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Abstract
Background

The relative influence of climate change and drought events on tree growth at different altitude and tree
ages remains insufficiently understood in the Jinsha River Basin, southwest China, limiting prediction of
forest adaptability to high-frequency droughts and climate change. We conducted a dendroecological
study to explore and quantify the dominant climate factors that determining radial growth of Pinus
yunnanensis trees of different ages and at different altitudes, to evaluate their resilience to drought
events.

Results

Radial growth of P yunnanensis at high elevations is typically limited by low temperatures, the
explanatory rate of temperature factors on growth increased from 23.6—-59.7% with altitude. Tree growth
at low elevations is more sensitive to moisture factors, the explanatory rate of moisture factors on growth
decreased from 76.4-40.3% with altitude. The young and mature trees are more prone to moisture
factors than middle-age and near-mature trees, the young and near-mature trees are more prone to
temperature factors than middle-age and mature trees. The older trees usually showed less drought
resistance and recovery than the young and middle-age trees. The resistance and recovery of P
yunnanensis weakened with the increased frequency of drought events. Tree resistance and resilience
was highly dependent on the average pre-drought growth, whereas the recovery showed weak or no
significant relationships with average pre-drought growth.

Conclusion

Our study demonstrates that radial growth of P yunnanensis trees showed age- and altitude-specific
demand for energy and moisture. P yunnanensis trees at different altitudes and ages are differentially
adapted to varying levels of climate stress and display different strategies to withstand the effects of
drought with altitude and ages.

Background

The consequence of global warming on forest ecosystems are already visible and becoming a major
research focus worldwide (Allen et al., 2010; Lévesque et al., 2014). In recent decades, global warming
has caused drier conditions and an unexpected increase in the frequency and duration of extreme
drought events in many regions of the world (Sterl et al., 2008; Dai et al., 2011a; Vicente-Serrano et al.,
2014; Trenberth et al., 2014; Trumbore et al., 2015). The effects of drought stress on forests are likely to
be exacerbated by increased temperature and decreased rainfall. Reductions in productivity and
widespread increase in tree mortality have happened because of increasing drought (Adams et al., 2017
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Choat et al., 2018), even in boreal forest where tree growth is not mainly constrained by drought (Peng et
al,, 2011).

High mountains are deemed to be the most sensitive and vulnerable regions to climate change, which is
becoming a matter of global concern (Panthi et al., 2018). Climate change in mountain ecosystems has a
critical impact on the growth of trees and the dynamics of high-elevation forests (Liang et al., 2014, Yang
et al., 2017). The sensitivity of the altitudinal vertical zone to climate variation is often higher than that of
the latitudinal horizontal band (Korner, 2012, 2015) and forests located on mountains are widely
considered to be indicators of climate variability (Wang et al., 2015b). In high-mountain regions, altitude
affects the radial growth of trees by adjusting water and heat distribution (Fritts, 1976). Temperature and
precipitation patterns have spatial variability in the high mountains, a consistent rise in precipitation and
decrease in temperature along elevation gradients have been described in many previous studies (Fan et
al., 2008a, 2009a; Bhutiyani et al., 2010). Previous studies have indicated that global warming could
trigger increased radial growth of trees in temperature-limited high elevations (Fan et al., 2008a, 2009a)
by an earlier start of cambial activity (Zhang et al., 2018), and conceivably relieves stress of trees by
improving conditions for photosynthesis (Bunn et al., 2005). Tree growth at high elevations is mostly
temperature limited, whereas at lower elevations it is more sensitive to variations of precipitation (Liang
et al, 2014; Huo et al., 2017; Kharal et al., 2017; Li et al., 2017a).

Growth decline and tree mortality induced by increasing temperature and drought have increased for
large areas across the world (Carnicer et al., 2011; Allen et al., 2015; Gazol et al., 2016; Lucia et al., 2020).
Droughts have been affecting forests worldwide and are expected to continue as important drivers of
forest change (McDowell et al., 2020). Water-limited forests are usually more susceptible to drought than
energy-limited (Allen et al., 2015). Widespread tree mortality following droughts is more likely to occur in
drought-prone forests, where water shortages induce a reduction in forest productivity and growth
(Camarero et al., 2015). The survival ability of trees has been shown to be related to resistance, recovery,
and resilience (Lucia et al., 2020; Gessler et al., 2020). The trees living in drought conditions showed
higher resilience to extreme drought through eco-physiological adjustments in sustaining growth than to
humid conditions (Helman et al., 2017). In high mountain regions, the ecological resilience of trees to
extreme drought varies along climatic gradients and the spatial heterogeneity of habitats (Dorman et al.,
2013, 2015; Fang and Zhang, 2018). Research on the ecological resilience of trees to drought events at
different altitudes is crucial for understanding how forests can resist and recover from drought across
different moisture levels and temperature limitations.

The impact of drought on forest structure and function depends on which trees are most adversely
affected; mortality of small trees may modify future forest succession, whereas the mortality of large
trees causes disproportionate carbon losses and can damage ecosystem functions (Bennett et al., 2015).
Understanding forest responses to drought requires elucidation of how tree size, microenvironment, and
species traits jointly influence individual-level drought tolerance, which indicates that tree age and size
have important effects on tree resilience to drought. Trees of all ages experience changes in their
structure and climate sensitivities, but the age-related changes are likely to modulate the complex
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climate-growth relationships (Mclntyre et al., 2015; Merlin et al., 2015; Matusick et al., 2016; Gillerot et al.,
2020). Several studies based on tree rings have demonstrated that different levels of sensitivity to
drought at different ages (Hadad et al., 2014). In some species, radial growth of adult trees is more
sensitive to climate change than that of younger trees, whereas in some species the climate sensitivity
diminishes with age. Previous studies have indicated that large trees can suffer disproportionate
mortality in response to drought in both temperate and tropical forests, whereas small trees could display
better resistance and resilience (Nepstad et al., 2007; Lutz et al., 2009; Merlin et al., 2015; Bennett et al.,
2015; Rowland et al., 2015). In the same drought event, larger trees would suffer a more detrimental
impact (Bennett et al., 2015). However, a recent physiological model suggests that large trees destined to
die following drought may still exhibit high recovery and resilience (Trugman et al., 2018). Thus, we still
have a limited understanding of whether large or small trees would suffer more under drought stress, and
how drought resilience varies with tree age and size. For this reason, further research is needed to explore
the response of tree growth to drought and identify the main functional mechanisms that drive forest
resilience.

Jinsha River is an important tributary to the upper reaches of the Yangtze River, where the wet and dry
seasons are distinct. The Jinsha River Basin is highly vulnerable to drought disasters because of its
special habitat conditions in the background of southwestern drought, and it has been designated as a
typical eco-fragile area and key ecological environment construction. As an important ecological barrier in
the lower reaches of the Yangtze River, research on the growth response of typical species to climate
change and protection of the ecological environment in the Jinsha River Basin has become increasingly
important. Pinus yunnanensis is the most important tree species in southwest China and has shown
adaptability to withstand drought. Previous studies have mainly focused on the growth response of P
yunnanensis to climate change at specific sites and older trees (Shen et al., 2019; Shen et al., 2020),
however, there are few studies of the response to climate change and drought at different altitudes and
age classes in the Jinsha River Basin.

Therefore, in this study, we examined P, yunnanensis in Huize County in the Jinsha River Basin with the
aim of exploring the dominant climate factors that determine the radial growth of P yunnanensis and its
resilience to drought events along altitude gradients and age classes, taking a dendrochronological
approach. Specifically, we aimed to answer the following three research questions: (1) How does the
effects of climate variables on radial growth of P yunnanensis vary along altitudes and age classes? (2)
How does the magnitude and the temporal changes of tree-level resilience to drought events across
altitudes and age classes? (3) What is the relationship between average pre-drought growth (tree-ring
width indices) and resistance, recovery and resilience of trees at different altitudes and age classes? The
projected increase in frequency and duration of intense droughts in southwest China may increase stress
on the growth of P yunnanensis. By investigating tree growth responses across altitudes and age classes
to past climate conditions and extreme drought events, the present sensitivity and future responses to
climate can be projected, and we can further predict the dynamics and adaptability of the forest at
different age levels.
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Material And Methods

Study area and climate

The study area is mainly in Huize County northeastern edge of the Yunnan Plateau, the distribution center
of P yunnanensisin the Jinsha River Basin (25°48' N, 103°03' W, and 27°04' N, 103°55" W). Huize County
is located at the junction of Sichuan and Yunnan Provinces, along the Jinsha River. Meteorological
records from the Huize station during the period 1953-2016 reveal that the total annual precipitation
averaged 795mm, 60% of which fell in the summer (from June to August), and the mean annual
temperature was 12.9 °C (Fig.1). Pinus yunnanensis is the main dominant species in the study area and
is distributed within 1700 to 3000m altitude.

Tree-ring sampling and chronology development

Increment cores were collected in the natural forest of P yunnanensis along elevation gradients from
1800 to 2600 m. At each elevation, at least 60 trees were sampled, and two increment cores per tree were
collected at 1.3m height with a 5.15-mm-diameter increment borer. In total, 480 increment cores were
extracted from 240 trees at the sample site in January 2020.

We followed standard dendrochronological techniques for sample preparation and chronology
development (Cook and Briffa, 1990). The collected cores were air dried and fixed in a wooden trough,
polished with 120-, 400-, and 600-gritted sandpaper until the ring boundaries were visible under
magnification (Stokes and Smiley, 1996). Tree-ring width was measured at 0.001-mm resolution under a
stereomicroscope, which was linked to a LINTAB digital positioning table (LINTAB™ 6, Rinntech,
Germany). We precisely identified the year of each annual ring, conducted cross-dating through curve
comparison, and determined the quality of the cross-dating with the COFECHA program (Holmes, 1983),
then removed the autocorrelation and low frequency signal of tree growth. Measurements from the two
cores were averaged for each tree. We calculated the sliding correlation coefficient between sequences (or
between sequence and chronology) to test and correct the cross-dating results. Rings that had low
correlation with the main sequence and could not be dated were rejected.

Cores that contained pith were used to determine the actual ages of trees. For cores that were close to the
pith, the respective trees’ ages were estimated by adding 2-7 rings after comparison of their ring patterns
with the cores that had pith (Clark and Hallgren, 2004). We estimated the specific age of each tree with
this method and selected at least 20 older trees in each altitude to establish the chronology for different
altitudes. According to the age classification standard of P yunnanensis natural forest, we classified the
trees into the following age classes: AC1 (£ 20 a, 1999-2019); AC2 (21 a £ AC2 £ 30 a, 1989-2019); AC3
(831 a£AC3 £40a,1979-2019); AC4 (41 a £ AC4 £ 60 a, 1959-2019). In each age class chronology, tree
ring cores were taken at different altitudes to minimize the elevation divergence on age effects (Wu et

al,, 2013); the elevation range for each age class chronology is shown in Table 1.
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We standardized the raw ring-width a measurement into dimensionless time series of ring-width indices
with the negative-exponential curves function or spline function in the ARSTAN program (Cook, 1985) to
remove the growth trends and the incongruent fluctuation from inhibition and release of interference
competition among trees from raw ring-width series while preserving growth variations that are probably
related to climate variability (Fritts, 1976). In total, four standard chronologies for different altitudes and
four standard chronologies for different ages were established (Fig.S1 and Table 1). We used the
standard deviation (SD), mean sensitivity (MS), and first-order autocorrelation (AC1) to assess the
statistical quality of the chronologies. SD estimates the variability from the mean of ring-width series; the
MS is an indicator of the relative changes in ring-width variance between consecutive years; the AC1
assesses the influence of the previous year on the current year's growth (Fritts, 1976). The expressed
population signal (EPS) and signal-to-noise ratio (SNR) were calculated for the common period analysis
to evaluate the signal strength of the site chronologies. A level of 0.85 for EPS is considered to indicate a
satisfactory quality of a chronology (Wigley et al., 1984).

Table.1 Statistics of P yunnanensis tree-ring width standard chronologies for each altitude and age class

Standard Elevation(m) Age classes
chronologies

1838 2010 2369 2550 ACT AC2 AC3 AC4

Sample 26/47  25/46  38/63  31/58 17/24 30/48 47/71 41/64

size(trees/radii)

Chronology span 1954- 1968- 1954- 1977- 1999- 1991- 1978- 1968-
2019 2019 2018 2019 2019 2019 2019 2019

Mean sensitivity 0.29 0.22 0.18 0.20 0.24 0.17 0.22 0.20

Variance in first 3794  29.21 44.67 37.62  43.59 29.1 41.29 29.95

eigenvector (%)

Standard deviation 0.29 0.23 0.20 0.25 0.21 0.17 0.24 0.23

Signal-to-noise ratio 18.2 10.8 2.8 9.2 6.1 4.5 16.3 13.4

Expressed 0.95 0.92 0.86 0.90 0.86 0.86 0.94 0.93
population signal

Evaluation of climate—growth relationships

The meteorological data were selected from the Huize Weather Station for 1953 to 2016, including the
monthly average temperature (Tmp), monthly precipitation (Pre), and the relative humidity (RH) from the
China Meteorological Science Data Sharing Service Network (http://data.cma.cn/data/weatherBk.html).
The Palmer Drought Severity Index (PDSI) (1901-2017) was extracted from the CRU grids of the Royal
Netherlands Meteorological Service website (https://climexp.knmi.nl/start.cgi) with a resolution of
0.5x0.5°. The PDSI data were used to quantitatively describe the degree of drought stress and test for the
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effect of water availability on tree growth. The precipitation in the study area is concentrated from June
to October, whereas the precipitation from January to May is low, often leading to drought.
Correspondingly, the PDSI data from January to May were used to characterize the drought events in the
study area. The drought years were then classified according to the following PDSI categories: normal
-0.5< PDSI £ 0.5; initial drought, -1 < PDSI £ -0.5; light drought, -2< PDSI £ -1; moderate drought, -3 <
PDSI £ -2; severe drought, -4 < PDSI £ -3; extreme drought, PDSI £ -4.

Response correlations between the tree-ring data (STD chronology) of each elevation and age class and
monthly climate data over a 17-month period from June of the previous year to October of the current
year were determined by using Dendroclim2002 software. Subsequently, growth—climate relationships
were computed for six seasons (previous summer, June to August of the previous year; previous autumn,
September to November of the previous year; winter, December to February; spring, March to May;
summer, June to August; and the growing season, April to August). We used redundancy analysis (RDA)
in CANOCO 5.0 software (Braak, 1994) to further verify the relationship of P yunnanensis radial growth at
each altitude and age class with climatic factors.

Multiple regression analysis was used to quantify the effects and importance of moisture and energy to
radial growth of P yunnanensis at different altitudes and ages. Tree-ring width index at different altitudes
and ages were used as the predictive variables and the climate factors were used as the explanatory
variables. Lm function of the R software was used for multiple regression analysis, and step function
was used to optimize the simplified regression model by backward stepwise regression (van der Maaten-
Theunissen et al., 2015). We standardize data before analysis to ensure the comparability of model
parameters. The percentage of the absolute value of the standardized regression coefficient of each
explanatory variable in the simplified regression model to the sum of the absolute value of the regression
coefficient of all explanatory variables was used as the explanatory rate of the climate factor to the
growth of annual rings (Le Bagousse-Pinguet et al., 2019).

We considered that the tree resilience is reflected by the trees’ resistance to perturbation and its ability to
recover to the original growth conditions. We used the resistance (Rt) and recovery (Rc) to evaluate the
resilience of trees at different altitudes and age classes. The three components were calculated for
individual trees following the formulas proposed by Lloret et al. (2011) as follows.

Rt=D./PreD,
Rc = PostD, /D,

Es = PostD,. /PreD,

where Drindicates the ring-width index in the year of drought; PreDrand PostDrindicate the mean ring-
width indices during the 4 years before and after the drought, respectively. Analysis of variance (ANOVA)
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was also used to test whether the resilience of the trees varied among different age classes, altitudes, and
drought event years.

Bose et al., (2020) revealed that the impact of drought on tree resilience is dependent on tree growth
during the pre-drought period. The relationship between the predictive variables of resistance, recovery,
and resilience of trees and the explanatory variable of average pre-drought growth of trees was tested for
different altitudes and age classes by using the Im function in R, and linear regressions were applied to fit
the variation trend. Figures were produced with the ggplot2 packages in R.

Results

Climate-growth relationships at different altitudes and ages

The climate variation characteristics in Huize climate station from 1953 to 2016 are shown in Fig. 2.
Temperature significantly increased at a rate of 0.169 °C/10a (R? = 0.321, p <0.001), annual total
precipitation showed decreasing trend at a rate of 13.26 mm/10a, although not to a significant level (p >
0.05).

The correlation coefficients between chronologies and seasonal climate factors, and the climate factors
selected into the simplified regression model and their explanatory rates for the radial growth of P
yunnanensis varied with altitudes (Fig.3a and Table S1). Trees living at the altitude of 1838 m negatively
response to temperature in winter, spring, summer and growing season (p < 0.01), while at the altitude of
2520 m trees showed positive correlations with temperature in winter (p <0.01), spring (p <0.05), summer
(p <0.05) and growing season (p < 0.01). The explanatory rate of temperature on radial growth of P
yunnanensis at the altitude of 1838 m and 2520 m was 23.6% and 59.7%, respectively. Trees living at the
lower altitude (1838 m and 2010 m) positively response to precipitation in current spring (p< 0.01) and
growing season (p < 0.05), the explanatory rate of precipitation on growth was 39.6% and 36.4%,
respectively. At the lowest altitude, trees showed significant positive correlations with RH in all seasons,
whereas trees showed significant negative correlations with RH at the higher altitude (2369 m and 2520
m). The explanatory rate of RH on radial growth at the altitude of 1838 m, 2010 m, 2369 m, and 2520 m
was 12.2%, 23.5%, 40.9%, and 31.7%, respectively. Trees showed positive correlations with PDSI at the
lowest altitude (1838m), whereas showed negative correlations with PDSI at the highest altitude
(2520m). The explanatory rate of temperature factors on radial growth of P yunnanensis at the altitude
of 1838 m, 2010 m, 2369 m, and 2520 m was 23.6%, 33.3%, 39.0%, and 59.7%, respectively; the
explanatory rate of moisture factors on radial growth of P yunnanensis at the altitude of 1838 m, 2010 m,
2369 m, and 2520 m was 76.4%, 66.7%, 61.0%, and 40.3%, respectively.

The correlation coefficients between chronologies and seasonal climate factors, and the climate factors
selected into the simplified regression model and their explanatory rates for the radial growth of P
yunnanensis varied with ages (Fig.3b and Table S2). Radial growth of AC1 and AC4 age trees exhibited
positive correlations with precipitation in past summer (p < 0.05), past autumn (p < 0.01), and current
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spring (p< 0.01). The explanatory rate of precipitation on radial growth of AC1, AC2, AC3, and AC4 age
class trees was 8.6%, 14.7%, 34.1%, and 23.5%, respectively. Radial growth of AC1 age class trees showed
positive correlations with RH from past summer to current spring (p <0.05), the AC4 age class trees
showed positive correlations with RH in past summer (p <0.05), past autumn (p <0.05), and current spring
(p<0.01). The explanatory rate of RH on radial growth of AC1, AC2, and AC4 age trees was 31.7%, 63.7%,
and 45.8%, respectively. Radial growth of AC4 age trees showed positive correlation with PDSI in past
summer (p < 0.05), the explanatory rate of PDSI on growth was up to 21.7%. The explanatory rate of
temperature factors on radial growth of P yunnanensis of AC1, AC2, AC3, and AC4 age trees was 59.7%,
14.6%, 65.9%, and 9.1%, respectively; the explanatory rate of moisture factors on radial growth of P
yunnanensis of AC1, AC2, AC3, and AC4 was 40.3%, 85.4%, 34.1%, and 90.9%, respectively.

The RDA of tree radial growth with climate factors at different altitudes and age classes is shown in Fig.
4. Of the 68 climate variables, 7 variables showed significant effects on radial growth of P yunnanensis
at different altitudes (Fig. 4a), and 8 variables showed significant effects on radial growth of different
age classes (Fig. 4b). Trees living at the lower altitudes (1838 m and 2010 m) significantly positively
correlated with precipitation in May of the current year, and the trees living at the altitude of higher
altitudes (2369 m and 2520 m) significantly positively correlated with temperature in November of the
past year. The precipitation in February of the current year (cP2), the PDSI in June of the past (pPDSI6)
and current (cPDSI6) year, the RH in October of the past year (pRH10) and in July of the current year
(cRH7) showed significantly positive correlations with radial growth of trees at higher altitudes (2369 m
and 2520 m), whereas showed significantly negative correlations with radial growth at lowest altitude
(1838 m). Similarly, the young (AC1), middle-age (AC2), and mature (AC4) trees showed significantly
negative correlation with PDSI in May of the current year (cPDSI5), and the near-mature (AC3) trees
showed significant positive correlation with temperature in November of the past year (pT11). The
precipitation in August (pP8) of the past year, the RH in October of the past year (pRH10) and in May of
the current year (cRH5) showed significantly positive correlations with young (AC1), middle-age (AC2),
and mature (AC4) trees, whereas showed significantly negative correlation with near-mature (AC4) trees.

Radial growth response of P yunnanensisto drought

We defined the drought events based on the PDSI during January to May. The four strongest drought
events were identified as occurring in 2010, 2012, 2013, and 2014, and were used in the analysis of tree
resilience to droughts. Among these, 2012 was defined as a moderate drought year, whereas 2010, 2013,
and 2014 were defined as the severe drought years (Fig. 5).

The Rt, Rc, and Rs of P yunnanensis to drought varied among different altitudes (Fig. 6a) (Table S3; Table
S4) and age classes (Fig. 6b) (Table S3; Table S5). The Rt of trees at lower altitudes was stronger than
that at higher altitudes in the 2010 and 2014 drought events, and the Rc of trees at the lower altitudes
were stronger than that at the higher altitudes in 2012 and 2013 drought events; the Rs of trees at low
altitude (1838 m) was significantly stronger than that at higher altitudes (2010, 2369, and 2520 m), the
Rs significantly decreased with altitudes (p<0.001) in the 2013 and 2014 drought events.
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The Rt of trees enhanced with age except the AC4 age class in 2012 drought events, whereas it decreased
with age except the AC4 age class in the 2014 drought event. The Rc was strongest for AC1 age class
trees and weakest for AC3 age class trees. The Rs for the AC3 age class trees was lower than those of
other age classes during the 2013 and 2014 drought events.

Temporal change in tree growth resilience to drought

We evaluated the temporal change in resilience of all sampled trees (Fig.7). The results revealed that the
Rt, Rc, and Rs of the sampled trees varied significantly in different drought events (p<0.001). The Rt of the
trees increased significantly from 2010 to 2013 drought events, whereas decreased significantly in 2014
drought event; the Rc showed decreasing trend from 2010 to 2013 drought event, whereas increased in
2014 drought event, and the variation trend is opposite to that of Rt; the Rs of trees in 2014 drought event
significantly enhanced than 2010 and 2012 drought events.

We analyzed the relationship between Rc and Rt of trees in the different altitudes and age classes
(Fig. 8). The results revealed that the Rc and Rt of trees showed significant (p < 0.05) negative
relationships in each altitude and age class.

Correlations of resistance, recovery and resilience with average pre-drought growth of trees

We tested the relationships of Rt, Rc, and Rs of P yunnanensis with the average pre-drought growth at
different altitudes and age classes (Fig. 9). The Rt of trees was significant negatively correlated with
average pre-drought growth (p < 0.01). The relationship between Rt and average pre-drought growth at the
higher altitudes was stronger than those at lower altitudes. Similarly, the Rt of the AC3 (Slope = -0.710, p
< 0.0001) and AC4 age class trees (Slope = -0.702, p < 0.0001) showed stronger relationships with
average pre-drought growth than the AC2 and AC1 age class trees.

The Rc of trees was negatively associated with average pre-drought growth and varied significantly
across the four altitudes and age classes. The Rc of trees at the altitudes of 2070 m (Slope = -0.186, p <
0.001) and 2369 m (Slope = -0.548, p < 0.05) showed significant negative correlations with average-pre-
drought growth, whereas the trees at 1838 m and 2520 m altitude showed no significant correlations (p >
0.05) with average pre-drought growth. The Rc of the AC1 (p< 0.01), AC2 (p< 0.001), and AC4 (p< 0.01)
age class trees showed significant correlations with average pre-drought growth, whereas the AC3 age
class trees showed no significant correlation (p > 0.05).

The Rs was negatively significantly correlated with average pre-drought growth for all altitudes and age
classes (p < 0.001). The relationship between Rs and average pre-drought growth at the highest altitude
2520 m (Slope = -0.356, p < 0.001) was weaker than at the lower altitudes (1838 m, 2010 m, 2369 m).
The Rs of the AC1 age class trees showed the strongest relationship with average pre-drought growth
(Slope = -2.410, p< 0.0001).

Discussion
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Radial growth response of P yunnanensis to climate at different altitudes and age classes

The results of climate response analysis and redundancy analysis (RDA) are consistent (Fig. 3a and

Fig. 4a). Trees living at the lower altitude (1838 m and 2010 m) positively response to moisture factors
(precipitation, relative humidity, and PDSI), while at the higher altitude (2369 m and 2520 m), the opposite
is true. The explanatory rate of temperature factors on radial growth of P yunnanensisincreased from
23.6% to 59.7% with altitude, while the explanatory rate of moisture factors on radial growth decreased
from 76.4% to 40.3% with altitude. Our results support the findings of previous studies that radial tree
growth at high elevations is typically limited by low temperatures, whereas tree growth at low elevations
is more sensitive to precipitation and water availability (Babst et al., 2013; Panthi et al., 2018). Compared
with the higher elevations, drought stress due to less precipitation and higher temperature at lower
elevations leads to enhanced sensibility of radial growth to moisture availability, especially in the pre-
growing season and early growing season (Hartl-Meier et al., 2014a), the explanatory rate of moisture
factors during pre-growing season and early growing season on radial growth of trees was up to 31.2%.
Trees present at the highest elevation (2520 m) were more sensitive to lower temperature and higher
water availability. Summer temperature was found to be the most important factor determining the radial
growth of trees present at the highest altitude (2520 m), the explanatory rate of summer temperature on
radial growth was up to 26.6%. The results support the hypothesis that tree radial growth benefits from
elevated growing season temperature, and consistent with the findings of previous studies conducted on
other high mountains (Lyu et al., 2017; Panthi et al., 2018). Elevated summer temperatures may induce
higher rates of cambial growth and xylem cell production (Rossi et al., 2014). Water availability at high
altitudes showed negative effects on the radial growth of trees, which had adverse effects on tree growth
compared with lower elevations. The result is attributed to the higher cloud cover and frequency of foggy
conditions at high altitudes, which reduces the solar radiation input and photosynthetic active radiation
by decreasing the total sunshine duration (Jiao et al., 2016).

Our results reveal that the sensitivity of the radial-growth response to seasonal climate factors of P
yunnanensis varied with altitude and age. The young and mature trees showed stronger positive
sensitivity to precipitation than middle-age and near-mature trees (Fig. 3b and Fig. 4b), indicating
variations in climate sensitivity of growth according to age category. The explanatory rate of moisture
factors on radial growth of middle-age and mature trees was up to 85.4% and 90.9%, respectively.
Furthermore, the explanatory rate of relative humidity and precipitation on radial growth of older trees
was higher than younger trees, which indicated that the older trees are more prone to moisture factors in
drought events. Compared with younger trees, older trees usually have a higher hydraulic resistance with
a corresponding reduced efficiency of water transport, which could contribute to the slowing of tree
growth as their size increases (Ryan et al., 1997). The explanatory rate of temperature factors on radial
growth of young and near-mature trees was up to 59.7% and 65.9%, respectively. The differences in
climate sensitivity between age classes are usually attributed to different levels of competition for light,
water, and other resources (Linares et al., 2009, 2010). Our results support the previous finding that both
growth and the growth response to abiotic factors may potentially vary as trees age (Bond et al., 2007).

The hydraulic limitations can partially explain the variations of climate sensitivity of different aged trees
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(Carrer and Urbinati, 2004; Yu et al., 2008). The variable climate sensitivity of trees of different ages
implies that they are differentially adapted to varying levels of climatic stress (Galvan et al., 2014). Our
research further revealed that the inclusion of young and mature trees in the construction of tree-ring
chronologies could increase the resolution of the climatic signals of tree rings (Hadad et al., 2014).

The resistance, recovery and resilience of trees to drought

Our results support our hypothesis that drought sensitivity varies among trees at different altitudes and
among age groups, indicating that trees display different strategies among these categories to withstand
the effects of drought (Bose et al., 2020). The results further support previous conclusions that the
ecological resilience of trees to extreme drought varies along climatic gradients and the spatial
heterogeneity of habitats (Gazol et al., 2016; Sdnchez-Salguero et al., 2018). Drought resistance of trees
decreased with altitude in the 2010 and 2014 drought events, whereas drought recovery increased. In the
2012 and 2013 drought events, tree resistance of high altitudes was stronger than that at lower altitudes,
whereas recovery showed the opposite trend. The results of temporal variation (Fig. 7) showed that the
Rt, Rc, and Rs of P yunnanensis features a regular variation with drought frequency and conditions rather
than remaining unchanged. This pattern suggests the increased frequency of drought would weaken the
resistance and recovery of trees, the vulnerability of trees to drought increased after the successive
drought episodes (Serra-Maluquer et al., 2018; Bose et al., 2020). Subsequent droughts generally have a
more deleterious impact than initial droughts, the increased drought frequency and duration could result
in “cumulative effects” and persistent physiological damage, and further decrease tree resilience to
subsequent droughts (Hacke et al., 2001; Sala et al., 2012). The variation trend of Rc is opposite to that of
Rt, the combination with the results of correlations between Rt and Rc (Fig. 8) further suggest a trade-off
between growth resistance and recovery to drought (Gazol et al., 2016; Bose et al., 2020); trees with
stronger growth reductions (low resistance) during drought are indeed capable of recovering faster than
trees with higher resistance. The majority of resistance values were located within a narrow band (roughly
0.3 to 1.5), whereas there was a much wider range of recovery values (roughly 0.5 to 4.5). The narrow
band of resistance values seems surprising when considering that trees living at different altitudes and
age classes should operate across a large range because of their varied water use strategies. However,
the much larger variability of recovery values compared with resistance indicates that recovery of P
yunnanensis may be more plastic than that of resistance (Schwarz et al., 2020).

Our results showed a significant effect of tree age on Rt, Rc, and Rs. Nevertheless, this effect was
relatively weak and was not consistent among all drought events. The Rt of trees enhanced with age
(except for the mature trees) in the 2010 and 2012 drought events, whereas it decreased with age (except
for the mature trees) in the 2014 drought event. These results were consistent with many previous studies
that the tree size and age showed a positive relation with vulnerability to drought, with the larger and
older trees usually showing the least resistance and recovery from drought (Bennett et al., 2015; Rowland
et al., 2015; Matusick et al., 2016; Serra-Maluquer et al., 2018). The growth and mortality rates of larger
trees have been shown to change unfavorably with drought (Bennett et al., 2015; McGregor et al., 2020).
In contrast to the larger trees, young trees face less unfavorable conditions during drought. The position
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of larger trees in the stand and their inherent physiological constraints (elevated atmospheric water
demands and longer hydraulic path lengths) determine that they may face more stress during drought
than young trees (Ryan et al., 2006; McDowell et al., 2015). The more pronounced drought sensitivity of
larger trees could be underpinned by their greater inherent vulnerability to hydraulic stress (Zhang et

al., 2009; McDowell et al., 2015). The Rc was strongest for young trees and weakest for near-mature trees,
and the near-mature trees also showed the lowest Rs in 2013 and 2014 drought events. Trees attempt to
repair water transport tissue through regrowing drought-damaged xylem after drought, however the
number of years of xylem regrowth required to recover function increases with tree size (Gaylord et

al., 2015; Trugman et al., 2018), which explaining why the younger trees showed more stronger recovery
than the older.

Correlations between average pre-drought growth and resilience of trees

The average pre-drought growth significantly affected the Rt and Rs of trees at all altitudes and age
classes. Average pre-drought growth showed a stronger negative relationship with Rt in trees at the higher
altitudes than those at lower altitudes. This result reveals that the impact of drought on tree-level
resilience is not independent, but rather is dependent on how the trees were growing during the pre-
drought period and the environment they were growing within (Bose et al., 2020). Our finding of higher
average pre-drought growth being associated with decreased resistance to drought events confirms the
findings of previous studies, which have frequently identified higher drought tolerance in trees to be
associated with lower relative growth rates (Taeger et al., 2013; Zang et al., 2014). Higher aboveground
biomass growth would reduce the biomass allocation to roots and consequently increase tree-level
sensitivity to upcoming drought periods (Gessler et al., 2017). A smaller aboveground growth could be
related to an increase of root to shoot allocation ratio, which could improve water uptake later. Our results
are consistent with those of Serra-Maluquer et al. (2018), which revealed that trees growing under more
favorable conditions (more humid climates) and thus showing higher growth rates may be less resistant
and resilient to drought. The average pre-drought growth showed weak or no significant relationships
with the recovery of trees (Fig. 9). Recovery of trees might highly depend on the annual growth in years
with extreme drought effects and post-drought growth. Tree resistance is more easily affected by average
pre-drought growth in older trees than in younger trees.

Conclusion

In this study, we combined meteorological and dendrological methods to quantify the dominant climate
factors that determining radial growth of P yunnanensis trees of different ages and at different altitudes,
and further evaluate their resilience to extreme drought event. Our results reveals that the climate
sensitivity of P yunnanensis vary as trees age, and they are differentially adapted to varying levels of
climate stress, the older trees are more prone to moisture factors, the young and near-mature trees are
more prone to temperature factors. Effects of temperature factors on radial growth of P yunnanensis
enhanced with altitude, and effects of moisture factors on radial growth of P yunnanensis weakened with
altitude. P yunnanensis of different ages growing at different altitudes display different strategies to
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withstand the effects of drought. The age- and altitude-specific response of P yunnanensis to drought
stress provides useful information to understand the age- and altitude-related variation of tree demand
for energy and moisture, which may help to understand the adaptive strategies and ecological thresholds
of P yunnanensis. The Rt and Rs of P yunnanensis to drought events are highly dependent on the
average pre-drought growth, tree age, and altitude. As a next step, the Rs of trees should be researched
across different species, forest systems, and drought stress levels. Our results provide useful information
to understand how climate, environment, biology, and other comprehensive factors influence the
ecological resilience of trees to drought events, which may help to evaluate the future health of trees and
the sustainable development of forests in the Jinsha River Basin.
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Redundancy analysis between tree ring width standard chronologies and climate factors of different
altitudes (a) and age classes (b) from June of the previous year to October of the current year.
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Temporal variation of Rt, Rc and Rs of P. yunnanensis to drought events
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Figure 9

Tree growth resistance (a), recovery (b), and resilience (c) at different altitudes and age classes to the
drought events with 95% confidence intervals. Note: Average pre-drought growth (ring width indices) was

quantified from tree growth during the 4 consecutive years prior to drought.
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