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Abstract 

To elucidate the response characteristics of radial growth and water use strategies in co-

niferous forests of cold-arid regions to drought stress, this study focused on Larix sibirica 

in different forestry areas of the Altai Mountains. Using dendrochronology and stable iso-

tope techniques, we calculated the basal area increment (BAI) and intrinsic water-use ef-

ficiency (iWUE), and combined these with the standardized precipitation–evapotranspi-

ration index (SPEI) to identify drought events, to investigate tree growth and water-use 

efficiency responses to climate variability. The results showed that drought years were 

characterized by reduced radial growth and increased iWUE in Larix sibirica across both 

forest regions, and tree-ring-derived intercellular CO2 concentration (Ci) increased with 

rising atmospheric CO2 concentrations, whereas the Ci/Ca ratio remained relatively stable 

throughout the study period. Scenario analysis revealed that, prior to 1980, the long-term 

trend in iWUE was more consistent with the constant Ci scenario, suggesting relatively 

strong stomatal regulation. After 1980, iWUE trends became more closely aligned with 

the constant Ci/Ca scenario, indicating that trees maintained a relatively stable Ci/Ca ratio 

to balance carbon assimilation and water loss. With increasing drought severity, drought 

resistance declined in both forest regions; however, substantial spatial differences were 

observed in drought responses. Under moderate drought conditions, trees in the Haba-

River forest area exhibited higher resistance, whereas trees in the Hanaslin forest area 

showed greater recovery capacity and ecological resilience. Winter temperature, growing-

season temperature, late-season temperature, and water availability were identified as 

key climatic factors influencing variations in the radial growth and iWUE of Larix sibirica. 

Overall, under the combined influences of rising atmospheric CO2 concentrations and in-

creasing water limitations, Larix sibirica exhibited adaptive adjustments in carbon–water 

regulation; however, enhanced iWUE did not fully compensate for the negative effects of 

drought on radial growth. These findings provide valuable insights into the responses 

and adaptive strategies of cold-arid forest ecosystems under ongoing climate change and 

offer scientific support for the conservation and sustainable management of Larix sibiric 

forests. 
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1. Introduction 

The Sixth Assessment Report of the Intergovernmental Panel on Climate Change 

(IPCC) reported that atmospheric CO2 concentrations had reached approximately 410 

μmol·mol−1 by 2019, accompanied by a continued intensification of global warming [1]. 

Rising temperatures and increasing anthropogenic pressures have contributed to the 

growing frequency and severity of extreme climatic events, including heatwaves and 

droughts, across many regions worldwide [2]. As a fundamental component of terrestrial 

ecosystems, forests are highly responsive to climate variability and serve as sensitive in-

dicators of ongoing environmental change [3]. Moreover, forest ecosystems play a central 

role in regulating global carbon and water cycles, thereby exerting strong controls on veg-

etation productivity, growth dynamics, and ecosystem functioning, particularly in water-

limited arid and semi-arid regions [4]. The interactions between carbon assimilation and 

water regulation processes constitute a tightly coupled carbon–water system, which fun-

damentally governs plant physiological responses and ecosystem adaptation under 

changing climatic conditions [5]. 

Tree growth in forest ecosystems is governed by the interactions among multiple cli-

matic drivers, with temperature and precipitation representing two of the most important 

environmental constraints [6]. In response to long-term climate variability and change, 

trees have evolved adaptive strategies to optimize the balance between carbon assimila-

tion and water loss, thereby maintaining physiological stability under changing environ-

mental conditions [7]. However, prolonged drought can disrupt this carbon–water bal-

ance by inducing persistent stomatal limitation, which restricts carbon uptake and alters 

plant water-use strategies, ultimately leading to reduced radial growth and declines in 

forest productivity [8]. The responses of forests to drought stress are highly heterogeneous 

across spatial and temporal scales, driven by variations in stand age [9], genetic composi-

tion [10], site-specific environmental conditions [11], interspecific interactions [12], and 

associated species assemblages [13]. Tree age is a critical determinant of drought re-

sponses; young trees generally exhibit lower resistance to severe drought events but re-

cover more rapidly following drought release, whereas mature trees often display greater 

drought resistance due to their larger resource pools and more developed root systems 

[14]. Genetic variation among species and populations further contributes to differences 

in growth responses by regulating physiological processes associated with water acquisi-

tion, carbon fixation, and stress adaptation [15]. In addition, forests with relatively high 

tree cover often exhibit stronger drought resistance and resilience than sparsely forested 

ecosystems, suggesting that moderate competitive interactions may promote physiologi-

cal adjustments, including enhanced iWUE, and improve drought tolerance [16]. Under 

severe water deficits, trees commonly reduce stomatal conductance to minimize water 

loss; however, the extent and consequences of stomatal regulation vary substantially 

among coexisting species under similar environmental conditions [17]. Previous studies 

have demonstrated that drought-tolerant species can maintain a more favorable balance 

between photosynthetic carbon gain and stomatal regulation by adjusting stomatal be-

havior, thereby increasing iWUE and reducing the negative impacts of water limitation 

on radial growth [18]. For example, studies in southwestern China have shown that 

drought-adapted tree species generally exhibit higher iWUE during drought years than 

during non-drought periods, reflecting enhanced physiological acclimation to increasing 

aridity [19]. Therefore, clarifying the mechanisms through which climate change influ-

ences tree growth and intrinsic water-use efficiency, while identifying the dominant cli-

matic factors regulating these processes, is essential for improving our understanding of 

forest ecosystem responses to future climate change and developing effective strategies 

for sustainable forest management. 

https://doi.org/10.3390/f17080889


Forests 2026, 17, 889 3 of 23 
 

https://doi.org/10.3390/f17080889 

Tree rings provide a valuable archive of past environmental conditions by recording 

the annual variations in radial tree growth, making them a widely used proxy for investi-

gating tree growth dynamics, climate variability, and ecosystem responses [20]. Within 

the framework of dendrochronological research, tree-ring width measurements are com-

monly used to quantify annual growth patterns, while BAI is increasingly applied to char-

acterize changes in individual tree productivity over time. Compared with standardized 

tree-ring width indices, BAI is less affected by age-related growth declines and therefore 

provides a more direct representation of actual biomass accumulation and growth dy-

namics [21]. In addition to radial growth measurements, stable carbon isotope analysis 

offers an effective approach for reconstructing iWUE, providing insights into long-term 

adjustments in the balance between carbon assimilation and water loss under changing 

climatic conditions [22]. Derived from variations in tree-ring δ13C records, iWUE serves as 

an important physiological indicator of plant responses to environmental change and is 

regulated by multiple interacting factors, including elevation, temperature, precipitation, 

and atmospheric CO2 concentration [23]. Previous studies have demonstrated that trees 

growing at lower elevations are often more constrained by drought stress, whereas those 

at higher elevations are generally limited by low temperature. Meanwhile, rising atmos-

pheric CO2 concentrations have contributed to increasing trends in tree iWUE in many 

ecosystems; however, enhanced water-use efficiency does not necessarily translate into 

increased radial growth [24]. Moreover, vegetation responses to elevated atmospheric 

CO2 vary substantially among regions, with these differences largely determined by local 

climatic conditions, particularly temperature and water availability [25]. The combined 

variations in radial growth and iWUE provide important insights into the long-term co-

ordination between carbon gain and water loss, reflecting the underlying mechanisms of 

plant carbon–water coupling [26]. Through physiological regulation, particularly adjust-

ments in stomatal behavior, trees maintain a dynamic balance between photosynthetic 

carbon acquisition and water conservation under environmental stress [27]. Therefore, the 

responses of tree growth and iWUE to climatic variability exhibit pronounced regional 

differences, reflecting diverse carbon–water coupling strategies and adaptive mechanisms 

among trees exposed to contrasting environmental conditions. 

Larix sibirica is a dominant tree species in forest ecosystems in arid and semi-arid 

regions and plays a crucial role in maintaining the stability of ecological boundaries. Stud-

ies in Russia and northwestern China have shown that Larix sibirica exhibits high sensitiv-

ity to climate change, and its radial growth has already been affected by drought stress 

[28,29]. Currently, research on Larix sibirica in the Altai Mountains has primarily focused 

on the response of tree-ring width to climate [30], ecosystem carbon density and carbon 

stocks [31], and forestry population structure and spatial distribution [32]. However, stud-

ies on the effects of drought events on tree BAI and iWUE, as well as the response of these 

two parameters to climatic factors, are relatively scarce. Therefore, this study takes Larix 

sibirica from different forestry regions of the Altai Mountains as its research subject. Based 

on the SPEI to identify drought years, we established tree-ring width chronologies and 

stable carbon isotope time series. By calculating BAI and iWUE, we analyzed the impact 

of drought events on tree radial growth and explored the differences in the responses of 

BAI and iWUE to climatic factors, thereby providing scientific references for the conser-

vation and restoration of forestry in the cold-arid region of the Altai Mountains in north-

western China. Accordingly, this study focuses on addressing the following scientific 

questions: (1) Are there differences in the drought resistance, resilience, and robustness of 

Larix sibirica to drought events across different regions? (2) What are the primary climatic 

factors influencing tree BAI and iWUE? 
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2. Materials and Methods 

2.1. Overview of the Study Area 

The Altai Mountains, located in the Altay Prefecture of northern Xinjiang, serve as a 

vital ecological security barrier for the region. The forests in this area are predominantly 

coniferous, with primary tree species including Larix sibirica, Picea obovata, and Abies 

sibirica. These forests perform important ecological functions such as water conservation, 

photosynthetic carbon sequestration, and the maintenance of biodiversity. The mountain 

vegetation exhibits distinct vertical zonation. Larix sibirica primarily grows in mountain 

river valleys at elevations ranging from 1000 to 3000 m and is one of the key tree species 

in the region’s forestry communities. This species is cold-tolerant and light-loving, with a 

growing season concentrated between May and September. It is sensitive to climate 

change and is well-suited as a subject for dendroclimatological research [33]. The region 

has an average annual temperature of approximately −2 °C to 3 °C, annual precipitation 

of about 450 mm, and annual evaporation of approximately 1000 mm. Winters are long 

and severe, with the lowest average temperature in January reaching approximately −15 

°C, while summers are relatively short and dry, with the highest average temperature in 

July reaching approximately 21 °C, representing a typical cold-temperate arid mountain 

climate [30]. 

In July 2023, tree-ring cores of Larix sibirica were collected from the Haba-River forest 

area (DSZ) and the Hanaslin forest area (KNS) in the Altai Mountains of Xinjiang. The 

sampling sites were located in remote, high-elevation mountainous areas. To minimize 

the influence of human disturbance, sampling was conducted in areas with relatively sta-

ble growth conditions and comparable topographic characteristics, including similar 

slope gradients (approximately 20–40°) and aspects (northwest-facing slopes) (Figure 1). 

At each site, healthy Larix sibirica were randomly selected according to the following cri-

teria: straight stems, absence of visible pests or diseases, similar canopy light conditions, 

and tree ages ≥150 years. The sampled trees were distributed across the plots, with ade-

quate spacing maintained between adjacent individuals to reduce the potential effects of 

direct inter-tree competition on growth. Two increment cores were extracted from each 

tree at breast height (approximately 1.3 m above ground level) along two perpendicular 

directions, yielding a total of 76 cores (Table 1). The sampling procedure followed stand-

ard dendrochronological protocols to ensure sample representativeness and data reliabil-

ity. 

 

Figure 1. Map of the study area and sampling locations. 
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Table 1. Basic information on sampling sites. 

Sampling 

Point 
Latitude/N Longitude/E Elevation/m Tree Number Sample Cores Topography 

DSZ 48°28′37″ 86°25′16″ 1895 14 28 
Gently sloping 

mountain area 

KNS 48°37′19″ 87°02′59″ 2093 24 48 
Gently sloping 

mountain area 

2.2. Dendrochronology and Stable Isotope Analysis 

The collected samples were air-dried, mounted, and sequentially sanded using 

coarse and fine abrasives until the annual growth rings were clearly visible under a mi-

croscope. Ring widths were measured using a LINTAB™ 6 tree-ring measurement system 

(Rinntech, Heidelberg, Germany) coupled with TSAP-Win™ Professional software (ver-

sion 4.81) with a resolution of 0.001 mm, and cross-dating was conducted using 

COFECHA software34. The ARSTAN program (Version 1.26V) was used to detrend and 

standardize the ring-width series using a negative exponential function [34], resulting in 

the development of tree-ring chronologies (Table 2, Figure 2). 

Table 2. Parameters of the Larix sibirica tree-ring chronology. 

Sampling 

Point 
Start and End Time Mean Sensitivity Standard Deviation EPS 

SSS > 0.85 in 

Start Year 

DSZ 1758–2022 0.189 0.176 0.871 1789 

KNS 1812–2022 0.241 0.213 0.921 1850 

 

Figure 2. Temporal variations in the Larix sibirica tree-ring index at different sampling sites. (a) 

Haba-River forest area; (b) Hanaslin forest area. 

Stable carbon isotope ratios were determined using α-cellulose extracted from tree 

rings [35]. For α-cellulose extraction, under a microscope, samples were carefully scraped 

with a scalpel and cut into fragments approximately 0.1 mm in length. The samples were 

subsequently oven-dried at 75 °C, bleached using a mixed acid solution, treated with 

NaOH for alkalization, and repeatedly rinsed with distilled water until a neutral pH was 

achieved. For the determination of carbon isotope ratios in α-cellulose from tree-ring sam-

ples, four trees and eight increment cores with complete annual rings and normal growth 

conditions were selected from each sampling site. Wood materials from all samples 

formed in the same year were pooled to produce a single composite sample. Approxi-

mately 0.08–0.10 mg of annual ring powder was weighed and packed into tin capsules. 

The samples were then analyzed using a MAT-253 isotope ratio mass spectrometer 

(Thermo Fisher Scientific, Waltham, MA, USA) to determine the 13C/12C ratio. One labor-
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atory standard was inserted after every seven samples for quality control. Graphite, gly-

cine, and wheat standards were alternately used for calibration according to international 

reference standards. The standard deviation of all isotope standard samples was 0.05 ± 

0.01‰. Because conifers exhibit extremely low stomatal conductance during their early 

developmental stages, and to minimize the influence of the juvenile effect [36], stable car-

bon isotope measurements of Larix sibirica from the Haba-River forest area and Hanaslin 

forest area began in 1924. The isotope data were converted using the following equation: 

δ C 
13  = (

Rsample

Rstandard
 −  1) * 1000 (‰)  (1) 

Here, Rsample represents the 13C/12C ratio of the test sample, and Rstandard represents the 
13C/12C ratio of the corresponding standard sample. 

2.3. Measurement and Calculation 

2.3.1. Calculation of the Basal Area Increment 

Based on the raw tree-ring width measurements, all collected increment cores in-

cluded the pith. The cumulative stem radius was reconstructed by sequentially summing 

the measured annual ring-width increments, and the basal area increment (BAI) was sub-

sequently calculated. BAI reflects the radial growth rate of individual trees and serves as 

an important indicator for evaluating tree growth and stand productivity [37]. The calcu-

lation formula is as follows: 

BAI = π(Rn 
2 −  Rn-1

2 ) (2) 

Here, Rn is the stem radius of the tree in the nth year, and Rn−1 is the stem radius of 

the tree in the (n−1)th year. 

2.3.2. Calculation of Intrinsic Water-Use Efficiency 

iWUE represents the coupled relationship between average carbon sequestration 

across different timescales and stomatal conductance, and serves as a key coupling point 

between photosynthesis and transpiration. In 1982, Farquhar et al. [38] established a quan-

titative relationship between δ13C and iWUE, to reconstruct historical iWUE based on δ13C 

in tree rings: 

∆ C 
13  =

(δ Ca  
13 − δ C 

13 )

(1 + δ C 
13 1000⁄ ）

 = a + 
(b - a)Ci

Ca
  (3) 

iWUE = 
A

Gs
 = 

Ca - Ci

1.6
  (4) 

Combining Equations (3) and (4) yields 

iWUE = 
Ca(b - ∆ C 

13 )

1.6(b - a)
  (5) 

Here, δ13C is the carbon stable isotope value of α-cellulose in tree rings; δ13Ca is the 

carbon stable isotope value of atmospheric CO2; △ is the 13C discrimination value; Ci is 

the intercellular CO2 concentration in leaves; Ca is the atmospheric CO2 concentration; a 

is the fractionation coefficient for CO2 stomatal diffusion (approximately 4.4‰); b is the 

fractionation coefficient for the Rubisco enzymatic reaction (approximately 27‰), Gs is 

the stomatal conductance of the leaf, and A is the carbon fixation rate. The δ13Ca and Ca 

values for 1924–2019 are from Reference [39], and those for 2019–2022 are from Reference 

[40]. 
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2.3.3. Acquisition of Meteorological Data 

The study area is located in the Altai Mountains, characterized by complex terrain, 

with all sampling sites distributed in remote, high-elevation mountainous regions. Alt-

hough national meteorological stations are available in areas such as Habahe and Burqin, 

these stations are mainly located at lower elevations near river valleys or human settle-

ments. Consequently, their observational records may not accurately represent the cli-

matic conditions of the mid- to high-elevation zones where the study sites are located. To 

overcome the limitations of these station-based observations, this study employed the 

ERA5-Land monthly aggregated reanalysis dataset 

(ECMWF/ERA5_LAND/MONTHLY_AGGR) [41] from the Google Earth Engine platform. 

This dataset, developed by the European Centre for Medium-Range Weather Forecasts 

(ECMWF), provides monthly climate variables at a spatial resolution of 0.1° × 0.1° and 

covers the period from 1951 to 2022 (Figure 3). To evaluate its reliability, correlations be-

tween ERA5-Land climate data and observations from the nearby Habahe (51,053) and 

Burqin (51,060) meteorological stations were examined, and the results demonstrated 

strong agreement between ERA5-Land estimates and station observations. ERA5-Land 

data have been widely applied in mountain ecological studies and investigations of forest 

responses to climate variability, effectively capturing regional-scale climate change pat-

terns and supporting long-term trend analyses and assessments of climatic relationships 

[42]. The formula for calculating the vapor pressure deficit (VPD) is 

VPD =
6.11·exp(

17.27·T

273.3+T
)−6.11·exp(

17.27·Tdp
273.3+Tdp

)

10
  

(6) 

Here, Tdp is the dew point temperature, and T is the monthly mean temperature. 

 

Figure 3. Monthly average temperatures and precipitation in the Haba-River and Hanaslin regions 

over the years. (a) Haba-River forest area; (b) Hanaslin forest area. 

To identify historical extreme drought events in the study area, the standardized pre-

cipitation–evapotranspiration index (SPEI) was used as an indicator of meteorological 

drought. SPEI integrates the difference between precipitation and potential evapotranspi-

ration in the water balance and, through probability distribution fitting and standardiza-

tion, provides a comprehensive assessment of regional surface water availability and its 

anomalies [43]. The SPEI data were obtained from the Global SPEI database 

(https://spei.csic.es/) (accessed on 1 December 2024.), which provides global gridded 

drought index products with long-term records and high spatial resolution. In this study, 

monthly SPEI data corresponding to the sampling locations were extracted at a spatial 

resolution of 0.1° × 0.1° for the period 1951–2023, providing information on monthly hy-

droclimatic conditions. SPEI values calculated at multiple time scales (1, 3, 6, 12, and 24 

months) were evaluated, and the 3-month SPEI exhibited the strongest correlation with 
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tree-ring data from the study area, indicating its closer association with the growth re-

sponse of Siberian larch. Drought severity was classified according to SPEI values as fol-

lows: extremely dry (SPEI ≤ −2.0), severely dry (−1.99 ≤ SPEI ≤ −1.50), and moderately dry 

(−1.49 ≤ SPEI ≤ −1.00). Accordingly, a drought event was defined as a year with an SPEI 

value below −1.5 or above 2.0. Considering that the lagged effects of drought on tree radial 

growth may persist for 1–4 years, consecutive drought years were treated as a single 

drought event. To reduce the influence of legacy effects from previous drought events on 

subsequent drought responses, a minimum interval of 2–4 years was maintained between 

consecutive drought events. Based on these criteria, representative drought years during 

the study period were identified and used to evaluate the impacts of drought events on 

tree growth across different regions (Table 3). 

Table 3. Drought years and severity at sampling sites. 

Year DSZ Drought Severity Year KNS Drought Severity 

1962 −1.89 SD 1955 −1.04 MD 

1974 −1.98 SD 1962 −1.80 SD 

1997 −1.40 MD 1965 −1.07 MD 

2008 −0.78 MD 1974 −1.92 SD 

2017 −1.62 MD 2008 −1.39 MD 

2018 −1.07 MD 2017 −1.37 MD 

- - - 2018 −1.06 MD 

2.3.4. Calculation of the Resistance, Recovery, and Resilience Index 

Based on the methodological framework proposed by Lloret et al. [44], indicators of 

tree response to drought events—including drought resistance, recovery, and resilience—

are calculated using the detrended BAI. These indicators are used to characterize changes 

in tree growth before and after drought disturbances, as well as the recovery process. Spe-

cifically: 

Resistance = detrended BAIcur detrended BAIpre⁄  (7) 

Recovery =  detrended BAIpost detrended BAIcur⁄  (8) 

Resilience =  detrended BAIpost detrended BAIpre⁄  (9) 

Here, detrended BAIcur represents the detrended BAI during the drought period; 

detrended BAIpre represents the detrended BAI during the three years preceding the 

drought period; and detrended BAIpost represents the detrended BAI during the three 

years following the drought period. 

2.4. Data Analysis and Statistics 

Using the dplR package in R, we applied spline functions to detrend the BAI and 

iWUE time series, then performed prewhitening on the time series, and finally conducted 

climate response analysis using the processed time series. To further examine the response 

relationships between detrended BAI, detrended iWUE and monthly climatic factors, 

bootstrap correlation analyses were performed using the treeclim package in R 4.5.1. The 

detrended BAI and detrended iWUE series were used as response variables, while 

monthly mean temperature (T), maximum temperature (Tmax), minimum temperature 

(Tmin), precipitation (P), vapor pressure deficit (VPD), and standardized precipitation–

evapotranspiration index (SPEI) were selected as climatic predictors. The climatic re-

sponse window was set from November of the previous year to October of the current 

year to account for the lagged effects of antecedent climatic conditions on tree growth. 
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Bootstrap resampling was used to estimate correlation coefficients and their 95% confi-

dence intervals, and the Benjamini–Hochberg procedure was applied for false discovery 

rate (FDR) correction to reduce the risk of false positives caused by multiple comparisons. 

A conditional random forest model was constructed using the party package in R, 

with the number of regression trees (ntree) set to 1000. The number of randomly selected 

predictors at each node split (mtry) was determined as the square root of the total number 

of predictor variables. Conditional permutation importance was used to quantify the rel-

ative importance of climatic variables in explaining variations in detrended BAI and 

detrended iWUE. To evaluate the stability of variable importance rankings, the condi-

tional random forest analysis was repeated 20 times, and the mean importance values and 

95% confidence intervals (95% CIs) for each predictor variable were calculated. All statis-

tical analyses were performed using Microsoft Excel 2016 and SPSS 25.0, and figures were 

generated using Origin 2024. 

3. Results 

3.1. Comparison of Drought Resistance, Recovery and Resilience Indices 

The drought resistance, recovery, and resilience indices of Larix sibirica in the Haba-

River (DSZ) and Hanaslin forest areas (KNS) of the Altai Mountains exhibited distinct 

variations among drought events and drought severity levels (Table 4). At the DSZ site, 

the drought resistance index ranged from 0.749 to 0.986. During severe drought (SD) 

events, the drought resistance indices were 0.810 in 1962 and 0.749 in 1974, respectively, 

whereas values during moderate drought (MD) events ranged from 0.847 to 0.986. The 

highest drought resistance index occurred during the 2017–2018 drought event (0.986), 

while the lowest value was observed during the severe drought event in 1974 (0.749). At 

the KNS site, the drought resistance index ranged from 0.733 to 0.918, with values of 0.829 

and 0.733 during the severe drought events of 1962 and 1974, respectively, and values 

ranging from 0.806 to 0.918 during moderate drought events. The highest drought re-

sistance index was recorded during the 1965 moderate drought event (0.918), whereas the 

lowest value occurred during the 1974 severe drought event (0.733). 

The recovery index also exhibited differences between the two sites. At the DSZ site, 

the recovery index ranged from 0.797 to 0.987, with values of 0.855 and 0.797 during severe 

drought events and values ranging from 0.848 to 0.987 during moderate drought events. 

At the KNS site, the recovery index ranged from 0.805 to 1.110, with values of 0.938 and 

0.805 during severe drought events and values ranging from 0.827 to 1.110 during mod-

erate drought events. The highest recovery index was observed during the 1965 moderate 

drought event (1.110), whereas the lowest value occurred during the 2017–2018 drought 

event (0.827). 

The resilience index showed different variation patterns between the two forest areas. 

At the DSZ site, the resilience index ranged from 0.973 to 1.132, with values of 1.055 and 

1.063 during severe drought events and values ranging from 0.973 to 1.132 during mod-

erate drought events. At the KNS site, the resilience index ranged from 0.971 to 1.208, with 

values of 1.098–1.131 during severe drought events and 0.971–1.208 during moderate 

drought events. Among all drought events, the highest resilience index was observed dur-

ing the 1965 moderate drought event (1.208), whereas the lowest value occurred during 

the 2017–2018 drought event (0.971). 

Overall, drought resistance, resilience, and recovery indices differed between the two 

forest areas and among drought severity levels (Figure 4). Compared with the KNS site, 

trees at the DSZ site exhibited higher drought resistance under moderate drought condi-

tions, whereas drought resistance became relatively similar between the two sites under 

severe drought stress. In contrast, the KNS site showed higher resilience and recovery 

indices overall, suggesting stronger post-drought recovery performance. Overall, Siberian 
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larch at the DSZ site exhibited greater drought resistance, whereas trees at the KNS site 

showed relatively stronger resilience and recovery capacity. 

Table 4. Resistance, resilience, and recovery indices at sampling sites. 

Sampling Site Year 
Drought  

Severity 
Resistance Recovery Resilience 

DSZ 1962 SD 0.81 1.055 0.855 

 1974 SD 0.749 1.063 0.797 

 1997 MD 0.871 0.973 0.848 

 2008 MD 0.847 1.132 0.958 

 2017–2018 MD 0.986 1.002 0.987 

KNS 1955 MD 0.810 1.055 0.855 

 1962 SD 0.829 1.131 0.938 

 1965 MD 0.918 1.208 1.11 

 1974 SD 0.733 1.098 0.805 

 2008 MD 0.806 1.148 0.925 

 2017–2018 MD 0.852 0.971 0.827 

 

Figure 4. Resistance, recovery, and resilience of Larix sibirica to extreme drought events. DSZ: Haba-

River forest area; KNS: Hanaslin forest area. 

3.2. Temporal Variations in iWUE of Larix sibirica Under Three Scenarios 

The long-term variations in atmospheric CO2 concentration (Ca), tree-ring-derived 

intercellular CO2 concentration (Ci), the Ci/Ca ratio, and iWUE are presented in Figure 5. 

During the study period, Ca exhibited a continuous increasing trend in both Siberian larch 

forest areas, rising from approximately 304 μmol·mol−1 in the early 20th century to more 

than 416 μmol·mol−1 by 2022. Corresponding to the persistent increase in atmospheric CO2 

concentration, tree-ring-derived Ci also showed a consistent upward trend in both forest 

areas. In the Hanaslin forest area, Ci increased from approximately 157 μmol·mol−1 in the 
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early 20th century to approximately 227 μmol·mol−1. The magnitude and temporal pattern 

of Ci variation in the Haba-River forest area were comparable to those observed in the 

Hanaslin forest area (Figure 5a,b), with an overall increasing trend throughout the study 

period. In contrast to the long-term increase in Ci, the Ci/Ca ratio remained relatively sta-

ble, exhibiting only minor fluctuations over the study period. In the Haba-River forest 

area, the Ci/Ca ratio was mainly maintained within the range of 0.52–0.60, with a weak 

long-term trend (Figure 5c). Similarly, the Ci/Ca ratio in the Hanaslin forest area fluctu-

ated primarily between 0.50 and 0.58 (Figure 5d), without an apparent directional change. 

The δ13C-derived iWUE exhibited a continuous increasing trend in both forest areas. 

In the Haba-River forest area (Figure 5e), iWUE increased from approximately 82 

μmol·mol−1 in the early 20th century to more than 109 μmol·mol−1, whereas in the Hanaslin 

forest area (Figure 5f), iWUE increased from approximately 80 μmol·mol−1 to around 121 

μmol·mol−1, representing a greater overall increase compared with the Haba-River forest 

area. The physiological responses of Siberian larch to rising atmospheric CO2 concentra-

tions displayed distinct temporal phases. Before 1980, the increasing trend in iWUE was 

more consistent with the theoretical trajectory under the constant Ci scenario; after 1980, 

iWUE dynamics showed greater agreement with the predicted pattern under the constant 

Ci/Ca scenario. 
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Figure 5. (a) Change in the leaf intercellular CO2 concentration (Ci) and ambient CO2 concentration 

at the Haba-River forest area; (b) change in the leaf intercellular CO2 concentration (Ci) and ambient 

CO2 concentration at the Hanaslin forest area; (c) 13C discrimination ratios (Ci/Ca) at the Haba-River 

forest area; (d) 13C discrimination ratios (Ci/Ca) at the Hanaslin forest area; (e) iWUE calculated from 

three scenarios as a baseline for interpreting gas exchange in response to increasing Ca over the past 

99 years at the Haba-River forest area; (f) iWUE calculated from three scenarios as a baseline for 

interpreting gas exchange in response to increasing Ca over the past 99 years at the Hanaslin forest 

area. 

3.3. Responses of the Detrended BAI, Detrended iWUE, and Climatic Factors 

Correlation analysis based on Treeclim revealed that the climatic responses of 

detrended BAI varied among months and differed between sampling sites. In the Haba- 

River forest area (Figure 6a), detrended BAI exhibited significant correlations with seven 

monthly climate variables. Specifically, detrended BAI was positively correlated with 

maximum temperature in May of the current year (r = 0.20, 95% CI: 0.03–0.42) and the 

standardized precipitation–evapotranspiration index (r = 0.24, 95% CI: 0.03–0.44). Similar 

positive relationships were observed for maximum temperature (r = 0.22, 95% CI: 0.05–

0.40) and SPEI (r = 0.25, 95% CI: 0.04–0.45) in June of the current year. In addition, BAI 

showed significant positive correlations with mean temperature in July (r = 0.27, 95% CI: 

0.10–0.43) and minimum temperature in July (r = 0.24, 95% CI: 0.02–0.40), but was nega-

tively correlated with vapor pressure deficit in July (r = −0.24, 95% CI: −0.37–−0.07). After 

false discovery rate (FDR) correction, only the correlation between detrended BAI and 

mean temperature and VPD in July of the current year remained significant (FDR-ad-

justed p < 0.05). 

In the Hanaslin forest area (Figure 6b), detrended BAI showed significant correla-

tions with six monthly climate variables. Positive correlations were observed with maxi-

mum temperature in April of the current year (r = 0.21, 95% CI: 0.00–0.41), mean temper-

ature in August (r = 0.23, 95% CI: 0.06–0.40), minimum temperature in August (r = 0.24, 

95% CI: 0.03–0.42), maximum temperature in August (r = 0.32, 95% CI: 0.08–0.52), and 

maximum temperature in September of the current year (r = 0.21, 95% CI: 0.01–0.41). Con-

versely, detrended BAI was negatively correlated with VPD in January of the current year 

(r = −0.24, 95% CI: −0.44 to −0.02). Following FDR correction, only the correlations of 

detrended BAI with maximum temperature in August of the current year remained sta-

tistically significant (FDR-adjusted p < 0.05). 

Correlation analysis based on Treeclim revealed that the climatic responses of 

detrended iWUE varied among months and differed between sampling sites. In the Haba-

River forest area (Figure 7a), detrended iWUE showed significant correlations with 15 

monthly climate variables. Specifically, detrended iWUE was positively correlated with 

minimum temperature in March of the current year (r = 0.26, 95% CI: 0.05–0.41), maximum 

temperature in April (r = 0.45, 95% CI: 0.17–0.61), and vapor pressure deficit in April (r = 

0.32, 95% CI: 0.00–0.45). Positive correlations were also observed with maximum temper-

ature in May (r = 0.21, 95% CI: 0.01–0.38) and vapor pressure deficit in May (r = 0.42, 95% 

CI: 0.20–0.55). In July, detrended iWUE showed significant positive correlations with 

mean temperature (r = 0.39, 95% CI: 0.19–0.50) and minimum temperature (r = 0.20, 95% 

CI: 0.03–0.32). Conversely, detrended iWUE exhibited significant negative correlations 

with the standardized precipitation–evapotranspiration index from April to September, 

including April (r = −0.43, 95% CI: −0.66 to −0.13), May (r = −0.46, 95% CI: −0.60 to −0.19), 

June (r = −0.37, 95% CI: −0.52 to −0.15), July (r = −0.38, 95% CI: −0.52 to −0.19), August (r = 

−0.42, 95% CI: −0.55 to −0.25), and September (r = −0.36, 95% CI: −0.49 to −0.20). In addition, 

precipitation in July (r = −0.28, 95% CI: −0.52 to −0.04) and August (r = −0.26, 95% CI: −0.41 
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to −0.09) showed significant negative correlations with detrended iWUE. After false dis-

covery rate (FDR) correction, the correlations between detrended iWUE and maximum 

temperature in April, vapor pressure deficit during April–May, mean temperature in 

June, precipitation during July–August, and standardized precipitation–evapotranspira-

tion index during May–September remained statistically significant (FDR-adjusted p < 

0.05). 

 

Figure 6. Relationship between annual growth in detrended BAI of Larix sibirica and meteorological 

factors. (a) Haba-River forest area; (b) Hanaslin forest area. Tmean: mean temperature (°C); Tmax: 

maximum temperature (°C); Tmin: minimum temperature (°C); P: precipitation (mm); VPD: vapor 

pressure deficit (kPa); SPEI: standardized precipitation–evapotranspiration index. L: previous year 

(e.g., L10: October of the previous year); C: current year (e.g., C1: January of the current year). Red 

indicates a positive correlation; blue indicates a negative correlation. * indicates significant differ-

ence at p < 0.05. 

In the Hanaslin forest area (Figure 7a), detrended iWUE exhibited significant corre-

lations with 14 monthly climate variables. Specifically, detrended iWUE showed signifi-

cant positive correlations with maximum temperature in May of the current year (r = 0.46, 

95% CI: 0.26–0.62), mean temperature (r = 0.27, 95% CI: 0.07–0.44), maximum temperature 

(r = 0.30, 95% CI: 0.10–0.49), and vapor pressure deficit in June (r = 0.34, 95% CI: 0.12–0.54). 

In July, positive correlations were observed with mean temperature (r = 0.30, 95% CI: 0.05–

0.52) and vapor pressure deficit (r = 0.38, 95% CI: 0.11–0.59). In addition, mean tempera-

ture in September was also positively correlated with detrended iWUE (r = 0.24, 95% CI: 

0.06–0.46). Conversely, detrended iWUE showed significant negative correlations with 

standardized precipitation–evapotranspiration index from May to September, including 

May (r = −0.36, 95% CI: −0.54 to −0.13), June (r = −0.39, 95% CI: −0.59 to −0.16), July (r = 

−0.46, 95% CI: −0.63 to −0.27), August (r = −0.35, 95% CI: −0.55 to −0.12), and September (r 

= −0.30, 95% CI: −0.51 to −0.09). Moreover, detrended iWUE was negatively correlated with 

SPEI in June (r = −0.28, 95% CI: −0.46 to −0.06) and precipitation in July (r = −0.35, 95% CI: 

−0.58 to −0.10). After false discovery rate correction (FDR), the relationships between 

detrended iWUE and maximum temperature during May–June, mean temperature in 

https://doi.org/10.3390/f17080889


Forests 2026, 17, 889 14 of 23 
 

https://doi.org/10.3390/f17080889 

June, precipitation and vapor pressure deficit during June–July, and standardized precip-

itation–evapotranspiration index during May–September remained statistically signifi-

cant (FDR-adjusted p < 0.05). 

 

Figure 7. Relationship between annual growth in detrended iWUE of Larix sibirica and meteorolog-

ical factors. (a) Haba-River forest area; (b) Hanaslin forest area. Tmean: mean temperature (°C); 

Tmax: maximum temperature (°C); Tmin: minimum temperature (°C); P: precipitation (mm); VPD: 

vapor pressure deficit (kPa); SPEI: standardized precipitation–evapotranspiration index. L: previ-

ous year (e.g., L10: October of the previous year); C: current year (e.g., C1: January of the current 

year). Red indicates a positive correlation; blue indicates a negative correlation. * indicates signifi-

cant difference at p < 0.05. 

3.4. Analysis of the Importance of Climatic Factors for Detrended BAI and Detrended iWUE 

Based on the average conditional replacement importance and its 95% confidence 

interval derived from a random forest model trained under 20 replicate conditions, we 

analyzed the importance of different climate factors for detrended BAI and detrended 

iWUE. The results show that the importance of different climate variables for detrended 

BAI varies significantly. In the Haba-River forest area (Figure 8a), the mean temperature 

in June of the current year exhibited the highest importance (mean importance = 0.14, 95% 

CI: 0.10–0.17), followed by the standardized precipitation–evapotranspiration index in 

June of the current year (mean importance = 0.10, 95% CI:0.06–0.12) and the mean temper-

ature in July of the current year (mean importance = 0.04, 95% CI: 0.01–0.07), which also 

had high importance; in the Hanaslin forest area (Figure 8b), the mean temperature in 

August of the current year exhibited the highest importance (mean importance = 0.04, 95% 

CI: 0.02–0.06), followed by the standardized precipitation–evapotranspiration index in 

May of the current year (mean importance = 0.03, 95% CI: 0.02–0.05) and the mean tem-

perature in January of the current year (mean importance = 0.01, 95% CI: 0.00–0.03), which 

also had high importance. In summary, temperatures during winter, the growing season, 
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and its late stages, as well as the standardized precipitation–evapotranspiration index in 

spring and summer, are the primary climatic factors influencing iWUE in both forest areas. 

The importance of different climatic variables to detrended iWUE varies considera-

bly, with some climatic factors exhibiting high and stable importance. In the Haba-River 

forest area (Figure 9a), the top three climatic factors in terms of importance were the stand-

ardized precipitation–evapotranspiration index for July of the current year (mean im-

portance = 1.30, 95% CI: 1.10–1.65), the standardized precipitation–evapotranspiration in-

dex for May (mean importance = 1.12, 95% CI: 0.96–1.27), and the mean temperature in 

July (mean importance = 0.84, 95% CI: 0.63–1.01); in the Hanaslin forest area (Figure 9b), 

the top three most important climatic factors are the mean temperature in July (mean im-

portance = 1.43, 95% CI:1.03–1.82), the standardized precipitation–evapotranspiration in-

dex in May (mean importance = 1.39, 95% CI: 1.00–1.79), and the mean temperature in 

August (mean importance = 1.38, 95% CI: 0.98–1.78). In summary, growing season tem-

perature and the standardized precipitation–evapotranspiration index are the primary cli-

matic factors influencing iWUE in both forest areas. 

 

Figure 8. Importance of climatic factors to annual growth in detrended BAI. (a) Haba-River forest 

area; (b) Hanaslin forest area. C4.SPEI: standardized precipitation–evapotranspiration index for 

April of the current year; C5.SPEI: standardized precipitation–evapotranspiration index for May of 

the current year; C6.SPEI: standardized precipitation–evapotranspiration index for June of the cur-

rent year; C1.T: mean temperature for January of the current year; C3.T: mean temperature for 

March of the current year; C4.T: mean temperature for April of the current year; C6.T: mean tem-

perature for June of the current year; C8.T: mean temperature for August of the current year; 

C1.VPD: vapor pressure deficit in January of the current year; C7.VPD: vapor pressure deficit in July 

of the current year; C3.P: precipitation in March of the current year, C4.P: precipitation in April of 

the current year. 

 

Figure 9. Importance of climatic factors to annual growth in detrended iWUE. (a) Haba-River forest 

area; (b) Hanaslin forest area. C5.SPEI: standardized precipitation–evapotranspiration index for 
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May of the current year; C6.SPEI: standardized precipitation–evapotranspiration index for June of 

the current year; C7.SPEI: standardized precipitation–evapotranspiration index for July of the cur-

rent year; C8.SPEI: standardized precipitation–evapotranspiration index for August of the current 

year; C9.SPEI: standardized precipitation–evapotranspiration index for September of the current 

year; C3.T: mean temperature for March of the current year, C4.T: mean temperature for April of 

the current year, C6.T: mean temperature for June of the current year, C7.T: mean temperature for 

July of the current year, C8.T: mean temperature for August of the current year, C10.T: mean tem-

perature for October of the previous year; C3.VPD: vapor pressure deficit in March of the current 

year, C4.VPD: vapor pressure deficit in April of the current year, C5.VPD: vapor pressure deficit in 

May of the current year; C7.P: precipitation in July of the current year, C8.P: precipitation in August 

of the current year. 

4. Discussion 

4.1. Differences in the Adaptability of Larix sibirica to Drought Events 

During adaptation to arid environments, trees gradually develop relatively stable 

water-use strategies and enhanced physiological regulation capacity [7]. The drought ad-

aptation strategies of Larix sibirica in the Altai Mountains exhibit clear spatial variability. 

In this study, trees in the Hanaslin forest area showed higher resilience during drought 

years, whereas those in the Haba-River forest area exhibited relatively stronger drought 

resistance under moderate drought conditions. This pattern is consistent with the findings 

of Sánchez-Salguero et al. [45] for coastal pine in the Mediterranean Basin, where pine 

resilience was reported to increase with elevation and drought severity. In the present 

study, the sampling sites in the Hanaslin forest area were located at higher elevations than 

those in the Haba-River forest area, and trees exhibited greater resilience, suggesting that 

differences in environmental conditions may influence tree response strategies to drought 

stress. In addition to environmental factors, tree physiological characteristics may also 

contribute to differences in drought responses. A study of sessile oak in the Taya River 

region found that tree-ring width indices decreased significantly during drought years, 

whereas iWUE increased; however, older trees maintained relatively high radial growth, 

suggesting that mature trees may possess stronger water regulation capacity and greater 

resistance to drought stress [46]. Similarly, Siberian larch trees in the Haba-River forest 

are generally older, and exhibited higher drought resistance under moderate drought con-

ditions in this study. This difference may be associated with age-related variations in func-

tional traits. Older trees may develop more extensive root systems and stronger water 

acquisition capacity, which could contribute to maintaining growth stability during 

drought periods [47]. In contrast, trees in the Hanaslin forest area were generally younger 

but exhibited stronger recovery capacity after drought events. Younger trees may possess 

greater physiological activity and growth plasticity, allowing them to rapidly restore 

growth after drought stress. In addition, the recovery of damaged needles and the for-

mation of new needles may increase canopy photosynthetic area, thereby facilitating post-

drought growth recovery and contributing to higher resilience [48]. Furthermore, trees in 

the Hanaslin forest area exhibited stronger recovery capacity during drought events. Dif-

ferences in vegetation composition among forest areas may also influence tree responses 

to drought. The sampling sites in the Haba-River forest are surrounded by grasslands, 

shrublands, and forests, resulting in relatively complex vegetation composition. Such veg-

etation heterogeneity may potentially reduce the negative impacts of drought on tree 

growth through interspecific interactions. In contrast, the Hanaslin forest area consists 

mainly of grasslands and forests, with a relatively simple vegetation structure. Lower in-

terspecific competition may potentially facilitate resource acquisition after drought, con-

tributing to higher recovery capacity [22]. However, these potential mechanisms require 

further investigation. The contrasting drought response characteristics observed between 
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the two forest areas suggest that the timing, severity, and spatial heterogeneity of drought 

events may jointly regulate the response of Larix sibirica to drought stress [20]. 

Trees in both forest regions exhibited reduced radial growth and increased iWUE 

under different drought intensities, indicating that drought stress suppresses the radial 

growth of Larix sibiric, whereas the increase in iWUE may be associated with both 

drought-induced physiological adjustments and long-term increases in atmospheric CO2 

concentrations. This finding is consistent with the results of Belokopytova et al. [49] from 

semi-arid forests in southern Siberia, where the tree-ring width index declined among 

different tree species, with pines showing the smallest reduction and birches exhibiting 

the greatest decline. Such interspecific differences may be attributed to species-specific 

physiological traits. For instance, the waxy cuticle on pine needles can reduce non-sto-

matal water loss to some extent, thereby contributing to enhanced drought adaptation, 

particularly through improved regulation of water loss. Similarly, Rennenberg et al. [50] 

reported that drought conditions restrict cambial cell division, inhibit cell enlargement, 

and disrupt cellular metabolic processes. Drought stress can also indirectly affect the ac-

cumulation and allocation of non-structural carbohydrates, ultimately limiting radial 

growth. In addition, increasing temperatures during the growing season combined with 

water deficits may reduce photosynthetic activity, further contributing to narrower tree 

rings. Previous studies have demonstrated that the persistent increase in atmospheric CO2 

concentration is an important driver of the long-term rise in tree iWUE. Elevated CO2 lev-

els improve CO2 availability for photosynthesis while simultaneously influencing sto-

matal regulation, thereby altering the balance between carbon assimilation and water loss. 

Under drought conditions, however, water deficits further enhance stomatal limitation. 

Trees reduce stomatal conductance to minimize transpiration losses, which may decrease 

intercellular CO2 concentration and subsequently increase iWUE [51]. This response re-

flects a shift toward a more conservative water-use strategy, consistent with the drought-

adaptation mechanisms of deep-rooted coniferous species [24]. As a deep-rooted conifer, 

Larix sibirica can access water from deeper soil layers and compensate for water shortages 

by adjusting its water uptake depth. However, this mechanism cannot fully alleviate the 

physiological stress caused by restricted gas exchange, and therefore may not completely 

offset the adverse effects of climate warming and persistent drought on tree physiological 

processes [50]. 

4.2. Major Climatic Factors Affecting Tree Radial Growth 

The Altai Mountains in Xinjiang are located in a high-latitude, cold, and arid region, 

where tree radial growth is highly sensitive to climatic variability and provides valuable 

information on regional changes in hydrothermal conditions [6]. Correlation analysis re-

vealed a positive relationship between detrended BAI and the maximum temperature in 

April of the current year. April represents a critical transitional period during which trees 

resume growth after winter dormancy, and spring thermal conditions play an important 

role in regulating the onset of cambial activity. The higher maximum temperature during 

this month may promote earlier dormancy release and extend the effective growing sea-

son. Meanwhile, early spring warming can accelerate snowmelt, increase soil moisture 

availability, and create favorable conditions for cambial reactivation and early xylem for-

mation, thereby potentially enhancing tree growth [52]. The random forest analysis fur-

ther indicated that January temperature, as well as temperatures during the growing sea-

son and at its end, had relatively high contributions to explaining variations in tree growth. 

This result is consistent with previous studies of northern coniferous forests and temper-

ate tree species, which suggest that low winter temperatures can reduce physiological ac-

tivity and respiration rates, thereby limiting carbohydrate consumption and preserving 

energy reserves for radial growth in the subsequent growing season [53]. Growing-season 
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temperature also plays an important role in regulating tree growth, consistent with the 

ecological characteristics of Larix sibirica, including its light-demanding nature and rela-

tively high growth potential. Particularly in high-altitude mountain environments, 

warmer conditions may improve thermal availability for physiological processes, enhance 

photosynthetic activity, and facilitate carbon assimilation. In addition, suitable tempera-

tures in October may prolong photosynthetic activity and contribute to carbon accumula-

tion before dormancy, ultimately favoring the formation of wider tree rings [54,55]. 

This study found that vapor pressure deficit (VPD) in January and July of the current 

year exhibited relatively high importance for radial growth. This finding is consistent with 

the results of Xu et al. [24] for Siberian larch in the Altai Mountains, where tree-ring width 

indices of middle-aged trees were negatively correlated with VPD during the May–Sep-

tember seasonal window, whereas those of older trees showed negative responses to VPD 

in January and September. Similarly, Mirabel A et al. [56] reported that increased VPD 

negatively affected the growth of major northern coniferous species, resulting in reduced 

growth during the current growing season and a more pronounced decline in the subse-

quent year. This may be associated with reduced photosynthetic activity and carbon as-

similation efficiency, disruption of tree water balance, and decreased cellular water po-

tential, which collectively constrain tree growth and, under severe conditions, may even 

contribute to tree mortality [57]. In this study, detrended BAI exhibited a significant pos-

itive correlation with SPEI from May to June of the current year, indicating that water 

availability during the early growing season is an important factor influencing the radial 

growth of Siberian larch. This result is consistent with the findings of Du et al. [58] for 

larch forests in the mid-latitude temperate regions of the Northern Hemisphere. Tree-ring 

widths in the Altai Mountains showed positive correlations with the self-calibrated 

Palmer Drought Severity Index (sc-PDSI) from June of the previous year to September of 

the current year, whereas trees in the Changbai Mountains exhibited a contrasting re-

sponse to sc-PDSI during May–June of the current year. These differences suggest that the 

relationship between tree growth and water availability varies spatially among regions 

with different climatic backgrounds and ecological conditions. Similarly, studies of Mon-

golian pine and poplar at the Zhangbei Forest Farm in Hebei Province, China, have shown 

that increasing growing-season temperatures can enhance atmospheric drought, while 

declining summer SPEI may intensify water stress, ultimately reducing forest productiv-

ity [59]. The Altai Mountains represent a typical cold-arid environment, where limited 

growing-season precipitation and high evaporative demand reduce soil water availability. 

Under drought stress, Larix sibirica may experience restricted water transport and reduced 

cambial activity, ultimately leading to decreased radial growth [60]. Overall, winter, 

growing-season, and late-season temperatures, together with summer SPEI, represent key 

climatic factors influencing radial growth in both forest regions. 

4.3. Major Environmental Factors Affecting the Intrinsic Water-Use Efficiency of Trees 

The persistent increase in atmospheric CO2 concentrations has been recognized as 

one of the primary drivers of the long-term rise in iWUE worldwide over the past century. 

In this study, Ci in Siberian larch from both forest regions increased concurrently with 

rising Ca, whereas the Ci/Ca ratio remained relatively stable throughout the study period. 

Under the three scenario models of iWUE variation, the increasing trend in iWUE before 

1980 more closely followed the theoretical trajectory predicted under the constant Ci sce-

nario, suggesting that trees may have relied on stronger stomatal regulation during this 

period. After 1980, however, iWUE dynamics became more consistent with the predic-

tions of the constant Ci/Ca scenario, indicating that Ci increased proportionally with at-

mospheric CO2 enrichment and reflecting a relatively coordinated adjustment between 

stomatal conductance and carbon assimilation. This shift in physiological regulation may 
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be associated with changes in plant responses under the rapid warming that began in the 

1980s [61]. Similarly, Qin et al. [51] reported that Qinghai spruce in the Qilian Mountains 

exhibited a sustained increase in iWUE driven jointly by rising atmospheric CO2 concen-

trations and increasing aridity in arid and semi-arid forest ecosystems. This long-term 

regulatory pattern is comparable to that observed in the Altai Mountains, where water 

limitations have intensified in recent decades. With increasing temperatures and en-

hanced evaporative demand, trees are exposed to greater atmospheric drought stress; 

maintaining a relatively stable Ci/Ca ratio may help optimize the balance between carbon 

uptake and water loss. Against the background of increasing drought stress, the marked 

decline in radial growth observed in this study suggests that the increase in iWUE pri-

marily represents an adaptive adjustment of trees to water limitations. 

The results of this study indicate that spring and summer temperatures and SPEI are 

important climatic factors influencing variations in iWUE of Larix sibirica. Specifically, 

iWUE exhibited significant positive correlations with temperature and significant nega-

tive correlations with SPEI, while these climatic variables also showed relatively high im-

portance in explaining iWUE variation. These findings are consistent with previous stud-

ies on northern coniferous forests [23]. Spring and summer represent critical periods for 

xylem development and biomass accumulation in Larix sibirica. Increased temperatures 

can enhance atmospheric evaporative demand, resulting in lower relative humidity and 

reduced soil moisture availability. Under such conditions, trees may reduce stomatal con-

ductance to limit water loss. Meanwhile, warmer temperatures may enhance the activity 

of photosynthesis-related enzymes and promote carbon assimilation, thereby contrib-

uting to increased iWUE [62]. However, moderate warming may improve plant water-

use efficiency, whereas continued warming beyond the physiological optimum may 

weaken or even reverse the positive effect of temperature on iWUE [63]. Furthermore, this 

study demonstrated that spring and summer SPEI were important factors affecting iWUE. 

This result is consistent with observations from different tree species in the Saihanba re-

gion, where iWUE showed significant negative correlations with SPEI across multiple pe-

riods [27]. As SPEI decreases during spring and summer, indicating intensified water def-

icits, Siberian larch may increase iWUE through physiological adjustments to maintain 

essential metabolic functions. Such regulation represents an important adaptive strategy 

employed by coniferous species in arid environments to cope with limited water availa-

bility [30]. 

Vapor pressure deficit represents atmospheric dryness and regulates plant photosyn-

thesis and transpiration through its effects on stomatal behavior, thereby influencing 

iWUE [64]. This study found that iWUE was significantly positively correlated with VPD 

during spring and summer, which is consistent with previous studies on tree species in 

the Tianshan Mountains and the upper reaches of the Tarim River [65,66]. In the study 

region, temperatures increased continuously from March to July, resulting in a substantial 

increase in VPD. Elevated VPD may induce partial stomatal closure, reducing stomatal 

conductance and intercellular CO2 concentration, which can constrain photosynthetic ac-

tivity. Meanwhile, reduced transpiration helps maintain plant water balance, thereby con-

tributing to increased iWUE [64]. This study also found that summer precipitation had a 

significant negative correlation with iWUE and showed high importance in explaining 

iWUE variation. This result is comparable to findings from southern Italy, where precipi-

tation from May to July of the current year exerted a negative regulatory effect on tree 

iWUE [67]. Under conditions of below-average growing-season precipitation, trees may 

enhance water-use efficiency as an adaptive response to water limitation, resulting in in-

creased iWUE [68]. Although precipitation was higher at the Hanaslin forest area than at 

the Haba-River forest area, iWUE was lower in Hanaslin, which is consistent with obser-

vations in northern pine species showing a decline in iWUE along precipitation gradients 
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[69]. Overall, regional hydrothermal conditions jointly regulate variations in iWUE of 

Larix sibirica. Trees maintain water balance primarily through adjustments in stomatal reg-

ulation, reflecting their adaptive strategies in cold and arid environments. 

5. Conclusions 

This study focused on Larix sibirica in various forest areas of the Altai Mountains in 

Xinjiang. Using tree-ring chronology and isotope techniques, we systematically analyzed 

the response patterns of tree radial growth and intrinsic water-use efficiency to climatic 

factors. The main conclusions are as follows: 

During drought years, Larix sibirica exhibited reduced radial growth accompanied by 

increased iWUE, indicating that water limitation constrained tree growth, while the in-

crease in iWUE reflected an adaptive adjustment of carbon–water exchange under 

drought stress. However, this physiological adjustment resulted from the combined ef-

fects of stomatal regulation and carbon assimilation processes under the dual influences 

of drought stress and continuously rising atmospheric CO2 concentrations. The response 

of Larix sibirica to increasing atmospheric CO2 exhibited distinct temporal phases: before 

1980, iWUE trends were more consistent with the constant Ci scenario, suggesting 

stronger stomatal regulation; after 1980, iWUE trends gradually approached the constant 

Ci/Ca scenario, indicating that trees maintained a relatively stable Ci/Ca ratio to balance 

carbon assimilation and water loss. With increasing drought severity, drought resistance 

declined in both forest regions. The responses of Larix sibirica to drought events showed 

pronounced spatial variation among forest regions. During moderate drought events, 

trees in the Haba-River forest area exhibited higher resistance, whereas trees in the 

Hanaslin forest area showed greater recovery capacity and resilience, suggesting that 

trees in different forest environments employ distinct adaptive strategies in response to 

drought stress. Winter temperature, growing-season temperature, late-season tempera-

ture, and water availability were identified as key climatic factors influencing variations 

in radial growth and iWUE of Larix sibirica. Under future climate warming scenarios, long-

term monitoring is required to better understand the responses of cold-arid forest ecosys-

tems to continued warming and increasing water limitations. 
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  Resistance = detrended     BAI  cur    detrended   BAI  pre
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