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Warming-induced aridity has caused forest decline and mortality for many sites with water-limiting conditions.
However, equatorward rear-edge Pinus taiwanensis trees at the Daiyun Mountains in humid subtropical China are
also suffering die-backs and decline, but the roles played by heat or drought stress still remain unclear. Here, we
compared the tree-ring radial width, anatomical features, stable carbon isotope (5'3C) and intrinsic water use
efficiency (iWUE) between die-back and healthy trees to elucidate potential causes driving the decline. Die-back
trees showed sustained growth reductions and produced tracheids with thinner cell walls over the recent decade,
indicative of reduced carbon assimilation. The climate response pattern and Vaganov-Shashkin (V-S) model
indicated the critical role of summer (June-August) temperature in recent growth decline. Long-term higher
wood §'3C and iWUE within die-back trees indicated that actual growth decline already started several decades
earlier. This conservative growth strategy was at the cost of low efficiency of photosynthesis due to chronic
stomatal closure. When the lethal heatwaves arrived, these weakened trees were not able to access sufficient
carbonhydrates to maintain metabolism, causing a distinct decline and mortality. We concluded that recent

decline in Pinus taiwanensis trees was mainly caused by long-term carbon starvation.

1. Introduction

Forest ecosystems across many climatic zones have experienced a
distinct decline in tree vigor and primary productivity for recent decades
(Liu et al., 2013; Ciais et al., 2005), leading to massive shifts in vege-
tation biomass, composition, phenology, etc. (Allen et al., 2010; Choat
etal., 2012). The warm and humid subtropical China, termed as a “green
oasis” along the dry northern subtropics, is also not immune to anom-
alous forest decline recently (Bai et al., 2021). Pinus taiwanensis is an
endemic tree species mainly distributed in high-elevation sites (>800
m), and the southernmost distribution boundary of this tree species lo-
cates in the Daiyun Mountains over the subtropical China (Chen et al.,
2016). Like many forests at the low-latitude or low-altitude range
margins (Penuelas et al, 2008; Wong and Daniels, 2017;
Sanchez-Salguero et al., 2017a), the rear-edge Pinus taiwanensis forests
are also suffering from high rates of decline or die-backs in recent decade
(Chen et al., 2016).

* Corresponding authors.

Forest declines are commonly driven by cumulative effects of mul-
tiple biotic (e.g. genetic dynamics and competition) and abiotic (e.g.
disturbances and environmental stresses) processes (Lutz and Halpern,
2006; Allen et al., 2010; Cailleret et al., 2016), and complex interactions
among these factors make forest declines more difficult to understand
and reconstruct (Minorsky, 2003; Amoroso et al., 2015). Climate, as one
of the most prominent abiotic factors, alters the structure, composition
and ecological functions of forests worldwide (van Mantgem et al.,
2009; Allen et al., 2010; Liang et al., 2014; Fang et al., 2015). Drought
and heat stress have incited increasing rates of decline and mortality in
diverse forests across the globe (Fensham et al., 2009; Adams et al.,
2010; Liu et al., 2013). In addition, extensive tree die-offs also caused
great alterations in hydrologic cycles, and large carbon releases from the
biosphere to the atmosphere that may contribute to further warming
(Breshears et al., 2007; Adams et al., 2009). Forest decline was thought
to be amplified due to the increase of the frequency and intensity of
hotter droughts induced by a warming climate, causing physiological
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stress in trees (van Mantgem et al., 2009; Allen et al., 2010; Millar and
Stephenson, 2015).

Warming-induced drought stress are usually considered as the initial
trigger for massive forest mortality, especially at the dry range edges
(Penuelas et al., 2008; Wong and Daniels, 2016; Anderegg et al., 2019).
The humid subtropical forests are also not immune to drought stress.
Previous studies have indicated that summer drought strongly limited
tree growth in the subtropics of China (Jing et al., 2022; Zhang et al.,
2023). The critical mechanisms for tree decline under drought stress
were hydraulic failure via xylem embolism or carbon starvation (Fonti
et al., 2010; MacDowell et al., 2011; Adams et al. 2017), largely caused
by cavitation and stomatal closure (Puchi et al., 2021). However, a
growing amount of evidence have revealed that heat stress directly ef-
fect the overall performance and the survival of trees (Song et al., 2014;
Breshears et al., 2021). Heat-induced tree mortality can cause abrupt
decline in forest biomass stocks when temperatures reach the thermal
tolerance threshold of tree’s physiological function (Kunert et al., 2021).
So far, the actual mechanisms causing Pinus taiwanensis at the Daiyun
Mountains mortality are still unclear, limiting the capacity to develop
suitable strategies for trees to cope with a changing climate.

The multi-proxy including radial growth, wood anatomical features
and stable isotopes registered in tree rings can provide retrospective
insights to disentangle the physiological mechanisms involved in forest
decline (Fonti et al., 2010; Liu et al., 2013; Gessler et al., 2018). Unfa-
vorable climate conditions (e.g. heat waves, drought, coldness) directly
affect radial growth decline and a rise in synchronicity among trees (Liu
et al., 2013; Camarero et al., 2015). Annual rings of declining trees also
present a higher persistence and variance, and increased sensitivity to
climates (Bigler and Veblen, 2009). Wood anatomical features of tree
rings such as cell lumen area (CLA) and cell wall thickness (CWT) serve
as a robust indicator for long-term hydraulic conductivity and carbon
uptakes (Cuny et al., 2015; Castagneri et al., 2018). Carbon isotopic
discrimination (613C) in tree rings are useful tools to provide informa-
tion on the ratio of net photosynthetic CO2 assimilation rate (A) to
stomatal conductance rate (gs) (Farquhar et al., 1982), and quantify
long-term intrinsic water use efficiency (iWUE), i.e. the cost of fixing
carbon in terms of water use (Ehleringer et al., 1993). The combination
of these multi-proxy approach have been adopted to assess how trees are
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predisposed to climate-induced diebacks (Pellizzari et al., 2016; Gessler
et al., 2018; Puchi et al., 2021).

In present work, we compare radial growth patterns and the sensi-
tivity to climate variables between healthy and die-back trees by the
dendrochronological analysis, coupled with wood anatomical traits and
5'3C variations in tree rings, to gain insight into mechanisms of the
decline of the Pinus taiwanensis at the Daiyun Mountains. Specifically,
the goals of our study are (1) to reveal the disparity between die-back
and healthy trees in terms of long-term growth behaviors and climate
sensitivity, (2) to reveal the dominant climatic factors that drive recent
tree decline, and (3) to elucidate the physiological key indicators that
characterize trees with high risk for decline.

2. Material and methods
2.1. Study area and climate data

Tree-ring cores were collected from four pure mature Pinus taiwa-
nensis forests at the southern Daiyun Mountains from 1550 to 1680 m a.
s.l. (Fig. 1a; Table S1), mixed with various understory shrubs (e.g.
Eurya rubiginosa, Eurya loquaiana, Rhododendron latoucheae). The main
soil type underneath them is yellow soil derived from the weathered
granite, with high content of water stable aggregate and organic matter
(Liu et al., 2020). Many die-offs of Pinus taiwanensis trees have occurred
in this area (Fig. 1b). The area is a transitional zone between southern
and northern subtropical China, with an average annual temperature of
12.3 °C and mean annual precipitation of 1746 mm for the available
period 1956-2016, according to the records from the Jiuxianshan
meteorological station (118.01°E, 25.72°N, 1653 m). The warmest
months are July and August, and the peak precipitation occurs from
June to August when the Asian monsoon arrives at this region (Fig. 1¢).
In addition, the relative humidity (RH) and vapor pressure deficit (VPD)
based on daily records were used to indicate regional hydroclimate
changes. The VPD is the difference between the saturation vapor pres-
sure at air temperature (T), minus the actual vapor pressure:

VPD = 0.611 x 1073*7/@373+1)) 5 (1 —RH / 100)
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Fig. 1. a) The sampling locations of Pinus taiwanensis forests and Jiuxianshan meteorological station; b) Forests of Pinus taiwanensis in southern Daiyun Mountains; c)
Monthly average temperature (dot line) and total precipitation (b bar) from the meteorological station during the 1956-2015 period.
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2.2. Sample collection and tree-ring width analysis

We totally sampled 346 increment cores from a total of 173 living
adult trees at breast height at the four sites. Given that these sites were
very close and sampled trees grew in a similar habitat, we grouped all
these tree-ring samples for crossdating. Firstly, all these samples were
classified into two groups, 71 from decline trees and 102 from healthy
trees. For determination of the health status, healthy trees showed no
sign of crown die-back, whereas die-back trees showed defoliation in
~30% of the crown estimated by four observers for the reduction of
subjective errors (Petrucco et al., 2017). After air drying and sanding,
tree-ring radial width (TRW) of the cores were measured and crossdated
at £0.001 mm precision with a LINTAB system. The COFECHA program
was further employed for the quality control of crossdating (Homes,
1983). Many annual rings of die-back trees were devitalized during
recent decades and thus were excluded for the development of the
chronology. Then the growth trend in the raw measurements was
removed by fitting negative exponential curves or linear regression
curves of any slope. The trees were excluded for the chronology devel-
opment in a few cases when anomalous growth trends occurred. The
tree-ring indices were calculated as ratios between raw measurements
and the fitted growth values, and then merged to develop a biweight
robust mean chronology of die-back and healthy groups, respectively
(Cook, 1985). We then averaged all of the standardized tree-ring series
to obtain the final TRW index for each group (Fig. 2a). The subsample
signal strength (SSS) with a threshold value of 0.85 was employed to
evaluate the most reliable period of the chronology (Wigley et al., 1984).
The standard tree-ring width chronologies of die-back and healthy
groups were established, and the reliable intervals started from 1911 to
1910, respectively (Figs. 2b, 2c).
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2.3. The Vaganov-Shashkin model

The process-based Vaganov-Shashkin (V-S) model permits us to
investigate features of TRW variations under specific environmental
conditions linking temperature, soil moisture and day length (Vaganov
et al., 2006). In this model, the simulated growth rate due to sunlight is
defined by the harmonic function depending on geographic location
(Gates, 1980), and the partial influence of temperature and soil moisture
on tree-ring formation are both defined by piece-wise linear functions
(Vaganov et al., 2006; Evans et al., 2006). The modeled tree growth rate
is largely determined by the primary limiting factor between tempera-
ture and soil moisture. The V-S model is muti-parametric, and the de-
scriptions suggested by previous literature (Shi et al., 2008; Gou et al.,
2013) and physiological observations of Pinus taiwanensis (Zhu, 2013)
were followed to determine biologically reasonable parameters. How-
ever, physiological process and water-use efficiency of conifers were
very different across regions (Touchan et al., 2011; Timofeeva et al.,
2017; Colangelo et al., 2017; Pellizzari et al., 2016; Puchi et al., 2021),
and we adjusted a few parameters to guarantee a good agreement of
hypothetical and observed tree-ring chronologies of decline trees
through repeated trial. A split-sample procedure that divided the full
period (1956-2016) into two subsets was also used to verify model
stability. The model was firstly applied to simulate the chronology for
1956-1986 to estimate the optimal parameters (Table S2), and we then
tested the performance of the model with the rest data (1987-2016).

2.4. Quantification of wood anatomical features

We investigated anatomical features of annual rings from five mature
die-back and healthy trees with similar age (~90 yr) and homogeneous
growth patterns, respectively. The cross-sections (15 pm) of annual rings
of these selected cores were cut by using a Reichert sliding microtome
for 1920-2016. Microsections were then stained with a solution of 1%
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Fig. 2. a) Mean tree-ring width variations (TRW) with standard deviation (bar), b) sample size and c) standard width chronologies of die-back (red line) and healthy
(blue line) Pinus taiwanensis trees in Daiyun Mountains. The vertical dash lines denote the calendar years with SSS>0.85. The comparison between the TRW of die-

back and healthy trees for 2000-2016 is highlighted in the inserted box.
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alcohol solvable safranin, dehydrated with alcohol (35, 50, 75, 95 and
100%) and immersed in xylol (Schweingruber, 1990). The stained
microsections were mounted on glass slides, embedded with a hardening
epoxy and dried. Then they were observed and photographed with the
WINCELL imaging system. The 50th percentile of the conduit lumen
area (CLAsp) and theoretical hydraulic conductivity (K}) of earlywood
and latewood based on the Hage-Poiseuille’s law were calculated to
investigate water transport efficiency (Tyree and Zimmermann, 2002;
Fonti et al., 2010). The CWT variations of earlywood and latewood were
used as an indicator of carbon allocations for annual rings (Petrucco
et al., 2017).

2.5. Analysis of carbon isotopes and intrinsic water use efficiency

We selected ten cores from six trees in healthy and decline groups
with homogeneous growth patterns for isotopic analysis, respectively.
Annual rings from different trees formed in the same year were cut off,
pooled and stored in microcentrifuge tubes (Leavitt, 2008). The “pool-
ing” method was reliable in the subtropical China based on the high
coherency of tree-ring isotopic data of cores from different trees (Li
et al., 2016; Guo et al., 2017). Then a-cellulose of the annual tree rings
was purified following a modified method of Green (1963) and Loader
et al. (1997). To homogenize the cellulose, an ultrasonic water bath
(JY92-2D, Scientz Industry, Ningbo, China) was used to break the cel-
lulose fibers (Leavitt and Long, 1984; Laumer et al., 20,010). The carbon
isotope ratios were measured using the Flash Elemental Analyzer (Flash
2000) coupled with a Thermo Scientific MAT 253 (Thermo Electron
Corporation, Bremen, Germany). Each sample was repeatedly measured
four times to determine the stability and the mean values. Results are
expressed as 613C, in per mille (%o) relative to the Vienna Pee Dee
Belemnite (VPDB) standard (Coplen, 1995):

s"C = [(Rsamp]e - Rsmndard) - 1] * 1000

where Rgample and Rgiandara indicate the 13¢/12¢ ratios of a-cellulose
sample and VPDB standard, respectively. The accuracy of the isotopic
measurements were 0.07%o.

The isotopic discrimination (A) between the carbon of atmospheric
CO2 and plants was defined as (Farquhar et al., 1982):

A= (5"C,—68"C,)/(1+687C, /1000) = a+ (b—a)(c; /ca)

where 5'3C, and 6'3C,are the isotope ratios ( *C/*%C) of carbon in at-
mospheric CO2 and plant cellulose, respectively; a (~4.4%o) represents
the fractionation during CO2 diffusion through the stomata, and b (=~
27%o) is the fractionation due to the carboxylation; ¢; and c, symbolize
the intercellular and ambient CO2 concentrations. The values of
5'3C,are obtained from ice core and atmospheric data proposed by
MacCarroll and Loader (2004). Finally, the iWUE can be calculated as
follows (Ehleringer et al., 1993):

iIWUE =A/g, = (ca—ci)/1.6 =c,(1—ci/c.)/1.6

2.6. Statistical analysis

Pearson’s correlations between the tree-ring width chronology and
monthly climate records over 1956-2016 are calculated to reveal the
dominant factors that modulated radial growth of Pinus taiwanensis
trees, as well as check the coherency between observed and simulated
tree-ring records. To test the temporal stability of the coupling re-
lationships between tree growth and carbon isotopes, 31-a moving
correlations between TRW and A'3C were calculated for 1920-2016
period. The statistical significance of the difference of anatomical fea-
tures between die-back and healthy trees was checked by using the
Mann-Whitney U (MWU) test (Grissom and Kim, 2012). A linear
regression model was used to detect long-term trends of climate vari-
ables. The sequential Mann-Kendall (M-K) test proposed by Sneyers
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(1991) was used to indicate the approximate year of the beginning of a
significant trend in climate change. This test sets up two series, a for-
ward one (UFy) and a backward one (UBy). If they cross each other and
diverge beyond the specific threshold value (£1.96), then there is a
statistically significant (p < 0.05) trend. The point where UFy and UBg
cross each other indicates the approximate year at which the trend be-
gins (Mosmann et al., 2004). The first to 20th-order auto-correlations for
the A'3C chronologies of die-back and healthy trees were used to
investigate the degree of dependence on carbon reserves.

3. Results
3.1. Growth patterns and responses to climate

Die-back Pinus taiwanensis trees showed slightly different TRW
growth patterns with healthy ones, with a distinct (p < 0.01) differen-
tiation between them starting to emerge since the 21st century (Fig. 2a).
The relationships between the two chronologies and monthly climate
records were assessed for their common period of 1956-2016 (Fig. 3).
No significant correlations were found between the die-back chronology
and monthly precipitation, instead we found a positive and significant (p
< 0.05) correlation with summer (June-August) temperature (Figs. 3a,
3b). In contrast, the healthy chronology showed no significant correla-
tions with temperature (Fig. 3b). However, we found significant nega-
tive correlations with previous December and current January
precipitation(Fig. 3b). In addition, the die-back and healthy chronolo-
gies both significantly (p < 0.05) and negatively (positively) correlated
with RH (VPD) changes in January during the pre-growing season
(Figs. 3¢, 3d).

3.2. Regional climate variability

We investigated the long-term trends of seasonal climate variables
that were sensitive to tree growth of Pinus taiwanensis (Figs. S1, S2).
Mean temperature and RH records in the study area for the summer
season have increased significantly during 1956-2016 (Temperature:
R?=0.22, p < 0.01; RH: R?=0.09, p < 0.05) (Figs. $2a, S2¢). Consistent
with the RH increase, summer VPD maintained a significant downward
tendency for recent decades (R2:0.09, p < 0.05). Though less pro-
nounced, regional summer precipitation showed a positive trend
(R%2=0.02, p < 0.1). Therefore, summer hydroclimate at the Daiyun
Mountains exhibited a notable wetting tendency over the past decades.
In contrast, the hydroclimate during the pre-growing season (December-
January) had no significant trends (Fig. S2). Interestingly, we found that
the significant trend in summer temperature started since 2003 until
2016, revealed by the M-K test (Fig. 4). This increase of summer tem-
perature was in concomitant with the drastic reduction of TRW in die-
back trees.

3.3. Simulated tree growth with the V-S model

Based on the estimated optimal parameters in the V-S model
(Table S2), we found a significant positive correlation (r = 0.72, p <
0.001) between the simulated and observed tree-ring chronologies of
die-back trees for the calibration period 1956-1986 (Fig. 5a). Then we
used these parameters to model tree growth for 1987-2016, an inde-
pendent period not used in the calibration. A strong correlation (r =
0.59, p < 0.001) between them highlighted that the process-based V-S
model has excellent skill in simulating and interpreting tree-ring for-
mation as well as reproducing growth response patterns to climate for
die-back Pinus taiwanensis trees at the Daiyun Mountains. The model-
calculated partial growth rates due to temperature were lower than
those due to soil moisture throughout the entire growing season
(Fig. S3a). We further examined the difference in intra-annual growth
before (1956-2003) and during (2003-2016) the distinct decline. The
notable disparity of the modeled growth rates between the two intervals
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mainly occurred in summer (Fig. 5b). The growth decline in summer
caused the intra-annual growth pattern progressively changing from
unimodal to bimodal in recent decades (Fig. 5b).

3.4. Carbon isotopes and iWUE

The tree-ring 8'3C (A'3C) values of healthy trees were notably (p <
0.05, the MWU test) higher (lower) than those of die-back ones (Figs. 6a,
6b). The A3C series of the two groups showed very different climate
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response patterns. For the A'3C of die-back trees, significant (p < 0.05)
negative correlations with temperature were found in late spring and
summer (Fig. S4). The A'3C of healthy trees showed significant (p <
0.05) correlations with precipitation, RH and VPD in October (Fig. S4).
A sustained increase in iWUE for the past decades derived from tree-ring
513C was observed for both groups (Fig. 6¢). However, in agreement
with 8'3C values, die-back trees presented higher iWUE than healthy
ones, especially since the 1930s (Fig. 6¢). For die-back trees, TRW
growth and A'%C values were significantly positively correlated
(R?>=0.21, p < 0.01), but for healthy trees there was no relationship at all
(Fig. 7a). The connections between TRW and A'3C in die-back trees
became strengthened since the 1950s (Fig. 7b). In addition, we found
that the first-order temporal autocorrelations were positive and signif-
icant for die-back trees in A'3C, but insignificant for healthy trees
(Fig. S5).

3.5. Anatomical features

Wood anatomy traits including the CLAsq, Ky, CWT of earlywood and
latewood were investigated in die-back and healthy trees for the period
of 1956-2016. Both die-back and healthy trees did not produce notably
distinct tracheids, in comparison with those developed before the
decline period (1956-2002). In addition, the CLAs5 and K}, variations of
earlywood in both groups did not differ significantly during the growth
decline period (2003-2016). While, consistent with the recent decline,
thinner cell walls for the whole rings were produced in die-back trees,
according to significant difference in the CWT variations of earlywood
and latewood between die-back and healthy groups (p < 0.01) (Table 1).
We correlated the CWT parameters with monthly climate variables, and
found that temperature in June was significantly and negatively (p <
0.05) associated with the CWT of die-back trees (Figure S6).
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Table 1
Statistics of the anatomical features of die-back and healthy Pinus taiwanensis
trees at the Daiyun Mountains.

Before the decline period
(1956-2002)

Over the decline period
(2003~2016)

Die-back Healthy Die-back Healthy
CLAs of earlywood 643.0 + 644.7 + 631.3 £ 633.4 +
(um?) 18.7 20.5 17.5 16.8
CLAsy of latewood 151.2 + 155.7 + 153.1 + 156.8 +
(um?) 8.5 9.9 9.5 6.3
Ky (kgmMpa 'S~ 1) 203+ 2.37 + 2.28 + 2.30 +
10718 0.06 0.09 0.08 0.11
CWT of earlywood 3.04 + 3.89 + 3.84 + 3.92 +
(um) 0.04% 0.05" 0.05 0.09
CWT of latewood (pm) 5.89 + 6.55 + 6.27 + 6.41 +
0.06% 0.09° 0.06 0.07

Data are presented as means + SD in different years or periods. Different letters
indicate significant (p < 0.01) difference based on the Mann-Whitney U test.
Abbreviations of variables are: CLAS0, the 50th percentile of conduit lumen
area; Ky, the theoretical hydraulic conductivity; CWT, the cell wall thickness.

4. Discussion

4.1. Heat stress causes the decline of Pinus taiwanensis at its
southernmost limits

Pluvial conditions in winter of the pre-growing season impacted
radial growth of Pinus taiwanensis at the Daiyun Mountains. An excess of
rainfall usually cohered with fall of temperature and lower sunshine
hours, causing a decline of absorption activities of root systems and
photosynthesis performance (Lovejoy and Schertzer, 2006; Zhou et al.,
2019). The reductions of carbon reserves before the growing season may
limit cambial activity at the early growth stage and the formation of
narrow rings. Such climate-growth response patterns were also reported
for the forests growing at the extremely humid habitats (Buckley et al.,
2007; Soliz-Gamboa et al., 2011; Zhou et al., 2019). However, the
hydroclimate in winter of the pre-growing season showed no significant
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Fig. 7. (a) Relationships between tree-ring growth and A'3C variations for die-back (red) and healthy (blue) Pinus taiwanensis trees for 1920-2016; (b) The 31-a
sliding correlations between TRW and A'3C of die-back trees. The dash line represents the significance level of 0.05.
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trends over the past decades, and cannot be the determining factor for
tree mortality. Unlike healthy trees, the recent growth decline of
die-back trees was consistent with a notable increase in summer tem-
perature. In this case, an increase in drought stress induced by a
warming climate was typically assumed to be the determining factor for
forest decline (Chen et al., 2016). Nevertheless, no significant relation-
ships were observed between TRW variations and summer hydroclimate
records. We thus hypothesized that summer heat stress directly cause
the recent decline in Pinus taiwanensis trees instead of warming-induced
drought stress.

This hypothesis was verified by the outputs of the V-S model for
intra-annual growth process of die-back trees. The V-S model indicated
that the minimum temperature for cambial activity of Pinus taiwanensis
in the study area was 16 °C, much higher than trees growing in polar and
alpine areas (Evans et al., 2006; He et al., 2016; Sanchez-Salguero et al.,
2017b). Recent micro-observations have revealed that cambial activity
of Pinus massoniana at high-elevations sites (~1000 m) in the subtropics
of China did not start until the temperature reached ~16.5 °C (Zheng,
2023). This finding was consistent with the output of our V-S model. The
distinct disparity of the growth rates between years before and after the
decline mainly occurred in summer, in good agreement with indepen-
dent statistically-based conclusions above. These results were very
different from the stimulation cases in the cold or dry regions, where
warming-induced reductions in soil moisture played a key role in tree
growth (Evans et al., 2006; He et al., 2016). Elevated summer temper-
ature caused a growth bimodality of Pinus taiwanensis trees at the Daiyun
Mountains in recent decade. This progressive shift of intra-annual
growth pattern indicated that heat stress may approach or even reach
the thermal tolerance threshold, causing abrupt reductions in the
photosynthetic efficiency and health deterioration in trees (Song et al.,
2014; Kunert et al., 2021; Pacheco et al., 2018). Recent mass die-offs of
Pinus taiwanensis suggested that many individuals failed to acclimate to
heat stress.

4.2. Carbon starvation under heat stress

Long-term wood anatomical traits were useful for unraveling
ecophysiological changes associated with climate during carbon fixation
(Fonti et al., 2010). The CLAsg and Ky, variations of annual rings were
usually responsive to changes in water transport systems for trees
impacted by drought or heat waves (Heres et al., 2014; Fonti and
Babushkina, 2016). Nevertheless, in our study, both of the two variables
of Pinus taiwanensis trees did not show distinct variations in concomitant
with summer heat stress and growth reductions, indicative of a weak
effect of water availability on wood formation.

Heat stress can also cause morphological and physiological changes
in tree rings of defoliated trees, which could adversely affect the resis-
tance to disturbances (Ashraf and Harris, 2013; Song et al., 2014).
Recent inferior growth performance in die-back trees cohered with the
formation of thinner CWT in annual rings, suggestive of limited carbon
assimilation due to reduced photosynthetic rates (Cuny et al., 2014;
McDowell et al., 2008; Pellizzari et al., 2016, Petrucco et al., 2017; Puchi
et al., 2021). To our knowledge, hydraulic safety of die-back trees was
largely dependent on the mechanical strength of conduits, with thinner
cell walls corresponding to lower resistance to embolism (Fonti et al.,
2010; Petrucco et al.,, 2017). We interpreted this CWT depletion as
increased carbon starvation in die-back trees, posing a serious threat to
tracheid implosion and thus causing the decline and mortality. In
addition, this behavior put trees at a higher risk of pathogens and insect
attacks (MacDowell et al., 2011; Bai et al., 2021)

4.3. Early warning signals of tree decline
Only a slight disparity was observed for TRW and wood anatomy of

die-back and healthy trees before the distinct decline, but the actual
decline in die-back trees had started since the 1930s, according to higher
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long-term 8'3C and iWUE variations. Given a distinct depletion of
photosynthetic rates in die-back trees under heat stress, we attributed
this rise in iWUE into decreased stomatal conductance. The critical
mechanism for tree performance and survival under unfavorable con-
ditions was dependent on the capacity to produce sufficient fresh car-
bonhydrates to support metabolism and enhance resistance to
disturbances (McDowell et al., 2011). Carbon starvation intensified
when stoma closed, hindering the formation and transport of photo-
synthetic carbohydrates in phloem (McDowell et al. 2008; Timofeeva
et al., 2017). In addtion, heat stress threatened leaf surface safety tem-
perature and impaired stomatal regulation of die-back trees, causing an
increase in light respiration and a decrease in carbon reserves (McDo-
well et al., 2011; Marchin et al., 2021).

At the early phase, radial growth seemed to be affected slightly
possibly due to stored carbohydrates, but the development of fine roots
and needle mass might be hindered due to limited carbon allocation
(Dobbertin et al., 2010). This behavior as a consequence weakened tree
vigor by impairing nutrient uptake and photosynthetic carbon assimi-
lation. The growth and leaf gas-exchange became strengthened since the
1950s, and both of them were strongly coupled with summer tempera-
ture. These findings indicated that reduced carbohydrates induced by
heat stress have directly impacted the xylem cell production in the stem.

Instead, healthy trees had a higher stomatal conductance, which
cooled leaves to avoid the damaging temperature and was in favor of
carbon uptake (Marchin et al., 2021). The different strategies implied
different levels of resistance to embolism for different individuals (Pet-
rucco et al., 2017). Conspicuous auto-correlations in §'3C variations
suggested that the growth and physiology of die-back trees were
strongly dependent on carbon reserves of the previous growing season.
Low 8'3C variance could also be a good indicator of early-warnings of
impending mortality (Camarero et al., 2015). Tree decline and mortality
occurred when the stored and freshly synthesized carbonhydrates failed
to support tree growth and physiology. Overall, the distinct decline over
the past decade could be a combined result of intensified heat stress and
previous long-term weakening process due to reduced carbon uptake.

5. Conclusions

The notable increase of summer warming observed in the recent
decade was the most likely factor for the widespread decline and mor-
tality in Pinus taiwanensis at the Daiyun Mountains of humid subtropical
China. Heat stress might cause the closure of the stomata, leading to a
reduction in photosynthetic activity and carbon assimilation in die-back
trees. In addition, long-term high wood 8'3C values in die-back trees
suggested that growth decline actually started several decades earlier.
The provident growth strategy of die-back trees could not satisfy the
carbon demand of the root and needle mass development and thus
reduced the carbon uptake in the long term. The arrival of sustained
heatwaves in summer aggravated the forest decline due to lower avail-
ability of carbonhydrates. An expected increase in summer temperature
over southeastern China will put Pinus taiwanensis forests in a higher risk
of decline in the future.
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