is a promising species for
observing climate-driven influences on tree-ring growth.
The radial growth of the Siberia larch was mainly con-
trolled by temperature in this study region. In particular,
the effects of minimum temperature gradually enhanced
the radial growth. As the climate continues to warm,
growth—climate relationships have changed, including a
shift in the response of radial growth to the temperature of
the growing season from positive to negative. The pattern
of tree growth differed before and after the abrupt increase
in temperature, first increasing and then decreasing. The
drought stress and the adjustment of the physiological
response could be important factors contributing to the
recent decrease in the temperature sensitivity of Siberia
larch in the growing season. Under conditions of further
increases in temperature in the future, rapid warming may
drastically accelerate tree growth decline not only in arid
and semi-arid areas but also in humid areas. Furthermore, a
deeper understanding of growth—climate relationships
would help to increase the accuracy of simulating the
growth pattern of dominant coniferous tree species and
monitoring the distribution dynamics of the forests. Sys-
tematically analyzing the changes in the climate factors
limiting radial growth and the reasons for divergent
responses would assist in efforts to sustain the stability of
the forest ecosystems and would support the regeneration
of the more superior species. In addition, effectively using
protective measures based on the principle of dendrocli-
matology would be advantageous for minimizing the
impact of climate change on trees and enabling reasonable
management of forest ecosystems.
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