Forest Ecology and Management 498 (2021) 119551

Contents lists available at ScienceDirect

Forest Ecology and Management
journal homepage: www.elsevier.com/locate/foreco

Elevation-dependent growth trends of forests as affected by climate
warming in the southeastern Tibetan Plateau
Songlin Shi a, b, Guohua Liu b, c, *, Zongshan Li b, Xin Ye d
a

College of Tourism and Urban-Rural Planning, Chengdu University of Technology, Chengdu 610059, China
State Key Laboratory of Urban and Regional Ecology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China
c
University of the Chinese Academy of Sciences, Beijing 100049, China
d
Nanjing Institute of Environmental Sciences, Ministry of Environmental Protection, Nanjing 210042, China
b

A R T I C L E I N F O

A B S T R A C T

Keywords:
Tree radial growth
Dendrochronology
Tree rings
Pinus yunnanensis
Hengduan Mountains

Stress from water scarcity as a result of rising temperatures associated with climate change has a profound
impact on forest ecosystems around the world. However, few studies have assessed the influence of climate
change on the dynamics of growth of alpine coniferous forests of different tree species and at different elevations
on a regional scale in southeastern Tibetan Plateau (TP). The present paper examines that the impact using
dendrochronological techniques with trees of the following genera: Abies, Picea, Larix, Tsuga, Pinus, Cupressus,
and Juniperus. Radial growth was measured based on 46 chronologies from the cores of 2027 trees on the
Hengduan Mountains (one of the Global Biodiversity Hotpots), which are part of the TP. In most cases, ring
widths were strongly and significantly correlated to temperature both before and during the growing season,
suggesting that climate warming plays a prominent role in the growth of alpine conifers in recent decades.
Greater sensitivity to temperature and the rising temperatures have together led to faster growth of forest trees at
high elevations than at low elevations. Climate warming may benefit most coniferous species by boosting their
radial growth, especially in the upper treeline ecotone, but may also decrease radial growth significantly in
P. yunnanensis at lower elevations because the species, unlike the other species studied, is adversely affected by
high temperatures. If elevation-dependent warming in the Hengduan Mountains continues in the future, conifers
at high and middle elevations (3000 m or higher) will benefit, whereas those at lower elevations (below 3000 m)
will be affected adversely because of the warming-induced water deficit.

1. Introduction

Forests are crucial to the global hydrological, carbon, and other
biogeochemical cycles; provide substantial ecosystem services to soci
eties; and also serve to mitigate the adverse effects of climate change
around the globe (Bonan, 2008; Anderegg et al., 2015). Yet, the
increasing vapor-pressure deficit, heat stress, and decreasing soil mois
ture as a result of faster and greater evapotranspiration driven by
climate warming are likely to make droughts more frequent, longer, and
more severe in many regions, which could have a profound effect on
forest ecosystems globally (Bonan, 2008; Allen et al., 2010). Recently,
dozens of studies have focused especially on the relationship between
forest growth and climate change, and showed high variability of forest
in response to climate change (Salzer et al., 2009; Liu et al., 2013;
Schurman et al., 2019). In recent decades, it has been widely reported
that climate-induced stress in the form of water deficit or drought has

Climate change has significantly impacted the distribution and dy
namics of forests on different spatiotemporal scales (Nemani et al., 2003;
Beck et al., 2011; Xu et al., 2013). Changes in forests dynamics, how
ever, may provide positive or negative feedbacks to the climate system
through physical, chemical, and biological processes (Bonan, 2008; Lee
et al., 2011; Peng et al., 2014; Shen et al., 2015). The growth of forest
can also play a major role in the global carbon cycle depending on the
ecosystem (Sitch et al., 2003; Zhao and Running, 2010) and to some
extent, may mitigate the adverse impacts of climate change. Therefore,
it is particularly important to investigate, understand and predict the
spatial and temporal patterns of forests growth in response to global
climate change.
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not only decreased the growth of forests but also increased their mor
tality worldwide wherever tree growth is severely constrained by the
availability of moisture (Liu et al., 2013; Williams et al., 2013). How
ever, recent studies have shown that higher temperatures can also
accelerate forest growth, particularly in mountainous regions where tree
growth is generally limited by low temperatures (Salzer et al., 2009; Qi
et al., 2015). Furthermore, it has been suggested that climate-induced
decline of forest growth may not be limited to arid and semi-arid re
gions, but may also extend to wet and mesic forests (Allen et al., 2010;
Charney et al., 2016). Therefore, it is essential to examine forest dy
namics as affected by current and future climate change at regional
scales in greater detail (Law, 2014).
In recent decades, rapid rise in surface air temperatures, especially at
high elevations, has been observed in mountainous regions, which are
warming faster than the global average (Liu and Chen, 2000; Ceppi
et al., 2012). Recent studies have indicated that forest growth in
mountainous regions, especially at high altitudes, is particularly sensi
tive to rising temperatures or heat-induced water stress associated with
climate change (Borgaonkar et al., 2011; Panthi et al., 2019). Some
studies have reported that tree radial growth responds consistently to
climate and doesn’t distinct low-high dipole along an elevational
gradient (Liang et al., 2010; Li et al., 2020). However, some results have
showed decreased growth at low elevations and increased growth at
high elevations (Wang et al. 2017; Panthi et al., 2019).
The Hengduan Mountains, oriented north-south, in the southeastern
Tibetan Plateau (TP), are rich in biodiversity and shelter a large number
of endemic species because of the complex terrain and the unique
climate. These mountains are one of the global biodiversity hotpots and
among those prioritized by the Global Biodiversity Conservation pro
gram (Myers et al., 2000; Brooks et al., 2006). Coniferous forests account
for nearly 23% of the total area of the region (Ye et al., 2015), and
include species such as Abies, Picea, Larix, Tsuga, Pinus, Cupressus, and
Juniperus. Over the past decades, temperatures in the region have been
rising rapidly, especially in spring and winter, whereas precipitation has
remained virtually constant (Li et al., 2011). The warming has been
greater at higher elevations and shown to be dependent on elevation (Li
et al., 2011), which may affect the growth of forests differently at
different elevations. Coniferous forests are well preserved in nature re
serves and remain relatively undisturbed by people, making the region
particularly suitable for examining the response of forest growth to
global climate change. Until now, some dendroclimatological research
(climate reconstruction) has been undertaken on a local scale (Fan et al.,
2009b; Li et al., 2015b; Bi et al., 2016; Zhu et al., 2016; Shi et al., 2019b;
Keyimu et al., 2021), although not many studies have focused on the
dynamics of forest growth on a larger (regional) scale. However, these
investigations serve as good data sources for exploring regional varia
tion and interspecific differences in the impacts of climate change on the
growth of coniferous forests.
The present research sought to detect the patterns and trends in the
growth of coniferous forests in the TP as affected by global climate
change. We examined 46 tree ring width chronologies on 13 major types
of coniferous forest conducted on a broad spatial scale in the Hengduan
Mountains of the TP. Specifically, we tested three hypotheses:

Mountains of the TP, included two provinces in China, namely western
Sichuan and northwestern Yunnan (Fig. 1). The region comprises a se
ries of mountain ranges (Mt. Minshan, Mt. Gonggashan, Mt. Yulong, and
Mt. Baimangxueshan), rivers (Nujiang, Lancangjiang, Jinshajiang,
Yalongjiang Daduhe, and Minjiang), and glaciers, resulting in a complex
mountainous topography. The region is dominated by the typical
monsoonal climate, influenced by both the South Asian monsoon and
the East Asian monsoon. The summer monsoon lasts from May to
October and contributes more than 70% of the annual precipitation. Due
to the complex topography and climate, coniferous forests consisting of
a number of species such as Abies, Picea, Larix, Tsuga, Pinus, Cupressus,
and Juniperus are widely distributed in the alpine and subalpine areas
(Fig. 1).
2.2. Field and laboratory work
The study encompassed a total of 46 chronologies of tree rings from
2027 cores representing 13 tree species (Table 1). Out of 46 chronolo
gies, 29 chronologies were collected from 10 tree species at fourteen
sites in the TP (Fig. 1). In western Sichuan, we sampled the dominant
tree species, Abies faxoniana and Juniperus saltuaria from the Wolong
Natural Reserve and the Miyaluo Natural Reserve, respectively, from
2009 to 2011. In northwestern Yunnan, the dominant tree species were
Abies georgei, A. nukiangensis, Picea likiangensis, P. brachytyla, Larix
potaninii, Pinus densata, P. yunnanensis, and Tsuga dumosa; these were
sampled from watersheds of three rivers, roughly parallel to one
another, namely Jinshajiang, Lancangjiang and Nujiang River, in 2005
and 2006. The sampling sites were carefully selected to avoid those
subject to anthropogenic disturbance (including grazing, logging, or
forest fires), and most of these sites were distributed in the protected
area. We chose older and well-grown trees with large diameters and
avoided unhealthy trees or those showing obvious signs of injury or
disease to minimize the effect of non-climatic factors on tree growth.
The remaining 17 chronologies were obtained from the International
Tree-Ring Data Bank (http://www.ncdc.noaa.gov/paleo/treering.
html): these included A. forrestii, P. likiangensis, Cupressus funebris, and
J. tibetica from eight sites in western Sichuan, and A. forrestii,
P. likiangensis, J. tibetica, and T. dumosa from six sites in northwestern
Yunnan (Table 1).
The samples were mounted on slotted wooden strips, air dried,
polished with successively finer grades of sandpaper (180-, 240-, 360-,
600- and 1000-grit) to identify the ring boundaries clearly, and then
measured in the laboratory using the LINTAB (Lintab System, Rinntech,
Germany) measurement system, with a precision of 0.001 mm. The
quality of all the tree-ring width series was checked using a software
package, namely COFECHA software (Holmes, 1983). To remove the
age-related growth trend, we used a negative exponential model to
detrend the cross-dated tree-ring width series and developed the stan
dard tree ring width index (RWI) chronology using Tukey’s biweight
robust mean of the dplR package (Bunn, 2010) in the R statistical
environment (R Core Team). A regional chronology was calculated by
averaging all the RWI chronologies. Furthermore, to retain potentially
important trends eliminated during the standardization to remove any
data-transformation bias (Liu et al., 2013), we also computed the basal
area index (BAI) using dplR package based on the measured ring widths
in the present study (Biondi and Qeadan, 2008; Girardin et al., 2014). All
BAI series from 46 sampling sites were averaged as a regional BAI
sequence during the period 1900–2005.
Descriptive statistics such as the number of samples, mean sensi
tivity, and expressed population signal (EPS) were calculated for each
site (Table 1). Mean sensitivity, which reflects changes in growth from
year to year, ranges from 0.16 to 0.39, and the EPS, which is a measure
of the reliability of a chronology, is generally above 0.85 after 1900,
which is an accepted level. Given the wide environmental gradients with
a great variety of climatic conditions, principal component analysis
(PCA) was used to examine the coherency of the site-specific

(1) Recent climate warming can enhance the growth of coniferous
forests at high elevations.
(2) Conifers at high elevations have been growing faster than those at
low elevations in recent decades.
(3) Given the differences in their sensitivity to changes in climate,
different species of conifers will differ in their rate of growth.
2. Materials and methods
2.1. Study area
The sites chosen for the present study were in the Hengduan
2
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Fig. 1. Distribution of sample plots and meteorological stations on a vegetation map of the Hengduan Mountains, China.

chronologies. Based on the results of PCA (Fig. 4), 46 chronologies were
mainly classified into two sub-regions. Then, all site-specific chronolo
gies in one sub-region were averaged as a regional chronology.

Fig. S3).

2.3. Climate data

The pointer year from RWI and BAI series was calculated using
“pointer” function of the dplR package in R software referring to the
Becker algorithm (Mérian and Lebourgeois, 2011). Most RWI and BAI
series rapidly changed before and after 1987 (Figs. 3 and 6). Meanwhile,
the mean annual temperature increased rapidly after 1980s. Thus, the
linear regression was used to identify the temporal trends of radial
growth based on a regional RWI chronology and BAI sequence during
the period 1987–2005. In order to verify the effect of elevation on tree
growth trend, we used a linear regression model to determine rela
tionship between elevation and the slope of growth trends based on RWI
chronologies and standardized BAI during the period 1987–2005.
Recent studies have indicated that tree radial growth is more sensi
tive to seasonal climate factors than monthly climate factors (Liu et al.,
2013; Qi et al., 2015; Zeng et al., 2020). Thus, Pearson correlation
analysis was performed for each chronology between RWI and seasonal
(3-month) mean temperature and total precipitation to understand the
relationship between tree growth and climate. We also examined the
correlation between growth and climate as seen during the growing
season (April to September) and during the non-growing season
(October to March). To determine the sensitivity of tree growth in the
two zones to climate variables, we evaluated how correlations between
RWI and each 3-month climatic variable during 1960–2005 differ

2.5. Statistical analysis

Data on monthly temperature and precipitation at each sample site
were obtained from the nearest meteorological station in the Hengduan
Mountains (Table S1). We then calculated the annual and seasonal mean
temperature (spring: March–May, summer: June–August, autumn: Sep
tember–November, and winter: December–February) and the total pre
cipitation in the region. Spatial changes in temperature and
precipitation were assessed by subdividing the meteorological stations
based on elevation above the mean sea level, whereas temporal changes
were identified using linear regression. Analyses of seasonal climate
were conducted for each 3-month period over 16-month window from
June of the previous year to September of the current year.
2.4. Land cover data
The land cover data (30 m spatial resolution) focused on land utilized
by human beings in the Hengduan Mountain was taken from previous
publication (Ye et al., 2015). In order to identify the effects of past
human activity on tree growth, we used high precise land cover data to
detect the dynamic changes of past land use in the 500 m zones outside
of tree-ring sample plots during 1990, 2000 and 2010 (table S1 and
3
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Table 1
Site description and statistics of tree-ring data used in this study. Long.: longitude; Lat.: latitude; Alt.: elevation; Spe.: tree species; No.: number of individuals; Age:
Median core age (year); MS: mean sensitivity; EPS: expressed population signal.
Label

Long.

Lat.

Alt.

Spe.

No.

Age

Length

MS

EPS

Reference

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

102.95
102.84
99.18
99.16
99.18
99.01
99.48
99.56
99.56
100.05
99.37
99.03
98.92
99.15
99.98
98.77
98.7
101.55
102.95
102.84
99.45
100.16
99.02
99.98
99.77
99.98
99.37
100.27
99.21
98.92
100.17
99.15
100.52
99.03
98.92
99.15
98.7
99.37
98.5
98.6
98.77
98.7
99.43
100.27
98.59
99.17

30.84
31.68
27.20
27.22
27.2
28.02
27.37
29.09
28.59
29.17
27.4
27.88
28.27
28.3
27.8
27.15
25.98
31.47
30.84
31.68
28.54
30.14
28.22
27.8
28.37
27.8
27.4
27.18
27.35
28.27
30.52
28.3
30
27.88
28.27
28.3
25.98
27.4
27.72
28
27.15
25.98
27.25
27.18
28.02
27.35

3600
4150
3040
3050
3060
3200
3500
3530
3750
4150
2800
3150
3300
3479
3740
2731
2900
2500
3600
3750
3980
4050
4260
3740
3444
3740
2800
3055
3240
3300
3300
3479
4020
3039
3300
3479
1853
2750
2600
2612
2731
2900
2966
3055
3100
3150

Abies faxoniana
Abies faxoniana
Abies forrestii
Abies forrestii
Abies forrestii
Abies forrestii
Abies forrestii
Abies forrestii
Abies forrestii
Abies forrestii
Abies georgei
Abies georgei
Abies georgei
Abies georgei
Abies georgei
Abies nukiangensis
Abies nukiangensis
Cupressus funebris
Juniperus saltuaria
Juniperus saltuaria
Juniperus tibetica
Juniperus tibetica
Juniperus tibetica
Larix potaninii
Picea brachytyla
Picea brachytyla
Picea likiangensis
Picea likiangensis
Picea likiangensis
Picea likiangensis
Picea likiangensis
Picea likiangensis
Picea likiangensis
Pinus densata
Pinus densata
Pinus densata
Pinus yunnanensis
Pinus yunnanensis
Tsuga dumosa
Tsuga dumosa
Tsuga dumosa
Tsuga dumosa
Tsuga dumosa
Tsuga dumosa
Tsuga dumosa
Tsuga dumosa

177
154
40
27
43
19
67
56
48
61
32
37
44
33
50
30
29
40
55
38
43
44
42
48
30
44
33
20
38
41
42
45
48
31
44
33
36
33
35
22
29
27
41
19
30
49

77
143
336
285
166
263
348
270
267
153
143
232
147
138
97
136
182
184
172
180
282
302
240
86
434
146
128
89
335
187
202
157
160
95
110
134
57
102
206
207
269
228
387
108
286
194

1804–2008
1759–2011
1348–2007
1483–2007
1348–2007
1489–2005
1516–2007
1509–2006
1380–2007
1540–2006
1748–2005
1581–2005
1652–2006
1794–2005
1813–2005
1733–2005
1550–2005
1575–2007
1739–2010
1770–2010
1452–2007
1306–2007
1628–2007
1898–2006
1400–2003
1818–2005
1727–2005
1790–2003
1429–2005
1602–2005
1663–2007
1772–2006
1715–2007
1859–2005
1755–2005
1786–2005
1931–2004
1880–2005
1670–2005
1717–2005
1520–2005
1520–2005
1426–2005
1809–2004
1393–2005
1542–2005

0.17
0.19
0.24
0.22
0.23
0.24
0.18
0.32
0.17
0.18
0.24
0.22
0.2
0.23
0.17
0.23
0.23
0.34
0.22
0.19
0.25
0.21
0.16
0.29
0.16
0.16
0.24
0.23
0.25
0.29
0.25
0.18
0.19
0.28
0.27
0.35
0.39
0.23
0.27
0.27
0.25
0.23
0.19
0.31
0.25
0.25

0.96
0.99
0.88
0.84
0.89
0.82
0.95
0.97
0.9
0.94
0.85
0.9
0.92
0.9
0.93
0.85
0.72
0.94
0.93
0.81
0.94
0.96
0.86
0.96
0.85
0.92
0.85
0.87
0.91
0.96
0.95
0.95
0.89
0.94
0.95
0.95
0.92
0.82
0.81
0.77
0.71
0.71
0.9
0.77
0.86
0.87

This study
This study
ITRDB chin027
ITRDB chin025
ITRDB chin028
ITRDB chin039
ITRDB chin026
ITRDB chin019
ITRDB chin021
ITRDB chin018
This study
This study
This study
This study
This study
This study
This study
ITRDB chin016
This study
This study
ITRDB chin017
ITRDB chin020
ITRDB chin024
This study
This study
This study
This study
This study
ITRDB chin037
This study
ITRDB chin022
This study
ITRDB chin023
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
ITRDB chin040
ITRDB chin038

among tree populations growing at high elevations and at low elevations
using ANOVA analysis in R software. We also categorized the trees by
species to test whether forests of different species were differently sen
sitive to climate in terms of growth. In addition, we also used moving
correlation analysis for 25-year windows to determine the temporal
variability of the growth-climate relationships during the period
1960–2005. Climate-growth correlations were conducted using the
“treeclim” package in R software. Finally, superposed epoch analysis
(SEA) was chosen for detect correlations between tree growth and rising
temperature in an 8-year window (7 years after the current year) using
the “psych” package in R software.
All the analyses were conducted using ver. R 4.0.1 (R Development
Core Team).

temperature per decade was seen in all the seasons, being 0.368 ◦ C in
spring, 0.221 ◦ C in summer, 0.379 ◦ C in autumn, and 0.723 ◦ C in winter
(Fig. 2, a, b, c, and d, respectively). However, with respect to precipi
tation, a statistically significant increase was seen only in spring (16.79
mm per decade during 1982–2005) (Fig. 2f). Both temperature and
precipitation changed markedly in the 1980s: they decreased from the
1970s to the early 1980s and increased rapidly after the late 1980s.
The rates at which the temperatures increased during 1960–2005
differed markedly with elevation (Fig. S1). Annual and seasonal tem
peratures at high elevations increased faster than those at low elevations
(Fig. S1). In contrast, elevation had little effect on precipitation (Fig. S2).

3. Results

Both RWI and BAI showed highly consistent trends (Fig. 3). Growth
was slow from the late 1910s to 1920s, in the 1970s, and in the early
1980s, and declined gradually from 1957 to 1971 and from 1977 to
1987 (Fig. 3a). However, in the most recent period (1987–2005), the
trees grew at an unprecedented pace (Fig. 3). Accordingly, the first and
second axis (PC1 and PC2) of the PCA results for site-specific chronol
ogies accounted for 68.9% of the total variance of all the chronologies
(Fig. 4). The ordination along the axes of PC1 and PC2 showed a relative

3.2. Growth trends of trees

3.1. Trends in regional climate
The inter-annual variation in temperature and precipitation during
1960–2005 in this region is shown in Fig. 2. Over the later decades,
annual mean temperature and total precipitation had increased signifi
cantly, by 0.378 ◦ C and 39.07 mm per decade. The significant increase in
4
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Fig. 2. Temporal changes in temperature (left) and precipitation (right) as seen in data from all meteorological stations near sampling plots: 1960–2005. Bold lines
show trends in the linear regression.

clear separation of most chronologies. Compared with locations of
chronologies (Table 1), two sub-regions are separated mainly by
elevation, higher (above 3000 m) and lower (below 3000 m). The
chronologies 14, 29, 32, 35 and 36 are distributed outside of two subregions along PC2 axis due to complex geographic environments in
the wide study area. Considering the location of these sites are above
3200 m, they were counted into high elevations for further analysis.
Meanwhile, the slope of growth trends based on both RWI chronologies
and standardized BAI significantly increased with altitude during
1987–2005 (Fig. 5). After 1987, growth differed markedly with

elevation and increased faster at high elevations – nearly three times
faster – than at low elevations (Fig. 6).
In addition, most tree species showed a significantly accelerated
growth from 1987 to 2005 except P. yunnanensis, which showed a
marked decline in the rate of growth during the same period (Fig. 7).
3.3. Relationships between tree growth and climate
Radial growth of trees was strongly and positively correlated to
temperature, and weakly and positively associated with precipitation at
5
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Fig. 3. Regional tree-ring chronologies of ring-width
index (RWI, a) and basal-area increment (BAI, b)
during 1900–2005 (n = 44 except P. yunnanensis for
ests shown in Fig. 7 because the species showed the
opposite trend). Thinner lines are annual values
averaged across sites, whereas thicker lines are fiveyear moving averages. Two straight lines show
trends in linear regression during 1987–2005; gray
areas show inner quartile variations among sites; and
the green line separates the period of marked change
in forest growth from the earlier period. (For inter
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

Fig. 4. The PCA results of site-specific standard tree-ring width chronologies during 1987–2005. The red and blue circles indicate high and low elevations along the
axis PC2, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

most sites in the region (Fig. 8). 61% of the chronologies were correlated
to the mean temperature from July to September in the current year’s
growing season (Fig. 8a); 36%, to total precipitation from March to May
of the growth year (Fig. 8b); 52%, to mean temperature from February
to April of the current year (Fig. 8a); and 48%, to total precipitation from

July to September of the previous year (Fig. 8b). The correlations were
positive and significant (P < 0.05) in each case. On the other hand, the
correlation between growth and the mean values of either of the two
variables, temperature and precipitation, in the growing season (April to
September of the current year) differed little from those in the non6
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Fig. 5. Relationship between elevation and the slope of growth trends based on RWI chronologies (a) and standardized BAI (b) during 1987–2005. The straight lines
are the linear fitting between elevation and growth trend slopes with 95% confidence interval (shaded grey).

Fig. 6. Chronologies (ring-width index) of sites at low elevations (a, n = 12, elevations below 3000 m) and at high elevations (b, n = 34; elevation 3000 m and
above). The red lines represent averages across all sites, and straight lines show piecewise linear regression of RWI at different elevations since 1987. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

growing season (October of the previous year to March of the current
year) (P > 0.05, Fig. 8c).
The pattern of the correlations differed significantly between loca
tions at high and low elevations (Fig. 9), but only in the case of tem
perature (P < 0.05, Fig. 9a) and not in that of precipitation (P > 0.05,
Fig. 9b). The chronologies of samples from higher elevations showed
stronger correlations with temperature from November of the previous
year to August of the current year than those from lower elevations
(Fig. 9a): 65% of the chronologies from samples at higher elevations but
only 8% of those from low elevations were positively and significantly
(P < 0.05) correlated to the mean temperature from March to August of
the current year, the corresponding proportions in the case of precipi
tation being 35% and 0% (Fig. 9c). However, 25% of the chronologies
from samples at low elevations were negatively and significantly
correlated to the mean temperature from March to August of the current
year (Fig. 9c). The response of radial growth to temperatures both from

July to September (Fig. 10a) and March to May (Fig. 10b) changed
significantly from negative to positive with increased altitude.
Most tree species showed positive and significant (P < 0.05) corre
lations with mean temperature of both the pre-growing season and the
growing season (Fig. 11) and with total precipitation of the pre-monsoon
season (Fig. 12). However, P. yunnanensis was an exception: its growth
was significantly and negatively correlated to mean temperature from
February to August of the current year (Fig. 11).
The temporal stability of climate-growth relationships was analyzed
using a 25-year moving window correlation from 1960 to 2005 (Fig. 13).
As temperature rose after 1980s, the relationship of temperature from
July to September and March to May and tree radial growth at high and
low elevations showed an increased trend of positive correlation co
efficients. Tree growth at high elevations indicated higher sensitivity to
temperature over time than that at low elevations. In addition, slight
increases in correlation coefficients between tree growth and
7
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that forest growth in the Hengduan Mountains depends on elevation.
Typically, the rings are wider apart during the early stages of life; over
time, successive rings become closer (Salzer et al., 2009; Qi et al., 2015).
In our data sets, more than 91% of the trees were more than 70 years of
age, but nevertheless showed clear evidence of growth even during the
later decades. We used two detrending methods, conservative detrend
ing and BAI, to remove those trends in growth that were associated with
age or size of trees. In addition, the patterns were examined in data sets
later than 1960, which were less affected by the different detrending
methods (Wang et al., 2017).
4.2. Effect of climate on growth
The stronger positive correlations between RWI and temperature
suggest that the rising temperature played a predominant role in the
pattern of radial growth of conifers, whereas the weaker correlations
between RWI and precipitation imply that precipitation contributed
little to the rapid growth rates of forest trees in the later decades of study
period (Fig. 8). Recent studies based on dendrochronological data from
the tree-ring width network in the Northern Hemisphere have reported
that the higher and rising temperatures have a stronger positive influ
ence on tree growth – stronger than that of precipitation – at high ele
vations where growth of most tree species is usually constrained by the
low temperatures that prevail at those sites (George, 2014; St George
and Ault, 2014; Camarero et al., 2015). Temperature is the key factor
controlling tree growth in cold and humid climates, particularly in the
high mountains (Korner, 1998; Korner and Paulsen, 2004; Rossi et al.,
2008; Camarero et al., 2015). In the region covered by the present study,
annual temperatures and the mean temperatures during every season
continued to rise since the early 1980s (Fig. 2), and mean minimum
temperatures showed greater increases than mean maximum tempera
tures (Fan et al., 2009b; Ning et al., 2012). At the same time, regional
reconstructions of temperatures based on tree rings also show that the
region experienced climate warming after the 1980s, whereas the period
from 1960 to 1980 was marked by lower temperatures (Brauning and
Mantwill, 2004; Liang et al., 2008; Fan et al., 2009b; Li et al., 2015b; Shi
et al., 2015). In addition, days of frost and of ice were significantly
fewer, whereas the growing season continued to become longer (Ning
et al., 2012), which can be conducive to forest growth. Several such
climatic reconstructions based on tree rings have also shown that the
beneficial effect of rising temperatures on tree growth in this region (Fan
et al., 2010; Deng et al., 2014; Shi et al., 2015; Keyimu et al., 2021). As a
result, these effects of increasing temperature in recent decades, such as
a longer growing season and higher rates of photosynthesis, will pro
mote the growth trees in the high mountains.
At high elevations, growth of trees is sensitive to changes in weather
during the growing season (Korner and Paulsen, 2004; Liang et al., 2010;
Galvan et al., 2014; Guo et al., 2019). In the present study, most of the
chronologies were positively and significantly correlated to the mean
temperature from March to September and especially so from July to
September, which is the growing period, suggesting that the radial
growth of trees in this region is influenced mainly by changes in tem
perature during the growing season (Fig. 8). Higher summer tempera
tures promote tree growth at high elevations in the northern
hemisphere, such as those in western North America (Salzer et al.,
2009), the European Alps (George, 2014), and the TP (Liang et al., 2008;
Shi et al., 2015; Wang et al., 2015; Guo et al., 2018). Recent studies have
shown that tree-ring chronologies are a reliable proxy for summer
temperatures at some high-elevation sites in this region (Li et al., 2012;
Deng et al., 2014; Shi et al., 2015; Keyimu et al., 2021), confirming the
strong association between temperature and tree growth. In general,
higher temperatures during summer at high elevations boost the growth
of roots and cambial activity (Deslauriers et al., 2003; Rossi et al., 2008),
enhance photosynthesis, and extend the growing season (George, 2014),
thereby exerting a direct effect on tree growth, which is usually con
strained by the relatively low temperatures at higher altitudes.

Fig. 7. Tree-ring chronologies of ring-width index (RWI, left) and basal-area
increment (BAI, right) in each tree species during 1900–2005. Thinner lines
are annual values averaged across sites, whereas thicker lines are five-year
moving averages. The black straight lines show trends in linear regression.
AO: Abies forrestii, AF: A. faxoniana, AG: A. georgei, AN: A. nukiangensis, PL:
Picea, likiangensis, PB: P. brachytyla, TD: Tsuga dumosa, LP: Larix potaninii, JT:
Juniperus tibetica, JS: J. saltuaria, CF: Cupressus funebris, PD: Pinus densata, PY:
P. yunnanensis.

precipitation from March to May were also found at all elevations
(Fig. 13c).
4. Discussion
4.1. Elevation-dependent pattern of growth
The faster increase in growth at higher elevations (3000 m or above)
than that at lower elevations (below 3000 m) during 1987–2005 shows
8
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Fig. 8. Box plots of Pearson’s correlations of ring-width index (RWI) to mean temperature (a) and precipitation (b) during all 3-month periods in a 16-month window
beginning June of the year before the growing season. Pearson’s correlations (c) between RWI and total precipitation and mean temperature in the growing season
(April to September in the current year, green) and that in the non-growing season (October of previous year to March of current year, yellow). The inner dashed lines
(panels a and b) and gray areas (c) show nonsignificant correlation at 95% confidence level. Significance of the correlation between RWI and climate variables was
calculated based on average number (n = 44) of overlapping years. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 9. Box plots of Pearson’s correlations of ring-width index (RWI) for higher (dark green) and lower (gold) elevations with mean temperature (a) and precipitation
(b) during all 3-month periods in a 16-month window that beginning June of the previous year. Pearson’s correlations (c) between RWI and total precipitation and
mean temperature from March to August in the current year. The inner dashed lines (panels a and b) and gray areas (c) show nonsignificant correlation at 95%
confidence level. Significance of correlation between RWI and climate variables during 1959–2005 was calculated based on average number (n = 44) of overlapping
years. According to the analysis of variance (ANOVA), asterisks indicate significant differences in correlation coefficients between RWI and climate variables at
higher elevations (3000 m or greater, dark green) and low elevations (below3000 m, gold) at 95% (*), 99% (**), and 99.9% (***) confidence levels. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Meanwhile, higher spring temperatures may hasten leaf unfolding or
bud burst (Menzel et al., 2006; Fu et al., 2014), and make it easier for
root systems to expand as a result of accelerated thawing of the frozen
soil (Goodine et al., 2008), thereby triggering earlier onset of photo
synthesis in conifers (Tanja et al., 2003; Goodine et al., 2008), allowing
them to derive greater benefits from a warmer early growing season,
ultimately promoting radial growth (Girardin et al., 2006; Huang et al.,
2010). In addition, some chronologies also respond positively to greater
total precipitation from March to May during the growing season
(Fig. 8). Higher pre-monsoon (March to May) precipitation or relative
humidity have also been shown to boost radial growth of trees (Fan
et al., 2008b; Li et al., 2008; Liang et al., 2014; Guo et al., 2018). In the
study area, total precipitation in spring has also been rising in recent

decades (Fig. 2b), and thus, contributed to the faster growth of trees.
Climatic conditions in the previous year are also known to influence
tree growth in the following year (Korner, 1998; Gou et al., 2007; Fan
et al., 2008a; George, 2014). Tree ring-width chronologies and tem
peratures in the previous year, particularly in winter, were positively
and significantly correlated (Fig. 8a), indicating that a warm winter is
favorable for radial growth in the subsequent year. Similar results have
been reported in other conifers growing at high elevations in western
North America (Salzer et al., 2009), western Himalaya (Borgaonkar
et al., 2011), Tianshan Mountains (Qi et al., 2015) and the eastern TP
(Gou et al., 2007; Fan et al., 2008a; Liang et al., 2008). Cold, especially
in late winter, can damage buds, frost can desiccate plant tissue; and low
soil temperatures limit root activity—all these have a direct and
9

S. Shi et al.

Forest Ecology and Management 498 (2021) 119551

Fig. 10. Correlations of growth-temperature from July to September (a) and March to May (b) changed from negative to positive with increased elevation. The black
straight lines represent a linear regression model with 95% confidence interval (shaded grey).

Fig. 11. Average Pearson’s correlations of ring-width index (RWI) in each tree species to mean temperature during all 3-month periods in a 16-month window
beginning June of the previous year. The inner dashed lines show nonsignificant correlation at 95% confidence level.

negative impact on the growth of tree rings in the following year
(Korner, 1998; Fan et al., 2009b). Low winter temperatures may also
form a thicker layer of frozen soil, thereby delaying thawing time or
snowmelt (Pederson et al., 2011), and thus shortening the growing
season, the ultimate result being narrowing of the gap between succes
sive rings in the subsequent growing season (Gou et al., 2007; Fan et al.,

2008a). These conditions also mean that trees tend to deplete stored
carbohydrates after a cold winter, which curbs wood formation in the
following spring at high elevations (Gou et al., 2007; Fan et al., 2008a).
A warm late autumn, on the other hand, allows trees to store nonstructural carbohydrates and other organic substances, which are then
used for producing more wood in the next spring (Gou et al., 2007).
10
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Fig. 12. Average Pearson’s correlations of ring-width index (RWI) in each tree species to precipitation during all 3-month periods in a 16-month window beginning
June of the previous year. The inner dashed lines show nonsignificant correlation at 95% confidence level.

These links explain the strong associations between ring-width chro
nologies and temperatures in late autumn (Fig. 8a).

temperatures, greater cloud cover, and abundant rainfall from both the
South Asian and the East Asian monsoons, and that may supplement the
effect of higher temperatures in promoting the growth of trees at higher
elevations. In addition, results of SEA also confirm that rising temper
ature of current year has a major influence on faster growth of forest
trees at high elevations (Fig. 14).
At low elevations, the chronologies showed strong positive correla
tions with precipitation, but mostly negative correlations with temper
ature from February to May (Fig. 9), supporting the contention that
moisture plays an important role in tree growth in the pre-monsoon
season (Fan et al., 2009a; Guo et al., 2018; Panthi et al., 2019).
Recent research suggests that forest growth is strongly influenced by
water stress due to warming-induced increase in the demand for mois
ture (Liu et al., 2013; Williams et al., 2013). In the western Himalaya
and central Hengduan Mountains, temperature-induced water deficit,
particularly during spring, has a negative effect on radial growth at
lower elevations because of a relative dry period during the premonsoon season (Fan et al., 2009a; Borgaonkar et al., 2011; Panthi
et al., 2019). Rising temperature aggravates moisture stress in spring,
thereby slowing down the growth of trees. This link helps to explain why
conifers at low elevations grow more slowly than those at high eleva
tions. In the summer, however, monsoonal rainfall can meet the demand
for water (Fan et al., 2009a; Panthi et al., 2019).
Recent studies have reported the influence of past human activities

4.3. Elevation-dependent climate and its effect on growth
In recent decades, conifers at high elevations have been growing
faster than those at low elevations (Fig. 5). Similar findings have also
been reported on a local scale in western North America (Salzer et al.,
2009), the Tianshan Mountains in China (Qi et al., 2015), and in the
central Himalayas (Panthi et al., 2019). In mountainous regions, steep
environmental gradients are found within relatively short distances
(Korner, 2007), leading to diverse patterns of tree growth in response to
climate change (Fan et al., 2009a). At higher elevations, radial growth in
trees is more sensitive to temperatures, but less sensitive to precipitation
(Fan et al., 2009a; King et al., 2013; Wang et al., 2017; Panthi et al.,
2018), whereas at lower elevations, it is soil moisture that has a major
influence on growth (Fan et al., 2009a; Borgaonkar et al., 2011; King
et al., 2013; Panthi et al., 2019). Our data show that in recent decades,
and especially after the 1980s, temperatures in all seasons at high ele
vations were rising faster than those at low elevations (Fig. S1), whereas
precipitation remained more or less the same at all elevations (Fig. S2).
It has also showed that as elevation increases, the rate of rise in tem
peratures also increases (Li et al., 2011). Secondly, higher elevations
also record lower rates of evapotranspiration as a result of low
11
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Fig. 13. The 25-year window moving correlations of
Tree-ring index (RWI) chronologies and temperature
from July to September (a) and March to May (b), and
precipitation from March to May (c) during the period
1960–2005. Red and blue lines represent average
value of all correlations between RWI and climate
factors at high and low elevations, respectively. Red
and blue area are variation in all correlations
(average correlation coefficient ± standard varia
tion). The dashed line represents the 95% confidence
level. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web
version of this article.)

on tree radial growth (Peng et al., 2017; Thapa and St George, 2019). In
this study region, land cover data indicates that the forestland area in
the 500 m zones outside of only one tree-ring plot at high elevations
declines 0.54 ha over 1990–2010, and surrounding areas of other sites
show no changes in past land use (Table S2 and Fig. S3), implying little
human activity at both low and high elevations. Therefore, we
confirmed that past land use changes have less effect on elevationdependent growth trends of forests in this region.

et al., 2008b; Panthi et al., 2019). Higher temperatures in spring lead to
increased vapor-pressure deficit and lower soil moisture in a relative dry
period, then making a hydraulic failure more likely (McDowell et al.,
2011; Williams et al., 2013), thereby leading to a decline in growth and
at times mortality (Allen et al., 2010; Liu et al., 2013). In the study re
gion, although temperatures during the growing season, particularly in
summer, increased significantly (Fig. S1), precipitation remained more
or less the same at low elevations after the 1980s (Fig. S2), pointing to
water stress in the growing season due to the greater demand for
moisture. Radial growth in P. yunnanensis was strongly and negatively
correlated to temperature (Fig. 11), but not to precipitation, in spring
and summer (Fig. 12), confirming that water stress in the pre-monsoon
season and in the growing season is the major cause of the declining
growth rate. Another study also observed that the growth of
P. yunnanensis was increasingly restricted by temperature and drought
stress following climate warming (Shen et al., 2020).
Different tree species are known to differ widely in their response to

4.4. Species-specific growth
Nearly all the tree species we examined have been growing faster in
recent decades; the one exception was P. yunnanensis, which showed
markedly lower growth (Fig. 7). Compared to the other tree species,
P. yunnanensis is generally more widely distributed at lower elevations
(Table 1) — sites on which tree growth is severely constrained by the
availability of water during the growing season (Brauning, 1999; Fan
12
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Fig. 14. Results of the superposed epoch analysis detecting correlations between mean temperature from July to September and tree growth at low (grey) and high
(black) elevations. Upper and lower dashed lines indicate the 95% significance level.

climate across a large spatial scale at high and middle latitudes in the
Northern Hemisphere (Huang et al., 2010; Drobyshev et al., 2013; Jiang
et al., 2016). Our multispecies study showed that although most tree
species were generally similar in the relationship between their radial
growth and climatic variables, some species showed either an opposite
pattern or were not particularly sensitive to the variables. Temperature
was strongly and positively correlated to radial growth in A. forrestii,
A. georgei, A. faxoniana, P. brachytyla, P. likiangensis, J. tibetica,
J. saltuaria and P. densata (Fig. 11), an observation consistent with
earlier dendroclimatological studies on a local scale (Fan et al., 2008a;
Fan et al., 2009b; Li et al., 2012; Li et al., 2015a; Li et al., 2015b). Some
studies have showed that the response of tree growth to climate
warming varies among species along elevational gradients (Wang et al.,
2017). Our results found that Abies forrestii exhibited significantly
increasing relationships of growth and temperature along the altitudinal
gradient (r = 0.76, p < 0.05), whereas Picea likiangensis showed
consistent growth response to temperature (r = 0.25, p = 0.59). How
ever, the correlation was negative in A. nukiangensis, C. funebris and
P. yunnanensis, particularly in the early growing season (Fig. 11). The
adverse effect of high temperature on these three coniferous species may
be attributed to decreased availability of moisture at lower elevations
(Table 1). Moisture availability in spring at low elevations in the region
is crucial to such conifers as P. likiangensis, T. dumosa and A. ernestii (Fan
et al., 2008b). Both T. dumosa and L. potaninii were also not particularly
sensitive to the climate (Figs. 11 and 12), although this lack of sensitivity
may have been due to the fact that climate data were collected from
region far away, or due to other factors such as competition among in
dividuals trees.
Additionally, it should be noted that the growth of A. forrestii,
A. georgei, P. brachytyla and J. tibetica, the more dominant and wide
spread treeline species in the study region, was strongly and positively
correlated to temperature in the growing season and in the previous year
(Fig. 11), implying that rising temperature could promoted the growth
of alpine treeline species in recent decades. It has been widely reported
that tree growth at alpine treeline is especially sensitive to temperature
(Salzer et al., 2009; Guo et al., 2019; Shi et al., 2019a).

2001). Total carbon stored in the forest biomass of this region has
increased significantly over the past decades (Fang et al., 2001; Fang
et al., 2007). Biomass and soil carbon stocks have also increased
significantly in older forests in recent decades (Zhou et al., 2006; Yuan
et al., 2016). In the present study, tree-ring samples were collected
mainly from older trees and from mature forests that has seen little
human activity (Table S2 and Fig. S3). Our results have shown that a
warmer climate has accelerated the growth of subalpine coniferous
forests in recent decades, implying greater forest biomass and carbon
storage in the region. These observations support the contention that
carbon sink in the form of older natural forests of subtropical alpine
conifers partly offsets the emissions of carbon dioxide and mitigates the
adverse effects of climatic change.
Most of the conifer species, especially the treeline species, will see
increased growth triggered mainly by climate warming in the coming
decades. The warming can affect the interaction among species and also
change their distribution, and thus alter the composition of the plant
community and change the pattern of distribution of subalpine conif
erous forest ecosystems. For instance, recent studies have suggested that
alpine treeline ecotones have experienced a significant increase in tree
density induced by climate warming in this region (Zhao et al., 2013;
Liang et al., 2016), leading to greater intraspecific competition (Wang
et al., 2016). Considering the divergence in patterns of climate-driven
growth among different elevations and species, and especially the
strong positive correlations between treeline species and climate factors,
we suggest that permanent sample plots should be established to
monitor the dynamics of alpine coniferous forests in the future.
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