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ABSTRACT: Globally it is recognized that the productive capacity, energy potential and capability to sequester carbon of forests
can be conveniently indicated by the forest biomass and its carbon stocks. For the first time, present study explored the timberlines
of Khangchendzonga National Park, Eastern Himalaya, India, with an aim to assess the status of biomass and carbon stock. Along
3800 m asl to 4000 m asl, in Dzongri landscape, we assessed nine major timberline sites for the estimation of total basal area,
aboveground biomass, belowground biomass, total carbon and stem density. The total basal area varied between 99.55+1.90 and
4.5042.41m? ha'!. The total above ground biomass differed between 279.25+3.04 and 15.35+7.38Mg ha’!, while the total below
ground biomass ranged between 144.76+8.10 and 9.8544.82Mg ha'!. The total carbon content estimated between 195.0342.32 and
11.59+5.61 Mg ha''. Among the studied environmental factors, elevation and humus were observed the determining factors for the
tree growth and forest composition in the study area. The present investigation in the timberlines offers a potential platform for long

term monitoring of climate change induced changes.
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INTRODUCTION

The carbon dioxide (CO>) is one of the principle
greenhouse gases, which is responsible for the
greenhouse effect, potentially influencing the global
climate pattern (Brown, 1993). The global mean
temperature has risen by 0.5°C during the last century
(Kellomaki, 2000) and by 0.4°C during the last 70 years
for the Indian sub-continent (Negi ef al., 2003). About
60% of the global climate change is driven by the
increasing level of CO, concentration in the atmosphere
(Grace, 2004). In maintaining the regional and global
carbon cycle, forest plays an important role (Brown et
al., 1999). However, the global forest area changed from
31.6% of global land area in 1990 to 30.6% in 2015
(FAO, 2016). Amongst various ecosystems such as soil,
grassland, forest and ocean, the forest ecosystem is
considered as an important carbon sink (Vashum et al.,
2012). Out 0of 2,050 gigatons (Gt) of carbon stored in the
earth’s terrestrial ecosystem, the forests contain an
estimated 638 Gt carbon in the ecosystem as a whole and
238 Gt carbon as biomass alone (Nabuurs et al., 2007).
In the forest ecosystem, the carbon is stored in five
different pools viz. above ground biomass, below ground
biomass, dead wood, litter and soil organic matter (Malhi
et al., 2002). The above ground biomass includes all
living biomass above the soil (stem, stump, branches,
bark, seeds and foliage). Below ground biomass includes
all live roots (Penman et al., 2003). The forest stores 86%
of the above ground carbon and 73% soil carbon of the

earth (Sedjo, 1993). Approximately 50% of the total
woody biomass stored in the trees is present in the form of
carbon (Birdsey, 1992; Brown and Lugo, 1982). Hence,
quantification of biomass is important as an indicator of
carbon stored in the forest ecosystem. Further, biomass
estimation helps assessing forest structure and comparing
functional and structural attributes of forest ecosystem
across wide range of environmental conditions (Brown et
al., 1999). The estimation of biomass and carbon is
gaining importance (Sharma et al., 2010; Gairola et al.,
2011; Beets et al., 2012; Ekoungoulou et al., 2014;
Salunkhe et al., 2016), several countries act in accordance
with the agreements of greenhouse gas emissions under
the United Nations Framework Convention on Climate
Change (Brown, 2002).

The protected areas encompass 12% of the land
surface and contain over 312 Gt carbon (15.2%) of the
global terrestrial carbon stock (Campbell ez al., 2008).
The protected areas may effectively reduce the
probability of deforestation (8-9 times less) than non-
protected areas (Soares-Filho et al., 2009). By the virtue
of large amount of carbon stored in the protected areas,
they could play a vital role in climate change mitigation
(Campbell et al., 2008), particularly if they are devoid of
any form of anthropogenic pressures. Furthermore,
protected areas established in primary forests provide
several benefits such as reduced deforestation, reduced
forest conversion and climate change mitigation
(DeFries et al., 2005; Burner et al., 2001; Devictor et al.,
2007; Soares-Filho et al., 2010). Carbon emission from
deforestation contributes to an estimated 20% of global
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Fig. 1. Study area map of the Khangchendzonga National park with locations of study sites

carbon emission (IPCC, 2007). Therefore, protection of
the existing carbon sinks is attaining prominence and
being recognized (Campbell et al., 2008). Despite
protected areas being recognized globally as an
important mechanism for the conservation of
biodiversity, their potential in reducing deforestation and
greenhouse gas emission has so far not been fully
investigated (Soares-Filho ef al., 2009; Campbell et al.,
2008). Studies concerning the contribution of temperate
forests having protected status in carbon benefits are
limited. Over 26.5% (39.3 million km?) of the global
terrestrial area is covered with mountains; whereas, the
mountain protected areas constitute 32.5 % (17.3 million
km?) of the world's terrestrial protected area network
(Rodriguez et al., 2011; Blyth, 2002; [IUCN and UNEP-
WCMC, 2010). The mountain forests cover 26.5% or
9.5 x 106 km? of the global closed forest area i.e., land
with tree cover of canopy density greater than 70%
(Kapos et al., 2000; Kapos, 2000; FAO, 2003). Further,
these mountain forests hold a major carbon stock, with
their ongoing carbon sequestration they can critically
mitigate the climate change (Price et al., 2011)

The mountain ecosystems at temperate latitudes are
considered to be the largest biotic carbon reserves
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(Schimel et al., 2002; Hassan et al., 2005). These regions
are experiencing rapid climate change since the past few
decades (Solomon, 2007). The Himalayas are considered
as one of the biodiversity richest ecosystems of the world
and harbor a wide range of forest types from foothills to
alpine peaks (Mani, 1978). These regions encompass the
highest timberline in the world (Shi and Wu, 2013). The
timberline which forms the upper limit of forest on a
mountain (Wardle, 1974) is consider to be sensitive to
climate change (Korner, 2012) because climate related
ecological factors dominating at the high altitude mainly
control its distribution (Telwala et al., 2013). The rising
atmospheric CO; concentration enhances the tree growth
and further extends the timberline position (Korner,
2012). The response of the timberline to regional and
global climate change can be better understood by
understanding the carbon storage and allocation along
the timberlines.

Numerous studies pertaining to biomass and carbon
stock assessment have been carried out around the world
(Brown et al., 1999; Segura and Kanninen, 2005; Beets
et al., 2012; Ekoungoulou ef al., 2014; etc.) and in India
(Manhas et al., 2006; Gairola et al., 2011; Bhat and
Ravindranath, 2011; Sharma et al., 2010; Salunkhe et
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Table 1: List of volume equation and specific gravity used in the present study.

Species Volume equation’ Type of equation’  Specific gravity®

Abies densa Giriff. (0.01945/D%+0.00009565+0.00002896H)*D? G 0.336
Pieris villosa Hk. F. 0.024659+0.00003492D?H G 0.6
Prunus nepalensis (Ser) Stendel 0.3555-0.037D+0.001259D? L 0.51
Rhododenderon arboreum Sm. (0.306492+4.315360D-1.749908+D)? L 0.6
Rhododenderon hodgsonii Hk.F. (0.306492+4.315360D-1.749908+D)? L 0.6
Rhododenderon thomsonii Hk.F. (0.306492+4.315360D-1.749908+D)? L 0.6
Rhododendron fulgens Hk.f. (0.306492+4.315360D-1.749908VD)? L 0.6
Rhododendron lanatum Hk.F. (0.306492+4.315360D-1.749908+D)? L 0.6
Rhododendron wightii Hk.F. (0.306492+4.315360D-1.749908+D)? L 0.6
Sorbus thomsonii Decne. 0.024659+0.00003492D?H G 0.54

G: general; L: local; ' FSI: 1996; 2 FRI, 1996

al., 2016; Subashree and Sundarapandian, 2017; etc.),
yet, the studies pertaining to biomass and carbon stock
assessment along the timberlines seem to be limited.
Furthermore, the status of biomass and carbon present
within a protected area is not fully explored. Keeping in
view the aforementioned facts and lacuna, the present
study was carried out in the timberline area of Dzongri,
Khangchendzonga National Park, a UNESCO world
heritage site, in Eastern Himalaya with the following
objectives: (1) what is the status of the biomass and
carbon stock along the upper elevational limit of forest
i.e. timberline, in a protected area (2) how the carbon
stock varied between different forests across the
Himalaya (3) to understand the relationships between
species composition, basal area, biomass, and
environmental variables.

MATERIALS AND METHODS

Study area

The state of Sikkim situated in the Eastern
Himalayas, India, lies between 27°00'46" and 28°07'28"
N latitude and 88°00'58" and 88°55'25" E longitude
(Fig.1), along 284 m asl to 8586 m asl. As biodiversity-
rich state (O’Neill et al., 2017), it shares border with
Nepal in the west, China in the north and northeast,
Bhutan in the east and West Bengal in the south.
Geographically, Sikkim covers 7096 sq km area. The
total forest and tree cover of the state is 3392 sq km and

covers 47.80 % of state’s geographical area (ISFR, 2015).

The present study was carried out in the timberline areas
of Dzongri landscape along 3800-4000 m asl. Dzongri is
situated within Khangchendzonga National Park (KNP;
1784 km?), a recently inscribed UNESCO’s World
Heritage site and lies at a distance of 26 km or two days
trek from Yuksam, West Sikkim. Whereas, the KNP is
the core zone of Khangchendzonga Biosphere Reserve,
which is included in the UNESCO World Network of
Biosphere Reserves in July 2018. In the present study,
the timberline is defined as the upper limit of timber
yielding trees with crown cover >30% and connected
with the subalpine conifer mix forest below.

Methods

We assessed a total of nine major sites for the
biomass and carbon estimation along the timberline of
Dzongri landscape of Khangchendzonga National Park.
At each site, we marked three subplots of 50 m x 20 m
size, within a plot of 150 m x 20 m. With a total of fifteen
quadrates per site, within each three subplots, we laid
five quadrates of 10 m x 10 m dimension in a random
fashion to enumerate trees (=10 cm diameter or >30 cm
girth). All the sites contained one plot with three 50 m x
20m subplots each, except for Site-2 and Site-6 which
consisted of two subplots each due to unavailability of
accessible sampling area, due to unapproachable steep
slopes. Therefore, the nine study sites consist a total of
nine plots, 25 subplots and 125 quadrates. We
considered trees having the diameter above 10 cm at
breast height or girth above 30 cm. The diameter of the
tree was recorded at a height of 1.37 m from the ground
with the help of measuring tape. The height of the tree
was measured using a hypsometer. The aspects of all the
plots were recorded with the help of in built GPS
compass (Garmin, Oregon 650).

Biomass and carbon estimation

Growing Stock density (GS): Our study involves the
calculation of GS using the volume equation established
by the Forest Survey of India (FSI, 1996). Species
specific regional and local volume equation have been
used for the different tree species (Table 1). In case of
unavailability of the species-specific volume equation,
we used a non-species-specific general volume equation.
Local volume equations have limited application for a
forest or small locality and are based only on diameter at
breast height. Regional volume equations are normally
based on two variables viz. diameter at breast height and
height of the tree. It covers a wide range of distribution
of species. General volume equations are broader based
and covers the full geographical distribution of the
species (FSI, 1996).

Above ground biomass density (AGB): We
calculated AGB by multiplying the GS with the biomass
expansion factor and volume weighted average wood
density (Brown and Lugo, 1992).
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Table 2: Total basal area, above ground biomass, below ground biomass, total carbon and stem density in different sites of Dzongri

timberline of Khangchendzonga National Park.

Altitude TBA AGB BGB TC Stem density
Site  Aspect (m asl) (m2ha) (Mg ha™) (Mg ha™) (Mg C ha) (stem ha™)
1 SW 3899 95.93460.98a  242.92+154.32ab 117.20+£72.00ab 165.38+104.17ab 287.22+89.37bc
2 W 3973 68.98+6.11a 185.63+11.31ab 94.23+1.00ab 128.74+5.67ab 376.0+104.0bc
3 w 3834 88.40+34.65a  230.08+90.42ab 115.07+42.67ab 158.77+61.21ab 307.0+£71.63bc
4 E 3902 95.79420.48a  221.23+56.14ab 124.19+30.89ab 158.92+40.02ab 497.11+£93.54ab
5 NE 3950 78.86+14.93a 205.84+40.32ab 119.54+24.12ab 149.67+29.64ab 735.67+161.67a
6 SE 3787 99.55+1.90a 279.25+3.04a 144.76+8.10a 195.03+2.32a 414.0£106.0bc
7 SE 3950 24.61+£9.29a 67.49+29.24ab 38.53+£16.65ab 52.21+18.32ab 256.67+36.55bc
8 NE 3815 78.4615.72a 273.89+27.96a 137.73+12.79a 187.36+20.41a 434.56+£21.95b
9 SE 3989 4.50+2.41a 15.35+7.38b 9.85+4.82b 11.5945.61b 118.0+£30.29¢
Total 70.56367 191.30 100.12 134.19 380.69

TBA: total basal area; AGB: aboveground biomass; BGB: belowground biomass; TC: total carbon; SD: stem density Values in each column represents
mean+SD, the values followed by the same letter within a column are not significantly different from each other.

AGB =V x D x BEF

Where, AGB = Aboveground biomass, Mg of dry matter ha™', V
= tree volume, m* ha™!, D = Volume weighted average wood density,
Mg of oven-dry matter per m® of green volume, BEF = Biomass
expansion factor (ratio of aboveground oven-dry biomass of trees to
oven-dry biomass of commercial volume), dimensionless (Penman et
al., 2003).

Below ground biomass density (BGB): The BGB
was calculated using the regressing equation BGB =
exp{—1.059 + 0.884 x In (AGB) + 0.284} given by
Crains et al. (1997). However, the Total Biomass
Density (TB) was calculated by adding-up the AGB and
BGB. Similarly, the Total carbon density (TC) was
calculated using the formula: TC = TB X Carbon %.
The 46% carbon content was applied for forest type
where conifers constitute more than 50%. For the forest
type constituting (i) more or less an equal proportion of
conifers and broadleaf species (ii) more than 50% broad
leaved species in the zone above 1500 m altitude, the
45% carbon content was applied (Negi et al., 2003;
Manbhas ef al., 2006, Sharma et al., 2010).

Statistical analysis

We used Analysis of variance (ANOVA) to compare
the differences in means of total basal area (TBA), above
ground biomass (AGB), below ground biomass (BGB),
total carbon (TC) and stem density (SD) of tree species
between different sites and their significant differences
were tested using Duncan’s multiple range test (DMRT).
We used linear regression analysis (Snedecor and
Cochran, 1967) to find out the relationship between total
carbon and other parameters viz., 1) elevation; ii) species
dominance; iii) species diversity; iv) species richness; v)
stem density of the sites using SPSS (Version 20; SPSS
Inc., Chicago, USA) statistical software package.
Further, the Canonical correspondence analysis (CCA)
was performed to understand the relationships between
vegetation composition, basal area, biomass, total
carbon and environmental variables across the nine
study sites using PAST v.3.0 data analysis package
(Hammer et al., 2001).
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RESULTS

The nine major study sites along Dzongri timberline
of Khangchendzonga National Park consists a total of 25
subplots (50 m x 20 m) and nested within the subplots,
125 quadrates (10 m x 10 m). Longitudinally, the
timberline of study area varied in topography and forest
compositions; this variability in topography has shaped
the elevational extant of the timberline vegetation
between 3787-3989 m asl (Table 2). We recorded the
lowest elevation at Site-6 and the highest at Site-9.
Belonged to three families, viz., Pinaceae, Rosaceae, and
Ericaceae, we enumerated a total of ten tree species, viz.
Abies densa, Prunus rufa, Sorbus microphylla,
Rhododendron arboreum, Rhododendron hodgsonii,
Rhododendron  lanatum,  Rhododendron — wightii,
Rhododendron thomsonii, Rhododendron fulgens and
Pieris villosa. Table 2 summarizes the result of the
present study pertaining to TBA, AGB, BGB, TC and
SD in different study sites of Dzongri timberline in
Khangchendzonga National Park.

In the present study, the total carbon content
(mean+SD) ranged between 195.03+2.32 Mg ha'! (Site-
6) and 11.59+£5.61Mg ha'! (Site-9). The total above
ground biomass (AGB) varied between 279.25+3.04 Mg
ha! (Site 6) and 15.35+7.38 Mg ha! (Site 9) while the
total below ground biomass ranged between
144.76+8.10 Mg ha! (Site 6) and 9.85+4.82 Mg ha’!
(Site 9). The total basal area (TBA) differed between
99.55+1.90 m? ha'! (Site-6) and 4.50+2.41 m? ha'' (Site-
9). The stem density ranged between 735.67+161.67
stem ha'! (Site-5) and 118.0£30.29 stem ha™' (Site-9)
(Table 2). Sites having the highest and the lowest values
of TBA, AGB, BGB and TC correspond to the SE aspect.
The regression analysis revealed that, across the sites
total carbon possess a significant negative relationship
with the elevation (R* = 0.583, p<0.05) and tree
dominance (R? = 0.634, p<0.05), and a significant
positive relationship with tree diversity (R? = 0.580,
p<0.05), richness (R* = 0.481, p<0.05) (Fig. 2). Among
the nine study sites, the diameter of the trees ranged
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Fig. 2. Relationship of total carbon with elevation and vegetation
composition Dominance index (Simpson, 1981), Diversity index
(Shannon & Weaver, 1963), Species richness index (Margalef,
1958). N=9

between 9.87 cm to 151.54 cm at Site 2, we observed
tree with highest diameter (151.54 cm). Of the total
enumerated trees, 71.75% had diameter below 20 cm,
which contributed to only 22.05% (1907.462 m? ha'!) of
the total basal arca. Whereas the trees having diameter
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between 20-40 cm accounted to only 21.31% of the total
tree enumerated and were responsible for 24.57%
(2125.304 m? ha'') contribution to the basal area. The
trees having diameter between: 40-60, 60-80 and 80-100
cm contributed to 3.41%, 1.77% and 0.88% of the total
tree enumerated and 12.66% (1095.05 m? ha!), 12.83%
(1109.51 m? ha'!) and 10.94 % (946.18 m? ha'!) of the
total basal area, respectively. The trees with diameter >
100 cm contributed to 0.88% of the total tree enumerated
and 16.96% (1466.707 m? ha!) of the total basal area

(Fig. 3).
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Fig. 3. Contribution of different diameter classes to the stem
density and total basal area

The figure 4 shows the scattered plots generated
through CCA (Hammer et al, 2001). Among three
environmental variables, elevation showed good positive
correlation with axis 1 and other two (humus and slope)
has shown a negative correlation with the axis 1 and axis
2. The total basal area (TBA) of the tree species has
exhibited strong negative correlation with axis 3, above
ground biomass with axis 1, total carbon with axis 2, tree
species diversity with axis 2 and richness with axis 2
respectively. However, a strong positive correlation was
observed in the below ground biomass (BGB) with axis
2, species dominance with axis 2, tree species richness,
evenness and stem density with axis 3. Among study
sites, site 9 has shown a good correlation with axis 1
(Supplement 1). The tree species dominance, evenness
and stem density were most likely to be higher in the
high elevations and under low humus. Clockwise, the
quadrant I and II represents the sites of higher elevations
with high dominance and evenness, the sites of quadrant I
(site 5, 7, 9) were dominated by Rhododendron spp. and
Sorbus microphylla. Quadrant 111 and IV represents the
sites with greater values of humus, moderate slope and
comparatively low elevation. Within these quadrants,
sites (1 and 6) were purely, and sites (6 and 8) were
partially dominated by Abies densa corresponding to the
high biomass and carbon content. Further, the
availability of good humus can be correlated to the high
tree richness and diversity in quadrant III (Fig. 4).
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Fig. 4. Ordination diagram showing the result of CCA analysis.
A. between vegetation composition and environmental variables,
B. between environmental variables and the nine study sites.
Abbreviations: TBA: total basal area; AGB: aboveground
biomass; BGB: belowground biomass; TC: total carbon.

The forest of the nine study sites was categorized in
to forest communities based on the dominant tree species
of the stand. Based on dominant tree species, we
categorized the timberline forests of nine study sites in
to three major forest communities, viz. Abies densa,
Rhododendron and conifer mixed forest community (Fig.
5). The Abies densa forest community (comprises of
sites 1, 2, 4, and 6) was dominated by a conifer Abies
densa (Gobre salla), however, the conifer mixed forest
community (includes site 3, 5, 7, and 8) composed of of
A. densa mixed with Sorbus microphylla and/or
Rhododendron species (R. lanatum, R. wightii, R.
thomsonii, R. hodgsonii). Similarly, the R. lanatum, R.
wightii were the dominant tree species in the
Rhododendron forest community (Site 9). The species
richness varied among the forest communities and
maximum species number was observed in coniferous
mix community (10) followed by Abies densa (7) and
Rhododendron (4). The total biomass (TB) and total
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carbon (TC) was contributed in their highest proportion
(52%) by the Abies densa forest community (TB-
352.428+193.456 Mg ha'!; TC-162.046+89.025 Mg ha-
", followed by (44%) conifer mixed (TB-
297.0421+168.36 Mg ha'!; TC-137.00+75.88 Mg ha™!)
and the least (4%) by the Rhododendron forest
community (TB-25.202+21.138 Mg ha!; TC-
11.593+9.723 Mg ha!). The Conifer mixed forest type
made 44% contribution to the total biomass
(297.045+168.363 Mg ha!) and total carbon
(137.003+75.885 Mg ha™') (Fig. 5).

Conifer Mixed

8 Abies densa 8 Rhododendron spp.

100% 1

80% A

60% -

Percent contribution

40%

TC (Mg ha-1) Total biomass (Mg
ha-1)

Fig. 5. Weightage of different forest communities in studied
parameters of Dzongri timberline, Khangchendzonga National Park.

DISCUSSION

The global forests not only hold more than 75 percent
of the world’s terrestrial biodiversity (FAO, 2014) but
also serve as huge carbon sink. One of the most
important measures to mitigate the increasing level of
atmospheric carbon dioxide is by increasing area under
forest cover (Watson et al., 2000). Conservation of areas
having large amount of carbon stock also proves to be an
effective measure to sequester carbon dioxide (Sharma
et al.,2010). For normally having rich floral diversity as
well as high carbon stock, National Parks and Biosphere
Reserves play an important role in reducing carbon
dioxide concentration from the atmosphere. Our study
site falls within Khangchendzonga National Park, in
Sikkim, contributes to carbon sequestration process.

The timberline forms the upper elevational limit of
forest (Holtmeier, 2009) and known for its high
sensitivity to climate change (Korner, 2012), which
responds through enhanced tree growth or upward
movement or increased recruitment (Shi and Wu, 2013).
Study on the status of biomass and carbon stock along
the timberline is very crucial in order to monitor the
response of the vegetation to climate change. The basal
area and height of the trees helps estimation of biomass
and carbon content of the forest. There exists a strong
association between the basal area and the biomass
content (Chiba, 1998) and as well as the carbon content.
The larger basal area is responsible for a greater biomass
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Table 3: Comparison of estimated biomass and biomass carbon of present study with other forest types of different regions.

Rai et al. : Biomass and carbon stock estimation across timberline in India

Forest types Regions AGB AGC TCD (AGC+BGC) References

(Mg ha-1) (Mg C ha-1) (Mg C ha-1)
Asian forests Asia - 132.00-174.00 - IPCC (1996)
Good forests Central Himalaya - 131.50-225.60 - Singh et al. (1985)
Medium forests Central Himalaya - 75.20-131.50 - Singh et al. (1985)
Poor forests Central Himalaya - 35.00-75.20 - Singh et al. (1985)
Abies pindrow India - 65.03 - Manhas et al. (2006)
Abies pindrow India 209.80 104.90 - Haripriya (2000)
Cedrus deodara India 141.20 70.60 - Haripriya (2000)
Mixed Conifers India - 46.79 - Manhas et al. (2006)
Mixed Conifers India 247.55 73.65 - Haripriya (2000)
Abies pindrow North-West Himalaya 305.33 140.45 173.72 Sharma et al. (2010)
Cedrus deodara North-West Himalaya 434.43 199.84 245.31 Sharma et al. (2010)
Pinus roxburghii North-West Himalaya 239.86 110.34 137.10 Sharma et al. (2010)
Cupressus torulosa North-West Himalaya 271.63 124.95 154.82 Sharma et al. (2010)
Deciduous timberline Central Himalaya 27-241 - - Garkoti and Singh (1995)
Tropical Rain Forests Western Ghats 181.6-331.93 - 90.58-165.96 Bhat and Ravindranath (2011)
Moist deciduous Western Himalaya 338.4-438.17 - 169.2-219.08 Shahid and Joshi (2015)
Savannah Western Ghats 379.6-331.3 - 206.6-216.2  Subashree and Sundarapandian

(2017)

Abies densa timberline Eastern Himalaya 15.35-279.25 7.06-128.46 11.59-195.03 Present study
Abies densa forest Eastern Himalaya  221.23-279.25 101.76-128.46  158.92-195.03 Present study
Conifer mixed forest Eastern Himalaya 67.49-230.08  31.05-105.84 48.77-158.77  Present study
Rhododendron forest Eastern Himalaya 15.35-205.84 7.06-94.69 11.59-149.67 Present study

AGB: aboveground biomass; AGC: aboveground carbon density; BGC: belowground carbon density; TCD: total carbon density; Mg: mega gram; ha:

hectare; C: carbon; -: not available

and carbon content. Thus, our study Site-6 having the
maximum basal area also reflects to maximum carbon
content. The carbon allocation varies among the study
sites depending upon their altitude and aspect. The basal
area and the carbon content shows a decreasing trend
against increasing altitude. The Site-9 identified at the
highest altitude exhibited the lowest basal area and carbon
content. We observed significant negative correlation of
biomass and carbon with the increasing altitude, which
can be attributed to the climatic variables (precipitation
and temperature), that directly affect the net primary
productivity (Wright, 1983; Currie, 1991; Carpenter,
2005). The climatic variables being the limiting factors at
the higher altitude, responsible in reducing the net primary
productivity of the plants despite of having the highest
stem density, the Site-5 recorded the lower basal area and
the carbon content. Due to the dominance of
Rhododendron species, about 94% of the trees in the Site-
5 had less than 100 cm circumference.

Various studies (Sharma et al., 2010; Gairola et al.,
2011; Manhas et al., 2006; Haripriya, 2000) has shown
a higher carbon density of the conifer dominated forest
in comparison to the broadleaf dominated forest (Table
3). Studies reported that various tree types store carbon
in the order - conifers > deciduous > evergreen > bamboo
(Negi et al., 2003). In the present study, the Abies densa
forest community and the conifer mixed forest
community made a significant contribution of 52% and
44% to the total carbon content, respectively. There are
indications that all the forest communities growing
above 2000 m asl (conifer dominating communities) had

more carbon stock than the forest of lower altitude
(Sharma et al., 2010), this is an agreement with the
results of our study that the conifer dominated forest
plays vital role in carbon accumulation. In our study, the
total carbon density ranged between 195.03+2.32 Mg/ha
and 11.59+£5.61 Mg/ha with Abies densa as the most
dominant tree species. The maximum recorded carbon
density in our study seems to be higher than those
recorded for Abies pindrow and Cedrus deodara forests
(Sharma et al., 2010; Gairola et al., 2011; Manhas et al.,
2006 and Haripriya et al., 2000) (Table 3).

The old-growth forests may continue to sequester
carbon and act as a carbon sinks, contrary to the view of
old-growth forests to be carbon neutral (Luyssaert ez al.,
2008). The site having mature (large-diameter) trees
harbors a higher amount of biomass and carbon as
compared to sites maintaining greater density of young
trees with lesser diameter (Salunkhe ef al., 2016). In our
study, despite the trees having diameter greater than 100
cm attributed to only 0.88 % of the total tree enumerated,
however, they contributed to an impressive 16.96 % of
the total basal area. With this, a positive correlation
between the basal area and total carbon content strongly
suggests that the large-diameter trees contribute
significantly to the carbon sequestration process. Our
study site located in a National Park, the large-diameter
trees can continue to act as a carbon sink and help in
climate change mitigation. The trees having lesser
circumference but their substantial contribution to the
total basal area (< 20 cm: 22.05%; 20—40 cm: 24.57%))
project great possibility that they will grow as large-
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diameter/mature trees and help in continuous carbon
sequestration.

The canonical correspondence analysis congregates
the sites of the high elevation (>3900m asl) with low
humus in quadrant I and II, and sites with good humus
with moderate sloppy terrain with comparatively low
elevation range are represented by quadrant III and IV.
The low tree diversity and richness leads to the species
evenness and dominance, which results the lower TBA,
AGB, BGB, and TC of sites particularly (site 9, site 7,
site 5 and site 2), and can be held accountable to the high
altitude where the growth limiting factors viz.
precipitation and temperature play a vital role on their
productivity (Wright, 1983; Currie, 1991; Rhode, 1992;
Carpenter, 2005). The remaining sites, comparatively
located at lower altitudes, clustered in a quadrant I1I and
IV having higher side of TBA, AGB, BGB, and TC.
Interestingly, in the present study, most of the sites
located in the higher elevation are dominated by the
Rhododendron lanatum, Rhododendron wightii and
Sorbus microphylla. This indicates their adaptability to
the drier habitats as only few tree species are capable to
tolerate this threshold. Therefore, these sites possess
high dominance and leads to the high species evenness.
However, the sites in the lower elevation with good
humidity represented the high species diversity and
richness, and dominated by the Abies densa, which
corresponds to the high TBA, AGB, BGB, and TC of
these sites. In general, based on the CCA, the altitude can
be regarded as one of the influencing factors for biomass
production and subsequent carbon storage.

CONCLUSION

The biomass and carbon stock estimated in the
timberline areas of Dzongri landscape in
Khangchendzonga National Park, Eastern Himalaya was
found out to be considerably higher despite of being
situated at an altitude range of 3787-3989 m asl. This
offers an advantage for carbon sequestration as our study
site being a protected area benefits from the conservation
practices with restricted anthropogenic disturbances.
Furthermore, the timberline areas, one of the most
sensitive ecosystems, situated within the protected areas
can be monitored efficiently for their response to climate
change. The protected areas, apart from their
contribution towards biodiversity conservation, can be
considered as carbon stocks and a potential solution for
climate change mitigation. Further, our study sites
within Khangchendzonga National Park can act as a
potential study area for long term monitoring of climate
induced vegetational changes and our opted
methodology can be replicated across the Himalayas for
a wider understanding in general.
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Supplement 1. Inter-set correlations of 21 variables with CCA
axes.

Variables Axis 1 Axis 2 Axis 3
Elevation 0.751257 -0.578052 0.591833
Humus -0.340171 0.00117271 -0.160157
Slope -0.169221 -0.0398878 -0.235156
TBA 0.190641 1.86981 -2.45219
AGB -1.07504 -0.0266383 0.145855
BGB -0.868364 1.22012 1.04013
TC -0.970302 -1.10056 -0.56328
Dominance 2.96651 21.1699 14.1388
Diversity -0.77179 -4.76759 2.70057
Richness -1.14388 -2.25268 5.39064
Evenness 0.768134 10.041 10.338
Stem density  1.08493 -0.271073 0.205198
Site 1 -0.214247 0.0678155 -0.0855552
Site 2 0.0139381 -.000361697  -.00497061
Site 3 -0.170798 0.0491568 -0.0594403
Site 4 0.0484697  0.0137378 -0.0192199
Site 5 0.260491 -0.0602304 0.0547536
Site 6 -0.133462 0.0220858 -0.0305827
Site 7 0.276815 -0.0730646 0.110872
Site 8 -0.103298 -0.0198758 0.020222
Site 9 0.560286 -0.0829823 0.301248




