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a b s t r a c t

Increases in the annual minimum temperature (Tmin) has been more obvious than the increase in the
annual mean temperature in the southeastern Tibetan Plateau (TP) over the past few decades; however,
annual Tmin variability over the long-term in the southeastern TP has received scant attention. Here, we
present a 413-year long tree-ring width chronology (TRW), which is composed of 22 site chronologies at
high altitudes at the Hengduan Mountains on the southeastern TP. Climateetree growth relationship
analysis revealed that annual Tmin was the climatic factor that influenced radial tree growth in the area
the most (R ¼ 0.74, P < 0.001). Accordingly, we reconstructed the annual Tmin over the 1600e2012 AD
period on the southeastern TP. The linear regression model between TRW chronology and annual Tmin
accounted for 54.3% of the total variance in actual Tmin during the common period, 1960e2012. The
close coupling of warm and cold episodes with other temperature reconstructions from surrounding
regions indicated the reliability of our reconstruction. In addition, the comparison of reconstructed series
with Climate Research Unit gridded data demonstrated that our reconstruction could represent the
large-scale variability in annual Tmin on the TP. Furthermore, the Tmin variability exhibited similar
trends with the temperature reconstructions from the TP, Asia, and northern hemisphere during the
common period (1600e2012), indicating that the thermal variation in southeastern TP was consistent
with the continental and hemispheric scale climate system variabilities. Atlantic Multi-Decadal Oscilla-
tion (AMO) and solar activity were observed to be key factors influencing annual Tmin variation over the
southeastern TP. The results of the moving correlation analyses implied that the radial forest growth at
high altitudes on the southeastern TP remained consistent with regional Tmin variation, and the
decrease in precipitation has not yet limited forest growth.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Tree-rings are widely considered as one of the most reliable
sources of past environmental information (Fritts, 1976; Briffa et al.,
1998; Esper et al., 2002), and are key proxies for centurial to
millennial-scale climatic reconstructions (Esper et al., 2002; Zhang
et al., 2003; D’Arrigo et al., 2005; Briffa et al., 2008; Yang et al.,
2014). However, concerns have been raised with regard to the ca-
pacity of tree-rings to provide reliable climate data, especially
temperature variability data, in the wake of warming-induced
saturation effects (Reich and Oleksyn, 2008; Williams et al.,
2010a), increased drought intensity (Williams et al., 2011;
Charney et al., 2016; Babst et al., 2019), and disturbance from agents
such as insect pest infestations and fires, which have led to declines
in regional forest growth or increased tree mortality (Williams
et al., 2010a,b). Conversely, numerous studies have also reported
a positive effect of increasing temperatures on forest growth (Liang
et al., 2009; Salzer et al., 2009; Dulamsuren et al., 2017; Shi et al.,
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2020). Trees, particularly those growing at high elevations and
close to the upper tree line, where temperature is a major factor
limiting tree growth, are maintaining growth trends consistent
with climate warming (Salzer et al., 2009; Shi et al., 2019a,b), while
still portraying historical thermal trends in regions.

The average global surface temperatures have risen by approx-
imately 0.85 �C (0.65e1.06 �C) in the 20th century and are projected
to rise by 1.4e4.8 �C in the 21st century (IPCC et al., 2013, under the
RCP8.5 scenario). Climate warming has diminished the influence of
key climatic factors limiting plant growth, and could increase the
net primary productivity (NPP) of terrestrial vegetation (Myneni
et al., 1997; Nemani et al., 2003), mainly due to an increase in
photosynthetic rates and water use efficiency (Ali et al., 2015;
Voelker et al., 2016), in addition to the extension of the active
growing season periods (Anav et al., 2015; Zhu et al., 2016).
Numerous studies on tree-growtheclimate interactions at tree
lines, as well as climate reconstructions based on dendrochro-
nology have reported positive growth responses of tree line trees to
warmer temperatures (Br€auning, 1994, 2006; Br€auning and
Mantwill, 2004; Harsch et al., 2009; Liang et al., 2009; Salzer
et al., 2009; Kullman, 2013; Qi et al., 2015; Cao et al., 2018; Shi
et al., 2020).

The southeastern Tibetan Plateau (TP) belongs to the so-called
subtropical alpine canyon region, with abundant annual rainfall.
Available climate records have revealed increasing temperatures in
the region over the 1960e2012 period, and the temperature in-
crease has been more dramatic since 1980. Dendroclimatological
studies have also revealed that temperature is the major limiting
factor for forest growth at high altitudes in the region, with the
influence of precipitation being insignificant; therefore, numerous
historical temperature reconstruction studies have investigated
regional thermal variability over the long term. For example, Fan
et al. (2009) and Li et al. (2012) reconstructed the summer mean
temperatures for the 1750e2006 and 1475e2003 periods, while
Liang et al. (2016b) reconstructed the August mean minimum
temperatures in 1630e2011, Zhu et al., 2016 reconstructed the July
and August mean maximum temperatures in 1645e2012, Li and Li
(2017), and Keyimu et al. (2020) reconstructed the annual mean
minimum temperatures for the 1451e2014 and 1837e2017 pe-
riods, respectively. In addition, Huang et al. (2019) reconstructed
the winter temperature for the 1340e2007 period. However, the
studies were conducted only in a few sampling sites. In addition,
based on the instrumental temperature data on the southeastern
TP, the rise in annual minimum temperature (R ¼ 0.87,
slope ¼ 0.29 �C/decade) was more rapid than the rise in the annual
mean temperature (R¼ 0.77, slope¼ 0.21 �C/decade). However, the
long-termvariability in annual minimum temperature in the region
has hardly received any attention. The reconstruction of historical
minimum temperatures could enrich the understanding of regional
thermal variation from a long-term perspective and current
warming trends, in addition to forest growth responses to such
warming trends.

The objectives of the present study were to (1) develop a TRW
chronology in the southeastern TP using a tree-ring network, (2)
determine the key climatic factors influencing radial tree growth,
(3) reconstruct thermal variability over the long term context, (4)
compare thermal variability across different temperature recon-
struction records, and (5) investigate if forest growth rate trends are
correlated with recent climate change trends on the southeastern
TP.
2. Study area

The southeastern TP (Fig. 1) extends across Xizang, Yunnan, and
2

Sichuan provinces in China, with the elevation ranging from 100 m
to 7000 m. The climate of the area is under the influence of the
westerly andmonsoon circulations of the Indian and Pacific Oceans,
with pronounced dry and wet seasonality (Liang et al., 2008, 2009;
Li et al., 2012; Huang et al., 2019; Keyimu et al., 2020). According to
the climate data (time span 1960e2012) from meteorological sta-
tions near to tree-ring sampling sites, the multi-years annual total
precipitation was 754 mm, more than 70% of the precipitation was
concentrated during MayeSeptember. The monthly average
maximum, mean, and minimum temperatures were 15.8 �C, 7.9 �C,
2.3 �C, respectively (Fig. 2). The relatively steep topography at high
altitudes in southeastern TP is not favorable for soil development;
therefore, a thin soil layer consisting mainly of dark-brown earths,
alpine meadow soil, and burozem soil (Chinese Soil Taxonomy)
cover the bedrock. The typical subalpine coniferous forests grow at
high elevations in the southeastern TP, and the major tree genera
are Abies, Larix, Tsuga, Pinus, and Sabina.

3. Materials and methods

3.1. Tree-ring dataset

We collected TRW measurements at 98 sites on the south-
eastern TP from dominant species in subalpine coniferous forests.
Out of the 98 sites, 72 sites are datasets from the present study,
while the remaining 26 sites were obtained from the International
Tree Ring Data Bank (https://www.ncdc.noaa.gov/data-access/
paleoclimatology data/datasets/tree-ring). We detrended the raw
tree-ring data from each site to remove the age related biological
trend of tree growth using a negative exponential model (Cook and
Kairiukstis, 1990; Li et al., 2012; Liang et al., 2016b; Huang et al.,
2019). Tukey’s biweight robust mean method was applied to
average the dimensionless tree-ring width indices to achieve
standard chronology. Twenty-two chronologies (Fig. 1, Fig. S1a,
S1b; Table S1) in the available dataset were selected as tempera-
ture sensitive based on their correlationwith monthly temperature
records from the nearest meteorological stations (Fig. S2a, 2b). The
correlation analysis among temperature sensitive chronologies
revealed the similarities among the 22 chronologies (the average
correlation index was 0.29, P < 0.01) (Table S2), indicating corre-
lated tree radial growth at the sites. The Express Population Signal
(EPS) values of 12 chronologies were higher than the 0.85 threshold
value (Wigley et al., 1984), while the EPS values of 10 chronologies
were lower than 0.85 at the earlier years, although they included at
least six sample replicates. The final chronology dataset included
the four coniferous genera, including Abies, Picea, Sabina, and Pinus.
At the end, the 22 TRW chronologies were averaged into one
chronology and used for further analyses.

3.2. Climate data

Monthly maximum, minimum, mean temperature, and precip-
itation climate data were obtained from 11 Chinese national
meteorological stations, which were close to each tree ring sam-
pling site (Fig. 1). Climate data from weather stations vary across
the region; therefore, we selected a common data interval, 1960 to
2012, and averaged the data into single temperature and precipi-
tation series to perform tree growtheclimate relationship analyses.

3.3. Data analysis

To determine the key climatic factors influencing radial tree
growth, we conducted growtheclimate correlation analyses be-
tween TRW chronology and climate variables (maximum temper-
ature, minimum temperature, mean temperature, and
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Fig. 1. Tree-ring sampling sites in the southeastern Tibetan Plateau. Blue dots represent the 22 tree-ring sites explored within the present study, pink dots represent study sites of
other studies (from 1 to 6 are Fan et al., 2009; Liang et al., 2009; Li et al., 2012; Liang et al., 2016a; Li and Li, 2017; Huang et al., 2019, respectively). Black triangles represent
meteorological stations in Changdu, Dege, Deqin, Gongshan, Weixi, Zhongdian, Daocheng, Litang, Kangding, Daofu, and Songfan Counties. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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precipitation) adopting the correlation and response function an-
alyses using Dendroclim 2002 software (Biondi and Waikul, 2004)
for the 1960e2012 period. Considering that tree growth is not only
influenced by climatic conditions during current year, but also from
previous year (legacy effect) (Fritts, 1976), our climate e tree
growth relationship analysis included the monthly windows from
previous year June until current year November. We also tried
seasonal aggregation (annual, spring, summer, autumn, and
winter) of climate data since averaged climate variables can make
more eco-physiological sense than just one single month. Amoving
correlation analysis between TRW chronology and annual mean
minimum temperature was conducted at 32-year intervals to
investigate the temporal variability of the correlation between
radial tree growth and limiting factor. Moving correlation analysis
was also conducted between TRW chronology and precipitation to
3

investigate the dynamic influences of precipitation on forest
growth, and whether water stress influenced forest growth.

4. Results

4.1. Climateetree growth response analysis

Results of correlation and response function analyses between
the average TRW chronology and monthly average, annual and
seasonal aggregated climate records were demonstrated in Fig. 3.
According to the results, the correlation between TRW chronology
and Tmin was stronger than the correlation between Tmax and
Tmean (over the 1960e2012 common period). The correlation be-
tween Tmin and chronology was significant at the 99% confidence
level throughout all the investigated periods except for previous



Fig. 2. Ombrothermic diagram of climate variables in the southeastern Tibetan
Plateau. Monthly total precipitation (bars), mean maximum temperature (red line with
squares), mean temperature (green line with circles), and mean minimum temperature
(blue line with triangles), calculated using the available climate data from meteoro-
logical stations in Changdu, Dege, Deqin, Gongshan, Weixi, Zhongdian, Daocheng,
Litang, Kangding, Daofu, and Songfan Counties. Horizontal dashed red, green, and blue
lines represent the average of maximum, mean, and minimum temperatures, respec-
tively. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 3. Results of correlation and response function analyses between TRW chronology
and monthly mean (A), maximum (B), minimum temperatures (C), and precipitation
(D). The bar graphs denote the results of correlation analysis. The line graphs denote
the results of response function analysis. The horizontal red and green dashed lines
denote the 0.05 and 0.01 significant levels of correlation, respectively. The red stars on
the lines denote the significant effects (p < 0.05) of response function analysis. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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year July (but significant at 95%). The correlation between chro-
nology and monthly average and seasonalized precipitation was
positive in 17 out of 23 investigation windows, but the significant
correlation (at 95% level) only occurred in May and spring of cur-
rent year. The correlation between TRW chronology and annual
Tmin was found to be highest (R ¼ 0.74, P < 0.01). In addition, the
result of the climate response function analysis between chronol-
ogy and annual Tminwas significant. Therefore, we used the annual
Tmin to reconstruct in present study.

4.2. Annual Tmin reconstruction and its validation

We reconstructed historical (1600e2012 A.D.) annual Tmin
(Fig. 4) based on the relationship between average TRW chronology
and instrumental annual Tmin. The climate reconstruction data are
listed in Table S3, and the results indicated that the reconstructions
were reliable. The reconstruction explained 54.3% of the variability
in Tmin. The thermal variability observed in our newly recon-
structed temperature series not only matched other temperature
reconstructions from surrounding sites (Fig. 5), but also the long-
term thermal variability in the TP, Asia, and the northern hemi-
sphere (Fig. 6). Spatial correlation analyses between the recon-
structed series and Climate Research Unit (CRU) gridded data
revealed that our reconstruction could capture the broad-scale
thermal variability on the southeastern TP as well as the entire TP
(Fig. 7). According to the results of the multi-taper-spectrum
analysis, there were short (2e3 years) and long cycles (24.2 and
54.9 years) of Tmin variability in the 413-year reconstruction
(Fig. 8). Warm/cold episodes in the reconstruction were coupled
with warm/cold phases of Atlantic Multi-decadal Oscillation (AMO)
and strong/weak solar irradiance (Fig. 9), implying that the AMO
and solar activity exerted considerable influence on the thermal
variability in the southeastern TP. Based on the reconstructed se-
ries, the annual Tmin increased markedly after the 1980s, and such
an increase was unprecedented over the long-term on the south-
eastern TP.
4

Radial tree growth accelerated drastically with increases in
temperatures since 1980s, and the levels of increase were unprec-
edented over the previous 413 years. Correlation result demon-
strated the close association between regional TRW chronology and
Tmin variation (R ¼ 0.74, P < 0.01). In addition, the moving corre-
lation results between the chronology and Tmin were significant
(>95% confidence level) during most of the investigated period
(1960e2012) (Fig. 10), indicating that radial tree growth is main-
taining a correlation with annual Tmin on the southeastern TP, and
that a divergence between forest growth and Tmin variation has
not occurred.
5. Discussion

5.1. Climate e radial tree growth relationship

Based on the correlation between TRW chronology and climate
variables, the annual Tmin was the key climatic factor influencing
radial tree growth in conifer species at higher elevations on the



Fig. 4. A: Tree-ring based annual Tmin reconstruction in the southeastern Tibetan Plateau (grey thin line denotes the raw reconstruction series, and the red bold line denotes the 11-
year loess smoothing results of the reconstruction). The horizontal black line (a) represents the mean value of reconstruction, the upper (b) and lower (c) horizontal dashed lines
represent the standard deviation value. The dashed black line at the bottom is the number of chronology corresponding with the reconstruction series. B: The comparison of
instrumental (grey line) and reconstructed (black line) annual Tmin during the common period 1960e2012. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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southeastern TP. Tmin influences the division and enlargement of
conifer tracheids during the growth season (Deslauriers et al.,
2008). In addition, according to Hosoo et al. (2002), xylem lignifi-
cation mainly takes place at night, implying the significance of
Tmin, which is often observed during the night, for radial tree
growth. Conversely, higher spring and autumn temperatures
extend the growth season (Menzel et al., 2006; Piao et al., 2007),
which means an early onset of cambium activity and xylem cell
production as well as a longer duration of xylem formation (Huang
et al., 2011; Boulouf-Lugo et al., 2012), which, in turn, leads towider
tree-rings.

Climate factors often exert time-lag effects on tree growth
(Fritts, 1976). The results of tree growtheclimate relationship an-
alyses in the present study also revealed considerable time-lag ef-
fects of the previous year Tmin on the radial tree growth of the
subsequent year. The extension of the growth season (late growth
season) prolongs the period of photosynthetic activity due to the
lengthened photoperiod (Jackson, 2009), which enables the storage
of more carbohydrates in parenchyma tissues, and such carbohy-
drates could be used in the spring of the growth season of the
following year (McMahon et al., 2011), when the photosynthetic
activity is still low, which supports the strong legacy effect of
previous year climate factors on tree growth in the subsequent year
in our study.

As indicated by the tree growtheclimate relationship analyses
results, winter Tmin exerted significant influence on the radial tree
growth, which can be attributed to the higher Tmin during winter
potentially reducing the damage exerted by cold stress on bud and
root systems, in addition to prolonging the duration of needle
retention in conifers (Pederson et al., 2004; K€orner, 2012). Our re-
sults also showed a significant positive influence of spring (Feb-
ruaryeMarcheApril) Tmin on radial tree growth, potentially
because the higher Tmin during spring may accelerate the melting
of soil frost layer and, in turn, increase water availability, which
benefits tree growth. In addition, higher Tmin in spring could
advance the onset of cambium layer activity, and, in turn, facilitate
tree growth (Williams et al., 2015). A significant influence of the
precipitation during current year’s May and spring on radial tree
growth was also observed (Fig. 3), which highlighted the impor-
tance of moisture availability on tree growth during spring, when
the cambium layer is most active in the year (Schweingruber,
5

2007). However, the influence of spring precipitation on radial
tree growth has weakened and was below the significant level over
the past decade as demonstrated by moving correlation analysis
(Fig. S6).

5.2. Comparison with other reconstructions

To validate the reliability of the new Tmin reconstruction series
on the southeastern TP, it was compared with other temperature
reconstructions of previous studies from surrounding sites,
including annual Tmin reconstruction by Li and Li (2017), August
Tmin reconstruction by Liang et al. (2016b), winter Tmean recon-
struction by Huang et al. (2019), summer Tmean reconstruction by
Fan et al. (2009), summer Tmean reconstruction by Li et al. (2012),
and summer Tmean reconstruction by Liang et al. (2009), during
their common period. We applied 11-year loess smoothing on each
of the reconstruction series to increase the visibility of the com-
parisons. The graphical comparisons displayed the similarities of
warm/cold episodes under different reconstructions (Fig. 5). As
illustrated in Fig. 5, the 1630se1640s (except in Fan et al., 2009;
Liang et al., 2009), 1760se1770s, 1810se1820s, 1910e1920s, and
1970se1980s intervals had notable cold episodes, while the
1720se1730s (except in Liang et al., 2009 and Fan et al., 2009),
1770se1880s, and 1940se1960s, had warm episodes, and the
2000s had the unprecedented warm years under all re-
constructions in southeastern TP over the past four centuries.
Nevertheless, there were some discrepancies among the different
reconstruction series, which could be attributed to the heteroge-
neous microclimate environments among the investigated sites,
different targets of reconstruction (month/seasons), use of different
types of tree-ring proxies (width/density), inconsistent variability
in Tmax/Tmean/Tmin (Wilson and Luckman, 2002, 2003), different
timespans of available instrumental climate records for calibrating
the tree-ring data, sample replications (Esper et al., 2016), appli-
cation of different methods to detrend the tree-ring data (Huang
et al., 2019), in addition to diverse genetic and morphological
characteristics among tree species.

The spatial correlation analysis between the reconstructed Tmin
and CRU gridded data (TS 4.03) revealed that the new reconstruc-
tion could represent the annual Tmin variability of the investigated
region as well as the entire TP (Fig. 7). Notably, the spatial



Fig. 5. Comparison of annual Tmin reconstruction with other temperature records on the southeastern Tibetan Plateau. (a) Annual Tmin reconstruction in present study, (b) Annual
Tmin reconstruction on the east central TP (Li and Li, 2017), (c) August Tmin reconstruction on the southeastern TP (Liang et al., 2016b), (d) Winter Tmin reconstruction on the
southeastern TP (Huang et al., 2019), (e) AprileSeptember Tmean reconstruction on the southeastern TP (Fan et al., 2009), (f) Summer Tmean reconstruction on the southeastern TP
(Li et al., 2012), (g) Summer Tmean reconstruction on the southeast TP (Liang et al., 2009). All series were Z-scored for direct comparison. Thin grey line in each panel denotes raw
reconstruction series, the red bold line denotes an 11-year loess smoothing. Yellow and cyan vertical shadings represent the warm and cold episodes, respectively. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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correlation analyses in the southeastern TP revealed lower and
heterogeneous spatial correlation in comparison to those in the
other parts of TP, implying variability of climate system, which
could be due to the complex terrain, high mountain ranges with
deep-cut gorges, and steep topography across the southeastern TP
(Fan et al., 2009).

We further compared our Tmin reconstruction series with the
summer Tmin reconstruction of the entire TP (Shi et al., 2019b),
Asia Tmin reconstruction (PAGES 2k Consortium, 2013), and
northern hemisphere (NH) temperature reconstructions by Mann
et al. (2009), D’Arrigo et al. (2006), Wilson et al. (2016), Stoffel
et al. (2015), and Schneider et al. (2015) over their common pe-
riods, including 1648e2005, 1600e1989, 1600e2006, 1600e1995,
1600e2002, 1600e2002, and 1600e2002, respectively. The corre-
lation coefficients between the raw data series (Fig. S3) and the 30-
year splined data series (Fig. 6) for the annual Tmin in the south-
eastern TP in the present, summer Tmin of TP (Shi et al., 2019b),
annual Tmin of Asia (PAGES 2k Consortium, 2013), and four
different northern hemisphere temperature data (in sequence:
6

Mann et al., 2009; D’Arrigo et al., 2006; Wilson et al., 2016; Stoffel
et al., 2015; Schneider et al., 2015) during their common periods
were 0.69, 0.27, 0.54, 0.30, 0.35, 0.30, and 0.27, and 0.79, 0.37, 0.73,
0.53, 0.55, 0.64 and, 0.64, respectively (all significant at 99% con-
fidence level), demonstrating the close correlation between the
regional Tmin variation in southeastern TP with continental and
hemispheric thermal variation at both interannual and multi-
decadal time scales. According to the regional, continental, and
hemispheric level reconstructions, 1940se1960s were warm pe-
riods, and the warming since late 20th century was unprecedented.
Discrepancies were observed among the reconstructions; for
instance, Asia and northern hemisphere were cold during the early
19th century, but the southeastern TP was comparatively warm
during the period. Nevertheless, the varying patterns of Tmin in the
southeastern TP recorded over the past four centuries were syn-
chronous with continental and hemispheric thermal variation on
the whole, indicating that the thermo-dynamics of the southern TP
are part of a large-scale climate system.



Fig. 6. Panel A: Comparison of reconstructed annual Tmin record with summer Tmin record of Tibetan Plateau (Shi et al., 2019b), Panel B: Asia Tmin (PAGES 2k Consortium, 2013),
Panel C: Northern Hemisphere (Mann et al., 2009), Panel D: Northern Hemisphere (D’Arrigo et al., 2006), Panel E: Northern Hemisphere (Wilson et al., 2016), Panel F: Northern
Hemisphere (Stoffel et al., 2015), Panel G: Northern Hemisphere (Schneider et al., 2015). All series were Z-score normalized and 30-year loess smoothed, and then correlations were
evaluated.
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5.3. Potential external factors influencing temperature variability

Short and long-term variabilities were observed in our Tmin
records. Dendroclimatological studies on the TP suggested a linkage
between thermal variability at short and long-term variability with
extensive atmosphericesea surface interactions, such as El Nino
Southern Oscillation (ENSO), AMO, Pacific Decadal Oscillation
(PDO), and Indian monsoon activity (He et al., 2014; Wang et al.,
2014, 2015, 2017a; Li and Li, 2017; Shi et al., 2017, 2019b). We car-
ried out correlation analyses between reconstructed annual Tmin
records in the present study and the ENSO reconstruction by Li et al.
(2011), PDO reconstruction byMacDonald and Case (2005), and the
AMO reconstruction by Mann et al. (2009), and the correlation
coefficients were 0.004 (P > 0.1), 0.11 (P < 0.05), and 0.61
(P < 0.001), respectively, suggesting that AMO variationwas the key
factor influencing thermal variability over the southeastern TP.
Fig. 9 illustrates the correlation between positive/negative tem-
perature anomalies and warm/cold AMO phases.

Another potential factor influencing thermal variability is solar
activity (Gray et al., 2010; Duan and Zhang, 2014). One of the
obvious trends of solar activity is the intensification of sunspots.
The temperatures at sunspot regions are lower in comparison to the
temperatures at the surrounding regions of the surface of the sun;
7

therefore, sunspots appear darker than other regions. When sun-
spots are intensified, the energy output of the sun increases slightly,
which influences the temperature of the earth’s atmosphere. As
illustrated in Fig. 9, the cold periods of 1620se1710s and
1790se1820s coincided with the Maunder and Dalton minima of
solar activity, and the warm periods around the 1930se1960s
coincided with the Modern maxima of solar activities. In addition,
we conducted correlation analyses between the reconstructed
annual Tmin series and annual total sunspot numbers (http://
climexp.knmi.nl/getindices.cgi?WMO¼SIDCData/sunspots&amp;
STATION¼sunspots) to investigate the influence of solar activity on
the warm/cold trends in our study area. The correlation coefficient
between the 25-year moving average Tmin reconstruction series
and sunspot numbers (common period 1761e2000) was 0.38
(P < 0.001). The results of the analysis above supported the po-
tential linkage between solar activity and thermal variation across
the southeastern TP.

5.4. Accelerating forest growth and role of warming climate

Our regional TRW chronology showed that forest growth
accelerated on the southeastern TP after the 1980s, and the increase
in growth was almost linear, the growth rate around 2000 was
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Fig. 7. Spatial correlations of the reconstructed annual Tmin on the southeastern TP from the CRU TS 4.03 dataset for 1901e2012. The analyses were performed using the KNMI
climate explorer (Royal Netherlands Meteorological; http://climexp.knmi.nl). The gridded climate dataset was developed by the Climatic Research Unit (Mitchell and Jones, 2005;
CRU TS4.03). Black rectangle represents the investigation area within present study. The color key at the bottom represents the correlation coefficient. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Multi-taper spectrum analysis of the reconstructed annual Tmin. Blue and red
lines denote the 95% and 99% confidence levels (CI confidence intervals), respectively.
Significant periods at the 95% confidence level are marked. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.) Fig. 9. Comparison of reconstructed annual Tmin in the southeastern TP (B) with

Atlantic Multi-Decadal Oscillation (Mann et al., 2009) (A), and the total solar irradiance
(Delaygue and Bard, 2011) (C). All series were Z-score normalized for direct compar-
ison. Series A and B were 30-year Loess smoothed. The blue and red areas represent
the cold and warm phases, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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unprecedented over the past four centuries. The higher correlation
between TRW chronology and Tmin suggested the close association
between warming climate and accelerating tree growth in the
study area. Recent climatic warming has accelerated forest growth
in many regions globally, especially at northern altitudes and
higher elevations (Salzer et al., 2009; Qi et al., 2015; Dulamsuren
et al., 2017; Cao et al., 2019; Shi et al., 2020). The climate
8

warming-induced acceleration of forest growth has also been re-
ported in remote sensing studies. The increase in landscape
greenness or Normalized Difference Vegetation Index (NDVI),

http://climexp.knmi.nl


Fig. 10. Results of moving correlation analysis between TRW chronology and annual
Tmin (using 32 years moving interval). The dotted red and green lines denote 95% and
99% confidence interval, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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particularly at northern altitudes and at mountain sites, as well as
at high elevations, could imply the acceleration of forest growth.
According to Myneni et al. (1997), warming temperatures pro-
moted increases in plant growth at northern high altitude regions
following a comparison of 10-year (1981e1991) NDVI data, which
were obtained from satellite images of the northern hemisphere.
There is also remote sensing evidence that supports our findings of
accelerated forest growth on the southeastern TP that have been
observed in present study. Wang et al. (2017b) investigated the NPP
variation on the Hengduan Mountains by using the NPP statistics of
MODIS C6 product, and analyzed the temporal and spatial variation
characteristics of NPP. They reported a sustained 10-year
(2004e2014) NPP increase in the Hengduan Mountains, and such
increase was more obvious at mid and high elevation regions,
where mainly consist of coniferous forests.

The positive relationship between regional TRW chronology and
temperature in the present study suggested that the rising tem-
peratures facilitate accelerated forest growth at high altitudes in
the southeastern TP. Numerous studies have reported the extension
of vegetation growth periods globally due to increased tempera-
tures (Keeling et al., 1996; Chen et al., 2005; Jeong et al., 2011).
According to Guo et al. (2019) the length of the growth season for
coniferous forests in the Hengduan Mountains was extended by 6.4
days over a 10-year period, this may have facilitated tree growth
acceleration in the region by prolonging photosynthetic activity/
carbohydrate accumulation/lignification periods. In addition, the
increase in spring Tmin (Fig. S4) could have eased the temperature
constraint on the onset of cambial activity in conifer species on the
Hengduan Mountains. Woody species require a threshold temper-
ature to initiate stem cambial activity (Ryan, 2010; Way and Oren,
2010), and only temperature above the threshold could stimulate
the inactivated cambium layer cells (Deslauriers et al., 2008; Begum
et al., 2010). Although we have no experimental data demon-
strating the advance of cambial activity and its potential connection
with increasing spring temperature in the present study, we can
assume that an increase in spring temperature contributes to the
earlier termination of cambial dormancy in spring, and in turn,
more rapid tree growth.

The South Asian summer monsoon (SASM) is the source of
moisture for the southeastern TP. However, weakening of SASM
over the past couple of decades has been reported (Sano et al.,
2012; Roxy et al., 2015; Pumijumnong et al., 2020). Instrumental
precipitation records have showed decreasing regional precipita-
tion from the 2000s (Fig. S5), which might exert hydrological stress
on forest growth in the region, and lead to drought-induced forest
growth decline as reported in many other investigations in alpine
tree line ecotones (Allen et al., 2010; Peng et al., 2011; Liang et al.,
2016a) and mid-latitude mountains. To investigate whether
drought stress increased and hindered forest growth, we conducted
moving correlation analyses between the precipitations of spring
9

and the monsoon period, and TRW chronology (Fig. S6). According
to the results, the influence of the precipitation during the spring
and monsoon period showed decrease since the 2000s, indicating
that the decreasing precipitation had not yet began to limit forest
growth. Therefore, we confirmed that Tmin remained as the pri-
mary factor influencing radial tree growth at higher altitudes on the
southeastern TP. However, under decreasing precipitation and
increasing temperature scenarios on the southeastern TP, precipi-
tation could become a factor limiting radial tree growth and hin-
dering forest growth in future.

6. Conclusion

In present study, we synthesized a regional tree-ring width
chronology using 22 site chronologies each was sensitive to annual
minimum temperature on the southeastern TP. Based on the tree
growth e climate relationship analyses, we developed a transfer
model and reconstructed the annual minimum temperature for the
past four centuries (A.D. 1600e2012). The results of leave-one-out
verification and similarities between present reconstruction se-
ries and previous reported historical temperature records indicated
the fidelity of the new reconstruction. Based on the consistency of
our annual minimum temperature with other historical tempera-
ture from the TP, Asia, and northern hemisphere we confirmed that
the thermal conditions on the southeastern TP was part of large
scale climate systems. Association between the reconstructed
annual minimum temperature and total solar irradiance and AMO
series implied that the solar and Atlantic Ocean activities were
drivers of decadal and multi-decadal thermal variations on the
southeastern TP. According to our results, radial growth of high
altitude forests in the study area was keeping pace with the rising
annual minimum temperature. However, continuously rising
temperature and decreasing precipitation might induce drought
stress on the forest growth in future. Further investigations are
required to carry out modelling works over when coniferous trees
at high altitudes in the southeastern TP will become hydraulically
stressed.
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