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Abstract: Since the 1950s, divergence problems have reduced the temporal stability of tree rings in
response to climate, shaken the foundations of dendroclimatology, and affected the reliability of
reconstructed models based on tree rings and the accuracy of historical climate series. Therefore, it is
of great importance to investigate divergence problems, which will help us to better understand the
growth strategies of trees in response to climate warming and provide a scientific basis for accurate
climate reconstruction and simulation of forest dynamics. This paper aims to elucidate the mechanism
of divergent growth of Picea schrenkiana at high altitudes in the western Tianshan from three aspects:
variations in atmospheric circulation, changes in climatic factors, and the coping strategy of trees with
climate change. High spring temperatures accelerate the melting of snow cover. Large amounts of
snowmelt initially replenish soil water, leading to the rapid growth of trees, but later, the continuous
consumption of snowmelt reduces the available water capacity of soil, resulting in water stress on
trees. The pattern of trees’ response to changes in climate ranges from a pure temperature limitation
to a collaborative temperature–moisture limitation. Since the 1990s, the weakening of the westerly
circulation and the North Atlantic Oscillation has reduced their impacts on the hydroclimate in the
Tianshan Mountains of Central Asia. The combination of heat-induced water deficit and a long-term
weakening trend in atmospheric circulation has slowed tree growth over the past decade.

Keywords: divergence growth; minimum temperature; water stress; westerly circulation; abrupt
climate change

1. Introduction

Tree rings have become an excellent palaeoclimatic material; their many distinct advan-
tages, such as high temporal resolution, accurate dating, wide geographical distribution, a
large number of duplicates, easy availability of samples, accurate recording of surrounding
environmental changes, etc., have been widely used to reconstruct regional and global
climate change history [1–3]. They can not only show the natural variability of climate
change on the centennial and millennial scales [4–6] but can also reveal the impact of human
activities on nature [7–10]. They are also a key material for accurately assessing climate
change scenarios and the response strategies and adaptive capacity of trees. The multiple
parameters of tree rings provide many opportunities for climate research in different direc-
tions. Traditional macrostructural indicators, such as tree-ring width and tree-ring density,
with their long research history and established techniques and methods, have formed the
research foundation of dendroclimatology [2–5,11]. Innovative isotopic indicators such as
tree-ring stable isotopes at the atomic scale have established tree-ring isotopic physiological
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models based on the principle of isotope fractionation and revealed large-scale regional
climate signals [6,12–15]. Microstructural indicators, such as xylem anatomical character-
istics, can reveal climatic and environmental signals from the perspective of cellular and
subcellular scales and provide the internal mechanism or physiological explanations for
the tree-ring growth–climate relationship [16–19].

Since the second half of the 20th century, however, the relationship between tree
growth and climate has changed significantly with global warming. Rapid warming
changes the sensitivity of trees to temperature and thus significantly alters the composition
and distribution of forest ecosystems, especially the distribution of vegetation towards polar
and high elevations [20–24]. The discovery of the divergence problem at high latitudes and
mid-high elevations, i.e., the decreasing sensitivity of tree growth to temperature over time,
challenges the traditional dendroclimatic reconstruction and breaks our understanding of
the basic hypothesis, i.e., the uniformity principle in dendroclimatology [25]. It affects the
reliability of reconstructed models based on tree rings and the accuracy of historical climate
series. There are still different explanations for the mechanism of the divergence problem,
mainly as follows. First, the temperature threshold hypothesis [26,27] states that there is an
inverted U-shaped or nonlinear relationship between tree growth and temperature [28],
i.e., that there is an optimal temperature range for tree growth. When the temperature rises
beyond this range, it is possible to cause a decline in tree growth. The second explanation
is drought stress, which emphasises that a water deficit affects normal tree growth and
that the increased limiting effect of water on tree growth weakens the limiting effect of
temperature on tree growth [29,30]. There are also other influences, such as physiological
differences between tree species, different tree-ring parameters, sampling site conditions,
detrending methods, etc. [31].

The Tianshan Mountains, located in arid Central Asia, are controlled by westerly
circulation [32]. Its unique climatic and geographical conditions, as well as its sensitivity
to climate change, make it an ideal area for studying past climate and environmental
change. Previous studies have identified divergent growth of trees in the Tianshan Moun-
tains [33–36]. However, due to environmental heterogeneity, different tree species, and
altitude differences, the dynamic response of tree growth to temperature is not exactly
the same as in other locations, meaning that the existing discussion of the mechanisms
needs to be further explored, and the methodology for studying the divergent growth
and response strategies of trees still needs to be improved. In this study, a tree-ring width
chronology was established at high altitudes in the western Tianshan Mountains, showing
a significant decline in recent decades. The reasons for the decline in tree-ring width
need to be explained, and the mechanisms of divergent growth of Picea schrenkiana need
to be fully discussed. This may provide new perspectives and opportunities for future
discussions on the mechanisms of the regional divergence problem. The main research
questions in this paper are as follows: (1). What are the main climatic factors limiting the
radial growth of Picea schrenkiana at high altitudes in the western Tianshan Mountains?
(2). Is the relationship between climatic factors and tree-ring width stable? (3). What are
the causes or mechanisms of divergence between tree growth and climatic factors? These
include changes in climate factors (e.g., temperature, precipitation, relative humidity, etc.)
and changes in the background of atmospheric circulation.

2. Materials and Methods
2.1. Study Area and Sampling Site

The study area is located on the southern slope of the western Tianshan Mountains
in East Central Asia, and the main ridge runs from northeast to southwest. The climate
is mainly controlled by the midlatitude westerly circulation and partly by the Indian
monsoon [32]. Water vapour sources are more abundant and complex, with contributions
from the North Atlantic, the Arctic Ocean, and the Indian Ocean [37]. The sampling site
(80.33◦ E, 41.74◦ N, 2760–3000 m a.s.l., Figure 1) is near the upper limit of the forest, within
the Tomur National Nature Reserve of Xinjiang, China; the highest peak (Tomur Peak) is
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in the Tianshan Mountains. The reserve’s topography is high in the north and low in the
south, with a large difference in elevation [38]. There are many glaciers in the reserve. The
glacial activity makes it the source of many inland rivers and an important water supply
area in Xinjiang [38]. The forest is sparse and has low canopy density on the shady slope.
Schrenk spruce (Picea schrenkiana), is a shallow-rooted conifer that prefers moist and shady
habitats and is widespread in the Tianshan Mountains, where it plays an important role
in water conservation, climate regulation, and biodiversity conservation. It often grows
to a height of 30–40 m and a diameter of 70–100 cm. The samples are designated as the
“TGLK” group.
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Figure 1. Map showing the location of the sampling site (Tagelake, TGLK) and the nearby Zhaosu
meteorological station.

2.2. Tree-Ring-Width Chronology Development

Samples were collected in July 2019, with two cores extracted from each tree at breast
height (1–1.5 m) in different directions using 10-mm increment borers. All tree-ring cores
were dried naturally and then polished with sandpaper of different meshes in the laboratory.
After the removal of some missing and decayed cores, a total of 38 cores were included in
the establishment of tree-ring width chronology (Table 1). Tree-ring width (TRW) values
were measured by using the LINTAB system with a resolution of 0.01 mm. The COFFCHA
program was then utilised for quality control of the cross-dating [39]. TRW data were
detrended by fitting linear regression or negative exponential curves to remove nonclimatic
trends. Finally, the standardised chronology was established using a biweighted robust
mean method by using the ARSTAN program [2]. Statistical parameters are used to
evaluate the reliability and quality of the chronology, including mean sensitivity (MS),
mean correlation (R1: all series, R2: within trees, R3: between trees), signal-to-noise ratio
(SNR), percentage of variance in the first eigenvector (PC1), subsample signal strength (SSS)
and expressed population signal (EPS) [1–3,11].

Table 1. Statistical characteristics for the standardised tree-ring width Chronology.

Site Number of
Trees/Cores MS R1 R2 R3 EPS SNR PC1

TGLK 23/38 0.25 0.47 0.51 0.42 0.97 33.67 49%
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2.3. Meteorological Data and Statistical Methods

For this study, instrumental data from the nearby high-altitude Zhaosu meteorological
station (81.13◦ E, 43.15◦ N, 1851.0 m a.s.l., Figure 1) were obtained from the National
Meteorological Science Data Center (http://data.cma.cn/ (accessed on 12 January 2023),
Figure 2), including mean temperature (Tmean), mean maximum temperature (Tmax),
mean minimum temperature (Tmin), total precipitation (PR), and mean relative humidity
(RH). Due to the lagged response of tree growth to climate, monthly climate data from
October of the previous year to September of the current year were used to examine climate–
growth relationships. In addition, volumetric soil water (VSW), total evaporation (TE),
and snowmelt (SML) from the ERA5-Land Reanalysis dataset [40] are also included as
important factors considering moisture conditions, with the first two variables serving as
approximately equivalent proxies for P and RH. At high altitudes, soil water is mainly
recharged by atmospheric precipitation, snowmelt, and seasonal thawing of frozen soils.
TE is the accumulated amount of water that has evaporated from the Earth’s surface into
the atmosphere, including vegetation transpiration, soil evaporation, evaporation from
the canopy interception reservoir, etc. ERA5-land is a state-of-the-art global reanalysis
dataset for land applications that was released by the European Centre for Medium-Range
Weather Forecasts (ECMWF, with 0.1◦ × 0.1◦ grids for 1954–2016 AD). The North Atlantic
Oscillation (NAO), the Arctic Oscillation (AO), and the Eurasian Zonal Circulation index
(CI) were used to measure the variability of atmospheric circulation in the mid-latitudes
of the northern Hemisphere. The first two indices are taken from the KNMI Climate
Explorer (https://climexp.knmi.nl/, accessed on 12 January 2023). CI is represented by the
difference in 500 hPa geopotential height between 45◦ N and 65◦ N and then averaged over
0◦ E–150◦ E.
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Pearson correlation analysis was performed to explore the association between TRW
and climatic variables, and z-scores standardisation was used to improve the comparability
of different data. A sliding t-test was used to detect the abrupt changes in temperature,
based on whether the mean difference between two subsets exceeds a given significance
level [41]. First-order difference processing, which is the difference between two adjacent
terms, was applied to the raw sequence to avoid the influence of long-term trends and to
reveal high-frequency variability. Commonality analysis (CA), based on a multiple linear
regression relationship between independent variables and dependent variables, was used
to disentangle the effects of multiple factors on TRW in the R statistical programming
environment. The advantages of CA are that it can calculate the relative contribution of
each predictor and can also give the common contribution between any combination of
predictors [42].

3. Results
3.1. Tree-Ring Width Chronology and Climate Change

The standardised TRW chronology, the sample size, and the SSS are shown in Figure 3a,
which retains both high-frequency and low-frequency climate signals [2]. The credible
starting year of the TRW chronology is 1729, according to the SSS > 0.85 criterion [11].
Table 1 lists some of the statistical parameters of the chronology, where high mean sensitivity
and high signal-to-noise ratio mean that the chronology is more sensitive to climate change
and contains richer climate signals. High correlation coefficients (R1, R2, R3) indicate more
consistent changes between samples. A high expressed population signal indicates that
the chronology represents the population signal with sufficient quality. In addition, the
TRW index has an extremely intriguing trajectory; it increased significantly after the 1950s,
reached a peak in 1998, and then fell into an abrupt decline (Figure 3).
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Observational records show that Tmean for 1954–2016 AD ranges from −11.3 ◦C in
January to 15.1 ◦C in July, and PR is 508.9 mm, with May to September accounting for
about 74.8% of PR (Figure 2a). Tmean was 3.3 ◦C with a significantly increasing long-term
trend of 0.32 ◦C/decade (p < 0.01, Figure 2b) over the last 63 years, while PR does not. Tmin
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increases at a rate of 0.46 °C/decade (p < 0.01, Figure 2b), which is even higher than Tmean.
Figure 2c shows the abrupt temperature changes in 1996, 2000, and 2003, after performing
a sliding t-test on the temperatures. Given the consistent variation between the TRW index
and temperature, the climate data were divided into two periods based on the change
point of 2000; the first period was 1954–2000, which was followed by 2000–2016 for the
subsequent response analysis.

3.2. Divergent Climate Responses

Correlation analysis indicated a strong and significant positive correlation between
TRW and temperature, with the highest correlation with Tmin in June–July (r = 0.74,
p < 0.01) but no significant relationship with PR and RH (Figure 4a,c). When PR and RH
were replaced by VSW and TE, respectively, TRW had significant correlations with water-
related variables (i.e., VSW and TE, Figure 4a,c), with a significant positive correlation with
VSW throughout the year, reaching −0.62 (p < 0.01) with TE in June–August (Figure 4a,c).
After performing the first-order difference on the raw series, TRW remained significantly
related to Tmin and TE in June–July (Figure 4b,d) and had no significant relationship with
PR (except February) and RH (Figure 4b,d); however, the relationship with VSW was
apparently weakened in Figure 4b. This suggests that TRW at high altitudes is controlled
more by temperature than by water conditions.
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There is a strange trajectory in Figure 3b where both TRW and Tmin in June–July
maintain similar increasing trends before 2000; after 2000, however, these trends sharply
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decreased in TRW and had a continuous upward tendency in June–July Tmin at a high
rate of 0.91 ◦C/decade (p < 0.01). The correlation coefficient between TRW and June–July
Tmin decreased from 0.73 (n = 47, p < 0.01, Figures 3b and 4c) during 1954–2000 AD to 0.40
(n = 16, p = 0.13, Figures 3b and 4e) during 2001–2016 AD. However, the change in the
correlation coefficient between TRW and June–July Tmin at high frequencies was stronger,
increasing from 0.48 (n = 47, p < 0.01, Figure 4d) during 1954–2000 AD to 0.81 (n = 16,
p < 0.01, Figure 4f) during 2001–2016 AD. The above results imply two things: first, a
divergent response of TRW to June–July Tmin occurs in recent decades, and second, Tmin
is still the main climatic factor controlling tree-ring growth at high frequencies and the
main factor is not changed by the “divergence problem”. Moreover, PR in February and
VSW in April reached a significant positive correlation with TRW at high frequencies in
1955–2000 AD, with correlation coefficients of 0.45 (p < 0.01) and 0.40 (p < 0.01, Figure 4d),
respectively. From 2001 to 2016, TRW at high frequencies still maintained a significant
positive correlation with PR from November of the previous year to February of the current
year (r = 0.53, n = 16, p < 0.05) and showed a significant negative correlation with PR in
August and VSW in September at the end of the growing season (Figure 4f).

3.3. Contribution of Climatic Variables to TRW

The CA presented the relative contribution of climatic factors to TRW in different
periods. Tmin, PR, and RH explained 58.03% of the total variance in TRW during 1954–2016
AD, with Tmin dominating the explained variance, and its pure effect accounting for 95.08%
of the total explained variance (Figure 5a). The pure effect or unique contribution of Tmin to
TRW was as high as 99.74% during 1954–2000 (Figure 5b), but after 2000, this contribution
was reduced to 18.57% due to the abrupt climate change; the unique contribution of PR
to TRW and the common contribution of PR and Tmin to TRW increased, accounting
for 55.90% and 19.59% of the total explained variance, respectively (Figure 5c). It is also
noted that the climate response pattern at high frequencies (Figure 5d–f) is still similar
to that of the raw series (Figure 5a–c). The pure contribution of Tmin decreased from
55.51% for 1955–2000 AD (Figure 5e) to 39.90% for 2001–2016 AD (Figure 5f). The common
contribution of Tmin and PR increased from 28.58% for 1955–2000 AD (Figure 5e) to 37.8%
for 2001–2016 AD, and the common contribution of Tmin and RH also reached 20.64%
(Figure 5f).
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When PR and RH were replaced by VSW and TE, CA revealed some differences in the
climate response patterns. These differences reflect the significant contribution of moisture
conditions to TRW before the abrupt climate change, both in the raw series and in the
first-order difference series (Figure 6). The similarity was that, after the abrupt change, the
unique contribution of Tmin decreased, and the common contribution of the interactive
effect between moisture and Tmin increased. For example, the pure contribution of VSW
increased from 4.52% for 1954–2000 AD (Figure 6b) to 21.16% for 2001–2016 AD (Figure 6c)
and the unique effect of TE was from 1.19% for 1954–2000 AD (Figure 6b) to 54.11% for
2001–2016 AD (Figure 6c). Finally, it was found that the explained variance of climatic
factors to TRW decreased in the raw sequences after the abrupt climate change (Figures 5b,c
and 6b,c), but increased at high frequencies (Figures 5e,f and 6e,f).
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4. Discussion
4.1. Differences in TRW Response to Climatic Conditions

With global warming, the relationship between tree growth and climate is chang-
ing [26,27,29,30,33–36,43–45]. The results of the correlation analysis in this study showed
that tree growth at high altitudes in the Tianshan Mountains is mainly controlled by Tmin,
which is manifested by a significant positive correlation between tree growth and Tmin in
the rapid growth stage of trees from June to July (Figures 4–6). As Tmin continues to rise,
first, it is conducive to enhanced photosynthesis, providing more energy and nutrients for
tree growth [1]; second, a longer growing season due to high temperatures is expected to
produce wider tree rings [46]. Temperature regulates the tree growth cycle by controlling
cambium activity. If the ambient temperature or cumulative temperature is higher than
the minimum threshold temperature for cambium activity, the onset of cambium activity
is brought forward, and the growing season will be prolonged [19,47]. However, if high
temperatures cause drought stress in the early growing season, this will exacerbate water
deficit of trees and slow tree growth [48].

In addition, the effect of elevation on the response of tree growth to temperature is
noteworthy. Jiao et al. (2022) found a significant negative correlation between Tmin in
the growing season and tree rings of Schrenk spruce at an elevation of about 1650 m in
the western Tianshan Mountains, suggesting that the climate–growth relationship shifts
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from tree growth being promoted by high temperatures at high elevations to tree growth
being inhibited by high temperatures at middle elevations. This may occur because the
reduction in radial growth of trees is caused by drought stress due to high temperatures
and excessive nutrient consumption due to increased respiration [25]. Our study also
showed no significant correlation between TRW and PR at high altitudes, but TRW has
a significant relationship with VSW (Figures 4 and 6). Although this may be a trend
correlation (Figure 4b), it still indicates that moisture conditions are the basis for tree
growth. When TRW is not related to PR, VSW may be a better variable than PR to measure
the effect of moisture conditions on tree growth. In recent decades, the climate–growth
relationship has quietly changed, as evidenced by the decreasing proportion of temperature
contribution to TRW and the increasing proportion of moisture contribution after the
abrupt climate change (Figures 5 and 6). In other words, the climatic response pattern of
tree growth has shifted from a pure temperature limitation to a collaborative temperature–
moisture limitation. The attitude or response pattern of tree growth towards moisture
conditions changed from “maintaining basic growth” to “intense demand”. However, this
shift in response pattern does not completely alter the dominance of Tmin limiting tree
growth, with Tmin still playing the role it should. This result differs from Schreel et al.
(2021) [49].

4.2. What Causes the Divergent Response of TRW to Climate?

The results of CA and the changes at high frequencies cannot explain the long-term
decline in TRW since 2000 and further analysis at low frequencies is required. After 21 years
of low-pass filtering, the long-term decline in TRW was basically consistent with the trend
of moisture conditions over the last two decades, but the timing of the inflexion point at
which each variable begins to decline is not the same (Figure 7). The inflexion point for the
decline in TRW is roughly the same as that for the decline in VSW, both before the decline
in PR (Figure 7).
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Figure 7. Comparisons between TRW (black line) and climate factors (Tmin, PR, RH, TE, VSW, SML)
and atmospheric circulation indices (NAO, AO, CI) for 1954–2016 AD. All series were normalised
and then subjected to a 21-year low-pass filter.

It is well known that soil water is mostly recharged by atmospheric precipitation,
but at high altitudes, snowmelt and seasonal frozen soil can provide more water than PR
both before and at the beginning of the growing season. Therefore, the variable of spring
and summer snowmelt was introduced, and the inflexion point of snowmelt was found



Forests 2023, 14, 354 10 of 13

to be around 1990, even before that of VSW and TRW (Figure 7). Subsequently, this study
reassessed the variability of Tmin in spring since 1990 and found that it increased at a
high rate of 1.12◦C/decade (p < 0.01, Figure 2d), much higher than June–July Tmin and
annual Tmin. Thus, it is reasonable to assume that the rapid rise of spring Tmin intensifies
snowmelt, and that a large amount of snowmelt continuously supplies soil water, leading
to an increase in tree radial growth. However, with the continuous reduction in snow cover
and no significant increase in precipitation, the soil water supply was limited, causing the
trees to suffer from water restrictions. The situation worsened over time and eventually
resulted in the decrease in the radial growth of the trees.

Previous studies have shown that, at high altitudes in the western Tien Shan [36,44,45]
and western Kunlun Mountains [50,51], Picea schrenkiana is mainly regulated by Tmin of the
growing season, which promotes tree growth. At middle and low altitudes in Central Asia,
moisture is the main limiting factor for tree growth [34,52,53]. The precipitation signal or
drought signal was significantly positively correlated with TRW, but the temperature signal
showed a negative correlation with TRW [54]. Furthermore, in the Mediterranean region,
the post-1980s decline of larch over the last 20 years has also been attributed to drought
stress, with the duration of local snow cover playing an important role [29]. In the Great
Xing’an Mountains of China, Larix gmelinii [30] and Pinus sylvestris var. Mongolica [55] have
also shown a decline in tree growth because the effective soil water content has reduced
because of permafrost degeneration. With global warming, water deficit or drought stress
is gradually expanding to higher altitudes and is likely to be a major factor influencing the
shift in climate response patterns of trees.

4.3. Influence of the Atmospheric Circulation

The hydroclimate variability in the western Tianshan is controlled by the westerly cir-
culation and the NAO. Studies have also confirmed that the NAO can affect climate change
in mid-latitude Eurasian through atmospheric teleconnection [56–58]. The comparisons in
Figure 7 were performed between TRW and three circulation indices (NAO, AO, CI) for
1954–2016 AD. A similar trajectory was found for all three indices, with a downward trend
after 1990. This decline has also been observed in other studies [59–61]; it is similar to the
long-term trend of the moisture-related variables and precedes the decline of these variables
and TRW. In addition, the relationship between the NAO and PR over mid-latitude East
Asia weakened rapidly after the 1980s; after that, the correlation between the two was
no longer significant [56]. This implied that the influence of NAO on remote areas was
weakening. After the 1990s, the weakening of the Eurasian midlatitude circulation reduced
the water vapour fluxes from the North Atlantic Ocean as well as from the west of Central
Asia, thereby affecting the hydroclimatic variations in the study area [56,57]. Although the
NAO was in a positive phase during this period, the decline of the NAO diminished the
meridional pressure gradients in the northern Hemisphere and weakened the intensity of
the westerly circulation in the middle and upper troposphere, thus reducing the influence
of the North Atlantic Ocean on remote areas, such as Central Asia and East Asia [56,62].
Changes in the climatic background state, i.e., the weakening of the westerly circulation,
have altered the changes in moisture-related climatic elements, which together with the
continued increase in temperature have resulted in divergent responses of tree growth to
climate at the end of the 20th century (Figures 2, 3 and 7).

5. Conclusions

The radial growth of trees is controlled by local climatic conditions and large-scale
atmospheric circulation. When the climatological background state changes, tree growth
must respond to the climate accordingly. In this study, the growth of Schrenk spruce at
high altitudes is mainly regulated by Tmin in June–July in the western Tianshan Mountains.
The energy and nutrients accumulated by photosynthesis and the extension of the growing
season together facilitated the tree radial growth due to the increase in Tmin. Since the
1990s, the westerly circulation in the Northern Hemisphere has been in a background
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state of long-term weakening, resulting in a reduction in water vapour transport from the
North Atlantic Ocean. The rapid and continuous melting of snow cover, due to warmer
spring temperatures, reduced and then limited soil water availability. As temperatures
continued to rise, the reduction in soil moisture exacerbated the water stress on tree growth.
Finally, the combination of temperature and water stress has slowed down the radial
growth of trees over the last two decades and the divergence problem between TRW and
Tmin has occurred. During this time, the growth strategy of trees in response to climate
change altered from a pure temperature limitation to a collaborative temperature–moisture
limitation. However, temperature as the main limiting factor did not change as a result
of the change in growth strategy. If temperatures continue to rise in the future and water
supply is not effectively replenished, the growth of trees at high altitudes will be further
limited, making it necessary to investigate the effects of warming-induced drought on
forest ecosystems at high altitudes.
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