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Abstract: Against the background of global warming, trees in high-latitude and high-altitude areas
are more sensitive to rapid warming. Revealing the response patterns of trees at different altitudes to
rapid warming in typical alpine mountain environments can help to predict the future distribution
of forests in the region and the associated changes in the timberline. This study used tree-ring
width data (band sampling) from Dahurian larch (Larix gmelinii Rupr.) along an altitudinal gradient
(970–1409 m) on Oakley Mountain to establish 10 chronologies and to analyze the growth–climate
response of larch to warming and altitudinal changes along a gradient. The results showed that before
rapid warming, larch growth was strongly influenced mainly by precipitation in July–August, while
after warming, the growth was controlled mainly by precipitation (snowfall) in winter
(October–April) and showed a significant positive correlation with the SPEI in winter and a negative
correlation with temperature in February–April (early spring). This indicates that the rapid warming
event led to a drastic change in the water heat balance during the pre-growth period of the trees
in the study area, which shifted the tree growth from being restricted by drought in the growing
season before warming to being restricted by winter drought (i.e., the lagged effect of snowfall in
the pre-growing season) after warming and that the trees at low altitudes suffered from more severe
winter drought. In the future, as the global climate warms further, the growth of mountain larch
at low altitudes (below 1200 m) will continue to decrease, and the coupling of winter snowfall and
seasonal (February–April) warming will increase the upper altitude limit at which winter drought
occurs for larch in the study area; additionally, larch at higher altitudes will be able to cope with this
ecological process better.

Keywords: tree-ring; rapid warming; winter drought; altitude gradient; Larix gmelinii Rupr.

1. Introduction

The sixth report of the IPCC states that human activities have led to a sustained and
rapid increase in global temperatures and a high frequency of multiple extreme events, with
irreversible impacts on the development of human societies and the evolution of terrestrial
ecosystems [1,2]. Forest ecosystems are important components of terrestrial ecosystems and
provide resources and ecological services for human survival and development [3]. Rapid
climate change will likely put enormous pressure on forest ecosystems in this century [4].

This rapid warming phenomenon is already having major impacts on forest ecosys-
tems, including changes in tree growth and development and in forest composition and
function, especially in some alpine and high-altitude areas [5–8]. Altitude is an important
factor that indirectly affects tree growth in mountain habitats, and several studies have
reported that rapid warming may negatively affect trees at lower altitudes but favor tree
growth at higher altitudes [9,10]. Reduced water availability due to rapid warming in
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arid and semiarid zones inhibits tree growth and leads to tree mortality and forest de-
cline [11,12]. In addition, several studies have emphasized the important role of seasonal
temperatures at high altitudes and latitudes in determining tree growth [10,13].

Located in the northernmost part of China, the Great Xing’an Mountains is the largest
and best-preserved original cold-temperate needle-leaved forest area in China and is
also one of the regions experiencing the most drastic climate warming in China [8,13,14].
Numerous studies have shown that the forests of the Great Xing’an Mountains have been
experiencing rapid warming and localized extreme drought events over the past half
century [14–16], and associated dendroecological studies have shown that warming has
resulted in significant differences in larch growth at different altitudes [17].

Mountain forests account for a large proportion of the total forest area in the study
area, and the high-altitude areas referred to in previous studies on Dahurian larch along the
altitudinal gradient are mainly flatlands in the high-altitude zone rather than mountains.
This topographic difference greatly affects tree growth in the permafrost zone. For example,
during summer in high-altitude flatlands, compared to mountainous terrain, where trees
are well watered due to seasonal freezing and thawing of perennial permafrost, trees in
mountainous environments are more susceptible to preseason drought constraints [18]. In
this study, in order to explore the effect of winter drought on the radial growth of Dahurian
larch at different altitudes in Oakley Mountain, a typical peak of the Great Xing’an Range
against the background of rapid warming, we collected tree ring samples from 86 Dahurian
larch species along an altitudinal gradient (970–1409 m), explored the relationship between
growth and climatic factors by means of dendrochronology, and revealed the spatial and
temporal variations of the distribution pattern of winter climate-driven tree growth under
sudden temperature change. Our objectives were to (1) analyze the variability in the
effects of dominant climate factors on the growth of Dahurian larch before and after abrupt
temperature changes [19] in the context of global warming and (2) assess the spatial and
temporal heterogeneity in the growth response of Dahurian larch to winter drought along
an altitudinal gradient. We hypothesize that warming-induced winter drought stress is
already a major limiting factor for the radial growth of low-elevation trees in alpine regions
and that this stress is exacerbated by rapid warming.

2. Materials and Methods
2.1. Study Area

The study area is located on Oakley Mountain (51◦50′ N, 122◦02′ E, 1523 m above sea
level) in the Great Xing’an Mountains in northeast China, which, as the highest peak in
the northern section of the Great Xing’an Mountains, can better reflect the characteristics
of the vertical distribution of vegetation in the forested area (Figure 1a). According to
the actual survey results and literature records, the distribution of mountain vegetation
exhibits significant vertical zonation along the altitudinal gradient [20,21]. The main
coniferous or coniferous and broadleaved mixed forest belts (750–1350 m) and subalpine
forest belts (1350–1500 m) are included, and the specific tree species from low to high are
Larix gmelinii Rupr.—Betula platyphylla Sukaczev—Rhododendron simsii Planch., Larix gmelinii
Rupr.—Betula platyphylla Sukaczev—Pinus pumila Pall., Larix gmelinii Rupr.—Betula ermanii
Cham.—Pinus pumila Pall., Betula ermanii Cham.—Pinus pumila Pall.—Sabina davurica Pall.
and Pinus pumila Pall. pure forests [22]. A variety of extremely drought-tolerant plants
(Pinus pumila Pall., Sabina davurica Pall.) occur in the upper elevation coniferous forest
belt, which is the main environmental characteristic of the region’s typical high-latitude,
high-altitude, alpine, and arid environment. Dahurian larch is the main tree species of
zonal vegetation in the northern part of the Great Xing’an Mountains, with a vertical
distribution range of approximately 400–1350 m above sea level, and it is the forest species
with the largest distribution area and widest range in the region [23,24]. In this study, only
Dahurian larch within a continuous altitudinal gradient (970–1409 m) on Oakley Mountain
were selected for growth–climate analysis to avoid the influence of microtopography and
other factors.
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Figure 1. Geographical locations of the samples in the study area (a–d) and climatic characteristics of
the monthly values for 1950–2020 (e).

Oakley Mountain has a cold-temperate continental monsoon climate that is cold and
dry in winter with a short, hot, and humid summer. The temperature difference between
day and night is large, the average annual snow storage period on the summit of the
mountain is 240 days, and the frost-free period is short. The mean annual temperature
is −5.6 ◦C (Figure 1e), the average precipitation is 470 mm, and the highest average
temperature occurs in July (16.2 ◦C), while the lowest average temperature occurs in January
(−30.5 ◦C); the precipitation is mainly concentrated in the months of June–September, which
accounts for 77% of the total amount of the year. There has been a significant warming trend
in the study area since 1950 (Figure 2). The mean annual temperature showed a significant
upward trend (0.29 ◦C·(10a)−1), with a stronger warming trend in winter (October–April)
(0.34 ◦C·(10a)−1), and there was no significant change in annual precipitation.
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2.2. Sample Collection and Chronology Development

In this study, we selected Dahurian larch trees, which are characterized by little
anthropogenic disturbance and good growth (except near the tree line), for tree sampling
along a continuously increasing elevational gradient (970–1409 m) on the southeastern
slope of Oakley Mountain. Using an increment borer with an inner diameter of 5.15 mm,
1–4 cores were taken in the vertical direction from a height of approximately 1.3 m per tree.
Samples within every 40 m along the elevational gradient were divided into one group
during the sampling process, and 10 groups of tree ring samples were collected, totaling
174 sample cores from 86 trees. In this study, to ensure the consistency of the growth of
the same group of trees within a certain elevation or slope direction (within 40 m), the
sampling did not cross a large vertical or horizontal space. Therefore, the sample size
of each chronology group was smaller than that of a conventional study. In addition, at
an elevation of 1330 m above the Dahurian larch tree line height, there were fewer tree
samples, so the sample data above the tree line height (1330–1409 m) were merged into
one group (Table 1). The obtained cores were sealed in custom-made plastic tubes, and the
number and sample information of each tree were recorded to facilitate the subsequent
processing of the samples. The samples were brought back to the laboratory and fixed in a
special wooden trough with white latex. After the samples were completely dried, they
were sanded and polished with sandpaper of different meshes from coarse to fine, until the
boundaries of the tree ring were clear. Cross-dating was carried out using a microscope,
and the width of the tree ring was subsequently measured using the Velmex Tree Ring
Analysis System (accuracy of 0.001 mm). The measurement results were verified using
the COFECHA program to ensure the accuracy of the dating results [25]. The ARSTAN
program was used to address the missing values (gaps) generated by the loss of sample
breaks; the negative exponential function and the two-thirds step length spline function
were used to detrend for the tree-ring width series and establish a standard chronology of
10 groups of Dahurian larch. We chose the STD chronology as a representative of the tree
growth changes along the altitudinal gradient to analyze their climatic responses [26,27].

Table 1. Statistical characteristics of the tree ring width chronologies.

Altitudinal Classes Site ID Time Span Trees (Cores) MS SD EPS SNR

970–1009 KLD1 1880–2021 7 (14) 0.267 0.507 0.970 31.907

1010–1049 KLD2 1849–2021 13 (26) 0.181 0.312 0.934 14.205

1050–1089 KLD3 1849–2021 8 (16) 0.231 0.416 0.859 6.112

1090–1129 KLD4 1845–2021 13 (26) 0.194 0.366 0.920 11.491

1130–1169 KLD5 1873–2021 8 (16) 0.343 0.223 0.851 5.695

1170–1209 KLD6 1880–2021 5 (11) 0.252 0.377 0.914 10.644

1210–1249 KLD7 1794–2021 10 (20) 0.258 0.439 0.925 12.346

1250–1289 KLD8 1745–2021 12 (24) 0.220 0.282 0.928 12.795

1290–1329 KLD9 1811–2021 8 (16) 0.251 0.314 0.920 11.484

1330–1409 KLD10 1769–2021 3 (5) 0.292 0.270 0.675 2.073

MS: mean sensitivity; SD: standard deviation; EPS: expressed population signal; SNR: signal-to-noise ratio.

2.3. Climate Data

Climatic information was obtained from gridded meteorological data (CRU TS 4.06
gridded dataset, resolution 0.5◦ × 0.5◦) using the KNMI Climate Explorer data sharing
website (http://climexp.knmi.nl), with selected gridded coordinates ranging from 51.5◦ to
52.5◦ N and 121.5◦ to 122.5◦ E. The selected climatic data span the period of 1950–2020 and
include the mean monthly temperature, mean monthly precipitation, actual vapor pressure,
and standardized precipitation evapotranspiration index (SPEI). The relative humidity
(RH) is used to analyze the effects of changing hydrothermal conditions on tree growth.

http://climexp.knmi.nl
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In this study, RH data were calculated from actual and saturated vapor pressure data [28],
and saturated water vapor pressure was calculated from grid point temperature data [29].
The relevant formulae are as follows:

RH =
( e

E

)
× 100%

E = 6.112 exp
(

17.67T
T + 243.5

)
where RH is the relative humidity, E is the saturated water vapor pressure, e is the actual
water vapor pressure, and T is the air temperature.

2.4. Data Analysis

Mutation points in the time series of major climate factors were tested using the Mann–
Kendall method [30]. Due to the strong low-frequency variation and autocorrelation
of meteorological data series (e.g., temperature), to reduce the influence of trends in
chronological and climatic variables on the results of the correlation analyses, Pearson’s
correlation coefficients were calculated on first-order differences for both the chronology
and the meteorological data. Indeed, this correlation coefficient represents the relationship
between original tree growth and climate data in our study. The selected calculation
periods are 1950–1986 and 1987–2020, respectively. The single-month meteorological
factor was selected from the previous October to the current September and the winter
meteorological factor was selected for the combination month of October–April (pOA). The
regression analysis was conducted between the correlations of growth and winter climate
and altitude, and validated by covariance analysis. The correlation analyses and charting
were performed using the packages ‘stats’, ‘ggbiplot’ and ‘ggplot2’ of R4.3.0 software [31],
the charting and study area mapping were performed using Origin 2022 and Arcmap
v10.2 software.

3. Results
3.1. Winter Climatic Characteristics

Since 1950, the study area has experienced a significant winter warming trend with a
rate of 0.34 ◦C·(10a)−1 and no significant trend in winter precipitation (snow) (Figure 3).
The mutation point test analysis of the mean annual temperatures for the years of 1950–2020
showed that there was an abrupt change in the temperature before and after 1987, and the t
test results also indicated that there was a significant difference of the temperature data
in approximately 1987 (p < 0.05). After the sudden temperature change in 1987, the mean
winter temperatures (October–April) for the two periods (1950–1986 and 1987–2020) were
−18.27 ◦C and −16.88 ◦C, respectively, while the warming during this period was 1.39 ◦C.
The values of the extreme low temperatures around the time of warming were −20.85 ◦C in
1966 and −19.47 ◦C in 2001. The mean winter precipitation in the two periods was basically
the same (71.59 mm and 72.77 mm), but the precipitation extremes were lower and more
frequent in the last 20 years, with the minimum precipitation decreasing from 48.57 mm
in 1953 to 40.95 mm in 2008. The overall trend of the winter SPEI is consistent with that
of winter precipitation, which has fluctuated greatly over the last 20 years, indicating that
rapid warming has been followed by more drastic winter hydrothermal changes in the
study area.

3.2. Radial Growth Characteristics

The chronology spans from 141 to 276 years, with the longest dating back to 1745
(Table 1). The main purpose of this study was to explore the processes and patterns of
Dahurian larch growth in response to climatic factors under rapid warming; therefore,
chronological data from 1950 to 2020 matched with valid meteorological record data were
used for the relevant analyses. The mean sensitivity (MS) of the chronology varied between
0.181 and 0.343, the standard deviation varied between 0.223 and 0.507, and the mean



Forests 2024, 15, 565 6 of 14

signal-to-noise ratio (SNR) of the chronologies was 11.876, indicating that the Dahurian
larch chronology contained more climate signals. Samples of KLD10 were located near
the Dahurian larch tree line, with smaller sample sizes and younger trees not reaching
the public interval of chronological statistics; thus, they had lower overall representative
(EPS) value. In the remaining nine chronologies, EPS values were above 0.85. Overall,
the chronologies used in this paper met the criteria for conducting dendrochronological
statistical analyses of trees.
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In this study, we analyzed the radial growth characteristics and segmentation trends
of Dahurian larch before and after rapid warming (Figure 4). Eight chronologies along
the altitudinal gradient exhibited a slow upward trend with large interannual fluctuations
throughout the study period (1950–2020). After suffering a sudden temperature change in
the 1980s, the growth of Dahurian larch at low altitudes (below 1200 m) increased rapidly
for a short period of time and then showed a decreasing trend (Figure 4), whereas the
growth of trees at high altitudes showed no significant changes during this time period. In
addition, before the rapid warming in 1987, for the two low altitude areas, the chronologies
showed an increasing trend, and for the middle altitude and most high-altitude areas, the
chronologies showed a slow decreasing trend; after 1987, approximately 60% of all the
chronologies showed a decreasing trend, with the decreasing trend in the low altitude areas
being more pronounced and the interannual fluctuations more drastic.
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3.3. Growth–Climate Relationships

The results of correlation analysis revealed significant differences in the effects of cli-
mate factors on the radial growth of Dahurian larch in the study area before and after rapid
warming. Before rapid warming, the growth was mainly positively correlated with the
mean temperature in April–June, the correlation with temperature in April changed from
positive to negative with increasing elevation, and the negative correlation was dominant
in the other months (Figure 5a). After rapid warming, the growth was significantly posi-
tively correlated with the mean temperature in May and significantly negatively correlated
with the mean temperature from February to April, while the correlation with tempera-
ture in April changed from negative to significantly negative with increasing elevation
(Figure 5e). Before rapid warming (Figure 5b), the growth was mainly positively corre-
lated with summer (July–August) precipitation (especially at low altitudes) and weakly
correlated with winter precipitation (snow). After rapid warming, the growth was mainly
positively correlated with winter (October–April) precipitation and reached a significant
positive correlation with precipitation in January and April. On the contrary, the higher
precipitation in summer was detrimental to growth compared with that in the prewarming
period (Figure 5f).



Forests 2024, 15, 565 8 of 14

Forests 2024, 15, x FOR PEER REVIEW 8 of 14 
 

 

correlated with summer (July–August) precipitation (especially at low altitudes) and 
weakly correlated with winter precipitation (snow). After rapid warming, the growth was 
mainly positively correlated with winter (October–April) precipitation and reached a sig-
nificant positive correlation with precipitation in January and April. On the contrary, the 
higher precipitation in summer was detrimental to growth compared with that in the pre-
warming period (Figure 5f). 

 
Figure 5. Correlations between chronologies and climatic factors at different altitudes for the peri-
ods of 1950–1986 (a–d) and 1987–2020 (e–h). t, p, RH, and SPEI represent the temperature, precipi-
tation, relative humidity, and standardized evapotranspiration index (SPEI), respectively; lowercase 
p represents the previous year; pOA represents the period from October of the previous year to 
April of the current year; blue indicates a negative correlation, and red indicates a positive correla-
tion; black dots represent correlation coefficients reaching the 95% confidence level; and vertical 
coordinate sampling points are arranged from bottom to top according to the increase in elevation. 

Before rapid warming, the RH had no significant effect on the growth during the 
growing season (Figure 5c). After rapid warming, the growth was mainly negatively cor-
related with the RH in November–February and reached a significant negative correlation 
at high altitudes. Additionally, the correlation between growth and RH in March changed 
from a positive correlation to a negative correlation as the altitude increased. The growth 
is mainly positively correlated with RH from April to June and reached a significant pos-
itive correlation in April (Figure 5g). Before rapid warming, the correlation between 
growth and SPEI in winter (October–April) shifted from negative to positive with increas-
ing altitude (Figure 5d); after rapid warming, the correlation between growth and SPEI in 
winter (October–April) was positive (Figure 5h) and became significantly positive in 
March–April. 

Figure 5. Correlations between chronologies and climatic factors at different altitudes for the periods
of 1950–1986 (a–d) and 1987–2020 (e–h). t, p, RH, and SPEI represent the temperature, precipitation,
relative humidity, and standardized evapotranspiration index (SPEI), respectively; lowercase p
represents the previous year; pOA represents the period from October of the previous year to April of
the current year; blue indicates a negative correlation, and red indicates a positive correlation; black
dots represent correlation coefficients reaching the 95% confidence level; and vertical coordinate
sampling points are arranged from bottom to top according to the increase in elevation.

Before rapid warming, the RH had no significant effect on the growth during the grow-
ing season (Figure 5c). After rapid warming, the growth was mainly negatively correlated
with the RH in November–February and reached a significant negative correlation at high
altitudes. Additionally, the correlation between growth and RH in March changed from
a positive correlation to a negative correlation as the altitude increased. The growth is
mainly positively correlated with RH from April to June and reached a significant positive
correlation in April (Figure 5g). Before rapid warming, the correlation between growth
and SPEI in winter (October–April) shifted from negative to positive with increasing alti-
tude (Figure 5d); after rapid warming, the correlation between growth and SPEI in winter
(October–April) was positive (Figure 5h) and became significantly positive in March–April.

Before rapid warming, the winter climate had no significant effect on Dahurian larch
growth, and water deficit was the main factor limiting the growth of the trees in summer
(July–August), whereas higher temperatures and less snowfall in winter after warming
resulted in Dahurian larch growth being significantly affected by winter drought.

3.4. Altitudinal Divergence of Growth–Winter Drought Associations

We conducted covariance analysis and the results showed significant differences
in the relationship between growth and climate along the altitudinal gradients before
and after rapid warming; the p-values are all less than 0.05. Before rapid warming, the
growth of Dahurian larch was predominantly insignificantly negatively correlated with
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winter (October–April) temperatures and the negative correlation increased with altitude
(R2 = 0.930, p < 0.001; Figure 6a). Also before rapid warming, growth and winter precipita-
tion were predominantly negatively correlated and tended to weaken significantly with
altitude (R2 = 0.261, p < 0.05); after rapid warming, growth and winter precipitation shifted
to a positive correlation across the entire altitudinal gradient, and the correlation tended
to increase highly significantly with decreasing altitude (R2 = 0.572, p < 0.0001; Figure 6b).
Before and after rapid warming, the correlations between winter RH and Dahurian larch
growth showed opposite results across the altitudinal gradient; neither reached signifi-
cance, but there was an altitudinal trend in these correlations (Figure 6c). Before rapid
warming, the correlation between growth and the SPEI shifted from a negative correlation
to a positive correlation with increasing altitude (R2 = 0.453, p < 0.0001; Figure 6d); after
warming, the correlation became positive across the entire altitudinal gradient, and there
was a highly significant altitudinal trend (R2 = 0.763, p < 0.0001). Taken together, these
results suggest that under the influence of rapid warming, the radial growth of Dahurian
larch is increasingly affected by winter drought in the study area, which was particularly
obvious before and after warming at low altitudes.
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4. Discussion
4.1. Temporal–Spatial Differences in Radial Growth

In the context of rapid warming, frequent and extreme climatic events can directly
or indirectly trigger forest decline and lead to changes in its distribution area [10,32].
Numerous studies have shown that at high latitudes, which are sensitive to warming, there
is a general increase in tree growth, while tree growth at low altitudes tends to decrease
due to drought limitations [11,17,33]. This finding does not contradict our hypothesis that
tree growth in high-altitude mountain habitats is subject to drought stress because the high
and low altitudes, as referred to in this study, are relative, and in fact those areas greater
than 900 m in the Great Xing’an Mountains are considered high-altitude environments.
Since the 1980s, the trees at different altitudes in the study area have exhibited spatial and
temporal growth trends (Figure 4), with the growth occurring at low altitudes showing a
trend of increasing and then decreasing, while the growth at high altitudes (above 1200 m)
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has shown a slight decreasing trend. This suggests that low-altitude trees benefited from
adequate water heating in the short term during the rapid warming process, whereas at
high altitudes, Dahurian larch approached the tree line where low temperatures acted as
a major limiting factor, and this rapid warming did not completely alter their long-term
acclimatization to a state of water heat equilibrium. In conclusion, the sample sizes at each
altitude in this study, although small, still represented the significant variability in tree
growth across the altitudinal gradient.

4.2. Temporal–Spatial Differences in Growth–Climate Associations

Before and after rapid warming, the correlations between Dahurian larch growth
and major climatic factors changed significantly, especially between precipitation and
temperature and between the SPEI in winter (October–April) (Figure 7). This indicates that
the hydrothermal conditions of the tree habitats in the study area were strongly affected by
rapid warming, which caused a shift in the previously stable growth–climate relationship.
Before warming, the winter climate had no significant effect on the growth of Dahurian
larch, while summer drought was the main limiting factor for their growth at low altitudes,
which decreased with increasing altitude. After warming, Dahurian larch growth was
negatively correlated with winter temperature (Figure 7e) and significantly positively
correlated with winter precipitation (especially at low altitudes; Figure 7f), indicating that
abrupt warming gradually changed Dahurian larch growth at mountainous low altitudes
from drought limitation in the growing season in the past to drought limitation in the pre-
growing season. This shift is primarily driven by the amount and timing of winter snow
storage. For example, less snowpack in winter and earlier snowmelt in spring can lead to
insufficient soil available moisture as trees enter the pre-growth period, which is indirectly
reflected in the impact of winter drought stress on the radial growth of Dahurian larch
in the following year [34,35]. The average winter temperature in the study area reaches
−25 ◦C, and trees are dormant [36]. Thus, the lag effect of winter moisture (snowpack) on
trees is primarily related to changes in temperature the following spring.
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Before warming, temperature promoted the growth of Dahurian larch in April–June
(Figure 5a), which was the period during which the physiological activities of the trees
gradually recovered (leaf spread in early June) in the study area. The relatively high
temperatures and slower rate of snowmelt in April–May replenish effective soil moisture,
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and it has been documented that larch has a high percentage of fine roots in shallow organic
soils [37,38]. It mainly absorbs shallow soil moisture early in the growing season, and
snowmelt replenishes the surface soil water content. [39]. Together, the water retention
of the humus layer and the higher temperatures in June triggered rapid activity in the
cambium (especially at high altitudes, Figure 5a), promoting tree growth in the current
year [40]. After rapid warming, the February–April temperatures significantly inhibited
Dahurian larch growth (Figure 5e). February–April is the most significant warming period
in the study area, and excessive temperatures and early snowmelt depletion during this
period can result in insufficient available soil moisture during the early part of the growing
season, causing tree growth to suffer from early spring physiological drought stress [6,16,41].
In particular, the inhibitory effect of temperature on Dahurian larch growth in April
gradually diminished with decreasing altitude, which was attributed to the gradual increase
in temperature in April, when the soil warmed more quickly at low altitudes than at high
altitudes, and when soil conditions unfavorable to the tree root system lessened.

The heterogeneity of increasing warming and decreasing humidity leads to severe wa-
ter deficit and inhibits tree growth. Before warming, the growth was positively correlated
with precipitation and the SPEI in July and August (Figure 5b,d) and was more significant
at low altitudes. After warming, the growth was positively correlated with winter precip-
itation and the winter SPEI (Figure 5f,h), while it was positively correlated with relative
humidity only in April–June (Figure 5g). This suggests that increased evapotranspiration
of water during the pre-growing season further exacerbates winter drought stress caused
by soil moisture deficit. In addition, the location of the sampling environment on the
southeastern leeward slopes, coupled with the rapid warming process during the winter
season, exacerbated the effects of winter (early spring) drought on the growth of trees
at low altitudes [42,43]. However, this drought effect gradually weakened with altitude
(Figure 7f,h) because water evapotranspiration decreases rapidly with the increase in alti-
tude, and trees are less susceptible to water stress at high altitudes than at low altitudes [9].
This variability was also confirmed by the negative correlation between Dahurian larch
growth at high altitudes and relative humidity from November to March.

4.3. Future Winter Warming-Drying Trends and Dahurian larch Distribution

Major changes in temperature and precipitation patterns occur under global warm-
ing [2]. The study area is located at a high latitude and high altitude and its forest ecosys-
tems are highly sensitive to climate change [24,44,45]. During the past 70 years, dramatic
climate change in the study area has led to a shift in the correlation between tree growth
and climate, with winter precipitation (snowfall) becoming the main limiting factor for
Dahurian larch growth. The drought effect of rapid climate warming on tree growth in the
study area increased across the altitudinal gradient, but the magnitude of the effect tended
to decrease significantly with altitude (Figure 6); i.e., trees in high-altitude environments
were more hydrothermally stable in response to this rapid warming (Figure 7). Compared
to those at low altitudes, the chronologies at high altitudes experienced no significant
change in radial growth and were less affected by warming, which differed from the results
of other studies that showed an increase in the growth of larch at high altitudes [14,16,17].
This is, first and foremost, because the present study site is a high-altitude mountainous
environment (unlike the high-altitude flatland tundra) where tree growth is limited by a
combination of heat and water; it is also because some of the samples in the high-altitude
area are close to the timberline (tree line), and their microhabitats have a greater impact
on the trees (e.g., infertile soils and greater wind speeds, etc.). In summary, the sensi-
tivity of tree growth to drought will increase under continued warming in the future,
with trees at low altitudes facing more severe challenges and trees at high altitudes being
better able to balance the relationship between water and heat and cope with short-term
warming events.
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5. Conclusions

Our study was designed to explore the growth trends of Dahurian larch and climate
response patterns with altitude under rapid warming conditions. In the 1980s, rapid
warming led to an increase and then a decrease in the growth of Dahurian larch at low
altitudes but had a smaller effect on growth at high altitudes (above 1200 m). The response
of larch forests to climate has shifted from drought limitations in the growing season before
warming to winter drought (the lag effects of snowfall before the next growing season)
limitations after warming, especially for low-altitude trees. As the climate continues to
warm, the coupled effects of winter snowpack and rapid warming will drive an increase
in the upper altitude limit at which winter drought occurs in larch on the studied alti-
tudinal gradient, which are currently better able to cope with this ecological change in
higher-altitude environments. In conclusion, rapid warming increases the risk of forest
decline at the lower altitude, and in the future forest management and strategy formu-
lation, we should focus on the growth dynamics of dominant conifer species at low and
medium altitudes.
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