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Abstract: Annually resolved temperature records spanning the past few centuries are limited in South-
west China. In this paper, we present a robust 250-year winter minimum temperature reconstruction
based on the tree rings of Abies georgei Orr from Luoji Mountain, Southwest China. The tree rings exhibit
significant correlations with winter minimum temperatures (Tmin) from the previous November to
the current March (pNov—cMar). Based on this relationship, we reconstructed pNov-cMar Tmin from
1765 to 2014. This reconstruction accounts for 37.8% of the Tmin variance during the instrumental
19602014 period. Our reconstruction reveals five warm periods (1765-1785, 1795-1804, 1827-1883,
1901-1907, 1989-2014) and four cold periods (1786-1794, 1805-1826, 1884-1900, 1908-1988) over the past
250 years. Spectral analyses revealed several significant interannual (2.3-2.4a, 3.9—4.2a, 8.9-9.7a) and
interdecadal (23.0-28.9a) cycles in our reconstruction series. Both spatial correlation analysis and the
inter-comparison of paleoclimate records revealed that the winter Tmin reconstruction had significant
positive correlations with the Atlantic Multidecadal Oscillation (AMO), with relatively consistent warm
and cold periods in their variations over the past 250 years.

Keywords: tree-rings; winter minimum temperature; Abies georgei Orr; Southwest China;

climate reconstruction

1. Introduction

The latest Intergovernmental Panel on Climate Change (IPCC) report indicates that
the global average air temperature was 1.09 °C higher in 2011-2020 than in 1850-1900 [1].
The continuous increase in air temperature will exacerbate the impact of heat stress on
natural ecosystems and human society. The Tibetan Plateau is one of the most sensitive and
vulnerable regions to global climate change [1-3]. From 1961 to 2017, the air temperature
on the Tibetan Plateau increased significantly, with an average increase of 0.32 °C every
10 years [4]. Previous studies have shown that the increasing rate of minimum temperature
is greater than that of maximum temperature on the Tibetan Plateau [5]. Nonetheless,
few long temperature records are available to assess the nature of recent temperature
anomalies on the southeast edge of the Tibetan Plateau, Southwest China. This region is the
transition area from the Tibetan Plateau to the Sichuan Basin and features complex terrain
and ecosystems, making it an ideal place to study climate change.

Tree rings are one of the key proxies for paleoclimate research owing to their precise
dating, annual resolution, and high sensitivity to climate in many regions worldwide [6-10].
In recent years, several dendroclimatological studies have been conducted in the eastern part
of the Tibetan Plateau for temperature reconstruction, such as mean temperature [11-18],
maximum temperature [2,19,20], and minimum temperature [21-24]. However, most of these
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studies are located in the northern part of the Eastern Tibetan Plateau, with fewer on the
southeast edge of the Tibetan Plateau, Southwest China.

Therefore, the main purposes of this study were to: (1) Develop a robust tree-ring-
width chronology of Abies georgei Orr on the southeast edge of the Tibetan Plateau and
identify the main limiting climate factors on tree growth; (2) perform a tree ring-based tem-
perature reconstruction and analyze its long-term variability; (3) evaluate the links between
regional temperature and large-scale climate change on the Eastern Tibetan Plateau.

2. Materials and Methods
2.1. Study Area

Our sampling sites were in Luoji Mountain, Southern Sichuan Province, Southwest
China (Figure 1). Luoji Mountain is part of the Hengduan Mountains on the southeast edge
of the Tibetan Plateau, with a main peak of 4359 m above sea level (a.s.l). The climate is
characterized by cool humid summers and cold dry winters, with distinct dry and wet
seasons. The annual mean temperature ranges from —1.2 °C to 14.6 °C are due to variations
in altitude, with the warmest and coldest months being July and January, respectively. The
annual total precipitation is about 1000 mm, mainly concentrated from June to September.
Due to differences in terrain elevation, Luoji Mountain has a complete spectrum of vertical
forest types. Among them, the subalpine coniferous forests are distributed at an altitude of
3300 to 4000 m a.s.l, with A. forrestii and A. georgei as the main species. The dominant soil
type is acidic soil with a relatively sticky texture.
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Figure 1. Location of the sampling sites (flag) and nearby meteorological station (dot).
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2.2. Tree-Ring Data and Chronology Development

In April 2015, we collected tree-ring samples from two sites in the high-elevation
areas of Luoji Mountain (Figure 1; Table 1). The two sampling sites are close to each other,
and both are situated in subalpine coniferous forests. In general, two to three cores were
sampled from large, healthy, and living trees of A. georgei at breast height (approximately
1.3 m above ground level) using 5.15 mm increment borers. In total, 70 cores from 33 trees
and 68 cores from 33 trees were retrieved at the sites of LJH and LJS, respectively (Table 1).

Table 1. Statistics of the two tree-ring sampling sites.

. . . . Number Time Span
Site Code Latitude (N) Longitude (E) Elevation (m) (Cores/Trees) (AD)

LJH 27°34'24.4" 102°22'28.4" 3890 70/33 1638~2014

LJS 27°34/32.7" 102°21'49.6" 3890 68/33 1673~2014

All tree-ring samples were air-dried, mounted, polished, and cross-dated in the labo-
ratory. Each ring width was measured using the Velmex measuring system (Bloomfield,
NY, USA) with a precision of 0.001 mm. The quality of cross-dating and measurement
accuracy was further evaluated by the COFECHA program [25]. Due to the close distance
and same type of tree species, the samples of these two sites were merged to develop a
regional composite chronology.

The ARSTAN program developed a composite tree-ring width chronology to retain
more climatic information and remove non-climatic information related to tree age and
stand dynamics [26] Raw tree-ring sequences were detrended using negative exponential
curves or linear curves of any slope. Tree-ring indices were calculated as residuals between
the raw measurement and curve fitting values, which can effectively avoid potential index
value inflation caused by the ratio method [3,27]. Finally, three types of chronologies
including standard (STD), residual (RES), and autoregressive (ARS) chronologies were gen-
erated using the ARSTAN program. STD chronology was used in this study as it contains
low-frequency climate information indicated by high values of first-order autocorrelation
(Table 2). Nonetheless, low-frequency variations should be interpreted with caution as
there might be ecological disturbances at the sampling sites, as shown by the relatively low
value of the mean inter-series correlation and mean correlation between trees. WE used
an expressed population signal (EPS) [28] with a commonly accepted threshold value of
0.85 to identify the most reliable portion of the chronology (Figure 2).

Table 2. Statistical characteristics of tree-ring STD chronology.

Statistics STD
Samples (core/tree) 138/66
Mean sensitivity (MS) 0.121
Standard deviation (SD) 0.193
Time span (year) 1638~2014
Time span with EPS > 0.85 (year) 1765~2014
Common period (year) 1904~2014
Mean inter-series correlation (Rq) 0.149
Mean correlation within a tree (Ry) 0.611
Mean correlation between trees (R3) 0.145
First-order autocorrelation (AC1) 0.777
Signal-to-noise ratio (SNR) 21.032

Expressed population signal (EPS) 0.955
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Figure 2. (a) The regional chronology developed from two sites of A. georgei Orr in Luoji Mountain
(black line) and the corresponding sample depth (gray shading). (b) EPS and Rbar plotted for 50-year
windows with a 25-year overlap. The vertical dashed line denotes the cut-off point when n > 19 and
EPS > 0.85. The horizontal dashed line denotes the theoretical 0.85 threshold value.

2.3. Climate Data

Instrumental climate data spanning 1959-2014 were collected from the Yanyuan mete-
orological station (27°26' N, 101°31" E, 2545 m a.s.l) (Figure 1) and provided by the China
Meteorological Data Sharing Service System (https://data.cma.cn/, accessed on 1 Octo-
ber 2019). The climatic parameters used in our study included monthly mean (Tmean),
maximum (Tmax), minimum (Tmin) temperatures, and total precipitation (P). As shown
in Figure 3, the annual Tmean is approximately 12.4 °C. The monthly Tmin is above 0 °C
except in January and December. Annual precipitation is approximately 810 mm, largely
concentrated from June to September.
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Figure 3. Monthly mean (Tmean), maximum (Tmax), minimum (Tmin) temperatures, and total
precipitation (P) from Yanyuan meteorological station from 1959 to 2014.
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2.4. Statistical Methods

We used DendroClim 2002 1.0 software [29] to perform a Pearson’s correlation anal-
ysis between the tree-ring width chronology and climate factors (Tmean, Tmax, Tmin,
and P) from the previous May to the current October, in light of the chronology’s high
auto-correlation (Table 2). To determine the best reconstruction period, the chronology’s
correlation with seasonal and yearly climate factors was calculated in addition to monthly
correlations. Finally, a linear regression model [26] between the chronology and climate fac-
tors was selected for reconstruction. We used the leave-one-out cross-validation (LOOCYV)
method to examine the reliability of the reconstruction in light of the short common period
between climate data and tree-ring chronology [30] A positive value for reduction of error
(RE) generally indicates model reliability. Moreover, 10-fold cross-validation [31] was
performed to test the predictive skill of the model, which provided a pseudo-independent
measure of mean absolute error (MAE), root mean square error (RMSE), and model
efficiency (EF).

Spectral analyses were performed using a multi-taper method (MTM) [32] and wavelet
analysis [33] to explore the periodic variation of the reconstruction series. We used KNMI
climate explorer to investigate the spatial correlation of observed and reconstructed series
with 0.5° x 0.5° gridded temperature data of CRU TS4.03 Tmin [34] and Hadley Centre
HadSST3 global sea surface temperatures (SSTs) [35] to investigate spatial representation.

3. Results
3.1. Relationship between Tree Growth and Climate Factors

Correlation analysis between tree-ring chronology and monthly climate data (Tmean,
Tmax, Tmin, and P) revealed the climate-growth relationship at the sampling sites in
Luoji Mountain (Figure 4). We found significant negative correlations for Tmax from the
previous May to July and for Tmean and Tmin in the prior July. We found significant
positive correlations for Tmin in the prior November to the current April and for Tmean
in the current January. No significant correlations were found for precipitation. These
results indicate that temperature plays a key role in determining tree growth in the region.
Therefore, we further analyzed the correlation between the tree-ring chronology and
seasonal and yearly temperatures. Results show that the Tmin from the prior November
to the current March (pNov-cMar) had the highest correlation (r = 0.62) with tree growth,
indicating that winter (pNov—cMar) Tmin is the most critical limiting factor in the study
area’s growth of A. georgei.

3.2. Winter Mean Minimum Temperature Reconstruction

Based on the above analyses, we used linear regression to reconstruct winter (pNov-
cMar) Tmin in the study area. The Tmin reconstruction accounts for 37.8% (36.6% after
adjusting for the degree of freedom) of the Tmin variance from 1960 to 2014 (Figure 5a), and
the F statistic is 32.21 (p < 0.01). To evaluate the influence of trend on the regression function,
we compared the original (Figure 5a), first-order difference (Figure 5b), and residuals of the
observed and reconstructed series (Figure 5c). The results showed that the overall trend
of the observed and reconstructed series was consistent, and the amplitude fluctuation of
the residual series was relatively stable. Therefore, there was high coherence between the
original and reconstructed series.

We used the LOOCV method to assess the reliability of the regression model [30]. The
correlation coefficient between the observation and LOOCV-generated reconstruction is
significantly positive (r = 0.575, p < 0.001), with a range of correlation for each iteration from
0.555 to 0.602. The highly positive RE value of 0.33 and the low RMSE value of 0.64 suggest
the model’s reliability. The results of the 10-fold cross-validation procedure further indicate
the predictive skill of the model, with a mean bias (MAE) of 0.34, RMSE of 0.58, and EF
value of 0.14. The best fitting periods include 1961-1980, 1986-1991, and 2002-2014, which
account for 70.9% of the whole instrumental period. Despite that, there are two large fitting
gaps in 1981-1985 and 1992-2001 due to extremely low or high temperatures. However,
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the moving correlation analyses between chronology and pOct-cMay Tmin (Figure 6) for
a 30-yr period show that most pNov-cMar Tmin has had significant positive correlations
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0.6 g (a) /E/A\_._ Tmean —e@— Tmax —A— Tmin
0.4 A—A A—A <0.05.
0.2 | T /l\./\ """""""" A N p a
0.0 N Q/ : \-/'\ . =
. ] T 2‘ T T T T T T ‘ T ‘ 'E @ 7 ‘ T T T T T ./'//I ¥ ‘ \'\I T . !
02 m = / }:/ % e .
041 o '\:/ """"""""""""""""""""" T .p<005 """"""""
0.6 -
(b) 2

0.2

0.2 |
Previous year ; Current year
T T T T T T T T T T T T T T T i T T T T T T T T T T !
p5 p6 p7 p8 p9 pl0 pll pi2 cl c2 c3 c4 c5 «c6 c7 c8 09 c10
Month
Figure 4. Correlations between standard chronology and (a) monthly mean (Tmean), maximum
(Tmax), minimum (Tmin) temperatures, and (b) monthly total precipitation (P) from 1959 to 2014.
The dash lines denote the 0.05 significance levels.
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Figure 5. Comparison between (a) observed (black solid line) and reconstructed (gray dashed line)
Tmin during the common period 1960-2014, (b) first-difference (ditto mark) from 1961 to 2014, and

(c) the residuals of the reconstructed minus observed temperature (gray shading).
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Figure 6. The moving correlation analyses between chronology and pOct-cMay Tmin for a 30-year period.

Opverall, there was high agreement between observation and reconstruction, indicating
the statistical reliability of our reconstruction.

We reconstructed the winter (pNov—cMar) Tmin in Luoji Mountain from 1765 to 2014
(Figure 7). The mean value and standard deviation (o) of the reconstruction are 1.04 °C
and =+ 0.39 °C, respectively. We define extremely warm/cold years as the temperature
out of 1.5 o from the mean. Accordingly, the extremely warm years (>mean +1.50) were
1773-1775, 1777-1778, 1873, 1876, 1878, 1903, 1932, 1996-1998, and 2005. The extremely
cold years (<mean —1.50) included 1815, 1817-1821, 1839, 1898, 1937-1939, 1941, 1962,
1970-1972, and 1981. In total, there were 14 extremely warm years and 17 extremely cold
years, accounting for 5.6% and 6.8% of the past 250 years, respectively.
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Figure 7. Tree-ring-based winter Tmin reconstructions from 1765 to 2014. The red bold line denotes a
10-year FFT smoothed curve. The horizontal solid line and dashed line indicate the mean value and
standard deviation, respectively.

According to 10-year Fast Fourier Transformation (FFT) smoothed series, five warm
periods (1765-1785, 1795-1804, 1827-1883, 1901-1907, 1989-2014) and four cold peri-
ods (1786-1794, 1805-1826, 1884—-1900, 1908-1988) were identified in the reconstruction
(Figure 7). The longest warm and cold periods lasted for 57 and 81 years, respectively.

MTM spectral results indicated several significant periodicities (p < 0.05) at 2.3-2.4a,
3.9a, 4.2a, 8.9-9.7a, and 23.0-28.9a (Figure 8). The wavelet analysis showed that interannual
cycles existed for most of the reconstruction period, whereas the 23.0-28.9a cycle was most
evident in 1765-1860 (Figure 9). In addition, both MTM and wavelet results indicated
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marked cycles on the centennial timescale. However, these results should be interpreted
with caution since the reconstruction only covers the past 250 years.

450 — 95%
- = 90%

v v v T =T J |
0.0 0.1 0.2 0.3 0.4 0.5
Frequency
Figure 8. Multi-taper method (MTM) spectral results of the reconstructed winter Tmin from 1765 to
2014. The red line and dashed line denote the 95% and 90% confidence levels, respectively.
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Figure 9. Wavelet results of the reconstructed winter Tmin from 1765 to 2014.

4. Discussion
4.1. Climate-Tree Growth Relationships

Figure 4 shows that the radial growth of A. georgei had a similar response pattern to
Tmean, Tmax, and Tmin. Among them, the most significant correlations were found with
Tmin in the prior November to the current March (pNov—cMar). Meanwhile, the influence
of precipitation on tree radial growth was weak, with no significant correlations identified
between the prior and current years. Therefore, temperature was the major limiting factor
in tree radial growth in the subalpine areas of Luoji Mountain. Similar results have been
reported in many studies on the Eastern Tibetan Plateau [24,36-38], indicating coniferous
trees” coherent response to winter temperatures in the region.

From the perspective of plant physiology, low temperatures in winter may freeze liquid
water inside tree tissues, causing cell dehydration and destroying cell membranes [39—41].
On the other hand, low temperatures freeze the soil and reduce internal water content,
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thereby increasing the roots’ resistance to water absorption or causing them to freeze to
death [40-42]. Furthermore, they reduce the length of the growing season the following
year [43]. Higher temperatures in winter can promote early cambium activity of trees, ac-
celerate the melting of snow on shady slopes, and reduce the hazard of trees suffering from
frost [12,21]. The temperatures in this area are low in November and tree growth basically
stops. However, there are still weak physiological activities. Higher winter temperatures
can promote photosynthesis and storage of organic matter, extend the growing season,
and lay the foundation for tree growth the following year. Previous studies demonstrated
that minimum temperature is a dominant control factor for fir growth in the Southeastern
Tibetan Plateau [34,44].

Owing to higher altitudes and a climate featuring cool humid summers and cold dry
winters, higher winter temperatures are generally beneficial to tree growth in the Eastern
Tibetan Plateau. In fact, A. georgei is a shade-tolerant, cold-resistant species that prefers a
cold and humid climate and grows in high-altitude areas (3400-4200 m). The coldest month
in the growing environment can be <—3 °C; therefore, it responds well to temperature. The
monthly average Tmin from the previous November to the current March in this area can
barely meet the minimum temperature requirements for A. georgei, which helps extend the
growth period of A. georgei to a certain extent and allows more time for nutrient storage.
The same conclusion was reached for Picea likiangensis in Southwest Sichuan [24] and Abies
chensiensis in Jiuzhaigou [22], both located in the Eastern Tibetan Plateau.

4.2. Spatial Representation of the Reconstruction

To assess the spatial representation of winter Tmin reconstructions, we determined
spatial correlations between instrumental and reconstructed Tmin series with the 0.5° x 0.5°
CRU gridded TS4.03 Tmin. Our results showed a similar spatial correlation pattern between
instrumental and reconstructed Tmin series, albeit fewer correlations for the reconstructed
series (Figure 10). Regions with high correlations (r > 0.5) are largely concentrated in
the Southeastern Tibetan Plateau and Southwest China, suggesting that winter Tmin
reconstructions can represent major features of Tmin in these regions [16].

E
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Figure 10. Spatial correlation results between instrumental (a) and reconstructed (b) Tmin with CRU
TS4.03 Tmin (1960-2014). The black dot denotes the location of the sampling sites.

To verify the winter Tmin reconstruction, we compared it to the annual Tmean re-
construction of the Southeastern Tibetan Plateau [16,45], winter Tmin in the Jiuzhaigou
region [22], and winter Tmean in the Southeastern Tibetan Plateau [36]. Figure 11 shows sim-
ilar variations between the four reconstructions, such as the warm periods of 1765-1785,
1798-1804, 1846-1852, 1872-1883, 1901-1907, and 1989-2014 and the cold periods of
1805-1825, 1908-1922, and 1965-1988. Among them, the pronounced warm period of
1989-2014 and the pronounced cold periods of 18061825 and 1965-1988 were also revealed



Forests 2023, 14, 1555

10 of 14

in several other studies, such as the August Tmin reconstruction in the Southeastern Tibetan
Plateau [46] and the annual Tmin reconstruction in the Eastern Central Tibetan Plateau [3].
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Figure 11. Comparison between (a) the annual Tmean reconstruction on the Southeastern Tibetan
Plateau [45]; (b) winter Tmin reconstruction of Luoji Mountain (this study); (c¢) winter Tmin recon-
struction of the Jiuzhaigou region [22]; (d) winter Tmean reconstruction in the Southeastern Tibetan
Plateau [36] All temperature series (thin black) and their 10-year FFT smoothing (thick red line) are
shown. Light/gray shading denotes cold/warm periods in the temperature series.

The four temperature reconstructions were also consistent with the advance and re-
treat of the Hailuogou Glaciers on the Eastern Tibetan Plateau [17,47-49]. For example,
the glaciers were in a relatively stable or advanced stage during the 1900s-1930s, corre-
sponding to sustained low temperatures from 1909 to 1922 in the four reconstructions.
From the 1960s to the mid-1980s, the glaciers were relatively stable, corresponding to a
low-temperature period from 1965 to 1988 in the reconstructions. Since the mid-1980s,
glaciers have been in a stage of serious retreat, coinciding with the pronounced warm
period in the four reconstructions. Therefore, the temperature reconstructions based on
tree rings were consistent with changes in Hailuogou Glaciers, proving the reliability of
our winter Tmin reconstructions.

4.3. Possible Driving Mechanisms of the Winter Tmin

The 1817-1821 period was the coldest over the past 250 years and may be related to the
tropical eruptions of Mt. Tambora in 1815 [36,50]. During the last cold period (1790-1890)
of the Little Ice Age [51], there were three cold periods in our reconstruction, including
1786-1794, 1805-1826, and 1884-1900. Out of these, there were 38 cold years, indicating that
this period corresponded well to the last cold period of the Little Ice Age on the hemispheric
scale [13,52].

In our Tmin reconstruction, the 2.3—-4.2a and 8.9-9.7a cycles were broadly consistent
with the 3-7 year cycles of the El Nifio/Southern Oscillation (ENSO) [2,12,20,22,23] and
11-year solar activity cycles [18,20], respectively. The 23.0-28.9a cycle may be related to
the Pacific Decadal Oscillation (PDO) [53] and/or the Atlantic Multidecadal Oscillation
(AMO) [54,55].
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The spatial correlations between the reconstructed Tmin and global SSTs from 1960
to 2014 show that winter Tmin in Luoji Mountain was positively correlated with SSTs
in the North Atlantic and Western Pacific (Figure 12). There was a strong relationship
between the reconstructed Tmin and SSTs in the Pacific and Atlantic oceans, which may
be related to internal climate forcing such as ENSO, PDO, and AMO. We calculated the
correlations between the reconstructed Tmin and reconstructed ENSO, PDO, and AMO
from [56] (http://climexp.knmi.nl/, accessed on 1 June 2023) from 1959 to 2006, and
found that winter Tmin was significantly correlated with ENSO (r = 0.425, p < 0.01), PDO
(r=10.643, p < 0.001) and AMO (r = 0.715, p = 0.001). This finding suggests that AMO may
crucially influence temperature changes in Luoji Mountain, located on the southeast edge
of the Tibetan Plateau, Southwest China. Similar results were found in many regions of
the Eastern Tibetan Plateau [2,3,44,57,58] and the Sichuan Basin [59]. North Atlantic SSTs
influence the winter temperatures of the Southeastern Tibetan Plateau, suggesting that
they are transported via the southern branch of the westerlies separated by the Tibetan
Plateau. Nonetheless, the relationship between winter temperatures in the Eastern Tibetan
Plateau and AMO remains to be studied through longer paleoclimate reconstructions and
process-based modeling.
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Figure 12. Spatial correlation between the reconstructed Tmin and global SSTs from 1960 to 2014.

5. Conclusions

In this study, we developed a ring-width chronology of A. georgei using 138 cores of
66 trees from two sampling sites in Luoji Mountain on the southeast edge of the Tibetan
Plateau, Southwest China. Based on the climate—growth relationship, we reconstructed the
area’s winter (pNov-cMar) Tmin change from 1765 to 2014. Our reconstruction shows high
agreement with other tree-ring-based temperature reconstructions as well as the Hailuogou
Glaciers” advance and retreat records in the Eastern Tibetan Plateau, which verify the
reliability of our reconstruction. Our reconstruction revealed several major warm/cold
periods in Luoji Mountain over the past 250 years that are generally consistent with the
positive/negative phases of the AMO, suggesting that the AMO may strongly influence
multidecadal temperature changes in the Southeastern Tibetan Plateau. Future work should
explore older trees in Luoji Mountain and maximize the potential of reconstructing long-
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term climate change in the area. In this way, its link to the AMO can be explored further
back in time.
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