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Abstract: Climate change has dramatically altered the frequency and intensity of droughts, thereby 

altering tree growth. Understanding whether tree growth in semiarid areas in response to long-term 

drought and the post-drought recovery rate of tree growth vary along moisture gradients is crucial 

for predicting future forest change. Here, we assessed the spatial variation in both the growth 

resistance of Qinghai spruce (Picea crassifolia Kom.) to long-term drought and its post-drought 

recovery using a stand-total sampling strategy along a moisture gradient that covered three sites 

(with an annual precipitation of 330.4, 394.2, and 515.9 mm for the western, middle, and eastern 

sites, respectively) with six plots. Resistance and recovery were evaluated by analyzing the tree 

growth trends during a long-term drought period (1980–2001) and the subsequent post-drought 

period (2001–2013), respectively. Our results indicate that the trees with the highest temporal 

stability were those at the wetter eastern site; specifically, during the long-term drought period, the 

trees at the wetter eastern site showed the highest resistance (−0.015) and the lowest recovery (0.002). 

The trees in moderately arid conditions were much more sensitive to climate change than those at 

the relatively arid western site, showing the lowest resistance (−0.050) and highest recovery (0.020). 

Climate change had the strongest impact on tree growth at the moderately arid site, contributing 

60.6% to the tree growth decreasing trend during the long-term drought period and 65.4% to the 

tree recovery during the post-drought period, respectively. Climate change had a lower impact on 

tree growth at the wet and dry sites, contributing less than 50% to the tree growth trends at these 

sites. The results indicate that a trade-off relationship exists between resistance and recovery at the 

different sites; that is, the highly resistant trees at the wetter eastern site tend to have lower recovery, 

whereas the weakly resistant trees at the moderately arid site tend to have higher recovery. These 

results have implications for predicting tree growth in response to future climate change. 
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1. Introduction 

Drought exerts a strong suppressive effect on tree growth through water deficit or 

carbon starvation and thus has important effects on forest structure and biomass [1,2], 

terrestrial carbon stocks [3,4], and ecosystem functioning [5]. The frequency and intensity 

of droughts have been altered dramatically by climate change, and their effects on tree 

growth are a research hotspot. Many studies have assessed the impact of drought on tree 
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growth, identifying it as an important factor affecting the growth and death of trees [6–8]. 

The effects of single extreme droughts on tree growth have been widely studied in many 

parts of the world [9–12]. 

In many cases, tree growth has been affected by long-term drought stress [13–15]. 

However, the response of tree growth to long-term drought (resistance) and the post-

drought recovery rate of tree growth (recovery) remains poorly understood. Evidence 

indicates that the response of tree growth to drought varies among different regions 

[2,10,16]. Resistance and recovery have been used in many studies to describe the 

responses of tree growth to drought [9,11,17,18]. Resistance can be used to describe the 

direct effect of drought on tree growth; that is, the ability of a tree to maintain its original 

growth rate or function during drought [11]. Recovery is used relative to the response 

induced by the disturbance episode [18], i.e., their post-drought recovery rate. Many 

studies have focused on short-term drought (e.g., within one year). However, forests 

cannot recover immediately and completely after extreme drought and exhibit what are 

known as “legacy effects” [16,17]. For 1–4 years after severe drought, tree growth is 

reduced, and recovery is incomplete. Due to legacy effects, studies of the impact of a single 

extreme drought event on tree growth cannot easily capture the impact of frequent 

drought, especially when tree growth has not recovered from a previous drought. 

Furthermore, spatial heterogeneity of habitat (i.e., spatial variation in drought 

conditions) leads to differences in the response of tree growth to drought among different 

regions [2,10,16]. For example, Amazon forest along a gradient from a high-biomass moist 

area to a dry and woody savannah-like area shows an immediate, graded, and 

heterogeneous transition in response to drought [2]. At forest sites in Inner Asia, trees in 

semiarid sites have been found to be more sensitive to drought variability that those in 

semihumid sites [19]. Furthermore, the same tree species can show different drought 

responses in different regions. In the Eastern Mediterranean, trees in permanent dry 

conditions have higher resilience to drought than those in humid conditions [10]. 

Therefore, understanding the response of tree growth to long-term drought under 

different drought conditions and its post-drought recovery can benefit projections of 

forest ecosystem feedback under future climate change. 

Recent studies have shown that forests in the Qilian Mountains in northwest China 

have been affected by drought stress caused by warming since 1980. However, the 

drought stress was relieved due to the warming hiatus after 2000 [15,20]. In addition, the 

climate in the Qilian Mountains has great heterogeneity, and the precipitation decreases 

gradually from east to west. From east to west in the Qilian Mountains, Qinghai spruce 

(Picea crassifolia Kom.) occurs in bands or patches along altitudinal gradients, which can 

meet the sampling requirements from east to west in the Qilian Mountains in a closed 

forest belt. Therefore, the Qilian Mountain region is an ideal place to study differences in 

the growth response to long-term drought caused by the spatial heterogeneity of habitats. 

Tree rings provide long-term, annual-resolution records and are therefore widely 

used to study growth in response to drought [18,21,22]. Tree growth plasticity enables 

trees to grow slowly when drought occurs and to undergo post-drought growth recovery 

when conditions improve [15,16,21]. The tree response to drought is an eco-physiological 

process affected by many extrinsic factors (e.g., stand density, canopy position, and 

habitat) [23–26]. Compared to tree ring-width chronologies, the stand-level biomass 

increment (SBI) may be more informative for assessing climate effects on overall tree 

growth [26,27]. Therefore, in this study, we used annual ring width to calculate the 

biomass increment, which can be directly summed by species or by area. In addition, the 

SBI avoids the effects of individual level competition or canopy position differences.  

We investigated the response of stand-level biomass growth to long-term drought in 

different regions based on a stand-total sampling strategy along a moisture gradient in 

the Qilian Mountains. We hypothesized that along this gradient, the trees in the wetter, 

eastern site have the strongest resistance to long-term drought, whereas those in the arid, 

western site have the strongest post-drought recovery. In particular, we aimed to answer 
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the following questions: (i) What are the patterns of tree growth under long-term drought 

and post-drought in different habitats along the moisture gradient? (ii) Do climate-growth 

relationships in drier environments differ from those in wetter environments during a 

long-term drought period and a post-drought period? 

2. Materials and Methods  

2.1. Study Area and Sampling Sites 

The Qilian Mountains in Central Eurasia, located on the Tibetan Plateau, the Loess 

Plateau, and the junction of the Inner Mongolia–Xinjiang deserts, are distributed along 

the border between the Qinghai and Gansu Provinces of northern China. The study area 

is on the northeastern margin of the Tibetan Plateau in a transition zone between the two 

dominant climates of the East Asian monsoon and the westerlies [28]. Qinghai spruce 

dominates most of the cold evergreen coniferous forest belt on the northern slopes of the 

Qilian Mountains, occurring between 2600 and 3300 m a.s.l. In the summers of 2014 and 

2017, three sites along the precipitation gradient in this region were sampled (Figure 1): 

one in the western Qilian Mountains (“West site”, near Qiuquan city), one in the middle 

of the Qilian Mountains (“Middle site”, near Zhangye city), and one in the eastern Qilian 

Mountains (“East site”, near Haxi city). 

 

Figure 1. Satellite image of the study area showing the locations of the sampling sites (green 

triangles) and meteorological stations (blue circles). 

2.2. Climate Data and Drought Periods 

Climate data from 11 meteorological stations in this region were collected and used 

to calculate temperature and precipitation at the different sites. The meteorological 

stations are generally far from the sampling sites and occur at different altitudes. 

Therefore, the climate data were interpolated to a 1 × 1 km grid with ANUSPLIN software 

using the thin plate smooth spline method [29]. The latitude and longitude of the sampling 

sites were used to extract the climate data of the grid. Drought indices were determined 

using the standardized precipitation evapotranspiration index (SPEI, version 2.5, 

Zaragoza, Spain available at http://sac.csic.es/spei/database.html accessed on 6 May 2021) 

for the past decades. We used 0.5 × 0.5° grid data to directly obtain the SPEI value of the 

grids in which the sample sites were located. 

Figure 2 shows the climate variations from west to east in the Qilian Mountains over 

1980–2013. Overall, the annual precipitation increased from west to east (Figure 2a). The 

mean annual precipitation was 330.4 mm per year at the western site, and the annual 

precipitation at the middle site was approximately 394.2 mm per year. In contrast, the 

annual precipitation was generally higher than 515.9 mm per year at the site in the eastern 

Qilian Mountains. We found that the average air temperature for the growing season 
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(from May to October, 8 °C) in the 1980–2013 period, from the western to the eastern site 

did not significantly change. 

The annual SPEI in the study area showed a significantly decreasing trend over the 

period of 1980 to 2001, with a rate of −0.04 per year (p < 0.05), indicating a long-term 

drought in this period. During this period, the drought frequency in the western, middle, 

and eastern Qilian Mountains was 8, 8, and 2 years, respectively. This result indicates that 

the intensity and frequency of drought at the western and middle sites were greater than 

those at the eastern site. After 2001, the SPEI exhibited an increasing trend, and the 

drought was alleviated. During this period, drought frequency was much lower than that 

during 1980–2001. Only the middle site experienced a severe drought during this time, in 

2004; no severe drought occurred at the eastern and western sites. 

 

Figure 2. Climatic characteristics of the three study sites over 1980–2013. (a) Annual precipitation, 

(b) mean temperature during the growing season, (c) temporal dynamics of annual SPEI during 

1980–2013 (severe drought represented by SPEI < −0.5, indicated by the gray area), (d) frequency of 

drought (SPEI < −0.5) during two sub-periods. 

2.3. Tree-Ring Sampling and Laboratory Treatment 

Two plots with similar elevations (2800 and 2900 m) located in closed forest and 

without signs of recent disturbance were established at each study site. Each plot was 20 

× 20 m. Basic information, including the elevation, aspect, slope, and canopy density of 

each plot and the density and diameter at breast height (DBH) of the trees, was recorded 

(Table 1). In each plot, one or two increment cores were collected from all trees with DBH 

> 5 cm using a 5.15-mm increment borer.  

The cores were extracted at 1.3 m above the ground. The cores were air dried and 

fixed into grooved wooden strips. The samples were sanded with coarse-to-fine-grained 

sandpaper until the tree rings became clearly visible and then measured using a LINTAB 

semiautomatic measuring device. Ring-width series were measured to an accuracy of 0.01 

mm. The quality of all measurement series was checked using COFECHA software, e.g., 

Holmes (1983) [30]. We discarded series that were not correlated with the entire dataset. 

Table 1. Summary information about the 6 plots. 

Plots 
Elevation 

(m a.s.l.) 
Aspect (°) 

Slope 

(°) 

Stand Density 

(Trees/ha) 
DBH (cm) 

Tree Height 

(m) 

Number of 

Trees in Plot 

E1 2800 NE59 21 1025 27.74 (9.5–43.4) 18.8 (6.5–24.0) 41 

E2 2900 NE42 31 1300 18.59 (5.2–39) 12.2 (3.0–23.5) 52 

M1 2800 NE7 23 3025 14.1 (6.6–29.5) 10.3 (3.5–14.6) 122 

M2 2900 NE24 32 2725 12.7 (5.5–31.9) 7.9 (2.6–14.2) 107 

W1 2800 NE7 36 950 14.78 (8.5–24) 7.7 (3.5–12.4) 38 

W2 2930 NE16 37 1425 17.67 (7.4–39) 9.4 (2.8–13.0) 57 

Mean values for age and DBH are followed by the range in parentheses. DBH, diameter at breast 

height.  
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2.4. Biomass Increment Data 

In this study, we used the summed stand-level biomass increment (SBI) from all 

cored trees (all trees, DBH ≥ 5 cm) to illustrate the year-to-year variability of tree growth 

at each site. The SBI was calculated using the following formula: 

���� =  � ���

�

���

 (1)

where SBIn represents the SBI of year n, and Wni is the biomass increment value for year 

n of tree i.  
Annual biomass increments of each tree from 1960 to 2013 were calculated using 

Qinghai spruce allometric equations, which include the bole, branches, leaves, and coarse 

roots. 

Diameter was converted into biomass increment according to the following standard 

formula: 

W� = �(��
� − ����

� ) (2)

where Dn and Dn−1 represent the tree DBH of year n and year n − 1, respectively [31], and 

Wn is the biomass increment for year n. When calculating the bole, branches, leaves, and 

coarse roots, the corresponding value of coefficient a was 0.0578, 0.0148, 0.0784, and 

0.0307, respectively, and that of coefficient b was 2.3485, 2.4307, 1.8411, and 2.2282, 

respectively. 

2.5. Indices of Tree Resistance to and Recovery from Long-Term Drought 

In this study, we used standardized SBI to calculate the indices of tree resistance to 

and recovery from long-term drought. The effect of drought on the temporal stability of 

tree growth can generally be described by the capacity to withstand the disturbance 

(resistance) and the post-drought recovery rate of tree growth (recovery). The slope of 

standardized SBI during the long-term drought subperiod (1980–2001) indicates 

resistance. The slope of standardized SBI after long-term drought (2001–2013) was used 

to represent the recovery of trees. 

We first standardized the SBI, i.e., the ratio of the annual SBI anomaly to the 

multiyear SBI mean. Furthermore, the trends of standardized SBI in different subperiods 

were calculated to indicate the resistance to and recovery of tree growth from long-term 

drought. The greater the absolute slope value, the greater the sensitivity to drought or the 

greater the post-drought recovery rate. In other words, during the period of long-term 

drought, the greater the absolute value of the slope, and the worse the tree resistance to 

drought. For the period after the drought was relieved, the greater the slope, the stronger 

the recovery of tree growth. 

2.6. Statistical Analyses 

Tree growth–climate relationships were analyzed to determine the main climate 

variables that affected tree growth for the period 1980–2013. Pearson correlation analysis 

was performed to investigate the relationships between biomass increment and the 

seasonal climate variables. Other periods, such as the period from the prior July to the 

current June and May–August of the current growing season, were also investigated. The 

main climate variables, identified according to the magnitude of the Pearson correlation 

coefficient, were then selected for further analysis. 

To derive the relative importance of the main climate variables in determining the 

biomass growth trend, the Lindeman–Merenda–Gold (LMG) method was used in this 

study. Applying this method via a multiple linear regression model in R software version 

3.2.4 (https://www.R-project.org/ accessed on 6 May 2021) with the package “relaimpo”, 

we differentiated the contributions of the main climate variables. 
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3. Results 

3.1. Tree Resistance to and Recovery from Long-Term Drought 

Tree sensitivity to drought differed among the three sites (Figure 3), and tree 

resistance at the eastern site (−0.015) was significantly higher than that at the other two 

sites (−0.050 and −0.047 for the middle and western sites, respectively). However, tree 

growth at the eastern site showed lower recovery (0.002) than that at the other two sites 

(0.020 and 0.006 for the middle and western sites, respectively), and their recovery was 

not significant in any of the sites. These findings indicate a trade-off between resistance 

and recovery at the different sites. In the wetter eastern Qilian Mountains, trees exhibited 

the highest resistance to long-term drought (−0.015) but the weakest recovery after 

drought (0.002). Therefore, trees in the eastern site exhibited the highest temporal stability 

to drought. In contrast, at the moderately arid middle site, tree growth had less resistance 

to long-term drought (−0.050) and much more recovery after drought (0.020). Trees 

showed much greater sensitivity to long-term drought at the moderately arid middle site. 

The resistance of trees at the western site was similar to that at the middle site, but their 

recovery was weaker. 

 

Figure 3. Resistance and recovery of biomass increment at the three sites. The dashed lines are 

regression lines. The shaded areas (red and blue) represent 95% confidence intervals. 

3.2. Growth—Climate Relationships 

In our study region, there were striking changes in the correlation patterns between 

different seasonal variables and biomass increment, and there were obvious differences 

among the sampling sites, especially with respect to temperature and precipitation. The 

biomass increment at the eastern site showed no significant positive correlation with 

temperature (Figure 4), whereas trees at the western and middle sites mainly showed 

negative correlations with temperature. Significant (p < 0.05) negative correlations were 

found between biomass increment and both summer temperature (including previous 

and current summer temperature) and May-to-August temperature. The biomass 

increment at the eastern site showed significant positive correlations with precipitation 

for all seasons (or periods). In contrast, the trees at the western and middle sites showed 

very weak positive correlations between biomass increment and precipitation. Significant 

(p < 0.05) positive correlations were found only for precipitation in the previous summer 

and precipitation from the prior July to the current June. The trees at the three different 

sites mainly showed positive correlations of biomass increment with SPEI. The strongest 

positive relationship with SPEI was found for the current May to August SPEI. We chose 

the seasonal (or other period) variables with the most significant correlations with 

biomass increment as the key climatic factors. Previous summer temperature, 
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precipitation from the prior July to the current June, and current May to August SPEI were 

the main climate factors. 

 

Figure 4. Correlations between biomass increment and climate variables. The gray area indicates 

significant correlations (p < 0.05). The seasons are previous spring (pspr), previous summer 

(psum), previous autumn (paut), previous winter (pwin), current year spring (cspr), current year 

summer (csum), and current year autumn (caut); other periods include current May to August 

(c5–c8) and previous year July to current year June (p7–c6). 

3.3. Impacts of Main Climate Factors on Tree Resistance to and Recovery from Drought 

We assessed the spatial dynamics of tree growth sensitivity to long-term drought and 

of post-drought recovery rate based on the effects of climate change (main climate factors) 

during the long-term drought period and the post-drought period (Figure 5). The 

correlation coefficients between tree growth and the main climate factors were 

conspicuously different among the three sites during these two periods. 

During the long-term drought period, the climate responses at the different sites (the 

western, middle, and eastern sites) revealed similarities to each other. Previous summer 

temperature and current May to August SPEI had significant relationships with tree 

growth (p < 0.05) at all three sites. Tree growth at the eastern site in the Qilian Mountains 

demonstrated a significant positive relationship with precipitation from the preceding 

July to the current June. However, tree growth at the western and middle sites did not 

respond significantly to precipitation from the preceding July to the current June. 

During the post-drought period, the impacts of the main climate factors on tree 

growth were weakened compared to those during the long-term drought period. There 

was no significant correlation between tree growth and any of the key climatic factors 

(temperature, precipitation, and SPEI) at the western site. Precipitation from the 

preceding July to the current June and the current May to August SPEI both had 

significant positive relationships with tree growth at the middle site. Tree growth at the 

eastern site only had a significant positive correlation with SPEI. 

Overall, tree growth was limited by drought conditions at all three sites during the 

long-term drought period. During the post-drought period, the relationship between tree 

growth and climate change differed among the eastern, middle, and western Qilian 

Mountains. The trees in the middle Qilian Mountains were those most strongly affected 

by climate. 
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Figure 5. Correlation coefficients between tree growth and main climate factors (T: previous 

summer temperature, P: precipitation from the prior July to the current June, SPEI: current May to 

August SPEI). A star indicates a significant correlation (p < 0.05). 

3.4. Climate Attribution in Different Sites 

The contributions of the main climate factors to stand-level biomass growth at the 

different sites are shown in Figure 6. In 1980–2000, the main climatic factors had the 

greatest influence on the decreasing growth trend of trees at the middle site, contributing 

60.6% to the tree growth decreasing trend. At the western site, the main climate factors 

contributed 52.9% to the tree growth decreasing trend. The key climatic factors 

contributed the least to the decreasing trend of trees at the eastern site, contributing less 

than 50% (44.5%). In 2000–2013, the contribution of the main climate factors to the growth 

trend of trees continued to be greater at the middle site than at the eastern or western sites, 

at 65.4%. The next largest contribution was at the eastern site, where the main climate 

factors contributed 40.7% to the tree growth trend. The contribution at the western site 

was only 22.6%. 

 

Figure 6. Contributions of temperature, precipitation, and SPEI to tree growth. (a) Long–term 

drought period, (b) post–drought period. 

4. Discussion 

Long-term drought conditions occurred in the Qilian Mountains during 1980–2000 

due to rapid warming [15,20]. This long-term drought period, characterized by rapid 

warming and nearly no change in precipitation [15], resulted in declines in tree growth in 

the Qilian Mountains (Figure 3). Previous studies have shown that Qinghai spruce is 

sensitive to moisture conditions; its growth and development are controlled by moisture 

availability [32]. Rapid warming in 1980–2000 led to increases in potential 

evapotranspiration and water demand for tree growth [15,20]. In such cases, if there is no 

increase in available water (due to a lack of a significant increase in precipitation), the 

water demand cannot be satisfied. As a result, the trees are subjected to intensified 

drought stress, which slows tree growth. 

Stability in trees is usually evaluated in terms of resistance and recovery [11,33]. 

Previous work has shown trees in arid areas to be more responsive to climate fluctuations 

than trees in relatively humid areas [19,34]. We thus hypothesized that the sensitivity of 

trees to long-term drought varies over a moisture gradient. Our data did not fully support 
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this hypothesis. In this study, although sensitivity varied, no trend along the moisture 

gradient (from the wetter eastern site to the moderately arid middle site, and then to the 

relatively arid western site) was observed; the trees in the wetter eastern area had the 

highest temporal stability (high resistance and low recovery), whereas those in the 

moderately arid conditions were much more sensitive to climate change (low resistance 

and high recovery) (Figure 3). The resistance of tree growth in the moderately arid middle 

site (−0.050) was similar to that in the relatively arid western site (−0.047) but less than that 

in the wetter eastern site (−0.015) during the long-term drought period. The variation in 

resistance of trees along the moisture gradient largely supports the above hypothesis. 

During the long-term drought period, trees at the three sites showed similar responses to 

the main climate variables. The significant negative correlation of tree growth with 

temperature and the significant positive correlations of tree growth with SPEI at the three 

sites suggest that these two climate variables played a major role in tree growth decline 

(Figure 4). In this subperiod, the contribution of the main climate variables to tree growth 

was greater at the western and middle sites than at the eastern site (Figure 5). Therefore, 

the trees at the western and middle sites, which represent drier habitats, were more 

strongly impacted by climate than those at the eastern site, consistent with recent reports 

in forests in Inner Asia and the southwestern United States [19,35].  

Additionally, tree growth is the result of interactions between the environment and 

the internal metabolic activities of plants, and water availability plays an important role 

in various environmental factors [36]. Therefore, the different habitat conditions and 

vegetation characteristics among the sites might also partially explain the site differences 

in the sensitivity of tree growth to drought. When drought stress occurs, the relative water 

content and water potential of plant leaves decrease, and the guard cells lose water. As a 

result, the stomatal closure time is prolonged, which restricts the entry of CO2 into the 

leaves and leads to decreases in the photosynthesis and growth rates. Under such 

conditions, the amount of soil water determines whether plants can absorb water through 

their roots to alleviate the impact of drought. In our study, root depth and soil texture had 

less impact on the response of trees to long-term drought and after drought in different 

habitats along a moisture gradient. Specifically, the main soil type of Qinghai spruce forest 

is gray-drab forest soil, especially the area below 3000 m elevation [37]. Therefore, there 

was no significant difference in soil physical properties among the three sites. Meanwhile, 

the root system of Qinghai spruce showed obvious horizontal distribution without 

taproot. Because the soil thickness can basically meet the root growth range, there is no 

obvious difference in the root distribution depth of Qinghai spruce from different 

locations. In addition, water drains quickly on slopes (the steeper the slope, the faster), 

and trees suffer drought. The slope of the sampling plots at the western site was slightly 

steeper than that in the eastern and middle sites. Hence, trees in the western site were 

more susceptible to moisture limitation by soil water. Studies have shown that the soil 

water content in the eastern Qilian Mountains is greater than that in the middle and 

western regions [38,39], allowing the trees at eastern sites to obtain soil water more readily 

than those elsewhere to alleviate drought stress. On the other hand, canopy height is 

associated with recovery from drought [12,40]; this trait is important for the soil–tree 

hydraulic connection. In this study, the trees were tallest at the eastern site (Table 1). Taller 

trees with a larger water potential allow soil water to be transferred to the canopy more 

effectively. Therefore, the trees at the wetter eastern site showed greater resistance to 

drought. Our data for the post-drought period do not support the hypothesis that tree 

recovery varies along the moisture gradient; no trend from the wetter eastern site to the 

relatively arid western site was evident. The recovery of trees at the moderately arid 

middle site (0.020) was much greater than that at the wetter eastern site (0.002) and 

relatively arid western site (0.006) during the post-drought period. The main climate 

variables contributed most to the tree growth recovery rate at the moderately arid middle 

site (Figure 5). Therefore, compared with those at the other sites, the trees at the middle 

site experienced more positive effects from the main climate variables when drought 



Forests 2021, 12, 579 10 of 12 
 

 

stress was alleviated. In our study area, the annual precipitation at the middle site (400 

mm year−1) was less than that in the eastern Qilian Mountains (500 mm year−1). Indeed, 

other studies have recently documented that trees at semiarid sites tend to be substantially 

more sensitive to drought variability than those at semihumid sites [33,34]. Our finding 

that recovery at the moderately arid site was much greater than that at the wetter site is 

consistent with the above result. On the other hand, annual precipitation was usually less 

than 350 mm year−1 at the site in the western Qilian Mountains, where moisture 

availability may still be a limiting factor for tree growth. Therefore, the recovery of trees 

at the relatively arid western site was less than that at the middle site. In addition to the 

influence of climate change on tree growth, the intense internal competition can further 

explain the resistance of trees to long-term drought and its post-drought recovery. It was 

clearly shown that the moderate site had a much higher tree density than the other two 

sites, which might help explain the lower resistance at the moderately arid site. High 

competition between trees for nutrients or water could explain the lower resistance at this 

site. When trees grow persistently under severe conditions, they develop compensatory 

responses, e.g., trees may adjust their ecological adaptation strategy. A previous study 

indicated that Qinghai spruce’s ecological adaptation strategy changes in different sites, 

and this adaptation is mainly reflected in the difference in metabolic rate [41]. Therefore, 

the recovery of trees in different sites may be complicated. Although our results do not 

fully support our hypothesis that the recovery of trees varies along a moisture gradient, 

they suggest that trees at the moderately arid site may be more resilient during post-

drought periods. 

Our results of tree growth resistance to long-term drought and recovery post-

drought in different habitats lead us to suggest a conceptual model of tree resistance and 

recovery along a moisture gradient (Figure 7). Tree resistance and recovery do not change 

linearly with annual precipitation. Rather, trees at the moderately arid site (with an annual 

precipitation of approximately 400 mm) in our study area may be more sensitive to long-

term drought; that is to say, they may have less resistance but high recovery. 

 

Figure 7. Conceptual model of changes in resistance and recovery along a moisture gradient. 

5. Conclusions 

In the present study, we assessed the response of Qinghai spruce growth to long-

term drought and the post-drought recovery rate of tree growth along a precipitation 

gradient from west to east in the Qilian Mountains, by stand-total sampling at three sites 

and six plots. The results show that the Qinghai spruce trees at the wetter east site were 

highly resistant and tended to have lower recovery, whereas those at the moderately arid 

site had low resistance and tended to have higher recovery. Specifically, the trees at the 

wetter site showed the highest resistance (−0.015) and lowest recovery (0.002), whereas 

those at the moderately arid site showed the lowest resistance (−0.050) and highest 
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recovery (0.020). Regarding climate factors, the increasing temperature and induced 

drought were the primary determinants of tree growth decline, whereas different habitat 

conditions and vegetation characteristics played important roles in determining tree 

resistance and recovery. Furthermore, resistance and recovery at the different sites 

showed a trade-off relationship; that is, highly resistant trees at the wetter eastern site 

tended to have lower recovery, and the weakly resistant trees at the moderately arid site 

tended to have higher recovery. 
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