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Insect outbreaks are proven to harm trees, reducing their biomass accumulation due to the defoliation of leaves
during the growing season. Various defoliators are responsible for the formation of extremely narrow tree rings
in different tree species. In climate reconstructions based on tree-ring width, such narrow rings are often
considered as noise, because their formation is not entirely caused by climatic conditions. Thus, the impact of

Outbreak
D:foll::or defoliators should be removed (nullified) for unbiased climate reconstructions. This study mainly describes a
Dendrochronology statistical approach to disentangle the effects of Larch budmoth(LBM) (Zeiraphera diniana) and climate for an

unbiased temperature reconstruction in the Bai-Ma mountain area in Southwest China using Larix potaninii. After
applying our new approach, growth-climate relationships improved significantly (p < 0.05), especially with
minimum temperature during the growing season (June-September). The resulting temperature reconstruction
(BTmin) covers the period 1712-2020 CE (313 years). Our final temperature reconstruction for the Bai-Ma area
showed a wiggly trend from 1712 to 1980, with some cool periods (1791-1853 and 1888-1930) and warm
episodes (1724-1745, 1854-1887, 1950-1967). During the recent 50 years, BTmin reveal an alarming warming
trend of up to 0.4 °C per decade. We also observed a strong coherency of BTmin with regional temperature series.
Furthermore, we detected a differential effect of various climate modes, with the most substantial impact of the
Atlantic Multidecadal Oscillation (AMO) on BTmin (p < 0.01). Interestingly, the Pacific Decadal Oscillation
(PDO) showed a coupled effect along with AMO on BTmin. As revealed in this study, removing the LBM effect
improved the chronology’s climate sensitivity, leading to a more robust transfer function and in terms of insect
infestations unbiased climate reconstructions. Thus, it is recommended to check ring-width data for any peri-
odicity potentially related to insect outbreaks and correct the original data before using tree-ring chronologies for
climate reconstruction.

1. Introduction

The recent global warming has affected forest growth globally by
changing the mean and variability of temperature and precipitation.
Precise knowledge about regional long-term climate variability is
essential to correctly assess current climatic trends and to disentangle
the cascading effects on regional ecological systems. There have been
multiple attempts to reconstruct past climate using various proxies.
Tree-ring width (TRW) has been used to reconstruct centuries or
millennium-long climate variability in different parts of the world (Esper
et al., 2002; Biintgen et al., 2008; Wilson et al., 2016). Due to its ability
to reconstruct yearly climate variability, TRW is favored by scientists
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globally.

Besides climate, tree growth is also affected by several internal and
external factors (Cook, 1987). For example, trees are additionally prone
to biologically triggered growth trends. For non-biased climate re-
constructions without such biological noise, it is essential to remove
these biological growth trends using a statistical approach called stan-
dardization (Speer, 2010). Non-climatic growth trends can also be
related to anthropogenic causes (such as pruning or pollarding) (Abiyu
et al., 2018), but also to natural factors (such as competition and growth
release) (Castagneri et al., 2022). In addition, insect outbreaks may have
a strong impact on TRW-series of different tree species (Morrow and
Lamarche, 1978; Jardon et al., 1994; Ryerson et al., 2003; Pohl et al.,
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Fig. 1. Maps showing the location of the study area (black rectangle) in northern Yunnan inside China (a), the location of climate stations around the tree-ring
sampling sites (b), and a detailed map of the study area with three study sites (BM1, BM2, BM3), and the nearest climate station (c).

2006; Fan and Brauning, 2017), as was shown in the eastern spruce
budworm (Choristoneura fumiferana Clem.) (Campbell et al., 2006; Fra-
ver et al., 2007), forest tent caterpillar (Malacosoma disstria Hubner)
(Hogg et al., 2002), larch sawfly (Pristiphora erichsonii Httg.) (Jardon
et al., 1994; Girardin et al., 2001), and the larch budmoth (Zeiraphera
sps.) (Fan and Brauning, 2017; Biintgen et al., 2020). However, any
periodicity in TRW series related to regular insect outbreaks is noise for
analyses of climate-growth relationships, which has to be removed from
TRW chronologies before climate reconstructions can be envisaged.

In China and surrounding regions, there have been studies detecting
LBM outbreaks and their impact on tree growth. In 1988, LBMs (Zeir-
ophera lariciana and Zeirophera grisecana) reduced the radial growth of
Larix principis by 47-86% in the Saihanba forest region in Hubei prov-
ince (Bi et al., 2006 as cited in Fan and Brauning, 2017). Similarly, an
outbreak of Z. dianianai in 2005 affected an area of 300 km? in Qinghai
province, defoliating 40-90% of L. potaninii trees (Cao and Wang, 2006
as cited in Fan and Brauning, 2017). In north-eastern China, Huang et al.
(2010) reported a severe outbreak of caterpillar (Dendrolimus superans
Butler) in 2003, decreasing the above-ground biomass of L. gmelnii by
14.62-56.84%. Most of the existing studies regarding the LBM outbreak
in Larix were confined in the northern part of China, leaving the high-
elevation area of southern China, including the Tibetan Plateau,
understudied.

Mass propagation of insects often follows a cyclic pattern. The
reconstruction of the larch budmoth (LBM) outbreaks in the European
Alpine region revealed a regular cycle of 8-10 years (Biintgen et al.,
2020). A similar frequency was also reported in northern Yunnan (Fan
and Brauning, 2017). Larix species, in general, have a high den-
droclimatic potential due to their slow and sensitive radial growth. The
frequent outbreaks of defoliators like the larch budmoth and the larch
sawfly make the tree species skeptical of being used for climate

reconstruction efforts. Attempts have been applied to correct affected
Larix raw TRW chronologies for such LBM effect prior to the final
climate reconstruction, e.g., by using the maximum latewood density
(MXD) (Biintgen et al., 2006). Later, Biintgen et al. (2009) proposed
several statistical methods to identify LBM-affected tree rings using a
non-host tree species. Since then, there have been many attempts to
reconstruct climate using TRW of Larix species. However, the possible
impacts of the LBM on climate reconstruction using Larix were not al-
ways assessed (Fan et al., 2010; Davi et al., 2021; Jiang et al., 2021).
LBM is known to have both immediate and legacy effects on tree ring
and xylem anatomical features by reducing biomass accumulation,
lumen area and the number of cells, resulting in the formation of narrow
rings for several years (Castagneri et al., 2020). The growth depression
after an LBM outbreak can result in weaker growth-climate relation-
ships, leading to unrealistic or biased climate reconstructions (Biintgen
et al., 2009; Fan and Brauning, 2017).

In this study, we aim to reconstruct past temperature conditions at
the southern margin of the Tibetan plateau (TP) using raw TRW series of
Larix to assess the application of a new statistical method for removing
periodicities in the growth series related to LBM outbreaks, while
retaining climate-related growth variations.

2. Material and methods
2.1. Study area and climate

Our study includes data collected from the Bai-Ma Snow Mountain
area located at the southeastern margin of the Tibetan plateau (Fig. 1).
The site is under the influence of the South Asian Summer Monsoon
(SASM), with maxima in temperature and precipitation occurring during
the summer monsoon season (June-September). The primary moisture
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Fig. 2. Trends of climate parameters at the Deqin climate station: (a) anomalies of mean annual maximum, minimum and average temperature compared to
1954-2020 mean, (b) total annual precipitation, (c) total annual water balance (subtracting potential evapotranspiration from precipitation). (d) climate diagram of
Deqin, including mean monthly temperature and precipitation, and (e) mean monthly water balance in Deqin. Source: National Meteorological Information Center

(NMIC), China.

Table 1
Statistics of site-specific raw tree-ring width chronologies.
Site Elevation  First- Last- Cores Mean inter- Signal-
year year (trees) series noise
correlation Ratio
(Rbar) (SNR)
BM1 4200 1711 1999 33(21) 0.59 12.09
BM2 4107 1682 2020 30 (16) 0.64 25.68
BM3 3854 1800 2020 27 (16) 0.61 7.76
BM123 1682 2020 90 (53) 0.55 24.54

source of the study area originates from the Bay of Bengal (Xu et al.,
2003).

The nearest climate station to the sampling sites is located in the
county town of Deqin (3319 m asl). The maximum monthly mean
(1954-2020) temperature recorded in summer (July) is 18.1 °C,
whereas the minimum monthly mean temperature occurring in January
is —6.5 °C (Fig. 2d). Since 1960, the study site has experienced a rapid
increase in temperature of 0.04 °C per year (Fig. 2a), with long-term
mean annual temperature and total annual precipitation being 6.8 °C
and 641 mm, respectively. On the other hand, the total precipitation first
experienced a significant decreasing trend from 1954 to 1983 (rate
—5.91 mm per year) and then a significant increasing trend (rate 9.76
mm per year) until 1999 (Fig. 2b). Precipitation trend since 2000 is
decreasing at an even higher rate (rate —6.76 mm per year), however,
this trend is due to the shortness of the period not statistically significant
(p = 0.20). Most of the years had a positive mean annual water balance
at our study site, except for the periods 1981-1983, 2003, 2005, 2009,
2011, and 2014-2015 (Fig. 2¢). The monthly water balance in May,
June and September is negative, depicting that the pre-monsoon (May),
early-monsoon (June), and late-monsoon (September) months experi-
ence high PET rates due to corresponding high temperatures (Fig. 2e).

2.2. Sample collection and preparation

Tree-ring samples were collected during two field visits in autumn
2020 and spring 2021 (BM2 and BM3) from a mixed conifer forest
growing on a northeast exposed slope. Trees on the sampling site con-
sisted of old and evenly aged L. potaninii trees. We aimed to collect two
cores from each tree using an increment borer at breast height (1.3 m),
avoiding disturbed and unhealthy trees. Besides, we also incorporated
samples in our study that were collected in 2004 (BM1) within a pre-
vious study (Fan and Brauning, 2017). Altogether, 90 tree core samples
from 53 trees were used in this study (referred as site ‘BM123') (Table 1).

Tree-ring widths (TRW) were measured under a stereo-microscope
and dated with the known date of formation of the outermost ring ac-
cording to the sampling date. Tree-ring measurements were done using a
LINTAB 5 measurement system at a resolution of 0.01 mm using TSAP
software (RINNTECH Inc.). After measuring all samples, we used the
alignment plot technique to crossdate the individual series by visually
matching tree-ring patterns and assessing the statistical parameters
Gleichlaufigkeit (GLK, sign test) and t-value. The crossdating quality
was checked using the computer program COFECHA (Holmes, 1983),
and, if necessary, tree-ring series were corrected by inserting missing
rings. The proportion of missing rings accounts for 0.143% of all
measured rings. Subsequently, we applied a signal-free age-dependent
spline curve-fitting approach (Melvin and Briffa, 2008) to minimize
the removal of any long-term climatic variance in RCSigFree 45v2b
(https://www.ldeo.columbia.edu). The chronology statistics, such as
the sub-sample signal strength (SSS), mean correlation between trees
(Rbar), and signal-to-noise ratio (SNR), were considered as a basis for
judging the suitability for the further utility of our chronology. Hence,
statistics were calculated using *dpIR’ (Bunn, 2008) package based on R
Software (R Development Core Team, 2021). Afterwards, the master
chronology was calculated using a bi-weight robust mean from all
detrended series. The oldest part of our chronology (1682-1711 CE) had
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Fig. 3. Baima Larix (BML) mean and LBM-corrected tree-ring width index chronologies and their sample depth (a), and chronology statistics of the LBM -orrected
chronology (b). The vertical dashed line marks the year 1772, after which the chronology is robust, passing the threshold of SSS > 0.85.

to be truncated at the commonly used threshold limit of SSS > 0.85
(Allan, 2017). Hence, we considered the chronology from 1712 to 2020
CE, which is reliably replicated for studying climate-growth
relationships.

2.3. Removal of the LBM effect in the TRW series

A previous study on the same species (Fan and Brauning, 2017) in a
nearby study area detected a 7-9 year cycle of TRW depression caused
by larch budmoth (LBM). Since detection of LBM was not our principle
objective, we recommend to read Fan and Brauning (2017) for more
details about the historical outbreak in the site. It was highly recom-
mended to remove or correct such non-climate-related periodic growth
depressions for further high-frequency climate reconstruction. Previous
research has successfully removed the LBM effect from a Larix MXD
chronology to reconstruct regional temperature (Biintgen et al., 2006).
Since it was not feasible to apply the same method to our standard
chronology, we applied the Fast Fourier Power Transformation (FFT)
technique to remove the LBM effect using the scipy module (Virtanen
et al.,, 2020) in the Python environment. This method involves (i)
extracting the power spectrum of various frequencies using the FFT
method, (ii) removing the frequencies with 7 to 9 Hz, and (iii) using the
inverse FFT method to obtain the final chronology free from 7 to 9 years’
cyclic components. We subsequently used the Multi Taper Morlet
wavelet analysis to compare the original and the LBM-adjusted chro-
nologies (Fig. A1) using the method explained by Torrence and Compo
(1998). In the next step, we compared the difference between the
original raw chronology and the LBM-adjusted chronology. We observed
a significant difference between the chronologies only for periods when
the 7-9 year cyclicity was statistically significant (Fig. A1), advocating
the removal of the LBM effect without affecting the climatic influence. In
addition, the removal of LBM increased the growth-climate correlation.

2.4. Climate-proxy relationship and climate reconstruction

In this study, we used the precipitation and temperature data
(1960-2020) of the Deqin meteorological station to calibrate the
derived growth-climate models. We calculated correlation functions
and seasonal correlations using the bootstrapped method to establish a
relationship between tree growth and climate variables. The stability of

the growth-climate relationship was tested by calculating the 35-year
moving correlation for seasons and individual months. Temperature
and TRW both showed a rapid surge in the correlation period. We
detrended both the temperature and TRW series and analyzed the re-
siduals to ensure that correlation was not the result of the linear trend
(autocorrelation) inherent to both series. After assuring the correlation,
we developed a climate reconstruction based on a linear regression
model (transfer function) derived from the growth-climate relationship
analysis results. We used 61 years long Deqin temperature data to
calibrate and verify the linear model using the K-fold (Hastie et al.,
2009) method using the sci-kit learn module (Pedregosa et al., 2011). In
this study, we used five-fold verification methods that involved
randomly selecting 80% of data for calibration and the remaining 20%
for verification by repeating the same method five times. During the K-
fold verification process, we calculated the coefficient of determination
(R?), variance explained (VE), root mean square error (RMSE) and mean
actual error (MAE) on the verification dataset, which means five values
for each statistic.

We also calculated the chronology and calibration errors (Esper
etal., 2007). For the chronology error, all the standardized indices of the
individual year were sampled with replacement 1000 times and two-
tailed 95% confidence limits of 1000 bootstrapped means were esti-
mated. The residual standard error of regression of the chronology
against the observed June-September temperature measured the cali-
bration error. We identified relatively cold and warm periods in our
reconstructed temperature series over the whole reconstructed period
(1712-2020 CE). Years exceeding the mean after filtering with a 30-year
low pass smoothing spline were considered warm years, while years
below the mean were regarded as cold years. We employed a running
Mann-Kendall test to capture the short-term trends in the temperature
series using a Python module ‘pyMannkendall’ (Hussain and Mahmud,
2019). We used 50 years windows to extract the slope and R? value for
the statistically sound results. To compare the effect of LBM on recon-
structed temperature, we used the original Larix chronology (before the
LBM correction) to reconstruct the June-September minimum temper-
ature. The decadal means of reconstructed temperatures before and after
the LBM correction were compared, focusing mainly on the extended
cool periods. Low-temperature conditions favor LBM growth, and
therefore impact trees significantly (Baltensweiler, 1993). We first
calculated the deviation of the temperature series from the overall
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Fig. 4. Bootstrapped correlations between BML chronology and climate data of Deqin station. Panels a, b, ¢ and d represent correlations with the minimum,
maximum, and mean temperature and precipitation, respectively. The x-axis represents monthly windows except for JJAS, which is the period from June to
September. The filled bars represent significant correlations at the 99% significance level.

(1711-2020) mean, then employed Student’s t-test to compare the mean
in moving 11-year resolution.

2.5. Spatial correlation and teleconnection of reconstruction

The spatial representation of our reconstructed temperature was
analyzed by computing spatial correlation analyses with Climate
Research Unit (CRU) gridded climate data of the reconstructed season
using the KNMI-Climate Explorer (https://crudata.uea.ac.uk/cru). To

extract the multi-scale decomposition, we applied the Ensemble
empirical mode decomposition (EEMD) method. EEMD decomposes the
signals (stationary, non-stationary or nonlinear) into a sequence of iso-
lated intrinsic mode functions (IMFs) with various frequency domains
(Wu and Huang, 2009). As suggested in previous studies, we defined
four frequency domains: 3-7 year cycles as interannual, 8-34 year cycles
as inter-decadal, 35-100 year cycles as multi-decadal, and >100-year
cycles as centennial (Mann et al., 1995; Shi et al., 2017). Then, series of
correlation analyses were performed between EEMD components and
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Fig. 5. (a) Calibration (red stars) and verification (boxplot and green dots) statistics (R%: coefficient of determination, EV: Explained Variance, RMSE: Root Mean
Squared Error and MAE: Mean Absolute Error) of the transfer function, (b) modelled and observed temperature and (c) June-September reconstructed temperature
(black line) including the calibration error (grey band) and overall mean temperature (dashed horizontal line). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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corresponding climate modes with the same frequency domain: the
inter-annual component with ENSO indices, the inter-decadal compo-
nent with Pacific Decadal Oscillation (PDO), and the multi-decadal
component with Atlantic Multi-decadal Oscillation (AMO). We
selected the reconstructed ENSO index (Li et al., 2011), PDO index
(D’Arrigo and Wilson, 2006) and AMO index (Gray et al., 2004) to
analyze possible relationships with EEMD components.

3. Results

The final Baima Larix chronology (here after referred to as BML
chronology) spans from 1683 to 2020 CE and covers 337 years. The
average TRW of the trees was 0.86 + 0.36 mm, indicating a slow-
growing high-elevation environment. The individual trees included in
the BML chronology showed a common growth variability over the past
three centuries, with an inter-series correlation of 0.55. The majority of
the samples well replicated the portion of the chronology from 1712 to
2020 CE, where the SSS value is constantly above the generally accepted
threshold of SSS > 0.85. A high autocorrelation (AC1 = 0.7) of our
chronology pointed to the ability of the species to record effects from the
previous growing year. The long-term growth of L. potaninii was stable
until the second half of the 20th century. After the 1970 s, the species
experienced a rapid positive growth trend (Fig. 3).

The bootstrapped correlation analysis performed between our BML
chronology and climate variables (Fig. 4) revealed that the growing
season temperatures (maximum, minimum and mean) showed strong
positive relationships with radial growth. The relationships became
more robust when calculated for the whole summer monsoon season
(June-September), except for Tmax, which showed the strongest corre-
lations for the period spanning June to December. The correlation of
BML chronology with Tmin (0.74, p < 0.01) was stronger than the
correlation with Tmax (0.64, p < 0.01) and Tmean (0.68, p < 0.01). On
the other hand, the BML chronology did not significantly correlate with
monthly or seasonal means of precipitation. We further correlated the
residuals of June-September averaged minimum temperature with the
residuals of TRW. The correlation between the residuals was compara-
tively weaker, though still significantly positive (0.40 at p < 0.01)
(Fig. A2).

Based on the growth-climate relationships of the BML chronology
with monsoon minimum temperature, we developed a transfer function
using linear regression analysis. We used the BML chronology as a
predictor variable to reconstruct the minimum monsoon season tem-
perature. The 5-fold verification showed that the average coefficient of
determination (R2 score) was 0.50 + 0.17, explaining 53 + 18 % of the
variance of the observed minimum JJAS temperature. The low value of
average root means square error (RMSE) (0.67 + 0.12), and average

absolute error (MAE) (0.58 + 0.12) further corroborated the robustness
of the linear model. Besides, the model calibration using the whole data
(1960-2020) resulted in the final model explaining 55 % of the variance
of the observed climate data. The calibration RMSE and MAE values
were 0.66 and 0.56, respectively, clearly underlining the model’s
reliability.

The 308 years-long JJAS minimum temperature reconstruction re-
veals a high year-to-year variability with an overall mean of 8.3 °C
(Fig. 5). Some prominent cold episodes occurred during 1746-1765,
1770-1781, 1791-1825, 1830-1853, and 1888-1930, whereas pro-
longed warm periods occurred in 1724-1745, 1854-1887, 1950-1967,
and 1985-2020. The most extended cold period (1888-1930) experi-
enced a —0.54 °C temperature drop, followed by a —0.43 °C drop during
1791-1825. In contrast, the most prolonged warm period (1985-2020)
showed maximum warming of + 1.70 °C. The frequency of cold periods
was higher before the 1950 s. After the 1950 s, and probably due to the
recorded rapid increase in temperature, most of the years were observed
to be warmer than the long-term average.

The reconstructed and observed JJAS minimum temperature corre-
lated with CRUTS5 JJAS minimum temperature over a very large region
(Fig. 6). Though the spatial correlations were higher for the observed
temperature from Deqin station, the spatial coverage of positive corre-
lations is well reflected by the reconstructed temperatures.

4. Discussion

As derived from the growth-climate relationships, it is apparent that
TRW of the deciduous conifer L. potaninii in the Baima site was driven by
temperature conditions, mainly by minimum temperature. In the high-
elevation belt of Yunnan, temperatures were recognized as a growth-
controlling factor by several previous studies (Liang et al., 2008; Fan
et al., 2010; Liang et al., 2016). A favorable temperature is essential for
the onset of tree growth. Temperature triggers the xylogenesis in co-
nifers, influencing cambial activity and enlargement of tracheids,
especially in cold and humid environments (Zhang et al., 2018). In cold
climates, conifers start the xylogenesis when the daily minimum tem-
perature reaches around 4-5 °C (Rossi et al., 2008). In contrast, the
onset is governed jointly by minimum temperature and precipitation
under semi-arid conditions (Ren et al., 2018). Xylem lignification
generally occurs at night, when temperatures reach the daily minimum,
which further explains the significance of Tmin on tree-ring formation
(Hosoo et al., 2002).

The earlier part of the calibration period (1960-1999) shows a
weaker yet significant correlation with Tmin during the vegetation
period (JJAS), which after 1999 surged and remained stable until 2020
(Fig. A3). The possible reason for the declining seasonal (JJAS) running
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correlation can be a non-stationary correlation between TRW and indi-
vidual months. In our study, the running correlation of June Tmin
showed an insignificant correlation before 1996, which might have
reduced the seasonal (JJAS) running correlation in the earlier part of the
calibration. The removal of the LBM effect adjusted non-climate related
growth depression, especially in 1998-2001 and 2007-2008, improving
the growth-climate relationships of the chronology compared to the
original chronology by 0.06. Biintgen et al. (2006) also observed
enhanced growth-climate relationships of Larix chronologies in the Eu-
ropean Alps after removing the LBM effect.

We compared the deviation of reconstructed temperatures before
and after the LBM correction for extended cool periods between 1712
and 1950. In some cold episodes, the deviation of the reconstructed
temperature before LBM correction was higher than the deviation in
LBM-corrected reconstruction (Fig. A4). The more profound depression
of temperature deviation of the uncorrected reconstruction indicates
that the LBM-corrected chronology nullifies the impact of the outbreak.
In contrast, such depression is considered a low-temperature period in
the uncorrected reconstruction. The overestimation of the cold years in
the uncorrected reconstruction may result from reduced biomass accu-
mulation due to defoliation (Castagneri et al., 2020). The cold winters
reduce the egg mortality of LBM and increase the diapause leading to
phenological synchrony between LBM larvae and host trees, which re-
sults in a climate-independent growth reduction in subsequent growing
seasons (Biintgen et al., 2020). The narrow TRW due to defoliation can
result in the prediction of a falsely low-temperature year. The maximum
difference between the corrected and uncorrected reconstruction in our
study was within 0.25 °C (Fig. A4). LBM’s effect varied with site con-
ditions, including elevation (Peters et al., 2017; Rozenberg et al., 2020).
Therefore, correcting LBM can be crucial to derive realistic climate re-
constructions using Larix species, especially for areas, where severe ef-
fects of LBM may occur. Previous research has shown a coupled effect of
drought and defoliation in some conifer species (e.g. Jacquet et al.,
2014; Bouzidi et al., 2019). However, in our site, the tree ring chro-
nology did not show any significant relationship with moisture condi-
tions (Fig. 4d). As shown in the climate graph (Fig. 2c), it is clear that our
site is not prone to severe drought conditions. Besides, L. potaninii is a
deciduous tree growing at an elevation of about 4000 m asl, with an
actual growing season from mid-April to September coinciding with the
peak of the South Asian Summer Monsoon (SASM). Therefore, the
insect-related defoliation of leaves occurs during the highly wet summer
monsoon season.

The reconstructed Baima JJAS minimum temperature (BTmin)

showed various cool and warm periods during the past 308 years
(Fig. 5¢). Some apparent cold events overlap with large and well-known
volcanic eruptions (Briffa et al., 1998), severely affecting the global
climate. We tested the impact of volcanic eruptions using a superposed
epoch analysis (Lough and Fritts, 1987), but found that the effect of
volcanic eruptions on BTmin was insignificant. Depending on the sea-
sonal timing of the respective volcanic event, some eruptions affected
tree growth in the event year. In contrast, others triggered growth de-
pressions in the years following the event (legacy effect) (Fig. not
shown). The impact of volcanic eruptions on a tree-ring series also de-
pends on the geographical location, seasonality, composition of volcanic
aerosols, and large-scale atmospheric circulation (Jones et al., 1995;
Robock and Mao, 1995; Anchukaitis et al., 2010). Overall, BTmin
showed an increasing trend. However, when analyzing 50-year running
windows, various increasing and decreasing trends became apparent
(Fig. 7). We identified significant decreasing trends from 1761 to 1826,
followed by increasing trends from 1826 to 1893. Afterwards, the BTmin
experienced decreasing trends before the rapid increase after 1900. The
increment rate after 1900 surged dramatically from 0.10 °C to 0.42 °C
per decade. Although the present rise in temperature has a positive ef-
fect on the growth of Larix in the study area, the future impact of such a
drastic temperature trend might not be favorable. Studies conducted in
the Hengduan mountains on the southern declivity of the TP have shown
that the treeline positions have not significantly changed since 2000.
However, the relative vegetation coverage has significantly increased at
the treeline margin (Zou et al., 2022). The increase in temperature
generally accompanies an increase in potential evapotranspiration
(Thornthwaite, 1948), resulting in drier soil and atmospheric condi-
tions, ultimately hindering plant growth (Korner, 2015). Studies in the
European Alps have shown decreased radial growth in warmer and drier
low-elevation sites compared to high-elevation sites, ultimately causing
an upward shift in species range (Obojes et al., 2018). A similar
elevation-dependent growth trend was also reported on L. gmelinii in
northern China (Bai et al., 2019). The decreasing growth trend in lower
elevations advocates for the possible adverse effect of rapid temperature
increase in high elevation sites in the future. Further, in Chinese
mountain regions, Larix’s species range is likely to shift and extend to-
wards the north (Song et al., 2004) or to decrease (Li et al., 2006) in
future climate scenarios. A study by Mamet et al. (2019) reported an
upward shifting treeline of L. potaninii in China. A continuous range shift
may result in species extinction for species growing in high elevation
areas.

We compared our reconstruction (BTmin) with other summer
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temperature reconstructions from Yunnan (Fan et al., 2009), Sichuan insignificant with reconstructions from Bhutan and Nepal. There can be
(Zhang et al., 2022), Bhutan (Krusic et al., 2015), Nepal (Cook et al., several reasons for such heterogeneity between reconstructions in
2003), and the Northern hemisphere (Wilson et al., 2016) (Fig. 8). The complex mountain topography, such as the location and elevation of the
significant positive correlation of our BTmin with reconstructions from sites and the tree species used for the reconstruction (species-specific
Yunnan, Sichuan and the northern hemisphere underlines the validity of response). When compared with PAGES Asia2k gridded summer tem-
our reconstruction. The correlation, however, was negative or perature reconstruction (Cook et al., 2013), our BTmin showed a good
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representation of regional temperature in most high-elevation areas and
high-latitude Asia (Fig. 9).

Fig. 10 represents the different Ensemble empirical mode decom-
position (EEMD) components of reconstructed temperature (BTmin).
The inter-annual component (Fig. 10a) explains 8.16% of the total
variance of BTmin. The overall and running correlation of the inter-
annual component with the ENSO index was not statistically signifi-
cant (Fig. 11a). This clarifies the absence of direct effect related to ENSO
events in our study site. The insignificant effect of ENSO was also
observed in the regional minimum temperature reconstructed using a
network of multi-species chronologies in Yunnan province (Keyimu
et al., 2021). The overall correlation of the very strong inter-decadal
component (36.70% of the variance, Fig. 10b) with PDO was statisti-
cally insignificant (r = -0.10; p > 0.1), showing a negative effect of PDO

on BTmin. However, the strength of this correlation varied over time.
The correlation with PDO was statistically significant during the 1870 s
and 1920 s (Fig. 11b). The multi-decadal component (Fig. 10d) strongly
followed the AMO pattern with a correlation of r = 0.51 (p < 0.01)
(Fig. 11c). Previous studies in southwest China also reported a positive
relationship between AMO and reconstructed temperature (Keyimu
et al., 2021; Zhang et al., 2022). In southeast and east Asia, a positive
AMO mode extends the duration of the summer monsoon (Lu et al.,
2006). In addition, the temperature anomalies in East Asia lead to the
occurrence of the positive AMO phase, resulting in a positive relation-
ship between temperature and AMO (Li et al., 2015). The effect of global
circulation patterns on the local or regional climate follows complex
pathways. In some regions, two or more climate modes interact and
exert a coupled (and mixed) effect on the regional climate (Dong, 2016;
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Wu and Mao, 2017). For a detailed examination of the unstable rela-
tionship between PDO and the inter-decadal component of BTmin, we
further inspected any possible coupled effect of PDO and AMO on
BTmin. We found that BTmin was more sensitive to PDO in phases when
PDO and AMO were negatively correlated. That means a positive tem-
perature anomaly was observed during positive AMO (AMO + ) and
negative PDO (PDO-) phases and vice versa (Fig. A5). From Fig. A6, it is
apparent that some of the prominent divergences between PDO and
AMO occurred during 1790-1850 and 1904-1980, resulting in a sig-
nificant correlation between PDO and the inter-decadal component of
BTmin (Fig. 11b). Such a coupled effect of PDO and AMO on global
temperature variability was also reported by (Maruyama, 2019).

The centennial component of EEMD explained 10.14% of the total
temperature variance (Fig. 10d), which could be related to long-term
solar cycles such as the Gleissberg or Suess-DeVries cycle (Peek,
2018). In the Tibetan plateau and surrounding areas, centennial and
multi-centennial temperature variations are influenced by the solar
cycle (Duan and Zhang, 2014; Keyimu et al., 2021; Zhang et al., 2022).
In this study, the reconstruction length of roughly three centuries is not
long enough for a statistically sound comparison with the centennial
scale of the solar cycle. The residuals of the BTmin (Fig. 10e) followed a
concave parabolic trend reaching a minimum during the 1860 s,
possibly reflecting the temperature depression during the 19th century,
potentially related to the ’Little Ice Age’ (Yang et al., 2009; Rowan,
2017). In the southeastern TP, a TRW chronology of L. griffithii showed
evidence of glacier advance from the end of the eighteenth to the
beginning of the nineteenth century and from 1860 to 1880 (Brauning,
2006).

5. Conclusions and recommendations

In this study, we proposed a statistical method to remove the effect of
Larch budmoth (LBM) in Larix potaninii tree-ring width series before
using them for climate reconstruction. This method of LBM removal
resulted in an enhanced growth-climate relationship, pointing towards a
more robust climate reconstruction. In our study site, the growth of Larix
was strongly controlled by temperatures (minimum, mean, and
maximum), with the strongest positive relationship with summer (June
to September) minimum temperature. Based on this growth-climate
relationship, we used the LBM-corrected chronology to reconstruct the
summer season minimum temperature. The reconstructed minimum
temperature showed strong consistency with regional and global tem-
perature patterns with the differential effect of major tropical volcanic
events. Our reconstruction showed an alarming rate of regional

10

temperature increase after the 1980 s. As reported by previous studies,
our reconstruction was also found to be strongly influenced by global
circulation modes, with the strongest positive coherency with the
Atlantic multi-decadal oscillation (AMO).

As demonstrated in this study, the removal of the LBM effect from the
chronology improved climate sensitivity. Increased climate sensitivity
leads to a robust transfer function and ultimately leads to unbiased and
robust climate reconstructions. Based on our findings, we highly
recommend checking for any periodicity related to the insect outbreak
and correcting it before using tree-ring chronologies for further climate
reconstruction.
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