
Agricultural and Forest Meteorology 339 (2023) 109575

Available online 22 June 2023
0168-1923/© 2023 Elsevier B.V. All rights reserved.

The impact of warming climate on Himalayan silver fir growth along an 
elevation gradient in the Mt. Everest region 

Narayan Prasad Gaire a,b,#, Zaw Zaw a,c,#, Achim Bräuning d, Jussi Grießinger d, Bimal Sharma a, 
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A B S T R A C T   

The impacts of rapid climate change in the Himalayan region on growth and sensitivity of tree species across 
their entire elevation distribution range are not well understood. This study investigates the growth and climate 
sensitivity of the endemic species Himalayan silver fir (Abies spectabilis, D.Don) along an elevation gradient in the 
sub-alpine belt in the Mt. Everest region. We developed tree ring-width chronologies, spanning 98 to 310 years, 
from six sites along an elevation gradient (3400–4100 m a.s.l.). The growth of Himalayan silver fir is primarily 
limited by low temperatures during the growing season and moisture availability during spring. Significant 
positive correlations were found between tree growth and mean, minimum and maximum temperatures for most 
parts of the vegetation period except spring. In contrast, significant positive correlations are apparent for pre-
cipitation, self-calibrated Palmer drought severity index (scPDSI), and standardized precipitation- 
evapotranspiration index (SPEI) during the spring season (March–May) at most of the elevations except for 
the upper treeline site. Thus, low summer temperatures are the primary limiting factor at all investigated ele-
vations, while moisture supply during spring triggers growth variations at low- to mid-elevations. The long-term 
growth trends of A. spectabilis have decreased at low- to mid-elevation sites but increased at the treeline during 
the period 1981–2011. Warming and intensified moisture stress during spring could have negative effects on tree 
growth, potentially resulting in growth decline and forest dieback at middle and low elevations. These findings 
emphasize the importance of understanding the vulnerability of forests at middle and low elevations to future 
climate change.   

1. Introduction 

Global climate change is a crucial concern for biodiversity hotspots 
such as the Himalaya (IPCC, 2022). The region is experiencing rapid 
climate warming and increased frequency and magnitude of extreme 
precipitation and drought events, as documented in various studies (Qi 
et al., 2013; IPCC, 2014; Agarwal et al., 2016; Sun et al., 2017; Tal-
chabhadel et al., 2018; Gaire et al., 2019, 2022). The impacts of climate 
change in the Himalaya are reflected in changes in phenology, distri-
bution ranges of tree species, treeline dynamics, sub-nival greening, and 

shrub encroachment at high altitudes (Shrestha et al., 2012; Brandt 
et al., 2013; Telwala et al., 2013; Dolezal et al., 2016; Gaire et al., 2017; 
Sigdel et al., 2018; Anderson et al., 2020). Warming climate leads to 
geographic shifts in tree growth limitations, with a significant decrease 
in temperature sensitivity at cold-dry sites and an increase in moisture 
sensitivity worldwide (Babst et al., 2019). This puts the forests and 
biodiversity of the Himalayan region at further risk, as the ecosystems 
are vulnerable and prone to climate-induced vegetation shifts (Gonzalez 
et al., 2010; Anderson et al., 2020). However, predicting the impacts of 
climate warming on plant communities can be more complex than 
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expected due to interactions among complex environmental conditions 
(Ferrarini et al., 2014). Although studies on the effects of climate change 
on forest tree species along their entire elevation range are sparse in the 
Himalayan region, they are essential for understanding biological re-
sponses to climate change (Anderson et al., 2020). 

Studying species’ responses to climate change along elevation gra-
dients is valuable since many biophysical parameters vary with altitude, 
allowing for the investigation of sensitivity, response, and coping or-
ganisms (Körner, 2012). The Mt. Everest region, with one of the world’s 
longest elevation gradients, is a crucial component of the Himalayan 
biodiversity hotspot and serves as an ideal location for assessing climate 
change impacts on tree growth along species’ altitudinal distribution 
ranges. In the central Himalaya, the annual mean temperature decreases 
by about 0.5 ◦C per 100 m increase in elevation (DHM, 2017). Recent 
studies suggest that warming is elevation-dependent in the Himalaya, 
with higher elevations experiencing greater temperature increases than 
lower elevations (Liu et al., 2009; Thakuri et al., 2019; Karki et al., 
2020). This may lead to more favorable growth conditions for tree 
species adapted to the colder environment and result in their expansion 
(IPCC, 2014). Understanding tree growth responses to ongoing climate 
change throughout their entire elevation gradient is essential for 
biodiversity conservation and natural resource management. 

Previous studies from different mountain systems worldwide suggest 
that the response of tree growth to climate change along their elevation 
distribution range can vary depending on species, local site conditions, 
and climate (Lyu et al., 2016; Babushkina et al., 2018; Liu et al., 2018; 
Gaire et al., 2020). Generally, trees growing at their lower distribution 
limit in semi-arid areas are more sensitive to precipitation fluctuations 
(Fan et al., 2009; Lv and Zhang, 2012; Kharal et al., 2017; Panthi et al., 
2020), while those at their upper limit are more sensitive to temperature 
changes (Fan et al., 2009; Lv and Zhang, 2012; Kharal et al., 2017; 
Shrestha et al., 2017; Wang et al., 2017; Gaire et al., 2020; Panthi et al., 
2020). However, some species in high mountain areas show similar re-
sponses to temperature across their elevation distribution range (Liang 
et al., 2010; Gao et al., 2013; Gaire et al., 2020). Dendrochronological 
studies from different regions of High Asia suggest that species growing 
in temperature-limited areas are responding to global warming through 
enhanced growth, while tree growth in moisture-limited areas can in-
crease, remain stable, or decrease, depending upon moisture availability 
and prevailing drought situations (IPCC, 2014; Kharal et al., 2017; 
Shrestha et al., 2017; Liang et al., 2019; Rai et al., 2019; Gaire et al., 
2020). 

Initiatives have already been undertaken to assess the response of 
Himalayan silver fir along its elevation distribution range in the Hima-
laya, but conclusive evidence is lacking due to diverse growth trends and 
climate-growth response (Kharal et al., 2014, 2017; Shrestha et al., 
2015; Rai et al., 2019; Gaire et al., 2020; Panthi et al., 2020). Some sites 
have reported increased or decreased tree growth in response to 
observed warming trends throughout the elevation range (Gaire et al., 
2020; Panthi et al., 2020). In other sites, enhanced tree growth in the 
upper areas and decreasing growth in the lower areas (Rai et al., 2019; 
Panthi et al., 2020), or no clear growth trend along the elevation were 
found (Kharal et al., 2014, 2017; Shrestha et al., 2015). As Himalayan 
silver fir is a species of high ecological importance, there is an urgent 
need for a denser network of studies from new areas to clarify its 
elevation-dependent response to climate change. 

Climate change is significantly impacting tree growth and vegetation 
dynamics in the Mt. Everest region of the Himalaya (Byers, 2007; Fukui 
et al., 2007; Benn et al., 2012; Thakuri et al., 2014; DNPWC, 2015; 
Sigdel et al., 2018). Several promising tree taxa with known den-
droclimatic potential, including Abies spectabilis, Betula utilis, Juniperus 
species, Tsuga dumosa, and Rhododendron species, inhabit the Mt. 
Everest region (Shrestha and Jha, 2010; Liang et al., 2014; DNPWC, 
2015; Gaire et al., 2017). Among these, A. spectabilis (Himalayan Silver 
fir) was recognized as an indicator species due to its wide geographical 
and elevational distribution range in the Himalaya. Himalayan silver fir 

is the dominant species of the upper temperate to subalpine forest belt 
and also shows treeline dynamics in response to climate change (Chhetri 
and Cairn, 2016; Gaire et al., 2017; Sigdel et al., 2018; Panthi et al., 
2020). 

A dendroecological study on fir growth from the northern declivity 
(Tibetan Plateau side) of Mt. Everest found a temperature signal at 
higher elevation and a moisture signal at lower elevation belt (Lv and 
Zhang, 2012). However, no study has yet investigated the response of a 
tree species along with its entire elevation distribution range in the 
southern declivity of the world’s highest elevation gradient, the Mt. 
Everest region. Thus, this study aims to investigate the growth and 
climate sensitivity of Abies spectabilis (Himalayan silver fir) along an 
elevation gradient in the Sagarmatha (Mt. Everest) National Park (SNP). 
This study intends to identify the key climatic factors limiting the 
growth of A. spectabilis along its elevational distribution range and assess 
the changes in long-term tree growth rates at various elevations. As the 
study site is located in the subalpine to alpine elevation belt (above 3, 
000 m a.s.l.), we hypothesize that trees are sensitive and highly 
responsive to changes in temperature. Similarly, Himalayan silver fir 
trees are also sensitive to precipitation, as the Inner Himalayan valleys 
act as a natural barrier for precipitation (rain shadow effect) in the 
Himalaya. The study’s findings may provide a better understanding of 
different growth trajectories and climate responses of Himalayan silver 
fir along an elevation gradient under the climate change scenario. 

2. Materials and methods 

2.1. Study area 

The study area is situated in the Sagarmatha National Park (SNP), an 
area of 1,148 km2 (Fig. 1). The SNP is a high mountain natural reserve 
characterized by a vast elevational range of 2,845 to 8,848.86 m a.s.l. 
(DNPWC, 2015). The SNP is a UNESCO World Natural Heritage Site due 
to its diverse natural, cultural and biological features (DNPWC, 2015). It 
contains various forest ecosystems, ranging from temperate to alpine 
and nival belts (Jha, 2010; DNPWC, 2015). The study area focused on 
mixed forests dominated by A. spectabilis, which is associated with 
Rhododendron species at lower and middle elevations (Shrestha and Jha, 
2010). In the timberline region, it is associated with B. utilis, Rhodo-
dendron campanulatum, R. campylocarpum, and Acer species, while the 
treeline ecotone community includes Abies, Betula, Rhododendron, Sor-
bus, and Juniperus species (DNPWC, 2015; Gaire et al., 2015, 2017). 

2.2. Regional climate conditions 

The climate of the SNP is primarily influenced by the Indian summer 
monsoon, although arid conditions may occur in the inner valleys of the 
Himalaya due to the barrier effect of high mountains on the monsoon 
winds (DHM, 2017; Talchabhadel et al., 2019). The winter season is 
characterized by extremely cold temperatures, with minimum temper-
atures below –10 ◦C at Pyramid station (located at 5,050 m a.s.l.) 
(Fig. 2a). High-elevation area receives snowfall during both winter and 
spring seasons (Salerno et al., 2015). Local instrumental climate mea-
surements reveal a continuous increase in temperature in the Mt. Everest 
region over the last few decades, while precipitation varies across 
different sites and stations (Salerno et al., 2015; Gaire et al., 2017). 
Gridded climate data (CRU 4.03, 1951–2017) also show a generally 
increasing temperature but no significant trend in precipitation, except 
for some months or seasons (Fig. 2b). Fig. 2b provides detailed infor-
mation on the respective trends in different climate parameters. 

2.3. Sample collection, preparation, and data acquisition 

Tree-ring samples were collected in 2012 and 2016. The sampling 
covered the entire elevation distribution range of A. spectabilis up to the 
upper treeline (Fig. 1; Table 1), with at least 200-meter elevation 
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differences between adjacent sampling sites. Following dendrochrono-
logical sampling procedures (Fritts, 1976; Speer, 2010), one to two cores 
were collected from healthy, dominant, or co-dominant trees. Cores 
were sampled parallel to the contour slope whenever possible. A total of 
300 increment cores were collected from 165 trees across six sampling 
sites (Table 1). 

The tree-ring cores were air-dried and mounted in wooden frames 
with the transverse surface facing up. Wood surfaces were manually or 
machine-polished using sanding papers of varying grit sizes (120–800 
grits) until ring boundaries and anatomical features are clearly visible 
under the microscope. Ring widths were measured with a stereo- 
microscope at 0.01 mm resolution using a digital linear measurement 
system (LINTAB5TM) attached to TSAP-win software (Rinn, 2010). To 
identify missing and false rings, cross-dating was performed using the 
TSAP-win software, with missing or false rings identified through visual 
and statistical checks (Gleichläufigkeit, t-values, and cross-date index) 
and errors corrected after rechecking the samples and data (Rinn, 2010). 
Series less than 40 years or with highly individualistic growth behavior 
were excluded from further analyses. COFECHA was used to verify the 
quality of cross-dating and make the necessary correction (Holmes, 
1983). To identify growth during extreme climate events, a pointer year 
analysis was conducted using the ‘pointRes’ package in R (van der 
Maaten-Theunissen et al., 2015). 

2.4. Standardization and chronology development 

Tree-ring series contain long-term trends related to biological effects 
as well as to climate (Fritts, 1976; Speer, 2010). To remove biological 
growth trends while retaining climate signal, tree-ring series were 
detrended using the signal-free approach (Melvin and Briffa, 2008), with 
the RCSigFree program (https://www.ldeo.columbia.edu/tree-ring-l 
aboratory/resources/software). This method preserves low- to 
medium-frequency signals while removing the biological growth trend. 
An age-dependent spline curve with age-related variance stabilization 
was used for detrending. The quality of the resulting tree-ring 

chronology was assessed using mean inter-series correlation (Rbar) 
(Briffa, 1995) and expressed population signal (EPS) statistics (Wigley 
et al., 1984). Principal Component Analysis (PCA) was conducted to 
identify common signals captured in the chronologies and cluster 
analysis was performed using the group-average linkages method to 
assess the relationships among the chronologies. The ‘FactoMineR’ (Lê 
et al., 2008) and ‘ggdendro’ (de Vries and Ripley, 2022) packages in R 
were used to conduct PCA and cluster analyses, respectively. 

2.5. Climate-growth relationships 

For investigating the climatic response of tree growth, climate data 
from the nearest meteorological stations are desirable (Fritts, 1976; 
Speer, 2010). However, climate data from the nearest meteorological 
stations (Namche and Pyramid) are too short (less than 30 years) and 
incomplete for reliable statistical analysis. Therefore, we extracted the 
CRU half-degree resolution monthly gridded climate data (CRU TS 4.03; 
Harris et al., 2020) from the KNMI Climate Explorer (Trouet and Old-
enborgh, 2013). Data from six grid points (27.5–28.5 ◦N and 86–87.5 ◦E) 
covering the full study area were averaged to represent regional climate 
variability. The CRU climate data includes monthly minimum, 
maximum and mean temperatures, precipitation, standardized precipi-
tation evapotranspiration index (SPEI), and self-calibrated Palmer 
drought severity index (scPDSI). Bootstrapped (Pearson’s) correlation 
coefficient was calculated between tree-ring standard chronologies and 
climate variables for the common period of 1951–2011 using the ‘tree-
clim’ R package (Zang and Biondi, 2015). Correlations were calculated 
for a 13-month climatic window starting from October of the previous 
growth year until October of the current growth year. Seasonal influence 
of climate was also checked for three seasons: winter (DJF), spring 
(MAM), and summer (JJAS). To identify the influence of seasonal tem-
perature and precipitation as the main growth-limiting factor, seasonal 
correlation analysis was conducted using the ‘seascorr’ function in the 
‘treeclim’ R package (Zang and Biondi, 2015). This analysis was per-
formed using partial correlations by taking temperature as the primary 

Fig. 1. Location map of the study area showing tree-ring sampling sites, meteorological stations, and CRU grid points.  
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factor and precipitation as the secondary factor, and vice-versa. The 
temporal stability of the climatic response (Wilmking et al., 2020) was 
checked by performing a moving correlation analysis between the 
chronology and climate using a 30-year window with a one- and 
five-year window offset in the ‘treeclim’ R package (Zang and Biondi, 
2015). 

2.6. Basal area increment and long-term growth trends 

Basal area increment (BAI) is a useful measure of long-term trends in 
tree growth (Phipps and Whiton, 1988) as it reflects total biomass pro-
duction, and can provide a stable representation of tree growth (Leb-
lanc, 1990). Ring-width measurements were converted into tree BAI 
using the following formula with the function ‘bai.out’ in the R package 
‘dplR’ (Bunn, 2008): 

BAIt = π
(
R2

t − R2
t− 1

)
(1)  

where Rt and Rt–1 are the tree radii at the year t and t–1 of tree-ring 

formation. Individual tree BAI series were averaged for each site to 
develop a site-level BAI chronology. 

To remove age- and size-related trends, the derived BAIs were 
detrended using generalized additive mixed models (GAMMs) (Wood, 
2017). BAI values were log-transformed to improve the normality of 
their distributions. The GAMMs had the following structure: 

log(BAI) ∼ log(BA) + s(Age) + (1|TreeID) + corAR1 (2)  

where BA is the basal area, Age is the cambial age of a tree, and TreeID is 
the random factor of trees. The “s” represents the cubic regression spline 
for smoothing variables. An autoregressive term, AR1 (autoregressive 
order p = 1, moving average order q = 0), was added to account for 
temporal autocorrelation. Separate GAMMs were constructed for each 
elevation belt (site) using the ‘mgcv’ package (Wood, 2017). The BAI 
residuals were calculated as: 

BAIresiduals ∼ log(BAIobserved) − log
(
BAIpredicted

)
(3) 

The trends of BAI residuals for each site were assessed by linear 

Fig. 2. (a) Monthly climate of the study area derived from nearest meteorological stations (Namche and Pyramid) and CRU gridded data. (b) Positive or negative 
trends (significant Pearson’s correlation coefficient indicated by * symbol) in the CRU climate data covering the study region for the period 1951–2017. PPT, scPDSI, 
SPEI03, Tmax, Tmean, and Tmin indicate precipitation, self-calibrated Palmer drought severity index, three-month standardized precipitation-evapotranspiration 
index, maximum temperature, mean temperature, and minimum temperature, respectively. DJF, winter season; MAM, spring season; JJAS, summer season. 
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mixed-effects models (LME) using the ‘nlme’ package in R (Pinheiro 
et al., 2021) as: 

BAIresiduals ∼ Year + (1|TreeID) + corAR1 (4)  

where BAIresiduals is the basal area increment residuals after GAMM 
detrending and TreeID is the individual tree as the random factor. 

The effect of all sites (elevation belts) in interaction with the calendar 
year as covariates on BAIresiduals was analyzed to detect differences in 
growth trajectories between elevations using the following linear mixed- 
effects models (LME): 

BAIresiduals ∼ Year × Site + (1|TreeID) + corAR1 (5)  

where Year and Site are fixed factors, and Year × Site is an interaction 
between two fixed factors. To detect changes in long-term growth 
trends, the ‘segmented’ R package (Muggeo, 2017) was used to identify 
breakpoints in BAI residuals of individual series. Based on the density 
distribution of breakpoints, the year with the mean frequency of 
breakpoints for all trees was selected to split the BAI residuals into two 
sub-periods for growth trend analysis. Annual climate trends were also 
analyzed to assess the regional climatic condition which may influence 
the long-term trends in tree growth. 

3. Results 

3.1. Growth patterns of A. spectabilis along the elevation gradient 

The dendroclimatic utility of A. spectabilis was high, with moderate 
mean sensitivity, high standard deviation, low autocorrelation, high 
EPS, and a moderate Rbar (Table 1). The average radial growth rates 
ranged from 1.44 mm/yr to 2.29 mm/yr, with the highest annual radial 
growth rate (4.25 mm/yr) found at 3400 m a.s.l., and the minimum 
(0.53 mm/yr) at the treeline site (4100 m a.s.l.). Overall, radial growth 
rates decreased from low to high elevations (Table 1). No persistent 
trends in the chronology statistics (Rbar and EPS) were apparent along 
the elevation gradient, except for AC1 which increased with increased 
elevation (Table 1). Tree-ring chronologies exhibited similar short- and 
long-term growth patterns, but medium-term (decadal) growth some-
times varies between sites (Fig. 3). Pointer year analysis revealed that 

some negative (1959, 1984, and 1999) and positive (1998) pointer years 
were shared among all elevations, while others were site-specific 
(Fig. S2). 

The PCA analysis, which includes all chronologies for the common 
period (1951–2011), indicated that PC#1 and PC#2 explained 65.7% 
and 18.0% of the common variance, respectively (Fig. 4a). PC#1 rep-
resented common growth variations sharing by different site chronolo-
gies, whereas PC#2 mainly reflected differences among elevations 
(Fig. 4a). Using cluster analysis, we grouped all chronologies into two 
sub-groups: a treeline group (4100m and 3850m) and a low- to mid- 
elevation group (3400m, 3500m, 3600m, and 3800m) (Fig. 4b). 

3.2. Climate-growth relationships 

Pearson’s correlations with climatic variables indicated that tree 
growth of A. spectabilis is primarily limited by low temperatures prior to 
and during the growing season, and secondarily by moisture availability 
during the spring season (Fig. 5). Significant (p < 0.05) positive corre-
lations were observed between the chronologies and temperatures 
(minimum and mean) in most months and seasons, except for the spring 
season. However, maximum temperature showed negative correlations 
with tree growth during spring months (Fig. 5). Similarly, significant 
positive correlations were found between the chronologies at low- to 
mid-elevations and precipitation during April and May. Additionally, 
correlations with spring season (MAM) total precipitation were signifi-
cantly positive at elevations below 3850 m a.s.l. (Fig. 5). Significant 
positive correlations were detected between chronologies and SPEI03 
for low to mid-elevations during the spring months from March to May 
(Fig. 5). 

Seasonal climatic response confirmed that temperature is the pri-
mary limiting factor for the growth of A. spectabilis at all elevations 
(Fig. S3), with higher elevations being more affected. However, during 
spring, moisture availability also plays an important role in limiting tree 
growth at low- to mid-elevations (Fig. S3). The correlation between 
growth and spring season temperature and precipitation is stable over 
time (Fig. S4, S5), while the response with summer season temperature 
is consistently positive for the lower elevation sites but slightly different 
for the upper treeline (4100m) and timberline (3850m) sites. The 
response with winter precipitation is unstable, while the response with 
spring SPEI03 varies with elevation and is relatively stable at lower el-
evations for spring season but unstable for winter and summer seasons 
(Fig. S5). 

3.3. Long-term growth trends 

The BAI chronologies of A. spectabilis at low- to mid-elevations 
(3400–3800 m a.s.l.) have been decreasing in recent decades, while 
trees from the treeline (4100 m a.s.l.) and timberline (3850 m a.s.l.) 
have shown a growth increase (Fig. S6). The year 1980 was identified as 
the breakpoint for all sites, based on the density distribution of break-
points in BAI residuals for the common period 1950–2011 (Fig. S7). 
Trend analyses of climate variables (Fig. S1) also showed a strong in-
crease in temperatures after the 1980s. Growth trends were identified by 
fitting linear mixed-effects models on the GAMM detrended BAI re-
siduals (Fig. 6, Fig. S8, Table S1), showing steady growth during 
1950–1980 (p > 0.05), but a declining growth at middle and low ele-
vations during 1981–2011 (Fig. 6c–e) and a strong positive trend at the 
treeline (4100 m a.s.l.) site (Fig. 6a). There was also a significant effect 
(β = 0.009, p < 0.001 during 1981–2011) of interaction between site 
and year as covariates (Table S2). 

4. Discussion 

4.1. Climatic sensitivity of fir growth 

This study developed six tree-ring site chronologies of A. spectabilis 

Table 1 
Site and chronology statistics of Abies spectabilis from the Mt. Everest region. The 
dendrochronological statistics were computed based on the span of each chro-
nology. MS, AC1, Rbar, and EPS were calculated after detrending. AGR, annual 
radial growth rate; SD, standard deviation; MS, mean sensitivity; AC1, auto- 
correlation of level 1; Rbar, mean inter-series correlation; EPS, expressed pop-
ulation signal.  

Statistics Site code 

3400m 3500m 3600m 3800m 3850m 4100m 

Latitude 27.83 27.83 27.83 27.84 27.85 27.85 
Longitude 86.75 86.75 86.76 86.76 86.80 86.78 
Elevation (m a.s.l.) 3400 3500 3600 3800 3850 4100 
Trees 25 18 26 21 39 36 
Cores 34 25 37 31 53 54 
First year 1846 1876 1711 1929 1886 1838 
Last year 2015 2015 2015 2015 2011 2011 
Mean age (year) 84 107 129 76 69 89 
Mean AGR (mm/ 

yr) 
2.29 1.75 1.62 2.28 2.02 1.44 

Median AGR 
(mm/yr) 

1.95 1.55 1.40 1.93 2.34 1.36 

Min AGR (mm/yr) 1.27 0.93 0.54 1.13 1.37 0.53 
Max AGR (mm/yr) 4.25 3.60 3.73 3.22 3.94 2.60 
SD AGR (mm/yr) 1.24 0.86 0.91 1.37 0.68 0.51 
MS 0.187 0.175 0.227 0.168 0.14 0.141 
AC1 0.43 0.53 0.44 0.50 0.53 0.61 
Rbar 0.311 0.436 0.497 0.410 0.471 0.335 
EPS 0.989 0.957 0.979 0.981 0.938 0.977  
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along an elevation gradient from 3400 to 4100 m a.s.l. in the Mt. Everest 
region of the central Himalaya. The chronologies’ statistics (MS, SD, 
EPS, and Rbar) clearly underline their high dendroclimatic potential and 
represent the studied population at all elevation belts. The growth pa-
rameters (AGR, SD, and MS) generally declined with increasing eleva-
tion, while AC1, which indicates a carry-over effect from the previous 
year’s growth (Fritts, 1976), increased (Table 1). 

The PCA analysis showed that A. spectabilis chronologies captured a 
common climatic signal related to temperature change, with 65.7% 
variance explained by the first PC (Fig. 4a). Climate-growth analyses 
revealed that A. spectabilis growth along the elevation gradient is pri-
marily limited by low temperatures during and proceeding the growth 
period, and secondarily by moisture availability during the spring sea-
son (Fig. 5). The positive relationship between growth and temperature 

during different seasons indicate a shift towards the critical temperature 
requirement for photosynthesis, xylogenesis, growth, and changing 
vegetation phenology (Rossi et al., 2008; Li et al., 2017; Yang et al., 
2017). The strong relationship between the chronologies and winter 
temperature may indicate a chilling requirement of the trees in 
temperate or cold climatic regions above 3,000 m a.s.l. (Luedeling et al., 
2011; Guo et al., 2014). Increasing winter temperatures facilitate early 
snow melting, providing additional meltwater for growth during the 
early growing season in spring. Similarly, higher winter temperatures 
prevent deep soil freezing, ice crystal formation, and other mechanical 
injuries (Shah et al., 2019; Gaire et al., 2020; Panthi et al., 2020). Winter 
cold may induce root damage (Tierney et al., 2001; Reinmann et al., 
2019) or major delay of bud burst (Rotzer et al., 2004; Basler and 
Korner, 2014), ultimately reducing tree growth (Weigel et al., 2018; 

Fig. 3. Tree ring-width chronologies (black lines) of Abies spectabilis with sample depth (blue dashed line) along an elevation gradient in the Mt. Everest region of the 
central Himalaya: (a) 4100m, (b) 3850m, (c) 3800m, (d) 3600m, (e) 3500m, and (f) 3400m. A 15-year spline smoothing filter is denoted by the red line. The vertical 
green dashed line indicates the year after which expressed population signal (EPS) is greater than 0.85. 
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Harvey et al., 2019). The positive growth response to winter tempera-
tures at high-elevation sites is a common response shared with other 
species, including A. spectabilis, A. pindrow, Cedrus deodara, and Pinus 
wallichiana in the central and western Himalaya (Cook et al., 2003; 

Chhetri and Cairns, 2016; Shrestha et al., 2017; Sohar et al., 2017; Shah 
et al., 2019; Gaire et al., 2020). Moreover, increasing summer temper-
atures were found to have a positive effect on tree growth. The Hima-
layan region is warm and moist, receiving approximately 80% of its 

Fig. 4. Principal component analysis (a) and cluster dendrogram (b) of Abies spectabilis ring-width chronologies from different elevation belts in the Mt. Ever-
est region. 

Fig. 5. Correlogram showing the relationships (Pearson’s correlation coefficient) between climate and six ring-width chronologies of Abies spectabilis from the Mt. 
Everest region. Tmax, Tmean, Tmin, PPT, SPEI03, and scPDSI indicate maximum temperature, mean temperature, minimum temperature, precipitation, three-month 
standardized precipitation-evapotranspiration index, and self-calibrated Palmer drought severity index, respectively. Seasons: winter (DJF), spring (MAM), and 
summer (JJAS) were used for analyzing seasonal responses. The significant correlation (p < 0.05) is indicated by an asterisk. 
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annual rainfall (DHM, 2017). Similarly, other conifers from the Hima-
laya have also shown positive growth responses to temperature during 
both winter and summer (Chhetri and Cairns, 2016; Shrestha et al., 
2017; Gaire et al., 2017, 2020; Schwab et al., 2018). Consistent with our 
study, positive responses to summer temperature were observed for 
many treelines and high-elevation sites in the central Himalaya (Lv and 
Zhang, 2012; Chhetri and Cairns, 2016; Gaire et al., 2017; Shrestha 
et al., 2017; Schwab et al., 2018). 

Spring season climate has a significant influence on fir growth with 
positive relationships between fir growth and total precipitation, as well 
as SPEI03 during spring months and season in all elevations, although 
not significant at the upper treeline (Fig. 5). Negative relationships were 
found between Himalayan silver fir chronologies and mean and 

maximum temperatures during late spring months (April–May) in most 
elevations, indicating that moisture availability or temperature-induced 
drought stress prevails during the mid- to late-spring season before the 
onset of the wet summer monsoon season, especially at low- to mid- 
elevation belts. The study region receives little or even no rainfall dur-
ing spring (Salerno et al., 2015; DHM, 2017; Talchabhadel et al., 2018), 
and increasing temperatures enhance evapotranspiration demands and 
create moisture stress, ultimately limiting tree growth (Liang et al., 
2014; Panthi et al., 2020). Therefore, a very hot spring season without 
sufficient moisture was found to be detrimental to tree growth, espe-
cially for fir trees growing at the low- to mid-elevations. The potential 
evapotranspiration in the Himalaya reaches a maximum during the 
pre-monsoon season in April–May, but this effect likely plays a minor 

Fig. 6. Long-term trends in tree growth (log BAI residuals) of Abies spectabilis along an elevation gradient in the Mt. Everest region, the central Himalaya for the 
common period 1950–2011: (a) 4100m, (b) 3850m, (c) 3800m, (d) 3600m, (e) 3500m, and (f) 3400m. The trend is presented in two subperiods i.e. 1950–1980 (blue) 
and 1981–2011 (red). The grey shaded area represents 95% confidence interval. 
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role at high elevations due to the rapid decrease in evapotranspiration 
with elevation (Lambert and Chitrakar, 1989). Trees at the treeline and 
timberline could get more water from soil recharged with meltwater 
from higher elevations. Higher elevation sites are less affected by 
evaporative water loss due to lower temperature, making them less 
vulnerable to moisture stress compared to the trees at lower elevation 
belts. This explains why we found strong positive relations with spring 
precipitation at low elevations and why the importance of moisture 
stress during the spring season decreased with increasing elevations. 

Partial correlation analysis revealed that the importance of temper-
ature for tree growth increases with elevation, while the importance of 
moisture availability during spring is higher at low elevations. A pre-
vious study found that radial growth of A. spectabilis in lower elevation 
sites was significantly positively correlated with PDSI from the previous 
September to the current September, while at the upper elevation belt, 
the response with PDSI was weak and more related to temperature (Lv 
and Zhang, 2012). Similar to them, our study found positive relation-
ships between tree growth and SPEI03 during spring at low- to 
mid-elevations and also positive relationships between the chronologies 
from low- to mid-elevations and scPDSI in almost all months of the year 
(Fig. 5). The similarity in the response of fir growth in both the northern 
and southern declivity of Mt. Everest indicated that in both areas they 
are more sensitive to moisture stress at low- to mid-elevations, while 
they are more sensitive to temperature at high elevations. Hence, fir 
could act as an indicator of climate change impacts on forests in broader 
areas. This also implies that trees growing in the high-elevation inner 
valleys in the Himalaya are not only sensitive to temperature change but 
also vulnerable to moisture stress. The positive relationship between 
temperature and tree growth at the treeline and the timberline suggests 
a potential range expansion of Himalayan silver fir. A previous study in 
Langtang reported that A. spectabilis can compete and replace the 
treeline-associated Rhododendron campanulatum and move upward 
(Mainali et al., 2020). Analyses of more than 70 chronologies of 
A. spectabilis covering its entire distribution range in the Himalaya 
(Gaire et al., 2020) revealed a site-specific growth trend and broader 
(spring season signal) to site-specific climatic responses, depending on 
the climatic regimes of the sampling site (Gaire et al., 2015). 

4.2. Temporal stability of the growth-climate response 

Moving correlations revealed that growth responses to spring season 
temperature, precipitation, and SPEI03 remain almost similar 
throughout analyzing period from 1951 to 2011 (Fig. S5). The impor-
tance of winter temperatures (mean and minimum) for tree growth has 
been weakening during recent years at lower elevations, while at higher 
elevations, its importance is increasing. The importance of spring season 
precipitation is enhanced at lower elevations (Fig. S5). The negative 
relationship with the spring season mean temperature became stronger 
at low- to mid-elevation belts. However, the response to summer season 
precipitation is changing over time and varies along elevation, while the 
response to summer season SPEI03 is stable over time and along 
elevation. Previous studies on the temporal climatic responses of the 
trees from the Himalaya have shown similar stable to changing growth- 
climate responses over time (Yadav et al., 2004; Sohar et al., 2017; 
Schwab et al., 2018; Gaire et al., 2020). Comparing the findings of 
moving responses among studies, it can be inferred that the climatic 
response of tree species in the Himalaya can be temporally stable or 
changing, highly depending on the investigated species and local site 
conditions. Such temporally stable to changing climatic responses of tree 
species are also observed in the Tibetan Plateau adjacent to the Hima-
laya (Zhang and Wilmking, 2010; Dang et al., 2013; Yu et al., 2013; 
Zhang et al., 2017). 

4.3. Long-term trends of tree growth 

All six ring-width chronologies of A. spectabilis in the Mt. Everest 

region have shown positive growth trends since the second half of the 
20th century (Fig. 3), which can be linked to an overall temperature 
increase in the high Himalaya during the last century (Salerno et al., 
2015; Thakuri et al., 2019). However, ring-width chronologies from 
middle and low elevations have shown a negative growth trend during 
the most recent one to two decades (Fig. 3c–f), possibly due to an 
intensified spring season drought (Liang et al., 2019). Similarly, nega-
tive growth trends were reported at lower elevation sites, while positive 
growth trends were detected at high elevations in western Nepal, central 
Himalaya (Gaire et al., 2020; Panthi et al., 2020). Differences in short- or 
medium-term growth trends among the chronologies could be caused by 
variations in micro-topography, slopes, aspects, and micro-climatic 
conditions (Babushkina et al., 2018; Liu et al., 2018). Previous studies 
from the Himalayan region have indicated both, increasing and 
decreasing growth trends during the 20th century, depending on the site 
and dominant climate regime (Kharal et al., 2017; Shrestha et al., 2017; 
Rai et al., 2019; Gaire et al., 2020; Panthi et al., 2020). In some Hima-
layan sites (Langtang, Mustang, and Manang), no single persistent 
growth trend was observed throughout the elevation gradient during the 
20th century (Kharal et al., 2017; Shrestha et al., 2017; Rai et al., 2019). 
Previous studies from the Mt. Everest region have revealed an increasing 
greening and invasion of plants into the sub-nival belt (Anderson et al., 
2020), stand densification, and/or upward treeline shifting (Gaire et al., 
2017; Sigdel et al., 2018). The positive growth trend in response to 
climate change in areas, especially at treeline and timberline belts, in-
dicates a trend towards further growth enhancement and probable range 
shift of the investigated species. 

Long-term growth trend analyses detected decreasing trends at low- 
to mid-elevation sites but a strong increasing trend at the treeline (4100 
m a.s.l.) during recent decades (1981–2011) while no obvious trends 
were found at all sites during the period (1951–1980) (Fig. 6). The 
decreasing growth trends at low- to mid-elevation sites in the Himalayan 
region may be related to recent intensified drought conditions during 
the spring season (Tiwari et al., 2017; Liang et al., 2019). Moreover, 
growth decline may also associate with warming-induced drought stress 
(Körner, 2015; Tiwari et al., 2017; Gao et al., 2020). Ren et al. (2018) 
reported that moisture deficits during the spring season may prolong the 
cambial dormancy, which may limit the start of cambial activity and tree 
radial growth. Similarly, A. delavayi in the Cangshan Mountains, 
southwestern China, also showed decreasing growth trend since the 
1950s, attributed to the increased temperature and decreased moisture 
availability (Yang et al., 2022). Besides, the recent declining growth 
trends were also found in Tibetan Plateau (Liang et al., 2016) and Hi-
malayan regions (Panthi et al., 2020). However, for the high elevation 
site (treeline at 4100 m a.s.l.) in Mt. Everest, A. spectabilis may likely 
benefit from the warming climate induced by significant rising tem-
peratures after the 1980s (Fig. S1), which may accelerate photosyn-
thesis, ultimately enhanced tree growth (Salerno et al., 2015; Thakuri 
et al., 2019). 

5. Conclusions 

We developed six tree ring-width chronologies of A. spectabilis along 
an elevation gradient in the Mt. Everest region, the central Himalaya. 
The climate response of Himalayan silver fir along an elevation gradient 
in the Mt. Everest region indicates that temperature during and pre-
ceding the growing season is the primary limiting factor for growth, with 
moisture availability during spring being the second relevant growth 
factor, especially in lower-elevation forest belts. Positive growth trend at 
the treeline site over the recent decades likely relates to the effect of the 
warming climate. Negative growth trends at low- to mid-elevation belts 
may relate to recent intensified drought conditions during the spring 
season. These findings highlight the importance of focusing more on the 
middle and low elevations as increased warming (since the 1980s) in-
duces growth declines, which is an early warning of forest vulnerability 
to future climate change. Further investigations on cambial activity, 
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daily/seasonal stem diameter variations, and sap-flow measurements on 
multiple tree species in the Himalayan region may bring a comprehen-
sive understanding of tree physiological processes to the warming 
climate and changing environmental conditions. 
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