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Abstract

Subtropical high-elevation mountain ecosystems are crucial for regional climate regula-
tion and biodiversity conservation. However, the patterns of conifer radial growth in
response to climate change in these regions remain unclear, significantly hindering the de-
velopment of effective adaptive forest management strategies. This study examined Pinus
taiwanensis and Cryptomeria fortunei, two dominant species in the Wuyi Mountains, using
dendroclimatological methods to systematically analyze their long-term climate-growth
relationships. The main findings include the following: (1) P. faiwanensis radial growth was
significantly and positively associated with summer mean and maximum temperatures
(in both the current and previous year), with no significant correlation to precipitation or
minimum temperatures. In contrast, C. fortunei growth showed a positive relationship
with previous autumn precipitation and a negative correlation with previous winter pre-
cipitation; (2) moving-window analysis revealed that P. taiwanensis maintained consistent
temperature sensitivity, with an increasing response to summer warming in recent decades.
Meanwhile, C. fortunei displayed phase-specific responses driven by precipitation and
minimum temperatures. These results demonstrate divergent climate-response strategies
among subtropical conifers in a warming climate: P. taiwanensis exhibits temperature-
sensitive growth, whereas C. fortunei is primarily regulated by moisture availability. The
findings provide critical insights for the adaptive management of subtropical montane
forests, highlighting the need for species-specific strategies to maintain ecosystem services
under future climate change.

Keywords: subalpine conifers; tree-ring climatology; climate—growth relationship; Wuyi
Mountains; climate change

1. Introduction

Global warming has become one of the most significant ecological challenges of
the 21st century, with far-reaching impacts on the structure and function of terrestrial
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ecosystems [1,2]. Forests, as a core component of these ecosystems, play a vital role
in regulating the global carbon cycle through carbon sequestration, thereby supporting
regional climate stability and ecological balance [2,3]. High-altitude ecosystems, known
for their sensitivity to climate change, are increasingly vulnerable as the frequency of
extreme drought events rises, threatening the stability of forest vegetation [4]. Rising
temperatures alter the factors that constrain tree growth by disrupting the water—heat
balance. Moreover, differences in functional traits among tree species lead to varied
responses to these changes [5]. These differences directly impact forest ecosystem services
and the capacity to maintain biodiversity.

The response mechanisms of high-altitude tree species to climate change vary sig-
nificantly across species [6]. While traditional theory suggests that temperature is the
primary limiting factor, recent studies highlight the complexity of these responses: under
identical climatic conditions, different species may exhibit either synchronized or divergent
growth patterns [6,7]. This variability stems primarily from species-specific physiological
and ecological adaptation strategies, including differences in key functional traits such as
hydraulic conductivity, photosynthetic carbon assimilation capacity, and non-structural
carbohydrates [8]. However, the current understanding of how multiple species respond
to climate change in subtropical high-altitude forests remains limited [9]. Systematic com-
parative studies across species are therefore essential, not only to identify both universal
patterns and species-specific mechanisms in tree climate—growth relationships, but also
to establish a theoretical foundation for accurately evaluating forest carbon sequestration
potential and developing science-based adaptive management strategies [3].

Tree rings have emerged as a valuable proxy for climate reconstruction in subtropical
mountain regions, offering high temporal resolution, continuous chronological records, and
extensive spatial coverage [10,11]. Variations in ring width allow for precise quantification
of tree growth responses to temperature, precipitation, and drought events [12]. This is
especially important in high-altitude subtropical areas where climate data are limited. In
such regions, dendrochronological analysis reveals interspecies differences in hydrocli-
matic sensitivity, providing biological evidence for assessing carbon sink stability [13].
Integrating multi-species tree-ring networks across spatial scales can effectively reveal
ecological response patterns to regional climate change, while also providing a critical
scientific basis for optimizing climate model parameters and developing nature-based
forest adaptation strategies.

The Wuyi Mountains, situated at the intersection of the subtropical monsoon and
mountain climate zones, represent a characteristic high-altitude subtropical forest ecosystem
in China [14]. The region’s distinct hydrothermal gradient and vertical climatic stratification
make it an ideal natural laboratory for investigating tree climate-growth relationships [15].
However, dendroclimatological research in this region remains limited [16]. Existing stud-
ies have primarily focused on single-species analyses [12], with few systematic comparisons
examining how different functional conifer species respond to climate variability. Pinus
taiwanensis and Cryptomeria fortunei, two dominant conifers comprising approximately 60%
of the total coniferous biomass in these high-altitude forests [16], play complementary roles
in maintaining regional ecological balance [15]. P. taiwanensis serves as a keystone species
for soil stabilization on steep slopes, while C. fortunei acts as a critical water regulator in
a subtropical forest ecosystem. However, it remains unclear whether their radial growth
patterns responds to climate warming in a coordinated or contrasting manner. By com-
paring tree-ring width characteristics and climate sensitivities of these two species using
dendroclimatological methods, this study aims to reveal their distinct ecological adaptation
strategies to climate change. The findings are intended to provide a theoretical basis for
precise regional forest carbon sink assessment and inform biodiversity conservation efforts.
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2. Materials and Methods
2.1. Study Area

The research was conducted on Huanggang Mountain (Figure 1), the highest peak
(2160 m) of the Wuyi Mountain Range that forms the provincial boundary between Fujian
and Jiangxi. The mountain is located at 27°33/-28°04' N, 117°27'-117°51" E; this NE-SW
trending range extends approximately 52 km with an average elevation exceeding 1200 m.
The mountain is located within Yangzhuang Township, Mount Wuyi City, Fujian Province,
and Wuyishan Town, Qianshan County, Shangrao City, Jiangxi Province. Its southern
foot lies in Fujian Province, while the northern foot marks the boundary with Jiangxi
Province. Huanggang Mountain features a well-preserved ecosystem characterized by dis-
tinct vertical vegetation zones. From the base to the summit, vegetation transitions through
evergreen broad-leaved forests, mixed coniferous and broad-leaved forests, coniferous
forests, dwarf crooked forests, and alpine meadows [15]. P. taiwanensis and C. fortunei are
the two dominant conifer species, primarily found at high elevations where they play a key
role in maintaining local climatic balance (Table 1). These characteristics make Huanggang
Mountain an ideal location for studying subtropical mountain ecosystems.

This area experiences a typical temperate continental climate influenced by the East
Asian summer monsoon (EASM). Regional climate data were recorded by meteorological
stations near the study site (Figure 2). Between 1957 and 2019, the annual mean temperature
was 18.2 °C. January was the coldest month, averaging 7.5 °C, while July was the warmest,
with a mean temperature of 27.8 °C. The significant seasonal temperature difference of
20.3 °C indicates strong seasonality in the region. Mean annual precipitation is 1923 mm,
with the highest monthly precipitation in June (402 mm) and the lowest in December
(53 mm). Approximately 53% of the annual precipitation occurs between May and August,
indicating a pronounced wet season dominated by summer monsoon rains.

119'°E 12?°E 121I°E

11?°E

11§°E

! \
/ \ \
\
z
II, _9“
4 ]
/
/
z
]
&%
o
z
| &
=
(o]
r4
&
=
o
z
1€
o
N
r4
.
o
N
z
| &
w
<
1 : z
f &
i 1.4 g
e ) s '\
0 425 850 1700 km H \ N Y ! z
» 1 N ; T
1 p— il AN Elevation (m) -- - - 3
90°E 105°E 120°E \, g -
A \ . - High\:1929
N z1 __ _ Guangdong ~ ~ | — 0 9}
. 37 ' \ K Ll
. Legend ! Low :.0 -
* s0km z
\\ B Meteorlogical station yﬁ o 375 75 150 km SR = -3
0 I Q
] @ Sampled site \ e

|
T T T T T
115°E 116°E 117°E 118°E 119°E 120°E

Figure 1. Sampling sites and the nearest meteorological stations in the Wuyi Mountains, Fujian
Province, southeastern China.
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Table 1. Sampling locations for dendrochronological analysis.

Tree Species Latitude Longitude Elevation (m) DBH (cm) Slope (°)
Pinus taiwanensis 27°50'25.42" N 117°45'25.57" E 1863 33.7 44
Cryptomeria fortunei ~ 27°50'39.60" N 117°45'39.88"” E 1782 47.3 37

DBH: diameter at breast height.

60
—/ P,
-7, ] L 400
50 7 + Tmax
+ Tmin
40 ] - 300
9 G
e )
= ] g
5 304 v g
£ b4 d L 200 B
M ot L
< x ’ '/ A
20 /| A
o o |||
(|
” - 100
/
10 ‘
0 T T T T T T T T T H T T 0

1 2 3 4 5 6 7 8 9 10 11 12

Month
Figure 2. Climatic diagram for the Wuyishani Meteorological Station (27.76° N, 118.03° E, 216.0 m a.s.1.).

Monthly mean values of mean, maximum, and minimum temperatures, and total monthly precipita-
tion, calculated for the period 1957-2019.

2.2. Regional Climate Data

Meteorological data from 1957 to 2019 were obtained from the China Meteorological
Data Sharing Service System (http://www.nmic.cn/, accessed on 26 July 2025). The pri-
mary data source was the Wuyishan Station (222.1 m a.s.1.,, 27°46’ N, 118°02’ E), located
approximately 28 km southeast of the sampling sites, as it provides the closest and most
representative climate records for the study area (Figure 1). The dataset included monthly
climate variables: mean temperature (Tr,), maximum temperature (Tmax), minimum tem-
perature (Tp,n), and total precipitation (Pm). These indicators are especially valuable for
dendroclimatological analysis, as they reflect key environmental factors that influence tree
radial growth.

2.3. Tree-Ring Sampling and Chronology Development

Tree-ring cores from P. taiwanensis and C. fortunei were collected in November 2023
from high-altitude areas near the upper forest limit of the Wuyi Mountains (Figure 1). The
study site is a well-preserved natural forest with minimal human disturbance, and a canopy
density ranging from 70% to 80%. To minimize non-climatic noise in the tree-ring data,
only healthy, undamaged trees were sampled. Preference was given to dominant trees
with large diameters at breast height (DBH) located in the upper canopy layer. Typically,
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one core per tree was extracted at breast height (1.3 m above ground) using a 5.15-mm
increment borer, resulting in a total of 95 cores.

The collected cores were air-dried in the laboratory, then mounted and polished
according to standard dendrochronological protocols [17]. Tree-ring widths were measured
with a precision of 0.01 mm using a LINTAB™ 6.0 measuring system. Cross-dating accuracy
and measurement quality were verified using COFECHA program (v6.06P) [18]. Cores
with abnormal ring characteristics, such as missing rings or indistinct boundaries, which
hindered reliable cross-dating, were excluded from further analysis. After quality screening,
90 cores (45 from P. taiwanensis and 45 from C. fortunei) were retained for chronology
development. To reduce non-climatic influences, the raw ring-width series were detrended
and standardized using ARSTAN program (v41d) [19]. A 67% cubic smoothing spline
with a 50% frequency cutoff was applied to preserve high-frequency climatic signals while
removing age-related growth trends (Figure 3). The standard chronology, selected for
its superior statistical properties, was then used to analyze the relationship between tree
growth and climate variables.

2.0

Pinus taiwanensis

1.5

1.0

0.5

0~0 T T T T T T T T T 0
1860 1880 1900 1920 1940 1960 1980 2000 2020

2.5

Number of cores

Cryptomeria fortunei ) o - 60
20 Ring-width index ~— -------- Number of cores 50

Tree-ring- index

1.5

1.0
(b)
0.5

0‘0 T T T T T T T T T 0
1860 1880 1900 1920 1940 1960 1980 2000 2020

Year

Figure 3. Standard tree-ring chronologies (black solid line) and sample sizes of annual ring widths
(black dashed line) for P. taiwanensis (a) and C. fortunei (b).

2.4. Data and Statistical Analysis

The study analyzed long-term trends in annual mean temperature, total precipitation,
mean maximum temperature, and mean minimum temperature in the study area from 1957
to 2019. All statistical analyses of p-values in this study were consistently conducted for the
time period spanning 1957 to 2019. The common statistical parameters of correlation among
individual tree-ring series (Rbar), expressed population signal (EPS), mean sensitivity (MS),
signal-to-noise ratio (SNR), and first-order autocorrelation (AC1) in the dendro-sciences
were used to assess the statistical quality of the TRW chronologies [19].
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Mean temperature (°C)

Mean maximum temperature (°C)

To evaluate the climate—growth relationships of P. taiwanensis and C. fortunei in the
Wuyi Mountains, Pearson correlation analysis was conducted to identify climate signals in
the tree-ring width indices and to validate the relationships between tree growth and cli-
matic variables. Given that climate conditions in the preceding year may influence current-
year ring formation [20], correlations were calculated between the standard chronologies
and climate variables from May of the previous year (P5) to September of the current
year (C9), covering the period 1957-2019. To investigate the seasonal effects of climate on
growth, climate variables were categorized by season and correlated with the standard
chronology. The seasons were defined as follows: previous spring (PP, March-May), previ-
ous summer (PS, June-August), previous autumn (PA, September-November), previous
winter (PW, December-February), current spring (CP, March-May), current summer (CS,
June-August), and current autumn (CA, September-November). To account for poten-
tial shifts in climate-growth relationships over time, the moving correlation function in
DendroCLIM 2002 was applied using a 25-year sliding window [21].

3. Results
3.1. Climate Change Trends

All climatic variables exhibited gradual increasing trends over the study period
(Figure 4). Notably, the increase in minimum temperature was more pronounced, with
statistically significant rises observed in mean, maximum, and minimum temperatures
(p < 0.05). In contrast, although precipitation exhibited a slight increasing trend, it was not
statistically significant (p > 0.05). These findings suggest that regional climate warming has
not been accompanied by a significant drying trend. Furthermore, the rates of increase in
mean and minimum temperatures were greater than that of maximum temperature.
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Figure 4. Long-term trends and interannual variations in annual mean temperature (a), precipitation
(b), mean maximum temperature (c), and mean minimum temperature (d) from 1957 to 2019 in the
study area.
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3.2. Statistics of Chronology Characteristics

The mean sensitivity (MS) of P. taiwanensis is 0.1722, while C. fortunei exhibits a slightly
higher MS of 0.1810, indicating that both species show moderate to high sensitivity to
climate variability, with C. fortunei exhibiting numerically higher interannual fluctuations.
The signal-to-noise ratio (SNR) is higher for P. taiwanensis (15.415) than for C. fortunei
(10.871), indicating a stronger climatic signal in P. Taiwanensis’ chronology. The expressed
population signal (EPS) values for both species, 0.939 for P. taiwanensis and 0.916 for C.
fortunei, exceed the commonly accepted threshold of 0.85, confirming that both chronologies
are representative of regional climate conditions. The two species differ significantly in
the temporal extent of their chronologies. P. taiwanensis spans the period from 1912 to
2023 (112 years), while C. fortunei provides a longer record from 1857 to 2023 (167 years),
offering greater potential for long-term climate reconstruction. Autocorrelation analysis
reveals key differences in growth dynamics: C. fortunei exhibits a higher first-order auto-
correlation (0.7118), compared to P. taiwanensis (0.5921), indicating that its radial growth is
more strongly influenced by climatic conditions from the previous year. This pronounced
biological memory effect may reduce its sensitivity to current-year climate variability. In
contrast, the lower autocorrelation in P. taiwanensis indicates a more immediate response to
current climatic factors. Together, these complementary characteristics make both species
valuable for dendroclimatic research: P. taiwanensis for capturing high-resolution, short-
term annual climate signals, and C. fortunei for providing insights into long-term climate
patterns (Table 2).

Table 2. Statistical characteristics of the chronologies for P. taiwanensis and C. fortunei.

Tree-Ring Parameters P. taiwanensis C. fortunei
Sample size (tree/core) 45/45 45/45
Mean 0.9956 0.9839
Time span 1912-2023 1857-2023
Standard deviation (SD) 0.2537 0.3246
Mean sensitivity (MS) 0.1722 0.1810
Autocorrelation order 1 0.5921 0.7118

All series mean correlation (R) 0.300 0.254
Signal-to-noise ratio (SNR) 15.415 10.871
Expressed population signal (EPS) 0.939 0.916
Variance in first eigenvector 35.84% 37.35%

3.3. Relationship Between Tree Growth and Monthly Climatic Factors

Correlation coefficients between the standard chronologies of both species and climate
variables for the period 1957-2019 are shown in Figure 5. The growth of P. taiwanensis
exhibited significant positive correlations with mean temperatures in the previous July and
in the current May, July, August, and September. Similarly, strong positive correlations were
observed with maximum temperatures during the same current-year months (p < 0.05).
However, its radial growth showed no significant correlation with either precipitation or
minimum temperature (p > 0.05). In contrast, C. fortunei exhibited a significant negative
correlation with mean temperature in the current January and a positive correlation in the
current May and September (p < 0.05). Its radial growth was positively associated with
precipitation in the previous May and September, but negatively correlated in the current
January and April (p < 0.05). In terms of temperature extremes, C. fortunei responded
positively to maximum temperatures in the previous August and the current May and
September, while showing a significant negative correlation with maximum temperature
in the previous November and minimum temperature in the current January (p < 0.05).
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Correlation coefficient ()

These results indicate that P. taiwanensis primarily responds to thermal conditions during
the current growing season, particularly mean and maximum temperatures. In contrast,
the growth of C. fortunei is shaped by a broader set of hydrothermal conditions extending
across both the current and previous years.
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Figure 5. Correlation analysis of the tree-ring width chronologies of P. taiwanensis and C. fortunei with
monthly mean temperature (a), precipitation (b), mean maximum temperature (c), and mean mini-

mum temperature (d). Black dashed lines indicate the 95% confidence level (p < 0.05). “p”
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year; “c” = current year. The same below.

3.4. Relationship Between Tree Growth and Seasonal Climatic Factors

Seasonal climatic variables often provide a more integrated representation of environ-
mental conditions than individual monthly variables. Figure 6 presents the correlations
between the tree-ring width chronologies of P. taiwanensis and C. fortunei and seasonal
climatic factors. P. faiwanensis exhibited significant positive correlations with both mean
and maximum temperatures during the previous and current summers (p < 0.05), while no
significant correlations were found with precipitation or minimum temperatures (p > 0.05).
These results align with the patterns observed in the monthly analysis, reinforcing the
species’ sensitivity to warm-season temperatures. In contrast, C. fortunei showed no sig-
nificant correlations with temperature variables (mean, maximum, and minimum) across
any season, suggesting that temperature is not the primary factor influencing its radial
growth (p > 0.05). Instead, its growth was positively correlated with precipitation during
the previous autumn and negatively correlated with precipitation during the previous win-
ter, further confirming precipitation as the key limiting factor for radial growth (p < 0.05).
These species-specific responses highlight distinct adaptive strategies among conifers in
subtropical regions.
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is the same as in Figure 5.

3.5. Temporal Stability Analysis of Tree Growth-Climate Relationships

The long-term dynamic relationships between the radial growth of the two species
and climatic variables were examined using a sliding window analysis (Figures 7 and 8).
For P. taiwanensis, radial growth exhibited stronger correlations with temperature than with
precipitation, exhibiting distinct temporal patterns. Significant positive correlations were
found with mean temperatures from May to July of the previous year and May, July, and
August of the current year, as well as with maximum temperatures from May to July of
the previous year and March to August of the current year. Notably, the correlation with
current-year July—September temperatures remained stable, while a negative correlation
with January maximum temperatures was observed only during the period 1967-1999.
Positive correlations with June—July mean and maximum temperatures became significant
only in recent decades, suggesting that warming increasingly promotes growth. In contrast,
the influence of precipitation was weaker and more sporadic, with significant correlations
limited to specific months, such as June—July of the previous year and February—March,
April, June, and August of the current year).
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Compared with the long-term sliding trends observed in P. taiwanensis, C. fortunei
exhibited weaker correlations with mean and maximum temperatures, with fewer months
exhibiting statistically significant levels. However, its growth displayed notably stronger
relationships with precipitation and minimum temperatures. Specifically, significant nega-
tive correlations were found with mean temperatures in November of the previous year
(1963-2001) and January of the current year (1958-1998). Positive correlations with maxi-
mum temperatures in February, April, May, July, and August of the current year occurred
sporadically and inconsistently across different periods. Significant negative correlations
with precipitation were observed in July, November, and December of the previous year, as
well as in January, February, April, May, and June of the current year. Among these, the
correlation with April precipitation was relatively stable, remaining significantly negative
from 1958 to 1997. Additionally, minimum temperatures in November of the previous
year and in January, February, March, and August of the current year showed significant
negative correlations, many of which persisted over extended periods, initially displaying
negative correlations before shifting to positive correlations in more recent years. In sum-
mary, P. taiwanensis growth shows consistent and significant responses to spring—summer
temperatures, while C. fortunei exhibits more variable but generally stronger sensitivity to
precipitation and minimum temperatures.
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Figure 7. Moving correlation analysis between the tree-ring width indices of P. taiwanensis and
monthly mean temperature (a), precipitation (b), mean maximum temperature (c), and mean mini-
mum temperature (d) (25-year window). * indicates a significance level of 95%. The legend is the
same as in Figure 5.
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Figure 8. Moving correlation analysis between the tree-ring width indices of C. fortunei and monthly
mean temperature (a), precipitation (b), mean maximum temperature (c), and mean minimum
temperature (d) (25-year window). * indicates a significance level of 95%. The legend is the same as
in Figure 5.

4. Discussion
4.1. Climate-Growth Relationships Across Tree Species

The tree-ring width chronologies of P. taiwanensis and C. fortunei demonstrate strong
climatic sensitivity, as reflected in their high mean sensitivity and signal-to-noise ratios.
These characteristics affirm their suitability for high-resolution dendroclimatological re-
search, consistent with findings from similar studies of subtropical conifers in the San-
gingshan Mountains [22], Tianmushan Mountains [23], and Fujian Province [24]. This
cross-regional consistency not only supports the scientific validity and regional representa-
tiveness of the sampling sites, but also highlights the importance of subtropical conifers in
dendroclimatology [9]. Due to their pronounced climatic sensitivity, the tree-ring records
of P. taiwanensis and C. fortunei offer reliable proxies for reconstructing historical climate
variability in the region. These findings contribute critical data for understanding long-term
climate patterns in subtropical montane ecosystems and offer valuable insights for both
paleoclimatic reconstruction and ecological modeling.

Analysis of growth dynamics reveals that the radial growth rates of P. taiwanensis and
C. fortunei in the study area exhibited pronounced fluctuations in recent decades, likely
influenced by changing regional climatic conditions. Although the two species coexist
at similar elevations and share comparable microenvironments, they exhibit interspecific
differences in their growth responses to climatic variables. Such species-specific response
patterns are common in subtropical high-altitude ecosystems [13]. Similar variations
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in growth responses among tree species have been documented in Northeast Asia [25],
northwest China [26], and other mountainous regions [27]. Studies in mixed Central
European Mountain forests have also revealed contrasting climate-growth relationships
among Picea abies, Fagus sylvatica, and Abies alba [28]. These cross-regional findings highlight
an important ecological pattern: even under identical environmental conditions, tree species
can respond very differently to climate change, a globally consistent phenomenon [29].
This insight is of substantial theoretical significance for understanding species-specific
adaptation strategies and predicting forest dynamics under future climate change scenarios.

The radial growth of P. taiwanensis is predominantly regulated by a strong positive
correlation with summer temperatures in both the previous and current years’” growing
seasons, while exhibiting limited sensitivity to precipitation, an established pattern across
multiple subtropical regions [23]. For example, Cai and Liu [22] found that in the Sanging-
shan Mountains, P. faiwanensis ring-widths were significantly positively correlated with
temperatures during the previous growing season. Similarly, Cai et al. [30] reported that in
the Dabie Mountains, its radial growth was significantly positively correlated with mean
temperatures from April to June [30]. Similarly, these findings also reflect the regional warm-
ing trend in eastern China. In contrast, C. fortunei displays a distinct moisture-sensitive
growth pattern. Its radial growth is positively correlated with autumn precipitation in the
previous year but negatively correlated with preceding winter precipitation. Supporting
this, Chen et al. [31] demonstrated that in southeastern China, C. fortunei radial growth
was closely correlated with the self-calibrating Palmer Drought Severity Index from July
to February, a finding that is fully consistent with the present study. These cross-regional
consistencies suggest that C. fortunei reliance on moisture is a widespread trait throughout
its range. The observed interspecific differences in climate sensitivity primarily stem from
contrasting morphological and physiological adaptations [32]. As a deep-rooted species, P.
taiwanensis can access subsurface water through bedrock fissures, making it less dependent
on surface soil moisture. Its thick cuticles and low stomatal density reduce transpiration,
rendering photosynthesis more responsive to temperature. Conversely, C. fortunei has a
shallow root system and depends on high hydraulic conductance for rapid growth, making
it more susceptible to fluctuations in seasonal water availability. These findings reveal the
mechanisms underlying the different climate responses of subtropical conifers, providing
critical insights for predicting montane forest dynamics and informing adaptive forest
management under climate conditions [8].

4.2. Stability of Radial Climate—Growth Relationships Across Tree Species

Since the mid-20th century, subtropical and low-latitude montane ecosystems have
experienced significant warming, marked by pronounced seasonal variations in temper-
ature increases [1]. This warming has substantially affected regional forest productivity
and carbon sequestration by altering key physiological processes in trees, particularly
growth rates [32]. As climate-sensitive ecosystems, high-elevation coniferous forests exhibit
complex and temporally unstable growth responses to changing climate conditions [5].
Unlike the widespread “warming-enhanced growth” observed in mid- and high-latitude
forests of the Northern Hemisphere, high-elevation subtropical tree species face conflicting
influences from extended growing seasons and increased drought stress [33]. Specifically,
prolonged growing seasons may enhance carbon assimilation through increased heat ac-
cumulation, while water deficits can constrain growth by triggering stomatal closure and
reducing photosynthetic activity. These trade-offs between temperature and moisture
complicate the assessment of climate change impacts on subtropical forest ecosystems [34].
Furthermore, climate-driven shifts in species distribution may lead to ecological niche
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restructuring, creating opportunities for expansion in some regions while exacerbating
survival challenges in others [34,35].

A 30-year moving window analysis revealed significant temporal shifts in the climate
sensitivity of P. taiwanensis. In earlier decades, tree-ring widths showed weak or even nega-
tive correlations with June-July temperatures from both the previous and current years.
Over time, however, these correlations became significantly positive, a trend consistent
with findings by Wang et al. [23] in southeastern China. Under climate warming, rising
June-July temperatures likely enhanced growth by extending the period of physiological
activity, increasing photosynthetic enzyme activity, and promoting carbon assimilation [12].
Conversely, the species’ response to precipitation exhibited an opposite pattern, shifting
from positive to negative correlations with June-July rainfall. Although the region experi-
enced significant warming, precipitation has also shown a slight increasing trend (Figure 4).
Higher temperatures increase atmospheric moisture capacity, leading to intensified convec-
tive activity and more frequent cloud formation, thereby increasing precipitation. However,
increased precipitation did not necessarily benefit growth; instead, it may have hindered it
by reducing soil aeration, increasing disease risks, and diminishing levels of photosyntheti-
cally active radiation [20]. In contrast, C. fortunei displayed distinct seasonal patterns in its
climate response. Its radial growth transitioned from a negative to a positive correlation
with early spring (January—April) precipitation. As spring initiates cambial activity, ear-
lier snowmelt and an extended growing season, facilitated by warming, create favorable
moisture conditions that support radial growth [20]. Rising minimum temperatures in
January—-March also alleviated cold stress, prolonged physiological function, and enabled
earlier root nutrient uptake. Concurrently, higher nighttime temperatures maintained
respiratory efficiency, helping to meet the energy demands of photosynthesis. As a result,
under ongoing climate warming, the previously limiting effects of winter-spring minimum
temperatures shifted toward facilitation, transforming C. Fortunei’s growth response from
negative to positive correlations with early-season temperature [10].

In summary, in humid subtropical montane ecosystems experiencing sustained warm-
ing and increased precipitation, tree species exhibit divergent growth responses [8]. C.
fortunei appears better positioned to thrive under these conditions, due to its higher water-
use efficiency and greater thermal adaptability. In contrast, P. taiwanensis, whose growth is
primarily driven by summer temperatures, may initially benefit from moderate warming
within its current elevational range. However, as temperatures continue to rise, populations
at lower elevations may approach their thermal tolerance limits, potentially triggering
upward migration to maintain optimal growth conditions [36]. Subtropical montane forests
often exhibit nonlinear responses to climate change, with their long-term stability depend-
ing on the synergistic effects of temperature, precipitation, and atmospheric CO, levels.
Compared to high-latitude forests, low-latitude species may reach the limits of their climatic
niches earlier, with declines in growth and increasing mortality serving as early warning
indicators of ecosystem transition [37]. To improve the accuracy of forest dynamic predic-
tions, it is essential to establish long-term monitoring networks along elevational gradients.
These should integrate dendroecological and physiological metrics from multiple species
to better guide adaptive forest management under changing climate conditions.

5. Conclusions

P. taiwanensis and C. fortunei, as keystone species in subtropical montane forests, exhibit
fundamentally distinct climate—growth relationships. The radial growth of P. taiwanensis is
strongly dependent on temperature, characterized by a pronounced “warming fertilization
effect”. In contrast, C. fortunei demonstrates pronounced sensitivity to moisture, with
growth closely linked to seasonal moisture availability. Temporal analyses reveal non-
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stationary climate responses and clear interspecific divergence, shaped by differences in
root morphology (deep vs. shallow rooting systems), water-use efficiency, and stomatal
regulation strategies. Under continued climate warming, these functional differences may
drive ecological shifts: the greater phenotypic plasticity of C. fortunei could provide a
competitive advantage, whereas P. taiwanensis may initially benefit from warming but
eventually face range contraction as temperatures exceed its thermal tolerance. These
ecophysiological insights advance understanding of altitudinal migration and community
dynamics in subtropical montane forests under climate change, providing a scientific basis
for targeted conservation and adaptive management strategies.
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