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A B S T R A C T

Understanding the spatial distribution of tree growth sensitivity in response to climate change is essential for 
developing effective adaptive forest management strategies, particularly in vulnerable ecotones and transitional 
zones. Here, we present a network of 70 tree ring width chronologies from 12 tree species to systematically 
investigate the radial growth responses to key climatic factors, including temperature, precipitation, and drought 
(scPDSI), across the North–South transitional zone in China (NSTZ). Our analysis indicates that precipitation in 
the previous September (r = 0.005 ‒ 0.503), January of the current year (r = 0.001 ‒ 0.297), and late spring to 
early summer (April to June, r = 0.003 ‒ 0.535) exerts a positive influence on the growth of most trees 
(chronologies > 50), whereas temperature suppresses tree growth in May (r = -0.443 ‒ -0.004) and December (r 
= -0.396 ‒ -0.026) of the current year. Further redundancy (RDA) and GeoDetector (GD) analysis indicates that 
the spatial variability of growth sensitivity is primarily governed by combined geographic, aridity gradients, and 
species, with local microclimatic variables such as vapor pressure deficit (VPD) and soil moisture exerting 
comparatively weaker influences. Multi-model projections under the SSP2–4.5 and SSP5–8.5 scenarios suggest 
that the transitional zone is likely to experience a drier and increasingly heterogeneous eco-climatic regime (the 
mean coefficient of variation > 0.25). Such changes may intensify the spatial divergence and potential desta
bilization of tree growth–climate relationships, posing challenges for forest ecosystem long-term sustainability.

1. Introduction

Forest ecosystems play a critical role in maintaining ecological bal
ance, conserving the environment, and supporting sustainable devel
opment of human societies (Führer, 2000; Perry et al., 2008; Watson 
et al., 2018). As their principal components, trees directly determine 
the structure and functional patterns of forest ecosystems, act as a link in 

the circulation of matter and energy, and deeply couple complex 
ecological processes (Bardgett et al., 2014; Maynard et al., 2022; Waring 
and Running, 2010). Current climate change has seriously impacted the 
structure, composition and function of forest ecosystems, particularly 
through the increased frequency and intensity of drought, which have 
significantly altered the physiological processes and growth dynamics of 
trees, causing increased tree mortality and severe forest decline, 
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challenging forest management and threatening supply of forest 
ecosystem services (Liu et al., 2013b; Martinez del Castillo et al., 2022; 
Williams et al., 2013; van Mantgem et al., 2009; Gao et al., 2018; Clark 
et al., 2016; McDowell et al., 2020). Notably, differences in functional 
traits, water-use strategies, and carbon allocation among tree species 
lead to inconsistent growth response patterns (King et al., 2013; 
Trugman et al., 2019). Understanding how trees respond to climate 
variability is thus vital for projecting future forest dynamics and 
formulating adaptive management strategies (Millar et al., 2007).

Tree rings provide a high-resolution temporal record of forest eco
systems, with tree-ring width (TRW) being highly sensitive to climate 
variability, thus providing valuable insights into both historical clima
te–growth relationships and potential future trajectories (Babst et al., 
2014; Chen et al., 2026; De Micco et al., 2019; Huang et al., 2010; 
Wilmking et al., 2020). While numerous studies have explored tree 
growth–climate relationships, most have been conducted at limited 
spatial scales involving a few sites or species, which hinders the iden
tification of complex and heterogeneous response patterns (He et al., 
2013; Vitali et al., 2017; Zang et al., 2012; Yue et al., 2024a). Further
more, studies investigating the spatial heterogeneity of growth response 
patterns along geographic spatial gradients and driving factors are 

limited to relatively uniform forest types or narrow ecological back
grounds, such as temperate forests in the north and subtropical forests in 
the south, which may not fully reveal the complexity and instability of 
climate-growth relationships in highly diverse forest ecosystems 
(Altmanová et al., 2025; Li et al., 2020, 2023b; Su et al., 2021). In re
gions such as ecological transition zones, which are characterized by 
substantial variation in ecosystem composition, climatic fluctuations, 
and physiological strategies, tree responses to climate may exhibit 
pronounced nonlinearity (Albrich et al., 2020; Charney et al., 2016; 
Grimm et al., 2013). For instance, forest ecosystems located in humid to 
semi-humid regions or along the subtropical–temperate boundary often 
display heightened interannual sensitivity and increased responsiveness 
to extreme events (Jentsch and von Heßberg, 2022; Li et al., 2023a; Liu 
et al., 2013a; Xie et al., 2024a). There is a pressing need, therefore, to 
analyze dendrochronological datasets encompassing a wide range of 
climate zones, ecosystem types, and species assemblages.

The North–South transitional zone in China (NSTZ) serves as a crit
ical interface in both natural and cultural geography (Fig. 1). It reflects 
sharp gradients in moisture, temperature, and agricultural practices 
ranging from humid to arid, from warm to cold, and from paddy to 
dryland farming systems (Li et al., 2021; Zhang et al., 2021; Zhu and Lu, 

Fig. 1. Geographic and climatic patterns of the North–South Transitional Zone in China (NSTZ). (a) Spatial extent of the NSTZ, forest cover (Hansen et al., 2013), and 
70 tree ring width chronologies. The Qinling Mountains–Huai River Line represents both the geographical boundary between northern and southern China and the 
core axis of the NSTZ. (b) – (e) Spatial elevation, annual temperature, precipitation, and self-calibrating Palmer Drought Severity Index (scPDSI) patterns (1950 
‒ 2022).
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2025). As a confluence of northern and southern climate regimes, this 
region is particularly sensitive to global climate change and represents 
an ideal natural laboratory for monitoring and evaluating forest 
ecosystem dynamics and climate responses (Li et al., 2023a). Although 
dendroclimatological studies have been conducted in this region, most 
have focused on individual sites or a limited number of species (Cai 
et al., 2020; Ma et al., 2025; Peng et al., 2025; Wang et al., 2022; Yan 
et al., 2020). Here, we establish a multi-species TRW chronology 
network across an extensive east–west and north–south climatic 
gradient within the NSTZ (Fig. 1). This network enables us to compre
hensively investigate the relationship between tree growth and climate 
variability. The objectives of this study are to: (1) explore the radial 
growth response trees to major climate elements; (2) analyze the key 
factors driving changes in response sensitivity.

2. Materials and methods

2.1. Study area overview

The NSTZ is derived from the concept of the geographical demar
cation line defined by the Qinling Mountains–Huai River boundary. At 
the level of macroscopic expressions such as landscape patterns and 
living customs, the NSTZ concentrates the superposition and conver
gence of China’s north–south differences; whereas in large-scale climatic 
and topographic patterns, a pronounced northwest–southeast gradient 
predominates (Fig. 1). Along the northwest–southeast direction, the 
regional climate shifts gradually from humid subtropical conditions in 
the south to warm temperate conditions in the north, exhibiting marked 
changes in temperature and precipitation patterns (He and Hao, 2024). 
Correspondingly, vegetation types display a clear latitudinal zonation, 
with subtropical evergreen broad-leaved forests and mixed ever
green–deciduous broad-leaved forests dominating the south and tran
sitioning northward into warm temperate deciduous broad-leaved 
forests, while conifer–broadleaf mixed forests occur at higher elevations 
in mountainous areas (Kou et al., 2020). Concurrently, soil types exhibit 
a distinct transitional pattern aligned with climate and vegetation, with 
red and yellow soils prevailing in the southern hilly and mountainous 
regions and gradually giving way to brown and cinnamon soils in 
northern mountainous areas, while alluvial (fluvisol) and other culti
vated soils are widespread across the plains (Shi et al., 2004). The NSTZ 
is primarily governed by the East Asian monsoon system, under which 
hydrothermal conditions exhibit substantial variability at interannual to 
decadal timescales (Wang et al., 2021; Yue et al., 2026). The distinct 
transitional features of this region, encompassing a broad spectrum of 
geographic and climatic gradients, provide an excellent opportunity for 
investigating the spatial variability of climate-growth relationships.

2.2. Tree-ring data

To capture the longitudinal and latitudinal gradients along the NSTZ, 
we employed a large-scale sampling strategy encompassing 128 sites 
and 1735 trees, resulting in 3457 increment cores (including 130 cores 
from 89 trees at five sites archived in the ITRDB) (Fig. 1 and Table S1). 
The sampling focused on conifer species from five genera namely Pinus, 
Larix, Picea, Abies, and Keteleeria, including 12 key species: Pinus tabu
liformis, Pinus bungeana, Pinus massoniana, Pinus hwangshanensis, Pinus 
armandi, Pinus henryi, Picea purpurea, Larix potaninii, Abies chensiensis, 
Picea breweriana (i.e., Picea brachytyla), Keteleeria davidiana, and Abies 
fargesii (Table S1). Pure conifer stands dominate most sites, though some 
contain mixtures with deciduous broadleaf species such as Betula and 
Quercus, as well as evergreen broadleaf species including Cyclobalanopsis 
and Rhododendron, alongside shrubs from families including Caprifo
liaceae, Rosaceae, Vitaceae, and Fabaceae. Many of the sampled conifers 
represent the local upper or lower latitudinal limits of their species, such 
as Pinus tabuliformis, Pinus bungeana and Picea breweriana south of the 
Daba Mountains, and Keteleeria davidiana to the north. Certain forests 

are fragmented due to anthropogenic disturbances, and for these we 
integrated nearby samples with similar stand characteristics (e.g., HLB 
and TJYS) based on species composition and proximity (Yue et al., 
2024b) (Table S1). Ultimately, we constructed 70 robust site chronol
ogies with sufficient sample replication for dendrochronological anal
ysis (sample size > 10) (Fig. 2).

All cores were air-dried, mounted, and sanded (Speer, 2010). Older 
samples were visually cross-dated under a binocular microscope and 
measured using the Velmex measuring system (Final year < 2019) (Chen 
et al., 2023; Cook and Kairiukstis, 2013) (Table S1). More recent sam
ples were scanned at a minimum resolution of 2400 DPI using an EPSON 
scanner, and ring widths were measured from high-resolution images 
using CooRecorder 9.4 (Maxwell et al., 2021). Both approaches ensured 
a measurement precision of 0.001 mm. Cross-dating accuracy and 
measurement quality were assessed using the COFECHA program 
(Holmes, 1983; Chen et al., 2024b; Grissino-Mayer, 2001). Most series 
were detrended using the Friedman variable-span smoother (alpha = 5) 
(Friedman, 1984; Cook, 1986), a non-parametric adaptive local regres
sion technique suitable for datasets from forest interiors where tree 
competition and disturbance are substantial (Allen et al., 2015) (Table 
S1 and Fig. S1). For two sites, the Friedman smoother failed to capture 
growth trends and was subsequently substituted with a 67% smoothing 
spline (site BYS) or a negative exponential curve (K > 0) (site ZYG) 
(Biondi and Qeadan, 2008; Cook and Peters, 1981). All detrending and 
standardization procedures were conducted using the ARSTAN program 
(Cook, 1986). Tree-ring width series were first divided by fitted growth 
curves to remove age-related trends. Variance stabilization was ach
ieved via Rbar-weighted standardization (Rbar: average correlation 
between tree-ring sequences). We computed 50-year moving-window 
correlations (with a 25-year overlaps) to assess common signal 
strength and constructed standardized chronologies by calculating 
bi-weight robust means of the standardized series (STD) (Yue et al., 
2024b). To evaluate the strength of the climate signal in each chronol
ogy, we also calculated statistical indices such as the autoregressive 
model of order 1 (AR1), the expressed population signal (EPS), the 
signal-to-noise ratio (SNR), the variance in first eigenvector (VFE), and 
mean sensitivity (MS) (Esper et al., 2002) (Figs. 2 and S2) (Table S2).

2.3. Environmental data

The environmental datasets employed in this study are categorized 
into two main groups: geospatial variables and climatic variables. 
Geospatial data for each sampling site include recorded values of 
longitude (Lon), latitude (Lat), elevation (Ele), and the mean length of 
series (MLS, representing the age structure of the sampled trees; see 
Table S1). For sites composed of consolidated, spatially scattered sam
ples, the final geospatial values were derived by averaging all recorded 
values prior to integration. Climatic variables encompass both macro- 
scale background climate indicators and localized environmental fac
tors. The macro-scale variables, namely mean temperature (Tem), total 
precipitation (Pre), and the self-calibrating Palmer Drought Severity 
Index (scPDSI), were extracted from the CRU 4.08 with a spatial reso
lution of 0.5◦ × 0.5◦ (Harris et al., 2020). In contrast, local-scale climatic 
indicators such as vapor pressure deficit (VPD), soil moisture (Soil-m), 
and climatic water deficit (CWD) were sourced from the TerraClimate 
gridded dataset, which provides high-resolution data at 1/24◦ × 1/24◦

(Abatzoglou et al., 2018). This resolution is particularly well-suited for 
capturing microclimatic variability and spatial heterogeneity at the site 
level. While climate gridded datasets provide an efficient and widely 
adopted representation of climatic variables, caution is warranted when 
applying them to small-scale or local studies (New et al., 2002). For all 
climate variables, site-specific monthly values were extracted using a 
point-to-point matching method. Long-term mean values for the period 
1958 – 2022 were then computed to represent the prevailing local 
climate conditions at each sampling site (macro-scale variables calcu
lation for the period 1950 – 2022). To further characterize moisture 
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Fig. 2. Distribution characteristics and long-term trends of 70 tree-ring chronologies along the North–South Transitional Zone in China (NSTZ). (a) Boxplots 
illustrating the distribution of tree-ring width indices, where boxes represent the interquartile range (25th –75th percentiles), whiskers indicate the 1st – 99th 
percentiles, and the 5th – 95th percentiles are shown by connecting lines. Chronology names are ordered from northwest to southeast according to their spatial 
distribution. (b) Heatmaps showing the first-order autoregressive (AR1) coefficients of each chronology, calculated for two evaluation periods (AR1a since 1950 and 
AR1b since the EPS ≥ 0.85 cutoff year) (Table S2). (c) – (e) Maps displaying the variance explained by the first eigenvector (VFE), mean first-order autoregressive 
coefficients (AR1a and AR1b), and Mann–Kendall (M–K) Z statistics of growth trends for each chronology during 1950 – 2022, respectively. For the M–K Z statistics, 
blue colors indicate decreasing trends, whereas red colors indicate increasing trends. The significance of the trends (p values) is represented by symbol size. Different 
symbol shapes denote different tree species, and detailed classifications are provided in Fig. 1a.
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availability gradients across sites, we derived two widely used aridity 
indices based on different methodological frameworks: the UNEP 
(United Nations Environment Programme) Aridity Index (U-AI) and the 
De Martonne aridity index (De M-AI: Budyko, 1961; de Martonne, 
1926). Given the scarcity and limited reliability of instrumental 
climate records prior to the 1950s in the NSTZ, we restricted our analysis 
to the period from 1950 to 2022, which aligns with the temporal 
coverage of most sampling sites (Fig. S2). To extend the future climate 
perspective for the NSTZ, we further employed multi-model ensemble 
means from 24 CMIP6 simulations (Coupled Model Intercomparison 
Project Phase 6), including historical runs and future projections under 
two Shared Socioeconomic Pathways: a moderate mitigation scenario 
(SSP2–4.5) and a high-emission, fossil fuel–dependent scenario 
(SSP5–8.5) (for similar procedure see Chen et al., 2024a) (Table S3).

2.4. Statistical methods

We employed Pearson correlation analysis to evaluate the relation
ships between tree-ring radial growth and conventional climatic vari
ables (Lo et al., 2010). Specifically, we calculated site-level correlation 
coefficients between standardized tree-ring width chronologies and 
corresponding climatic parameters over their overlapping years. Given 
that tree growth often exhibits physiological lag effects and legacy re
sponses, we incorporated both the 12 months of the previous year (P) 
and the 12 months of the current year (C) into a 24-month temporal 
window for analysis (Kannenberg et al., 2019). To enhance spatial 
representativeness and comparability, we included all chronologies in 
the analysis, even those with series shorter than 50 years. To identify the 
environmental variables that exert the strongest influence on climate–
growth relationships, we performed redundancy analysis (RDA) using 
an interactive forward selection procedure (ter Braak, 1986; Dixon, 
2003). In this analysis, the 24-month correlation coefficients of tem
perature, precipitation, and scPDSI with tree growth served as response 
variables, while geospatial, climatic variables, and tree species types 
were treated as explanatory variables. During RDA, the relative contri
butions of the predictors were ranked, and their significance was 
assessed through Monte Carlo permutation tests. The results were 
visualized using biplots to reveal patterns in multivariate space. Tree 
species were dummy-coded (0/1) to avoid subjective weighting. To 
prevent perfect multicollinearity, Picea breweriana was selected as the 
reference level, as it is an extremely small population and only a single 
sampling site. This approach ensures model estimability while retaining 
all biological information within the RDA framework. Although RDA is a 
classic constrained ordination technique well-suited for identifying 
linear associations and synergistic effects among environmental drivers, 
it is inherently limited by its reliance on linear assumptions and 
covariance structures (Fig. S2). These limitations may reduce its 
explanatory power in contexts characterized by strong spatial hetero
geneity or non-linear interactions (Altmanová et al., 2025). To address 
this, we incorporated the GeoDetector (GD) method as a complementary 
approach (Wang et al., 2016; Song et al., 2020). Unlike RDA, the GD 
framework does not assume linearity and instead quantifies the 
explanatory power of individual and interacting variables from the 
perspective of spatial stratified heterogeneity. As with RDA, we used the 
24-month climate–growth correlation coefficients as response variables 
and calculated the q statistic to quantify the explanatory power of each 
factor. Higher q values indicate stronger explanatory power. Continuous 
predictors were discretized into four strata using the quantile method to 
facilitate stratified analysis. Subsequently, we constructed linear models 
to link the most influential variables identified by both methods to the 
climate–growth sensitivity metrics for temperature, precipitation, and 
drought. We further applied analysis of variance to assess whether their 
climate sensitivity trends vary along the gradients of key environmental 
drivers (Su et al., 2021; Altmanová et al., 2025).

3. Results

3.1. Chronology statistics and growth variability

The sampled forests were predominantly composed of natural stands 
ranging from middle-aged to near old-growth, with a mean chronology 
length of 126.9 years and relatively stable long-term growth trajectories 
(Table S1). Tree growth at most sampling sites exhibited high sensitivity 
to climate, with mean MS values close to 0.21, but pronounced regional 
differences were observed (Table S2). The overall sample set effectively 
captured a coherent climatic signal, as indicated by mean VFE values 
exceeding 40% (Fig. 2) (Table S2). The sampling design represented the 
regional population signal well, with an overall EPS of 0.927 (Table S2). 
AR1 across the two evaluation periods (since 1950 and since the EPS ≥
0.85 cutoff year) ranged between -0.18 and 0.63, with most chronolo
gies exhibiting moderate autocorrelation (ranged between 0.09 and 
0.41) (Fig. 2) (Table S2). VFE and AR1 values displayed the same spatial 
distribution pattern, characterized by a decrease from the northwest 
toward the central Qinling–Daba Mountains, followed by an increase 
southeastward toward the Dabie Mountains (Fig. 2). Over the past 70 
years, tree-ring width indices at all sampling sites fluctuated around a 
mean value of 0.98, with an interquartile range of approximately 0.90 – 
1.20. Growth variability differed among species, and Mann–Kendall 
trend tests indicated predominantly increasing growth trends at eastern 
sites, whereas trends at central and western sites were more heteroge
neous; however, none of these trends were statistically significant 
(Fig. 2).

3.2. Tree growth responses to major climatic variables

Monthly temperature, precipitation, and scPDSI from previous and 
current year were used for analyzing radial growth responses. Overall, 
the growth–climate relationships across all sampling sites exhibit pro
nounced heterogeneity across seasons, tree species, and geographical 
regions (Figs. 3 and S3). Regarding temperature sensitivity, most sites 
within the NSTZ exhibit negative correlations with mean temperature 
during the current growing season (May ‒ August) and winter 
(December). These negative responses are primarily observed in Pinus 
tabuliformis and Pinus bungeana (Fig. S3). Spatially, they are more pro
nounced in the western region than in the central and eastern regions, 
where the correlations are mostly insignificant (Fig. 3). Positive corre
lations with temperature are primarily observed from the Daba and 
Dabie Mountains to areas south of the Yangtze River, particularly in 
Pinus hwangshanensis, Pinus massoniana, and Pinus henryi, and are 
concentrated in early winter to spring (January ‒ March) and the pre
vious summer (June ‒ July). Correlations with precipitation indicate 
that tree growth at most sampling sites is significantly and positively 
related to spring precipitation (April ‒ May) (Fig. 3). This sensitivity 
decreases progressively from the northwest to southeast and becomes 
insignificant in the Dabie Mountains and further east. Significant posi
tive correlations with previous-year September precipitation are 
observed primarily in Pinus tabuliformis, Pinus bungeana, and Keteleeria 
davidiana (Fig. S3). In contrast, many sites east of the Qinling and Daba 
Mountains exhibit significant negative correlations with previous sum
mer (May ‒ August) precipitation, especially among Pinus massoniana 
and Pinus hwangshanensis. Compared to the complex growth responses to 
temperature and precipitation, tree growth responses to drought are 
more spatially and taxonomically consistent. Positive correlations are 
mainly concentrated between the previous year May and the current 
year September, with the strongest correlations significance during the 
current growing season (May ‒ September) (Fig. 3). This pattern is 
evident at most sites, except for a few dominated by Pinus hwang
shanensis, Abies chensiensis, Abies fargesii, and a small number of Pinus 
massoniana. Within the 25th to 75th percentile range of correlation co
efficients (entirely on one side of either positive or negative) tree growth 
shows predominantly negative correlations with temperature in May (r 
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= -0.201 ‒ -0.021) and December (r = -0.195 ‒ -0.032); predominantly 
positive correlations with precipitation in the previous September (r =
0.006 ‒ 0.234), April (r = 0.036 ‒ 0.214), May (r = 0.048 ‒ 0.272), and 
June (r = 0.020 ‒ 0.208); and predominantly positive correlations with 
scPDSI in all months except March (Fig. S4).

3.3. Variations in growth–climate relationships along environmental 
gradients

In the model based on scPDSI, RDA1 alone accounted for 72.89% of 
the total variance, significantly outperforming the other two models, 
indicating that scPDSI, as an integrated indicator of moisture avail
ability, has the strongest explanatory power for tree growth. Further 
variance partitioning showed that Lon, Lat, Ele, U-AI, De M-AI, Tem, 
Pre, CWD, MLS, Pinus tabuliformis, Pinus bungeana, Pinus hwangshanensis, 
Pinus armandi and Pinus henryi all contributed significantly (p < 0.05) to 
at least one of the climate-growth models. However, only Lon, De M-AI, 
and MLS were consistently significant across all three models, with 
longitude exhibiting highly significant explanatory power in all cases (p 
< 0.001), particularly in the scPDSI-based model. By summing the 
explained variation for each explanatory variable across the three RDA 
models, the cumulative contributions of Lon, De M-AI, and Lat were 
higher than those of the other variables (Figs. 4 and S5; Table S4).

The results of the factor detector analysis based on the GD method 
are shown in Fig. 5. Explanatory variables with high explanatory power 
(q-values) and frequent statistical significance across the 24-month 
period included Lon, Lat, Ele, Tem, Pre, U-AI, De-M AI, and tree spe
cies. For temperature-growth relationships, the most influential months 
were previous year January and July, the late winter to early spring 
(November ‒ March), and the mid-summer to autumn period (July ‒ 
November). For precipitation-growth relationships, key months 

included previous year January, the autumn–winter period (September 
‒ December), and the early growing season (March ‒ July), as well as 
October of the current year. For drought-growth relationships, the main 
period of sensitivity spanned from previous May to current September. 
Integrating results from both analyses, we found that Lon and the De-M 
AI exert the strongest control over the spatial heterogeneity in tree 
growth sensitivity, acting as the dominant drivers of spatial variation in 
growth-climate responses across the NSTZ. Meanwhile, explanatory 
variables such as MLS, Lat, Ele, Tem, Pre, U-AI, and tree species also play 
important roles. Notably, both RDA and GD consistently indicated that 
localized climatic variables such as VPD, Soil-m, and CWD had relatively 
weak and mostly non-significant explanatory power.

Based on the angular relationships and vector lengths in RDA, 
together with the GD results, we observed strong sensitivity gradients in 
the response of tree growth to climate across three specific temporal 
windows: January – March, May – June, and previous May – current 
September (Fig. 6). Specifically, the sensitivity of tree radial growth to 
temperature increased linearly with Lon, Tem, Pre, De-M AI, and U-AI, 
while decreasing linearly along Lat, Ele, and MLS gradients. All these 
fitted relationships reached statistical significance (p < 0.05), with the 
exception of MLS. Among the six major groups comprising the 12 tree 
species, temperature sensitivity exhibited a general upward trend, with 
Pinus hwangshanensis displaying the highest overall sensitivity. 
Conversely, the sensitivity of radial growth to precipitation and drought 
(scPDSI) showed an inverse pattern, decreasing linearly with Lon, Tem, 
Pre, De-M AI, and U-AI, but increasing along Lat, Ele, and MLS gradients. 
All fitted relationships were statistically significant (p < 0.05), except for 
the correlation between precipitation sensitivity and Ele. Across the 
species types, moisture sensitivity demonstrated a general downward 
trend, with Pinus tabuliformis exhibiting the highest overall sensitivity to 
water availability. These gradient changes collectively reflect the spatial 

Fig. 3. Site-by-site Pearson correlations between tree-ring width (TRW) chronologies and major climatic variables (temperature, precipitation, and scPDSI) across 70 
sites in the North–South Transitional Zone of China (NSTZ). The y-axis indicates the spatial distribution of sampling sites, arranged along a northwest–southeast 
gradient. Tree species classification follows the order shown in Fig. S3. The x-axis represents a 24-month period from previous-year January (P1) to the current-year 
December (C12), with the black dashed lines denoting annual boundaries. Symbols “+” and “–” indicate statistically significant positive and negative correlations, 
respectively.
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pattern of the sensitivity of radial tree growth in the NSTZ to major 
climatic factors. In warm and humid low-elevation areas, where Pinus 
hwangshanensis and Pinus massoniana dominate, tree growth is more 
sensitive to temperature, typically showing positive correlations, while 
responses to precipitation and drought signals are relatively weak. In 
contrast, in drier regions, tree growth exhibits stronger positive corre
lations with moisture availability, particularly with precipitation and 
drought indices (Fig. 7).

4. Discussion

4.1. Spatial variations in growth–climate relationships

Across the 70 sampling sites in the NSTZ, both the structural prop
erties of the chronologies and the growth trends exhibit clear spatial 
differentiation (Fig. 2) (Table S2). A systematic assessment of radial 
growth responses to temperature, precipitation, and the scPDSI also 
reveals clear regional differentiation variability (Figs. 3 and S4). Trees in 
the northwest exhibit significant negative correlations with tempera
tures from May to September, possibly due to increased evapotranspi
ration under high temperatures, which intensifies soil drought, restricts 
fine root water uptake, and reduces xylem transport efficiency (Brunner 
et al., 2015; Choat et al., 2018; Meinzer et al., 2001). In contrast, trees in 
the southeast show enhanced positive responses to winter–spring 
(January ‒ March) temperatures, likely because warmer winters facili
tate earlier dormancy release and cambial reactivation in early spring 
(Maurya and Bhalerao, 2017; Way, 2011). Precipitation shows pre
dominantly positive effects on growth during late spring and early 

summer (April ‒ June), although its significance diminishes from 
northwest to southeast. This gradient reflects structural differences in 
regional water supply–demand relationships, which directly regulate 
tree growth through moisture availability and drought stress. In the 
semi-humid northwest, moisture is a limiting factor, and interannual 
variability in precipitation directly affects cambial activity and xylem 
cell production (Gao et al., 2019; Zhao et al., 2019a), making drought 
stress the dominant constraint on growth and increasing tree sensitivity 
to water availability. In contrast, in the humid southeast, where pre
cipitation is abundant, water is no longer the primary limiting factor, 
and excessively wet conditions may even impair physiological activity, 
resulting in negative effects (Cai and Liu, 2017; Cai et al., 2017; Cai 
et al., 2024). Collectively, the positive effects of precipitation in the 
previous September, January, and the early growing season (April ‒ 
June) on radial growth across the NSTZ likely reflect the importance of 
soil moisture recharge and legacy effects in regulating cambial activity 
(Gheyret et al., 2021; Yan et al., 2026; Henttonen et al., 2014). By 
contrast, elevated temperatures in May and December may reduce car
bon availability for current or subsequent growth by constraining 
photosynthesis and carbon assimilation (Dusenge et al., 2019; Körner, 
2003). Together, these findings highlight the synergistic roles of water 
availability and temperature-driven physiological stress in shaping 
radial growth variability.

By analyzing how tree growth–climate sensitivity varies across the 
NSTZ under the modulation of geographic and local climatic conditions, 
we find that spatial gradients and aridity gradients are the primary and 
statistically significant drivers of spatial heterogeneity in growth sensi
tivity (Figs. 4 and 5) (Table S5). However, these geographic variables 

Fig. 4. Redundancy analysis (RDA) biplots of tree growth–climate response relationships across the North–South transitional zone (NSTZ). (a) to (c) detail the 
growth responses to temperature, precipitation, and scPDSI, respectively. The approximate correlation between explanatory variables (22 explanatory variables, 
including geographic features, climatic conditions, and tree species types, are represented by orange vectors) and response variables (correlation coefficients for 24 
monthly windows across 70 sites, shown as green vectors) is indicated by the cosine of the angle between vectors: acute, obtuse, and right angles denote positive, 
negative, and near-zero correlations, respectively. (d) shows the proportion of variance explained by each of the 22 explanatory variables of the three growth–climate 
response models. The labels Pinus t, Pinus b, Pinus m, Pinus hw, Pinus ar, Pinus he, Picea p, Larix p, Abies c, Keteleeria, and Abies f are abbreviations of the following tree 
species: Pinus tabuliformis, Pinus bungeana, Pinus massoniana, Pinus hwangshanensis, Pinus armandi, Pinus henryi, Picea purpurea, Larix potaninii, Abies chensiensis, 
Keteleeria davidiana, and Abies fargesii, respectively.
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representing spatial gradients should be interpreted as proxies for un
derlying climatic gradients rather than direct drivers of tree growth 
(Martin-Benito et al., 2015; Altman et al., 2017). In this context, 
longitude and latitude primarily reflect large-scale variations in tem
perature and moisture regimes, while elevation is closely associated 
with temperature decline, changes in atmospheric conditions, and po
tential shifts in moisture availability (Mountain Research Initiative EDW 
Working Group, 2015; Xie et al., 2024b; Sidor et al., 2015). Therefore, 
the observed spatial patterns likely reflect variations in temperature 
regimes, moisture availability, and drought stress across the region. 
Generally, longitude and latitude represent the macroscopic direction of 
changes in water and heat. The sensitivity of tree growth to climate 
factors often undergoes quasi-linear succession along these two di
mensions, reflecting the spatial expression of the gradual adaptation and 
restriction mechanism of trees to water and heat factors (Briffa et al., 
2004; Esper et al., 2002; Fritts, 2012; Lyu et al., 2017). For example, 
in the forest–steppe ecotone of southern Siberia, Pinus sylvestris exhibits 
pronounced drought sensitivity, with climate exerting stronger control 

over growth in the west than in the east (Tabakova et al., 2020). Simi
larly, tree-ring networks in northern forests of northeastern China 
demonstrate that radial growth limitations due to differences in climate 
vary along the latitudinal gradient (Li et al., 2020). Our results support 
these general findings and further reveal an even more pronounced 
linear gradient along the longitudinal dimension.

The De M-AI, a simple yet integrative indicator of moisture condi
tions, offers a robust spatial metric for characterizing regional hydro
thermal coupling and is widely used as a background variable to assess 
tree growth dynamics (Bhuyan et al., 2017; Martinez del Castillo et al., 
2022; Su et al., 2021). For instance, Pinus latteri in southern Laos exhibits 
lower growth resistance and higher recovery capacity under drier (lower 
De M-AI) conditions, while in wetter areas (higher De M-AI), recovery 
components show no significant differences (Gao et al., 2025). On the 
Yunnan–Guizhou Plateau in southwestern China, climate sensitivity of 
subtropical conifers increases along the De M-AI gradient (Su et al., 
2021). In Europe and Mediterranean forests, growth tends to respond 
to short- and medium-term droughts, whereas forests in continental 

Fig. 5. Geographical factor detector (GD) results of three tree growth–climate response models across the North–South transitional zone (NSTZ). (a) to (c) detail the 
growth responses to temperature, precipitation, and scPDSI, respectively. The vertical axis represents the explanatory variables, where S is the abbreviation for tree 
species and the full names corresponding to the other abbreviated labels are provided in Fig. 4. The horizontal axis represents the response variables, with P1 to C12 
indicating the correlation coefficients between tree growth and climate over 24 months, from the previous year to the current year. The q-value indicates the 
explanatory power of each individual factor on the response variable, with symbols “+” denoting statistical significance at p < 0.01.
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Fig. 6. Gradient variations in the mean sensitivity of tree radial growth responses to temperature, precipitation, and scPDSI along longitude (a), latitude (b), 
elevation (c), temperature (d), precipitation (e), De Martonne aridity index (f), UNEP Aridity Index (g), mean length of series (h), and tree species (i). (a) to (h) show 
the linear relationships between the mean response sensitivity and each explanatory variable. The strength of linear relationships is indicated by the coefficient of 
determination (R2), significance level (P), and 95% two-sided confidence intervals (shaded areas: orange for temperature response, green for precipitation response, 
and purple for scPDSI response). (i) illustrates the variation in mean response sensitivity among tree species. The dashed line represents the mean value calculated for 
each species group, and the shaded area denotes the error of 0.5 standard deviations, with colors matching those used in the linear fits above. The x-axis tick labels 
correspond to tree species, and the full names of the abbreviations can be found in Fig. 4. “Other S” denotes species represented by only one chronology, including 
Picea purpurea, Larix potaninii, Abies chensiensis, Picea breweriana, Keteleeria davidiana, and Abies fargesii.
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climates exhibit stronger drought tolerance and can withstand long-term 
droughts (Bhuyan et al., 2017). This evidence suggests that aridity 
gradients not only shape spatial patterns of tree growth dynamics but 
also reflect ecological resilience and adaptive strategies to climate 
variability. We observed divergent explanatory capacities of the De M-AI 
and the U-AI in RDA and GD analyses. This discrepancy may result from 
their differing formulations: the De M-AI is more sensitive to tempera
ture and better captures transitional gradients, whereas the U-AI em
phasizes evaporative demand and is better suited to spatial zonation 
(Ullah et al., 2022). Nevertheless, both indices consistently identify 
aridity as a key driver of spatial heterogeneity in tree-ring–climate 
sensitivity across the NSTZ. Overall, these results suggest that spatial 
heterogeneity in growth–climate sensitivity across the NSTZ is primarily 
driven by direct ecological factors, particularly drought stress, whereas 

geographic variables largely serve as integrative proxies for the under
lying environmental gradients.

4.2. Species effects on growth–climate relationships

Different tree species across the NSTZ also exhibit pronounced dif
ferences in their growth and in their responses to environmental vari
ability. For instance, Pinus tabuliformis, Pinus bungeana, and Pinus 
hwangshanensis exhibit greater fluctuations in ring-width indices, indi
cating heightened sensitivity to interannual environmental variability 
(Chen et al., 2024c; Huang et al., 2021; Li et al., 2024; Liang et al., 2019; 
Xie et al., 2024; Zhao et al., 2021). In contrast, Abies and Picea exhibit 
more stable growth at certain sites, potentially due to their conservative 
ecological strategies and relatively stable habitats (Cavin et al., 2013; 

Fig. 7. Spatial distribution of the sensitivity of radial tree growth to major climatic factors in the North–South transitional zone in China. (a) Correlation coefficients 
between radial tree growth and temperature (mean temperature from January to March). (b) Correlation coefficients between radial tree growth and precipitation 
(mean precipitation from May to June). (c) Correlation coefficients between radial tree growth and scPDSI (mean scPDSI from May of the previous year to September 
of the current year). The base map displays the long-term climatology of the De Martonne aridity index (De-M AI), categorized by index levels. Different symbol 
shapes denote different tree species; detailed classifications are provided in Fig. 1a.
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Fuchs et al., 2021). Pinus bungeana and Pinus tabuliformis, known for 
their high drought tolerance and adaptability, show pronounced nega
tive responses to high temperatures and positive responses to spring 
precipitation in the northwest, reflecting their sensitivity to hot–dry 
stress (Cao et al., 2025; Chen et al., 2024c; Peng et al., 2023; Xie et al., 
2024). Pinus massoniana and Pinus hwangshanensis exhibit strong posi
tive correlations with winter–spring temperatures, suggesting that these 
subtropical conifers rely on warm conditions to initiate early-spring 
growth (Li et al., 2024; Meng et al., 2021). However, their responses 
to summer temperature or drought are not consistent, indicating more 
complex sensitivities to hydrothermal interactions (Chen et al., 2016; 
Wang et al., 2019). Different Abies species also display highly divergent 
responses to temperature and moisture. Abies chensiensis is sensitive to 
winter temperatures, while Abies fargesii shows significant responses to 
autumn precipitation, likely due to differences in elevational distribu
tion (Chen et al., 2015; Dang et al., 2007). Similarly, Picea purpurea and 
Picea breweriana exhibit temporal shifts in climate response windows, 
suggesting that Picea are more heat-sensitive and that their northern 
distribution is constrained by temperature thresholds (Zhao et al., 
2019c). Notably, species Keteleeria davidiana all exhibit significant re
sponses to both precipitation and drought during autumn and early 
winter, indicating a late-season water-use strategy that may provide 
insights into forest adaptation mechanisms under future climate change 
(Yue et al., 2024b; Zhao et al., 2019b).

These interspecific differences in radial growth characteristics and 
climate–response relationships are also key drivers of the sensitivity 
gradients observed across the NSTZ. In the integrated RDA and GD an
alyses, the tree species variable explained a substantial proportion of the 
variance, suggesting that species identity plays an important role in 
shaping the observed patterns. Systematic differences among tree spe
cies in hydraulic architecture, wood density, rooting depth, stomatal 
regulation strategies, and phenological schedules may lead to divergent 
sensitivities to temperature, moisture availability, and extreme climatic 

events (Oliveira et al., 2021; Roderick and Berry, 2001; Brum et al., 
2017; Chen et al., 2022; Pau et al., 2011). Meanwhile, the spatial dis
tribution of tree species in the NSTZ is constrained by geographic and 
climatic gradients, further magnifying tree species effects on growth–
climate relationships. This interplay between tree species composition 
and climatic gradients creates pronounced spatial differentiation in 
growth–climate relationships across the NSTZ, further reinforcing the 
heterogeneity of climate response sensitivity. It should be noted that the 
traits of tree species under different climatic conditions may be affected 
by potential regional environmental gradients (Vilà-Cabrera et al., 2015; 
McKown et al., 2014). Therefore, when analyzing their climate response 
sensitivity, the results should be interpreted with caution in conjunction 
with specific regional differences.

4.3. Implications for future forest management

The heterogeneous responses of trees to climatic factors in the NSTZ 
are not only the result of current ecological adaptation but also reflect 
the selective pressures experienced during their evolutionary history. 
Regional variations in response patterns indicate that forests in different 
areas may face distinct climate-related risks. For instance, forests in the 
northwestern part of the NSTZ are more prone to compound stress from 
elevated temperatures and drought, whereas southeastern regions may 
increasingly face risks of premature budburst and late spring frost due to 
warmer winters. Inter-species differences in climate response suggest 
the need to implement spatially heterogeneous management strategies 
for future forest management and restoration in the NSTZ (Baskent et al., 
2024; Seidl et al., 2018). Based on CMIP6 multi-model ensemble simu
lations and projections of the De-M AI, the NSTZ has remained relatively 
humid and climatically stable over the past century. However, pro
jections suggest that the climatic conditions at the 70 chronology sites 
are projected to undergo dramatic shifts in the future (Fig. 8 and Table 
S4). Under the high-emission scenario SSP5–8.5, projected average 

Fig. 8. Changes and variability of the De Martonne aridity index at 70 chronology sites based on observations, model simulations, and future projections. (a) 
Temporal evolution of the De Martonne aridity index derived from observations (Observed, 1950 – 2022, purple), historical simulations from CMIP6 multi-model 
ensemble means (CMIP6–HIS, 1850 – 2014, blue), and future projections under SSP2–4.5 (black) and SSP5–8.5 (red) scenarios (2015 – 2100). All curves represent 
averages across the 70 chronology sites. Boxplots on the right (c) show the distribution (25th – 75th percentile) of mean index values for each period. (b) Coefficient 
of variation of the De Martonne aridity index for the observational period, historical simulations, and future projections. Shaded bands represent ±1 standard 
deviation, and all series are smoothed using a 10-year low-pass filter. Boxplots on the right (d) display the distribution (25th – 75th percentile) of the coefficient of 
variation across each period.
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aridity levels approach the historical lower bound, suggesting that the 
region may transition toward a drier and more variable 
ecological-climatic regime. Given the observed relationship between 
aridity gradients and tree growth–climate sensitivity in this study, such 
projected drying trends are likely to enhance drought stress and increase 
the sensitivity of tree growth to moisture availability, particularly in 
already water-limited regions, potentially leading to reduced growth 
stability (Mirabel et al., 2023; Wang et al., 2025; Wu et al., 2025). In 
extreme cases, previously observed drought-gradient effects could be 
altered, with potential shifts in response patterns over time. These 
projections highlight the urgent need for adaptive innovation in forest 
ecological research and management strategies (Hagerman and Pelai, 
2018; Wilson and Cagalanan, 2016). In regions expected to experience 
significant aridification, priority should be given to the introduction and 
conservation of drought-tolerant native tree species (Fuchs et al., 2021). 
Additionally, optimizing forest stand structure to enhance the buffering 
capacity of ecosystems will be critical for responding more scientifically 
and effectively to the vulnerabilities and transitions associated with 
uncertain future climate risks (Wagner et al., 2014).

4.4. Limitations and perspectives

Some microenvironmental variables, such as CWD, VPD, and Soil-m 
did not show strong contributions in our analyses. However, this does 
not imply these factors are irrelevant to tree growth (Altmanová et al., 
2025) (Figs. 4 and 5). Instead, their weak explanatory power may 
stem from their limited spatiotemporal synchrony, which hinders stable 
signal transfer into tree-ring width chronologies (Mirabel et al., 2023; 
Tumajer et al., 2022). CWD reflects the balance between water and 
energy availability in ecosystems and is often aligned with short-term 
climatic extremes (Altmanová et al., 2025). VPD, a key instantaneous 
driver of evapotranspiration, exhibits high-frequency fluctuations and 
low interannual stability (Asbjornsen et al., 2011). Soil moisture is 
strongly influenced by local soil types, vegetation cover, and micro
topography, making it difficult to capture its role through meteorolog
ical reanalysis alone (Su et al., 2021). Consequently, these factors may 
not show robust associations with long-term growth sensitivity patterns. 
Future research should systematically integrate high-resolution, in situ 
micro-environmental observations to enhance the explanatory power of 
these factors in growth–climate analyses. Our analysis also finds that the 
MLS significantly contributes to both temperature and drought sensi
tivity estimates (Fig. 6). This implies that chronology length should be 
treated as a covariate in growth–climate sensitivity assessments. How
ever, given the non-uniform spatial construction of sample networks, 
variations in sample number and length may confound spatial gradients 
(Fig. S2). Therefore, strict data quality control is essential, and caution 
should be exercised when interpreting such findings (Speer, 2010; Pan 
et al., 2011). In addition, the spatial coverage of sampling sites and 
the representativeness of sampled species should be expanded in the 
NSTZ, particularly by increasing the proportion of diverse angiosperms.

5. Conclusions

Based on 70 tree-ring width chronologies in the NSTZ, this study 
systematically analyzed the relationship between radial growth and 
main climatic factors, including temperature, precipitation, and 
drought, the driving mechanisms behind the changes in growth sensi
tivity, and the potential impacts under future climate change using 
CMIP6 multi-model climate projections. We found that the response of 
tree-ring radial growth to climate exhibits significant species-specific 
and spatial heterogeneity in the NSTZ. Precipitation generally exert 
positive influences on tree growth during spring and summer, while 
temperature shows a negative effect in early summer and winter. 
However, such response relationships are not consistent across regions 
and tree species, reflecting a typical pattern of response heterogeneity. 
The redundancy and GeoDetector analysis jointly indicate that changes 

in growth sensitivity in the NSTZ are mainly shaped by the combined 
effects of geographic location, aridity gradient, and tree species, while 
local microclimatic variables such as vapor pressure deficit and soil 
moisture are not closely related. According to CMIP6 multi-model 
ensemble projections, the NSTZ will shift toward a drier and more var
iable ecological-climatic state in the future, which may intensify the 
differentiation of ecosystem vulnerability and lead to the disappearance 
of existing gradient effects in growth sensitivity. The findings of this 
study have important implications for forest management and ecological 
adaptation strategies in the NSTZ.

Code availability

The code used to analyze data is available from the corresponding 
author upon request.

CRediT authorship contribution statement

Weipeng Yue: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Supervision, Software, Resources, Project 
administration, Methodology, Investigation, Funding acquisition, 
Formal analysis, Data curation, Conceptualization. Max C.A. Torben
son: Writing – review & editing, Visualization, Resources, Methodology, 
Formal analysis, Conceptualization. Feng Chen: Writing – review & 
editing, Supervision, Resources, Project administration, Investigation, 
Funding acquisition, Data curation. Frederick Reinig: Writing – review 
& editing, Visualization, Software, Methodology, Formal analysis, 
Conceptualization. Jan Esper: Writing – review & editing, Visualiza
tion, Supervision, Software, Resources, Methodology, Formal analysis, 
Conceptualization. Edurne Martinez del Castillo: Writing – review & 
editing, Visualization, Methodology, Formal analysis. Emanuele Ziaco: 
Writing – review & editing, Visualization, Formal analysis. Tim Nahtz: 
Writing – review & editing, Visualization, Software, Conceptualization. 
Shijie Wang: Writing – review & editing, Visualization, Methodology, 
Investigation, Data curation. Inga Kirsten Homfeld: Writing – review & 
editing, Visualization, Formal analysis. Marcel Kunz: Writing – review 
& editing, Visualization, Formal analysis. Xiaoen Zhao: Writing – re
view & editing, Visualization, Investigation, Data curation. Antonia 
Kölzer: Writing – review & editing, Visualization, Formal analysis. Mao 
Hu: Writing – review & editing, Visualization, Investigation, Data 
curation. Yang Xu: Writing – review & editing, Investigation, Data 
curation. Tiyuan Hou: Writing – review & editing, Investigation, Data 
curation. Honghua Cao: Writing – review & editing, Investigation, Data 
curation. Hechuan Wang: Investigation, Data curation. Heli Zhang: 
Writing – review & editing, Investigation, Data curation. Junqiang Niu: 
Investigation, Data curation. Youping Chen: Writing – review & edit
ing, Investigation, Data curation.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This study was supported by Excellent Research Group Program for 
Tibetan Plateau Earth System (No. 42588201), the National Natural 
Science Foundation of China (No. 32061123008), the China Scholarship 
Council (202407030045), and the Scientific Research and Innovation 
Project of Postgraduate Students in the Academic Degree of Yunnan 
University (KC-23233869). We are grateful to researchers who have 
shared tree-ring width data via the International Tree-Ring Data Bank 
(ITRDB).

W. Yue et al.                                                                                                                                                                                                                                     Agricultural and Forest Meteorology 388 (2026) 111286 

12 



Supplementary materials

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.agrformet.2026.111286.

Data availability

The tree-ring response sensitivity results can be downloaded from 
the Mendeley Data Repository Center (DOI: 10.17632/y7g25wjm9d.1). 
Climate data can be obtained from the Climatic Research Unit 
(https://crudata.uea.ac.uk/cru/data/hrg/) and TerraClimate 
(https://www.climatologylab.org/terraclimate.html), respectively. The 
CMIP6 datasets are accessible at Earth System Grid Federation website 
(https://esgf-node.llnl.gov/search/cmip6/).

References

Abatzoglou, J.T., Dobrowski, S.Z., Parks, S.A., Hegewisch, K.C., 2018. TerraClimate, a 
high-resolution global dataset of monthly climate and climatic water balance from 
1958 to 2015. Sci. Data 5 (1), 170191.

Albrich, K., Rammer, W., Seidl, R., 2020. Climate change causes critical transitions and 
irreversible alterations of mountain forests. Glob. Change Biol. 26 (7), 4013–4027.

Allen, K.J., Nichols, S.C., Evans, R., Cook, E.R., Allie, S., Carson, G., Ling, F., Baker, P.J., 
2015. Preliminary December–January inflow and streamflow reconstructions from 
tree rings for western Tasmania, southeastern Australia. Water Resour. Res. 51 (7), 
5487–5503.

Altman, J., Fibich, P., Santruckova, H., Dolezal, J., Stepanek, P., Kopacek, J., Hunova, I., 
Oulehle, F., Tumajer, J., Cienciala, E., 2017. Environmental factors exert strong 
control over the climate-growth relationships of Picea abies in Central Europe. Sci. 
Total Environ. 609, 506–516.
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Vilà-Cabrera, A., Martínez-Vilalta, J., Retana, J., 2015. Functional trait variation along 
environmental gradients in temperate and Mediterranean trees. Glob. Ecol. 
Biogeogr. 24 (12), 1377–1389.

Vitali, V., Büntgen, U., Bauhus, J., 2017. Silver fir and Douglas fir are more tolerant to 
extreme droughts than Norway spruce in south-western Germany. Glob. Change 
Biol. 23 (12), 5108–5119.

Wagner, S., Nocentini, S., Huth, F., Hoogstra-Klein, M., 2014. Forest management 
approaches for coping with the uncertainty of climate change trade-offs in service 
provisioning and adaptability. Ecol. Soc. 19, art32.

Wang, F., Arseneault, D., Pan, B., Liao, Q., Sugiyama, J., 2019. Pre-1930 unstable 
relationship between climate and tree-ring width of Pinus taiwanensis hayata in 
southeastern China. Dendrochronologia 57, 125629 (Verona). 

Wang, J.F., Zhang, T.L., Fu, B.J., 2016. A measure of spatial stratified heterogeneity. 
Ecol. Indic. 67, 250–256.

Wang, S., Chen, F., Chen, Y., Torbenson, M.C.A., Esper, J., Zhao, X., Hu, M., Zhang, H., 
Yue, W., Cao, H., 2025. Greening of Eurasia’s center driven by low-latitude climate 
warming. For. Ecosyst. 13, 100330.

Wang, L., Chen, S., Zhu, W., Ren, H., Zhang, L., Zhu, L., 2021. Spatiotemporal variations 
of extreme precipitation and its potential driving factors in China’s North-South 
Transition Zone during 1960–2017. Atmos. Res. 252, 105429.

Wang, L., Fei, T., Bian, M., Xu, Y., Zhang, H., Zheng, Y., Zhu, H., 2022. Response of 
microscopical hyperspectral data to past climatic variable. Theor. Appl. Climatol. 
150 (3), 1145–1155.

Waring, R.H., Running, S.W., 2010. Forest Ecosystems: Analysis at Multiple Scales. 
Academic Press.

Watson, J.E.M., Evans, T., Venter, O., Williams, B., Tulloch, A., Stewart, C., Thompson, I., 
Ray, J.C., Murray, K., Salazar, A., McAlpine, C., Potapov, P., Walston, J., 
Robinson, J.G., Painter, M., Wilkie, D., Filardi, C., Laurance, W.F., Houghton, R.A., 
Maxwell, S., Grantham, H., Samper, C., Wang, S., Laestadius, L., Runting, R.K., Silva- 
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