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Abstract
Under current climate warming, the growth resilience of plantation forests af-
ter extreme droughts has garnered increasing attention. Platycladus orientalis
Linn. is an evergreen tree species commonly used for afforestation, and the sta-
bility of P. orientalis plantation forests in the Loess Hilly region directly affects
the ecological and environmental security of the entire Loess Plateau of China.
However, systematic analyses of the growth resilience of P. orientalis plantation
forests after extreme droughts along precipitation gradients remain scarce. In
this study, we collected tree ring samples of P. orientalis along a precipitation
gradient (255, 400, and 517 mm) from 2021 to 2023 and used dendroecologi-
cal methods to explore the growth resilience of P. orientalis to drought stress
on the Loess Plateau. Our findings revealed that the growth resilience of P.
orientalis increased with increasing precipitation, enabling the trees to recover
to the pre-drought growth levels. In regions with low precipitation (255 mm),
the plantation forests were more sensitive to extreme droughts, struggling to
recover to previous growth levels, necessitating conditional artificial irrigation.
In regions with medium precipitation (400 mm), the growth of P. orientalis was
significantly limited by drought stress and exhibited some recovery ability after
extreme droughts, therefore warranting management through rainwater harvest-
ing and conservation measures. Conversely, in regions with high precipitation
(517 mm), the impacts of extreme droughts on P. orientalis plantation forests
were relatively minor. This study underscored the need for targeted strategies
tailored to different precipitation conditions rather than a“one-size-fits-all”ap-
proach to utilize precipitation resources effectively and maximize the ecological
benefits of plantation forests. The findings will help maintain the stability of
plantation forests and improve their ecosystem service functions in arid and
semi-arid areas.
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Abstract: Under current climate warming, the growth resilience of plantation
forests after extreme droughts has garnered increasing attention. Platycladus
orientalis Linn. is an evergreen tree species commonly used for afforestation,
and the stability of P. orientalis plantation forests in the Loess Hilly region
directly affects the ecological and environmental security of the entire Loess
Plateau of China. However, systematic analyses of the growth resilience of P.
orientalis plantation forests after extreme droughts along precipitation gradi-
ents remain scarce. In this study, we collected tree ring samples of P. orientalis
along a precipitation gradient (255, 400, and 517 mm) from 2021 to 2023 and
used dendroecological methods to explore the growth resilience of P. orientalis
to drought stress on the Loess Plateau. Our findings revealed that the growth
resilience of P. orientalis increased with increasing precipitation, enabling the
trees to recover to pre-drought growth levels. In regions with low precipitation
(255 mm), the plantation forests were more sensitive to extreme droughts, strug-
gling to recover to previous growth levels and necessitating conditional artificial
irrigation. In regions with medium precipitation (400 mm), the growth of P.
orientalis was significantly limited by drought stress and exhibited some recov-
ery ability after extreme droughts, therefore warranting management through
rainwater harvesting and conservation measures. Conversely, in regions with
high precipitation (517 mm), the impacts of extreme droughts on P. orientalis
plantation forests were relatively minor. This study underscored the need for
targeted strategies tailored to different precipitation conditions rather than a
“one-size-fits-all”approach to utilize precipitation resources effectively and maxi-
mize the ecological benefits of plantation forests. The findings will help maintain
the stability of plantation forests and improve their ecosystem service functions
in arid and semi-arid areas.
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1 Introduction
Currently, droughts are increasing in frequency and intensity with global
warming, leading to an expansion of their impacts (IPCC, 2021; Jiang and
Wang, 2021; Li et al., 2023). Extreme weather and climate events, particularly
droughts, are current areas of focus in climate change research (Wang et al.,
2022; Giana et al., 2023; Oggioni et al., 2024), posing new challenges for
adaptation, management, and response to climate change (Dang et al., 2025).

On the Loess Plateau of China, severe soil erosion has negatively impacted
the local ecological environment and human life (Yang et al., 2019; Fu et al.,
2023; Su et al., 2024). Consequently, large-scale vegetation restoration projects
have been implemented by the Chinese government (Zhong et al., 2021; Tian
et al., 2022; Che et al., 2023a). The construction of plantation forests is crucial
for windbreaks, sand fixation, carbon sequestration, and oxygen release on the
Loess Plateau (Zhang et al., 2024). However, extreme droughts have jeopardized
the success of these efforts. Extreme droughts severely limit the survival and
growth of planted (or natural) trees (Jules et al., 2016; Earles et al., 2018;
Wang et al., 2022). Furthermore, cascading disturbances, including forest fires
and insect outbreaks, can lead to forest degradation or the death of individual
trees, thereby affecting the stability of forest ecosystems (Allen et al., 2010; Xiao
et al., 2020; Che et al., 2022).

Dendroecology can help establish long-term climate–growth relationships and
provide a scientific basis for forest ecological management based on research
results (Wang et al., 2021; Che et al., 2023a; Li et al., 2023). Studies have
been conducted to analyze tree growth and drought stress from various aspects,
including management practices, tree species, and stand structures. For exam-
ple, research has shown that artificial irrigation helps alleviate the limitation of
drought on the growth of plantation forests (Che et al., 2024), that different tree
species have different suitable growth habitats (Navarro-Cerrilloa et al., 2020),
and that mixed forests exhibit stronger recovery abilities than pure forests af-
ter extreme droughts (Feng et al., 2022). In China, dendroecological studies of
plantation forests have mainly focused on North-central China, North China,
and Northeast China (Zhong et al., 2021; Li et al., 2023; Su et al., 2024), with
a major focus on the growth resilience of different tree species after extreme
droughts and the vulnerability of individual tree species to extreme droughts
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under different environmental conditions. These research efforts have concluded
that different tree species and the same tree species in different habitats will
exhibit different growth variations. However, relatively few studies have investi-
gated the recovery ability of planted Platycladus orientalis Linn. (a tree species
commonly used for afforestation) after extreme droughts along precipitation
gradients.

P. orientalis belongs to the subphylum Gymnospermae of the family Cupres-
saceae and is an evergreen coniferous tree species that originated in China. It is
among the most widely distributed coniferous tree species in China. Because of
its high tolerance for barrenness and high adaptability, P. orientalis can grow
normally on steep rock walls and slopes and requires minimal water. It has
significant functions in water-soil conservation. Furthermore, it demonstrates
robust adaptability to parent rock materials, allowing for the afforestation of
various bedrocks and parent rock materials. Consequently, it has been intro-
duced to the Loess Plateau region and has become a dominant tree species for
afforestation (Jiang et al., 2015; Che et al., 2023b; Zhang et al., 2024).

P. orientalis plantation forests cover almost all of China, with particular em-
phasis on the Loess Plateau, mainly found in central and southeastern Gansu
Province, central and southern Shaanxi Province, and central and northern
Shanxi Province.

This study used dendroecological methods to systematically analyze the growth
resilience of P. orientalis after extreme droughts across a precipitation gradient
(255, 400, and 517 mm) on the Loess Plateau. Given that tree growth in arid
areas is primarily limited by water availability, we hypothesized that P. orien-
talis in areas with higher precipitation might possess a greater recovery ability
after extreme droughts than that in areas with relatively lower precipitation.
Through this study, we sought to answer the following two questions: (1) does
P. orientalis in regions with higher precipitation have a higher recovery ability
than that in regions with lower precipitation? and (2) how can the findings
on growth resilience be applied to guide the future management of plantation
forests? Our study results will provide a novel perspective on forest ecologi-
cal management with the ultimate goal of enhancing the stability of plantation
forests and improving their ecosystem services.

2.1 Study area
The sampling sites in this study are located on the western Loess Plateau, China
(Fig. 1 [Figure 1: see original paper]). Because of its inland location, where ma-
rine moisture cannot easily reach directly, combined with the blocking effect
of the Qinghai-Xizang Plateau, a typical temperate continental semi-arid cli-
mate has formed on the Loess Plateau (Che et al., 2023a). The landform is
predominantly characterized by gully-ridden loess hills. Six sampling sites were
selected for this study and classified into three precipitation levels:“high”for the
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SCZ and TZS sites with an annual precipitation of 517 mm, “medium”for the
CKZ and QLS sites with an annual precipitation of 400 mm, and“low”for the
DWS and XJS sites with an annual precipitation of 255 mm. Samples from the
low-precipitation regions (with an annual mean temperature of 7.24°C) were ob-
tained in August 2023. Specifically, the DWS and XJS sites are located within
the Education Department forest farm and Xujiashan National Forest Park in
Lanzhou City of Gansu Province, respectively, where artificial irrigation is con-
ducted for P. orientalis. Irrigation is scheduled 4 times a year and 130 mm each
time. However, because of factors such as pipeline damage, irrigation actually
takes place only one or two times a year, and the irrigation amount each time
is typically less than 130 mm. Samples from the medium-precipitation regions
(with an annual mean temperature of 7.14°C) were obtained in July 2021. Sam-
ples from the high-precipitation regions (with an annual mean temperature of
11.28°C) were obtained in July 2021. Notably, the SCZ site represents a natural
forest, and this sampling site was selected mainly for comparative analysis of the
growth resilience of P. orientalis after extreme droughts under the same precip-
itation conditions. Detailed information about each sampling site is presented
in Table 1 .

2.2 Tree ring and meteorological data
Tree core samples of P. orientalis were obtained following international den-
drochronological sampling standards (Sun et al., 2021). The sample sizes for
each sampling site are listed in Table 1. A 5.15-mm-diameter increment borer
was used to obtain the tree cores, and the tree cores were packed in plastic tubes.
Subsequently, the tree core samples were fixed, dried, and polished, and tree
ring widths were measured using a LINTAB 6 system (Rinntech, Heidelberg,
Germany) to indicate tree growth. The cross-dating results were obtained using
the COFECHA procedure (Holmes, 1983), and the regional curve standardiza-
tion method was used for detrending (Che et al., 2023b). Considering that the
method requires a large number of samples with consistent physiological age and
that tree rings need to be measured in the pith, we used the residual chronol-
ogy to analyze climate–growth relationships. The statistical parameters of the
residual chronologies are listed in Table 1.

The monthly mean temperature and monthly precipitation data (1955–
2023) used in this study are from China Meteorological Data Network
(https://data.cma.cn). The selected meteorological stations are closest to the
six sampling sites, namely, Gaolan (closest to the XJS and DWS sites), Dingxi
(closest to the CKZ and QLS sites), and Beidaokou (closest to the SCZ and
TZS sites).

This study assessed the relationships between tree growth and three climate
variables: monthly mean temperature, monthly precipitation, and standardized
precipitation evapotranspiration index (SPEI). Data on the first two climate
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variables were extracted from meteorological stations. Comparative analysis
has shown that the SPEI at the 1-month time scale (SPEI_{01}) has more
significant effects on trees in arid and semi-arid areas (Wang et al., 2020; Che
et al., 2022). Hence, we chose the SPEI_{01} to analyze the relationships
between tree growth and drought stress (Wang et al., 2020). The SPEI_{01}
values were calculated using the meteorological data at meteorological stations
(Vicente-Serrano et al., 2010). However, for the SCZ and TZS sites, no data on
wind speed and sunshine duration were recorded at the meteorological station;
thus, the SPEI_{01} values for these sites were taken from the published time
series of SPEI_{01} data at 0.5°$×$0.5° resolution from the European Climate
Assessment & Dataset provided by the Climatic Research Unit of the University
of East Anglia (https://spei.csic.es/database.html).

2.3 Extreme drought years and growth resilience compo-
nents
This study used the relative growth change method to identify extreme drought
years at the sampling sites (Schweingruber et al., 1990; Wang et al., 2019). This
method first calculates the ratio of the individual growth (R-t) of all trees in a
given year (t) to the average growth (R-n) over the preceding number of years
(n). When the result is below a certain threshold, target individual i is con-
cluded to have experienced an abnormal decrease in growth in that year. If the
number of individuals with abnormal growth reduction exceeds a certain pro-
portion of the total sample, an abnormal growth reduction at the site level is
concluded to have occurred in that year. In this study, the average SPEI_{01}
from March to September in extreme drought years was required to be less than
zero to indicate a drought-induced decline in tree growth (Beguería et al., 2014).
The SPEI_{01} has been found to correspond well with actual water shortages,
which was calculated using the monthly average temperature and monthly pre-
cipitation data according to the method described by Beguería et al. (2014) (Fig.
S1; Zang et al., 2020). This study concentrated on abnormal growth reduction
events caused by extreme droughts, and the occurrence of an abnormal growth
reduction event can be indicated by a threshold of 60.00% of the tree ring width
series displaying a decline of at least 30.00% compared with the previous two
years (Wang et al., 2019; Wang et al., 2022). It is important to note that all
extreme drought years in this study were characterised by the same drought
intensity (–1<SPEI_{01}<0) (Beguería et al., 2014). Therefore, this study
mainly focused on analyzing the growth resilience of P. orientalis to extreme
droughts across a precipitation gradient with the same drought intensity.

This study employed the indices of resistance (Rt), recovery (Rc), and resilience
(Rs) to explore the relationship between tree growth and extreme drought (Lloret
et al., 2011). However, these indices are limited in their ability to compare
post-drought recovery abilities across different sites or stand structures. Given
this limitation, this study employed the theory of the “Line of full resilience”
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introduced by Schwarz et al. (2020) to analyze the recovery ability of plantation
forests after extreme droughts. This method initially postulates that a tree can
fully recover after a defined drought event, that is, Rs=1, thereby establishing
a “Line of full resilience”(Rc=1/Rt). Subsequently, the calculated Rt and Rc
values were used to fit a“Line of actual resilience”(Rc=𝛼Rt𝛽, where 𝛼 and 𝛽 are
the coefficient and the exponent of the power function, respectively) (Wang et
al., 2022). Finally, a more systematic understanding of the relationship between
tree growth and extreme drought can be obtained by comparing the intersection
points of the two curves. For example, if the abscissa of the intersection point
of the two curves is 0.4645, it means that this tree species has a probability of
53.55% to fully recover after extreme droughts. In other words, the closer the
abscissa of the intersection point of the two curves is to zero, the stronger the
ability of the trees is to fully recover after extreme droughts. Conversely, the
closer the abscissa of the intersection point of the two curves is to 1.0000, the
less likely the species is to recover (Schwarz et al., 2020).

2.4 Statistical analyses
In this study, climate–growth relationships were performed using Dendroclima
v.2002 software. Comparisons of growth resilience indices among different sam-
pling sites within the same extreme drought year were calculated using one-way
analysis of variance (ANOVA) performed in the IBM SPSS Statistics v.25.0
software. Graphical presentations of the results were created using SigmaPlot
v.15.0 software and Origin v.2024 software.

3.1 Climate–growth relationships of P. orientalis along a
precipitation gradient
Residual chronology analysis revealed that in the low-precipitation regions, the
chronologies of P. orientalis spanned 1986–2023 at the XJS site and 1981–2023
at the DWS site (Fig. 2a [Figure 2: see original paper]). In the medium-
precipitation regions, the chronologies of P. orientalis at CKZ and QLS sites
spanned 1967–2021 and 1980–2021, respectively (Fig. 2b). Moreover, in the
high-precipitation regions, the chronologies of P. orientalis at SCZ and TZS
sites spanned 1972–2021 and 1955–2021, respectively (Fig. 2c). The residual
chronologies along a precipitation gradient exhibited a consistent growth fluc-
tuation phenomenon, indicating the limiting effect of water conditions on tree
growth.

In the low-precipitation regions, the growth of P. orientalis at the XJS site
with artificial irrigation was significantly positively correlated with temperature
in March, May, and June (P<0.05), whereas no significant correlations were
observed at the DWS site (Fig. 3a [Figure 3: see original paper]). In the
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medium-precipitation regions, the growth of P. orientalis at CKZ and QLS sites
did not exhibit a significant correlation with temperature throughout the year.
In the high-precipitation regions, significant negative correlations between tree
growth and temperature were observed in January at the SCZ site, in February
at SCZ and TZS sites, and in September at the SCZ site.

In the low-precipitation regions, a significant positive correlation between tree
growth and precipitation at XJS and DWS sites appeared in September and
July, respectively (Fig. 3b). In the medium-precipitation regions, a significant
positive correlation between tree growth and precipitation was observed in June
at the CKZ site and in May at the QLS site. In the high-precipitation regions,
a positive correlation between tree growth and precipitation was observed in
September at the SCZ site and in January at SCZ and TZS sites.

In the low-precipitation regions, the growth of P. orientalis at the XJS site with
artificial irrigation showed a significant negative correlation with SPEI_{01} in
March and a positive correlation in September (Fig. 3c). A significant positive
correlation between tree growth and SPEI_{01} was observed in July at the
DWS site. In the medium-precipitation regions, significant positive correlations
between tree growth and SPEI_{01} were observed in June at the CKZ site
and in May at the QLS site. Moreover, in the high-precipitation regions, the
growth of P. orientalis at the SCZ site was significantly negatively correlated
with SPEI_{01} in December of the previous year but significantly positively
correlated with SPEI_{01} in January. No significant correlations between tree
growth and SPEI_{01} were observed at the TZS site.

3.2 Growth resilience of P. orientalis after extreme
droughts along a precipitation gradient
This study identified the following extreme droughts for each sampling site: 2000
and 2011 at the DWS site, 2000, 2011, and 2016 at the CKZ site, 2011 and 2016
at the QLS site, 1986, 2014, and 2017 at the SCZ site, and 1982, 2006, and 2015
at the TZS site. To facilitate comparison, we selected the extreme drought years
2000 (for DWS and CKZ sites), 2011 (for DWS, CKZ, and QLS sites), 2016 (for
CKZ and QLS sites), and 2017 (for the SCZ site). In 2000 and 2011, there
were no significant differences in the Rt of P. orientalis after extreme droughts
at the sampling sites under different precipitation conditions (Fig. 4a [Figure
4: see original paper]). However, in 2016 and 2017, the Rt of P. orientalis was
significantly higher at the SCZ site with high precipitation than at the CKZ site
with medium precipitation (P<0.05).

P. orientalis at CKZ and QLS sites with medium precipitation showed signifi-
cantly higher Rc after the extreme drought in 2011 than that at the DWS site
with low precipitation (P<0.05; Fig. 4b). At the SCZ site with high precipita-
tion, the Rc of P. orientalis after the extreme drought in 2017 was significantly
higher than that at CKZ and QLS sites with medium precipitation.
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When we compared the Rs of P. orientalis after the extreme drought in 2011,
we found that at CKZ and QLS sites with medium precipitation, the Rs of P.
orientalis was significantly higher than that at the DWS site with low precipita-
tion (P<0.05; Fig. 4c). We also found that the Rs of P. orientalis at the SCZ
site with high precipitation was significantly higher than that at the CKZ site
with medium precipitation.

3.3 Recovery ability of P. orientalis along a precipitation
gradient
The results of the full resilience theory analysis showed that in the low-
precipitation regions, there was no distinct intersection point between the two
curves (Fig. 5a [Figure 5: see original paper]), indicating that the impacts
of extreme droughts on tree growth in these regions were irreversible. As
precipitation increased, the abscissa of the intersection point of the two curves
for P. orientalis in the medium-precipitation regions was 0.5223, implying a
possibility of 47.77% for P. orientalis to fully recover after extreme droughts
(Fig. 5b). In the high-precipitation regions, the abscissa of the intersection
point of the two curves was 0.6761, indicating a possibility of 32.39% for P.
orientalis to fully recover after extreme droughts (Fig. 5c).

4.1 Enhanced growth resilience of P. orientalis after ex-
treme droughts under high precipitation condition
The climate–growth relationship analysis showed that the growth of P. orientalis
at the XJS site was positively correlated with temperature in March. During this
period, high temperatures promote early germination of P. orientalis, thereby
extending the growing season (Jiang et al., 2015; Che et al., 2023b; Zhang et
al., 2024). Generally, in semi-arid areas, water availability is a major limitation
for tree growth (Zhang et al., 2016; Fang et al., 2017; Wang et al., 2020). Tree
growth at the XJS site with low precipitation was negatively correlated with
SPEI_{01} in March, mainly because of the artificial irrigation at this site
during this period (Xiao et al., 2019). Tree growth is also limited by drought
stress in September of the current year, although September is the end of the
growing season (with an average monthly precipitation of only 35 mm) for P.
orientalis (Che et al., 2023b). Precipitation during this period will remain in
the soil, thereby replenishing the water required for the growth of trees in spring
of the following year (Yang et al., 2023). However, scarce precipitation does not
meet the normal growth requirements of trees. Therefore, the local government
implemented artificial irrigation of the plantation forests in this area, thereby
alleviating the limitations imposed by scarce precipitation on tree growth (Yang
et al., 2023; Lu et al., 2024; Zhang et al., 2024). In the medium-precipitation
regions, the growth of P. orientalis was limited by drought stress in May at
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the QLS site and in June at the CKZ site. It can be observed that there is
good consistency between the relationships of tree growth with precipitation and
SPEI_{01}. Excessively high temperatures can intensify plant transpiration
and soil evaporation, further exacerbating drought stress (Ding et al., 2021; Su
et al., 2024; Wang et al., 2024). Conversely, in regions with high precipitation,
the relatively abundant precipitation can meet the normal growth requirements
of P. orientalis (Zhang et al., 2024); therefore, P. orientalis in this region was
rarely affected by drought stress during the growing season.

Comparing the growth resilience of P. orientalis along a precipitation gradient,
the planted P. orientalis at the QLS site with medium precipitation showed
significantly higher growth resilience after extreme droughts than that at the
DWS site with low precipitation, indicating that increased precipitation will
enhance the growth resilience of P. orientalis after extreme droughts (Wang
et al., 2022; Che et al., 2023b). This finding also confirms the results of the
climate–growth relationship (Fig. 3). Moreover, the growth resilience of P.
orientalis after extreme droughts in 2016 and 2017 was significantly higher in
the high-precipitation regions than in the medium-precipitation regions for two
reasons. First, in this study, the SCZ site belongs to a natural P. orientalis
forest. Through long-term evolution, the trees have adapted to and coped with
extreme droughts. Therefore, under the same drought intensity, natural forests
will exhibit stronger growth resilience after extreme droughts than plantation
forests (Che et al., 2023a). Second, in the high-precipitation regions, abundant
precipitation can meet the normal growth needs of P. orientalis (Fig. 3). When
extreme droughts occur, precipitation can promptly replenish water. However,
in the medium-precipitation regions, precipitation during the tree growth pe-
riod is insufficient to meet the water needs of trees, leading to a reduction in
the synthesis of organics through photosynthesis. Consequently, the growth re-
silience of P. orientalis in the high-precipitation regions after extreme droughts
was significantly higher than that in the medium-precipitation regions (Wang
et al., 2022).

No extreme drought events were identified at the XJS site with low precipitation.
This conclusion is based on the fact that the tree ring width series did not reach
the threshold of growth decline compared to pre-drought, thereby reducing the
frequency of extreme drought events. Moreover, this sampling site is located
in the Xujiashan National Forest Park, where partial artificial irrigation occurs.
Nevertheless, irrigation requires substantial human and material resources, and
given the challenges of irrigation in semi-arid areas, future efforts should priori-
tize the effective utilization of precipitation to mitigate the impacts of extreme
droughts and enhance the growth resilience of plantation forests after extreme
droughts (Xiao et al., 2019; Yang et al., 2023; Che et al., 2024).
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4.2 Guiding strategies for the management of P. orientalis
plantation forests tailored to specific precipitation condi-
tions
Specifically, at the DWS site with low precipitation, the “line of full resilience”
and “line of actual resilience”did not exhibit a clear intersection point (Fig.
5a), suggesting that the plantation forests in this region may face difficulties in
recovering to their previous levels after extreme droughts. In other words, once
extreme droughts affect the plantation forests with ongoing climate warming, the
growth of P. orientalis may fail to keep pace with climate change, potentially
leading to consecutive growth declines (Wang et al., 2022; Che et al., 2023b).
Consequently, appropriate forest management measures should be implemented
for P. orientalis plantation forests in this region at later stages, such as artificial
irrigation at the XJS site, to maintain the stability of plantation forests in
ecologically fragile areas and prevent degradation due to extreme droughts (Xiao
et al., 2019; Zhang et al., 2024).

In the medium- and high-precipitation regions, the abscissa values of the inter-
section points of the two curves were 0.5223 and 0.6761, respectively, indicating
that the possibility of full recovery of P. orientalis in the two regions was 47.77%
and 32.39%, respectively. In other words, increased precipitation enhances the
recovery ability of trees after extreme droughts (Schwarz et al., 2020; Wang
et al., 2022; Che et al., 2023a). In addition, the possibility of full recovery of
P. orientalis plantation forests in the medium-precipitation regions was slightly
higher than that in the high-precipitation regions, possibly because of the data
volume in this study. There were more extreme drought events associated with
the medium-precipitation regions, leading to a more concentrated fit of the re-
sults. Figure 4 confirms that as precipitation increased, the growth resilience of
P. orientalis was gradually enhanced, enabling the trees to recover. These find-
ings also validate the hypothesis of this study that P. orientalis in regions with
higher precipitation will exhibit greater recovery ability after extreme droughts
than that in regions with less precipitation.

The mean sensitivity values of residual chronologies were relatively low at the ar-
tificially irrigated site of XJS in the low-precipitation regions compared to those
in the medium-precipitation regions, indicating a high correlation between tree
growth and environmental changes. This also suggests that plantation forests
under irrigated conditions exhibit less sensitivity to environmental changes and
greater stability (Che et al., 2023a; Du et al., 2024). Therefore, for plantation
forests in the medium-precipitation regions without artificial irrigation, mea-
sures to alleviate water scarcity can be implemented by altering land prepara-
tion, such as adopting rainwater harvesting and conservation practices through
horizontal platforms and planting holes (Che et al., 2024; Su et al., 2024). Nat-
ural precipitation can meet the normal growth requirements of trees in the
high-precipitation regions. Consequently, regular pruning and thinning can be
employed post-management to prevent interspecific competition arising from
excessive planting density (Loreau et al., 2001; Forrester, 2014; Li et al., 2021).
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In summary, different management strategies tailored to specific precipitation
conditions and site characteristics should be adopted for P. orientalis planta-
tion forests rather than implementing a“one-size-fits-all”approach to maintain
the stability and sustainable development of plantation forests to the greatest
possible extent.

5 Conclusions
In the context of climate warming, analyzing the growth resilience of plantation
forests after extreme droughts along a precipitation gradient holds significant
importance for regional forest ecological management. This study found that
on the western Loess Plateau, precipitation played a key role in the growth
resilience of plantation forests after extreme droughts. As precipitation in-
creased, the growth resilience of planted P. orientalis after extreme droughts
gradually enhanced, enabling it to recover to its pre-drought growth level. In
the low-precipitation regions, the plantation forests had difficulty recovering to
their pre-drought growth level, suggesting that conditional artificial irrigation
can be applied to plantation forests in this area if possible. In the medium-
precipitation regions, the growth of P. orientalis was significantly limited by
drought stress; however, it possessed a certain degree of recovery ability after
extreme droughts. In the high-precipitation regions, natural precipitation was
sufficient for the growth of P. orientalis, and the impacts of extreme droughts
on plantation forests were relatively weak. Our results provide valuable insights
into plantation forest management on the western Loess Plateau and other sim-
ilar vegetation restoration areas globally, emphasizing the need for targeted
strategies tailored to local conditions under different precipitation conditions.
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Appendix
Fig. S1 Temporal variation in SPEI_{01} and P-PET using meteorological
data at Gaolan station (a) and Dingxi station (b). SPEI_{01}, standardized
precipitation evapotranspiration index at the 1-month time scale. P-PET is the
actual water shortage, defined as precipitation minus potential evapotranspira-
tion.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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