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Abstract

Mountain forests are critical for carbon sequestration, yet the effects of rapid warming on
tree growth and climate sensitivity across elevational gradients remain poorly understood.
Here, we focus on the largest mountain coniferous forests in southwest China and collected
tree-ring cores from three key afforestation tree species, Picea likiangensis, Abies georgei, and
Pinus yunnanensis, from 2600 m a.s.l. to 4100 m a.s.l. in Lijiang. Basal area increment (BAI)
and Pearson correlation analyses were employed to evaluate long-term productivity trends
and constrain the factors limiting tree growth, respectively. Across all elevational belts, tree
growth is primarily limited by low dry-season moisture availability, with the strength of
this limitation varying across the three species. Abies georgei shows the strongest positive
correlation between tree-ring width and Standardized Precipitation Evapotranspiration
Index, followed by Picea likiangensis, while Pinus yunnanensis exhibits the weakest corre-
lation. We further found that tree productivity began to decline at the beginning of the
twenty-first century, with larger declines in higher-elevation fir and spruce species, albeit
not statistically significant. Future warming and warm-induced drought may exert more
pronounced adverse effects on these three species. These results provide reference data for
the potential sustainable management of mountain forests in southwest China.

Keywords: climate change; climate sensitivity; elevation gradient; growth trend; tree-ring;
montane southwest China

1. Introduction
Global climate change is dramatically altering the productivity of terrestrial forests,

which can absorb atmospheric CO2 and sequester it in long-term woody biomass pools [1,2].
Thus, understanding how climate change affects forest productivity and carbon sequestra-
tion potential is crucial. However, mountain forest ecosystems are particularly vulnerable
to ongoing warming and increasing interannual variability in precipitation [3]. Persistent
growth declines under climate stress may risk critical transitions and tip the system into
alternative states [4]. Thus, it is important to understand how mountain forest growth will
respond to ongoing warming.

Mountain environments exhibit distinct elevational gradients in temperature and
precipitation, with high elevations typically experiencing lower temperatures and higher
precipitation, and the opposite pattern at low elevations [5,6]. Consequently, tree growth
at low elevations is predominantly limited by moisture availability, whereas growth at
high elevations is primarily constrained by temperature. The response patterns have been
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observed in studies conducted on the southeastern Tibetan Plateau [7,8], the Mediter-
ranean [9], and the Rocky Mountains [10]. However, climate diversity tends to decrease
at lower elevations and increase at higher elevations [11]. This asymmetry disrupts the
growth-limiting patterns, resulting in diverse tree growth patterns across elevations world-
wide. As for tree growth at low altitudes in the Crimean Mountains, weaker climatic
responses were observed than in high-altitude stands [12]. In the Mt. Everest region, trees
may be negatively affected by climate warming at middle and low elevations [13]. Notably,
while such elevational divergences in growth–climate relationships under recent warming
have been increasingly recognized, most existing studies have focused on temperate and
boreal forests [14–16]. Tropical and sub-tropical regions (0–30◦ N) harbor approximately
25% of global vegetation carbon stocks [17,18]. However, comprehensive studies on how
warming affects the growth trends of these forests remain scarce. Thus, there is a criti-
cal need to evaluate the growth trajectories and climate responses of these low-latitude
mountain forests.

Species are the basic components of mountain forest ecosystems. Thus, assessing
species-specific growth–climate is a critical prerequisite for fully understanding how for-
est ecosystems respond to ongoing global climate change. Existing research has doc-
umented that tree species exhibit divergent climate–growth patterns due to their var-
ied physiological traits, including water-use efficiency, drought tolerance, and photo-
synthetic capacity [19–21]. In mountain regions, the physiological traits of tree species
further vary with increasing elevation [22–24], which may generate intraspecific dif-
ferentiation in climate–growth responses across elevation gradients [25,26]. Therefore,
studying the responses of multiple tree species to climate change along elevation gra-
dients is valuable for precise predictions of how mountain forests respond to ongoing
climate change.

The Mountains of Southwest China are among the global biodiversity hotspots [27,28].
This region exhibits a prominent elevational range with a maximum vertical relief exceeding
6500 m [29,30], providing a natural experimental platform for assessing climate change
impacts on tree growth along the elevation gradient [4]. Furthermore, as China’s second-
largest natural forest region, the Southwest China Forest Region is a crucial national carbon
sink [31,32]. Recent studies indicate that the mountains of Southwest China are undergoing
rapid climate warming, accompanied by increased frequency and magnitude of drought
events [33,34]. Notably, this warming trend is strongly elevation-dependent, with higher
elevations experiencing greater temperature increases than lower elevations [34,35]. This
may lead to more favorable growth conditions for tree species living at higher-elevation
sites and increase their productivity but limit the growth of tree species living at lower-
elevation sites [13,36–38]. Understanding tree growth responses to ongoing climate change
throughout their entire elevation gradient is essential for biodiversity conservation and
natural resource management.

A growing body of studies conducted in the mountains of Southwest China demon-
strates that tree growth responses to climate conditions vary among species and site
elevations [39–42]. Generally, trees growing at their lower distributional limits are more
sensitive to precipitation, while those at their upper distributional limits are more sen-
sitive to temperature [36,43,44]. However, some studies suggest that trees growing in
temperature-limited regions may consistently benefit from warming, leading to increased
tree growth, whereas trees growing in moisture-limited regions may be consistently
limited by moisture conditions, even resulting in a significant decline in the growth
trend [45,46]. Nevertheless, existing studies have largely focused on single tree species,
with no systematic comparative analysis of multiple species across distinct elevational
zones and their full elevational ranges in this critical region. This critical knowledge
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gap severely limits our ability to predict forest ecosystem dynamics under future climate
change accurately.

Picea likiangensis, Abies georgei, and Pinus yunnanensis are three dominant tree species
distributed across distinct elevational zones in the mountains of Southwest China [47].
They also serve as important timber species in the region and are major afforestation
species. Previous studies have assessed the responses of the three dominant tree species
to climate change separately across their elevation ranges. Still, conclusive evidence
is lacking due to diverse growth trends and climate–growth patterns. For instance,
Pinus yunnanensis growth is mainly limited by spring moisture availability at different
elevations in Lijiang [48], but limited by spring moisture availability at low and high
elevations and by spring temperature at middle elevations in Jinsha Valley [49]. The
growth of Picea likiangensis is consistently limited by seasonal temperature in Baima [50]
and the Shika Snow Mountains [51]. For Abies georgei, growth is consistently limited
by summer temperatures along the elevation gradient in Baima and Shika Snow Moun-
tains [7], but by winter temperatures at high-elevation sites and by low moisture avail-
ability at lower-elevation sites in the Haba Snow Mountain [52]. More importantly,
no study has simultaneously analyzed how climate change affects their growth on the
same mountain.

Here, we collected tree-ring cores of Picea likiangensis, Abies georgei, and Pinus yun-
nanensis from Yulong Snow Mountain in Yunnan, southwest China. We aim to (1) test
dominant climate factors influencing the growth of trees; (2) identify the species-specific
response to climate variables at elevation gradients; (3) determine the regulating effect of
elevation on tree growth; (4) investigate the variability of climate–growth responses and
the trend of tree radial growth with abrupt climate change among different species. In
this paper, we aim to clarify the divergence in tree growth among species across elevation
gradients and provide crucial information to guide strategies for climate adaptation of
forest ecosystems.

2. Materials and Methods
2.1. Study Area

The sampling sites (red triangle in Figure 1) are located in the Yulong Snow Mountains
in Yunnan, in the southern part of the Southwest China Mountains. The elevation of Mt.
Yulong ranges from 1500 m a.s.l. at the lowest point (near the Jinsha River) to 5596 m a.s.l.
at its summit. The climate of Mt. Yulong is primarily influenced by the southwest summer
monsoon in summer and westerly winds in winter [53,54], resulting in a distinct wet season
from July to October, and dry season from November to May (Figure 2a,d). According
to the climate data from the Lijiang Meteorological Station, the coldest and warmest
temperatures occur in January (6.2 ◦C) and July (18.4 ◦C), respectively. The observed
annual total precipitation from 1951 to 2020 was 955.0 mm. Over the past seven decades,
significant warming has been observed in annual mean temperature, with a warming rate
of 0.3 ◦C per decade (Figure 2b). Although precipitation did not show a clear trend over
the past seven decades (Figure 2c), it has declined since 2000 CE. Thus, the climate in the
study area will be severely dry due to increasing evaporation induced by warming and
reduced precipitation.
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Figure 1. Locations of the sampling sites (red triangle), the nearby meteorological station (the black
rectangle). The black−boxed area in the small figure in the upper right corner represents the study area.

 

Figure 2. Monthly mean temperature, total precipitation, and climatic water balance variations at the
Lijiang Meteorological Stations from 1951 to 2020 CE (a,d); long-term changes in mean temperature
(b) and total precipitation (c). Long-term temperature changes during the dry season (e) and wet
season (f). The z indicated the trend of the climate series. z > 0 indicates an upward trend; z < 0
indicates a downward trend. |z| > 1.96 represents the 0.05 significance level.
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2.2. Tree-Ring Sampling and Chronology Development

Tree-ring samples were collected in 2015 and 2022 CE. The three sites (AG3400, AG3800,
AG4100) were sampled in 2015 CE, and the other sites (AG3200, AG3600, PL2800, PL3000,
PL3200, PL3400, PL3600, PY2600, PY2800, PY3000, PY3200, and PY3400) were sampled
in May 2022 CE. The sampling covered the entire elevation range of Abies georgei, Picea
likiangensis, and Pinus yunnanensis up to the upper treeline, with at least 200 metres of
elevation difference between sampling sites (Table 1). We selected five sites for each species
according to the altitude range. Specifically, samples of Picea likiangensis were collected
at elevations from 2800 to 3600 m. Samples of Abies georgei were collected at elevations
ranging from 3200 to 4100 m a.s.l., and samples of Pinus yunnanensis were collected from
2600 m a.s.l. to 3400 m a.s.l. At each site, at least 15 trees were sampled. Following
dendrochronological sampling procedures, one or two cores were extracted from different
directions at breast height (1.3 m) of a tree using increment borers (Haglof, Sweden).
The cores were sampled parallel to the contour slope whenever possible. A total of 791
increment cores were collected from 465 trees across 15 sampling sites. Furthermore, to
avoid interference from interactions among the three tree species, we selected only sampling
sites that contained a single dominant tree species. All tree-ring samples were collected
from trees in natural forest stands without evidence of fire, insect damage, or human
disturbance (Table 1).

Table 1. Information on the sampling sites.

Site Elevation
(m)

Lat (◦N)/
Lon (◦E) Species Sample/

Cores

AG3200 3200 27.15/100.23 Abies georgei 23/43
AG3400 3400 27.18/100.21 Abies georgei 43/86
AG3600 3600 27.14/100.21 Abies georgei 15/27
AG3800 3800 27.18/100.21 Abies georgei 64/128
AG4100 4100 27.18/100.21 Abies georgei 62/120
PL2800 2800 27.14/100.21 Picea likiangensis 29/53
PL3000 3000 27.14/100.2 Picea likiangensis 30/55
PL3200 3200 27.14/100.18 Picea likiangensis 32/52
PL3400 3400 27.14/100.17 Picea likiangensis 18/34
PL3600 3600 27.14/100.23 Picea likiangensis 28/57
PY2600 2600 27.47/99.72 Pinus yunnanensis 25/54
PY2800 2800 26.99/100.19 Pinus yunnanensis 22/49
PY3000 3000 27/100.19 Pinus yunnanensis 24/44
PY3200 3200 27/100.17 Pinus yunnanensis 28/54
PY3400 3400 27/100.17 Pinus yunnanensis 22/41

All tree-ring samples were processed following standard dendrochronological tech-
niques. Specifically, all samples were returned to the laboratory and glued onto wooden
mounts with the transverse axis upward after air-drying under natural conditions. The
wood was polished with progressively finer sandpapers. The samples were then visually
dated using a microscope. Ring width was then measured using a LINTAB II measuring
system (Rinntech Inc., Heidelberg, Germany) with a precision of 0.001 mm. Dates for all
cores were cross-validated using pattern matching, and statistical tests were conducted
using the software package. The quality of the cross-dating was further checked using
TSAP (Version 4.68e) and COFECHA (Version 6.03) [55].
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Raw ring-width measurements were detrended using the ARSTAN (Version 44xp)
program [56]. A cubic smoothing spline with a 50% frequency cut-off that is equal to
67% of the series length was used to remove non-climatic signals [57]. Finally, all the
detrended series were averaged together into a mean chronology using the bi-weight
robust mean. We used the Keith Briffa Rbar-weighted approach to stabilize the variance of
the chronologies [58]. The standard chronology was then chosen for subsequent analysis as
it retains more high and low-frequency signals (Figure S1). The most reliable time span of
each site chronology was determined by using a threshold subsample signal strength (SSS)
value of 0.85 for at least 10 trees [59].

2.3. Climate Data

For investigating the climatic response of tree growth, climate data from the nearest
meteorological stations are desirable. Therefore, monthly temperature and precipitation
records at Lijiang meteorological station (26.85◦ N, 100.22◦ E, 2380 m a.s.l.) from 1951 to
2020 CE were downloaded from the China Meteorological Data Sharing Service System
(http://data.cma.cn/, accessed on 19 July 2024). We used the Mann–Kendall (MK) test
to detect long-term trends in annual temperature and precipitation, dry- and wet-season
temperatures, and abrupt changes in mean dry-season temperature. The MK test is a non-
parametric method for trend detection [60,61]. It can be used to identify monotonic trends
and detect abrupt changes in time series of meteorological elements. MK test indicates that
the mean temperature during the dry season has shown significant shifts since 2004; the
average temperature from 2005 to 2020 CE increased by 1.1 ◦C compared with that from 1952
to 2004 CE (Figures S2 and 2e). Given the strong spatiotemporal heterogeneity of drought in
the mountains of Southwest China, we further analyzed its impact on tree growth. Here, we
chose the Standardized Precipitation-Evapotranspiration Index (SPEI) to indicate drought
conditions. The SPEI can be used to quantify wet/dry conditions at multiple time scales
under global warming [62], which was calculated using the “SPEI” package in R based
on monthly temperature and precipitation recorded at Lijiang meteorological station. In
general, the 3-month SPEI (SPEI03) can effectively capture the influence of drought on tree
radial growth over short time scales. We thus used the SPEI03 in our subsequent analysis.

2.4. Statistical Assessment of Climate–Growth Responses

Pearson correlation coefficients were calculated between tree-ring standard chronolo-
gies and climate variables (both original and first-order difference values) for the common
period of 1978–2015 CE. Correlations were calculated for a 14-month climatic window
starting from the previous September to the current October. Seasonal influence of cli-
mate was also checked for six seasons: winter (p12–c2), spring (c3–c5), summer (c6–c8),
autumn (c9–c10), dry (p11–c5), and wet seasons (c6–c10). To explore the modulation of
elevation on climate sensitivity, we also calculated the linear trend of the correlations
between tree growth and the seasonal climate variables (dry seasons (p11–c5)) at site levels.
Furthermore, the MK test has shown an abrupt shift in the mean temperature in the dry
season after 2004 CE. Thus, we calculated the Pearson correlation coefficients and the
bootstrapped correlation (1000 iterations) in two periods (1978–2004 CE and 2005–2015
CE) to explore the effect of abrupt temperature change on tree growth. The differences
in tree growth response of the two periods (p < 0.05) were identified using the Wilcoxon
rank-sum test.
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2.5. Basal Area Increments and Long-Term Growth Trends

Basal area increment (BAI) is a useful measure of long-term trends in tree growth, as
it reflects total biomass production and provides a stable representation of growth [63].
Therefore, Ring-width measurements of three tree species (Abies georgei, Picea likiangensis,
and Pinus yunnanensis) were converted to annual BAI (mm2 year−1) from the bark to the
pith, using ring widths as the initial value. BAI was estimated using the following formula
with the function ‘bai.out’ in the R package ‘dplR 1.7.8’ in R (Version 4.5.1) [64]:

BAI = π × (R2
n − R2

n−1) (1)

where Rn and Rn−1 are the radial radius at year n and n − 1, respectively. To remove
size or age trends in the BAI series, generalized additive mixed models (GAMMs) were
applied. This approach is based on the modeling of BAI as a function of cambial age and
tree basal area [20,65,66]. BAI values were log-transformed to improve the normality of
their distributions. The fitted GAMM took on the following form:

log (BAIit) = log(BAit) + s(Ageit) + (TreeIDi) + corAR1i (2)

where i denotes the individual tree and t denotes the year. BAIit is the basal area increment
of tree i at specific year t, BAit is the basal area of tree i at specific year t, and Ageit is the
cambial age of tree i at year t. AR1i was added to account for temporal autocorrelation.
TreeID is considered a random effect. The s represented the cubic regression splines. The
BAI residuals represent the detrended tree growth series. Finally, the BAI chronologies
were computed by averaging the detrended individual-tree values.

3. Results
3.1. Statistics of Chronologies

All 15 tree-ring chronologies had EPS values above 0.85, confirming their stability and
robustness. All three tree species exhibit high dendroclimatic utility, with moderate mean
sensitivity (MS), high EPS, and moderate Rbar (Table 2), indicating that all chronologies are
suitable for studying the growth–climate relationship. There are no persistent trends in the
chronology statistics (Rbar and EPS) across the elevation gradient (Figure S3).

Table 2. Tree-ring chronology statistics.

Site MS 1 AC1 2 Rbar 3 EPS 4 SNR 5 SSS 6 > 0.85 (CE)

AG3200 0.313 0.564 0.355 0.934 14.197 1955–2021
AG3400 0.261 0.322 0.181 0.947 7.913 1945–2015
AG3600 0.227 0.342 0.225 0.879 7.239 1954–2021
AG3800 0.213 0.433 0.303 0.979 46.859 1926–2015
AG4100 0.186 0.468 0.263 0.972 34.898 1935–2015
PL2800 0.285 0.280 0.236 0.933 13.885 1969–2021
PL3000 0.197 0.255 0.266 0.946 17.435 1971–2021
PL3200 0.242 0.708 0.304 0.910 10.064 1630–2021
PL3400 0.276 0.715 0.26 0.875 7.032 1637–2021
PL3600 0.217 0.219 0.298 0.943 16.548 1963–2021
PY2600 0.271 0.415 0.195 0.911 10.181 1961–2021
PY2800 0.294 0.416 0.482 0.974 37.200 1952–2021
PY3000 0.288 0.475 0.266 0.934 14.151 1934–2021
PY3200 0.418 0.374 0.403 0.967 29.719 1931–2021
PY3400 0.234 0.294 0.232 0.914 10.574 1978–2021

1 MS, mean sensitivity; 2 AC1: First order autocorrelation; 3 Rbar, mean inter-series correlation coefficients; 4 EPS,
expressed population signal; 5 SRN, signal–noise ratio; 6 SSS, Subsample signal strength.
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3.2. Climate–Growth Relationships

The radial growth of three tree species in Mt. Yulong shows a similar climate–growth
response pattern across all elevational belts. Specifically, tree-ring width positively and
significantly correlated with precipitation from December to May (Figure 3a,d,g) and nega-
tively and significantly correlated with mean temperatures from May to June (Figure 3b,e,h).
Furthermore, we found a significant and positive correlation between the tree-ring width
and the SPEI from December to May (Figure 3c,f,i). These findings collectively suggest that
the radial growth of three tree species was mainly controlled by moisture conditions in the
dry season (Figures 3 and S4).

Figure 3. Correlation coefficients between tree-ring chronology and monthly (a–i) and seasonal
(j–r) precipitation, temperature, and the Standardized Precipitation Evapotranspiration Index (SPEI)
from previous September to current October. p indicates the previous year, c indicates the current
year. The + indicates significance at the 0.05 level.

We further found that the sensitivity of tree-ring width to dry-season SPEI weakened
with rising elevation (Figure 4c). This elevational trend, however, was not statistically
significant. This result demonstrates that the radial growth of the three tree species was
consistently limited by dry-season moisture availability across the regional elevational
gradient, which does not support our hypothesis that tree growth is highly sensitive to
changes in moisture availability at lower elevations and to temperature at higher elevations.
The non-significant elevational trend reflects the influence of shared climate drivers on
tree growth responses and further indicates that enhanced drought stress has imposed
consistent limits on tree growth across all elevations.
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Regarding species, the highest correlation coefficients between tree-ring widths and
dry-season SPEI/precipitation were observed for Abies georgei, followed by Picea likiangensis
and then Pinus yunnanensis (Figure 3). This finding suggests that Pinus yunnanensis’s
sensitivity to moisture availability during the dry season is lower than that of the other
two tree species in this region (Figures 3 and 4). In contrast, the radial growth of Pinus
yunnanensis shows higher sensitivity to mean temperature from May to June (Figure 3q).
In addition, compared with the correlation coefficients between radial growth and SPEI
over the entire dry season from the previous November to the current May, Abies georgei
growth exhibited higher correlation coefficients with SPEI in the late dry season, i.e., spring.
Picea likiangensis growth, by contrast, showed a higher positive correlation with SPEI in the
mid-dry season, i.e., winter.

 

Figure 4. Linear scatter plot between chronology and precipitation (a), temperature (b), and the
Standardized Precipitation Evapotranspiration Index (SPEI) (c) in the dry season among different
species. The grey shade indicated the 0.05 confidence level.

3.3. Climate–Growth Relationships Before and After the Abrupt Temperature Change

Further analysis of the climate–growth relationships between the periods of 1978–2004
(before the abrupt temperature change) and 2005–2015 CE (after the abrupt temperature
change) found that dry-season SPEI consistently showed the strongest correlation with
the radial growth of all three tree species across both time periods (Figure 5). Further
analysis revealed significant species-specific differences in the magnitude of correlation
coefficients between radial growth and dry-season SPEI between the two periods (Figure 6).
Specifically, the correlation between Abies georgei radial growth and dry-season SPEI was
consistently and significantly higher in 2005–2015 CE than that in the 1978–2004 CE. Fur-
thermore, a significant diversity in the elevation of tree growth response was detected for
the dry-season SPEI. For Picea likiangensis, the correlation between radial growth and dry-
season SPEI increased significantly from 1978–2004 CE to 2005–2015 CE at low-elevation
sites (2800–3000 m a.s.l.), while the correlation decreased significantly over the same time
interval at the remaining three elevational gradients (3200–3600 m a.s.l.). For Pinus yun-
nanensis, the correlation between tree growth and dry-season SPEI increased significantly
from 1978–2004 to 2005–2015 CE at high elevations (3200–3400 m a.s.l.), and decreased
significantly over the same interval at low-to-middle elevations (2600–3000 m a.s.l.).
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Figure 5. Correlation between tree-ring chronology and monthly temperature, precipitation, and
SPEI. Correlation between tree-ring chronology and monthly temperature (a), precipitation (b), and
SPEI (c) during the period 1978–2004 CE, and the Correlation between tree-ring chronology and
monthly temperature (d), precipitation (e), and SPEI (f) during the period 2005–2015 CE. p indicates
the previous year, c indicates the current year. The + indicates a 0.05 confidence level.

3.4. Long-Term Growth Trends

Our further investigation demonstrated that tree growth exhibited divergent long-
term trends between 1978–2005 CE and 2005–2015 CE. Approximately 80.0% (n = 15) of the
BAI chronologies (Figure 7) show an increasing trend before 2005 CE. This increasing trend
is statistically significant for 41.7% of the sites. Regarding species, this long-term growth
trend before 2005 CE further varies slightly among species. The growth of Abies georgei and
Picea likiangensis consistently shows an increasing trend across all the elevations. While
the long-term growth trend of Pinus yunnanensis further depends on elevation. Its growth
shows a decreasing trend at low to high elevations, but an increasing trend at the lowest-
and second-highest-elevation belts (PY2600 and PY3200).

In contrast, approximately 73.3% (n = 15) of the BAI chronologies (Figure 7) and
standard chronology (Figure S5) show a decreasing trend since 2005 CE, although this
decreasing trend was not statistically significant. We further found that the direction of
these long-term growth trends during 2005–2015 CE differed among the three species
studied. Specifically, Abies georgei has shown a consistent decline since 2005 across all
elevational belts (Figure 7). The rate of this decrease further declined with increasing
elevation, as indicated by the regression slope. For Picea likiangensis, growth decreased
since 2005 CE in low- to middle-elevation belts (2800–3200 m a.s.l.), but increased in
high-elevation belts (3600 m a.s.l.). In contrast to Picea likiangensis, the growth of Pinus
yunnanensis showed an increasing trend at the lower-elevation belts (2600–2800 m a.s.l.)
since 2005 CE, while trees showed a decreasing trend at the middle-to-high elevation belts
(3200–3400 m a.s.l.).
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Figure 6. Species-specific growth responses to seasonal drought before and after the abrupt tem-
perature shift. Bootstrapped correlations between tree-ring chronologies and seasonal SPEI across
different elevations of Abies georgei (a,d,g,j,m), Picea likiangensis (b,e,h,k,n), and Pinus yunnanensis
(c,f,i,l,o). Blue boxplots represent the correlation during the period before the abrupt temperature
shift, while red boxplots represent the correlation after the shift. p11−c5 indicates the dry sea-
son (previous November to current May), and c6−c8 indicates the summer season (current June
to August). Asterisks indicate that the difference in correlation between the two periods (before
and after the abrupt temperature shift) is statistically significant: **** p < 0.0001, *** p < 0.001,
* p < 0.05.
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Figure 7. Long-term trends in tree growth (BAI index) across different elevations of the three species.
Linear trend of Abies georgei (a,d,g,j,m), Picea likiangensis (b,e,h,k,n), and Pinus yunnanensis (c,f,i,l,o).
The blue dotted line indicates the tree growth trend during 1978–2004 and the red dotted line indicates
the tree growth trend during 2005–2015 CE. The * and ** indicate that the linear trend (increasing
or decreasing trend) is statistically significant: ** p < 0.01; * p < 0.05. The slope values represent the
linear regression model for each period.

4. Discussion
4.1. The Primary Limitation of Dry-Season Moisture for Tree Growth

The radial growth of Abies georgei, Picea likiangensis, and Pinus yunnanensis is primarily
limited by dry-season moisture availability in the mountains of southwest China. Sufficient
water availability promoted radial growth in these trees, whereas water deficit significantly
inhibited it. These findings align well with previous studies carried out in nearby regions
across a range of tree species [48,52,67–72]. Insufficient soil moisture during the dry season
cannot sustain normal root water uptake, thereby delaying the onset of xylogenesis [73,74].
Long-term cambial phenology data from southwest China further support this, showing
that dry-season water deficit prolongs local tree dormancy [73]. This extended dormancy
in turn shortens the effective growing season and ultimately restricts tree radial growth.
Furthermore, insufficient moisture availability during the dry season (the early growing
season) may cause xylem/vessel cavitation, thereby reducing the tree’s hydraulic conduc-
tivity [75]. Lastly, inadequate water availability may also reduce the rate of photosynthesis,
ultimately limiting tree growth [76]. This result indicates that moisture availability before
the growing season predominantly influences the annual incremental growth of trees and
is further supported by studies conducted worldwide, including the Himalayan region [77],
the Carpathian arc [78], and the Rocky Mountains [10].
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4.2. Consistent Dry-Season Moisture Limitation of Tree Growth Along Elevational Gradients

The correlation coefficient between tree growth and dry-season SPEI shows an in-
significant negative trend as elevation increases (Figure 4). This finding confirms that
dry-season moisture availability is a consistent limiting factor for tree growth across the
study area’s elevation gradient. Similar elevational climate response patterns have been
widely reported in previous studies across surrounding regions [48,79,80]. For instance,
Juniperus tibetica at the southern Tibetan Plateau also shows no significant effect of eleva-
tion [79]. In parallel, the growth of Pinus yunnanensis across the same biogeographic region
is also consistently limited by dry-season moisture availability across different elevational
belts [48]. Similar tree growth and responses to climate across different elevations may
reveal the profound impact of shared climatic limiting factors at regional scales, which may
also indicate increased stress on trees with elevation.

4.3. Differential Growth Responses to Dry-Season Moisture Across Species

The correlation coefficients between tree growth and dry-season SPEI were highest for
Abies georgei, lowest for Pinus yunnanensis, and intermediate for Picea likiangensis (Figure 3).
This finding suggests that the growth of Abies georgei is more sensitive to moisture availabil-
ity during the dry season. It also implies that Abies georgei will face a higher risk of growth
decline than the two species in the future, against the background of regional warming
and drying. This result is consistent with previous research conclusions on Abies species in
high-elevation regions and cold ecosystems [13,40,52,68,81]. Thus, targeted conservation
and management measures are needed for this species.

The diverse response is also well documented across species analyses in the southeast-
ern Tibetan Plateau [82], Northern Limestone Alps [83], Central Europe [84], and Brazil [85].
The interspecific differences in the magnitude of tree growth responses to dry-season mois-
ture conditions are likely related to the physiological traits and the elevational ranges of
the focal species [83,86]. Compared with Abies georgei and Picea likiangensis, the weaker
response of Pinus yunnanensis to dry-season moisture conditions is mainly attributed to
its deep-rooted trait, which enables it to adapt to dry environments [47]. During drought,
Pinus yunnanensis can access deep soil water through its well-developed deep root system.
In contrast, Abies georgei and Picea species have shallower root systems. They, thus, cannot
absorb water from deep soil layers to maintain stomatal conductance and photosynthe-
sis [87,88]. In addition, pine trees may have higher drought tolerance than the other two
species [89,90]. The elevational range of Pinus yunnanensis is lower than that of Abies
georgei and Picea likiangensis. It is well known that the climate is generally hot and dry
in low-elevation regions. To adapt to this environment, Pinus yunnanensis exhibits high
drought tolerance, especially in individuals inhabiting its lowest elevational range [91].
Therefore, during the dry season, Pinus yunnanensis prioritizes allocating limited water
to basic metabolism (e.g., leaf transpiration and cellular activity) over radial growth and
xylem development.

4.4. Effects of Abrupt Temperature Rises on Tree Radial Growth

The growth of three tree species across most elevation belts has declined consistently
since 2005 CE (abrupt temperature change). This widespread decline in growth can be
largely attributed to reduced availability of dry-season moisture following temperature
increases (Figures 6 and 7). Tree growth in the study is primarily limited by dry-season
moisture during the two periods (1978–2004 CE, 2005–2015 CE); thus, they may expe-
rience greater drought stress as temperatures rise. This temperature-induced drought
stress is thought to shorten the growing season and limit growth by slowing leaf hydraulic
conductance, stem xylem activity, and photosynthetic rate [92], ultimately reducing tree
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productivity. The negative trajectory of tree growth has been frequently reported in nu-
merous published studies, including the southeastern Tibetan Plateau [7], the Himalayan
region [13], the European continent [36], and worldwide [93]. These findings collectively
suggest that tree growth generally declines under global warming.

We further found that the tree growth trend after 2005 CE further differs by species.
Specifically, the radial growth of Abies georgei across all elevational belts and of Picea likian-
gensis across nearly all elevational belts has declined consistently as temperatures have
risen (Figure 7). In contrast, Pinus yunnanensis exhibits divergent growth patterns along the
elevation gradient. Trees at lower elevational belts from 2600 m to 2800 m show a slight
increasing trend, while those at higher elevational belts from 3000 m to 3400 m exhibit
clear growth declines (Figures 7 and S5). These divergent growth responses between Pinus
yunnanensis and the other two species at their lower elevational distribution belts can be ex-
plained by interspecific differences in functional traits, including drought resistance [94,95].
The negative change in the global growth trend was significantly influenced by drought
resistance, which was significantly lower for drought-tolerant species [93]. Compared
with Abies georgei and Picea likiangensis, Pinus yunnanensis exhibited greater growth vari-
ability, which could enable it to adjust its physiological traits to resist and adapt to high
temperatures and drought [96–98].

Abies georgei, Picea likiangensis, and Pinus yunnanensis are three dominant tree species
in mountain forests in southwest China [47]. These species play a crucial role in water
conservation, soil protection, and greenhouse gas sequestration. The negative growth
trajectory observed for Abies georgei and Picea likiangensis along the elevation gradient and
for Pinus yunnanensis at middle-to-high elevation sites, coupled with their strong positive
sensitivity to SPEI, further implies that ongoing regional warming in southwest China
likely intensifies drought stress, posing potential risks of compromised tree vitality and
sustained growth decline. This expected shift in forest growth dynamics may, in turn,
profoundly alter the long-term growth dynamics and carbon sink capacity of forests across
our study region. Future research must integrate broader mountain tree-ring networks
better to understand their growth trajectories and climate response mechanisms.

4.5. Limitations and Perspectives

It is important to keep in mind that mountain environments exhibit distinct elevational
gradients in temperature and precipitation [5,6]. However, there is a lack of long-term
meteorological monitoring networks in our sampling area. Although gridded climate prod-
ucts exist, they fail to accurately capture climatic variations across large elevation gradients
in the mountains of Southwest China. This limitation arises from insufficient elevational
weighting in interpolation algorithms, compounded by scarce validation stations [99],
rendering these datasets too biased for detailed climate-response analysis. Consequently,
we had to rely on observations from the nearest meteorological station. Furthermore,
due to high mountain climate heterogeneity, even simple lapse-rate corrections are un-
reliable [11,29,30]; thus, we applied no elevation correction to the station data. Future
research should involve consistent meteorological monitoring networks to provide a more
comprehensive understanding of tree growth response across large elevation gradients in
mountain areas.

Abrupt warming significantly alters tree growth. Based on a detected climate regime
shift (Mann–Kendall test), we deliberately divided the analysis into two unequal periods to
capture this ecological reality, rather than forcing equal-length periods. While the resulting
short time span complicates distinguishing long-term climatic trends from short-term
weather variability, we mitigated this by employing bootstrapped correlations and non-
parametric comparisons to stabilize our estimates. Ultimately, this limitation highlights the
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need for a more mechanistic approach; future research must integrate microclimatic condi-
tions, soil properties, and tree functional traits to elucidate the physiological mechanisms
underlying growth responses to climate change.

5. Conclusions
Coniferous forests, including fir, pine, and spruce species, are the key component of

mountain forests in southwest China. However, little attention has been given to how these
forests respond to climate warming along elevation gradients. Based on tree-ring cores of
Picea likiangensis, Abies georgei, and Pinus yunnanensis from the Yulong Snow Mountains, we
find that dry-season moisture availability is the dominant limiting factor for tree growth.
The linear trend in correlations between tree growth and dry-season moisture indicates
that radial growth of the three tree species was consistently limited by dry-season moisture
availability across the region’s elevational gradient. The strongest limitation was observed
for Abies georgei, which was distributed at higher elevations, followed by Picea likiangensis,
and the lowest for Pinus yunnanensis, although the overall elevational trend was not
statistically significant. The positive relationship between tree radial growth and the SPEI
along all elevations after the abrupt temperature change further implies that radial growth
of the three target species across most elevational belts may be continuously suppressed by
ongoing regional warming and associated warming-induced drought events in southwest
China, especially for Abies georgei. Furthermore, our assessments of productivity trends
in Abies georgei, Picea likiangensis, and Pinus yunnanensis suggest that productivity in these
three species began to decline since 2005 CE (with abrupt temperature rises) across most
elevational belts.

In this study, we present a tree-ring network spanning multiple species across large
elevation gradients in the Yulong Snow Mountains. Notably, our analyses reveal that trees’
adaptive strategies to climate change exhibit species-specific and elevation-dependent
differences. To comprehensively understand the mechanisms driving tree growth responses
to climate warming and changing hydroclimate conditions, further investigations should
focus on stem diameter variation, sap flow measurements, cambial activity, and tree
eco-physiological responses across multiple tree species in the mountainous regions of
southwestern China.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/f17070736/s1. Figure S1: The standard chronologies and sample
size of the 15 tree-ring widths. The standard chronologies of Abies georgei (a–e), Picea likiangensis
(f–j), and Pinus yunnanensis (f–o). The grey shade indicates the reliable portion of the chronology
(SSS > 0.85); Figure S2: Mann–Kendall test of the dry-season temperature from 1952 to 2020 CE with
forward statistic UF (red line) and backward statistic UB (blue line) at the 0.05 significance level
(dotted horizontal black lines). The intersection of UF and UB lines indicates the abrupt change point
(2004 CE); Figure S3: Statistical characteristics of the chronologies. MS, mean sensitivity; R1, mean
inter-series correlation coefficient; SRN, signal–noise ratio; EPS, expressed population signal; AC1,
first-order autocorrelation; Figure S4: First-order difference correlation between tree-ring chronology
and monthly precipitation, temperature, and SPEI from previous September to current October (a–c);
correlation between tree-ring chronology and seasonal precipitation, temperature, and SPEI (d–f). p
indicates the previous year, and c indicates the current year. The + indicates a 0.05 confidence level;
Figure S5: Long-term trends in tree growth (STD) across different elevations of the three species.
Linear trend of Abies georgei (a,d,g,j,m), Picea likiangensis (b,e,h,k,n), and Pinus yunnanensis (c,f,i,l,o).
The blue dotted line indicates the tree growth trend during 1978–2004 and the red dotted line indicates
the tree growth trend during 2005–2015 CE. The * and ** indicate that the linear trend (increasing
or decreasing trend) is statistically significant: ** p < 0.01; * p < 0.05. The slope values represent the
linear regression model for each period.
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