
Ecological Frontiers 44 (2024) 167–174

Available online 4 January 2024
2950-5097/© 2023 Ecological Society of China. Published by Elsevier B.V. All rights reserved.

Changing climate yet healthy forest stand of Tsuga dumosa in temperate 
zone of central Nepal 

Sarita Chaulagain a,b,1, Sugam Aryal c, Saroj Basnet d, Achyut Tiwari a,*,1 

a Central Department of Botany, Tribhuvan University, Kirtipur, Kathmandu, Nepal 
b School of Agriculture, Food and Ecosystem Services, The University of Melbourne, Parkville, Australia 
c Friedrich-Alexander-Universität Erlangen-Nürnberg, Institut für Geographie, Wetterkreuz 15, 91058 Erlangen, Germany 
d Institute of Botany and Landscape Ecology, University of Greifwald, Soldmannstrasse-15, D- 17489 Greifswald, Germany   

A R T I C L E  I N F O   

Keywords: 
Tsuga dumosa 
Tree ring 
Dendroclimatology 
Growth-climate response 
Basal area increment (BAI) 

A B S T R A C T   

Nepal Himalaya is experiencing a faster rate of temperature rise than the global average, and the temperature has 
altered the growth patterns and distribution of mountain trees. A dendrochronological study was conducted for 
Tsuga dumosa (D.Don) Eichler to analyze growth-climate relationship from the temperate forest of central Nepal. 
We developed 116 year-long tree ring width chronology spanning from 1905 to 2020 CE. The study area showed 
a significant increase in atmospheric temperature and a decrease in rainfall during the past 42 years. It is found 
that the spring season (March–May) climate is sensitive to the radial growth of T. dumosa. Ring width indices 
showed a substantial positive correlation with the minimum temperature of January, March, and June of the 
growth year. Conversely, a negative correlation was observed with the maximum temperature of the previous 
year’s months (July, September, and November), March, and September of the current year, and rainfall during 
June and November. Basal Area Increment (BAI) trend is positive, indicating the forest is healthy despite the 
decline in the years 1942, 1978, and 1998. We conclude that the warming of the spring season (March–May), 
previous year’s late growing season and moisture supply (precipitation) during June are critical to the radial 
growth of Tsuga dumosa in the region. However, responses from multiple species and their exposure to different 
climate regimes would ideally be required to make predictions on the growth climate relationships of forest trees.   

1. Introduction 

Climate has a significant influence on forest distribution, structure, 
and ecology and is likely the most important global predictor of vege-
tation patterns [1]. Several climate-vegetation investigations have 
revealed that specific climatic regimes are linked to specific plant 
communities or functional kinds [2]. The average world’s temperature 
has risen by >0.85 ◦C in the previous century and is expected to rise 
from 1.1 ◦C to 6.4 ◦C by the end of 2100 [3]. The Hindu Kush Himalayan 
(HKH) region showed the average rate of warming for each decade was 
0.19 ◦C over the past century (1901–2020), however, from 1951 to 
2014, the rate of warming increased slightly higher to 0.20 ◦C per 
decade [4], and the substantial increase in length of the growing season. 
In the past few decades (1951–2014), the mountain temperature has 
been rising at an unexpected rate of 0.5 ◦C [5]. The environmental 
changes of a higher scale and extreme climate variation was also 

projected for the years 2030, 2050, and 2100 in Nepal Himalaya, as an 
annual increase in atmospheric temperature [6–8], which could have a 
negative impact on tree growth in already dry areas and a positive 
impact on tree growth in cold environment. 

The changing climate as evidenced by rising temperatures, higher 
amounts of atmospheric carbon dioxide, changes in precipitation, and 
the frequency and intensity of climate variability could alter the 
configuration of the forest ecosystem [9]. The prolonged growing sea-
son, shifting species ranges, and variations in the frequency of forest 
fires caused by climate change substantially influence the world’s forests 
[10] and have an adverse impact on plant species distribution where the 
area has drier climate [11]. Climate-related variables, such as precipi-
tation, temperature, soil moisture, and the environment in which the 
plant is growing, have a substantial influence on the growth of trees and 
are crucial in the formation of tree ring width. The establishment and 
maintenance of the tree line and the identification of the species line are 
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both influenced by temperature [12]. Therefore, knowing how trees 
grow and react to climate and other environmental factors would be 
very useful in improving our adaptation plans and mitigation measures. 
Knowledge of the growth-climate relationship would provide facts and 
figures on the current and past climate, allowing us to understand how 
variable the climate and other environmental factors are, especially in 
fields where tree growth is susceptible to constricting climatic factors 
[13]. 

Nepal is also prone to climate change due to its topography, highly 
delicate ecology, and a lack of long-term instrumental climatic data, 
which has become a critical concern in understanding climate change 
patterns in Nepal. [6,14–16]. Several other techniques might be helpful 
for the accurate assessment of the previous climate to address this 
problem, including dendrochronology and dendroclimatology [17–20]. 
Dendrochronological tools are useful for reconstructing the age struc-
ture of a forest stand. It also provides insight into the dynamics of the 
climate and the condition of the forest by precisely dating the formation 
of tree rings in many different types of wood [21–23]. The climate data 
recorded in the annual growth rings of trees provide valuable insights 
into environmental changes, such as temperature and rainfall, especially 
in regions that are sensitive to climate fluctuations and are mainly useful 
in the study of historical climatic conditions, particularly prior to the 
time when direct climate observations were available [19,21]. The high- 
altitude region of Nepal has been the subject of dendrochronological 
investigations, particularly the location of the tree line focusing on the 

conifer species [18]. It is expected that many tree species’ ability to grow 
and regenerate might be significantly altered by a 1 ◦C increase in 
average yearly temperature, which would significantly impact humans 
who use such species for fuel, fodder, and timber [24]. 

Most of the dendrochronological studies on growth-climate re-
lationships of tree species are confined to high mountain areas of Nepal 
[25]. And the forests of middle mountain regions of Nepal Himalaya are 
less explored in terms of the relationship between tree growth and 
climate despite of rapidly warming temperatures and higher human 
activities in the region. Temperate forests in Nepal including the Tsuga 
dumosa are essential sources for giving a wide range of goods and 
ecosystem services to people [26], and are also an environmentally 
vulnerable, sensitive, and fragile ecological zone [27]. Thus, we con-
ducted a dendrochronological study of T. dumosa trees to determine the 
limiting climate factor affecting radial growth and to analyze the tem-
poral changes in aboveground production, as measured by Basal Area 
Increment (BAI). 

2. Materials and methods 

2.1. Study area 

The study area lies in the temperate forest of Central Nepal 
(27◦31′54.3″N, 85◦27′05.9″ E) with an elevation (2265–2921 m asl) lies 
in the temperate zone and is primarily facing southeast with a slope of 

Fig. 1. Location map of the study area.  
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15–30◦ (Fig. 1). The major trees found in the forest are Myrica esculenta, 
Rhododendron arboreum, Pinus wallichiana, Tsuga dumosa. The area rep-
resents the temperate forests, a biodiversity-rich area with a varied 
ecosystem and substantial endemism [28] and has rugged mountain 
topography with a stronger anthropogenic influence as well as the ef-
fects of a rapidly changing climate [29]. The forest consists of excellent 
natural forests of Pinus wallichiana in the lower elevation and Tsuga 
dumosa in the upper elevation. Based on the temperature and precipi-
tation record, the study area represents a temperate climate zone where 
the winter is drier, and the summer is warm. The maximum temperature 
(Tmax), mean temperature (Tmean) showed increasing trend while the 
minimum temperature (Tmin) and annual rainfall represented 
decreasing trend as given in (Fig. 2). 

2.2. Study species 

Tsuga dumosa is a native evergreen tree species (20–25 m height, 1.5 
m in girth diameter) in the eastern Himalayas and is found in Nepal, 
Tibetan Plateau, Assam, Burma, East Asia, and Southeast Asia [29]. 
T. dumosa is found in the temperate zone of eastern, central, and western 
Nepal [30], usually at an elevation of 2000–3600 m., it is one of Nepal’s 
important tree species used for firewood and timber. T. dumosa forests 
are vital for regulating the hydrological cycle and ecosystem functions in 
the middle mountain region of Nepal [31]. T. dumosa is a slow growing 
tree, with a long lifespan, and is able to tolerate low-light conditions and 
is also sensitive to prolonged drought [32]. The tree species is charac-
terized by well-defined growth rings, which are formed by a noticeable 
difference between the small, dark-colored latewood cells and the large, 
light-colored earlywood cells, and hence serves as highly potential tree 
species for dendrochronological studies [33]. 

2.3. Sample collection 

Tree cores were obtained from a comparatively less damaged large 
size trees (healthy crown and no evident fire scars). We collected 60 
cores of Tsuga dumosa using an increment borer (Swedish Haglof 28″, 3- 
Thread, 0.200″ (5.15 mm), particularly, 2–3 cores from the chosen trees. 
The cores were dried in air and mounted in a hardwood frame, a 
transverse surface with the cross-sectional surface facing upwards [19]. 
The tree cores were smoothed by sanding with sandpaper of different 
grid sizes until the ring boundaries are clearly visible. The cores with 
evident yearly rings were calendar-year-dated. The tree ring measure-
ment was then performed using LINTAB-5 (RINNTECH) hardware and 
the TSAP-Win application. 

After measuring the ring widths, the individual tree-ring series were 
cross-dated using a matching process by examining the mathematical 
graphs and cross-dating statistics [34]. The computer program COFE-
CHA was used to find the errors in the cross-dating [35], and ARSTAN 
was used to standardize [36] tree ring width chronology. To eliminate 
non-climatic age trends, each sample was detrended using a negative 
exponential curve. The ring-width chronology of both stands was pro-
duced using arithmetic means after detrending each data. [13]. The 
standard, residual, and ARSTAN chronologies were established. We 
conducted Pearson’s correlation analysis to identify the growth-climate 
relationship, tree ring width indices were correlated with monthly cli-
matic data (total precipitation, mean air temperatures) from previous 
year’s June to October of the present growth year [13]. We used the R 
package to evaluate significance using 1000 bootstrap repeats and 95% 
confidence intervals [37]. 

2.4. Basal area increment (BAI) 

BAI is a widely used tree growth parameter to evaluate the tree and 
stand development because it enables for exact assessment of tree 
biomass production [38]. The unstandardized BAI sigmoidal growth 
model bypasses the detrending and normalizing used in typical ring- 
width indices (RWI) computation [39,40]. Hence, the temporal trajec-
tory of BAI indicates the real tree growth vigor and forest productivity 
(in climate-sensitive forests). We generated the mean unstandardized 
BAI series of all tested trees using individual tree BAI. The following 
standard formula was used to convert ring width to tree BAI. 

BAI = π
(
Rn

2 − Rn− 1
2)

where “n” is the year that the tree’s tree rings were formed and “R” is 
the tree’s radius. 

Since some tree cores were missing piths and nearly all of them had 
complete bark, the bai.out function from the dplR package in R was used 
to create the BAI chronology [37]. 

2.5. Climatic data 

The temperature and rainfall data from the nearest meteorological 
stations from Panchkhal (857 m asl; at 20 km distance from study site) 
and Khopasi (1442 m asl; at 6 km distance from study site) were ob-
tained from the Department of Hydrology and Meteorology (DHM), 
Kathmandu. We used the rainfall data from Khopasi station, and the 
records of monthly average minimum and maximum temperatures from 

Fig. 2. Climate of the Study Area. (A) Monthly patterns of average temperature and total rainfall, and (B) Annual climatic trend in the study site: a. Rainfall trend, b. 
Minimum Temperature Trend, C. Mean Temperature trend, d. Maximum Temperature Trend (Source: Department of Hydrology and Meteorology 2020). 

S. Chaulagain et al.                                                                                                                                                                                                                            



Ecological Frontiers 44 (2024) 167–174

170

Panchkhal station because of lack of temperature data from Khopsai 
station although it was near to the study site. These temperatures and 
rainfall data from 1979 to 2020 CE were used for growth climate 
response analysis. 

Based on the temperature and precipitation record, the study area 
lies in a temperate climate zone where the winter is drier, and the 
summer is warm. The climatic data of the study area is analyzed by 
taking the average maximum (Tmax), mean (Tmean), and minimum 
(Tmin) temperature from 1978 to 2020, including the monthly rainfall 
from 1971 to 2020. According to the meteorological data, the Tmax and 
Tmin in the study area are 32.56 ◦C and 4.53 ◦C, respectively. Similarly, 
the highest rainfall occurs in the month of July (Fig. 2). The trend of 
Tmin, Tmax, and Tmean are shown in (Fig. 3). The Tmax and Tmean 
increased at rates of 0.037 ◦C/year and 0.021 ◦C/year, respectively, with 
only the Tmax showing a significant trend (R2 = 0.61, p < 0.001), 
however, Tmin showed an insignificant decreasing trend with a rate of 
0.003 ◦C/year. Rainfall exhibited a decreasing trend of 7.63 mm/yr. for 
the period 1971 to 2020 CE. 

3. Results 

3.1. Ring width chronology 

Ring width chronology of 116 years was produced from 43 cores of 
Tsuga dumosa from the temperate forest of Central Nepal extending from 
1905 CE to 2020 CE (Fig. 3). The chronology has met all the statistical 
criteria employed in common dendrochronological investigations [41], 
including mean sensitivity, mean ring width, series correlation, and 
expressed population signal (EPS) values (Table 1). The inter-series 
correlation (Rbar) and expressed population signal (EPS) show the 
common variability within the chronology, EPS > 0.85 is generally 
considered a reliable representation of the population. 

3.2. Growth-climate response 

Pearson’s correlation between monthly climatic variables and ring- 
width indices revealed a substantial negative relationship with the 

maximum temperature of the previous growing year (July, September, 
November) and March of the growing year, while the radial growth 
showed a positive correlation with the minimum temperature of 
January, March, July, and summer season (Fig. 4). We observed the 
strongest negative correlation between the maximum temperature of the 
previous September and radial growth (r = − 0.41), followed by the 
maximum temperature of the previous July (r = − 0.36). In addition, the 
maximum temperature in March (r = − 0.35) and the previous 
November (r = − 0.33) also showed a considerable negative relationship 
with ring width. Similarly, the minimum temperature of January (r =
0.35), March (r = 0.37), July (r = 0.30), and spring season (r = 0.29) 
showed a positive significant correlation with radial growth. Moreover, 
a strong positive correlation was obtained between tree ring width and 
rainfall of the previous September (r = 0.32) (Fig. 4). 

3.3. Basal area increment (BAI) 

The mean value of BAI found in the study area is 2198.209 ± 989 
mm2. The BAI of Tsuga dumosa tree population in the temperate forest of 
Central Nepal is positive, however, the BAI declined particularly during 
the years 1942, 1978, and 1998 (Fig. 5). The climate has a significant 
positive relationship with the Basal Area Increment as revealed by 
Pearson’s correlation between climatic variables and BAI. We found the 
strongest positive correlation with the December rainfall (r = 0.39) 

Fig. 3. Tree ring width chronology of Tsuga dumosa (RWI-Black line, shaded area shows number of tree core samples, the red line represents smoothing for 5- 
year window). 

Table 1 
Chronology Statistics of Tsuga dumosa.  

S. 
N. 

Variable Value 

1 Number of Trees 20 
2 Chronology Length 116 (1905–2020) 
3 Mean Ring Width (mm) 3.745 
4 Mean Sensitivity 0.322 
5 RWI Standard Deviation 0.173519 
6 Mean Inter Series Correlation (Rbar) 0.441 
7 Auto Correlation (ARI) 0.003 
8 Subsample Expressed Population Signal (EPS >

0.85) 
80 years 
(1940–2020)  
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followed by rainfall during October (r = 0.38), Previous year’s August (r 
= 37) and August (r = 0.33). The correlation of Tmax is highest for 
previous year’s August (r = 0.374), followed by December (r = 0.37), 
October (r = 0.35), August (r = 0.31) and March–May (r = 0.29). Pos-
itive correlation was observed between BAI and Tmean where the 

highest correlation between them occurred in August (r = 0.37). 
Moreover, correlation between BAI and Tmin has been found to have 
significant positive relationship with Aug (r = 0.32), July (r = 0.3), 
March–May (r = 0.29) (Fig. 6). 

Fig. 4. Correlation coefficients between radial growth and climatic variables for common period of 1979–2020. The upper and lower horizontal black dotted line 
represents the significance at 0.05, (X-axis showing month/season, Y-axis showing correlation coefficient), (Tmax = maximum temperature, Tmean = Mean 
Temperature, and Tmin = minimum Temperature). 

Fig. 5. BAI (Basal Area Increment) trend from 1905 to 2020 CE (Red line- Sample depth and Black line-BAI).  
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4. Discussion 

4.1. Tree ring chronology 

We produced a 116-year-long ring width chronology of Tsuga dumosa 
from Central Nepal spanning from 1905 to 2020 CE, and it represents 
relatively the younger forest stand. The dendrochronological studies 
using Tsuga Dumosa from other parts of Nepal included the oldest tree 
chronologies (1141 years) till the date in Nepal [5]. Additionally, tree 
ring chronologies of longer time period were produced for T. dumosa 
including a 357-year-long chronology from 1657 to 2013 CE from 
western Nepal [42], and 610 years (1399–2017 CE) from Manang, 
central Nepal [31]. 

4.2. Growth-climate relationship 

The Tsuga dumosa radial growth showed a significant positive rela-
tionship with the minimum temperature of January and March. This 
may be due to the fact that the study area lies above 2600 m asl that 
witness snowfall every year in the months of January–March as the snow 
cover control the soil temperature and temperature directly influence 
tree growth. The T. dumosa tree growth has been observed to be closely 
related to climatic factors. The radial growth also showed a significant 
positive correlation with the minimum temperatures recorded in 
January and March. This interconnection can be linked to the elevation 
of the study area which is 2600 m asl. At this altitude, the region wit-
nesses snowfall every year between January to March which directly 
influences soil temperature and has a direct impact on tree growth [43]. 

The radial growth of T. dumosa growth was influenced by minimum 
temperature during the spring season (March–May). The minimum 
temperature and tree growth showed a positive correlation suggesting 
that as the minimum temperature increases during this period, it en-
hances radial growth. Contrary to our findings, the high mountain of 

Nepal generally showed negative impact of day temperature (Tmax) to 
tree radial growth during spring season (March–May) and this is due to 
increased evapotranspiration leading to soil a water deficit. This deficit 
consequently results in narrower annual rings, producing reduced radial 
growth [44–46]. 

Our results indicated that the minimum temperature and rainfall of 
June have a negative impact on the growth of T. dumosa as the month is 
summer in Nepal where higher rainfall occurs right after drier months 
which may be a site-specific response due to the inconsistent relation-
ship with the temperature and precipitation of summer months seen in 
Nepal [31]. The result is also supported by other studies from various 
locations in Nepal that demonstrated a positive relationship with the 
summer temperature [46], while some studies showed a negative rela-
tionship between radial growth and summer precipitation [47]. 

Generally, in the summer season, trees usually get adequate water, 
thus, high temperature favors photosynthesis and tree growth. However, 
the soil temperature at higher altitudes is also found to be low due to 
high cloud cover, and this can have a negative influence on the tree 
growth [48]. Additionally, in the study area, the growth of T. indicates a 
negative response to summer rainfall indicating that as summer rainfall 
lowers, it significantly impacts on tree growth. This cumulative effect of 
low soil temperature and increased summer rainfall can promote the 
observed negative response of tree growth in the area. Likewise, we 
found that both the September and March rainfall positively influenced 
the radial growth of T. dumosa., and the similar climate response was 
observed in mountain forests in Nepal [20]. Further, the maximum 
temperature of the previous year’s July and September was found to 
have negative impact on radial growth of T. dumosa as the maximum 
temperature reached beyond 30 ◦C which may provide heat stress to the 
plant [49]. 

Our results indicated that the maximum temperature of November 
negatively affected the radial growth of T. dumosa based on measured 
temperature of soil and air [50]. Further, the maximum temperature of 

Fig. 6. Correlation coefficients between BAI with temperature and rainfall for common period of 1979–2020. The upper and lower horizontal black dotted line 
represents the significance at 0.05, (X-axis showing month/season, Y-axis showing correlation coefficient), Tmax = maximum temperature, Tmean = Mean Tem-
perature, and Tmin = minimum Temperature. 
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September also negatively impacted the growth of the species which is 
the summer month in Nepal that may provide heat stress to the plant 
[22]. Additionally, the maximum temperature of March gave a stronger 
negative impact on radial growth of T. dumosa. Sharp increases in 
temperature along with low rainfall during the pre-monsoon season can 
lead to soil water scarcity, which has a negative impact on the radial 
growth of trees [51]. There was a noticeable inverse relationship be-
tween the radial growth of T. dumosa found in western Nepal with spring 
temperature [42] and a negative correlation of T. dumosa growth with 
the March–May average temperature including a positive correlation 
with March rainfall, as March–May is the spring season in Nepal [31]. 
The conifers grown in the higher mountains of Himalaya showed a 
similar relationship to the temperatures in the early growth period 
[21,52]. However, warm temperatures and enough moisture throughout 
the summer (JJAS) [53] growing seasons encouraged the growth of 
Abies spectabilis, while moisture stress during the spring (March–May) 
seasons primarily constrained the growth of B. utilis [54]. The radial 
growth of Pinus roxburghii in the temperate region of central Nepal was 
positively correlated with the pre-monsoon (April) rainfall, however, 
rainfall in June and January have a negative impact on the radial growth 
of Pine [55] indicating that the tree growing in the area was not under 
climatic stress. However, a very strong correlation between Pine radial 
growth and spring rainfall and evapotranspiration has been observed in 
western Nepal which represents a particularly dry region in Nepal [56]. 

4.3. BAI trend 

We found a positive BAI pattern for T. dumosa trees in the study area. 
The significant positive correlation is observed between BAI and cli-
matic variable indicating that the tree growth is not decreased by the 
climate change, rather increasing trend of rainfall and climate could 
have encouraged Tsuga to expand its trunk [57]. In mature forests, the 
BAI pattern is usually positive, and it continues to increase in healthy 
forest stands [58] or may maintain stabilization [59]. However, the BAI 
trend demonstrates a decreasing trend if the forest is under growth stress 
[60] or if trees begin to senesce [61]. The BAI pattern found in the study 
area is normally positive except for a temporal decline in the years 1942, 
1978, and 1998 which may be due to stand-level disturbance factors 
such as effects of grazing, logging, forest fire, or any other external 
factors [62]. The BAI trend of Chir pine in a planted population of 
central Nepal was found to be decreased from 1990 to 2000 CE which 
was due to the absence of a juvenile growth release increment trend 
[55]. Similarly, the declining BAI of Himalayan Birch was reported from 
high-elevation mountains in central Nepal associated with climate 
warming [54. Nepal has been experiencing climate-induced growth 
decline in drier parts of the Trans-Himalayan zone where there is a 
positive relationship between the growth of trees with rainfall in the 
spring season (March–May) [63]. However, the BAI trend of T. dumosa 
found in the area indicated that the climate has not yet impacted the 
growth pattern. Thus, the decreasing trend of BAI in the years 1942, 
1978, and 1998 could be associated with stand-level disturbance factors 
such as forest fire [62] which is a crucial factor for forest degradation in 
Nepal where 89% of fire occurs in the dry season [64]. Thus, forest 
disturbance may stimulate growth performance and tree recruitment 
than climatic variability which is lesser in duration and intensity [65]. 

Despite the changing climate, T. dumosa is growing well in the area 
indicating that the species is more likely to adapt to temperature and 
rainfall variability [53]. The BAI patterns show a positive trend, which 
may be due to less competition and a more open canopy that might 
influence increasing / stable BAI, and the similar trend was found at 
moist treeline trees in central Nepal [63]. The decline in the BAI pattern 
of T. dumosa growing in Central Nepal in 1972 also coincided with the 
decline of birch [54] where the BAI of Abies spectabilis raised sharply 
after the temperature transition. The positive trend of BAI may be also 
due to the young age of the forest stand of T. dumosa as BAI is greatly 
affected by age of the forest or maybe due to the exposure to the low 

competition of associated trees. Overall, the basal area increment of 
T. dumosa in the study site was high, and it is possible that gymnosperms 
may have an advantage in stressful environmental conditions [66]. 

5. Conclusion 

We produced a tree ring width chronology of Tsuga dumosa for 116 
years (1905 to 2020 CE) from the temperate forest of Central Nepal. The 
growth climate study revealed that spring temperature is sensitive to the 
radial growth of T. dumosa. Similarly, the rainfall in the late growing 
season and minimum temperature in early growth season showed pos-
itive influence on radial growth. We observed a negative relationship 
between rainfall in June in the growing year and radial growth, which is 
quite unusual and needs further validation. The BAI pattern of T. dumosa 
is generally positive indicating that the forest is healthy and without 
growth stress except for the growth decline in the years 1942, 1978, and 
1998. The temporal fluctuation of BAI of T. dumosa trees in the study 
area demonstrated that the decline is not due to climatic factors but 
could be associated with stand-level disturbances due to human activ-
ities such as grazing, logging, forest fire, or any other. We conclude that 
the warming of the spring season (March–May), higher temperature of 
the previous year’s months (July, September, and November), March, 
and September of the current year, as well as rainfall during June would 
have a negative impact on the radial growth of T. dumosa in the region. 
However, responses from multiple species and their exposure to 
different climatic conditions and levels of human impact would ideally 
be required to rely on such predictions. 
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soil moisture patterns in a Himalayan alpine treeline ecotone, Arct. Antarct. Alp. 
Res. 48 (2016) 501–521. 

[51] D. Gautam, J. Karki, N.P. Gaire, B.E. Roth, S. Bhattarai, S. Thapa, Q.J. Liu, Intra- 
and interannual climate variability drives the radial growth of Pinus wallichiana in 
the Nepalese Himalayas, Plant Ecol. Diversity 13 (5–6) (2020) 391–400. 

[52] U.K. Thapa, S.K. Shah, N.P. Gaire, D.R. Bhuju, Spring temperatures in the far- 
western Nepal Himalaya since AD 1640 reconstructed from Picea smithiana tree- 
ring widths, Clim. Dyn. 45 (7) (2015) 2069–2081. 

[53] J. Panthi, P. Dahal, M.L. Shrestha, S. Aryal, N.Y. Krakauer, S.M. Pradhanang, 
R. Karki, Spatial and temporal variability of rainfall in the Gandaki River basin of 
Nepal Himalaya, Climate 3 (1) (2015) 210–226. 

[54] R. Bista, P.K. Chhetri, J.S. Johnson, A. Sinha, K.B. Shrestha, Climate- driven 
differences in growth performance of cohabitant fir and birch in a subalpine Forest 
in Dhorpatan Nepal, Forests 12 (9) (2021) 1137. 

[55] A. Tiwari, N. Thapa, S. Aryal, P. Rana, S. Adhikari, Growth performance of planted 
population of Pinus roxburghii in Central Nepal, J. Ecol. Environ. 44 (2020) 31 
(2020), https://doi.org/10.1186/s41610-020-00171-w. 

[56] S.R. Sigdel, B. Dawadi, J.J. Camarero, E. Liang, S.W. Leavitt, Moisture- limited tree 
growth for a subtropical Himalayan conifer forest in western Nepal, Forests 9 (6) 
(2018) 340. 
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