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Radial growth-climate correlations and resilience of Robinia pseudoacacia plantations to drought on the Chinese Loess Plateau
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Robinia pseudoacacia plantations are a key component of vegetation restoration efforts on the Chinese Loess Plateau (CLP) aimed at improving the regional ecological environment. However, a major emerging threat to the sustainable growth of these plantations is drought due to the increasing pressures associated with climate change. To this end, we established standard tree ring width chronologies of R. pseudoacacia at the four sites along a north-south precipitation gradient on the CLP, aiming to determine the relationship between climate and growth as well as quantify tree resilience to drought. Results showed that water availability [precipitation and standardized precipitation evapotranspiration index (SPEI)] and maximum temperature in most seasons were the key climate factors that limited the radial growth of trees in R. pseudoacacia plantations. The relationship between temperature and tree ring width index (RWI) in both regions varied from positive (January, March, and spring) to negative (June) and then to positive (autumn) over time. Spatially, R. pseudoacacia exhibited higher resistance (Rt > 1) to drought and lower recovery (Rc < 1) in the semi-arid region compared to those in semi-humid region under the same drought event (mild, moderate, or severe). The trade-off between drought vulnerability indices indicated the recovery of R. pseudoacacia after drought had a significantly negative correlation with resistance. Resilience of R. pseudoacacia presented a distinct spatiotemporal pattern affected by variations in climate factors (temperature, precipitation and SPEI), site geographical conditions (altitude, longitude, and latitude), and tree characteristics (diameter at breast height (DBH), and RWI for one and two years before a drought event). The effect of site geographical conditions and climate factors, respectively, explained 70.6 and 41.6% of drought resistance and recovery variations. The interaction effects of climate factors and site geographical conditions accounted for 42.8 and 64.3% of the variances in resistance and recovery for R. pseudoacacia, respectively. The results demonstrated the effects of geographical and climatic conditions on the growth of plantation species such as R. pseudoacacia are important considerations that can inform future vegetation restoration efforts to improve the stability and sustainable development of plantation forests on the CLP.
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1 Introduction

A central element of global climate change is climate warming, and its impact on terrestrial ecosystems has emerged as a key scientific issue (Solomon et al., 2007; Collins et al., 2013). Global average air temperatures are expected to increase by ∼1–5.7°C by 2,100, with extreme drought and rainstorm events projected to increase in both magnitude and frequency (IPCC, 2021). In the context of ongoing climate change, efforts to increase carbon stock capacity and mitigate climate change in areas considered to be ecologically fragile have included the implementation of plantation forests (Feng et al., 2022). These plantation forests significantly contribute to China’s “carbon neutrality” strategy of 2,060, provided they remain strong and healthy (Cai et al., 2022). However, climate warming can have strong negative effects on tree growth and survival, forest ecosystem function, species distribution, and overall forest productivity (Shuman et al., 2011; Garcia et al., 2014). In particular, increasing evidence indicates severe decline and mortality in many forests, especially in ecologically sensitive areas, due to warming-drying trends (Allen et al., 2010; Liu et al., 2013). Therefore, better understanding of the relationship between climate change and forest growth is necessary to maintain regional ecosystem sustainability and address the negative impacts of climate change on these forest ecosystems.

Relevant past studies have been conducted mainly based on satellite data at a large scale and lack tree growth measurement data (Qiu et al., 2021; Yang et al., 2021). Tree rings can provide a long-term record with an annual resolution of radial growth (Fritts, 1976; Salzer et al., 2009; Cao et al., 2019) and therefore, the tree ring method is widely used to study the dynamics of forest growth and its response to climate change (Liang et al., 2016; Ning et al., 2022; Che et al., 2023a; Pompa-García et al., 2023). Tree radial growth affected by climate change can demonstrate significant spatial and temporal differences (Metslaid et al., 2018; Wang A. et al., 2022; Zhang W. G. et al., 2023; Zhang W. G. et al., 2023; Ni et al., 2023). For instance, tree growth at the alpine timberline has been promoted by increased temperatures in many regions (Li et al., 2017; Yang et al., 2017). Moreover, water-sensitive trees have formed narrow rings when suffering from drought, but recovered growth with subsequent increases in rain (Fang and Zhang, 2019).

The response of trees to drought results in varied growth performance depending on the habitat and climatic conditions (Willis et al., 2018). Lloret et al. (2011) assessed this process by proposing three indices of drought vulnerability [namely “resistance (Rt), recovery (Rc), and resilience (Rs)”] based on comparing the radial growth differences of trees before and after a drought (see Methods). Compared to traditional methods of correlation analysis, this approach is better able to quantitatively assess tree response to drought and has been widely used in recent years (Rais et al., 2014; Camarero et al., 2015; Han et al., 2025; Xue et al., 2025). Multiple studies have indicated quantifying the spatiotemporal variation of tree resilience to drought across extensive regional gradients can help elucidate the primary mechanisms driving forest dynamics following climate disturbances (Fang and Zhang, 2019; Bohner and Diez, 2021). Efforts by Gazol et al. (2017) indicate these drought vulnerability indices may differ across climate regions, suggesting trees have different coping strategies related to drought, but such responses can be overwhelmed by geographical patterns of available soil moisture. Studies in the Tibetan Plateau (Fang and Zhang, 2019) show growth resilience is associated with diurnal temperature range, growth coherence among trees, and soil moisture. However, understanding of the main drivers and variation of drought resilience is very limited, especially for plantations, despite their known drought sensitivity (Che et al., 2023b; Zhang W. G. et al., 2023).

The Chinese Loess Plateau (CLP) has a particularly fragile and climate-sensitive ecosystem. Soil erosion in this region has been serious and natural forests have been destroyed due to the combined impact of anthropogenic activity and climate change (Wang et al., 2011; Feng et al., 2016; Che et al., 2022). In a concerted effort to address soil erosion and achieve ecosystem restoration, the Chinese Government implemented the “Grain for Green” project (an extensive ecological rehabilitation program) in the late 1990s (Wang A. et al., 2022). Afforestation on the CLP predominantly features Robinia pseudoacacia L., which was selected based on its fast growth and tolerance of barren and dry environments (Li et al., 2018). These plantations have effectively controlled soil erosion (Wang et al., 2019), improved the productivity of forest ecosystems, and increased the sequestration of carbon on the CLP (Feng et al., 2016; Cao and Chen, 2017; Zhu et al., 2020). However, downsides have come to light as a result of scarce precipitation and lack of understanding of R. pseudoacacia suitability in local environments and how this species responds to climate change (Jia et al., 2019; Li et al., 2021). For instance, these plantations have experienced growth degradation due to drought that is attributed to climate change (Wei et al., 2018; Yan et al., 2024). In addition, warmer and drier trends in CLP climate as a result of global warming are evident based on several decades of data (Li et al., 2010), reflecting prolonged and increasingly intense droughts and great changes in both precipitation and temperature (Zhang et al., 2012). Therefore, better understanding of the response of these plantations to drought is required to improve predictions of the impact of future climate changes on the CLP.

In this study, the overall goal was to comprehensively analyze climate-growth correlations and resilience of R. pseudoacacia plantations on the CLP to drought events. The objectives of this study were to: (1) analyze the characteristics of radial growth of R. pseudoacacia at different study sites; (2) investigate the main climate factors limiting the radial growth of R. pseudoacacia; and (3) explore variations of drought vulnerability indices and the major factors driving the resilience of these trees to drought along a precipitation gradient of the CLP. The results enrich our knowledge regarding the impacts of climate on forest growth, and are useful for developing forest management strategies for the future sustainable management of R. pseudoacacia plantations on the CLP.



2 Materials and methods


2.1 Study sites

Sampling sites were located at 107.69°E-110.22°E, 34.55°N-37.67°N along a precipitation gradient from south to north on the CLP (Figure 1). The topography of the CLP is relatively fragmented but can be categorized from southeast to northwest into three distinct regions: loess gully, loess hilly and gully, and sandy hilly regions (Yang et al., 2019). Situated deep inland and on the periphery of the monsoon-affected region, this area experiences a temperate continental monsoon climate. The mean annual precipitation (MAP) varies between 200 and 800 mm and most (more than 60%) falls between July and September. Precipitation exhibits an uneven temporal and spatial distribution that decreases from the southeast to the northwest. The mean annual temperature (MAT) ranges from 3.6 to 14.3°C (Table 1). From 1961 to 2020, the MAP in this region did not significantly change but the MAT showed a significant upward trend, indicating overall warming and drying (Wang, 2023).


[image: Top image: Map of China’s Loess Plateau shows average annual precipitation in millimeters, ranging from 100 to 900, marked by a color gradient from blue to red. Four counties—Fufeng, Changwu, Ansai, and Mizhi—are indicated by red triangles. Bottom images: Four photos of forested areas from Fufeng, Changwu, Ansai, and Mizhi, showing lush green trees and vegetation in each location.]
FIGURE 1
Location of tree ring sampling sites on the CLP. Different colored areas on the map denote the multi-year annual precipitation gradient. Sampling sites are Fufeng, Changwu, Ansai, and Mizhi along a precipitation gradient from south to north.



TABLE 1 Detailed information for the four study sites along the precipitation gradient on the CLP.


	Site code
	Fufeng
	Changwu
	Ansai
	Mizhi





	Latitude N
	34°33′
	35°13′
	36°45′
	37°40′



	Longitude E
	107°56′
	107°41′
	109°15′
	110°13′



	Altitude (m)
	964.7
	1077.0
	1121.3
	986.3



	Stand density (trees⋅ ha–1)
	1,225
	2,399
	1,600
	990



	Diameter at breast height (cm)
	18.4 ± 1.8
	20.2 ± 2.9
	18.9 ± 3.0
	13.4 ± 3.5



	Height (m)
	11.3 ± 3.6
	13.3 ± 2.1
	12.9 ± 2.1
	7.8 ± 1.4



	Tree crown width (m)
	4.9 ± 1.1
	6.16 ± 0.4
	5.8 ± 0.7
	4.3 ± 0.2



	Mean annual temperature (°C)
	13.1
	9.7
	9.3
	9.8



	Mean annual precipitation (mm)
	630.2
	598.4
	518.4
	444.6



	Mean annual potential evapotranspiration (mm)
	839.7
	876.0
	962.3
	1073.4






As a consequence of the large-scale “Grain for Green” project, most vegetation on the CLP is in the form of plantations of various species. R. pseudoacacia is the most common afforested species, with its popularity attributed to its fast growth and complex root structure. As such, it is effective at controlling soil erosion and can play a key role in improving soil quality and increasing carbon sequestration (Feng et al., 2012). Using information on the spatial distribution of R. pseudoacacia, soil texture, and MAP, we selected four study sites on the CLP located in the major distribution areas of R. pseudoacacia. These sites stretch from south to north and feature different MAP and MAT values along a precipitation gradient (Fufeng: 630.2 mm and 13.1°C; Changwu: 598.4 mm and 9.7°C; Ansai: 518.4 mm and 9.3°C; and Mizhi: 444.6 mm and 9.8°C) (Figure 1; Table 1). The climate data indicated that the four study sites had exhibited a notable warm-drying trend, characterized by a significant upward trend in temperature (P < 0.01) and no significant changes in precipitation over the past 40 years (Figure 2). The main soil textural types on the CLP as well as regional topographical features are represented by these four sites.


[image: Four line charts show annual mean temperature and precipitation trends from 1980 to 2020 for Fufeng, Changwu, Ansai, and Mizhi. Each chart features temperature data with black triangles and precipitation data with red circles. All charts show an increase in temperature with significant correlations (R² values ranging from 0.31 to 0.71, P < 0.01). Precipitation trends vary, with Changwu and Ansai showing non-significant changes (P > 0.05) while Mizhi shows a slight increase (P = 0.02).]
FIGURE 2
Variations of annual mean temperature (black line) and total precipitation (red lines) from 1980 to 2022 at the four study sites on the Loess Plateau. (a) Fufeng site, (b) Changwu site, (c) Ansai site, (d) Mizhi site. Dashed lines denoted the climate change trend.




2.2 Sample collection and processing

We conducted quadrat setting and sampling work at each sampling site in September 2023. The topographic information (latitude, longitude, and altitude) and stand characteristics of the sampling sites are recorded in Table 1. R. pseudoacacia at the sites chosen for this study exhibited minimal human interference and relatively uniform environmental conditions (slope, aspect, elevation, soil types). We avoided areas that have recently experienced significant disturbances (such as pest outbreaks and logging) as well as extreme sites with evident soil erosion or severely depleted/enriched nutrients. The Mizhi site is the only site with significant canopy dieback in the R. pseudoacacia plantations. We selected 25–30 healthy R. pseudoacacia trees (dominant trees more than one half of the total sample trees) at each site and took two cores at breast height (1.3 m) using a 5.15 mm-diameter increment borer. The cores were then stored in plastic tubes for subsequent analysis in the laboratory.

The tree ring cores were processed in the laboratory using standard dendrochronological techniques (Stokes and Smiley, 1996). The cores were first air dried, then glued into grooved wooden blocks and tied with rope to prevent warping. The samples were then polished using various grades of sandpaper (220-, 400-, and 600-grit) until the annual rings could be distinguished. Tree ring width was measured using a LINTAB 6 measurement station (Rinntech Inc., Germany; resolution 0.001 mm). Cross-dating and measurements were verified with COFECHA. Specifically, correlation coefficients of each tree ring width sequence within the main sequence were used to determine any dating or measurement errors. Any sample cores with inconsistent data were measured again or withdrawn to ensure the accurate dating of each tree ring (Holmes, 1983). The tree ring width measurements were detrended and standardized by negative exponential curve and linear regression using ARSTAN for each site (Cook and Kairiukstis, 1990). In a few cases that this method left substantial decadal variation in growth or could not be applied, a cubic smoothing spline curve of 67% of the series length was also used to fit the tree ring width (Cook and Kairiukstis, 1990). Then, ring width indices were combined using bi-weighted robust means to develop standardized ring width chronologies, reducing the effects of outliers (Cook, 1985). Dendrochronological statistics, including the first-order autocorrelation (AC1) of raw width data, mean sensitivity (MS) of indexed growth values, signal-to-noise ratio (SNR), and expressed population signal (EPS), were computed to characterize the chronologies and evaluate their quality (see Table 2). The AC1 reflects the time lag of climate effects on tree growth (Fritts, 1976), the MS reflects the magnitude of interannual variability in annual tree ring width, and the SNR reflects the amount of climate information present in the chronology (Briffa and Jones, 1990). EPS values above 0.85 indicate the constructed chronology reflects the characteristics of the theoretical chronology and can represent the overall characteristics of regional tree growth (Wigley et al., 1984).


TABLE 2 Statistical characteristics of tree ring width chronologies for R. pseudoacacia.


	Sites
	Max
	Min
	Mean
	SD
	SK
	MS
	AR1
	SNR
	EPS





	Fufeng
	3.35
	0.64
	1.15
	0.62
	4.06
	0.22
	0.44
	31.65
	0.97



	Changwu
	1.56
	0.62
	0.99
	0.20
	0.47
	0.20
	0.28
	6.78
	0.87



	Ansai
	1.54
	0.68
	0.99
	0.22
	0.96
	0.19
	0.20
	6.71
	0.87



	Mizhi
	2.51
	0.43
	1.06
	0.47
	2.52
	0.34
	0.15
	12.60
	0.93






Max, maximum value; Min, minimum value; SD, standard deviation; SK, skewness; MS, mean sensitivity; AR1, first order auto-correlation; SNR, signal-to-noise ratio; EPS, expressed population signal.






2.3 Climate data and drought events

The monthly mean, minimum, and maximum temperatures (Tmean, Tmax, and Tmin) and total precipitation data were obtained from meteorological stations (China Meteorological Data Network)1 located nearest the sample sites. In addition, we employed two drought indices to reflect drought features on the CLP. The standardized precipitation evapotranspiration index (SPEI) was calculated using precipitation, mean temperature, and evapotranspiration data using the R package “SPEI” (Vicente-Serrano et al., 2010; Beguería et al., 2014). The self-calibrating Palmer drought severity index (scPDSI) was used to represent soil moisture conditions with additional considerations related to atmospheric input and soil evaporation (Wells et al., 2004). Gridded scPDSI data were obtained from the KNMI Explorer2 nearest to our study sites. Because drought may occur at any time of the year, we calculated SPEI and scPDSI values at various time scales (monthly, annual, seasonal, growing season) and then used different time scales for temperature, precipitation, and SPEI data to analyze the climate–growth relationships.

Based on previous studies (Che et al., 2023a) and correlation analysis, a drought year was defined based on the SPEI for March-September. We identified SPEI < −0.5 as a drought event using the drought grade classification of the SPEI and historical SPEI fluctuations for each site (Table 3; Figure 2). Drought intensity was grouped into four drought regimes (mild, moderate, severe, and extreme drought) according to SPEI scales (Chen and Sun, 2015). When drought occurs continuously for several years, we consider it as a drought event. In the case of multiple consecutive drought years interrupted by a single non-drought year, we calculated the multi-year average SPEI. Then, we determined whether 60% or more of the trees experienced growth decline in that year compared with the average RWI of the previous two non-drought years to classify the type of drought event (Schwarz et al., 2020; Che et al., 2023a). Hence, this study identified the drought years (events) as follows: 2008 and 2013–2017 (moderate drought) for the Fufeng site from 2004 to 2022; 1991 (moderate drought) and 1994–1997 (severe drought), 2000–2001, 2004–2005, 2009, 2012 (mild drought), and 2016 (moderate drought) for the Changwu site from 1989 to 2022; 1999–2000 (severe drought), 2008–2010 (mild drought), 2015–2016 (moderate drought) for the Ansai site from 1996 to 2022; 2007–2008 (moderate drought), 2015 (mild), and 2021 (severe drought) for the Mizhi site from 2005 to 2022 (Figure 3).


TABLE 3 Categories of drought conditions for SPEI.


	Categorization
	SPEI





	Extreme drought
	≤ −2



	Severe drought
	−1.99 to −1.50



	Moderate drought
	−1.49 to −1.00



	Mild drought
	−1.00 to −0.50



	No drought
	≥ −0.49






From Chen and Sun (2015).





[image: Four bar graphs display the Standardized Precipitation-Evapotranspiration Index (SPEI) for different areas over varying time periods. (a) Fufeng shows bars from 2004 to 2022 with mild to extreme drought levels. (b) Changwu details 1992 to 2022 with a similar range. (c) Ansai covers 1996 to 2022, highlighting several severe droughts. (d) Mizhi, from 2006 to 2022, indicates fluctuating drought levels. Each graph has horizontal lines marking mild, moderate, severe, and extreme drought thresholds.]
FIGURE 3
Interannual variationsin the standardized precipitation evapotranspiration index (SPEI) at the four sites (Fufeng, Changwu, Ansai, and Mizhi). The adjacent black dotted lines indicate a drought category, which is classified into extreme, severe, moderate, and mild drought events based on the increasing SPEI values.




2.4 Drought vulnerability indices

The vulnerability of R. pseudoacacia plantations to drought was assessed by applying three drought vulnerability indices (Lloret et al., 2011): resistance (Rt), which refers to the ability of trees to maintain growth and resist drought; recovery (Rc), which refers to the ability of trees to recover from drought events; and resilience (Rs), which refers to the ability of trees to recover to pre-drought levels after drought and quantifies trees adaptation to drought events (Fang and Zhang, 2019). The three indices were calculated using the following formulae:
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where Dr indicates the RWI in the drought year; and PreDr and PostDr represent the average RWI for the 2 years before and after the drought year, respectively. The 2-year period is used to take into consideration the lag effects of drought and also minimize interference from other drought events (Schwarz et al., 2020; Chen et al., 2023). In the calculation of drought vulnerability indices, we incorporated all aforementioned types of drought events (from extreme to mild) into the equation. For the Mizhi site, a pre-drought period of 1 year for 2007–2008 and a post-drought period of 1 year for 2021 were chosen based on the data availability since we did not have periods of at least 2 years before and after the droughts. Rt > 1 was considered indicative of highly resistant to drought, with trees able to recover from drought when Rc > 1.

Schwarz et al. (2020) proposed the “Line of full resilience” framework, which assumes that trees can fully recover (i.e., Rs = 1) from a certain drought event and considers the following relationship:
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Then, the “actual resilience line” was established by fitting the power functions of Rt and Rc of the trees, with the functional equation as follows:
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where α and β are fitting parameters.

By comparing the deviations and intersections between the two curves, we can evaluate the capacity of the trees to recover. This approach allows for a more systematic and in-depth assessment of how trees recover in response to drought conditions.



2.5 Data analysis

Linear regression was used to fit the temporal trends of standard RWI, the SWUE and sensitivity of RWI variations to climate for R. pseudoacacia. The growth–climate relationships were quantified using correlation analysis between tree standard RWI and climate variables (Tmean, Tmax, Tmin, P, and SPEI) at different temporal scales. Our study calculated aggregated seasonal climate variables: the spring (Spr) representing March to May; the summer (Sum) representing June to August; the autumn (Aut) representing September to November; the winter (Win) representing the current year’s December to the next year’s February; and the growing season (GS) representing May to September. We also performed correlation analysis between RWI and monthly climate variables, specifically from October of the previous year to September of the current year (P10-C9).

One-way analysis of variance (ANOVA) and paired t-test were used to compare differences in tree Rt, Rc, and Rs at different spatial temporal scales. Multiple linear regression (MLR) models were used to evaluate the relationships between potential drivers and tree resilience (Rt and Rc). Specifically, we used tree resilience (Rt and Rc) as predictor variables, and potential drivers (climate factors, site geographical conditions and tree characteristic) as explanatory variables. Among them, climate variables including the mean temperature and total precipitation during the current and previous growing seasons of a drought event (GStem, PGStem, GSprep, and PGSprep), and the average SPEI of 2 years before and after a drought event, and during a drought event (SPEIpre, SPEIpos and SPEIpoi). Site geographic variables including altitude, longitude, and latitude of study sites. The tree characteristic variables including diameter at breast height (DBH), and tree ring width index for 1 and 2 years (average) before a drought event (Pre-RWI and 2Pre-RWIave). The MLR modeling was performed using the R package “lme4” (Bates et al., 2015). The step function was then used to optimize the model through a backward stepwise regression method, resulting in a simplified regression model (van der Maaten-Theunissen et al., 2015). To ensure the comparability of model parameters, the scale function was used to standardize the data before analysis. Finally, we quantified the relative importance of each explanatory variable by calculating the ratio of the absolute value of each variable’s standardized regression coefficient to the total of the absolute values of regression coefficients of all explanatory variables in the simplified regression model (Le Bagousse-Pinguet et al., 2019). Variance partitioning analysis (VPA) was conducted using a series of partial and constrained ordinations with “vegan” package in R software to identify the effects of three reconstructed variables, including climate variables, site geographic variables, and tree characteristic variables and their interactions on the changes in tree resistance and recovery (Dixon, 2003).

In addition, we utilized soil water use efficiency (SWUE) and the average sensitivity of RWI variations to evaluate the sensitivity of R. pseudoacacia growth to drought across the various study sites (Dai et al., 2004; Li et al., 2006; Zhao, 2021). The formula for calculating SWUE is as follows:
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where RWIt refers to the annual ring width index of calendar year t and PDSIt refers to the value of the biological annual average PDSI corresponding to calendar year t.

The interannual sensitivity (Sχ) of RWI variations to climate is calculated as follows (Zhao, 2021):
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where RWIt+1 refers to the annual ring width index of calendar year t+1.

All statistical analyses were conducted using SPSS version 25.0 (SPSS Inc., Chicago, IL, United States) and R version 4.4.1 (R Development Core Team, R Foundation for Statistical Computing, Vienna, Austria).




3 Results


3.1 Radial growth and chronology characteristics

Among the statistical characteristic values of standard tree-ring width chronologies for R. pseudoacacia at the study sites, the MS and SNR values ranged from 0.19 to 0.34 and from 6.71 to 31.65, respectively (Table 2). This indicated that there were significant inter-annual variations and abundant climatic information in these chronologies. The AR1 of the sampling sites was 0.15–0.44, indicating that current year climate factors affected subsequent year radial growth in R. pseudoacacia. The EPS values were all greater than the 0.85 threshold considered to be a desirable level. These results showed the data based on the samples collected could adequately represent the overall growth characteristics of R. pseudoacacia at the study sites and therefore were suitable for dendroclimatological studies via tree ring chronologies.

The variations of radial growth for R. pseudoacacia showed obvious differences at the four study sites (Figure 4). The standard ring width chronologies varied from 0.64 to 3.35 at Fufeng, 0.62 to 1.56 at Changwu, 0.68 to 1.54 at Ansai, and 0.43 to 2.51 at Mizhi. The radial growth of R. pseudoacacia trend was relatively stable at the Changwu (R2 = 0.01, P > 0.05) and Ansai sites (R2 = 0.04, P > 0.05) but showed a slight upward trend at the Fufeng (R2 = 0.14, P > 0.05) and Mizhi sites (R2 = 0.20, P > 0.05).


[image: Line graph showing the RWI from 1988 to 2022 for four regions: Fufeng, Changwu, Ansai, and Mizhi. Each region has its own colored line with error bars. The trends show slight increases in RWI, but all have P-values greater than 0.05, indicating no significant trends.]
FIGURE 4
Interannual variations (Mean ± standard deviation) of the standard ring width chronologies for R. pseudoacacia at the four sites. RWI: tree ring width index. The slope, R2, and P-value are the primary parameters of the linear trend lines of RWI for R. pseudoacacia at each site.




3.2 Sensitivity assessment of tree growth

The SWUE and sensitivity of RWI variations to climate for R. pseudoacacia fluctuated greatly between years, while the differences of overall change trend depended on the environmental conditions of the stands (Figures 5, 6). Specifically, the average SWUE of R. pseudoacacia ranged from 0.06 to 0.26, with slight upward trends at the Fufeng and Mizhi sites and downward trends at the Changwu and Ansai sites over time. The average sensitivity of RWI variations to climate for R. pseudoacacia varied between 0.1 and 0.93, with downward trends over time except at the Fufeng site (Figure 5). Furthermore, the average sensitivity exhibited significant spatial differences in drought and non-drought years (P < 0.05), whereas the SWUE showed an opposite pattern (P > 0.05). The average sensitivity of RWI variations to climate were lower in the semi-humid region (Fufeng and Changwu sites) than in the semi-arid region (Ansai and Mizhi sites) in drought years (P < 0.05; Figure 6).


[image: Four line charts show soil water use efficiency and sensitivity from 1988 to 2022 at Fufeng, Changwu, Ansai, and Mizhi. Red lines represent water use efficiency, and black lines represent sensitivity. Blue dashed trend lines indicate statistical analysis with varying slopes and significance, as noted in the legends of each chart. Charts display fluctuations and overall trends in values over time for each location.]
FIGURE 5
The interannual variations and trends of soil water use efficiency (SWUE) and sensitivity of RWI variations to climate for R. pseudoacacia at the four sites. (a) Fufeng site, (b) Changwu site, (c) Ansai site, (d) Mizhi site.



[image: Bar chart comparing SWUE and sensitivity in drought and non-drought years across four sites: Fufeng, Changwu, Ansai, and Mizhi. Bars for non-drought years are gray and blue, and for drought years are red and yellow. Labels above bars indicate statistical significance, with varying letters. There is a distinction between semi-humid and semi-arid regions.]
FIGURE 6
Comparisons of soil water use efficiency (SWUE) and sensitivity of RWI variations to climate for R. pseudoacacia across different sites and between drought and non-drought years. Different lowercase/uppercase letters denote significant differences between sites in drought/non-drought years (P < 0.05).




3.3 Radial growth response to climate factors

The growth of R. pseudoacacia in the study sites was mainly limited by climatic factors related to drought stress (Figures 7, 8). Specifically, the RWI of R. pseudoacacia at the Fufeng site was significantly positively correlated with precipitation and SPEI in August of the current year (P < 0.05) but significantly negatively correlated with Tmean and Tmax in October of the previous year (P < 0.01). Temperature and SPEI were significantly positively correlated with the RWI of R. pseudoacacia at the Changwu site, especially early in the year (January-March). Tmax in June was strongly negatively correlated with RWI (P < 0.05). At the Ansai site, RWI was significantly negatively correlated with precipitation and SPEI in October of the previous year, as well as Tmin in December. Conversely, RWI was positively correlated with Tmax in January of the current year (P < 0.05). Tmean and Tmin in March of the current year were strongly positively correlated with the growth of R. pseudoacacia at the Mizhi site (P < 0.05) (Figure 7). Moreover, radial growth of R. pseudoacacia was positively correlated with precipitation and SPEI in the spring, summer, and growing season of the previous year (Figure 8). These correlation results showed that the radial growth of R. pseudoacacia was limited by SPEI, precipitation (water availability), and maximum temperature on the CLP. The relationship between RWI of R. pseudoacacia and temperature varied from positive (January, March and spring) to negative (June) to positive (autumn) over time, indicating that the effect of temperature on radial growth transitioned from promotion to inhibition and then to promotion. Radial growth was more strongly related to climate variables at the Fufeng site than at the Mizhi site.


[image: Heat maps show correlation coefficients between climatic variables and SPEI for four regions: Fufeng, Changwu, Ansai, and Mizhi. Each map uses a colored gradient from blue to red to represent negative to positive correlations, respectively. Variables include precipitation (Prep), minimum temperature (Tmin), maximum temperature (Tmax), and mean temperature (Tmean) over specific months. Asterisks indicate statistical significance.]
FIGURE 7
Correlation coefficients between the tree ring width index (RWI) of R. pseudoacacia and monthly climatic factors at the four sites. (a) Fufeng, (b) Changwu, (c) Ansai, (d) Mizhi. The x-axes (P10-C9) indicate the months from the October of the previous year to September of the current year. Tmean, monthly mean temperature; Tmax, monthly maximum temperature; Tmin, monthly minimum temperature; Prep, monthly precipitation; SPEI, standardized precipitation evapotranspiration index. “**” represents P < 0.01, and “*” represents P < 0.05.



[image: Heat maps display correlation coefficients for four regions: Fufeng, Changwu, Ansai, and Mizhi. Variables include SPEI, Prep, Tmin, Tmax, and Tmean across seasons (Spring, Summer, Autumn, Winter) and growing periods (GS, PGS). Color gradient ranges from blue to red, indicating coefficients from -0.80 to 0.60. Stars denote significance levels.]
FIGURE 8
Correlation coefficients between the standard tree ring width index (RWI) of R. pseudoacacia and climatic factors at the four sites. (a) Fufeng site. (b) Changwu site. (c) Ansai site. (d) Mizhi site. Spring (Spr): March to May; Summer (Sum): June to August; Autumn (Aut): September to November; Winter (Win): December to February of the next year; GS and PGS: growing seasons of the current and previous year, respectively.




3.4 Variations in drought resistance, recovery, and resilience

The vulnerability of R. pseudoacacia to drought in different climate regions showed spatial heterogeneity (Figure 9). The R. pseudoacacia at the Ansai site exhibited significantly higher resistance (1.30) and lower recovery (0.72) to drought than other sites (P < 0.05). Similarly, the resilience of R. pseudoacacia at the Fufeng (0.88) and Ansai (0.89) sites to drought was also significantly lower than at other sites (P < 0.05; Figure 9a). After the mild drought event, the resistance of R. pseudoacacia at the Ansai (1.38) site to drought were significantly better than at the Changwu (0.90) site, while the opposite was true for recovery (P < 0.05; Figure 9b). The resistance (1.62) and resilience (1.23) of R. pseudoacacia at the Mizhi site after the moderate drought were significantly higher than at the Fufeng (0.99, 0.77) site. The resistance (0.99) of R. pseudoacacia at the Ansai site to drought was also significantly better than at the Changwu (0.83) site, while the recovery was significantly lower (P < 0.05; Figure 9c). Following the severe drought event, R. pseudoacacia at the Ansai site exhibited significantly higher drought resistance (1.65 vs. 0.65) and resilience (1.10 vs. 0.64) but lower recovery (1.04 vs. 0.69) than at the Changwu site (P < 0.05; Figure 9d). At the Ansai and Mizhi sites, the resistance of R. pseudoacacia to drought was greater than 1, while its post-drought recovery capacity was less than 1. Multi-year drought more negative impact on resistance and resilience for R. pseudoacacia at the Ansai site than at the Changwu site (Figures 9c,d).


[image: Box plots showing drought vulnerability indices across four sites: Fufeng, Changwu, Ansai, and Mizhi, under varying drought conditions. Panel (a) shows overall indices with grey (Rt), red (Rc), and blue (Rs) boxes. Panel (b) shows mild drought indices for Changwu and Ansai. Panel (c) illustrates moderate drought indices for Fufeng, Mizhi, Changwu, and Ansai. Panel (d) depicts severe drought indices for Changwu and Ansai. Different letters indicate statistically significant differences.]
FIGURE 9
Variations of drought vulnerability indices (Rt: resistance; Rc: recovery; Rs: resilience) of R. pseudoacacia in response to drought events. (a) Differences of drought vulnerability indices of R. pseudoacacia at different study sites; (b) differences of Rt, Rc and Rs between Changwu (2009) and Ansai (2008–2010) sites under mild drought; (c) differences of Rt, Rc and Rs between Fufeng (2008) and Mizhi (2007–2008) sites, Changwu (2016) and Ansai (2015–2016) sites under moderate drought; (d) differences of Rt, Rc and Rs between Changwu (1994–1997) and Ansai (1999–2000) sites under severe drought. Different lowercase letters denote significant differences between sites. In (c,d), different uppercase letters denote significant differences between different drought events within the same sites (one-way ANOVA, P < 0.05).


The recovery of R. pseudoacacia after drought was significantly negatively correlated with resistance (P < 0.05; Figure 10). The deviation of the “line of actual resilience” from the “line of full resilience” decreases with decreasing resistance of R. pseudoacacia. The “line of actual resilience” intersected with the “line of full resilience” within the resistance range of 0.65–1.32, indicating that the R. pseudoacacia plantations with resistance exceeding this range could fully recover after drought. However, the resilience of R. pseudoacacia to drought was positively correlated with both resistance and recovery (P > 0.05). These results illustrated that a significantly trade-off between resistance and recovery, with more resistance to drought for R. pseudoacacia in semi-arid region than in semi-humid region.


[image: Graphs illustrating relationships between drought vulnerability indices. (a) Shows a negative correlation between resistance and recovery with R² = 0.39, significant at P < 0.05. (b) Displays a weak correlation between resistance and resilience with R² = 0.10, not significant. (c) Illustrates a slight positive correlation between recovery and resilience with R² = 0.21, not significant. Each graph includes a trend line, 95% confidence interval, data points, and annotations for statistical metrics.]
FIGURE 10
Relationships between resistance and recovery (a); resistance and resilience (b); and recovery and resilience (c).




3.5 Drivers of tree resilience

Climate factors (SPEIpoi, SPEIpre, PGStem, GStem, and GSprep), site geographical conditions (altitude, longitude, and latitude), and tree characteristics (DBH, Pre-RWI and 2Pre-RWI) were significantly related to the resistance and recovery of R. pseudoacacia (P < 0.01), with these factors explaining 73.5 and 84.0% of the total variance in resistance and recovery, respectively (Figure 11). The effect of altitude, longitude, and latitude on resistance and recovery accounted for 70.6 and 18.3% of the variance, respectively (P < 0.05). Tree characteristics accounted for 4.8 and 40.2% relative effects on the resistance and recovery variances of R. pseudoacacia, respectively (P < 0.05). Temperatures during the current and previous growing seasons of a drought event accounted for a combined 22.6 and 19.1% relative effects on the resistance and recovery variances. The average SPEI of 2 years prior to a drought event (SPEIpre) and during a drought event (SPEIpoi) had 14.4 % relative effect on the recovery variance of R. pseudoacacia. Total precipitation in the growing season of a drought event accounted for 1.99 and 8.1% of the variance in resistance and recovery, respectively. In addition, the interaction effects of climate factors and site geographical conditions explained 42.8 and 64.3% on resistance and recovery variances of R. pseudoacacia, respectively. The interaction effects between climatic factors and tree characteristics accounted for 16.3 and 47.2% of the variances in resistance and recovery, respectively. Similarly, the interactions between site geographical conditions and tree characteristics also explained 26.0 and 57.2% of the variances in resistance and recovery of R. pseudoacacia, respectively. However, the interaction effects of all variables weakly impact on resistance and recovery of R. pseudoacacia (Figure 12).


[image: Bar and scatter plots illustrating relative importance and parameter estimates of various factors influencing two models. Panel (a) shows a model with R²=0.74 and includes factors such as GSprep, GStem, and Latitude. Panel (b) shows a model with R²=0.84, with factors like GSprep, GStem, and SPEIpre. Bars depict relative importance as a percentage of variation, while colored points with error bars show parameter estimates, each differing slightly in values and significance.]
FIGURE 11
Relative effects of multiple predictors on the resistance (a) and recovery (b) of R. pseudoacacia to drought. Averaged parameter estimates (standardized regression coefficients) of the multiple linear regression model predictors are shown with the relative importance of each predictor. GSprep and GStem: total precipitation and mean temperature during the growing season of a drought event; PGStem: temperature of the previous growing season before a drought event; SPEIpre and SPEIpos: average standardized precipitation evapotranspiration index (SPEI) of 2 years prior to a drought event and during a drought event; Pre-RWI and 2 Pre-RWIave: tree ring width index for 1 and 2 years (average) before a drought event; DBH: diameter at breast height. * represents P < 0.05, ** represents P < 0.01.



[image: Two Venn diagrams compare the effects of factors on resistance and recovery. Diagram (a) shows resistance with R²=0.41. Overlapping areas indicate contributions: climate factors 10.1%, site geographical conditions 0.4%, and tree characteristics 12.2%, with shared influences. Diagram (b) shows recovery with R²=0.598. Overlaps show climate factors 10.5%, site conditions 0.6%, and tree characteristics 34.2%. Shared influences include climate, site, and tree factors.]
FIGURE 12
Venn diagram of variation partitioning analysis illustrating the contribution of climate factors (SPEIpoi, SPEIpre, PGStem, GStem, and GSprep), site geographic conditions (altitude, longitude, and latitude), tree characteristics (DBH, Pre-RWI and 2 Pre-RWIave) and their interactions on the variance of tree resistance (a) and recovery (b).





4 Discussion


4.1 Radial growth dynamics of R. pseudoacacia

The tree ring width of R. pseudoacacia showed an overall trend of first increasing and then decreasing over time. After constructing a chronology through detrending processing, we found the variations of RWI of R. pseudoacacia change with tree age differed at our four study sites (Figure 3). This is similar to the results of a previous study of R. pseudoacacia and other common species of trees on the CLP (Keyimu et al., 2021; Che et al., 2023b). Meanwhile, we also noted that the RWI of R. pseudoacacia showed a slight upward trend at the four sites, with the most significant increase observed at the Mizhi site, corresponding to the fact that only this area exhibited a significant upward trend in precipitation (Figure 2). However, previous research by Fritts (1976) indicated that trees growing in drier conditions generally exhibited higher growth variability compared to those in temperature-limited regions. Another study has also concluded that the radial growth of R. pseudoacacia showed no significant regional difference in the early stages, but the tree ring width of high-density R. pseudoacacia significantly decreased compared to low-density stands as the forest age increased (Guan et al., 2023). Therefore, the significantly spatiotemporal differences in tree growth can be attributed to the complex influences of abiotic and biotic factors. On the one hand, the terrain largely contributes to the spatial heterogeneity of regional climate change, thereby influencing the vegetation response to climate change (Zhang et al., 2020). On the other hand, the R. pseudoacacia tree is deep-rooted and requires a large amount of deep soil moisture to sustain its rapid growth during the initial growth stage. Subsequently, soil dry layers gradually develops and results in a slowdown growth rate (Jia et al., 2017). In addition, variations in soil nutrients, microbial communities and structures (Chang et al., 2017; Zhou et al., 2018; Bai et al., 2019), as well as tree anatomical structural characteristics (Levionnois et al., 2022; Song et al., 2022; Liu et al., 2023) all influenced the growth rate of R. pseudoacacia under different spatiotemporal scales.

The SWUE of R. pseudoacacia showed a slight upward trend at two sites (Fufeng and Mizhi) (Figure 5). This may be because the R. pseudoacacia was in a rapid growth stage, during which significant amounts of water and nutrients were used to support growth (Deng and Zhang, 2010; Jia et al., 2017). On a spatial scale, we found the average sensitivity of RWI variations to climate was lower under drought years in regions characterized as semi-humid (Fufeng and Changwu sites) vs. semi-arid (Ansai and Mizhi sites). This may be due to the fact that the R. pseudoacacia growing in arid environments for a long time, is more sensitive to changes in rainfall. Specifically, Wang S. F. et al. (2021) found that the root distribution of R. pseudoacacia in shallow soil layers significantly higher than in middle and deep soil layers in semi-arid region. When precipitation events occur, R. pseudoacacia can more readily shift its primary water source to shallow soil moisture due to the recharge from precipitation infiltration. This indicated that the root systems of R. pseudoacacia in arid environments may be more sensitive to changes in water availability.



4.2 Climate factor effects on radial growth

Tree ring width can provide key information about physiological processes as well as a record of environmental change, and thus reflects how climate factors affect tree growth (Fritts, 1976). The findings of this study related to the climate–growth relationship revealed large discrepancies in the response of R. pseudoacacia to climate change at the different study sites, similar to previous studies (Peng J. et al., 2019; Che et al., 2022; Chen et al., 2023; Han et al., 2023; Zhu et al., 2023). We observed positive correlations between radial growth and both the January through March temperature and the SPEI. This indicated higher temperatures before the growing season not only prompted cambium activity but also meant trees fully compensated for a previous water deficit earlier using melting soil water from the previous winter (Zweifel et al., 2010). The significant relationship between radial growth and both the Tmax in June and precipitation and SPEI in August in the semi-humid region indicated higher temperature and decreased precipitation would both reduce soil moisture and the amount of water available to trees, which would therefore form narrow rings. The results are in agreement with previous works that suggest water availability is the primary factor limiting tree growth (Yang et al., 2014; Ding et al., 2021; Jiao et al., 2021; Pompa-García et al., 2025). Our study also showed significant negative correlations between the radial growth of R. pseudoacacia and the temperature, precipitation, and SPEI in October and December of the previous year. This further illustrated how extreme climate events after the end of the growing season still greatly impact the radial growth of R. pseudoacacia in the subsequent year (i.e., legacy effects) (Wu et al., 2018).

In addition, radial growth being positively correlated with water availability (precipitation and SPEI) in the spring, summer, and growing season indicated seasonal precipitation not only reduces the evaporation rate due to increased cloud cover but also provides available water for growth and thus indirectly impacts carbohydrate storage (Liu et al., 2004; Keyimu et al., 2021; Kazimirović and Stajić, 2025). Drought during the growing season resulted in increased transpiration and decreased photosynthesis and soil moisture, which resulted in limited tree growth, also consistent with previous studies (Yang et al., 2014; Fang et al., 2017; Ding et al., 2021). To summarize the temperature–growth relationship of R. pseudoacacia in both regions, we found the correlation coefficients varied from positive (January, March, and spring) to negative (June) and then to positive (autumn) over time. This indicates that the effect of temperature on radial growth is a dynamic process, with the greatest limitation of maximum temperature on radial growth in June (Keyimu et al., 2021). Due to the uneven distribution of precipitation throughout the year in the Loess Plateau, there is a distinction between the dry season (May-June) and the rainy season (July-September; He et al., 2022). Long-term experimental studies have also demonstrated that higher temperature enhances plant physiological processes and soil evaporation during the early growth stage (May-June) of R. pseudoacacia, exacerbating water deficit and consequently imposing an indirect limitation on tree growth. With the replenishment of precipitation from July to September, the soil moisture content increases, which also promotes the growth of R. pseudoacacia (He et al., 2022; Mei and Ma, 2022; Chen, 2023). Additionally, numerous studies on the relationship between tree radial growth and climate change on the Loess Plateau have consistently demonstrated that the effect of temperature on tree growth exhibits dynamic variation (Keyimu et al., 2021; Che et al., 2022; Wang A. et al., 2022; Wang B. et al., 2022).



4.3 Tree resilience to drought

In this study, we evaluated the resilience to drought years/events by quantifying tree resilience, recovery, and resistance to gain fundamental insights into growth resilience and the interaction of various factors, both internal and external (Fang and Zhang, 2019). The drought vulnerability indices of R. pseudoacacia on the CLP exhibited spatial heterogeneity (Figure 9a), with higher resistance and recovery of R. pseudoacacia to drought at the Ansai and Mizhi sites, respectively, than at other sites. This disparity may be attributed to the Mizhi site with the lowest drought frequency and youngest tree age, while the Ansai site had a higher frequency of severe drought. This is consistent with the findings of Guan et al. (2023), who suggested that the recovery of the R. pseudoacacia at the Jiyuan site was higher than at the Minquan site on the Loess Plateau, as the tree age was younger at the Jiyuan site. Similar results were also observed in Tianshan spruces and Scots pines, where younger trees exhibited higher post-drought recovery, primarily due to their higher water use efficiency (Merlin et al., 2015). In contrast, older trees experienced a decline in water transport capacity and cumulative hydraulic damage due to drought stress, resulting in slower post-drought growth recovery (Tyree et al., 1993; Wang J. et al., 2021). The post-drought recovery of younger canopy-dominant angiosperms was also higher than old trees (Allen et al., 2016). Other studies have also suggested that older trees with narrower rings require a longer recovery time after drought to repair the lost sapwood area (Peltier and Ogle, 2020). In addition, the frequent extreme drought events have led to a sustained increase in the risk of reduced tree growth, while also limiting tree recovery (Allen et al., 2016). Therefore, these mechanisms have the potential to cause changes in the tree resistance and recovery to drought.

Under the same drought event (mild, moderate and severe), the R. pseudoacacia in the semi-arid region exhibited higher resistance (Rt > 1) compared with semi-humid region. However, the recovery of R. pseudoacacia in semi-humid region was similar to or even greater than that in semi-arid region (Figures 9b–d). These phenomena illustrate the adaptive strategies of R. pseudoacacia for local environments during their long-term evolution. Recent studies have agreed that trees acclimated to moisture-replete environments experience significantly reduced drought resistance when subjected to abrupt drought events. Consequently, trees growing under drought conditions exhibit higher drought resistance compared to those in humid environments, which may be associated with the development of stronger tree adaptive capabilities under prolonged drought conditions (McNulty et al., 2014; Gazol et al., 2017; Helman et al., 2017). The higher recovery in semi-humid region indicates that the deep soil moisture is sufficient to support the tree growth during the drought period until the climate returns to normal conditions (Longo et al., 2018). In contrast, the recovery of R. pseudoacacia in semi-arid region is less than 1, indicating that its ability to recover from drought is relatively weaker. The resistance of R. pseudoacacia at the Ansai site has shown a significantly decreasing trend after multi-years of drought over time, with the recovery values all being less than 1 (Figures 9b–d). This indicated that cumulative severe drought stress (1997, 1999–2000 and 2015) might have contributed to the delayed recovery of tree growth (Peng J.F. et al., 2019; Gao et al., 2018). Successive droughts cause prolonged hydraulic deterioration due to drought-induced cavitation (Serra-Maluquer et al., 2018) as well as carbon starvation due to carbohydrate reserve depletion (McDowell et al., 2019; He et al., 2020). However, we also found that the resistance and recovery of R. pseudoacacia at the Changwu site were lowest following severe drought events and highest following mild drought events. This finding was also reported by Lv et al. (2022), indicating that the drought resistance of Q. mongolica was lower at higher drought intensity.

The aforementioned results and relationships between drought vulnerability indices consistently indicate a strong trade-off between drought resistance and recovery (Figures 9, 10). The results align with previous studies in Northern Hemisphere forests (Gazol et al., 2017), P. orientalis pure stand, C. korshinskii pure stand, and mixed stand on the Loess Plateau (Chen et al., 2021; Che et al., 2023b), C. korshinskii in Northwest China (Che et al., 2023a), temperate broad-leaved trees (Zhu et al., 2023), indicating a significant negative correlation between tree resistance and recovery to drought. This may depend on the carbohydrate reserves of trees. Galiano et al. (2011) demonstrate that when drought resistance and recovery partially rely on carbohydrate reserves, a trade-off occurs between the two indices; however, if they are not fully reserve-dependent, trees can achieve rapid photosynthetic recovery despite resistance decline caused by reserve depletion during drought. In this study, a comparison of the deviation and intersection between the “Line of full resilience” and “Line of actual resilience” showed that R. pseudoacacia could recover fully from drought when resistance exceeded the range of 0.65–1.32. Additionally, some studies also suggested that the opposing patterns of resistance and recovery indices may be due to their mathematical relation (Gazol et al., 2017; Fang and Zhang, 2019). Assuming PreDr and PostDr are at similar levels, a significant reduction of tree growth predictably results in low resistance and high recovery. While we cannot quantify the extent to which the patterns of resistance and recovery arise from the interdependence of the two formulas, the opposing trends can be partially explained by the ecological and physiological characteristics of the trees (Zhu et al., 2023). In summary, R. pseudoacacia on the Loess Plateau still exhibits higher recovery potential following droughts, even though drought reduces the tree resistance.

Our results showed climate factors (SPEIpoi, SPEIpre, PGStem, GStem, and GSprep), site geographical conditions (altitude, longitude, and latitude), and tree characteristics (DBH, Pre-RWI and 2Pre-RWIave) had significant impacts on the response of R. pseudoacacia to drought (Figure 11). Similar to a previous study (Fang and Zhang, 2019; Zhu et al. 2023), we found that site geographical conditions and climate factors were the most important factors affecting the drought resistance (70.6%) and recovery (41.6%). Among them, resistance and recovery of trees significantly decreased or increased with increasing altitude, longitude or latitude. The R. pseudoacacia growing in higher altitude site was more resistant to drought than those growing at lower altitude, similar to the situation observed in the forests of Northeast China and southern Iberian Range (Marqu’es et al., 2016; Zhu et al., 2023). We also found an increase in average growth in the 2 years prior to a drought year enhances resistance and recovery. This suggested the effect of drought events on the resilience of R. pseudoacacia is not independent of growth in the drought year, but highly dependent on the growth in the pre-drought period (Bose et al., 2020). The resistance and recovery of trees to drought was positively affected by temperature during the growing season of the previous year; this aligns with the notion that tree resilience is influenced by “legacy” or carryover effects (Anderegg et al., 2015). The findings also showed higher temperatures during the growing season of drought years were not conducive to tree recovery after drought events. This may be because high temperatures during the main growth period can exacerbate drought in the current year, further resulting in a delayed recovery process (Li et al., 2017). In general, climate factors, site geographical conditions, and tree characteristics can influence the resilience of R. pseudoacacia. The majority of these factors typically varied across space and time, resulting in spatial and temporal variations of tree resilience. Therefore, it is noteworthy that these factors have interactive effects on resistance and recovery (Figure 12), such as the stronger interactive effects of climate factors and site geographical conditions on the tree resilience. This finding was also confirmed by Zhu et al. (2023) about the resilience of trees in four forest stands in Northeast China. However, the climate factors, site geographical conditions, and tree characteristics may strongly differ within species, and their specific mechanisms require further investigation. Additional studies also corroborate how disturbances are also related to differences in tree resilience, including considerations such as insect outbreaks, plant diseases, provenance (Seidel et al., 2016), and forest management practices (Manrique-Alba et al., 2022).

In this study, although we focused on the dynamic impacts of climatic factors, site geographical conditions, and tree characteristics on tree resilience, other biotic and abiotic factors may also have impacts on trees resistance to drought. For instance, arbuscular mycorrhizal fungi (AMF) cannot only promote the absorption of water by plant roots, but their extraradical hyphae are also capable of redistributing soil water. This process helps maintain moisture levels in the surface soil during periods of drought stress, thereby enhancing water and nutrient availability and improving plant survival (Smith et al., 2010). AMF can indirectly enhance the drought resistance of trees by promoting water and nutrient absorption and increasing root hydraulic conductivity (Shi et al., 2015). Our future studies will consider the mechanisms of the interaction between these factors, and consider stable isotopes along with quantitative aspects of wood anatomy to improve current understanding of CLP R. pseudoacacia plantation vulnerability to drought.




5 Conclusion

We used dendroecological methods to analyze climate–growth responses and quantify the effect of drought on CLP R. pseudoacacia plantation resilience. The results demonstrated the average sensitivity of RWI variations to climate for R. pseudoacacia was lower in the semi-humid region than in the semi-arid region in drought years. The climate–growth correlation analyses found water availability (precipitation and SPEI) of current year was the main climate factor limiting radial growth of R. pseudoacacia on the CLP. The influence of temperature on R. pseudoacacia radial growth transitioned from promotion (January, March and spring) to inhibition (June) and then to promotion (autumn). Significant trade-offs were evident between the recovery and resistance of R. pseudoacacia to drought. Climate factors, site geographical conditions, and tree characteristics played important roles in regulating tree growth resilience. The site geographical and climatic conditions were the notable factors affecting the drought resistance of R. pseudoacacia. The results of this study are helpful for understanding the effects of major driving forces underlying the radial growth and response of R. pseudoacacia to drought during stand development, which is important for predicting the growth trend of plantations on the CLP under the context of future climate change.
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