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Abstract

:

In recent decades, the global climate has changed significantly. The climate in Northwest China became warm-wet, especially in the Tianshan Mountains. In order to explore the response of tree growth to recent climate change, the two dominant trees species, Picea schrenkiana Fisch. et Mey. and Larix sibirica Ledeb., were studied with the dendrochronological method in the western Tianshan Mountains (WT) and the eastern Tianshan Mountains (ET). Our results showed that: (1) The tree growth of four sample sites in the WT significantly increased in recent decades, while the trees in the three sample sites in the ET significantly decreased. (2) In the WT, except for the Manas site, the tree-ring chronologies of the other three sites were significantly positively correlated with the mean annual minimum temperature. Tree-ring chronologies in the WT, except for Bangfanggou site, were significantly positively correlated with annual precipitation. In the ET, only the tree chronology of L. sibirica in the Balikun site was significantly negatively correlated with the annual temperatures, including the mean minimum, mean and mean maximum temperature. (3) The proportion of trees with a significant upward growth trend at each site decreased from west to east, and the proportion of trees with a significant downward growth trend at each site increased from west to east along the whole Tianshan Mountains. (4) The correlation of tree-ring chronologies with the annual temperature and annual precipitation was not stable during the study period. Warm-humidification promoted the growth of trees in the WT but inhibited tree growth in the ET, which may be exacerbated drought stress in the ET where the increase in precipitation was not enough to offset the increased evapotranspiration potential caused by warming.
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1. Introduction


In recent decades, climate warming, atmospheric CO2 concentration increasing and changes in precipitation patterns have affected ecosystem productivity and water consumption [1,2,3]. In most parts of the world, temperatures are forecasted to continue to rise for future decades [4]. In general, higher temperatures promote tree growth in cold regions [5,6] and affect the forest structure and productivity [7,8,9].



However, some studies have shown that warming does not always promote tree growth and may also inhibit plant growth by exacerbating drought stress [10,11]. With the temperature increased, the temperature sensitivity of the radial growth of trees in some subarctic regions might reduce, even to a negative effect [12], which is called “divergence problem” in tree ring research [13,14].



At the same time, living in different environments, plant individuals of the same species exhibit divergent habits, appearance and physiology, which is called “cladogenic adaptation” [15]. For example, in the late twentieth century, Sabina przewalskii and Pinus tabulaeformis in the Qilian and Helan Mountains clearly showed growth divergence [16]. Picea glauca in western Alaska’s northern treeline showed a positive response to recent warming. Still, there was a large proportion of negative responders in the eastern part because of drought stress [17]. Therefore, it is important to study the response of the same tree species in various distribution areas to climate change for forest management [11].



Studying the response of individual tree growth to climate is as ecologically important as the chronology [14]. Changes in the proportion of positive and negative responses of a single tree to climate can better understand the mechanism of tree growth response to climate. Zhang and Martin [18] found that, in the high elevation of the northeastern Tibetan Plateau, the Picea crassifolia growth significantly correlated with growing season temperature. There were both increases in proportions with positive and negative responses.



Guo et al. [19] found that the proportion of spruce (Picea spp.) showed a positive response to the increase in growing season temperature; however, that of fir (Abies spp.) did not change, and there was a decrease in growth coherency for both two trees species on the Tibetan Plateau. Fang and Zhang [20] found that in the three extreme droughts years, the proportion of trees with high recovery increased, while the proportion with high resistance decreased.



The Tianshan Mountains were located in Xinjiang, Northwest China. It is widely distributed in the extremely arid inner Asia and has an important impact on the local ecosystem and society, called central Asia’s water tower [21,22]. Westerly circulation is the important factor that strongly shapes the climate, and it is a decreasing trend from the west to the east of the annual precipitation in the Tianshan Mountains [23]. In recent decades, both temperature and precipitation demonstrated an upward trend in the Tianshan Mountains.



The increasing temperature trend was more significant than precipitation, and it is becoming warm-humid [24]. If the increase in precipitation is insufficient to offset the increased evapotranspiration potential caused by warming, the water stress on plants will be further exacerbated [25,26]. This is a subalpine forest belt that primarily consists of P. schrenkiana extending from west to east over 1000 km with an altitude of 1500–2700 m in the Tianshan Mountains [27]. In the eastern Tianshan Mountains (ET), there is a mixture of L. sibirica and P. schrenkiana [28].



P. schrenkiana is a widely distributed tree species in the Tianshan Mountains. It is sensitive to climate change and is often used in the research of climate response and climate reconstruction [23,29]. L. sibirica is another dominant tree species only in the ET, and it is important to central Asia water and ecosystem conservation in the arid and semi-arid regions [30]. In the western Tianshan Mountains (WT), the tree growth of P. schrenkiana was significantly and positively correlated with temperature in warm seasons [31].



In the central Tianshan Mountains, P. schrenkiana growth was affected by precipitation in the previous August at different altitudinal gradients [32]. In the ET, in recent decades, Jiao et al. [28] found that, for two tree species (P. schrenkiana and L. sibirica), radial growth was mainly affected by drought during the growing season. However, it is unclear how trees in the WT and ET respond to the current warm-humid climate. Hence, we conducted a dendrochronological study on P. schrenkiana and L. sibirica from WT and ET.



Our aims are (1) to explore whether there are differences in radial growth and the growth-climate relationship between trees in the WT and ET and (2) to reveal how the growth of individual trees changes from east to west along the Tianshan Mountains under climate warming and humidification.




2. Materials and Methods


2.1. Study Area and Climate


The study was conducted at six sites on the north slope of the Tianshan Mountains, northwest China: Zhaosu (ZS), Gongliu (GL), Manas (MNS), Banfanggou (BFG), Jimsar (JMS) and Banglikun (BLK1 and BLK2) (Figure 1, Table 1).



During the period of 1960–2019, monthly precipitation in the WT was generally higher than in the ET, while the monthly temperatures (the mean minimum, mean and mean maximum) in the WT were generally lower than in the ET (Figure 2). Based on the grid point climate data, the mean annual temperature in the WT (ET) was 1.0 °C (4.1 °C), the mean monthly maximum temperature was 22.2 °C (26.8 °C) in July, and the mean monthly minimum temperature was −23.0 °C (−20.8 °C) in January during the period 1960–2019 (Figure 2).



In the WT (ET), annual precipitation was 223.6 mm (105.5 mm), 72.5% (79.8%) of which fell in the growing season (from March to August) (Figure 2). There was a significant upward trend in annual temperatures (especially the mean annual minimum temperature) and annual precipitation during 1960 to 2019 in both WT and ET (Figure 3). The rising rate of annual precipitation in the WT (11.68 mm/decade) was faster than that in the ET (4.09 mm/decade), and the rising rate of the mean annual minimum temperature in the WT (0.37 °C/decade) was lower than that in the ET (0.42 °C/decade) (Figure 3).




2.2. Tree-Ring Data and Meteorological Data


Fieldwork was conducted in July 2021. The four sites (ZS, GL, MNS and BFG) were located in the WT, and the other sites (JMS, BLK1 and BLK2) were in the ET (Figure 1, Table 1). We sampled in the middle of the altitude zone with forest distribution to study. More than 30 dominant individuals were chosen as sampling trees at each site. We took one core per tree from each sampling tree at the breast height (1.3 m) using a 5.15 mm diameter increment borer. All samples were brought back to the laboratory. Some samples that did not meet the requirements were removed, such as broken or heart rot.



All tree cores were preprocessed by using the standard method Stokes and Smile [33]. Visual cross-dating was conducted using the skeleton method under a binocular microscope. We then used the LINTAB 6 system with a resolution of 0.01 mm to measure the tree ring width. The results of cross-dating and annual ring width measurement were verified by the COFECHA program [34]. The errors in the process of cross-dating and ring width measurement were manually eliminated.



In order to reduce the impact of age-related growth rates, the ARSTAN program was used to detrend the cross-dated tree ring-width series using linear or negative exponential functions and then use the double-weighted average method to standardize the data. After standardization, the standard chronology was finally established [35]. We also used ARSTAN program for generating each individual tree ring series, and a total of 215 individual tree-ring indices were used for futher analyses (Table 1).



Monthly precipitation, temperature and potential evapotranspiration data of the WT (43.00° N–44.00° N, 81.00° E–87.5° E) and ET (43.00° N–44.00° N, 88.50° E–94.00° E) during 1960–2019 were obtained from the grid point data with an accuracy of 0.5° × 0.5° of the Royal Netherlands Meteorological Institute (http://climexp.knmi.nl, accessed on 23 January 2022).




2.3. Growth Coherency and Growth-Climate Relationship


Linear regression was used to identify the tree growth trend of each species and individual tree series within each site during the period 1960 to 2019. Pearson correlation coefficients between the tree-ring width chronologies/individual series and climate factors were calculated in SPSS 20.0 to determine the main factors affecting the tree growth in the Tianshan Mountains. To accurately depict the dynamic responses of tree radial growth to climate change, the moving correlation function was used to calculate the correlation coefficients between tree-ring chronologies and main climatic factors with a 30-year window and a 1-year step.





3. Results


3.1. Temporal Variation of Tree Growth


The trends of tree radial growth at four sites in the WT were significantly increasing from 1960 to 2019 (p < 0.05) (Figure 4). In contrast, at three sites in the ET, tree growth trend were significantly decreasing during 1960–2019 (p < 0.05) (Figure 4). In the Tianshan Mountains, the proportion of trees with a significant upward growth trend at each site decreased from west to east (Figure 5). The proportion of trees with a significant negative growth trend in the ET was higher than that in the WT (Figure 5).




3.2. Relationships between Tree Growth and Annual Climate Factors


In the WT, the tree-ring width chronologies were positively correlated with the annual temperatures (the mean minimum, mean and mean maximum) and the annual precipitation during 1960–2019. However, they had negative correlations with the annual temperatures (the mean minimum, mean and mean maximum) during the same period in the ET (Figure 6). The positive correlation between the chronology and annual climate factors gradually weakens from the west to east in the Tianshan Mountains (Figure 6).



At ZS, the chronology of P. schrenkiana was extremely significantly and positively correlated with the annual temperatures (the mean minimum, mean and mean maximum) and annual precipitation (p < 0.01). At GL, the chronology of P. schrenkiana was significantly positively correlated with the mean annual minimum temperature (p < 0.05) and was extremely significantly positively correlated with the annual precipitation (p < 0.01). At MNS, a significant positive correlation was found between the chronology of P. schrenkiana and annual precipitation (p < 0.05). At BFG, a significant positive correlation was found between the chronology of P. schrenkiana and the mean annual minimum temperature (p < 0.05) (Figure 6).



At JMS and BLK1, the chronology of P. schrenkiana was not significantly correlated with the annual temperatures and annual precipitation. At BLK2, the chronology of L. sibirica was extremely significantly and negatively correlated with the annual temperatures (the mean minimum, mean and mean maximum) (p < 0.01) (Figure 6).



At WT sites other than MNS (includes ZS, GL and BFG), proportional contributions of the significant positive correlations between the ring-width indices of all P. schrenkiana trees and annual temperatures (the mean minimum, mean and mean maximum) and the annual precipitation were higher than that in the ET (includes JMS, BLK1 and BLK2) (Figure 7). In the ET, proportional contributions of the significant negative correlations between the individual series and annual temperatures (the mean minimum, mean and mean maximum) were higher than in the WT (Figure 7). In the Tianshan Mountains, proportional contributions of the significant positive correlations between the individual series and annual precipitation overall showed a decreasing trend from west to east (Figure 7).



The proportional contributions (75.7%, 70.3%, 62.2% and 59.5%) of the significant positive correlation between individual series and annual climate factors (the mean minimum, mean, mean maximum temperature and precipitation) at ZS were higher than that at all other sites. The proportional contributions of the significant positive correlation at GL and BFG were above 20% but not more than 10% at MNS. The proportional contributions of the significant negative correlation between individual series and annual temperatures (the mean minimum, mean and mean maximum) at JMS, BLK1 and BLK2 were above 20%; however, the proportional contributions of the significant positive correlation were less than 20% (Figure 7).




3.3. Stability of Climate-Growth Relationships


In the WT, the positive correlation between the ZS chronology and annual temperatures was more stable than at the other three sites (Figure 8). The positive correlations between four sites’ chronologies and annual temperatures in the WT gradually weakened with time, even changing to negative at GL, MNS and BFG sites. In particular, the negative correlation was significant during 1978–2013 at MNS. In the ET, a significant positive correlation between the chronology and mean annual minimum temperature occurred at JMS during 1973–2004. A significant negative correlation between the chronology and mean annual maximum temperature occurred at BLK1 during 1968–1998 (Figure 8).



Significant positive correlation between the chronology and annual precipitation occurred during the first half of the study period at ZS, GL and MNS sites. In the ET, there was no significant correlation between the chronology and annual precipitation at all sites (Figure 8).





4. Discussion


4.1. Response Differences of Tree Radial Growth to Climate Change between WT and ET


Tree radial growth at the different sites showed different responses to climate factors [36]. In this study, both warming and increased precipitation strongly promoted tree growth in the WT. However, warming had a strong negative impact on tree radial growth, and the effect of precipitation change was very weak in the ET (Figure 6). In general, warming promotes tree growth in subalpine regions [37], and increased precipitation promotes plant growth in semiarid or arid regions [38,39]. The effect of warming was closely related to water availability [40].



When the temperature does not exceed the threshold, warming can break unfavorable dormancy early, improve the accumulation of carbohydrates and plant photosynthesis and promote the growth of tree xylem, which is beneficial to tree growth [41,42,43]. However, since warming will cause a rapid increase of evapotranspiration, warm-humidification in arid regions does not necessarily lead to an increase of soil moisture.



If the increase in precipitation is not enough to offset the increased evapotranspiration potential caused by warming, tree growth may be inhibited by exacerbated drought stress [25,26]. Trees enhanced the intrinsic water use efficiency and reduced the stomatal conductance to prevent them from losing too much water, which caused tree growth to decline [44,45].



Moreover, the temperature sensitivity of L. sibirica was higher than that of P. schrenkiana on the annual scale at BLK (Figure 6). The tree growth of both species was negatively affected by temperature, and climate warming lead to radial growth decline. These results are similar to those of Jiao et al. [28].




4.2. Response Stability of Tree Growth to Climate Change


Minimum temperature was the important climate factor restricting tree radial growth at the high-elevation sites [46,47]. Our results also showed that mean annual minimum temperature has a stronger impact on tree growth than mean and mean maximum temperatures at most sites. In addition, the stability of the positive correlation between tree growth and annual temperatures weakened with time in the WT.



Even in MNS, there was a significant negative correlation between the chronology and temperatures during 1978–2013, while the stability of tree growth with precipitation was only significant during the first half of the study period (Figure 8). In arid and semi-arid regions, tree radial growth is mainly restricted by drought [48]. In the Republic of Moldova, although the growth of Quercus robur L. and Fraxinus excelsior L. is primarily water-limited, their correlation with precipitation was found to be unstable by using the 25-year moving correlation analyses [49].



Temperature, precipitation and other environmental factors can strongly drive plant growth, altering plant adaptation strategies [50]. P. schrenkiana is a drought and cold tolerant tree species distributed in the Tianshan Mountains [23,51,52], and its growth is usually affected by minimum temperature and moisture [47,53]. As temperature and precipitation increased, the positive response of tree radial growth weakened [32,54]. Although the sensitivity of tree radial growth to temperature and precipitation decreased in the WT, tree growth will still increase in the future.




4.3. Spatial Patterns of Tree Growth Trend


There was an increasing trend of tree radial growth in the WT and a decreasing trend of tree growth in the ET (Figure 4), and these were consistent with the study of Qi et al. [55] and Jiao et al. [28], which might be caused by the balance of water and heat demand. From 1960 to 2019, the mean annual temperature (1.0 °C) in the WT was 3.1 °C lower than that in the ET (4.1 °C), and the annual precipitation in the former (105.5 mm) was only 47.2% of that in the latter (223.6 mm) (Figure 2).



The rising trend of annual potential evapotranspiration (8.79 mm/decade) was faster than the rising trend of annual precipitation in the ET (4.09 mm/decade) (Figure 3 and Figure 9), the increase of precipitation is not enough to offset the increased evapotranspiration potential caused by climate warming in the ET, and tree growth is under more drought stress [25,26]. In Lithuania, temperature and precipitation were found to have increased significantly in recent decades; however, increased July temperatures exacerbated drought stress in Scots pine (Pinus sylvestris L.) in the western region [56].



Additionally, individual trees with a significant increase (decrease) in growth trend decreased (increased) overall from west to east (Figure 5). Between and within different study sites, diverse growth responses are triggered by unprecedented climatic changes [57]. Changes in tree growth trends at above seven sites in the Tianshan Mountains reflect their response divergence. The proportion of individual trees whose growth was significantly positively correlated with temperature and precipitation overall showed a decreasing trend from west to east, and the proportion of individual trees whose growth was significantly negatively correlated with temperature in the ET was higher than that in the WT (Figure 7).



Therefore, trees in the WT were mainly affected by the positive effects of temperature and precipitation. Trees in the ET were mainly negatively affected by the temperature, which was generally considered sensitive to warming-caused drought [26]. However, the percentage of trees with an increased growth trend was lower, and tree growth was less correlated with climate factors in MNS. This is likely because the sampling site (altitude: 1708 m) was lower than other sites (altitude > 2100 m).



Differences in altitude often result in differences in temperature and precipitation and the sensitivity of tree-ring chronologies to climate [58]. In the Changbai Mountains, the positive correlations between Larix olgensis growth and temperature in June showed an increasing trend from low elevations to high elevations [59]. Therefore, we speculated that the positive correlation of tree growth with temperature and precipitation would also increase in the MNS region with the elevation within a certain range.



Based on the results of this study, we predict that the warm-humidification in the Tianshan Mountains will continue, that the growth of WT forests will continue to increase, and that the growth of ET forests will be under more drought stress. Therefore, more attention should be paid to ET forests to cope with future climate change.





5. Conclusions


In the Tianshan Mountains, the annual temperatures (the mean minimum, mean and mean maximum) and annual precipitation in the WT and ET significantly increased during 1960–2019. It has become warm-wet in recent decades; however, the annual precipitation and its trend in the WT were higher than in the ET, and the mean annual minimum temperature and its trend were the opposite. The tree growth at the four sites in the WT significantly increased, while tree growth at the three sites in the ET significantly decreased.



Tree growth in the WT (except for MNS) showed a significant positive correlation with the mean annual minimum temperature. The chronologies in the WT (except for BFG) showed a significant positive correlation with the annual precipitation. However, in the ET, only the chronology of L. sibirica showed a significant negative correlation with the annual temperatures.



In studying the growth trend of individual trees, we found that the proportion of individual trees with a significant negative growth trend increased from west to east. At the same time, from west to east, the diversity in the proportion of trees with a positive growth trend might be related to the decrease in the proportion of positive correlations between individual tree ring-width series and temperature and precipitation. However, the sensitivity of tree-ring chronologies to temperature and precipitation was not stable and weakened with time through the study period. Therefore, we should take different measures to manage the forests in the WT and ET to cope with climate change.
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Figure 1. Locations of the sampling sites in the Tianshan Mountains. 
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Figure 2. The monthly mean minimum (MinT), mean (MeanT) and mean maximum (MaxT) temperatures and monthly precipitation (P) during 1960–2019. 
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Figure 3. Variability of annual temperatures and precipitation during 1960–2019. MinT: mean minimum temperature, MeanT: mean temperature, MaxT: mean maximum temperature and P: precipitation. 
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Figure 4. Standard chronologies during 1960–2019 at seven sites in the Tianshan Mountains. 
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Figure 5. Proportion of trees with a significantly positive, significantly negative and not significant growth trend at seven sites. 
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Figure 6. The correlation between the chronology and annual climate factors during 1960–2019. MinT: mean minimum temperature, MeanT: mean temperature, MaxT: mean maximum temperature and P: precipitation. The 95% and 99% confidence levels were indicated by dashed and solid lines, respectively. 
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Figure 7. The proportional contributions of the significant positive, significant negative and not significant correlations between individual series and annual climate factors from 1960 to 2019. MinT: mean minimum temperature, MeanT: mean temperature, MaxT: mean maximum temperature and P: precipitation. 
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Figure 8. Moving correlation between the tree-ring width chronologies and annual climate factors. MinT: mean minimum temperature, MeanT: mean temperature, MaxT: mean maximum temperature and P: precipitation. Moving window: 30 years. One asterisk represents p < 0.05. 
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Figure 9. Variability of the annual potential evapotranspiration during 1960–2019. 
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Table 1. Sampling site information.






Table 1. Sampling site information.





	Sample Sites
	Latitude (N)
	Longitude (E)
	Elevation (m)
	Tree Species
	Number of Trees
	Time Period (SSS > 0.85)





	ZS (Zhaoshu)
	43.25°
	81.25°
	2483
	Picea schrenkiana Fisch. et Mey.
	37
	1866–2019



	GL (Gongliu)
	43.05°
	82.58°
	2289
	P. schrenkiana
	33
	1899–2019



	MNS (Manas)
	43.83°
	86.09°
	1708
	P. schrenkiana
	30
	1960–2019



	BFG (Bangfanggou)
	43.35°
	87.44°
	2509
	P. schrenkiana
	37
	1898–2019



	JMS (Jimsar)
	43.82°
	88.69°
	2273
	P. schrenkiana
	28
	1818–2019



	BLK1 (Balikun)
	43.33°
	93.71°
	2170
	P. schrenkiana
	26
	1897–2019



	BLK2 (Balikun)
	43.33°
	93.71°
	2170
	Larix sibirica Ledeb.
	24
	1896–2019







SSS: Subsample signal strength.
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