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drought and cold events
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Global climate change has intensified the frequency and severity of extreme

climate events, posing significant threats to forest ecosystem stability. While the

impacts of drought have been extensively studied, the comparative resilience of

trees to different types of stressors (such as extreme cold) and how these

responses vary across developmental stages remains poorly understood. In this

study, two standard chronologies of middle-aged andmature Picea wilsonii in the

eastern Loess Plateau were developed and climate-growth relationships were

assessed via bootstrapped correlation, and calculated resistance, recovery, and

resilience indices were compared using one-way ANOVA. Results showed that

middle-aged growth is primarily promoted by moisture during the late growing

season (July–September), whereas mature trees are governed by pre-growing

season moisture levels. Under extreme drought, middle-aged stands exhibited

higher resistance but lower recovery than mature stands; this pattern was

reversed under extreme cold, with both age classes reaching comparable

resilience. Intra-stand analyses revealed that middle-aged trees have lower

resistance but higher recovery and resilience under cold than drought.

Conversely, mature trees showed higher resistance and resilience under cold

than drought, but similar recovery across stressors. These findings indicate that

different age classes follow divergent stabilization strategies: an opportunistic

strategy in middle-aged trees versus a conservative strategy in mature trees.

These findings indicated that management should be age-specific, prioritizing

drought mitigation for younger stands and protecting the structural integrity of

mature forests to ensure their function as stable carbon reservoirs in a chang-

ing climate.

KEYWORDS

dendrochronology, extreme climate events, growth resilience, Loess plateau, radial
growth
1 Introduction

In recent decades, global climate warming has intensified, leading to a significant

increase in the frequency, severity, and duration of extreme climate events (Jing et al., 2026;

Li et al., 2024). These perturbations, such as mega-drought as well as cold-hot fluctuations,

have exerted profound impacts across various dimensions of terrestrial ecosystems
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(Gao C. et al., 2025; Lu et al., 2025). Forest ecosystems, which play a

critical role in global carbon sequestration and climate regulation,

are particularly vulnerable to these climatic anomalies (Jing et al.,

2026; Zhu et al., 2023). Consequently, widespread forest decline,

growth reductions, and large-scale mortality episodes have been

increasingly reported on a global scale, ranging from semi-arid

biomes to humid temperate and tropical regions (Belokopytova

et al., 2022; Rubio-Cuadrado et al., 2025; Serra-Maluquer et al.,

2018). Such deterioration not only impairs the provisioning of

essential ecosystem services but also threatens to shift forests from

carbon sinks to carbon sources, potentially creating a positive

feedback loop that further accelerates climate change (Wang

et al., 2022; Zhu et al., 2023).

Given these escalating threats, quantifying the ecological stabil-

ity of forests—specifically their resilience to extreme disturbances—

has become a paramount research priority (Liu et al., 2023; Piraino

et al., 2022; Wang et al., 2022). Growth resilience is broadly defined

as the capacity of an organism or ecosystem to withstand perturba-

tions and restore its pre-disturbance structure and function (Lloret

et al., 2011). Since the landmark proposal by Lloret et al. (2011) of a

unified quantitative framework based on tree-ring data, forest

stability has been widely assessed using three primary indices:

resistance (Rt), the ability to maintain growth during a disturbance;

recovery (Rc), the capacity to increase growth after the event; and

resilience (Rs), the ability to reach pre-disturbance growth levels.

Following the introduction of these metrics, extensive research has

explored the drivers of forest resilience across diverse scales, from

individual tree traits to global biomes (Bouknine et al., 2026; DeSoto

et al., 2020; Duan et al., 2022; Fang and Zhang, 2024; Jiang et al.,

2025). Studies have demonstrated that resilience is modulated by a

complex interplay of extrinsic factors, such as drought intensity and

local topography (Han et al., 2025; Liang et al., 2024), and intrinsic

factors, including species-specific physiological strategies

(Belokopytova et al., 2022; Duan et al., 2022), tree size (Ding et al.,

2017; Serra-Maluquer et al., 2018), forest structure (Italiano et al.,

2024), inter-specific facilitation (Pretzsch et al., 2013), and stand age

(Popa et al., 2024; Wang et al., 2022).

While much of the existing literature has focused on extreme

drought, emerging studies have begun to contrast these responses

with other stressors, such as late spring frosts, revealing distinct

trade-offs between growth resistance and recovery across different

species and developmental stages (Prıńcipe et al., 2017; Vitasse

et al., 2019; Zhu et al., 2023). Understanding these differentiated

response patterns is essential for predicting future forest dynamics

and developing adaptive management strategies to enhance forest

stability in an increasingly uncertain climate.

The Loess Plateau is one of the regions most sensitive to climate

change. Given its vast expanse and significant variations in precip-

itation and temperature across different areas, the climatic re-

sponses of forests and their growth resilience to extreme climate

events also vary by region. Consequently, large-scale research is

necessary to comprehensively assess the impact of climate change

on the forests of the Loess Plateau. In recent years, extensive

dendrochronological research has been conducted on various key

tree species across the Loess Plateau, including Picea crassifolia

(Gao C. et al., 2025), Pinus tabulaeformis (Cai et al., 2014), Robinia
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pseudoacacia (Yan et al., 2025), Larix principis-rupprechtii (Guan

et al., 2007), etc. These studies have revealed that species-specific

physiological traits and geographical heterogeneity significantly

modulate growth-climate relationships (Liang et al., 2026).

Among the various environmental drivers, temperature, precipita-

tion, and drought indices such as the Standardized Precipitation

Evapotranspiration Index and Palmer Drought Severity Index are

the most frequently reported critical factors limiting radial growth

in this region (Gao C. et al., 2025; Liang et al., 2026).

Although a substantial amount of research has been conducted,

studies have been relatively concentrated in the arid northwestern

regions (Gao W. et al., 2025; Gou et al., 2023; Liang et al., 2021; Liu

et al., 2017; Wang et al., 2022), while research on the eastern semi-

arid to semi-humid regions remains relatively scarce (Han et al.,

2025; Chen et al., 2023; Yan et al., 2025). Furthermore, while

research on responses to climate change is abundant (Li et al.,

2026; Sun et al., 2021; Xie et al., 2024), studies on growth resilience

to extreme climate events remain scarce (Han et al., 2025; Jing

et al., 2026).

Pangquangou Mountain, located in the eastern Loess Plateau, is

an important nature reserve and biodiversity hotspot. Forests play a

crucial role in soil and water conservation and the maintenance of

biodiversity. Studies on the response of local forests to climatic

factors have been conducted, and it has been found that spring

precipitation may be a key limiting factor for tree growth (Huang

et al., 2021), and ENSO may be the main forcing (Huang et al.,

2024). However, it is still insufficient: it remains unclear how stands

of different ages respond to climatic factors, and the growth

resilience of different forest age classes to extreme drought and

extreme cold events is even less understood. Therefore, in the

Pangquangou Mountain area, we selected Picea wilsonii as our

study subject. P. wilsonii is a key community-forming species widely

distributed in the high-altitude zone (1900–2600 m) of the

Pangquangou Mountain area. As a dominant conifer species in

the cold-temperate subalpine forest, it is characterized by strong

shade tolerance, high cold resistance, and remarkable adaptability,

making it an ideal subject for investigating forest responses to

extreme climatic events. Currently, studies on this species in the

sounding region have mainly focused on growth-climate responses

(Huang et al., 2024; Liang et al., 2026), while growth resilience to

extreme climatic events has not been reported. Thus, we collected

samples from two stands of different ages to investigate their

responses to climatic factors using dendrochronology methods.

Concurrently, we examine differences in the growth resilience of

the two stands to various extreme drought and cold events. We

hypothesize that the response characteristics of the two age classes

to climate and extreme climate events will differ significantly.
2 Materials and methods

2.1 Study area

Pangquangou Mountain (111°22′–111°33′ E, 37°45′–37°55′ N)
is located in the central section of the Luliang Mountains in western
frontiersin.org
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Shanxi Province, in the eastern part of the Loess Plateau, at an

elevation of over 1,500 meters. The climate belongs to the warm

temperate semi-humid zone, representing a transitional climate

between the temperate and warm temperate zones. The main tree

species include P. wilsonii, Larix gmelinii var. principis-rupprechtii,

Quercus mongolica, and Betula platyphylla, etc. Larix and Picea are

the dominant constructive species in high-altitude areas. The forest

is a natural secondary forest, with a very small amount of remnant

primary forest. As it is located within the Pangquangou National

Nature Reserve, strict enclosure and protection measures have been

implemented, and it has not been subjected to human disturbance

or silvicultural treatment.

2.2 Field sampling and tree ring data

Undisturbed health P. wilsonii trees were selected as sampling

subjects. After consultation with the forestry department, two pure

forest stands of different ages were selected (PQSP1, 111.468948E,

37.845461N, canopy cover is 74%; PQSP2, 111.443914E,

37.874471N, canopy cover is 91%) (Figure 1a). For each stand, we

established a 20 m × 20 m sample plot. For each plot, two tree-ring

cores from every tree (diameter at breast height greater than 10 cm)
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were drilled with 5mm diameter increment borers along the vertical

slope, with each sample taken as close to the center of the tree as

possible. Finally a total of 78 tree cores were collected from 39 trees

at PQSP1, while PQSP2 yielded a total of 41 tree cores from 21 trees.

In the laboratory, tree-ring cores were allowed to air-dry

naturally before being mounted on wooden blocks using latex.

After thorough drying, the samples were sanded with sandpaper of

varying grits until the growth rings were clearly visible under a

microscope. Images were scanned at 1200 dpi resolution (using

MICROTEC 9800XL), and ring widths were measured using

CooRecorder 9.0, followed by cross-dating with CDendro 9.0. The

dating results were verified using COFECHA software. Then the

dplR package in R was used to detrend the tree-ring width

sequences from the two stands (using a cubic spline with a 50%

frequency–response cutoff equal to 64 years) (Bunn, 2008).

Subsequently, a bi-weighted average was calculated to derive the

standard tree-ring width chronologies (STD) for the two stands. A

subsample signal strength (SSS) exceeding 0.85 was used as the

threshold for a stable period. The inter-series correlation coefficient

(Rbar), expressed population signal (EPS), and signal-to-noise ratio

(SNR) were used as statistical parameters to evaluate chronological

quality (Table 1).
FIGURE 1

Sampling sites locations and climatic characteristics. (a) Location of the sampling sites. (b) Annual mean climatic characteristics, including Tmax
(monthly mean maximum temperature), Tmean (monthly mean temperature), Tmin (monthly mean minimum temperature), RH (relative humidity),
and Pre (monthly precipitation). (c) Multi-year mean monthly climatic characteristics.
TABLE 1 Statistical parameters of the two chronologies.

Sites Trees/cores Time span SSS>0.85 Rbar EPS SNR

PQSP1 39/78 1965-2021 1970-2021 0.505 0.983 59.26

PQSP2 21/41 1893-2021 1929-2021 0.369 0.953 20.5
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For cores that did not reach the pith, the number of missing

rings to the pith was estimated using CooRecorder software based

on the curvature of the latewood in the innermost ring and the

mean width of the innermost five rings, in order to accurately assess

tree age.

2.3 Climate data and identification of
extreme climate events

To investigate the impact of climate on forests, climate data

from the nearest Lishi meteorological station were downloaded

(from National Meteorological Science Data Center (https://

data.cma.cn). Monthly precipitation (mm), relative humidity (%),

monthly mean temperature (°C), monthly maximum temperature

(°C), and monthly minimum temperature (°C) were selected as

climate variables. The meteorological data (1961-2020) show that

the monthly average temperature in the study area is 9.44°C, with a

minimum of -7.01°C in January and a maximum of 23.3°C in July.

Annual precipitation is 509.16 mm, primarily concentrated in July

and August. From 1961 to 2020, the annual average temperature,

annual average maximum temperature, and annual average mini-

mum temperature all rose significantly, while relative humidity

decreased significantly; precipitation, however, showed no signifi-

cant change (Figure 1).

Additionally, Standardized Precipitation Evapotranspiration

Index (SPEI) values on 1-month, 3-month, 6-month, 9-month

and 12-month scales (SPEI1, SPEI3, SPEI6, SPEI9 and SPEI12)

were calculated for use as climate factors. The SPEI values were

computed using the “SPEI” package in R (Beguerıá and Vicente-

Serrano, 2017).

Extreme drought events were defined using the 1-month SPEI,

with years characterized by an annual mean SPEI ≤ −1.5 classified

as extreme drought years.

Extreme low-temperature events were identified using the

percentile threshold method. This approach involves statistical

ranking of long-term climate data to determine extreme thresholds,

offering the advantages of requiring no a priori assumption regard-

ing the data distribution type and being adaptable to regional

climatic characteristics. If extreme low-temperature years exhibit

a continuous distribution pattern (i.e., persisting for more than one

year), this entire continuous period is recognized as a single extreme

low-temperature event. We selected the period from 1961 to 2020,

as recorded by meteorological stations, as the baseline study period.

The mean annual minimum temperature anomalies were first

computed for each year within this period, and all anomaly

values were subsequently ranked. The five years with the lowest

ranked mean annual minimum temperature anomalies were ulti-

mately designated as extreme low-temperature years.

2.4 Calculation of growth resilience

Since Lloret et al. (2011) proposed the method for calculating

growth resilience (Equations 1–3), subsequent studies have made

various adjustments. For example, Pretzsch et al. (2013) used

undetrended BAI as the input data for growth resilience, whereas
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Italiano et al. (2024) used detrended BAI. Additionally, DeSoto et al.

(2020) compared TRW and BAI. To ensure consistency between

climate response and growth resilience, we used tree-ring width

indices to calculate growth resilience. For each tree-ring core,

resistance (Rt), recovery (Rc), and resilience (Rs) were calculated

separately using the following formula (Lloret et al., 2011):

Rt = Ex=PreEx (1)

Rc = PostEx=Ex (2)

Rs = PostEx=PreEx (3)

In which, Ex represents the individual detrended tree-ring width

series for the year in which the extreme climate event occurred; Pr

eEx represents the average of the tree-ring width indices for the four

years preceding the extreme climate event; and PostEx represents

the average of the tree-ring width indices for the four years

following the extreme climate event (Anderegg et al., 2015).
2.5 Statistical analyses

The relationship between tree growth and climate was assessed

by calculating the correlation coefficients between the plot-specific

chronologies and selected monthly climate variables based on

bootstrapping 1000 times (see 2.3). The months selected ranged

from September of the previous year to October of the current year

to account for the lag effect of climate influences. One-way ANOVA

tests were conducted to evaluate the resilience, recovery capacity,

and growth resilience of different forest stands under various types

of extreme climate events. All of these analyses were performed

using the R software.
3 Results

3.1 Characteristics of tree ring
chronologies

The PQSP1 standard chronology spans from 1965 to 2021, with

a stable interval of 1970–2021, while the PQSP2 spans from 1893 to

2021, with a stable interval of 1929–2021 (Figure 2).

The stand age of PQSP1 was 48.2 ± 5.6 years, and that of PQSP2

was 89.3 ± 18.0 years. There is a significant difference in age class

between the two spruce stands. According to the standard, PQSP1 is

classified as a middle-aged stand (<60), while PQSP2 is classified as

a mature stand (81–120).

Both PQSP1 and PQSP2 have high Rbar values, indicating

consistency in the cores. The EPS for PQSP1 and PQSP2 was 0.983

and 0.953, respectively, both exceeding the overall representative-

ness threshold of 0.85 for tree-ring data. Overall, both chronologies

met the criteria for reliability (Table 1). The correlation coefficient

between the two chronologies was 0.20, indicating no signifi-

cant correlation.
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3.2 Identified years of extreme climate
events

Between 1961 and 2020, there were a total of three years of

extreme drought, with 1999 being the most severe, followed by

2005, and 2015 being the least severe (Figure 3).

Extreme cold events were concentrated in five years: 1969 (3.5°C

below normal), 1976 (2.4°C below normal), 1978 (1.9°C below

normal), 1984 (1.6°C below normal), and 1986 (1.8°C below

normal). However, since the PQSP1 stability chronology begins in

1970, 1969 was not included in subsequent analyses (Figure 3).

3.3 The response of chronologies to
climate factors

The correlation analysis of the chronologies and climatic factors

revealed differences in how the trees in the two stands responded to
Frontiers in Plant Science 05
climatic factors. For PQSP1, the SPEI3, SPEI9, and SPEI12 during

the late growing season (from July to September) of the current year

significantly promoted tree radial growth. Additionally, the SPEI1

of the current October showed a significant negative correlation

with the tree-ring chronology, whereas the SPEI9 and SPEI12 of

October exhibited significantly positive effects on tree growth

(Figure 4).

For PQSP2, the water conditions prior to the growing season

were the main factors significantly affecting tree growth. The SPEI3

of previous September and previous October, the SPEI6 from

previous September to current January, the SPEI9 from previous

September to current April, and the SPEI12 from previous

September to current July all had significantly positive effects on

tree growth. Moreover, the Tmax of previous September had a

negative effect on tree growth. The SPEI1 of current July was

positively correlated with the chronology, albeit with a relatively

low correlation coefficient (Figure 4).
FIGURE 3

(a) Identified years of extreme cold events. (b) Identified years of extreme drought events.
FIGURE 2

Standard chronologies of the two sampling sites. (a) standard chronologies and sampling depth of PQSP1. (b) standard chronologies and sampling
depth of PQSP2.
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3.4 Differences in the responses to two
types of extreme climate events

We first compared the differences in resistance, recovery, and

resilience of each stand to two types of extreme climate events. The

results showed that for PQSP1, there were significant differences in

growth resilience to both types of extreme climate events.

Specifically, resistance to extreme cold was lower than that to

extreme drought, whereas recovery and resilience to extreme cold

were both higher than those to extreme drought. For PQSP2, both

resistance and resilience to extreme cold were higher than those to
Frontiers in Plant Science 06
extreme drought, while no difference was found in recov-

ery (Figure 5).

We also compared the differences in growth resilience to the

same type of extreme event between different stand ages. For

extreme drought events, the resistance of PQSP1 was higher than

that of PQSP2, whereas the recovery showed the opposite pattern.

No difference was found in growth resilience between the two

stands. For extreme cold events, the resistance of PQSP1 was lower

than that of PQSP2, whereas the recovery showed the opposite

pattern. Similarly, there was no difference in growth resilience

between the two stands (Figure 6).
FIGURE 5

ANOVA results on the resilience of (a) PQSP1 and (b) PQSP2 to different types of extreme climate events. *** indicates a significant correlation at the
0.001 level.
FIGURE 4

Correlation between chronologies and monthly climate at (a) PQSP1 and (b) PQSP2 sites. p represents the month of the previous year; SPEI,
standardized precipitation evapotranspiration index; Pre, monthly precipitation; Tmean, monthly mean temperature; Tmax, monthly maximum
temperature; Tmin, monthly minimum temperature; * indicates a significant correlation at the 0.05 level.
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4 Discussion

4.1 Growth-climate relationships across
two stands

The two stands of different ages respond to climate in com-

pletely different ways. The radial growth of middle-aged stands

exhibited a significant positive correlation with moisture conditions

of growth season. This is primarily because middle-aged trees are in

their most active growth phase, where cambial activity and cell

expansion are highly sensitive to turgor pressure and water avail-

ability (Fritts, 2012; Leng et al., 2025; Zhang et al., 2023).

Furthermore, middle-aged trees often possess shallower root sys-

tems compared to mature trees, making them more vulnerable to

surface soil moisture deficits during the high-evapotranspiration

period of mid-summer ( (Leng et al., 2025; Rubio-Cuadrado et al.,

2024; Zang et al., 2014). This finding is consistent with previous

studies on temperate forests, which reported that younger age

cohorts maintain a higher sensitivity to growing-season precipita-

tion as they lack the deep-water access of their older counterparts

(Liu et al., 2023; Wiles et al., 2025; Zhang et al., 2023).

In contrast, the growth of mature stands is primarily governed

by pre-growing season moisture levels. This highlights the superior

buffering capacity of older trees. Mature trees possess well-devel-

oped root systems that can extract water from deeper soil layers,

effectively bypassing immediate growing-season deficits that affect

younger trees (Gao DX. et al., 2025; Zang et al., 2014). Furthermore,
Frontiers in Plant Science 07
favorable moisture in the previous autumn allows for the accumu-

lation of non-structural carbohydrate (NSC) reserves and optimal

soil water recharge before dormancy (Anderegg et al., 2015; Jing

et al., 2026), which in turn enable trees to enter the rapid growth

period earlier in the following year. The negative correlation with

previous September maximum temperature (Tmax) in mature trees

further supports this: high temperatures at the end of the previous

growth season likely increase maintenance respiration costs, de-

pleting the carbon reserves necessary for initiating xylogenesis the

following spring (Belokopytova et al., 2022; Li et al., 2024).

These Even negative correlation of October SPEI1 in middle-

aged trees was observed, the positive influence of longer-term SPEI

(9 and 12 months) in October indicates that hydrological recharge

over the full year remains beneficial for subsequent growth. These

divergent response patterns reflect different carbon allocation

strategies (Trugman et al., 2018). These results also indicated that

mature trees, with more developed storage tissues, rely heavily on

these previous-year reserves to initiate early-spring xylogenesis, a

process that is often less pronounced in younger trees (Li et al.,

2024; Zhu et al., 2023).

4.2 Growth resilience to extreme cold and
drought events

Our within-stand analysis reveals that middle-aged trees

(PQSP1) are more vulnerable to immediate growth loss during

cold events but possess superior recovery potential compared to
FIGURE 6

ANOVA results on differences in growth resilience to (A) extreme drought events and (B) extreme cold events between the two stands. *** indicates
a significant correlation at the 0.001 level.
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their response to drought. This lower cold resistance likely stems

from the earlier phenological timing (budburst) and higher tissue

water content of younger trees, which exposes nascent organs to

freezing during late spring frosts (Li et al., 2024; Vitasse et al., 2019).

However, their superior recovery from cold reflects a difference in

damage mechanisms. This disparity stems from the distinct damage

mechanisms: extreme drought often causes xylem embolism and

hydraulic failure, requiring several years of new wood formation to

restore water transport (Duan et al., 2022; Rehschuh et al., 2020;

Skelton et al., 2017). Conversely, extreme cold (such as late spring

frost) primarily damages new foliage or buds (Prıńcipe et al., 2017;

Vitasse et al., 2019). Middle-aged trees, characterized by high

physiological vigor and phenological plasticity, can rapidly trigger

a “secondary flush” or mobilize stored carbon to rebuild the canopy,

allowing for a swift recovery within one to two years (Mediavilla

and Escudero, 2009; Rubio-Cuadrado et al., 2025).

For mature stands (PQSP2), the higher resistance and resilience

to cold compared to drought suggest that larger tree size acts as a

thermal buffer (Zhu et al., 2015). Thicker bark and greater biomass

provide insulation against extreme temperature drops, and older

trees may benefit from a later budburst that avoids early-season

frost (Vitasse et al., 2019). Notably, the lack of difference in recovery

between the two stressors in mature trees suggests they are governed

by a fixed biological limit (Esperon-Rodriguez et al., 2025).

Regardless of the stress type, the high maintenance costs of a

massive body and a slower metabolic rate constrain the ability of

mature trees to exhibit the explosive post-disturbance growth surge

seen in younger cohorts.

4.3 Age-related discrepancies and the
resistance-recovery trade-off

Under extreme drought, the significant discrepancies in resis-

tance and recovery between age groups illustrate a clear resistance-

recovery trade-off. The higher resistance in middle-aged stand

compared to mature stand may reflect more efficient stomatal

regulation (isohydric behavior) in younger trees, preventing imme-

diate cavitation (Hartmann et al., 2021). Mature trees, conversely,

showed lower resistance but higher recovery, likely by leveraging

their vast internal storage of water and NSC to re-establish

physiological function once the drought terminated (Bouknine

et al., 2026; Huang et al., 2023). The convergence of resilience

suggests that while developmental stages follow different strategies:

one emphasizing damage avoidance and the other emphasizing

post-stress compensation, both cohorts maintain a comparable

long-term capacity to return to pre-drought growth levels (Wang

et al., 2022).

Under extreme cold, the trade-off is reversed. Middle-aged

stand showed lower resistance due to phenological vulnerability

but higher recovery driven by growth plasticity and meristematic

vigor (Huang et al., 2021; Zhu et al., 2015). Mature trees leveraged

their physical size for higher resistance but were slower to recover.

The identical resilience across ages under cold stress further
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suggests that in this temperate population, the immediate growth

loss and subsequent surges are balanced over time through size-

dependent compensation mechanisms (DeSoto et al., 2020). This

ensures the long-term structural persistence of the forest across all

ontogenetic stages, even as individual trees utilize different survival

strategies based on their age and size (Merlin et al., 2015).
5 Conclusion

This study provides robust evidence that stand age significantly

modulates the climate-response pattern and growth resilience of P.

wilsonii, with middle-aged and mature trees employing divergent

physiological strategies to navigate climatic extremes on the Loess

Plateau. Our findings reveal a fundamental resistance-recovery

trade-off linked to developmental stages: middle-aged stands exhibit

higher sensitivity to growing-season moisture and lower resistance

to cold damage, yet they possess a superior capacity for post-cold

recovery. In contrast, mature trees utilize a conservative stability

strategy to bolster drought recovery and using their larger biomass

as a thermal buffer to maintain higher cold resistance. While both

age classes achieve comparable long-term resilience through these

distinct strategies, their specific vulnerabilities necessitate differen-

tiated management frameworks. Specifically, adaptive forestry

should prioritize drought mitigation and density control for youn-

ger stands to alleviate moisture stress, while focusing on protecting

the structural integrity and microclimatic buffering of mature

forests to secure their function as stable carbon reservoirs in an

increasingly uncertain climate.
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