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Abstract: The cold desert ecosystem of the north-western Himalaya in India’s is considered to be
the most vulnerable region to climate change. In this region, Juniperus macropoda Boisser grows
across an altitudinal gradient and is highly sensitive to biotic, physiographic, and climatic factors.
Keeping this in view, the present study aimed at ascertaining the response of Juniperus macropoda
to changing climatic conditions. To achieve the target of the study, the area (elevation ranges from
3525 to 4150 m asl) was divided into thirteen elevation ranges in the cold desert of Lahaul valley
(Himachal Pradesh). The NDVI change detection map from 1994–2017 revealed an increase in the
area under the vegetation in the NDVI range of 0–0.15 (240%) and 0.15–0.30 (32%), which indicated
the emergence of grasses and new recruits in the area. An increase in the minimum and maximum
temperature during monsoon and post-monsoon season correlated positively with the emergence of
the recruits in a significant manner. Furthermore, a decline in rainfall during the monsoon period
was also recorded which bears a significant positive correlation with the establishment of recruits.
However, the increase in the precipitation during winter resulted in a positive effect on the emergence
of recruits. The biophysical parameters, like average height, diameter as well as the average age of the
dominant trees showed a declining trend with the elevation. However, the age histogram revealed
that the majority of the establishment occurred around 1900 and between 1975–2010. The tree ring
analysis of J. macropoda revealed that the species is shifting upward at a rate of 3.91 m year−1. Besides
this, the area is experiencing the impact of climate change resulting in an increase in the area under
vegetation and migration towards the higher elevation, and many species of lichens were also found
to invade the bare rock.

Keywords: J. macropoda; climate change; vegetation shift; cold desert; tree migration; recruits

1. Introduction

Over the last decade, global warming has become one of the most widely debated and
researched topics. The past three and half decades have seen a significant rise in temper-
ature, recording five warmest years since 2010. The year 2016 and 2020 set a new record
for global average surface temperature [1]. Over the period of 1982–2006, the Himalayan
ecosystem experienced a warming of 1.5 ◦C at an average rate of 0.06 ◦C year−1 [2].

Climate change has a wide range of effects, some of which are related to vegetation.
The high-elevation ecosystems of the Himalayas are among the most vulnerable geograph-
ical areas on the planet, and they can be used to detect patterns of climate change on a
regional scale [3]. Alpine treeline dynamics, as a core component of mountain landscape
transformations, are a critical component for detecting climate-dependent ecological pro-
cesses under projected global warming scenarios [4]. Furthermore, the impact of climate
change can be more or less severe in high mountainous ecosystems, where tree lines are
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assumed to be sensitive to changes in the climate and thus useful indicators of climate
change [5,6].

The Himalayas have the most extensive bioclimatic gradient in the world, and the
present study is mainly focused on tree species. Trees are influenced by climate change to a
greater degree than herbaceous species [7]. A study of the adaptation of plants to changes
in climate revealed that trees and shrubs adapted 2–10 times slower than herbaceous plants.
The longer reproductive cycle and a lower rate of genetic variation in woody plants are the
main reasons for their slow adaptation to changes in climate [8]. Altitude affects the growth
and development of forest stands, higher altitudes generally show low air temperature,
extreme climates, strong winds, and higher rates of local warming [9–12]. Altitudinal
gradients are ideal places to examine the different responses of tree growth to climate
change across environmental gradients. The air temperature falls by an average of 0.6 ◦C
per 100 m along elevation gradients [13]. Tree height and stem density change markedly
with altitude and latitude [14–16]. Height and diameter at breast height (DBH) are two key
factors of tree size, closely related to tree age and productivity. Thus, height plays a critical
role in affecting the growth response to climate change.

J. macropoda Bossier, also known as the Himalayan pencil cedar, is an ecologically and
economically important tree species of the cold desert ecosystem of the inner Himalayan
region [17,18]. This species is found mainly in association with Caragana spp., Rhododendron
companulatum D.Don, Rhododendron wightii Hook.f., Salix spp., Myricaria spp., Hippophae
rhamnoides L., and Pinus wallichiana A.B.Jacks [19]. At present, species all over the world are
severely degraded due to human interference, which has resulted in the degradation of their
natural habitats, combined with slow growth habits and poor natural regeneration [20,21].
Furthermore, junipers produce seeds with deep dormancy [20], which adversely affects
their artificial and natural regeneration programs. As a result, juniper forests require
well-coordinated management programs for the restoration of pure and mixed stands. The
Himalayan region is comprised of understudied tree line habitat, which is likely to respond
to global warming. Due to the unique features of Himalayas [22], tree line studies need
to be carried out in depth. Some useful studies on the impact of recent climate change on
alpine tree species have been conducted in the Nepal Himalaya [23–27]; however, more
research is needed to focus on this species in response to climate change, particularly
in the Indian Himalayan region. The influence of climate change on alpine trees can be
complicated, as different combinations of alterations in temperature and precipitation can
result in different impacts and different tree species can respond differently to climate
change [15]. Hitherto, no study has taken place in J. macropoda on the impact of climate
change. So, the present study was carried out to address the following hypothesis: (i) The
change in the upper limit of J. macropoda, and the rate of upward shift (ii)the change in
NDVI value of the area concerning climate change Therefore, the objectives of the present
study was to study the response of J. macropoda tree line ecotone to recent climate change;
to study the tree line dynamics in Lahaul valley; to analyze the rate of an upward shift of
J. macropoda in the treeline ecotone and; to analyze the change in vegetation by NDVI.

2. Material and Methods
2.1. Study Area

The J. macropoda forest stand, which is classified under group 13 (Himalayan dry
temperate forests) as type 13C5 (West Himalayan dry juniper forest) [28] (Champion &
Seth 1968) is located in Lahaul forest Division at a latitudinal and longitudinal range of
32◦34′–32◦43′ N and 77◦0′–77◦12′ E, respectively in the southern aspect (Figure 1). The
site is characterized by silty clay loam and alkaline with an optimum calcium status, soil
thickness ranging from 0.10 to 1.0 m, and a large number of gravels.
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Figure 1. (a) Map of the study area and (b) Juniperus macropoda treeline site at Lahaul valley of
north-western Himalaya.

2.2. Image Analysis

Two Landsat datasets (i) 12 September 1994 (Landsat scene ID = (LT51470371994264ISP01)
of Landsat 5 TM (Thematic Mapper) and (ii) 20 September 2017 (Landsat scene
ID = LC81470372017263LGN00) of Landsat 8 OLI (Operational Land Imager) of same path
and row (147/37) procured from the USGS Earth explorer (https://earthexplorer.usgs.gov/
accessed on 24 June 2021) for the change detection of vegetation cover of the study
area. The vegetation index namely NDVI (Normalized Difference Vegetation Index)
[NDVI = (NIR − Red)/(NIR + Red)] whose value ranges from −1 to +1 used for the
estimation of the vegetation and non-vegetation site in the study area as well as the change
in the NDVI values to depict the change. The ERDAS IMAGINE 2015 and ArcMap 10.4.1

https://earthexplorer.usgs.gov/
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software were used to process the datasets and preparation of the map. Additionally, the
fluctuation in the NDVI value from 1994 to 2017 for the month of June was calculated using
the Landsat 5, 7, and 8 spatial datasets through the Google Earth Engine interface

2.3. Sampling Procedure

For investigating tree line dynamics and the rate of shift, a transect walk was conducted
towards the tree line until the last individual on the slope at its highest elevation was
reached. A preliminary observation along the altitudinal gradient was conducted to select
the dominant trees in the tree line area. Singh et al. [29] methodology was adopted for
assessing the upward shift of J. macropoda. This study was conducted between 3500 m asl
and 4150 m asl, with elevation differences of 50 m. The baseline elevation was set at 3500 m
a msl because this elevation appeared to be the ecotone region or the region where the tree
line begins to appear. In comparison to lower elevation ranges, the vegetation in this highly
sensitive ecotone region changes. In each plot along the elevation gradient, three dominant
trees (disease-free and with a good DBH based on ocular estimation) were chosen to study
the rate of shift by measuring age, height, and DBH.

For the estimation of the age of J. macropoda Pressler’s increment borer was used. The
core sample containing growth rings was extracted with the help of an instrument by
boring the trees at breast height (1.37 m). The ages of the trees were calculated by counting
the number of growth rings on the wood core sample (Figure 2b) at the core height and by
adding the years required for the tree to reach that height, whereas the ages of seedlings
and saplings were counted by extracting cross-sections (Figure 2a) at the collar point. Ring
counting was done visually using the alignment technique to remove the false growth rings
and identify the missing rings. However, such cores were negligible.
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Figure 2. (a) Tree cross-section section showing distinct growth rings, (b) Wood core sample showing
distinct growth rings.

The rate of the shift in 10 years was calculated by the following equation:

Otue −Otle
Age difference between the trees

× 10

where;

Otue = Position of the oldest tree in the upper elevation
Otle = Position of oldest tree in the lower elevation

The rate of the vegetation shift was related to temperature and precipitation in recent
years. The rise in temperature over these years was associated with the rate at which the
vegetation shifted to higher elevations. The rate of the shift is expressed in terms of how
many metres the vegetation has shifted during the past 10 years. The temperature rose
during the period studied, which may be related to the rate of the shift [29]. If we found
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individuals belonging to a particular age class with a uniform distribution throughout a
plot, then we concluded that the vegetation had shifted towards a higher elevation.

2.4. Climatic Trends of the Study Area

The climatic data in respect of minimum temperature, maximum temperature, and
rainfall (1970–2017) was collected from the IMD (Indian meteorological department)
weather station located within 20 km of the study area and represented as average/total
and four prevalent seasons viz., winter, post-monsoon, monsoon and pre-monsoon sea-
son. The Mann–Kendall statistics and Sen’s slope were employed using the XLSTAT
2021.3.1 [30] to examine the magnitude of the increase or decrease of different climatic
variable. The long-term climatic data indicated an increasing trend of the pre-monsoon
and post-monsoon season maximum temperature with a magnitude (Sen’s slope) of 0.006
and 0.012, respectively (Figure 3). However, in winter and monsoon season maximum
temperature has zero and negative Sen’s slope. The contrary, minimum temperature in all
four seasons had an increasing trend, particularly, with a magnitude of 0.016 in winter, 0.014
in pre-monsoon season, 0.010 in the monsoon season and 0.027 in post-monsoon season.
Similarly, the average annual temperature of the study area increased with a magnitude of
0.015 (Figure 4). Simultaneously, both seasonal and total rainfall has been rising from 1970
to 2017. Sen’s slopes for winter, pre-monsoon, monsoon, post-monsoon season, and total
rainfall were 0.075, 0.097, 0.103, 0.106, and 0.479, respectively.
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Figure 3. Time series trend analysis of different temperature (both maximum and minimum) attribute
variation from 1970–2017 including four different seasons of the year using Mann–Kendall statistics
and Sen’s slope. Here: (a) winter maximum temperature (◦C); (b) pre-monsoon maximum tempera-
ture (◦C); (c) monsoon maximum temperature (◦C); (d) post-monsoon maximum temperature (◦C);
(e) winter minimum temperature (◦C); (f) pre-monsoon minimum temperature (◦C); (g) monsoon
minimum temperature (◦C); (h) post-monsoon minimum temperature (◦C).
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(c) monsoon rainfall (mm); (d) post-monsoon rainfall (mm); (e) total rainfall (mm); (f) average annual
temperature (◦C).
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2.5. Statistical Analysis

We used the best-fit regression equation (adjusted R2) to describe the relationship
between various stand growth parameters by considering height, diameter, and age as
the dependent variable while, altitude as an independent variable. The Pearson correla-
tion analysis were performed to determine the climatic influence of each variable on the
emergence of the recruits [31].

3. Results and Discussion
3.1. Vegetation Change in the Lahaul Valley

The change in the vegetation can be detected by monitoring the vegetation, studying
the recruitment pattern in the laid-out sample plots, and reconstructing the stand age
structure, through the use of the remote sensing and GIS technique [32]. The use of satellite
images obtained through remote sensing satellite helps in overcoming problems imposed
to direct observation of the inaccessible site [33]. The high value of NDVI indicates high
vegetation density while the lower NDVI value shows the low density of vegetation.
Figure 4 shows that the range of NDVI values in the 1994 image varied from −0.38 to 0.54
and in the 2017 image from −0.38 to 0.42, which indicate that from the period 1994–2017,
the vegetation density decreases over the years. However, in recent years, the vegetation
cover had increased and the maximum increase is recorded in the NDVI range of 0–0.15
(240%) and 0.15–0.30 (32%) (Table 1, Figure 5). It was also corroborated by the NDVI
analysis for the month of June from 1994–2017 (Figure 6) where a shift in the NDVI values
was recorded from 0–0.1 to 0.1–0.15 in the recent years (2014–2017), which indicate that the
grasses and new recruits are emerging in the area Figure 7.

Table 1. The NDVI value change matrix from 1994 to 2017 in the study area.

NDVI Value
Area (ha)

Area Change (ha) Change (%)
Year 1994 Year 2017

<0 248,036.8 125,182.1 −122,855 −49.53
0–0.15 50,285.97 171,051.5 120,765.5 240.16

0.15–0.30 25,537.95 33,688.4 8150.45 31.91
0.30–0.50 7690.05 3363.3 −4326.75 −56.26

>0.5 1473.75 84.6 −1389.15 −94.26

3.2. Relationship between Diameter and Age

The relationship between J. macropoda’s age and DBH was statistically significant
(F = 265.938, p < 0.0001). J. macropoda’s DBH increased with increasing age during the
initial stages of establishment, but as the species matured, the increase in DBH slowed
(Figure 8a). The age histogram of J. macropoda (Figure 8b) revealed that the majority of
the establishment occurred around 1900 and between 1975 and 2010. When compared
to mature trees, the seedlings and saplings (40 years) age histogram had relatively high
frequencies. We hypothesised that the establishment of J. macropoda at higher elevations
occurred in the recent decade based on tree ring analysis, which is consistent with the
findings of other studies [26,34,35].

3.3. Response of Regeneration to Climate Change

Simple Pearson correlation coefficients were used to know the response of J. macropoda
regeneration to temporal seasonal climatic variation (Figure 9). It is evident from Fig-
ure 6 that recruitment of J. macropoda correlated positively with minimum temperature of
monsoon (r = 0.79, p < 0.01) and post-monsoon (r = 0.41, p < 0.05) seasons. Similarly, the
maximum temperature of monsoon season correlated positively (r = 0.41, p < 0.05) with the
recruitment of J. macropoda. While no correlation existed between recruitment and any of
the pre-monsoonal and winter climatic variables. This implies that a warm period during
the monsoon and post-monsoon seasons helps in inducing observed regeneration in the
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cold environment and increased precipitation in the form of snow of the winter season
provides sustain supply of moisture to them. Similarly, Korner & Paulson [36] opined
that at global scale the growing season temperature at tree line plays an important role.
Contrarily, Gaire et al. [26] observed that the regeneration of A. spectabilis was positively
related to May-August precipitation and January–April temperature.

Forests 2022, 13, x FOR PEER REVIEW 8 of 16 
 

 

3.1. Vegetation Change in the Lahaul Valley 
The change in the vegetation can be detected by monitoring the vegetation, studying 

the recruitment pattern in the laid-out sample plots, and reconstructing the stand age 
structure, through the use of the remote sensing and GIS technique [32]. The use of satel-
lite images obtained through remote sensing satellite helps in overcoming problems im-
posed to direct observation of the inaccessible site [33]. The high value of NDVI indicates 
high vegetation density while the lower NDVI value shows the low density of vegetation. 
Figure 4 shows that the range of NDVI values in the 1994 image varied from −0.38 to 0.54 
and in the 2017 image from −0.38 to 0.42, which indicate that from the period 1994–2017, 
the vegetation density decreases over the years. However, in recent years, the vegetation 
cover had increased and the maximum increase is recorded in the NDVI range of 0–0.15 
(240%) and 0.15–0.30 (32%) (Table 1, Figure 5). It was also corroborated by the NDVI anal-
ysis for the month of June from 1994–2017 (Figure 6) where a shift in the NDVI values was 
recorded from 0–0.1 to 0.1–0.15 in the recent years (2014–2017), which indicate that the 
grasses and new recruits are emerging in the area Figure 7. 

 
Figure 5. Diagram showing NDVI change detection map (a) and NDVI map of 1994 (b) and 2017 
(c). In Figure a, the redder the color, the larger the decrease of NDVI. Similarly, the greener the color, 
the larger the greenness change. 

Figure 5. Diagram showing NDVI change detection map (a) and NDVI map of 1994 (b) and 2017 (c).
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3.4. Rate of Shift (m year−1)

Since 1850, the decades have become steadily warmer. The period from 1983 to 2012
was the warmest 30-year period in the Northern Hemisphere in the last 1400 years, where
such an assessment is possible (with moderate confidence). From 1880 to 2012, the globally
averaged combined land and ocean surface temperature data showed a warming trend
of 0.85 ◦C (0.65 ◦C to 1.06 ◦C) [37]. Treeline ecotones form a distinct boundary [38] and
are sensitive biomonitors of climate change [39]. Treeline responds to climate change
positionally, composition, structurally, and [40] ascended to higher elevations.

Figure 10a,b and Figure 11 show graphic representations of the relationships between
elevation/height, elevation/diameter, and elevation/age, respectively. These biophysical
parameters of dominant trees were found to be decreasing with an increase in elevation.
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Their adjusted R2 values (0.95–0.99) indicate strong relationships. A significant relationship
between elevation/height, elevation/diameter, and elevation/age implies that the treeline
is advancing in response to climate change. With increasing elevation, these characteristics
declined dramatically. Limiting climatic conditions at higher elevations, such as the physical
effects of wind and snow, site-specific factors, physiological effects, or nutrient limitations,
may explain the decrease in height and diameter along the elevation gradient. The age
difference between the oldest trees at higher and lower elevations, as well as the elevation
difference between each range, were used to calculate the average rate of the shift, which
is expressed as a changeover yearly and decadal periods. The average rate of change in
the position of J. macropoda is 39.11 m decade−1 or 3.91 m year−1 (Table 2). The shifting
rate at a higher altitude of distribution was related to the seasonal climatic variables [29] of
maximum temperature, minimum temperature, and precipitation. If the plots located along
the altitude consist of individuals with decreasing age and also have uniform distribution
then we can conclude that the vegetation shifting is taking place towards the higher altitude.
At higher elevations, these factors may have a strong limiting effect on germination, height,
and diameter.
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Table 2. Rate of shift of Junipers macropoda in Lahaul Valley of Himachal Pradesh.

Altitude Number of Trees
Sampled Average Age Range Elevation Difference Age Difference Rate of Shift

(Decade−1 in m) Year−1 Shift (m)

3525 m 3 186.99 174–199 50 25.36 19.72 1.97
3575 m 3 161.63 122–170 50 15.16 32.98 3.30
3625 m 3 146.47 135–193 50 19.44 25.72 2.57
3675 m 3 127.03 93–132 50 10.19 49.07 4.91
3725 m 3 116.84 118–132 50 8.77 57.01 5.70
3775 m 3 108.07 95–120 50 24.17 20.69 2.07
3825 m 3 83.9 81–85 50 16.4 30.49 3.05
3875 m 3 67.5 54–61 50 9.91 50.45 5.05
3925 m 3 57.59 67–69 50 24.96 20.03 2.00
3975 m 3 32.63 29–36 50 10.83 46.17 4.62
4025 m 3 21.8 19–23 50 10.2 49.02 4.90
4075 m 3 11.6 7–16 50 7.35 68.03 6.80
4125 m 3 4.25 3–5 - - - -

Average 50 15.23 39.11 3.91



Forests 2022, 13, 2088 11 of 14Forests 2022, 13, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 10. Average height (cm) (a) and Average DBH (cm) (b) of Juniperus macropoda along different 
altitudinal gradients in Lahaul Valley of Himachal Pradesh. The error bar signifies the standard 
deviation. 

 
Figure 11. Age of Juniperus macropoda along different altitudinal gradients in Lahaul Valley of Hi-
machal Pradesh. 

Table 2. Rate of shift of Junipers macropoda in Lahaul Valley of Himachal Pradesh. 

Altitude Number of Trees 
Sampled 

Average Age Range Elevation 
Difference 

Age 
Difference 

Rate of Shift  
(Decade−1 in m) 

Year−1 
Shift (m) 

3525 m 3 186.99 174–199 50 25.36 19.72 1.97 
3575 m 3 161.63 122–170 50 15.16 32.98 3.30 
3625 m 3 146.47 135–193 50 19.44 25.72 2.57 
3675 m 3 127.03 93–132 50 10.19 49.07 4.91 
3725 m 3 116.84 118–132 50 8.77 57.01 5.70 
3775 m 3 108.07 95–120 50 24.17 20.69 2.07 

Figure 10. Average height (cm) (a) and Average DBH (cm) (b) of Juniperus macropoda along different
altitudinal gradients in Lahaul Valley of Himachal Pradesh. The error bar signifies the standard
deviation.

Forests 2022, 13, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 10. Average height (cm) (a) and Average DBH (cm) (b) of Juniperus macropoda along different 
altitudinal gradients in Lahaul Valley of Himachal Pradesh. The error bar signifies the standard 
deviation. 

 
Figure 11. Age of Juniperus macropoda along different altitudinal gradients in Lahaul Valley of Hi-
machal Pradesh. 

Table 2. Rate of shift of Junipers macropoda in Lahaul Valley of Himachal Pradesh. 

Altitude Number of Trees 
Sampled 

Average Age Range Elevation 
Difference 

Age 
Difference 

Rate of Shift  
(Decade−1 in m) 

Year−1 
Shift (m) 

3525 m 3 186.99 174–199 50 25.36 19.72 1.97 
3575 m 3 161.63 122–170 50 15.16 32.98 3.30 
3625 m 3 146.47 135–193 50 19.44 25.72 2.57 
3675 m 3 127.03 93–132 50 10.19 49.07 4.91 
3725 m 3 116.84 118–132 50 8.77 57.01 5.70 
3775 m 3 108.07 95–120 50 24.17 20.69 2.07 

Figure 11. Age of Juniperus macropoda along different altitudinal gradients in Lahaul Valley of
Himachal Pradesh.

The age structure of J. macropoda at the tree line indicates that this tree species has nearly
reached the expansion threshold, with the youngest species recorded at the upper elevation
limit being approximately 4.25 years old. Telwala et al. [41] also observed that mountain
vegetation is sensitive to climate-driven range shift. Similarly, the upward movement of
tree species limit due to climate change in the Himalayan region have also been reported by
Dubey et al. [29] in Pinus wallichiana A.B. Jacks (1.4–1.9 m year−1); Yadav et al. [42] in Pinus
wallichiana (1.1–5.4 m year−1); Gaire et al. [26] in Abies spectablis D. Don (2.61 m year−1);
Suwal [43] in A. spectabilis (3.4 m year−1). The rate of shift seems to be slightly higher
when compared to the different studies done in the Himalayan region, which indicate
that this region is warming at a higher rate than other parts of the Himalayas. During
the investigation, many lichen species were found to invade the bare rock (Figure 12a,b),
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which indicates that climate change is taking place. These findings have been supported by
previous research on alpine tree lines, which found an elevational shift in the first half of
the twentieth century, followed by increased tree density within the high-elevation ecotone
in recent decades [44–46]. However, the continuous establishment of seedlings in the study
site has not occurred, and seedling recruitment remains episodic [47]. However, the tree
line’s response to climatic warming in the alpine region is mixed [48].
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4. Conclusions

In the study area, the long-term NDVI analysis from 1994–2017 illustrated that the
average NDVI value for June month is gradually increased in recent years, especially
from 2013 onwards which indicates the emergence of grasses and new recruits in the area.
The biophysical parameters of age, diameter, and height of the dominant trees decreased
with the increase in altitude. This happens due to the migration of the tree species to a
higher altitude because of formation of the favorable conditions for their establishment
during some period of time. The majority of the establishment of J. macropoda occurred
around 1900 and between 1975 and 2010. This recent recruitment of J. macropoda correlated
positively with the rise in the minimum temperature of the monsoon and post-monsoon
seasons. Furthermore, significant variations in climatic factors over the last few decades
were observed, which attributed to the vegetation shift of juniper species at a rate of 3.91 m
year−1. During the investigation, many lichen species were found to invade the bare rock,
which gave ample evidence that climate change has started to influence vegetation in a
significant manner. However, there is a concern that the ongoing warming affecting could
lead to the disappearance of pasture and a decline in the species richness in the fragile
Himalayan ecosystem. Therefore, there is an urgency to develop a better understanding of
the response of high-elevation plant species of the Himalayas on a larger scale.
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