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ABSTRACT

Large-scale plantations were established under the Grain for Green project to improve the ecological environ-
ment of the Loess Plateau (LP) of China. However, there are increasing concerns regarding the sustainability of
plantation ecosystems under climate change. In this study, we developed tree-ring width chronologies of Pinus
tabulaeformis at seven sites along a precipitation gradient from south to north in the LP. Correlation analysis was
performed to investigate the climate (temperature, precipitation, self-calibrating Palmer Drought Severity
Index)-growth relationship. Moreover, the tree resilience components were computed to study the adaptability of
trees to extreme drought during the growth periods. The results showed that the differences in radial growth to
climate change along the precipitation gradient and the cluster analysis of the tree ring width index (RWI)-scPDSI
correlation coefficient illustrated that the climate-growth response pattern along the LP was divided into
southern and northern regions. Tree growth in the southern region is limited by humid environment conditions,
while tree growth in the early and middle growing seasons of the northern region is limited by warming-induced
drought. As the temperature rising over the past fifty years, the growth was found to be negatively correlated
with temperature, especially in the spring and autumn seasons of the northern region. In contrast, the effect of
precipitation on tree growth became more negative in the southern region, but more positive in the middle and
late growing seasons of the northern region. Moreover, tree resilience analysis showed that the high resistance of
Pinus tabulaeformis in the southern region, whereas high recovery in the northern region. It was difficult for the
growth of Pinus tabulaeformis to recover from drought in the southern region, but stronger adaptability to
extreme drought events in the northern region. Our study illustrated that there are different climate response
patterns and limiting factors of Pinus tabulaeformis along the precipitation gradient in the LP; thus, different
ecological restoration and regional forestry management strategies should be initiated in the LP.

1. Introduction

and distribution globally (Engelbrecht 2012; Walck et al., 2011).
Intergovernmental Panel on Climate Change (IPCC) reports illustrate

Forest ecosystems cover approximately 30% of the total land surface
of the world, accounting for 75% of terrestrial gross primary production
and 80% of total plant biomass on Earth (FAO, 2020). They play a
particularly significant role in soil erosion, runoff regulation, and
perform many ecological services to mitigate climate change worldwide
(King et al., 2013; Pan et al., 2013). However, climate change and its
impacts on forest ecosystems are a major force in the twenty-first cen-
tury (IPCC 2013; Jiao et al., 2016). In particular, precipitation and
temperature-induced drought is a crucial factor affecting plant growth

that the past two decades have included 18 of the 20 warmest years since
record-keeping began in 1850. It also predicted that the global tem-
perature will rise by 1.5 °C from the pre-industrial level between 2030
and 2052 if the climate warming continues at the current rate (IPCC,
2018). Widespread decline in tree growth triggered by warming-induced
drought has been consistently reported due to the sensitivity of plants to
climate change (Gentilesca et al., 2017; Gessner et al., 2013; Wang et al.,
2019). Therefore, the succession process of forest ecosystems is likely to
change under the temperature rises (Bolte et al., 2009; Piao et al., 2010),
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the relationship between tree growth and climate change should be
studied in ecological vulnerability areas.

The Loess Plateau (LP; 6.4 x 10°km?)isa fragile ecological area that
situated in the arid and semi-arid zone of northwest China with serious
soil erosion (Zhang et al., 2008). The Grain for Green project imple-
mented in 1999 significantly reduced soil erosion, increased vegetation
cover (from 31.6% in 1999 to 59.6% in 2013), and played a significant
role in improving ecosystem carbon sinks and environment conditions
(Chen et al., 2015; Fan et al., 2012; Lu et al., 2018). However, the
extreme temperature events have become more severe in the LP (Zhi
et al., 2010). Rainfall is unevenly distributed throughout the year and is
far exceeded by evaporation in the LP. Combined with the increasing
transpiration of soil water by planted vegetation, the surface soil of the
LP became arid because of the imbalance between soil water availability
and water utilization (Chen et al., 2015). Furthermore, the annual
temperature showed a significant increasing trend of 0.097 °C/10 years
between 1901 and 2014, and it was predicted to increase to 0.558 °C/10
years between 2015 and 2100 (Peng et al., 2018). Therefore, plantations
are increasingly strongly affected by temperature rising in the LP, it is
necessary to study the climate-growth relationship of plantation in the
LP under warming.

Satellite data have always been used to study vegetation growth and
climate response in the LP under climate change at large scale, but they
lack data on tree growth measurements (Bai et al., 2019; Qiu et al.,
2021; Yang et al., 2021; Zhang et al., 2021). Tree rings can be observed
to study the impact of environmental factors on vegetation as they
provide a climate-sensitive record of the relationship between tree
growth and climate conditions (Fritts 1976; Fritts and Swetnam 1989;
Kienast et al., 1987). Therefore, the tree ring method is widely used to
study how climate-growth relationships change across species distribu-
tion ranges (Dorado-Linan et al., 2019; Gazol et al., 2015; Jiang et al.,
2014; Liang et al., 2016; Xu et al., 2012b). In addition, a narrow ring
width can be observed when a tree suffered from drought and recovered
thereafter, which is referred to as resilience. Resilience is broadly
defined as the capacity of an ecosystem, community, or individual to
recover after a disturbance and regain its pre-disturbance structure and
function (Folke et al., 2004). Tree resilience has been applied in a large
number of studies to analyze and quantify the generic and specific re-
sponses of species to extreme events such as drought (Merlin et al., 2014;
Vanhellemont et al., 2018). Studies have shown that frequent drought
events can reduce the resilience of trees (Cole et al., 2014; Gazol et al.,
2017). Gazol et al. (2018) have illustrated that temperate trees have a
low ability to recover from drought events under warming.

Some scholars have studied the dendrochronology in the LP. How-
ever, most of them are focus on historical drought indices and temper-
ature reconstructions (Fang et al., 2010; Fang et al., 2011; Liet al., 2010;
Liuetal., 2012; Song and Liu 2011; Song et al., 2014). Only a few studies
have recently focused on the climate-growth relationship of plantations
in the LP. For example, a new study proved the different climate-growth
relationship of Robinia pseudoacacia Linn. in the southern semi-humid
and northern semi-arid regions of the Chinese LP under warming
(Keyimu et al., 2021). However, the study of forest vulnerability to
climate change, particularly drought events, is complicated by macro-
climatic, structural, and compositional differences of forest sites at
continental scales (Vicente-Serrano et al., 2014). Studies in Mediterra-
nean showed that the climate-growth relationship of Juniperus thurifera
L. was different in dry and wet stands (Desoto et al., 2014). Over the last
five decades of warming, divergent tree growth trends and the con-
trasting effects of climate change on tree growth have been detected
throughout the species’ range in the Tibetan Plateau (Gao et al., 2018;
Guo et al., 2019; Song et al., 2020). Climate change has rendered forest
development highly uncertain as it depends on species and environ-
mental heterogeneity (He et al., 2013). Therefore, a comprehensive
understanding of the radial growth responses of different planted tree
species to local climate conditions in different regions of the LP is needed
to provide information for afforestation management.
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Pinus tabulaeformis is one of the main afforestation species in the LP
that plays an important role in soil erosion and alleviation of climate
change. However, the growth of plantations was stressed by drought in
the semi-arid region due to the increasing temperature. To improve the
management of plantations, promote ecological reconstruction, and set
references for optimizing afforestation practices, we selected seven
sample sites of Pinus tabulaeformis plantations from south to north along
the precipitation gradient in the LP to study the climate-growth rela-
tionship and drought response using the tree-ring method. Our study
aimed to clarify the climate response patterns and warming impacts on
Pinus tabulaeformis plantations as well as their spatiotemporal resilience
patterns to extreme drought events in the LP.

2. Material and methods
2.1. Study areas

Seven sampling sites, including Xunyi (XY), Huangling (HL), Fuxian
(FX), Yichuan (YC), Mizhi (MZ), Zhidan (ZD), and Shenmu (SM)
counties, along the precipitation gradient from south to north in the LP
of northwest China were selected (Table 1). According to previous
studies on precipitation isolines for different climatic regions in the LP,
XY, HL, FX, and YC are located in the semi-humid region of the LP (500
mm < precipitation < 800 mm), with a mean annual temperature of
8.43 °C and mean annual precipitation of 556 mm (Chen et al., 2008;
Wang et al., 2011), and ZD, MZ, and SM are in the semi-arid region of the
LP (250 mm < precipitation < 500 mm), with a mean temperature of
8.32 °C and annual precipitation of 437 mm. All climate data were
averaged over the past 50 years in the semi-humid and semi-arid regions
(1968-2018) (Fig. 1).

2.2. Meteorological data

Temperature and precipitation are the main factors linked to water
balance. The self-calibrating Palmer Drought Severity Index (scPDSI) is
an improved index that represents soil moisture conditions with
consideration of atmospheric input and soil evaporation, which can
reflect the degree of drought (Wells et al., 2004). Thus, temperature,
precipitation, and scPDSI were used to analyze the relationship between
tree radial growth and climate. All temperature and precipitation data at
each site were derived from a high spatial resolution monthly dataset
over China (Peng et al., 2019). The gridded scPDSI dataset nearest to the
seven sampling sites was downloaded from the KNMI Explorer
(http://climexp.knmi.nl).

2.3. Tree-ring core sampling and chronology development

All tree-ring cores were extracted from the pure Pinus tabulaeformis
plantations in the seven counties in the summer of 2019. At each sam-
pling site, we selected 30 healthy trees and took one core at breast height
(1.3 m) to build the chronology. All tree cores were air-dried and
mounted on supports, and sanded with 240-, 400-, and 600-gritted
sandpaper until the tree rings could be clearly identified. Tree-ring
width was measured using a LINTAB 6 (Rinntech Inc., Germany) mea-
surement station with a resolution of 0.001 mm, while TASP software
4.6x (Rinntech Inc., Germany) was used for cross-dating the tree-ring
chronology. The biological growth trend in the raw tree-ring width
measurements was detrended first by a negative exponential curve and
then by linear regression using the ARSTAN program (chronologies of
sites) and dprl package of R (regional chronology). Standard chronology
(STD) was used for relationship analysis (Tables S1, S2, and Fig. 2).

2.4. Data analysis

The mean monthly temperature (T), precipitation (P), and scPDSI
were used for the climate-growth relationship analysis. The correlation
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Table 1
Information of sampling sites.
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Sample site Xy

HL YC FX zD MZ SM

Latitude(°N) 35.33 35.78 35.98 36.08 36.60 37.86 38.80
Longitude(°E) 108.80 108.99 110.96 109.63 108.88 110.19 110.63
Altitude(m) 1486 1265 1159 1157 1463 1096 1220
Slop (°) NE48 NE45 NE33 N48 NW46 N20 NE34
Mean height (m) 20.56 20.40 21.72 19.38 21.88 5.74 17.13
Mean DBH (cm) 23.83 23.60 18.37 23.31 18.29 10.66 9.20
Time period 1975-2018 1968-2018 1966-2018 1968-2018 1975-2018 1984-2018 1983-2018
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Fig. 1. Location of sampling sites in the Loess plateau along a precipitation gradient and the mean annual/monthly temperature and precipitation from
sites in semi-humid and semi-arid regions, respectively (a) Mean annual temperature and annual precipitation; (b) mean monthly precipitation and mean
monthly temperature averaged from 1967 to 2018 using Origin 2017.
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Fig. 2. Standard ring-width chronologies of Pinus tabulaeformis in the southern and northern regions of the Loess plateau, northwest China The black line
represents the regional chronologies of southern and northern regions. The dotted line represents the number of cores per year used for chronology built.

analysis between climate factors and the tree ring width index (RWI)
was performed from April of previous year to October of current year
during 1968-2018 by DENDROCLIM2002 (Biondi and Waikul, 2004).
Meanwhile, the spatial pattern of drought response was analyzed by
cluster analysis using the RWI-scPDSI correlation coefficient to deter-
mine the different drought response patterns among the sampling sites.
In addition, the mutation points of temperature and precipitation over
the LP were identified by the Mann-Kendall test using MATLAB 2016
(Math Works Inc., Natick, MA, USA). Then, Pearson correlation were
performed to analyze the change in the climate-growth relationship
before and after the mutation points. Moving correlation were further
performed to observe the relationship change over the past fifty years.

High tree resilience is composed of low resistance and high recovery
(Lloret et al., 2011). Therefore, tree resistance (Rt) and recovery (Rc),
were calculated for all individual trees at each site using the following
formulas (Fang and Zhang 2019).

Rt = Dr/Pre Dr (€D)

Rc = Post Dr/Dr (2)

Dr represents the RWI in the year of drought; Pre and Post Dr indicate
the mean RWIs during the four years before and after the drought,
respectively.

The first-order differences of scPDSI (mean value averaged from
April to September of current year) were calculated from 1967 to 2018,
and the values that are 1.5 times the standard deviation below the mean
value were considered as extreme drought years. The Rt and Rc of each
tree core in the drought years were calculated. Furthermore, we
considered that a tree with an Rt > 1 (the ratio of drought year RWI and
that of four years before) can resist the disturbance, while a tree with an
Rc > 1 (the ratio of four years after drought RWI and that of drought
year) can recover from the event. Meanwhile, the proportion of Rt > 1
and Rc > 1 of individual trees at each site was computed. All significant
differences were determined using nonparametric tests.

3. Results
3.1. Relationships between tree-ring width chronology and climate factors

Site-by-site correlations between RWI and T or P showed different

patterns (Fig. S1). In general, significant negative correlations with
temperature were sporadically observed in the HL, YC, and ZD sites,
while positive relationships with precipitation were detected in the ZD,
MZ, and SM sites.

The relationships with scPDSI presented a clear spatial pattern. The
seven sampling sites were statistically clustered into the southern (XY,
HL, and FX) and northern (YC, ZD, MZ, and SM) regions according to the
strength of the correlation coefficients between RWI and scPDSI (Fig. 3).
In the southern region, RWI was negatively correlated with scPDSI,
especially in April and May of the current and previous year in FX. In
contrast, tree growth was significantly positive with scPDSI in the
northern region (except from March to June of the current year in the
MZ and April to July of the previous year in YC). Hence, in the following
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Fig. 3. Correlations between RWI and scPDSI in seven sites “*” represents
the level of significance at P < 0.05 level, p: previous year, C: current year. 19
months (P4-C10) were used for analysis. The cluster analysis of correlation
coefficients between PDSI and RWI was carried. The “red” and “blue” arrows
indicate that drought response is divided into two different patterns. The p4-p5
(the early growing season of the previous year), p6-p7 (the middle growing
season of the previous year), p8-p10 (the late growing season of the previous
year), pl11-C3 (non-growing season), C4-C5 (the early growing season of the
current year), C6-C7 (the middle growing season of the current year), C8-C10
(the late growing season of the current year). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)
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analysis, we mainly focused on the characteristics of the combined
southern and northern regions, ignoring the specific values for each
sampling site.

3.2. The climate-growth relationship over the past fifty years in the LP

According to the Mann-Kendall test, two statistics intersect above the
significance level of 0.05 in 1989, and it was identified that 1989 was the
year where a mutation point of temperature occurred (Fig. S2). How-
ever, no significant mutation points for precipitation were observed over
the past fifty years. After temperature mutation, the correlation co-
efficients between temperature and RWI decreased in both southern and
northern regions. However, these changes were not significant (Fig. 4).
Moving correlation analysis showed that the relationship between tree
growth and temperature in autumn and winter changed from positive to
negative in the southern region over the past fifty years (Fig. 5). More-
over, more negative correlations with precipitation were observed
(October of the previous year; January and June of the current year)
(Fig. 4), indicating that precipitation had a stress effect on tree growth
after the mutation. In the northern region, tree growth was negatively
correlated with temperature in spring and autumn, but positively
correlated with precipitation in summer and autumn as warming over
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C8 p7 C8
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C6 =

southern region
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past fifty years (Fig. 5). This shows that the growth of trees in the
northern region was promoted by precipitation but was stressed by
temperature after warming.

3.3. The spatial resilience of Pinus tabulaeformis on the LP

According to the scPDSI, extreme drought events were identified in
1986, 1998, 2004, and 2014 (Fig. S3). Tree resilience showed a signif-
icantly different pattern between the southern and northern regions
(Fig. 6). Rt in the northern region was significantly lower than that in the
southern region in each drought year, and was more sensitive to the
drought effect; there was more serious growth decline when drought
occurred in the northern region. However, the mean value of Rc and the
proportion of Re > 1 in the northern region was significantly higher than
those in the southern region (except in 1998 and 2004), indicating that
the recovery of trees in the northern region was strong than that in
southern region after drought.

In addition, according to the proportion variation analysis of Rt > 1
and Rc > 1 in the temporal dimension of the southern and northern
regions, we found that the proportion variation trend of Rt > 1 and Rc >
1 of Pinus tabulaeformis in the southern and northern regions are
completely opposite, and converse variation trend of Rt > 1 and Rc > 1

Fig. 4. Response patterns before and after
temperature mutation in the northern and
southern regions of the Loess plateau, north-
west China The red/green line represent the
correlation between RWI and temperature/pre-
cipitation after the mutation, while the black line
represents the correlation between RWI and
temperature/precipitation before the mutation;
“*” represents significance at the P < 0.05. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

c2 C1
northern region
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Fig. 6. Boxplots of resistance (Rt) and recovery (Rc) for individual trees in different drought events in the northern and southern regions of the Loess
plateau, northwest China S: southern region; N: northern region; Dotted line represents Rt or Rc = 1; The boxes indicate 25th and 75th quartiles; the diamond in the
middle of the box indicates the medium values; “**” represents the level of significance of P < 0.01.

also appeared within southern or northern region (Fig. 7). The propor-
tion of trees with Rt > 1 in the southern region significantly decreased
first and then increased (58.33%, 52.33%, 41.86%, 50.63%), but the
proportion of Rc > 1 significantly increased first and then decreased
(27.06%, 29.07%, 36.05%, and 20.83%) in the four extreme drought
years. In the northern region, the proportion of trees with Rt > 1 first
increased and then decreased (20.51%, 31.58%, 35.96%, and 29.36%),
and those with Rc > 1 decreased first and then increased to the
maximum (56.25%, 46.49%, 37.72%, and 52.88%), and a larger pro-
portion of trees had Rc > 1 than Rt > 1 in each drought year in the
northern region.

4. Discussion
4.1. Relationship between radial growth and climate factors

The climate-growth relationship in this study showed that trees in
the semi-humid region of the LP were negatively correlated with tem-
perature throughout the year. This is because the mean annual tem-
perature in the semi-humid region (i.e. YC and HL sites) was higher than
that in the semi-arid region (MZ, SM, and ZD sites) (Fig. 1). Therefore,
increased soil evaporation and vegetation respiration, which deplete soil
moisture, result in drought stress which possibly can lead to root growth
inhibition and reduced water and nutrient uptake, and cambial activity
(Xu et al., 2012a), thus, reducing the radial tree growth. However, tree
radial growth tended to be positively correlation with precipitation in
semi-arid region. Semi-arid regions have less precipitation and high
temperatures in summer (Fig. 1), thus water deficiency and increased

evapotranspiration rate due to high temperatures in spring and summer
reduce the storage level of carbohydrates and the growth of ring width
(Delpierre et al., 2009), which can affect growth in the subsequent year
(Gruber et al., 2012). In contrast, precipitation in the spring in the semi-
arid region not only reduced the evaporation rate by adding to the cloud
cover, but also provided available water for growth, which is conducive
to cambium cell division and early wood formation during the growth
season in arid regions (Liu et al., 2004). Meanwhile, high summer hu-
midity reduces evaporative water losses in plants, thus indirectly
contributing to carbohydrate storage and compensating for the loss of
available water due to high temperatures in summer (Keyimu et al.
2021). Our results are consistent with those of Robinia pseudoacacia Linn.
in the LP, which showed that the trees in semi-humid and semi-arid
regions are strongly affected by thermal factors and hydroclimatic fac-
tors, respectively (Keyimu et al. 2021).

In addition, the cluster analysis of the correlation coefficient between
scPDSI and RWI illustrates that the drought response of the seven sites
can be divided into two patterns. A negative correlation was observed
between growth and scPDSI in the southern region, whereas a positive
correlation was observed in the northern region of the LP. All sample
sites in the southern region are located in semi-humid region of the LP,
where humid environment conditions had adverse effects on the growth
of Pinus tabulaeformis (Fig. 3). This is consistent with a Mediterranean
study, where a negative correlation appeared in the wettest stands of
J. thurifera because of the effect of cloud cover or over-wetting on carbon
storage depletion for growth (Desoto et al. 2014). First, the humid
environment in the southern region of the LP can cause the tree root
system to be anoxic and restrain its respiration due to the presence of
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supersaturated water (Kramer et al., 2008). As precipitation reduces the
temperature, the time and duration of cambium activity would be
delayed and shortened because resuming the activities of the cambium
are determined by temperature to a great extent (Griar et al., 2006).
Rossi et al. (2016) illustrated that the temperature from April to May in
spring was a crucial climatic factor in inducing xylem growth of several
coniferous trees in the northern hemisphere. Research on temperate tree
species demonstrated that extremely low temperatures in late spring
slow down the growth rate of most tree species (Vanoni et al., 2016). In
the northern region, drought was the main factor affecting tree growth,
especially during the early and middle growth seasons. Although some
studies have shown that the initiation of cambium is mainly influenced
by temperature (Oribe and Kubo 1997), drought inhibits cell division,
thereby affecting the growth of trees and even delaying the growing
season (Eilmann et al., 2011). In addition, soil moisture deficiency in
spring and summer results in a decrease in available water and an earlier
end time in cell division (Gruber et al., 2009; Pasho et al., 2012).
Drought limits the development of twigs and buds in the early growth
season of the previous year, causing a decrease in leaf area and auxin
required for cambium cell division in the current year because auxin
mainly comes from buds or twigs (Hansen and Beck 1994; Kagawa et al.,
2006). On the other hand, water deficiency can restrict cell expansion
due to the loss of cell turgor, preventing cell metabolism and inhibiting
tree growth (Rossi et al., 2006), thus limited the growth of trees in the
northern region in the LP.

4.2. The relationship between radial growth and climate factors as
temperature rising

Climate change has become an important driving force affecting the
ecological and physiological processes of forest ecosystems in northwest
China (Li et al., 2015). Some studies confirmed that tree growth changed
the response to climate in recent decades, and the significance shifted
over time (Briffa et al., 1998; Solberg et al., 2002). According to our
study, the stress effect of precipitation on tree growth increased in the
southern region of the LP. On the basis of the results of the drought
response pattern, the humid environment conditions had a stress effect
on trees in the southern region (Fig. 3). More precipitation increased soil
moisture; however, root activity is restrained under the condition of
supersaturated water, thus limiting the formation of wide rings and
inhibiting growth (Kramer et al. 2008). Meanwhile, precipitation caused
the lowering of temperature at the end of growing season (October of
previous year), resulting in an adverse impact on the formation of
latewood (Liu et al., 2016; Ping et al., 2015). Winter precipitation
(January of current year) can cause freezing injury to plant tissue and
subsequently affect its growth. In the northern region, the negative
correlation between growth and temperature in spring and autumn was
significantly increased, but the positive correlation with precipitation in
summer and autumn was enhanced. Spring and autumn are the begin-
ning and end of the growing season, and an increase in temperature
leads to the evaporation of soil water in the arid northern region,
resulting in the delayed resumption of cambium activity and advancing
the end time, thus leading to the short growing season (Eilmann et al.
2011). Meanwhile, warming is predicted to enhance aridity,
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exacerbating soil moisture deficit with the increase in vapor pressure
deficit and causing a decline in growth (Giorgi and Lionello 2008; IPCC
2013), especially in the semi-arid region; thus, the correlation shifts to a
stress effect on growth. The increased positive correlation with precip-
itation was because of more frequent water deficiency in summer and
autumn, which was caused by the temperature rise, rendered tree
growth more dependent on precipitation supplementation (Maaten-
Theunissen et al., 2012). Water availability determined tree growth;
thus, growth in the northern region has a stronger dependence on pre-
cipitation, and the correlation has changed.

In recent years, studies have shown that the extension of the growth
season has promoted the growth of vegetation in the northern hemi-
sphere under climate warming (Piao et al., 2007; White et al., 1999).
However, the growth of vegetation on the LP is limited by drought due to
rising temperature (Zhi et al., 2010). Drought was not alleviated after
warming, and the main limiting factors did not change. Some studies
have shown that drought stress caused by warming in the 20th century
affected the growth of Pinaceae, considering that drought is an impor-
tant factor stressing carbon absorption in the forests of northern America
(Barber et al., 2000). In China, the basal area increment (BAI) of Pinus
koraiensis decreased significantly with increasing temperature during
the growing season(Wang et al. 2019). The growth of Pinus massoniana
in the south and Pinus tabulaeformis in central China were negatively
correlated with temperature (Duan et al., 2013; Liu et al., 2017). In our
study, Pinus tabulaeformis growth on the LP was also limited by warming
drought, indicating that the conifer species may show growth decline
under climate warming.

In addition, climate records showed a significant increase in tem-
perature and a slight decrease in precipitation across the LP of China,
leading to a trend toward warmer and drier climates (Wen et al., 2018).
Although precipitation is very important, soil moisture and plant tran-
spiration increase because of rapid temperature rise (Adams et al.,
2009). On the one hand, warming drought occurs when the temperature
reaches a certain threshold, aggravating moisture deficiency, especially
in the arid northern region. On the other hand, the rapid temperature
rise masked the effect of precipitation, and rainfall was not equal to the
growth rate of trees (Jiao et al. 2016). Warming drought caused by the
inequality of precipitation and warming has been becoming the main
stress factor in the LP under climate change, especially in the northern
Pinus tabulaeformis, as the main coniferous tree species for afforestation
in the LP, may decline in growth.

4.3. Resilience spatial pattern and change in Pinus tabulaeformis in the LP

In recent years, dieback and forest mortality have been attributed to
warming-induced drought (Allen et al., 2010; Mantgem et al., 2009).
Moreover, drought intensity is usually considered the main driver
causing a reduction in growth. Trees can adapt to the environment. They
are not sensitive to long drought conditions but they respond to sudden
extreme drought (Anderegg et al., 2015). Therefore, using the research
on the proportion of Rt > 1 and Rc > 1 of individual trees during the
extreme drought years, we found that the trees resistance of the northern
region to drought was lower than that of the southern region. A study
confirmed that communities have experienced a long history of low
precipitation in an arid ecosystem, consequently leading to low drought
resistance (O’Brien et al., 2017). In addition, trees face growth decline
when drought stress exceeds a certain threshold, as severe drought-
depleted individual reserves result in canopy defoliation and growth
ring reduction (Mori et al., 2013). Trees in the northern region with low
precipitation and aggravated drought stress may show substantially
inhibited growth, limiting its resistance (Zhang and Quan, 2019).
However, the number of Rc > 1 in the northern region was significantly
higher than that in the southern region, indicating that the northern
Pinus tabulaeformis has a strong recovery after drought. Trees growing in
arid areas originally have strong drought adaptability and established
mechanisms to accelerate the recovery of growth when drought ends
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(McNulty et al., 2014). This difference in resilience between the south-
ern and northern regions is consistent with a study in the northern
hemisphere that stated that conifers in arid regions have stronger re-
covery, and resilience of regional forests in drought events is a trade-off
between Rt and Rc. Some trees have stronger Rt, while others have
higher Rc to recover from drought (Li et al., 2020). Moreover, different
mechanisms exist within widely distributed tree species such as conifers
to deal with water deficit (Brodribb et al., 2012).

Indeed, post-drought recovery is often inversely correlated with
drought resistance (Hoover et al, 2016). Strong resilience was
confirmed to be composed of low Rt and high Rec (Lloret et al. 2011).
Therefore, we found that the change in resilience in the southern and
northern regions was completely divergent according to the combina-
tion of the changes in Rt and Rc in the four drought events (Fig. S4). The
change in resilience in the southern region first increased to its
maximum in 2004 and then decreased. In the northern region, the
proportion of trees with Rc > 1 was greater than Rt > 1 in each drought
event; thus, the change in resilience showed a process of first decreasing
to the minimum value in 2004 and then increasing to the maximum
value through drought events. The opposite change in resilience be-
tween the northern and southern regions indicated different responses to
drought events, showing that the growth of trees in the wetter south is
more likely to be inhibited by extremely drought events under warming
because southern Pinus tabulaeformis lacks mechanisms to recover from
dry environments (McNulty et al. 2014). Meanwhile, the spatial het-
erogeneity of forest landscape and environmental factors, such as
diurnal temperature range, tree age, growth consistency, and health,
also leads to divergent resilience among forests (Fang and Zhang 2019).
Previous studies have shown that resilience varies according to climatic
and geographical conditions (Anderegg and Hillerislambers 2016; Clark
et al., 2016). Research on pine trees along the precipitation gradient in
the Eastern Mediterranean showed higher resilience to drought through
eco-physiological adjustments in sustaining trees under dry conditions
than in humid conditions (Helman et al., 2017). Gazol (2017) proved
that Rt increases and Rc decreases as humidity increases, and that both
are partly dependent on the storage of trees, which will have a trade-off
between drought resistance and recovery. In addition, our results also
confirmed that variability of resilience in forest under climate change. A
study in Minnesota indicated that the resilience of regional trees was not
a static spatial pattern with an increase in temperature and drought
events (Gazol et al. 2018; Lucash et al., 2017). The growth of trees on the
LP may decrease under frequent warm-induced drought events, espe-
cially in the southern region.

5. Conclusion

Warming-induced drought has become the main limiting factor
affecting tree growth in the LP of China. We studied the radial growth of
Pinus tabulaeformis plantations at seven sites along the precipitation
gradient in the LP. The results demonstrated that the drought response
of trees was divided into the southern and northern regions, and the
effects of warming and extreme drought events in the two regions are
different. Humid environment conditions had adverse effects on tree
growth in the southern region, whereas drought in the early and middle
growing seasons (spring and summer) was the main limiting factor for
the growth of Pinus tabulaeformis in the northern region. In addition,
precipitation has a stress effect on tree growth in the southern region
after warming, while the northern region was more dependent on pre-
cipitation. However, the temperature-growth relationship in both re-
gions weakened or became negative as the temperature rising over the
fifty years. Therefore, the growth inhibition of Pinus tabulaeformis
plantation in the northern region of the LP may be intensified under
continuous warming. Resilience analysis revealed the tendency of
resilience in the southern and northern regions was divergent because of
the trade-off between trees in drought to adapt to various environments.
The trees in the northern region have strong adaptability to frequent
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drought, while trees in the southern region are vulnerable and cannot
recover from frequent droughts under warming. Based on our study,
there are different climate-growth patterns and resilience in the LP, thus
future different forest management strategies should be formulated to
inhibit productivity reduction and tree mortality. Furthermore,
although our study clarified the different climate-growth patterns in the
LP, a clear division of southern-northern region not be defined. We
recommend that the forest management study of the LP in the future
should focus on defining the boundary between the southern and
northern regions, so as to give a clear southern-northern scope on the
basis of our advices of different forest management and to provide more
accurate suggestions for the future implementation of forest manage-
ment policies in the LP.
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