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A B S T R A C T   

Himalayan Mountains provide unique opportunities for the extension of shrub-ring based dendroclimatology 
beyond the upper tree limit. However, little is known about limiting climate factors of shrub growth under harsh 
environmental conditions. We established a new ring-width chronology of a Himalayan shrub rhododendron 
(Rhododendron campanulatum D. Don) at the upper Krummholz treeline in the Mt. Gaurishankar massif, central 
Himalaya, Nepal. Bootstrapped correlation analysis showed positive relationships between radial growth and 
temperatures of all months from previous November to current October. Correlations were the highest with 
winter (December-February) minimum temperature (r = 0.781, p < 0.001), indicating that radial growth of 
R. campanulatum is strongly sensitive to winter minimum temperature. The linear regression model explained 61 
% of the actual winter minimum temperature variance during the calibration period 1960–2013. Periods of low 
and high minimum winter temperatures in the central Himalaya were consistent with cool and warm episodes 
found by other regional winter temperature reconstructions from the Himalayas and the Tibetan Plateau. Spatial 
correlation analysis with land surface temperatures revealed the spatial representativeness of our reconstruction 
for a larger geographical territory over the Himalayas and the Tibetan Plateau. Furthermore, winter temperature 
in the central Himalaya is teleconnected with the December-February India-Burma trough. The persistent 
increasing winter temperature in recent decades in the central Himalaya coincides with continental-scale 
warming. Alpine vegetation in humid regions of the Himalayas may benefit from winter warming via an 
earlier start and extension of the growing season, as long as moisture availability is sufficient.   

1. Introduction 

Plant growth and physiological processes in high-elevation mountain 
ecosystems are mainly constrained from periodically cold climate con-
ditions (Alvarezuria and Körner, 2007; Körner et al., 2016; Maher et al., 
2020). Low temperatures reduce radial growth and the carbon sink 
(direct growth limitation via slow cell-division rates) at high-elevation 
treeline, where the cold winters create chilling damage of fine roots 
and the cambial cells (Körner and Paulsen, 2004; Alvarezuria and 
Körner, 2007; Begum et al., 2013; Körner, 2012, 2015). Winter tem-
perature strongly influences cambial activity and radial growth (Körner, 
2012, 2015) and spring phenology events of woody plants in the alpine 
ecotones, such as bud break, leaf emergence and flowering (Fu et al., 

2012; Ranjitkar et al., 2013; Basnett et al., 2019). Moreover, the vari-
ation in heat/chilling accumulation is the main driver of bloom timing 
(Guo et al., 2014). Changes in winter temperature conditions alter major 
ecological processes and fluxes, affecting water and carbon balance, 
advanced or retard phenology (Williams et al., 2015). However, detailed 
knowledge on high-elevation alpine vegetation response to winter 
conditions is still lacking (Kreyling, 2010; Dolezal et al., 2020). Infor-
mation of annual-to-centennial variability of winter temperatures is 
relevant to evaluate long-term changes of ecosystem functioning and 
vegetation responses under global climate change. 

High mountain ecosystems in the Himalayas are unique places to 
study climate variability and vegetation responses, since high-elevation 
Himalayan plant taxa of subalpine and alpine vegetation zones respond 
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more rapidly to changes in atmospheric temperatures and associated 
shifts in ecological processes (Liang et al., 2014; Panthi et al., 2017, 
2020; Sigdel et al., 2018; Dolezal et al., 2020; Gaire et al., 2020a). The 
mountains of the Himalayas have been warming at an unprecedented 
rate of 0.5 ◦C per decade in past few decades (1951–2014, Sabin et al., 
2020). This value is higher than in the surrounding lowlands (Mountain 
Research Initiative EDW Working Group, 2015), in the Arctic (0.112 
◦C/decade for 1998–2012, Huang et al., 2017), and of the mean global 
surface temperature trend (0.116 ◦C/decade for 2000–2014, Karl et al., 
2015). Meanwhile, warming in Himalayas is more pronounced in the 
winter season as compared to other seasons (Sabin et al., 2020). Thus, 
better understanding on high-elevation vegetation responses to past 
climatic changes in the Himalayas can provide important insights to 
devise reliable projections of ongoing climate change, conservation 
planning of high-elevation ecosystems, and developing adaptation 
strategies. However, study of past climate variability and associated 
ecological processes in the Himalayas is challenging due to lack of 
long-spanned instrumental climate data, and thus needs to rely on proxy 
records such as tree-rings and shrub-rings. 

Tree-rings and shrub-rings of high-elevation wood plant taxa serve as 
reliable high-resolution proxies across the world to record past climate 
changes on decadal-to-centennial scales. A substantial number of studies 
concerning climate variability and associated vegetation responses has 
been conducted in the Himalayan high mountains (Liang et al., 2014; 
Sigdel et al., 2018; Panthi et al., 2020). Dendrochronological approaches 
have been successfully applied for several conifer species (e.g., Cook 
et al., 2003; Sano et al., 2012; Panthi et al., 2017, 2020; Shah et al., 
2019; Aryal et al., 2020; Gaire et al., 2020a, 2020b) and a few 
broad-leaved tree species (Liang et al., 2014, 2019; Tiwari et al., 2017; 
Sigdel et al., 2018). Meanwhile, dendrochronological studies using 
shrubs or dwarf-shrubs growth rings of both conifers and broad-leaved 
taxa at and above upper treelines are emerging across the world 
(Myers-Smith et al., 2011, 2015a, b). Globally, a substantial number of 
shrub-dendochronology based studies have been conducted in the alpine 
regions (e.g., Liang et al., 2015; Maher et al., 2020) including the Alps 
(Myers-Smith et al., 2011; Francon et al., 2020), and the Scandinavia 
(Bär et al., 2006, 2008), the Arctic (Rayback et al., 2012; Myers-Smith 
et al., 2015a; Opala-Owczarek et al., 2018), and the Tibetan Mountains 
(Liang and Eckstein, 2009; Li et al., 2013; Lu et al., 2015; Bi et al., 2017). 
Mostly, shrubs growth rings are relevant to study the alpine ecosystem 
response to global warming (Francon et al., 2020). Despite of the high 
biodiversity of the Himalayn region, extension of shrub-ring based 
dendroclimatology in the alpine ecosystem beyond the upper tree limit 
is still scarce (e.g., Liang et al., 2015; Huang et al., 2019; Wernicke et al., 
2019; Pandey et al., 2020). 

Several plant taxa distributed at the alpine treeline and above in the 
sub-nival vegetation zone (ca. 3900− 4500 m a.s.l.) in the Himalayas 
provide unique opportunities to study vegetation response to climate 
shifts (Liang et al., 2015; Rayback et al., 2017; Pandey et al., 2020) and 
to reconstruct past climate variability. Rhododendron spp. are important 
shrub species distributed in the alpine and sub-nival vegetation zone of 
the Sino-Himalayan floristic region. Winter season temperature has been 
found to determine the vegetative and flowering phenology of Rhodo-
dendron spp., with strong positive relations via an earlier fulfillment of 
heat accumulation requirements (Ranjitkar et al., 2013; Basnett et al., 
2019). Because of their longevity, Rhododendron spp. have high poten-
tial for reconstructing past climatic changes (Lu et al., 2015; Bi et al., 
2017). The radial growth of high-elevation Rhododendron taxa is highly 
sensitive to annual and seasonal temperature changes under harsh 
environmental conditions at the upper alpine treeline and the sub-nival 
vegetation zone (Liang and Eckstein, 2009; Li et al., 2013). Rhododen-
dron campanulatum is a dominant shrub species at upper treeline and 
above in alpine and sub-nival vegetation zone in the Himalayan region, 
yet the dendroclimatic potential of the species has not been explored. 

The present study establishes a ring-width chronology of 
R. campanulatum for the first time from the central Himalaya. Our aims 

are: (a) to identify the climatic factors that limiting radial growth of 
R. campanulatum at the upper treeline, (b) to reconstruct the minimum 
winter temperature variability in the central Himalaya, (c) to investigate 
the teleconnections of minimum winter temperature change with large- 
scale climate drivers. 

2. Materials and methods 

2.1. Study area and climate 

The study region is located at the alpine Krummholz treeline in the 
Mt. Gaurishankar massif of the Rolwaling Himal (Gaurishankar Con-
servation Area), central Himalaya, Nepal (Fig. 1). The study region is a 
high-elevation nature reserve and characterized by upper montane 
vegetation, which comprises evergreen coniferous cloud forests (Abies 
spectabilis, 3000− 3900 m a.s.l.) and mixed broad-leaved montane for-
ests (Betula-Rhododendron, 3600− 3900 m a.s.l.), and dense shrubby 
thickets of Rhododendron spp. at and above alpine treeline (3900− 4500 
m a.s.l.) (Fig. S1, Miehe et al., 2015; Panthi, 2017). 

The study region is dominated by the Indian summer monsoon 
climate, with warm and wet summers and cold winters (Böhner et al., 
2015). About 75 % of the total annual precipitation falls during the 
summer monsoon season from June to September (Fig. 2a). The average 
annual maximum, mean, minimum temperatures, and total annual 
mean precipitation at Jiri station (27.63 ◦N, 86.23 ◦E, 2003 m a.s.l.) for 
the period 1975–2013 were 20.24 ◦C, 14.23 ◦C, 8.22 ◦C, and 2340 mm 
respectively (Fig. S2). Due to absence of instrumental records for our 
specific study area and the shortness of meteorological data of Jiri sta-
tion located at the valley bottom ca. 40 km far from study site, we ob-
tained monthly regional temperature and precipitation series from 
gridded data (27.5–28.5 ◦N/86− 87 ◦E) at half-degree spatial resolution 
from the Climatic Research Unit (CRU, Harris et al., 2014). Mean 
maximum temperature in the warmest month (July) and minimum 
temperature in the coldest month (January) were 1.4 ◦C and -18.2 ◦C, 
respectively for regional CRU data (Fig. 2a), while that for Jiri station 
were 24.0 ◦C and -1.4 ◦C, respectively (Fig. S2). Regional CRU climate 
reveals that the study area is covered with snow from November to April 
(Fig. 2a). Mean annual temperature has increased significantly (0.184 
◦C/decade, period 1975–2013) at Jiri station, and at an even higher rate 
(0.285 ◦C/decade, period 1960–2013) for regional CRU data (Fig. 2b). 
No significant change has been observed for total annual precipitation at 
Jiri station during 1961–2013, and for regional CRU data during 
1960–2013 (Fig. 2c). 

2.2. Study species 

Rhododendron campanulatum D. Don (Family Ericaceae) is an ever-
green broad-leaved species and important component of the high- 
elevation Himalayan ecosystems at the upper treeline ecotone (Fang 
et al., 2005). The species flowers from April to May, and the fruit sets 
during July to September. The species is widely distributed in the 
Sino-Himalayan floristic region (Ward and Bamsbottom, 1927) mainly 
in the Himalayas (Kashmir-to-Bhutan) and South Tibet (Fig. 1; Fang 
et al., 2005). The species grows about 1.5–2.0 m tall at upper treeline 
and even shorter above treeline, while it grows as understory shrub up to 
4.5 m tall below forestline in our study region. In our study region 
(Rolwaling valley) it forms a dense shrub thicket (single to multiple 
stems per trunk) at the Krummholz treeline on north facing open and 
steep moist mountain slopes as a pure-stand, while it associates with fir 
and birch at the forest-line (Schickhoff et al., 2014; Panthi, 2017). 
R. campanulatum prefers moist soil, and the aspects and slope with 
pronounced difference in moisture condition strongly affect its distri-
bution. The species is frost-sensitive and adapted to extreme cold 
climate, and usually grows in well-drained sandy-to-loamy soil. The 
species is very important to form habitat for high-elevation flora and 
fauna and plays a crucial role to shelter several threatened endemic 
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species such as pheasants (Himalayan Moonal), Himalayan thar, Hi-
malayan Jharal, Himalayan Goral, musk deer, etc. 

2.3. Shrub ring data and chronology development 

We collected increment cores of Rhododendron campanulatum at the 
upper Krummholz alpine treeline (3965 m) and above in the alpine 
meadow zone (4050 m) from Mt. Gaurishankar massif in the Rolwaling 
Himal section, Gaurishankar Conservation Area, East Nepal (Fig. 1). Due 
to the dense and uniform distribution of R. campanulatum across the 
mountain massif, we randomly established three 400 m2 sized plots on 
steep slopes (40–45 degrees) at the upper alpine Krummholz treeline 
(3965− 4050 m a.s.l.) (Fig. S1). We sampled all individuals of the study 
species occurring in these plots. We excluded talus slopes and other 
naturally disturbed sites (e.g., avalanche tracks and landslides) to avoid 
tree-ring width variations related to distortions by non-climatic signals. 
We collected two increment cores per stem (5.15-mm diameter) at about 
0.5− 0.7 m height above ground using an increment borer. The trunks of 
the species were leaning on a ground at the plots located in the upper 
treeline and forestline (Fig. S1). By sampling cores from upslope or 
lateral positions of the trunks, we avoided the possible impact of reac-
tion wood related to compression on the descent position or tension on 
the upper side. Average stem diameter at sampling height was 13.5 cm, 
with a range from 9.0 cm to 24 cm (while diameter at breast height 
ranged between 8− 23 cm). We followed standard procedures of 
dendrochronology for shrub-ring measurement and cross-dating (Stokes 
and Smiley, 1996). Prior to shrub-ring measurement, the wood surfaces 
of increment cores of R. campanulatum were polished to make ring 
boundaries clearly visible using sanding papers of successive grits i.e., 
from fine and up to ultra-fine (220–3000) grits. The species forms clear 
and distinct annual growth rings, with diffuse porous wood anatomical 
features i.e. vessels distributed uniformly over growth rings, and ring 
boundaries demarcated with a band of latewood fibers (Fig. S1d). Our 
sampling campaign was held in June 2014, and hence the complete 
annual growth rings are available up to 2013 for further analyses. 

The annual growth rings of each increment core were measured with 
a resolution of 0.001 mm under the stereomicroscope (× 40 magnifi-
cation) linked to a LINTAB digital positioning table (LINTAB™ 6, 
Rinntech, Germany). Each annual ring was cross-dated to the exact 
calendar year of their formation by visual growth pattern matching, and 
statistical tests: sign-test, t-test (t-value ≥ 3), cross-date index (CDI-value 
≥ 20) and Gleichläufigkeit (glk-value ≥ 60) using the software package 
TSAP-Win (Stokes and Smiley, 1996; Rinn, 2003). Since Rhododendron 
forms irregular and asymmetric stems, cross-dating of discontinuous 
annual rings around the stem was challenging. Occurrence of extremely 
narrow-growth rings synchronized among the individuals; however, we 
did not find any false rings formation for the species. Prior to chronology 
development, we excluded series showing individual growth patterns 
related to competition and stand dynamics, and all series shorter than 55 
years (mainly established after the year 1960) to avoid tree age/size 
related noise as well as to increase the climate signals in our chronology. 
In total, 53 cores from 31 individuals out of total 92 cores collected from 
46 individual shrubs were used for further analyses (Table 1). We used 
the signal-free approach of age-dependent detrending (Melvin and 
Briffa, 2008) to standardize raw ring-width measurements to ring-width 
indices by using the program ‘RCSSigfree’ (http://www.ldeo.columbia. 
edu/tree–ring–laboratory/resources/software). We applied a 
data-adaptive power transformation to stabilize the age-related variance 
of raw measurement series and to minimize the potential influence of 
decreasing sample depths with time (Cook and Peters, 1997; Osborn 
et al., 1997). Each raw series was standardized by fitting an 
age-dependent 30-year spline detrending curve. After detrending, the 
index series were free of age-size related trends but still preserved 
low-to-medium frequency environmental signals (Melvin and Briffa, 
2008). We developed the mean chronology by averaging each individ-
ually detrended series by calculating a bi-weight robust mean. We 
calculated basic statistical characteristics including mean sensitivity 
(MS), first-order autocorrelations (AC1), mean inter-series correlation 
(Rbar) and expressed population signal (EPS) to determine the chro-
nology quality (Wigley et al., 1984; Briffa, 1995). 

Fig. 1. Map of the study area showing topography, meteorological station (red circle), CRU grid points (black circles) and study area (green triangle) in the central 
Himalaya, Nepal. Blue triangles indicate five winter temperature reconstruction sites from the Himalayas (CH: Cook et al., 2003; Gaire et al., 2020b; WH: Shah et al., 
2019) and the Tibetan Plateau (STP: Huang et al., 2019; NTP: Gou et al., 2007). Red crosses indicate locations of Rhododendron campanulatum within its natural 
distributional range, where herbarium specimens were collected (www.gbif.org). 
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2.4. Climate data 

We obtained the monthly temperature and precipitation data of Jiri 
station (the closest station to our study area) (Fig. 1) from the Depart-
ment of Hydrology and Meteorology, Nepal. Besides, we obtained 
regional temperature and precipitation series from monthly gridded 
global CRU data (CRUTS4.04; 27.50–28.50 ◦N/86.00–87.00 ◦E; Harris 
et al., 2014; https://crudata.uea.ac.uk/cru/data/hrg) at half-degree 
spatial resolution. Meteorological records for CRU gridded tempera-
ture for the central Himalaya are available since 1960 (https://crudata. 
uea.ac.uk/cru/data/temperature/crutem4/station-data.htm), and 
hence we used gridded data for the period 1960–2013 for 
growth-climate relations and further analyses. Correlation statistics 

revealed significant positive correlations between mean annual tem-
perature (r = 0.80***) and mean annual precipitation (r = 0.48**) of 
CRU gridded data and meteorological data of Jiri station for the period 
1975–2013. As estimates of the regional moisture conditions, we used 
the Standardized Precipitation-Evapotranspiration Index (SPEI, 
Vicente-Serrano et al., 2010) extracted from CRU grids (CRUTS4.03, 
http://sac.csic.es/spei). We also obtained the CRU gridded Northern 
Hemisphere snow cover extent data at half-degree spatial resolution for 
the period 1967–2013 from NOAA National Centers for Environmental 
Information (https://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.nc 
dc:C00756). Furthermore, we derived the index of India-Burma trough 
(IBT) from positive vorticity at 700 hPa during December-February 
averaged over 15 ◦N–25 ◦N/80 ◦E–100 ◦E (Wang et al., 2011). IBT is 
the subtropical westerly trough (1E-05 S− 1) and mainly active with high 
frequencies during winter. IBT index measures the variations in 
wintertime climate anomalies over Himalaya, southeastern Tibetan 
Plateau, southern- and southeastern Asia. The IBT index was derived 
from National Centers for Environmental Prediction (NCEP) – National 
Center for Atmospheric Research (NCAR) reanalysis data at 2.5-degree 
spatial resolution (Kalnay et al., 1996; https://psl.noaa.gov/data/gr 
idded/data.ncep.reanalysis.derived.html). 

2.5. Statistical analyses 

We computed bootstrapped correlation coefficients between stan-
dardized ring-width chronology of R. campanulatum and gridded CRU 
monthly climate data (temperatures, precipitation and SPEI) for a 15- 
month dendroclimatic window from previous August to October of the 
current year using the package ‘bootRes’ (Zang and Biondi, 2013) in R 
(R Core Team, 2020). Growth-climate relations with regional gridded 
climate data and station data were similar in direction, as well as those 
correlations were significant but the magnitude of correlation co-
efficients differed (data not shown). However, due to several missing 
values and shorter span of station climate data, we decided to use the 
gridded CRU data for further analyses. We also computed bootstrapped 
response function analysis between the standardized ring-width chro-
nology and all climate parameters to overcome the influence of multi-
collinearity among monthly climate using the package ‘bootRes’. 
Besides, we performed seasonal correlation analysis (SEASCORR, Meko 
et al., 2011) by aggregating monthly climate variables for 1, 3, 6 and 12 
months. SEASCORR uses the partial correlations to compute the actual 
strength of the linear relationship of a primary variable after removing 
the effect of a secondary variable and vice-versa. We determined pri-
mary and secondary (temperature and precipitation) variables based on 
the outputs of bootstrapped correlations and response functions. 
Furthermore, the temporal stability of growth-climate relations was 
analyzed by computing correlations for 30-year moving windows for the 
period 1960–2013. The SEASCORR and moving correlation analysis 
were performed using the package ‘treeclim’ (Zang and Biondi, 2015) in 
R (R Core Team, 2020). 

A linear regression model was developed as a transfer function 
(Fritts, 1976) between the ring-width chronology and seasonal climate 
(December-February minimum temperature) based on the calibration 
statistics obtained for the period 1960–2013. The calibration model was 
validated by several rigorous tests such as F-test, standard error (SE), 
and Durbin–Watson (DW) statistics for residual autocorrelation. The 
robustness of December-February minimum temperature reconstruction 
was verified using several rigorous statistics, e.g. sign-test (ST), product 

Fig. 2. Climate of the study area. (a) Walter and Lieth Regional CRU climo-
graph showing monthly temperature (red line) and precipitation (blue line), (b) 
trends of mean annual temperature, and (c) trends of total annual precipitation. 
Climate trends twere analyzed for Jiri station (black line) and regional CRU 
data (blue line). The monthly mean maximum (13.7 ◦C, July, the warmest 
month) and minimum (-18.2 ◦C January, the coldest month) temperatures for 
regional CRU climate data was analyzed for the period 1960-2013. R, Pearson 
correlation coefficient over the time for series of station and CRU data; Slope, 
slope of trend line. Significance level: ***, p < 0.001; ns, not significant. 

Table 1 
Site characteristics and chronology statistics of Rhododendron campanulatum in the Rolwaling Himal valley, central Himalaya. AGR, average growth rate; MSL, mean 
segment length; MS, mean sensitivity; AC1, first-order autocorrelation; Rbar, mean inter-series correlation; EPS, expressed population signal. AGR was calculated for 
raw series, while MS, AC1, Rbar, and EPS were calculated for standardized chronology after detrending.  

Latitude (̊N) Longitude (̊E) Elevation (m a.s.l.) Cores/Shrubs Span AGR (mm/yr) MSL (yr) MS AC1 Rbar EPS 

27.89 86.37 3965− 4050 53/31 1787–2013 0.618 125 0.282 0.547 0.3335 0.862  
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mean test (Pmt), reduction of error (RE), and root mean square error 
(RMSE) (Fritts, 1976; Michaelsen, 1987). Due to the relatively short 
span of the calibration period, we used the leave-one-out cross--
validation approach (Michaelsen, 1987) for verification of reconstructed 
December-February minimum temperature. In this process, 
cross-validation is repeated iteratively, where one observation is 
removed in each step of calibration model. We investigated the spatial 
representative of our December-February minimum temperature 
reconstruction using spatial correlation analysis with global CRU grid-
ded land temperature in field at half-degree spatial resolution. We per-
formed spatial correlation analysis for the period 1960–2013 via KNMI 
Climate Explorer (Trouet and Oldenborgh, 2013; http://climexp.knmi. 
nl/) and mapped correlation coefficients at 95 % confidence interval. 

3. Results 

3.1. Chronology characteristics 

Ring-width chronology of Himalayan shrub Rhododendron 
(R. campanulatum) spans the period 1787–2013, i.e. 227 years (Fig. 3) 
with a relatively low average radial growth rate (AGR =0.618 mm/year) 
(Table 1). Noticeable low growth periods were observed during 
1800–1820, 1860–1880 s, 1910–1930 s and 1940s with extremely low 
growth during the 1870s. During 1890s-1970, growth fluctuated mostly 
below the mean, but after the 1960s growth trends increased continu-
ously (Fig. 3). The values of mean sensitivity (MS = 0.282), and inter- 
series correlation (Rbar = 0.333) were moderate (Table 1). The high 
value of first-order autocorrelation (AC1 = 0.547) indicated impact of 
previous year’s growth on current growth (Table 1). The expressed 
population signal (EPS) was 0.862 for the whole chronology period 
(1787–2013), while the running EPS surpassed the recommended 
threshold of 0.85 for the period 1845–2013 when a replication with 11 
series or more was reached (Fig. 3). 

3.2. Growth-climate relations 

Bootstrapped correlation analysis indicated positive relationships 
between signal-free ring-width chronology and temperatures from pre-
vious November to current October (Fig. 4). Similarly, standardized 
ring-width chronology correlated positively with precipitation and SPEI 

(moisture availability) during May. The highest correlation was ob-
tained with the December-February minimum (r = 0.781, p < 0.001) 
and mean (r = 0.751, p < 0.001) temperatures. Radial growth showed 
second highest positive relationships with August mean (r = 0.555, p <
0.001) and minimum (r = 0.525, p < 0.001) temperatures (Fig. 4). 
Bootstrapped response-function analyses revealed a very similar 
response pattern as the correlation analyses (in the same direction but 
with a lower magnitude), although response coefficients were signifi-
cant only with temperatures of the months January and February, and 
May precipitation (Fig. S3). Results of partial correlation analyses 
computed with monthly and seasonal means of temperatures for the 
period 1960–2013 validated the strongest December-February mini-
mum temperature sensitivity (Fig. 5), indicating that the winter mini-
mum temperature strongly affects radial growth of R. campanulatum at 
the upper treeline in the central Himalaya. The moving correlation 
analysis further confirmed the consistency and temporal stability of the 
temperature sensitivity during the calibration period 1960–2013 
(Fig. S4). Besides, radial growth showed significant negative relation-
ships with regional snow cover extent (r = -0.651, p < 0.001) from 
previous year November to current April (Fig. S5). 

3.3. Temperature reconstruction 

The results of climate sensitivity and seasonal correlation (SEAS-
CORR) analysis provided a basis to reconstruct winter (December- 
February) minimum temperature in central Himalaya from the 
R. campanulatum chronology. We developed a linear regression model 
(YTmin = 3.964 × RWI – 21.512, p < 0.001) with December-February 
minimum temperature (predictand) and the standardized chronology 
of Rhododendron as a predictor. The ‘transfer function’ model explained 
61.0 % of the actual December-February minimum temperature vari-
ance during the calibration period 1960–2013 (Table 2, Fig. 6a), the 
high value of an F-test (81.23) confirmed the reliability of the calibra-
tion model. A negligible first-order positive autocorrelation (DW =
1.811, cf. 2.0) indicates normal distribution of regression residuals. The 
reconstruction dates back to 1845 and tracks well both high- and low- 
frequency variations of the actual minimum winter temperature 
(Fig. 6). Furthermore, the high positive value of RE (0.578), sign-test 
(+47/− 7), and Pmt (4.015) of the verification tests signify the predic-
tive skill, robustness and validity of our reconstruction. The RMSE value 
(0.532) was considerably smaller than the standard deviation of actual 
temperature (0.827) during the calibration period, indicating predictive 
skill of our model is not due to overfitting (Table 2). Further comparison 
of first-differences of actual and reconstructed temperatures revealed 
high-frequency consistencies (Fig. 6b), and significant verification sta-
tistics during 1961–2013 indicting the robustness of our reconstruction 
(Table 2). 

The long-term mean of our reconstructed minimum winter temper-
ature was –17.6 ◦C (Fig. 6c), indicating that the alpine treeline and the 
region beyond are under very cold stress during winter. Our recon-
struction revealed several warm (mean + 1 standard deviation) and cold 
(mean - 1 standard deviation) periods of winter temperatures during the 
past 169 years (1845–2013). The reconstruction contained a total of 26 
(15.38 %) extreme warm and 20 (11.83 %) extreme cold events (Fig. 6c, 
Table 3). Periods of warmer winters occurred during 1854− 1855, 
1993− 1994, 1996− 1998, and 2000− 2013; while cold winters were 
found during 1908− 1910, 1922− 1923, 1941− 1944, and 1955− 1957. A 
very cold episode in our reconstruction occurred during 1860–1870 s 
(with 1871 as a coldest year), which is consistent with other re-
constructions (Fig. 7b, e, f). After ca. 1960, the reconstruction revealed a 
continuous warming trend in the central Himalaya (Fig. 6c) that coin-
cided with other regional temperature reconstructions (Fig. 7) and 
continental-scale warming. Fig. 3. Signal-free chronology of Rhododendron campanulatum from Rolwaling 

valley, central Himalaya, Nepal: (a) running Rbar and running EPS, and (b) 
shrub-ring chronology (blue line) with 15-year low pass filter (red line) and 
sample depth (grey shading). 
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3.4. Spatial correlation and teleconnections 

The spatial correlation analysis between the reconstructed 
December-February minimum temperature and CRU gridded minimum 
land temperature during December-February showed strong positive 
correlations across a large territory over the Himalaya including India, 
the Tibetan Plateau and vicinities (Fig. 8), and thus revealed possible 
influence of large-scale climate drivers on winter temperature vari-
ability in the Himalayan region. Further analysis of our reconstruction 
revealed a significant positive correlation (r = 0.628, p < 0.001) with 
the December-February IBT index (Fig. 9). 

4. Discussion 

Our study revealed that the radial growth of R. campanulatum is 
positively related to temperatures throughout the year, but strongly 
sensitive to winter (December-February) minimum temperature at the 
upper treeline in the central Himalaya (Figs. 4 and 5). The negative 

relations of radial growth with snow cover extent during November-May 
further supports the sensitivity of Rhododendron shrubs to winter 
temperature variations. The underlying reasons for this response include 
that the evergreen leaves and buds, and fine roots of Rhododendrons 
may suffer from frost damage under harsh frost conditions, which 
further alter the availability of stored carbohydrate for new tissues 
formation. In our study region, Panthi et al. (2020) observed that radial 
growth of Abies spectabilis at the upper treeline was sensitive to tem-
perature variations during the winter months. Maher et al. (2020) 
revealed that winter damage primarily constrains plant growth at 
krummholz treeline, though growing season temperature helps to in-
crease growth rate. Frost damage and snow cover extent also amplify 
chilling dormancy by altering the hormonal regulation to reactivate 
cambial activity (Begum et al., 2013), which ultimately reduces the 
plant’s productivity after very cold winter conditions. Plant growth 
performance in mountain ecosystems depends on the conditions during 
winter (Kreyling, 2010), although low temperature limits carbon sink 
year-round (Alvarezuria and Körner, 2007). The plants in high-elevation 

Fig. 4. Bootstrapped correlation analysis of standardized 
radial growth of Rhododendron campanulatum with regional 
CRU gridded monthly temperatures (Tmin, minimum; Tmean: 
mean; and Tmax, maximum), precipitation (Prec), and SPEI for 
the period 1960–2013. The vertical black lines in each bar 
represent upper and lower confidence intervals of correlation 
coefficients at the 95 % confidence level, while the blue and 
grey bars indicate statistically significant (p < 0.05) and non- 
significant (p > 0.05) correlation coefficients, respectively.   
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ecosystems have to cope with a very short growing season (Inouye and 
Wielgolaski, 2003; Körner, 2003). Climatic treelines are usually con-
strained by low temperature (Körner and Paulsen, 2004; Maher et al., 
2020), and thus plant growth may benefit from an earlier start of 
cambial activity and extended growing season due to warming of min-
imum winter temperatures. Furthermore, winter warming affects spring 
phenology of alpine plants in high-elevation ecosystems via earlier 
snowmelt and soil thawing (Körner, 2003; Ranjitkar et al., 2013), and 
which ultimately supports soil moisture availability to start cambial 
activity. 

Warmer winters foster an earlier fulfillment of requested heat 
accumulation sums for the start of cambial activity of alpine conifer tree 
species, like e.g. Abies georgei (Li et al., 2017), and the breaking of 
dormancy of temperate broad-leaved species (Guo et al., 2014). Besides, 
winter warming affects all other phenological processes, such as 
leaf/bud outbreak, flowering and fruiting of temperate and alpine plants 
including conifers, broad-leaved shrubs and trees (Fu et al., 2012; 

Ranjitkar et al., 2013; Hollesen et al., 2015; Williams et al., 2015), and 
plant growth dynamics in Himalayan alpine forbs (Dolezal et al., 2020). 
A positive radial growth response of high-elevation Himalayan taxa to 
winter temperatures is supported by several studies conducted at upper 
alpine forestline or treeline, as well as in the temperate elevation belt in 
the Himalayas (Shah et al., 2019; Gaire et al., 2020a, b; Panthi et al., 
2020), on the Tibetan Plateau, and in the Hengduan Mountains 
(Bräuning, 2006; Fan et al., 2009; Panthi et al., 2018; Huang et al., 
2019). Dolezal et al. (2020) observed that warm (snowy) winters sup-
port (reduce) plant growth and recruitment dynamics of an alpine forb 
Potentilla pamirica at the upper alpine treeline and in the sub-nival zone 
in the western Himalayas. 

The explained variance of our December-February minimum tem-
perature reconstruction (61 % of actual temperature) is comparable to, 
or even higher than previous climate reconstructions from the Hima-
layas and nearby regions (Cook et al., 2003; Panthi et al., 2017; Shah 
et al., 2019; Gaire et al., 2020b; Zaw et al., 2020). Our reconstruction 
reveals extreme cold periods during the past 169 years in the central 
Himalaya (Fig. 6c). The reconstructed December-February minimum 
temperature reveals inter-annual to decadal variations in temperature 
during past 169 years (1845–2013). Periods of high and low minimum 
temperatures in the central Himalaya are consistent with warm-cool 
episodes in other regional tree-ring derived temperature re-
constructions (mainly at decadal scale) from the Himalayas (Cook et al., 
2003; Shah et al., 2019; Gaire et al., 2020b), the Tibetan Plateau and 
vicinities in the Northern Hemisphere (Bräuning, 2006; Gou et al., 2007; 
Zhang et al., 2015; Bi et al., 2017; Huang et al., 2019). Very cold winters 
during 1860 s–1880 s (extremely low temperature in 1870s) was 
prominent in Northern hemisphere (Bräuning, 2006; Gou et al., 2007; 
Duan et al., 2012; Gaire et al., 2020b). Panthi et al. (2020) also observed 
reduced tree-growth of Abies spectabilis during 1860 s–1880 s at the 
upper alpine treeline in our study region. The extreme low temperature 
during the 1870s (the lowest in 1871) across a wider region (in Hima-
laya and Tibetan Plateau) is probably related to cooling effects of large 

Fig. 5. Partial correlation analysis of standardized radial growth of Rhododendron campanulatum with time windows of monthly and seasonal means (1-, 3-, 6- and 
12-months) computed for the common period 1960-2013: (a) minimum temperature (Tmin, upper panel) and (b) precipitation (Prec, lower panel). The letters on the 
x-axis represent months from previous September to current year October. The dark grey vertical bars represent the partial correlation coefficients derived from 
Monte-Carlo permutation at 95 % confidence level. 

Table 2 
Calibration and leave-one-out verification statistics of winter (December- 
February) minimum temperature reconstruction during the period 1960–2013. 
SE, standard error of estimates; DW, Durbin–Watson statistics; ST, sign test; Pmt, 
product-mean test; RE, reduction of error; RMSE, root-mean-square error.  

Calibration model: YTmin = 3.964 × RWI – 21.512, p < 0.001 

Period r r2 r2
adj F SE DW 

1960–2013 0.781 0.6097 0.6022 81.231 0.521 1.811  

Leave-one-out verification 
Period rver r2

ver ST Pmt RMSE RE 
1960–2013 0.761 0.579 +47/–7 4.015 0.532 0.578  

First-difference verification 
Period rver r2

ver ST Pmt RMSE RE 
1961–2013 0.372 0.138 +32/-21 2.575 0.683 0.100  
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volcanic eruptions (e.g. Iceland eruption) (Gaire et al., 2020b). Mean-
while, the slight variation in magnitude and duration of warm-cool 
episodes among compared reconstructions is probably related to a 
reconstruction window of different months for mean and minimum 
temperatures. 

The warming trend in minimum winter temperature in the central 
Himalaya is persistent in recent decades, and the phenomenon coincides 
with other regional climate reconstructions from nearby regions (Gou 
et al., 2007; Bi et al., 2017; Huang et al., 2019; Shah et al., 2019; Gaire 
et al., 2020b) and continental-scale warming. Furthermore, the mini-
mum winter temperature changes in the central Himalaya reveal strong 

coherent associations with the India-Burma trough (Fig. 9). The con-
sistency between our reconstruction and IBT index indicates a coherent 
teleconnection of minimum winter temperature variability with the 
India-Burma Trough. Zhang et al. (2015) has also observed strong pos-
itive association between IBT and minimum autumn-winter temperature 
in the eastern Tibetan Plateau. Stronger IBT due to positive vorticity 
leads the expansion of the warm tropical flow from south-to-north as 
well as the retraction of the cold high-latitude flow via stronger anti-
cyclonic pattern (Wang et al., 2011; Zhang et al., 2015). The IBT during 
winter (December-February) affects the climate over larger geograph-
ical region including Himalaya, southeastern Tibetan Plateau, and 
southern- and southeastern Asia. Recent winter warming in the central 
Himalaya is thus related to short troughs carrying warm air flow with 
stronger anticyclonic pattern with increasing positive vorticity over 
India-Burma region. 

This study reveals the high potential of Rhododendron shrubs 

Fig. 6. December-February minimum temperature reconstruction for the cen-
tral Himalaya, Nepal. (a) Comparison between actual and reconstructed 
December-February minimum temperature during the calibration period 
1960–2013, (b) comparison between the first-differenced data of actual and 
reconstructed December–February minimum temperature, and (c) recon-
structed December-February minimum temperature series (green line) and 15- 
yr low-pass filter (thick red line) during 1845–2013. The horizontal grey line 
represents the long-term mean of the reconstructed series; and the dashed grey 
lines represent ± 1 standard deviations. 

Table 3 
Extreme warm and cool events in the central Himalaya exceeding ± 1 standard 
deviation from the mean of the December-February minimum temperature 
reconstruction.  

Extreme warm Extreme cold 

Years 1852, 1854, 1855, 1888, 
1973, 1988, 1990, 1993, 
1994, 1996, 1997, 1998, 
2000, 2001, 2002, 2003, 
2004, 2005, 2006, 2007, 
2008, 2009, 2010, 2011, 
2012, 2013 (Total 26 years) 

Years 1863, 1868, 1871, 1904, 
1908, 1909, 1910, 1916, 
1922, 1923, 1927, 1938, 
1941, 1942, 1943, 1944, 
1955, 1956, 1957, 1971 
(Total 20 years) 

Periods 1854− 1855, 1993− 1994, 
1996− 1998, 2000− 2013 

Periods 1908− 1910, 1922− 1923, 
1941− 1944, 1955− 1957  

Fig. 7. Comparison of winter temperature reconstructions from the Himalayas 
and the Tibetan Plateau: (a) December–February minimum temperature in the 
central Himalaya (this study), (b) November-February minimum temperature 
(CH; Gaire et al., 2020b), (c) October-February mean temperature (CH; Cook 
et al., 2003), (d) December-March mean temperature (WH; Shah et al., 2019), 
(e) November-March minimum temperature (STP; Huang et al., 2019), and (f) 
October-April minimum temperature (NTP, Gou et al., 2007). CH, central 
Himalaya; WH, western Himalaya; STP, southeastern Tibetan Plateau; NTP, 
northeastern Tibetan Plateau. We used standardized values (Z-score) of each 
reconstruction for easier comparison. The vertical grey shadings denote cool 
episodes and the yellow shading indicates the recent persistent winter warming. 
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growth-rings to reconstruct past winter temperature changes in the Hi-
malayan region based on the dendroclimatic verification. The Himala-
yan region is still lacking the long-spanned instrumental climate data 
and empirical data on alpine vegetation response to climatic changes, 
where several taxa are sensitive to seasonal (mainly winter) temperature 
change for their radial growth and spring phenology. Constant warming 
of winter temperature may alter the radial growth and may lead to a 
seasonal shift in spring phenology of the upper montane vegetation in 
the Himalaya. Climate projection analyses under different Representa-
tive Concentration Pathway (RCP) scenarios revealed significant 
decrease in winter snow cover and increase in wintertime temperatures 
(3.5 ± 1.4 ◦C to 5.1 ± 1.8 ◦C) in the 21st century over the Himalayas 
(Sabin et al., 2020). Enhanced Rhododendron shrubs growth under 
warming may facilitate upward shifts of alpine vegetation via modifi-
cation of micro-environmental conditions (Chen et al., 2020; Francon 
et al., 2020). However, if climate warming continues at the same rate 
and warming-induced moisture-stress is coupled with increasing 

year-to-year variability of moisture conditions, growth and productivity 
of high-elevation Himalayan plants could become increasingly vulner-
able at their lower distributional range and in drier regions (Dolezal 
et al., 2020; Panthi et al., 2020). 

5. Conclusions 

This study demonstrated the high dendroclimatic potential of 
R. campanulatum beyond upper tree limit from the central Himalaya. A 
227-year long ring-width chronology of R. campanulatum documents the 
high longevity of this species. Growth-climate relations revealed that 
radial growth of R. campanulatum in alpine vegetation beyond upper 
treeline is strongly sensitive to low winter temperature. A robust 
reconstruction on minimum winter temperature was established for the 
past 169 years in the central Himalayan region. The coherent association 
of minimum winter temperature variability with IBT index provides an 
evidence on possible influence of the stronger India-Burma trough on 
winter climate of the Himalaya. Our results imply that growth of 
R. campanulatum may benefit from future winter warming, and thus 
potential upslope expansion of alpine vegetation under sufficient soil 
moisture conditions. Our results demonstrated that Rhododendron 
shrub-ring chronology can be used as a high-resolution proxy for 
studying long-term environmental changes in the Himalayan alpine 
vegetation 
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Fan, Z.-X., Bräuning, A., Cao, K.-F., Zhu, S.-D., 2009. Growth-climate responses of high- 
elevation conifers in the central Hengduan Mountains region, southwestern China. 
For. Ecol. Manage. 258, 306–313. https://doi.org/10.1016/j.foreco.2009.04.017. 

Fang, M., Fang, R., He, M., Hu, L., Yang, H., Chamberlain, D.F., 2005. Rhododendron. In: 
Wu, Z.-Y., Raven, P.H., Deyuan, H. (Eds.), Flora of China Volume 14: Apaiaceae 
Through Ericaceae. Science Press Beijing and Missouri Botanical Garden Press, St. 
Louis, pp. 260–455. 

Francon, L., Corona, C., Till-Bottraud, I., Choler, P., Carlson, B.Z., Charrier, G., 
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