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Abstract
Although global warming is an indisputable fact, there is still uncertainty about how climate change will occur at regional levels.
Kazakhstan is the largest landlocked country in the world. To best manage this country’s limited water resources, socio-economic
development and environmental protection, a solid understanding of regional climate change impacts is needed. In this study,
tree-ring width and δ13C chronologies were established based on 99 tree-ring samples of Schrenk spruce (Picea schrenkiana
Fisch. et Mey.) collected in Almaty, Kazakhstan. Climate response analysis between the tree-ring chronologies and climate data
indicates that summer mean temperature is the strongest climate signal recorded by tree-ring δ13C. We reconstructed temperature
change in southern Kazakhstan since 1850 C.E. using the tree-ring δ13Ccorr chronology. The results show that the temperatures in
southern Kazakhstan have risen at a rate of about 0.27 °C per decade over the past 166 years. However, the rate has increased by
as much as 0.44 °C per decade over the past 30 years. Analyses of temperature and precipitation data show that the climate has
alternated between warm-dry and cold-humid periods over the past 166 years. The extreme droughts of 1879, 1917 and 1945
were caused by the combination of continuously high temperatures and reduced precipitation.
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Introduction

Global warming since the mid-nineteenth century has been
widely recognised (Karl et al. 2009), and the associated
changes in climate are currently an issue of scientific chal-
lenge and political debate. However, climate changes have
strong regional expression. Central Asia is an arid inland

region that is quite sensitive to climate change (Unger-
Shayesteh et al. 2013). Analyses of instrumental observations
in Kazakhstan show increasing trends in temperature and
weak, decreasing trends in precipitation from 1941 to 2011
(Salnikov et al. 2015). The temperature of southern
Kazakhstan exhibits an overall increasing trend since 1913,
which has accelerated since 1982 (Cherednichenko et al.
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2015). However, it remains unclear how the climate of this
region has changed over the long-term, i.e., prior to the instru-
mental period. This uncertainty restricts our ability to under-
stand how climate change has affected this region in a long-
term context. To overcome this limitation, we must use proxy
data.

Tree rings are a well-established proxy for climate data and
play a central role in providing information about the last
several millennia of global climate change (Briffa et al.
2001; Esper et al. 2002; Palmer et al. 2006; Cook et al.
2010; Büntgen et al. 2011). Numerous drought reconstruc-
tions (e.g., precipitation, PDSI, SPEI, streamflow and snow
cover) have been developed for arid Central Asia (Yuan et al.
2001, 2003; Cook et al. 2010; Solomina et al. 2012, 2014;
Zhang et al. 2016a, c, d, 2017a, b, c; Qin et al. 2016;
Panyushkina et al. 2018) because the radial growth of
Schrenk spruce (Picea schrenkiana Fisch. et Mey.), a domi-
nant species in this region, is driven by moisture. However,
long-term changes in temperature remain unclear. To recon-
struct temperature in the Tianshan Mountains and determine
how temperature is changing in the context of global
warming, we have to use a different proxy.

Stable carbon isotopes of tree rings are also proxies of past
climate change. As a key part of the terrestrial carbon cycle,
trees assimilate atmospheric carbon and allocate it during
growth processes (Locosselli 2017). Trees are therefore both
important terrestrial carbon sinks and large potential carbon
pools (Malhi et al. 2011). Temperature controls carbon isotope
fractionation by affecting stomatal conductance and photosyn-
thetic rate. Based on stable carbon isotopes in tree rings, many
studies have been conducted to reconstruct the historical tem-
perature changes in the region (Helle et al. 2002; Treydte et al.
2009; Gagen et al. 2007; Young et al. 2010), including arid
and semi-arid regions (Liu et al. 2002; Xu et al. 2011; Wang
et al. 2015). Xu et al. (2014) suggested that the tree-ring δ13C
of Schrenk spruce has a positive response to temperature in
the Urumqi River basin of Xinjiang, China.

In this study, we developed tree-ring width and stable car-
bon isotope chronologies for southern Kazakhstan and ana-
lyse the response of trees in this region to climate change. We
then reconstructed summer temperatures over the past
166 years for southern Kazakhstan based on the tree-ring car-
bon isotope chronology. Finally, we discuss how climate
change has affected and will continue to impact the region.

Data and methods

Study sites

The study area is located near Almaty in southern Kazakhstan.
Almaty is the largest city in Kazakhstan, with a population of
1,801,713 people, about 8% of the country’s total population.

It is located on the north slope of the western Tianshan
Mountains (Fig. 1). Schrenk spruce is widely distributed at
elevations between 1200 and 3500 m a.s.l. and forms pure
forests unique to the Tianshan Mountains. Schrenk spruce
has become the preferred tree species for dendroclimatology
research in arid Central Asia thanks to its characteristics of
long age, clear rings and sensitivity to climate.

We collected tree-ring samples of living Schrenk spruce on
the northern slope of the western Tianshan Mountains.
Samples were collected above the Chimbulak Ski Resort, near
the timberline of the Medeu Mountains (CSR, 43° 07′ N, 77°
05′ E, 2525 m a.s.l.) (Fig. 1). We collected 44 cores from 26
trees at breast height using Swedish increment borers with 12-
mm diameter.

Establishment of the tree-ring width and δ13C
chronologies

Samples were pre-treated using standard dendrochronology
procedures in the China Meteorological Administration’s
Key Laboratory of Tree-ring Physical and Chemical
Research. Ring widths were measured to a precision of
0.001 mm using a Velmex system (Velmex Inc., Bloomfield,
NY, USA), following visual cross dating (Fritts 1976). Ring
width series were crossdated visually with plots, and dating
was checked using the COFECHA program (Holmes 1983).
Tree-ring width chronologies were developed using the
ARSTAN program (Cook 1985; Cook and Krusic 2011). To
retain low-frequency variability within the tree ring data, we
used standard chronology (STD) for further analyses (Cook
and Holmes 1986).

The process of extracting stable carbon isotope data was
introduced in a previous paper (Zhang et al. 2019). Twelve
cores from the CSR site were used for the δ13C analysis after
the first 30 years of each core were removed to avoid the
growth signal of young trees (Porte and Loustau 2001;
Gagen et al. 2007; Liu et al. 2014). We extracted the α cellu-
lose following the method of Brendel et al. (2000). An aliquot
of the samples was weighed into tin capsules, then combusted
in an Elemental Analyser (Flash EA 1112; Thermo Fisher
Scientific, Waltham, MA, USA). The resulting CO2 was
passed in continuous flow mode to the isotope ratio mass
spectrometer (MAT253) (Zhang et al. 2019). The repeated
analysis of internal standards yielded a standard deviation
(SD) of about 0.05‰. We measured standard values of the
graphite, glycine and soil alternately after every seven mea-
surements in order to calibrate vs. PDB. The laboratory δ13C
standards of the graphite, glycine and soil are − 16.0‰, −
33.3‰, and − 27.46‰, respectively.

Coal and oil are of organic origin and hence depleted in
13C, so anthropogenic increases in the concentration of CO2 in
the atmosphere have resulted in a lowering of the δ13C value
of air by about 1.5% since industrialisation. Since
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fractionation is additive, this trend should be reflected
in tree rings (McCarroll and Loader 2004; Epstein and
Krishnamurthy 1990; Feng and Epstein 1995a, b;
February and Stock 1999; Treydte et al. 2009). This
reducing trend is also reflected in our tree ring δ13C
series (Fig. 2). We removed the trend using the high
precision record of atmospheric δ13C compiled by
Francey et al. (1999), which is based on Antarctic ice
cores. McCarroll and Loader (2004) suggest that these
data are sufficiently precise to provide a standard meth-
od for removing the atmospheric decline in δ13C from
tree-ring data. Thus, the signal of atmospheric δ13C

decline has been removed in the corrected δ13Ccorr chro-
nology (Fig. 2).

Climate data

Monthly temperature (1930–2015) and precipitation (1967–
2010) data were collected from the Almaty meteorological sta-
tion (43.23 N, 76.93 E, 851.0 m), which is located about 20 km
from the sampling site and is the nearest available station. The
climatological data from this station have been described (Zhang
et al. 2017b). Climatic Research Unit (CRU) TS 4.03 data

Fig. 1 (A) Map of Central Asia and its global position; (B) locations of the tree-ring sampling sites (yellow circles) and the meteorological station (blue
star). The point (43° 15′ N, 77° 15′ E) of CRU grid (blue diamond) from Climate Research Unit TS 4.03
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(1901–2017) (Harris et al. 2014) are also used to compare the
spatial representation of the reconstruction.

Statistical analyses

We use conventional mathematical statistical methods of
dendroclimatology studies to reconstruct and analyse long-
term temperature change (Cook and Kairiukstis 1990). The
relationships between climatic factors and tree-ring widths
were analysed using Pearson correlation analysis with the
Statistical Product and Service Solutions (SPSS) program.

Results

Relationship between ring width, δ13Ccorr and climate

We compare the CSR chronology with the low treeline site
(ECK) chronology that was developed and analysed by Zhang
et al. (2017b) in order to understand the response of radial tree
growth to climate at different elevations (Fig. 1). The straight
line distance between the two sampling sites is about 35 km,
and the altitude difference is 375 m. The correlations and
response analysis show that radial growth responds more
strongly to climate at the low treeline site (ECK, elevation
1850 m) than that at the high elevation sampling site (CSR,
elevation 2525 m). However, the ECK ring-width chronology
can only be used to reconstruct precipitation, not temperature
(Zhang et al. 2017b). The CO2-corrected stable carbon isotope
chronology (δ13Ccorr) has a significant positive correlation
with the mean temperature during the growing season, espe-
cially in summer. The correlation coefficients are as high as +
0.477 (p < 0.01, n = 83) in May, + 0.411 (p < 0.01, n = 85) in
June, + 0.619 (p < 0.01, n = 86) in July and + 0.507 (p < 0.01,
n = 83) in August (Fig. 3). At the same time, there is a weak
negative correlation between δ13Ccorr and precipitation in July
(r = − 0.335, p < 0.05, n = 44) and August (r = − 0.318,
p < 0.05, n = 42) (Fig. 3). Further analysis showed a strong
positive correlation between the δ13Ccorr and mean tempera-
ture from June to August (r = + 0.707, p < 0.01, n = 86). These
results indicate that summer mean temperature is the main
factor limiting the stable carbon isotope changes of Schrenk
spruce in the timberline.

Reconstruction of summer temperatures

Based on the results of the correlation analysis, we recon-
structed June to August mean temperature for southern
Kazakhstan. The transfer function was

T6–8 ¼ 59:331þ 1:666� δ13Ccorr; ð1Þ
where T6–8 is the June to August mean temperature and
δ13Ccorr is the δ

13Ccorr of Schrenk spruce at the CSR sampling
site. The reconstruction is able to explain 50.0% of the vari-
ance (49.4% after adjusting for the loss of degrees of freedom)
in summer mean temperature during the calibration period
(1930–2015; n = 86, r = + 0.707, F1, 84 = 84.13, and
p < 0.0001).

We used split-sample calibration-verification tests to vali-
date the reliability and stability of the model. The F-test value
and sign test (ST) are both significant at the 99% confidence
level. The Reduction of Error (RE) and Coefficient of
Efficiency (CE) values are not only greater than zero, they
are also close to the calibration r2 value, suggesting that the
linear regression model is statistically validated (Table 1). We
also compared the first differences (year-to-year changes) be-
tween reconstructed and observed summer temperature (r = +
0.690, p < 0.0001, n = 85) (Fig. 4). All parameters showed that
the reconstructed equation is stable and reliable. We can there-
fore reconstruct the summer mean temperature of the southern
Kazakhstan since 1850 C.E. (Fig. 4).

Summer temperature change in southern Kazakhstan
since 1850 C.E.

As shown in Fig. 5, 1899 was identified as an extreme cold
year because the mean summer temperature of this year was
lower than the mean−2σ. The extreme high temperature years
were 1984, 2008 and 2014, because the mean summer tem-
perature was greater than the mean+2σ. At 2.27 °C above the
mean, 2008 was the hottest summer, with an average temper-
ature of 24.68 °C (Fig. 4).

We calculated the 20-year low-pass filtering of the recon-
struction in order to understand the low-frequency change in
summer temperature in southern Kazakhstan since 1850 C.E.
(Fig. 4). The results indicate two colder periods (1887–1910,
1951–1972) and three warmer ones (1858–1886, 1911–1950,

Fig. 2 δ13C and δ13Ccorr change
at CSR over the past 166 years
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1973–present). Since the 1990s, the climate of southern
Kazakhstan has experienced the longest, most significant,
and most rapid period of warming since 1850. This result is
generally consistent with temperature changes observed in the
inland arid regions of Asia (Shi et al. 2007; Salnikov et al.
2015).

In comparing our temperature change results with
those from other studies in the Tianshan Mountains
(Chen et al. 2009, 2012; Yu et al. 2013), we found that
changes in summer temperature are consistent across

sites and studies (Fig. 5). Spatial correlations between
the summer temperature reconstruction and the CRU-TS
4.03 temperature datasets show that our reconstruction
has a wide range of spatial representativeness (Fig. 6).
Our temperature reconstruction represents changes in
summer temperature over the past century (1901–2015)
in the arid interior of Asia (Fig. 6A). In addition, it
clearly demonstrates that global warming has been rapid
and sustained over the past 30 years (1986–2015) (Fig.
6B).

Table 1 Statistics of the split-sample calibration-verification test model for the summer temperature reconstruction

Calibration Verification

Period r R2 F Period r RE CE ST ST1

1930–1972 0.633 0.401 27.387 1973–2015 0.672 0.636 0.363 36+/7-** 29+/13-*

1973–2015 0.672 0.452 33.757 1930–1972 0.633 0.601 0.308 34+/9-** 32+/10-**

1930–2015 0.665 0.442 66.557

ST and ST1, sign test and the first-order difference sign test, respectively

*Significance at the 95% level of confidence

**Significance at the 99% level of confidence
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Fig. 3 The relationship between tree rings and climate in southern
Kazakhstan. (A) Correlation between the tree-ring width standard chro-
nology (CSR.RW and ECK.RW), the de-trended stable carbon isotope
chronology (CSR.C), and monthly mean temperature (1930–2015) at the
Almaty meteorological station. (B) Correlation between the tree-ring
width standard chronology (CSR.RW and ECK.RW), the CO2-corrected

stable carbon isotope chronology (CSR.C) and monthly precipitation
(1967–2010). 99% SL represents passing the 99% significance test,
95% SL represents passing the 95% significance test. The p-Oct, p-Nov
and p-Dec represent October, November and December of the previous
year, respectively
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Discussion

Tree-ring δ13Ccorr response to climate

Because the factor limiting radial growth near the low treeline is
moisture (Zhang et al. 2016a, b, 2017a, b, c), the radial growth of
trees near the timberline has a weak response to temperature. We
therefore need to use other parameters to extract temperature
information. In some cases, tree-ring stable isotopes can capture
a better climate signal than tree ring width.

The stable carbon isotopic ratios in tree rings are affected
by stomatal conductance and photosynthetic rate (Farquhar
and Sharkey 1982; McCarroll and Loader 2004). At high-
elevation site, there is a weak negative correlation between
δ13Ccorr and precipitation in July and August, and a much
stronger relationship between δ13Ccorr and temperature. This
may imply that the CO2 concentration in the leaves is mainly
controlled by the carboxylation efficiency of the

photosynthetic active enzyme Rubisco during the vegetation
period. Meanwhile, changes in stomatal conductance affected
the stable isotope fractionation process (Treydte et al. 2009).

McCarroll and Loader (2004) suggested that the dominant
factor controlling stable carbon isotope fractionation may be
the photosynthetic rate (which is mainly controlled by irradi-
ance and temperature) in places where trees are less subject to
water stress. The Tianshan Mountains are Central Asia’s main
water source and ecological barrier. The climate of the western
Tianshan Mountains is mainly affected by the westerlies.
When vapour-laden air from the Atlantic or the Arctic reaches
the northern slope of the Tianshan Mountains, considerable
precipitation occurs. In this study area, the average total annu-
al precipitation is 650.9 mm. Hence, tree growth in this region
is not affected by water stress in summer. The tree-ring δ13C
record shows a strong summer temperature signal for all sites
in northern Pakistan (Treydte et al. 2009). In the Altai
Mountains of Central Asia, the tree-ring δ13C record for pine

a b

c

Fig. 4 (A) Comparison of the
reconstructed temperature (blue
line) and the observed June–
August temperature from the
Almaty Meteorological Station
(grey line) for the common period
1930–2015. (B) Comparison of
the first differences (year-to-year
changes) of the reconstructed
temperature and the June–August
temperature from the Almaty
Meteorological Station (dark grey
line). (C) Reconstructed June–
August temperature for southern
Kazakhstan since 1850 C.E. (thin
line). The thick blue line shows
the data smoothed with a 20-year
low-pass filter to emphasise the
long-term fluctuations

Fig. 5 Comparisons of temperature changes in the Tianshan Mountains
over the past 166 years. ALMT68 represents the reconstructed summer
temperatures of this study; ZSLT68 represents the reconstructed summer
temperatures for Zajsan Lake, Kazakhstan (Chen et al. 2012); XYTmin58

represents the reconstructed mean minimum temperatures of May to
August in Xinyuan, China (Yu et al. 2013); XYTmax48 represents the
reconstructed mean maximum temperatures of April to August in Yili,
China (Chen et al. 2009)
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also includes a strong summer temperature signal (Sidorova
et al. 2013), as is the case in most regions of Scandinavia
(Seftigen et al. 2011). Konter et al. (2014) noted that δ13C
records from Pinus uncinata tree-ring data in the Spanish
Pyrenees correlate negatively with summer precipitation, and
positively with summer temperatures. Similar results were
reported for other areas (Liu et al. 1996, 2002; Helle et al.
2002; Treydte et al. 2009; Xu et al. 2011; Wang et al. 2015;
McCarroll and Pawellek 2001; Gagen et al. 2007; Hilasvuori
et al. 2009; Young et al. 2010). These studies demonstrate that
there can be a stronger link between δ13C variability and irra-
diance and growing season temperatures than between δ13C
and air humidity or precipitation.

Natural forcing of summer temperature changes

The volcanic aerosols emitted into the atmosphere during
large eruptions decrease temperatures on hemispheric and
global scales for several years following the eruption (Self
et al. 1981; Robock 2000; Adams et al. 2003; Ning et al.
2017; Briffa et al. 1992, 1995, 1998; Yamaguchi et al. 1993;
Jones et al. 1995; Hantemirov et al. 2004). The volcanic erup-
tions can also be recorded in tree rings by changing the climate
(Salzer and Hughes 2007; Liang et al. 2019). The volcanic
explosivity index (VEI) (Newhall and Stephen 1982) is wide-
ly used to denote the climatological impact of volcanic erup-
tions (Simkin et al. 1981; Robock 1991; Simkin and Siebert

Fig. 6 Spatial correlation of the
reconstructed summer
temperature series with CRU TS
4.03 summer temperature data for
1901–2015 (p < 0.1) (A) and for
1986–2015 (p < 0.1) (B)

Int J Biometeorol



1994). To determine the impact of volcanic eruptions on the
climate in the Tianshan Mountains, we compared the recon-
structed temperature record with the VEI, focusing on erup-
tions with an index ≥ 5 (Table 2). The results show that most
years with strong volcanic eruptions correspond to years with
low temperatures. In particular, two volcanic eruptions in
1991 directly affected the process of global warming.
Hansen et al. (1996) showed that the global temperature fell
by about 0.5 °C during the 2 years following the Mount
Pinatubo eruption. Our results suggest that the average sum-
mer temperature in southern Kazakhstan from 1992 to 1994 is
1 °C lower than the average summer temperature over the past
166 years. The unusually low temperatures may have been
closely linked to two explosive volcanic eruptions (Hudson
and Pinatubo) in 1991. These results suggest that summer
temperatures in southern Kazakhstan can be influenced by
strong volcanic eruptions.

Climatic changes in southern Kazakhstan
over the past 166 years

To further analyse the history of climate change in southern
Kazakhstan, we compared changes in temperature and
precipitation over the past 166 years. Precipitation in

southern Kazakhstan was reconstructed by Zhang et al.
(2017b) using tree-ring widths. Analyses of temperature and
precipitation show that the climate has alternated between
warm-dry and cold-humid phases in southern Kazakhstan
since 1850 C. E. on inter-decadal scales. However, there has
been a significant warming-wetting process since the 1990s
(Fig. 7). This corresponds with the warming-wetting process
noted for Xinjiang, China, since 1987 (Shi et al. 2007).

We also found that the extreme drought years of 1870s,
1910s and 1940s correspond not only with reduced pre-
cipitation but also with continuous warming. The drought
of 1870s corresponds with a continuous rise in tempera-
ture and decrease in precipitation. The drought of 1910s
corresponds with the consistently higher temperatures and
lower precipitation between 1913 and 1919. Similarly, the
drought of 1940s followed a period of higher temperatures
and reduced precipitation. The extreme drought years in
1879, 1919 and 1945 have been noted in many
dendroclimatology studies of northern China and Central
Asia (Yuan et al. 2001, 2003; Li et al. 2006, 2010; Zhang
et al. 2016a, 2017a, b, c). However, previous studies focus
only on the relationship between drought and precipitation.
This study shows that these extreme drought events are
linked with continuous warming and drying.

Table 2 Largest explosive volcanic eruptions since 1850 and low temperatures in southern Kazakhstan

Volcano name Volcanic subregion Year Volcanic explosivity
index (VEI)

Temperature anomaly
value (°C)

Hudson, Pinatubo Southern Chile, Philippines 1991 5+,6 − 1.04 (1992–1994)
El Chichon México 1982 5 − 0.01 (1983)
St. Helens Washington (USA) 1980 5 − 0.25 (1981)
Agung Lesser Sunda Islands (Indonesia) 1963 5 − 0.88 (1963–1964)
Bezymianny Kamchatka Peninsula (Russia) 1956 5 − 0.47 (1957–1960)
Cerro Azul, Kharimkotan Central Chile, Kuril Islands 1932, 1933 5+, 5 − 0.75 (1934–1938)
Ksudach Kamchatka Peninsula (Russia) 1907 5 − 0.83 (1907–1909)
Santa Maria Guatemala 1902 6 − 0.86 (1902–1905)
Okataina New Zealand 1886 5 − 0.59 (1887)
Krakatau Indonesia 1883 6 − 0.15 (1883)
Askja Northeastern Iceland 1875 5 − 0.15 (1876–1877)
Shiveluch Kamchatka Peninsula (Russia) 1854 5 − 0.55 (1855)

Fig. 7 Climatic change in
southern Kazakhstan over the past
166 years. Precipitation was
reconstructed by Zhang et al.
(2017), and the temperature was
reconstructed in the study
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Conclusions

Our research shows that summer mean temperatures have in-
creased at a rate of about 0.27 °C/decade over the past
166 years in southern Kazakhstan, and by as much as
0.44 °C/decade over the past 30 years. Analysis of tempera-
ture and precipitation shows that the climate in southern
Kazakhstan has alternated between warm-dry and cold-
humid over the past 166 years. The coldest decade was in
the 1900s, and the driest decade was in the 1910s. Since the
1990s, southern Kazakhstan has experienced particularly
strong warming and wetting process. The extreme droughts
of 1879, 1917 and 1945 were caused by a combination of
continuously higher temperature and reduction in precipita-
tion. This study fills a spatial gap in our understanding of past
temperature changes, and contributes to a better understanding
of climate change and its effects on the social and ecological
systems of Central Asia.

Funding information This work was supported by the Strategic Priority
Research Program of Chinese Academy of Sciences (XDA20100306),
National Natural Science Foundation of China Projects (41975110,
41675152, 41805130), Basic Research Operating Expenses of the
Central-level Non-profit Research Institutes (IDM2016006) and China
Postdoctoral Science Foundation (2019M650806).

References

Adams JB, Mann ME, Ammann CM (2003) Proxy evidence for an El
Nino-like response to volcanic forcing. Nature 426:274–278

Brendel O, Iannetta PPM, Stewart D (2000)A rapid and simple method to
isolate pure alpha-cellulose. Phytochem Anal 11:7–10

Briffa KR, Jones PD, Schweingruber FH, Osborn TJ (1998) Influence of
volcanic eruptions on northern hemisphere summer temperature
over the past 600 years. Nature 393:450–455

Briffa KR, Jones PD, Schweingruber FH, Shiyatov SG, Cook ER (1995)
Unusual twentieth-century warmth in a 1000-year temperature re-
cord from Siveria. Nature 376:156–159

Briffa KR, Osborn TJ, Schweingruber FH, Harris IC, Jones PD, Shiyatov
SG, Vaganov EA (2001) Low-frequency temperature variations
from a northern tree ring density network. J Geophys Res 106:
2929–2941

Briffa KR, Jones PD, Schweingruber FH (1992) Tree-ring density recon-
structions of summer temperature patterns across western North
America since 1600. J Clim 5:735–754

Büntgen U, Tegel W, Nicolussi K, McCormick M, Frank D, Trouet V,
Kaplan JO, Herzig F, Heussner KU,Wanner H, Luterbacher J, Esper
J (2011) 2500 years of European climate variability and human
susceptibility. Science 331:578–582

Chen F, Yuan Y, WeiW,Wang L, Yu S, Zhang R, Fan Z, Shang H, Zhang
T, Li Y (2012) Tree-ring density-based summer temperature recon-
struction for Zajsan Lake area, East Kazakhstan. Int J Climatol 32:
1089–1097

Chen J, Wang L, Zhu H, Wu P (2009) Reconstructing mean maximum
temperature of growing season from the maximum density of the
Schrenk spruce in Yili, Xinjiang, China. Chin Sci Bull 54:2300–
2308

Cherednichenko A, Cherednichenko A, Vilesov EN, Cherednichenko VS
(2015) Climate change in the City of Almaty during the past 120
years. Quat Int 358:101–105

Cook ER (1985) A time-series analysis approach to tree-ring standardi-
zation. In: Dissertation. The University of Arizona Press, Tucson

Cook ER, Anchukaitis KJ, Buckley BM, D'Arrigo RD, Jacoby GC,
Wright WE (2010) Asian monsoon failure and megadrought during
the last millennium. Science 328(5977):486–489

Cook ER, Holmes RL (1986) Users manual for program ARSTAN. In:
Detecting dryness and wetness signals from tree-rings in Shenyang,
Northeast China. Palaeogeogr Palaeoclimatol Palaeoecol 302:301–
310

Cook ER, Kairiukstis LA (1990) Methods of dendrochronology: applica-
tions in the environmental sciences. Kluwer, Dordrecht

Cook ER, Krusic PJ (2011) Software. Tree-ring Laboratory of Lamont-
Doherty Earth Observatory http://www.ldeo.columbia.edu/tree-
ring-laboratory/resources/software (accessed 10.07.11)

Epstein S, Krishnamurthy RV (1990) Environmental information in the
isotopic record in trees. Philos Trans R Soc 330A:427–439

Esper J, Cook ER, Schweingruber FH (2002) Low-frequency signals in
longtree-ring chronologies for reconstructing past temperature vari-
ability. Science 295:2250–2253

Farquhar GD, Sharkey TD (1982) Stomatal conductance and photosyn-
thesis. Annu Rev Plant Physiol 33:317–345

February EC, Stock WD (1999) Declining trends in the 13C/12C ratio of
atmospheric carbon dioxide from tree rings of South African
Widdringtonia cedarbergensis. Quat Res 52:229–236

Feng X, Epstein S (1995a) Carbon isotopes of trees from arid environ-
ments and implications for reconstructing atmospheric CO2 concen-
tration. Geochim Cosmochim Acta 59:2599–2608

Feng X, Epstein S (1995b) Climatic temperature records in dD data from
tree rings. Geochim Cosmochim Acta 59:3029–3037

Francey RJ, Allison CE, Etheridge DM, Trudinger CM, Enting IG,
Leuenberger M, Langenfelds RL, Michel E, Steele LP (1999) A
1000-year high precision record of δ13C in atmospheric CO2.
Tellus 51B:170–193

Fritts HC (1976) Tree rings and climate. Academic press, Inc, London
GagenM,McCarroll D, Loader NJ, Robertson I, Jalkanen R, Anchukaitis

KJ (2007) Exorcising the “segment length curse”: summer temper-
ature reconstruction since AD1640 using non-detrended stable car-
bon isotope ratios from pine trees in northern Finland. The Holocene
17:433–444

Hansen J, Sato M, Ruedy R, Lacis A, Asamoah K, Borenstein S, Brown
E, Cairns B, Caliri G, Campbell M, Curran B, de Castro S, Druyan
L, FoxM, Johnson C, Lerner J, McCormickMP, Miller R,Minnis P,
Morrison A, Pandolfo L, Ramberrann I, Zaucker F, Robinson M,
Russell P, Shah K, Stone P, Tegen I, Thomason L, Wilder J, Wilson
H (1996) In: Fiocco G, Fua D, Visconti G (eds) A Pinatubo climate
modeling investigation, in: The Mount Pinatubo eruption: effects on
the atmosphere and climate, NATO ASI series, vol 42. springer-
Verlag, pp 233–272

Hantemirov RM, Gorlanova LA, Shiyatov SG (2004) Extreme tempera-
ture events in summer in northwest Siberia since AD 742 inferred
from tree rings. Palaeogeogr Palaeoclimatol Palaeoecol 209:155–
164

Harris I, Jones PD, Osborna TJ, Listera DH (2014) Updated high-
resolution grids of monthly climatic observations – the CRU
TS3.10 dataset. Int J Climatol 34:623–642

Helle G, Schleser GH, Bräuning A (2002) Climate history of the Tibetan
plateau for the last 1500 years as inferred from stable carbon iso-
topes in tree–rings. In: Study of environmental change using isotope
techniques: proceedings of the internationa conference held in
Vienna, 23–27 April 2001. International Atomic Energy Agency,
Vienna, pp 301–311

Holmes RL (1983) Computer-assisted quality control in tree-ring dating
and measurement. Tree-Ring Bull. 43: 69–75

Int J Biometeorol

http://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software
http://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software


Hilasvuori E, Berninger F, Sonninen E, Tuomenvirta H, Jungner H (2009)
Stability of climate signal in carbon and oxygen isotope records and
ring width from Scots pine (Pinus sylvestris L.) in Finland. J Quat
Sci 24(5):469–480

Jones PD, Briffa KR, Schweingruber FH (1995) Tree–ring evidence of
thewidespread effects of explosive volcanic eruptions. GeophysRes
Lett 22:1333–1336

Karl TR, Melillo JM, Peterson TC, Hassol SJ (2009) Global climate
change impacts in the United States. Cambridge University Press,
New York

Konter O, Holzkämper S, Helle G, Büntgen U, Saurer M, Esper J (2014)
Climate sensitivity and parameter coherency in annually resolved
δ13C and δ18O from Pinus uncinata tree-ring data in the Spanish.
Pyren Chem Geol 377:12–19

Li J, Cook ER, Chen F, Gou X, D’Arrigo R, Yuan Y (2010) An extreme
drought event in the central Tien Shan area in the year 1945. J Arid
Environ 74:1225–1231

Li J, Gou X, Cook ER, Chen F (2006) Tree-ring based drought recon-
struction for the central Tien Shan area in Northwest China.
Geophys Res Lett 33:L07715

Liang E, Dawadi B, Pederson N, Piao S, Zhu H, Sigdel SR, Chen D
(2019) Sci Bull 64:1018–1023

Liu X, Wang W, Xu G, Zeng X, Wu G, Zhang X, Qin D (2014) Tree
growth and intrinsic water-use efficiency of inland riparian forests in
northwestern China: evaluation via δ13C and δ18O analysis of tree
rings. Tree Physiol 34(9):966–980

Liu Y, Ma L, Cai Q, An Z, Liu W, Gao L (2002) Reconstruction of
summer temperature (June-August) at Mt. Helan, China, from
tree-ring stable carbon isotope values since AD 1890. Sci China
Ser D 45(12):1127–1136

Liu Y, Wu X, Leavitt SW, Hughes MK (1996) Stable carbon isotope in
tree ring from Huangling, China and climatic variation. Sci China
Ser D 39(2):152–160

Locosselli GM (2017) The cambium activity in a changing world. Trees
6231:1–2

Malhi Y, Doughty C, Galbraith D (2011) The allocation of ecosystem net
primary productivity in tropical forests. Philos Trans R Soc B 366:
3225–3245

McCarroll D, Loader NJ (2004) Stable isotopes in tree rings. Quat Sci
Rev 23:771–801

McCarroll D, Pawellek F (2001) Stable carbon isotope ratios of Pinus
sylvestris from northern Finland and the potential for extraction a
climate signal from long Fennoscandian chronologies. The
Holocene 11:517–526

Newhall CG, Stephen S (1982) The volcanic explosivity index (VEI): an
estimate of explosive magnitude for historical volcanism. J Geophys
Res Oceans 87(C2):1231–1238

Ning L, Liu J, Sun W (2017) Influences of volcanic eruptions on Asian
summer monsoon over the last 110 years. Sci Rep 7:42626

Palmer J, Lorrey A, Turney CSM, Hogg A, Baillie M, Fifield K, Ogden J
(2006) Extension of New Zealand kauri (Agathis australis) tree-ring
chronologies into oxygen isotope stage (OIS) 3. J Quat Sci 21:779–
787

Panyushkina IP, Meko DM, Macklin MG, Toonen WHJ, Mukhamаdiev
NS, Konovalov VG, Ashikbaev NZ, Sagitov AO (2018) Runoff
variations in Lake Balkhash Basin, Central Asia, 1779-2015, in-
ferred from tree rings. Clim Dyn 51(7–8):3161–3177

Porte A, Loustau D (2001) Seasonal and interannual variations in carbon
isotope discrimination in a maritime pine (Pinus pinaster) stand
assessed from the isotopic composition of cellulose in annual rings.
Tree Physiol. 21 (12–13):861–868

Qin L, Yuan Y, Zhang R,WeiW, Yu S, Fan Z, Chen F, Zhang T, Shang H
(2016) Tree-ring response to snow cover and reconstruction of cen-
tury annual maximum snow depth for northern TianshanMountains,
China. Geochronometria 43:9–17

Robock A (1991) The volcanic contribution to climate change of the past
100 years. In: Schlesinger ME (ed) Greenhouse-gas-induced climat-
ic change: a critical appraisal of simulations and observations.
Elsevier Sci, New York, pp 429–444

Robock A (2000) Volcanic eruptions and climate. Rev Geophys 38:191–
219

Salnikov V, Turulina G, Polyakova S, Petrova Y, Skakova A (2015)
Climate change in Kazakhstan during the past 70 years. Quat Int
358:77–82

Salzer M, Hughes M (2007) Bristlecone pine tree rings and volcanic
eruptions over the last 5000 yr. Quat Res 67:57–68

Seftigen K, Linderholm HW, Loader NJ, Liu Y, Young GHF (2011) The
influence of climate on 13C/12C and 18O/16O ratios in tree ring
cellulose of Pinus sylvestris L. growing in the central Scandinavian
Mountains. Chem Geol 286:84–93

Self CB, Rampino MR, Barbera JJ (1981) The possible effects of large
19th and 20th century volcanic eruptions on zonal and hemispheric
surface temperatures. J Volcanol Geotherm Res 11:41–60

Shi Y, Shen Y, Kang E, Li D, Ding Y, Zhang G, Hu R (2007) Recent and
future climate change in Northwest China. Clim Chang 80:379–393

Sidorova OV, Siegwolf RTW, Myglan VS, Ovchinnikov DV, Shishov
VV, Helle G, Loader NJ, Saurer M (2013) The application of tree-
rings and stable isotopes for reconstructions of climate conditions in
the Russian Altai. Clim Chang 120:153–167

Simkin T, Siebert L (1994) Volcanoes of the world, vol 349, 2nd edn.
Geoscience Press, Tucson

Simkin T, Siebert L, McClelland L, Bridge D, Newhall CG, Latter JH
(1981) Volcanoes of the world, vol 232. Van Nostrand Reinhold,
New York

Solomina ON, Dolgova EA, Maximova OE (2012) Tree-ring based hy-
drometeorological reconstructions in Crimea, Caucasus and Tien-
Shan. Nestor-History, Moscow-Sankt-Petersburg 232. (in Russian,
with extended English summary)

Solomina ON, Maximova OE, Cook ER (2014) Picea Schrenkiana ring
width and density at the upper and lower tree limits in the Tien Shan
mts Kyrgyz republic as a source of paleoclimatic information. Geogr
Environ Sustain 1(7):66–79

Treydte KS, Frank DC, Saurer M, Helle G, Schleser GH, Esper J (2009)
Impact of climate and CO2 on a millennium-long tree-ring carbon
isotope record. Geochim Cosmochim Acta 73:4635–4647

Unger-Shayesteh K, Vorogushyn S, Farinotti D, Gafurov A, Duethmann
D, Mandychev A, Merz B (2013) What do we know about past
changes in the water cycle of Central Asian headwaters? A review.
Glob Planet Chang 110:4–25

Wang W, Liu X, Shao X, Leavitt S, Xu G, An W, Qin D (2015) A 200
year temperature record from tree ring δ13C at the Qaidam Basin of
the Tibetan Plateau after identifying the optimum method to correct
for changing atmospheric CO2 and δ13C. J Geophys Res Biogeosci
116(G4):4022

Xu G, Chen T, Liu X, Jin L, AnW,WangW (2011) Summer temperature
variations recorded in tree-ring δ13C values on the northeastern
Tibetan Plateau. Theor Appl Climatol 105:51–63

Xu G, Liu X, Qin D, Chen T, Sun W, An W, Wang W, Wu G, Zeng X,
Ren J (2014) Drought history inferred from tree ring δ13C and δ18O
in the central Tianshan Mountains of China and linkage with the
North Atlantic oscillation. Theor Appl Climatol 116:385–401

Yamaguchi DK, Filion L, Savage M (1993) Relationship of temperature
and light ring formation at subarctic treeline and implications for
climate reconstruction. Quat Res 39:256–262

Young GHF, McCarroll D, Loader NJ, Kirchhefer AJ (2010) A 500-year
record of summer near-ground solar radiation from tree-ring stable
carbon isotopes. The Holocene 20(3):315–324

Yu S, Yuan Y, WeiW, Chen F, Zhang T, Shang H, Zhang R, Qin L (2013)
A 352-year record of summer temperature reconstruction in the
western TianshanMountains, China, as deduced from tree-ring den-
sity. Quat Res 80:158–166

Int J Biometeorol



Yuan Y, Jin L, Shao X, He Q, Li Z, Li J (2003) Variations of the spring
precipitation day numbers reconstructed from tree rings in the
Urumqi River drainage, Tianshan Mts. over the last 370 years.
Chin Sci Bull 48(14):1507–1510

Yuan Y, Li J, Zhang J (2001) 348 year precipitation reconstruction from
tree-rings for the North Slope of the middle Tianshan Mountains.
Acta Meteorol Sin 15(1):95–104

Zhang R, Yuan Y, Gou X, He Q, Shang H, Zhang T, Chen F, Ermenbaev
B, Yu S, Qin L, Fan Z (2016a) Tree-ring-based moisture variability
in western Tianshan Mountains since A.D. 1882 and its possible
driving mechanism. Agric For Meteorol 218–219:267–276

Zhang R, Yuan Y, Gou X, Zhang T, Zou C, Ji C, Fan Z, Qin L, Shang H,
Li X (2016b) Intra-annual radial growth of Schrenk spruce (Picea
schrenkiana Fisch. et Mey) and its response to climate on the north-
ern slopes of the TianshanMountains. Dendrochronologia 40:36–42

Zhang R, Qin L, Yuan Y, GouX, Zou C, Yang Q, ShangH, Fan Z (2016c)
Radial growth response of Populus xjrtyschensis to environmental
factors and a century-long reconstruction of summer streamflow for
the Tuoshigan River, northwestern China. Ecol Indic 71:191–197

Zhang R, Yuan Y, GouX, YangQ,WeiW, Yu S, Zhang T, ShangH, Chen
F, Fan Z, Qin L (2016d) Streamflow variability for the Aksu River

on the southern slopes of the Tian Shan inferred from tree ring
records. Quat Res 85(3):371–379

Zhang R, Zhang T, Kelgenbayev N, He Q, Mambetov BT, Dosmanbetov
D, Shang H, Yu S, Yuan Y (2017a) A 189-year tree-ring record of
drought for the Dzungarian Alatau, arid Central Asia. J Asian Earth
Sci 148:305–314

Zhang R, Shang H, Yu S, He Q, Yuan Y, Bolatov K, Mambetov BT
(2017b) Tree-ring-based precipitation reconstruction in southern
Kazakhstan, reveals drought variability since A.D. 1770. Int J
Climatol 37(2):741–750

Zhang R, Yuan Y, Yu S, Chen F, Zhang T (2017c) Past changes of spring
drought in the inner Tianshan Mountains, China, as recorded by tree
rings. Boreas 46(4):688–696

Zhang R, Wei W, Shang H, Yu S, Gou X, Qin L, Bolatov K, Mambetov
BT (2019) A tree ring-based record of annual mass balance changes
for the TS.Tuyuksuyskiy Glacier and its linkages to climate change
in the Tianshan Mountains. Quat Sci Rev 205:10–21

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Int J Biometeorol


	Climatic change in southern Kazakhstan since 1850 C.E. inferred from tree rings
	Abstract
	Introduction
	Data and methods
	Study sites
	Establishment of the tree-ring width and δ13C chronologies
	Climate data
	Statistical analyses

	Results
	Relationship between ring width, δ13Ccorr and climate
	Reconstruction of summer temperatures
	Summer temperature change in southern Kazakhstan since 1850 C.E.

	Discussion
	Tree-ring δ13Ccorr response to climate
	Natural forcing of summer temperature changes
	Climatic changes in southern Kazakhstan over the past 166&newnbsp;years

	Conclusions
	References


