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The frequency and severity of drought events are increasing under a changing climate, trees of different stand ages respond differently to drought events, which has a great impact on the stability of forest ecosystems. In this study, we measured radial growth (RG) in cored trees from 49 forests including young stands (20–30a) and middle-aged stands (31–50a) of Pinus sylvestris var. mongolica plantations in a semi-arid area of western Liaoning, China. We evaluated the response of RG of P. sylvestris to long-term climate, and calculate three response indicators: resistance (Rt), recovery (Rc) and resilience (Rs), so as to measure the growth response of trees to drought events. Results showed that a negative correlation was detected between RG of young stands and the monthly highest temperature (MHT) in April and May. Positive correlations were found between RG of young stands and the monthly lowest temperature (MLT) across periods from September to November, when RG of young stands was also positively correlated with Palmer Drought Severity Index (PDSI) across whole-years. There was a positive correlation between RG of middle-aged stands and MLT in September, and PDSI from June to December. After the first drought event, most pine trees recovered their RG (Rc > 1, Rs > 1). However, after three consecutive drought events, Rt, Rc, and Rs of pine trees decreased significantly (p < 0.05), and Rt and Rs were less than 1. In summary, younger pine trees are more sensitive to climate change, and spring drought is more inhibitory to growth of pine trees than high summer temperatures. Pine trees have a compensation effect after experiencing drought events, but the cumulative effect of multiple drought events will gradually offset the compensation effect of trees and eventually decline in pine tree growth, while the resistance and resilience of young stands after continuous drought events were significantly lower than those of middle-aged stands, and have a higher risk of death.
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1. Introduction

In recent decades, with global warming, drought events have become more frequent and drought severity has increased (Allen et al., 2010; Field et al., 2012), which has become a serious challenge for forest ecosystems (Bolte et al., 2009; Lindner et al., 2010). Studies have shown that forests are adaptive to drought events and can achieve self-regulation within the corresponding range (Adams, 2009; Lloret et al., 2011; Longo et al., 2018). However, extreme drought events beyond the range of adaptation can affect tree survival and thus the productivity and biodiversity of forest ecosystems (Bolte et al., 2009; van Mantgem et al., 2009; Allen et al., 2010). Therefore, an accurate assessment of the adaptability of trees to drought events is helpful for understanding and predicting the survival risk of forests under future climate change, which is of great importance for maintaining sustainable forest management (Oliver et al., 2015).

Dendrochronology is an important method for studying the response of tree radial growth (RG) to climate change with temporal certainty and annual continuity (Martín-Benito et al., 2008; Fritts, 2012). Studies have shown that temperature and precipitation are important drivers of tree growth. In both tropical and cold regions, low temperature in winter, rainfall during the growing season, and snowfall in winter promote tree growth (Bigelow et al., 2014; Yuanqiao et al., 2021; Jing et al., 2022; Ning et al., 2023). High summer temperatures often have a significant inhibitory effect on RG of trees (Gantois, 2022; Jing et al., 2022). To quantify the response of RG to climate change, Lloret et al. (2011) proposed three indicators resistance (Rt), recovery (Rc) and resilience (Rs) to evaluate the tolerance of trees to drought events. Studies have shown that forests with low stand density have stronger resistance and recovery to drought events than forests with high stand density, and reducing stand density contributes to tree growth (Hollunder et al., 2021; Ovenden et al., 2021). Trees in different ecological environments respond differently to drought events. Compared to arid areas, trees in humid areas generally grow better and recover faster (Gazol et al., 2017; Longo et al., 2018). The Rt, Rc, and Rs of different tree species to drought events also differ (Zang et al., 2014; Vitali et al., 2017), but there is still controversy about the response of the same tree species of different sizes to drought events: Some studies have found that large trees have a poor recovery capacity, while small trees have a stronger adaptability to dry environments (Pretzsch et al., 2018; Trugman et al., 2018), but other studies have shown that small trees are more susceptible (Colangelo et al., 2017; Versace et al., 2022). Age, as an important ecological indicator of forest community structure, affects the growth status of trees and the assessment of forest ecosystems (Law et al., 2001; Song and Woodcock, 2003; Tang et al., 2017). Trees of different ages respond differently to drought events and also affect the stability of forest ecosystems. The high mortality of small trees is likely to alter the trajectory of ecosystem succession, while the high mortality of large trees will disrupt the balance of the ecosystem (Lucas-Borja et al., 2021). In addition, some studies have found that some trees recover quickly after experiencing drought events and even exceed the original growth level, but some trees cannot recover to the previous growth level and are still affected by the legacy effect of drought events for a long time (Serra-Maluquer et al., 2018; Kannenberg et al., 2019). The ability of trees to recover quickly from drought events has a significant impact on forest ecosystems.

In order to prevent and control dust storms, soil desertification, soil erosion, etc., China started to implement the Three-North Shelter Forest Program in the late 1970s (Zhang et al., 2016). Pinus sylvestris has become one of the main afforestation tree species in the shelter forest due to its excellent characteristics of cold resistance, drought resistance, barren resistance, suitable sandy soil and fast growth. Zhanggutai Town, Zhangwu County, western Liaoning Province, is the first area in China to introduce P. sylvestris, and it is also the most important experimental demonstration base for sand-fixing afforestation of P. sylvestris (Yuzhang, 1990). After that, the introduction area of P. sylvestris continued to expand southward and westward, covering the entire “Three North” project area. Therefore, whether the widely planted P. sylvestris plantation can grow healthily directly affects the effectiveness of afforestation, windbreak and sand fixation in western Liaoning. As a typical semi-arid area in China, western Liaoning may face more severe climate challenges in the future, and trees will be exposed to multiple drought events (Allen et al., 2010; Zuidema et al., 2022). Therefore, it is very important to explore the response characteristics of P. sylvestris plantations of different stand ages to climatic factors, and to study the response ability of P. sylvestris of different stand ages to continuous multiple drought events. It is conducive to maintaining the stability of forest ecosystems in the context of climate change, improving forest management and forecasting, and understanding forest dynamics in the context of future global change.

In this study, P. sylvestris plantations in the semi-arid area of western Liaoning were taken as the research object, and the long-term climate change and sudden extreme drought events were combined to evaluate the differences in growth dynamic characteristics of P. sylvestris plantations at different stand ages under different climatic conditions. We hypothesized that: (1) RG of P. sylvestris in different age stands responds differently to climatic factors; (2) drought events have legacy effect and cumulative effect; (3) the Rt, Rc and Rs of P. sylvestris in different age stands were significantly different.



2. Materials and methods


2.1. Study sites

The study area is located in Zhangwu County, Liaoning Province, in the southeastern edge of Khorchin Sandy Land, which is a typical semi-arid area. The geographical location is between 121° 53 ‘and 122° 58 ‘east longitude, 42° 07 ‘and 42° 51 ‘north latitude, with an average altitude of 255 m. The main feature of the landform is that the dunes overlap each other, and there are wind erosion lowlands between the hills. It belongs to the temperate continental monsoon climate, and the main climate characteristics are drought and wind. The representative plants are Pinus sylvestris, Pinus tabuliformis, Ulmus pumila, etc. The meteorological data of the last decades show that the extreme lowest temperature is −36.3°C, the extreme highest temperature is 38.4°C, and the average annual temperature is 7.93°C. The hottest season appears in July, with an average temperature of 24.2°C. The coldest month is January, with an average temperature of −11.5°C (Figure 1). The average annual precipitation is 570.8 mm, the maximum annual precipitation is 1,390 mm, and the minimum annual precipitation is 295.1 mm. The seasonal distribution of precipitation is uneven, and the annual precipitation is concentrated in June, July and August. There is less snow in winter, spring precipitation is low, and spring drought is common (Figure 2).

[image: Figure 1]

FIGURE 1
 Precipitation and temperature changes in Zhangwu County from 1979 to 2021. The red line indicates the highest temperature of the year, the blue line indicates the lowest temperature of the year, and the bar chart indicates the total annual precipitation.
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FIGURE 2
 Monthly average precipitation and temperature changes in Zhangwu County from 1979 to 2021. The orange line represents the monthly average temperature, and the bar chart represents the monthly average precipitation.




2.2. Field sampling and sample processing


2.2.1. Sample plot selection and annual ring sample collection

The sample plot of P. sylvestris artificial shelter forest is located in the experimental forest farm of Shenyang Agricultural University in Aer Township, Zhangwu County. According to the National Forestry Administration (2017), in the artificial shelter forest of P. sylvestris, young stands (≤ 30a) and middle-aged stands (31a ~ 50a) with basically the same site conditions (Supplementary Table S1), the dominant trees with straight trunks, no pests and diseases, no scars, and good growth were selected. The diameter at breast height, tree height, and crown width of each tree were measured by breast height rule, height meter, and tape measure (Table 1). To study RG of tree rings, we used an increment borer with a diameter of 5.15 mm to drill two tree cores at breast height (1.3 m) of each tree. When drilling, the increment borer is perpendicular to the trunk, avoiding trunk deformation and depression, and only the core without breakage is retained.



TABLE 1 Basic information of Pinus sylvestris var. mongolica in different agestands.
[image: Table1]



2.2.2. Tree-ring sample treatment and determination

The tree core was loaded into a special plastic tube, numbered, and returned to the laboratory. In the laboratory, the tree core was fixed in a wooden trough with white emulsion and paper tape for natural air drying. After air drying, the tree rings were polished in the laboratory with 240, 320, 400, and 600 mesh sandpaper in turn in the laboratory until the bright and clear tree ring contour could be seen under the microscope. The polished tree ring was placed under the microscope for preliminary marking and dating. Then the width of each annual ring is measured with a LINTAB. Six measuring instrument with an accuracy of 0.001 mm. Finally, the COFECHA software was used to check and correct the measurement and dating results in order to ensure the accuracy of the dating, to remove the sequence of poor quality, and finally 98 cores were kept, including 38 in the young stands and 60 in the middle-aged stands.

To eliminate the influence of the trees’ own physiological factors, we used negative exponential curve or linear regression to fit the growth trend of the trees and detrend the ring-width series in the ARSTAN program, and the mean standard chronologies for each age stand were calculated as the bi-weight robust mean of the detrended individual series. Finally, the standard chronology of each age stand was obtained and used to analyze the response of stand growth to climate. Express population signal (EPS) values of the two stand ages were greater than 0.85, mean sensitivity (MS)of young stands and middle-aged stands were 0.211 and 0.208, respectively. And serial correlation were 0.505 and 0.449, respectively. In addition, to more accurately quantify the growth of individual P. sylvestris, we used the tree-ring width to calculate the basal area increment (BAI) of each sample tree to better analyze the response of its RG to extreme drought events. The calculation formula is as follows:
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In the formula, Rt and Rt-1 are the radius of the tree corresponding to year t and year t-1, respectively. The tree radius is calculated from the tree-ring width.




2.3. Climate data

The daily lowest temperature, daily highest temperature, daily average temperature and daily precipitation data were obtained from the Zhangwu County Meteorological Bureau (42 ° 38 ‘N, 122 ° 55 ‘E) closest to the sampling site. In addition, the Palmer Drought Severity Index (PDSI) grid data are obtained using the data sharing network1 of the KNMI Climate Explorer. PDSI data set is CRU self-calibrated data with a spatial resolution of 0.5° × 0.5°. Compared to other drought indices, PDSI takes into account temperature, precipitation, soil moisture, and water evaporation (Palmer, 1965). Since it was proposed by Palmer in 1965, it has been used as one of the most widely used indices for the study and detection of meteorological drought (Sun et al., 2012; Yan et al., 2014; Smerdon et al., 2015). In order to analyze the differences in the response of growth of P. sylvestris plantations of different stand ages to climate, this paper selected the public period of growth of P. sylvestris plantations for growth-climate response analysis, that is, 1980–2021.



2.4. Identification of drought events

In order to exclude the reduction in tree growth caused by non-drought and to more accurately select drought events, we combined PDSI with the trend of change in tree basal area growth. We define that if the annual average PDSI is moderate drought and below (Supplementary Table S2), and the BAI of trees has a significant downward trend, the year is a drought year, that is, a drought event (Figures 3A,B), and defined drought events lasting more than 2 years as extreme drought events. Finally, the drought events in the study area since the 1980s were determined to be 1981, 1982, 1983, 1989, 2000, 2001, 2002, 2003, 2004, 2007, 2008, 2009, and 2015 (Figures 3A,B). In order to compare the drought events of different stand ages in the same period, the drought years 2000, 2001, 2002, 2003, 2004, 2007, 2008, 2009, and 2015 were selected during the public period of young and middle-aged stands. In fact, after the severe spring, summer, fall and winter drought in 2000, the study area was still a four-season continuous drought in 2001, 2002, 2003, and 2004. Therefore, 2000–2004 was considered as an extreme drought event for 60 consecutive months, and 2007, 2008 and 2009 were also extreme drought events for 36 consecutive months. Therefore, three drought events (2000–2004, 2007–2009, 2015) occurred in the last 20 years (2000–2020) during the growth of trees in the study area were selected for the study (Figures 3A,B).

[image: Figure 3]

FIGURE 3
 Drought event screening. The changes of BAI growth and annual average Palmer Drought Severity Index (PDSI) with time in young stands (A) and middle-aged stands (B). The yellow and dark blue lines represent the annual BAI growth of young and middle-aged Pinus sylvestris var. mongolica, respectively. The light blue line represents the annual average PDSI value change, and the blue filling part is the year of drought event.




2.5. Resistance, recovery and resilience indices

Following the method of Lloret et al. (2011), we quantified the response of RG of trees of different stand ages to drought stress in different indicators: Rt, Rc and Rs. The calculation formula is as follows:
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Among them, Gprev and Gpost are the BAI of trees in 3 years before and after the drought event, Gd is the BAI in the drought year, and if the drought event exceeds 1 year, it is the average BAI during the drought event. Rt quantifies the intensity of tree growth inhibition in the drought event (Gd) relative to the predrought event (Gprev). The higher the value, the stronger the resistance of trees. When Rt = 1, it indicates that the drought event does not limit the growth of trees. Rt > 1 indicates that the growth of trees in drought years is better than in non-drought years, and the resistance of trees is strong. Rt < 1 indicates that tree growth decreases during drought events. Rc is defined as the ratio of the BAI of trees after the drought event (Gpost) to that in the year of the drought event (Gd). Rc = 1 means that trees grow normally after the drought event and are not affected. Rs is defined as the ratio of tree growth after the drought event (Gpost) to that in the year before the drought event (Gprev). Rs = 1 indicates that trees are not affected by drought events and return to their original growth level. Rs > 1 indicates that the growth rate of trees exceeds the growth rate before drought events and that tree resilience is strong. Rs < 1 indicates that trees do not return to the growth level before drought events (Lloret et al., 2011). Considering the ‘legacy effect’ of trees after drought, the reference period before and after drought was set to 3 years in this study. All these indicators were calculated at the individual tree level.



2.6. Statistical analyses

Pearson correlation analysis was used to test the correlation between the ring-width index (RWI) of P. sylvestris and climatic factors (monthly lowest temperature, MLT; monthly highest temperature, MHT; monthly average temperature, MAT; monthly precipitation; monthly PDSI). Considering the lag effect of climate, the climate data of the previous year and the current year were selected. Single factor analysis of variance and significance test were used to compare the differences in resistance, recovery, resilience among different ages of stands of P. sylvestris. All statistical analysis levels: α = 0.05. All statistical analyses were performed using SPSS Statistics 26.




3. Results


3.1. Ring width index of different stand ages

Ring width index (RWI) represents the growth of tree rings. It can be seen from Figure 4 that the RWI of young and middle-aged stands are basically the same from 1995 to 2021. The RWI of the two ages of stands decreased significantly in 2000–2004, 2007–2009, 2015 and 2018, indicating that RG of P. sylvestris plantation may be affected by extreme climate change.

[image: Figure 4]

FIGURE 4
 Change of ring-width index (RWI) of young and middle-aged stands The yellow line represents the RWI of young stands, and the blue line represents the RWI of middle-aged stands.




3.2. Relationship between RWI of Pinus sylvestris in different stand ages and climate

The RWI of young stands was positively correlated with MLT in November of the previous year and September–November of the current year (Figure 5A), and negatively correlated with MHT in September of the previous year, April and May of the current year (Figure 5B). It was positively correlated with precipitation in August of the previous year, July and November of the current year (Figure 5D), and positively correlated with PDSI in 12 months of the current year (Figure 5E). The RWI of the middle-aged stands was positively correlated with MLT in October of the previous year (Figure 5A), but not correlated with MHT (Figure 5B). It was negatively correlated with precipitation in December of the previous year (Figure 5D), and positively correlated with PDSI from June to December of the current year (Figure 5E).

[image: Figure 5]

FIGURE 5
 Correlation between different age stands and climatic factors. The correlation between different age stands and monthly lowest temperature (MLT) (A), monthly highest temperature(MHT) (B), monthly average temperature (MAT) (C), monthly precipitation (D), monthly average PDSI (E). The yellow and blue bar charts represent the correlation coefficients between the RWI of young and middle-aged stands and climatic factors, respectively. The letter P represents the month of the previous year, * indicates that there are significant differences between different age stands (p < 0.05), ** indicates that there are extremely significant differences between different age stands (p < 0.01).




3.3. The changes of Rt, Rc and Rs in different drought events

There was no significant difference in Rt between the first two drought events in the two stand ages, and it was significantly lower than the first two in the third drought event (Figures 6A,D). Rc in the first drought event was significantly higher than that in the second and third drought events, but there was no difference between the latter two (Figures 6B,E). The Rs of the young stands decreased significantly in the three drought events, and the Rs of the latter two drought events of the middle-aged stands were significantly lower than that of the first drought event, but there was no significant difference between the latter two (p < 0.05) (Figures 6C,F). During the first drought event, the average value of Rt in the young stands was greater than 1, and the average values of Rc and Rs in the two-aged stands were also greater than 1. However, after three drought events, only the average value of RC was greater than 1, while the average values of Rt and Rs were less than 1, indicating that most trees can recover radial growth level after the first drought. However, multiple consecutive drought events have a serious impact on the resistance and resilience of trees. Although the growth after the drought event will be better than that of the year in which the drought occurred, it will not return to the growth level before the drought event. Multiple drought events have seriously reduced the radial growth level of trees.

[image: Figure 6]

FIGURE 6
 Difference analysis of Rt, Rc and Rs under different drought events. The changes of resistance (Rt) (A), recovery (Rc) (B), and resilience (Rs) (C) in young group and Rt (D), Rc (E), Rs (F) in middle-aged stands in three drought events. Black dots represent the median; the bottom and top of the box represent the first and third quartiles, respectively. The extension line represents the most extreme data points in the 1.5 times quartile range (the same below). Different letters indicated that there were significant differences between drought events (p < 0.05).




3.4. The changes of Rt, Rc and Rs after multiple drought events in different stand ages

The average Rc values of the young stands and the middle-aged stands after the three drought events were 1.23 and 1.27 (p < 0.05), respectively, and there was no significant difference between the two stands (Figure 7B). The average Rt values of the young stands and the middle-aged stands after the three drought events were 0.55 and 0.66 (p < 0.05), respectively, and the average Rs values were 0.61 and 0.78 (p < 0.05), respectively, and there were significant differences in Rt and Rs between the two stands.

[image: Figure 7]

FIGURE 7
 Difference analysis of Rt, Rc and Rs in different age stands after three drought events. The differences of Rt (A), Rc (B) and Rs (C) in different age stands after three drought events. * indicated that there were significant differences between different age stands (p < 0.05).


The Rt and Rs of the young stands were significantly lower than those of the middle-aged stands (Figures 7A,C), indicating that the resistance and resilience of the young stands were worse, and the adaptability of the middle-aged stands to extreme drought was better.




4. Discussion


4.1. RG of Pinus sylvestris in different stand ages and its response to climate

Although the overall growth trends of young and middle-aged P. sylvestris are similar (Figure 4), the correlation between the two stand ages and climate is not the same. The RWI of young stands was negatively correlated with MHT in April and May of the current year, while the RWI of middle-aged stands was not correlated with the MHT. The RWI of the young stands was positively correlated with precipitation in August of the previous year, July and November of the current year, while the RWI of the middle-aged stands was only negatively correlated with precipitation in December of the previous year. The RWI of the young stands was positively correlated with PDSI of the 12 months of the current year, and the RWI of the middle-aged stands was positively correlated with PDSI only from June to December of the current year. The above results indicate that the young stands are more sensitive to high temperature, precipitation and PDSI than the middle-aged stands (Figure 5), which supports our first hypothesis and is consistent with the results of many studies (vieira et al., 2006; kontera et al., 2016; Christopoulou et al., 2022). Arco Molina et al. (2016) and Gurskaya and Shiyatov (2006) found that the bark of trees thickened with age, resulting in a stronger insulation and protective capacity, thereby reducing the sensitivity of older trees to climate change. In addition, the soil desertification in the semi-arid area of western Liaoning is severe, the surface water retention capacity is low, the root system of young stands is shallow, and less groundwater available than in middle-aged forests. When the temperature increases and precipitation decreases, the available water of young trees is less, which also explains why young stands are more sensitive to climate change (Haijun, 2015). The RWI of young stands was negatively correlated with MHT in April and May in the spring of the year. This may be due to the fact that in the semi-arid area of western Liaoning, although the temperature was relatively high in June, July and August, it concentrated more than 66% of the annual precipitation (Figure 2), which can alleviate the inhibitory effect of high temperature on tree growth. In April and May, the precipitation is less, but the temperature is second only to June, July and August, which is more prone to spring drought (Mingshu et al., 2016). The increase in temperature will increase the evaporation of soil moisture and increase the evapotranspiration of trees. If the precipitation is not timely, or the precipitation is low and the soil moisture is not sufficient, the trees are susceptible to drought stress. Therefore, the high temperature and low precipitation in April and May inhibited the growth of young stands more than that in June, July and August. Similarly, the growth of young stands was positively correlated with MLT in the fall of the year, and the growth of middle-aged stands was positively correlated with MLT in September of the year. It was also because the low temperature reduced the transpiration of trees and reduced the evaporation of water, which was beneficial to the growth of trees. This is similar to the spring drought of pines in France (Merlin et al., 2015). However, the study of Peng et al. (2018) showed that pine trees were subjected to high temperature stress in summer, which was different from our research results. The possible reason is that its research is located in the humid climate zone of central China, and the annual rainfall is abundant. Even if the temperature rises, the trees still have enough water to maintain normal growth and are not affected by drought.



4.2. The compensation effect and cumulative effect of drought events

In the growth process of P. sylvestris, there were multiple growth reductions in the young and middle-aged stands (Figure 4), and its growth reduction corresponded to the reduction of PDSI (Figure 3), indicating that drought events had a certain negative effect on the growth of trees. However, our study found that most trees recovered their radial growth level 3 years after the first drought event (RS > 1, Figure 6), which is different from the first part of our second hypothesis. This may be due to the compensation effect of trees (Arend et al., 2016). Compensatory growth is a typical physiological response or domestication strategy of trees to compensate for losses during drought. When the drought event ends and growth conditions become favorable, trees will grow faster to compensate for the lack of drought, which also shows that trees have some resistance and resilience. Compensatory growth effects are widespread in forests around the world (Granda et al., 2013; Bose et al., 2021; Ovenden et al., 2021), which also shows that many studies are consistent with our findings. However, our study also found that when pine trees experienced multiple consecutive drought events, their resistance and resilience decreased rapidly, especially after the third drought event, almost all pine trees could not recover to the pre-drought level (Rt < 1, Rs < 1, Figure 6), which is consistent with the research conclusions of Serra-Maluquer et al. (2018) and Mueller et al. (2005), which is also consistent with the cumulative effect of our second hypothesis. Serra-Maluquer et al. (2018) and Mueller et al. (2005) believe that the failure to recover to the previous level after multiple drought events is related to the previous drought events. The compensation effect of trees is not infinite. The cumulative effect of continuous drought events will offset the compensation effect of drought events and damage the resistance of species to disasters and the ability to resilience after drought. We speculate that this phenomenon is caused by drought-induced xylem cavitation damage in trees. This change reduces the available water in trees, and continuous drought events aggravate the hydraulic degradation caused by xylem cavitation. Even if the drought event passes, the hydraulic degradation is irreversible and has long-term effects, eventually preventing the tree from returning to its original growth level (Anderegg et al., 2013). At the same time, we also found that although the third drought event was only a moderate drought, its severity and duration were much smaller than the first and second extreme droughts, but the Rs was still significantly reduced in the young groups, indicating that the cumulative effect of the drought events was very severe. We speculate that the resilience of trees will be more affected when drought events occur again. With the increase of drought events in the future, the cumulative effect will continue to increase until the trees die and the forests decline on a large scale.



4.3. Differences in response to drought events in different stand ages

After three events, there were significant differences in Rt and Rs between the two stand ages (Figure 7), which was consistent with our third hypothesis. The Rt and Rs of the middle-aged stands were significantly higher than those of the young stands, indicating that the middle-aged stands had stronger adaptability to extreme drought events, which was consistent with the results of Colangelo et al. (2017) and Versace et al. (2022), which is also consistent with our first part of the conclusion. Studies have shown that with the increase of tree age, the greater the dependence on water storage in the body, the stronger the water storage capacity of trees. During the drought period, the water that trees can absorb from the soil is limited, so the water stored in trees is very important. The more water stored in trees, the less affected by drought events (Phillips et al., 2003; Scholz et al., 2011). In addition, the stomatal closure ability of large trees is often better than that of small trees, which helps to reduce the risk of water evaporation and xylem cavitation during drought (Niinemets, 2002), which may also explain why the resistance and resilience of middle-aged stands are greater than those of young stands. However, the study by Loïc et al. (2021) shows that the age of trees has a negative effect on their resilience, contrary to our findings. This may be due to the different study sites. Their research site is located in Switzerland, which has a temperate maritime climate. Unlike semi-arid areas, where trees rely mainly on their own stored water during droughts, Switzerland has a mild climate and high annual precipitation. The water-holding capacity of the soil is better than that of the desertified sandy land. Even during droughts, groundwater is more abundant and trees are less dependent on stored water in the body. In the same stand, small trees were shaded by large trees, which reduced water evaporation (pretzsch et al., 2018; Loïc et al., 2021), so small trees were less affected in his study.




5. Conclusion

Based on the method of dendrochronology, this study investigated the response of P. sylvestris plantations in different age stands to climate change and drought events, and drew the following conclusions: Young stands display a greater sensitivity to climate change and drought events compared to middle-aged stands. In the semi-arid area, the spring drought has a more significant inhibitory impact on the growth of pine trees compared to the high summer temperatures. While pine trees have some compensation effect after drought events, the cumulative effect of repeated drought events will gradually offset the trees’ compensation effect, leading to reduced growth and death in some cases. Global warming has resulted in more frequent drought events. As a consequence, young trees are at a higher risk of death compared to middle-aged trees. In order to prevent the decay or death of trees, it is necessary to focus on the growth of young trees. In the process of forest construction, we should pay attention to the age structure of the stand, strengthen manual management and tending, and create a forest ecological environment with strong resistance and strong recovery ability.
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