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The assessment of tree biomass and its carbon (C) stock at the local and regional

level is considered a crucial criterion for understanding the impact of changing

environments on the global carbon cycle. In this context, we selected three sites

in the western Himalayas, covering parts of Himachal Pradesh and north-eastern

Haryana. Each study site experiences distinct climatic conditions, vegetation

types, and elevations. We seek to elucidate the determinants of tree biomass

and carbon stock across different forest types in the Western Himalayas. We

found that temperate forests contributed the most biomass and carbon stock,

with Cedrus deodara attaining the highest values of 782.6 ± 107.9 Mg/ha and

360 ± 49.7 Mg C/ha. In contrast, Quercus leucotrichophora mixed temperate

had the lowest 286.6 ± 57.2 and 128.9 ± 25.7 Mg/C ha, respectively. Only

a few species, such as Abies pindrow, Cedrus deodara, Quercus floribunda,

and Quercus semecarpifolia, accounted for significant biomass and carbon

stock. The lower elevation subtropical forests had the highest species richness

(8–12 species) and stem density (558.3 ± 62.9 to 866.6 ± 57.7 trees/ha).

Furthermore, tree diameter, total basal cover, and height emerged as the

strongest predictors of biomass and C stock. The remaining variables showed

no significant associations, including species diversity, climatic attributes and

elevation. Thus, our study extended the assertion that vegetation composition

and structural attributes, apart from climatic and topographic factors, are equally

important in determining biomass and C stock in forest ecosystems. Our study

indicated that the temperate forests in the western Himalayas possess significant

carbon storage and climate change mitigation potential.
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1 Introduction

Anthropogenic activities have raised the earth’s temperature by 1◦C beyond pre-
industrial levels, and this is expected to climb to 1.5◦C by 2,052 if current emission rates
continue (IPCC, 2018). The 2◦C of global warming is anticipated to negatively influence
livelihood, food security, health, and biodiversity (Smith et al., 2018). Therefore, countries
have set targets to keep global temperatures below 2◦C within the framework of the Paris
Agreement. Furthermore, the pact requires countries to reach carbon (C) neutrality (zero
C emissions) by the second half of this century (UNFCCC, 2015). As a result, mitigation
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techniques focus primarily on CO2 removal from the atmosphere
and its secure storage. In this context, forests provide a viable
solution because they cover around 31% of the earth’s surface area
(FAO, 2022) and sequester 15–20% of annual human C emissions
(Le Quéré et al., 2018; Case et al., 2021). Furthermore, around 80%
of Earth’s total plant biomass is confined to forests (Kindermann
et al., 2008) and they hold a more significant amount of carbon in
their biomass and soil than stored in the atmosphere (Pan et al.,
2013). Contrastingly, tropical forests have the highest C storage
capacity (471 Pg C), while boreal and temperate forests have 272 Pg
C and 119 Pg C, respectively (Pan et al., 2011). Most carbon is
stored in aboveground biomass (AGB) components in tropical
forests, whereas C is limited to belowground, primarily soils, in
boreal and temperate forests (Malhi et al., 1999). Given their high
C sequestration potential, the assessment of biomass and C stock
inventories at local or regional scale is crucial for understanding
the contribution of forests to the global carbon cycle, particularly
in the context of changing climatic conditions (Gibbs et al., 2007;
Huynh et al., 2023). Furthermore, this information is valuable in
attaining the objectives of global obligations such as the "Reduction
of Emissions from Deforestation and Forest Degradation (REDD)"
initiative, which aims to offset forest loss and earn carbon credits
(Lung and Espira, 2015; Sahoo et al., 2021).

The carbon pool in forests varies widely on a regional and global
scale. Various factors, including vegetation composition, structural
attributes, topography, climatic conditions, disturbances, and stand
age, are attributed to this variation (Pregitzer and Euskirchen, 2004;
Islam et al., 2017; Kothandaraman et al., 2020; Gogoi et al., 2022).
Tree C storage, especially aboveground, is a function of various
structural attributes, such as stem density, mean tree diameter
(Poorter et al., 2015; Islam et al., 2017), height (Moles et al., 2009),
and basal area (Mensah et al., 2016, 2020). The role of DBH in
predicting C stock is more pronounced in temperate forests, as a
significant fraction of the AGB (40%) is comprised of large diameter
(>60 cm) trees (Lutz et al., 2018). Apart from this, species diversity
influences C stock in many ways as positive (Mensah et al., 2016; Lie
et al., 2018; Kaushal and Baishya, 2021), negative (Jerzy and Anna,
2007), and no relationships (Khanalizadeh et al., 2023; Pinto et al.,
2023) have been observed globally.

In addition to these, environmental variables also play a
crucial role in forest C stock. For example, topographic elements
(elevation, slope and aspect) create microclimatic conditions and
regulate soil moisture, light availability and vegetation patterns,
ultimately determining biomass. Among topographic elements,
elevation is the most studied factor (Singh, 2018; Cheng et al., 2023)
due to its role in vegetation patterns and productivity through
temperature and precipitation effects (Xu et al., 2017; Sanaei et al.,
2018). Studies have shown that climatic variables (temperature and
precipitation) influence forest biomass through direct and indirect
effects on species diversity (Stegen et al., 2011; Mensah et al., 2023).

The Indian Himalayan region (IHR), a biodiversity hotspot,
is home to varied species of flora and fauna and provides
numerous ecosystem services (Negi et al., 2019; Ahirwal et al.,
2021) such as carbon sequestration, water regulation and livelihood
to a million of people. Considering its vast natural wealth and
unique environmental conditions, IHR is reported to sequester
65 million tonnes of carbon annually (Tolangay and Moktan,
2020) and possess more significant climate change mitigation
potential. In this context, the Central and Western Himalaya

has been investigated extensively for biomass and carbon stock
estimation (Sharma et al., 2010, 2016, 2018; Gairola et al., 2011;
Dar and Sundarapandian, 2015; Dar et al., 2017; Kaushal and
Baishya, 2021; Dar and Parthasarathy, 2022; Haq et al., 2022; Tiwari
et al., 2023). Meanwhile, in terms of factors influencing C storage,
Himachal Pradesh and the bordering Siwalik ranges in the Western
Himalayas are less explored. Despite the limited number of studies
(Nagar, 2012; Banday et al., 2017; Chisanga et al., 2018; Singh and
Verma, 2018; Bhardwaj et al., 2021; Kumari et al., 2022), the region
still lacks a thorough understanding of the variables impacting
biomass and C stock development over a wide spatial scale.
Therefore, the current research aims to understand the carbon
stock dynamics in different forest ecosystems, each with contrasting
climatic conditions and elevations. Furthermore, due to the
inherent vulnerability of the Himalayan region and its significant
degree of disturbance, we have chosen three designated protected
areas (Wildlife Sanctuaries) as the focal sites for our investigation.
Because protected sites bear high species richness and offer
multiple ecosystem services including C sequestration (Collins and
Mitchard, 2017). A recent study showed that approximately 26%
of terrestrial woody C is present in AGC stock of protected areas
(Duncanson et al., 2023). The current investigation addresses the
following questions: (1) What is the tree biomass and carbon stock
status across the studied region? (2) What are the determinants of
tree biomass and carbon stock? (3) How do vegetation types and
forest attributes influence biomass and C stock?

2 Materials and methods

2.1 Study sites

The study sites are located in the lesser Himalayan region
of Himachal Pradesh (H.P.) (32.1024◦ N, 77.5619◦ E) and the
Siwalik region of Haryana (29.0588◦ N, 76.0856◦ E) states, which
are situated in the north-western part of India (Table 1; Figure 1).
The chosen study sites are part of three Wildlife Sanctuaries
(WLS), specifically Khol Hi-Raitan, commonly referred to as Morni
Hills (hereafter KHR) (300–800 m), Chail WLS (900–2,100 m),
and Churdhar WLS (1,900–3,600 m) (Figure 1). The former falls
within the jurisdiction of the Haryana State Forest Department,
while the latter two are under the control of the H.P. Wildlife
Department. These study sites displayed considerable heterogeneity
in climatic conditions, topographic features, and elevation levels
(Figure 2). The KHR WLS experiences a subtropical monsoonal
climate characterized by seasonal patterns of hot summers, wet
monsoons, and cold winters. The annual temperature ranges from
3◦C during the winter season to 44◦C during the summer season.
The annual precipitation exhibited an average of 1,200 mm, with
most rainfall from July to September. The Chail WLS represents a
transition zone between subtropical and temperate environments.
It has a subtropical climate at lower elevations and a temperate
one at higher reaches. The annual precipitation averaged 1,700 mm
during the monsoon season (July to September). The maximum
temperature can reach 35◦C in summer, whereas the minimum
temperature can drop below 0◦C in winter. The Churdhar WLS
spans across a wide elevation range of 1,900–3,600 m with
temperate humid climates. It experiences cool, pleasant summer
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TABLE 1 An overview of selected study sites in the Western Himalayas.

Forest
type/
abbreviation

Forest
class*

Latitude Longitude Mean
elevation (m)

Locality Dominant/associated
vegetation

Anogeissus
latifolia
dominated stand
(ALD)

– 30.68816 76.92409 500 KHR WLS
(Panchkula,
Haryana)

Anogeissus latifolia, Acacia
leucophloea, Acacia catechu,
Ziziphus mauritiana, Lannea
coromandelica

Lower Siwalik
dry deciduous
(LSDD)

Northern Dry
Mixed
Deciduous
Forests (5B/C2)

30.69857 76.93636 650 KHR WLS
(Panchkula,
Haryana)

Acacia modesta, Mallotus
philippensis, Grewia asiatica,
Tectona grandis, Randia
tetrasperma

Quercus
leucotrichophora
-mixed
temperate
(QLMT)

Ban Oak
(Quercus
leucotrichophora)
Forests (12/C1a)

30.73103 77.00824 2,014 Chail WLS (Solan,
H.P.)

Quercus leucotrichophora,
Rhododendron arboreum, Pinus
roxburghii, Pyrus pashia

Cedrus deodara
pure stand
(CDP)

Moist Deodar
(Cedrus deodara)
Forests (12/C1c)

30.95179 77.20097 2,080 Chail WLS (Solan,
H.P.)

Cedrus deodara, R. arboreum,
Q. leucotrichophora, Daphne
papyracea

Quercus
floribunda –
mixed (QFM)

Moru Oak
(Quercus
floribunda)
Forests (12/C1b)

30.96104 77.19838 2,753 Churdhar WLS
(Sirmaur, H.P.)

Q. floribunda, Abies pindrow,
Pinus wallichiana

Abies pindrow
dominated stand
(APD)

Upper West
Himalayan fir
(Abies pindrow)
forests (12/C2b)

30.97661 77.19857 2,965 Churdhar WLS
(Sirmaur, H.P.)

Abies pindrow, Q. semecarpifolia,
Prunus cornuta

Quercus
semecarpifolia-
Abies mixed
(QSAM)

Kharsu Oak
(Quercus
semecarpifolia)
Forests (12/C2a)

30.89442 77.48392 3,163 Churdhar WLS
(Sirmaur, H.P.)

Q. semecarpifolia, Abies pindrow,
Picea smithiana, Sorbaria
tomentosa

Abies spectabilis
pure stand
(ASP)

West Himalayan
Fir Forest
(14/CIb)

30.83619 77.4369 3,235 Churdhar WLS
(Sirmaur, H.P.)

Abies spectabilis

*Forest classification as per Champion and Seth (1968).

weather, where the temperature hardly exceeds 23◦C, whereas it
drops below freezing during winter. The study area receives annual
precipitation averaging 1,600 mm, typically in rainfall and snow.
The higher reaches of Churdhar WLS remain snow-covered from
early December to March.

2.2 Sampling design and data collection

A preliminary survey was undertaken in 2020-21 across the
proposed sampling sites to evaluate various factors, including
vegetation types, elevation, and topography. The vegetation at
the three study sites was categorized into eight forest types (FT)
based on visual observation, following the classification of Indian
forests by Champion and Seth (1968) (Table 1; Supplementary
Figure 3). Tree inventory was conducted using square plots of 31.6
m × 31.6 m (equivalent to 0.1 hectares) (FSI, 2002). A total of 3
plots (0.3 ha) were established at each forest type. However, in a
few forests at KHR, where the topography exhibited undulating
or steep slopes, a plot measuring 10 m × 10 m was chosen

as the optimal size. Plot selection was based on considering the
threat of disturbance, as forests near human settlements or the
periphery of WLS were avoided. To investigate the impact of
elevation on stand structural metrics, a minimum distance of
100 meters was maintained between consecutive plots, if feasible.
Geographical coordinates and elevation data were collected via a
portable Global Positioning System (GPS) device (Garmin eTrex
10 model). The identification of trees that fell within each sampling
plot was done with established sources such as the Flora of
Himachal Pradesh (Chowdhery and Wadhwa, 1984), the Floristic
reconnaissance of Churdhar Wildlife Sanctuary (Choudhary and
Lee, 2012; Subramani et al., 2014), and the Flora of Haryana
(Kumar, 2001). In each sampling plot, all trees with a girth of
more than 10 cm were measured for circumference over bark at
a height of 1.37 m. The measured values were then converted to
diameter by dividing the circumference by 3.14. The tree height
was measured using a BLUME-LEISS altimeter. The mean diameter
of trees at breast height (DBH) was used to calculate tree basal
area. The tree basal cover within each plot was summed up to
get the total basal cover (TBC), expressed as basal cover/hectare.
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FIGURE 1

A location map of the study area depicting sampling points within each study site.

The stem density or tree density (SD) represents the number
of tree individual per area is expressed as individuals/hectare.
Species richness was determined using Margalef ’s richness index
(SR) = S-1/ln N (Margalef, 1958), where S = total number of species,
ln = natural log and N = total number of individuals. For the
determination of species diversity, the Shannon-Weiner (H’) index
was used: H’ = −

∑
ni/N ln ni/N (Shannon and Weaver, 1949),

where ni represents the number of individuals of the ith species, and
N is the number of individuals of all species in the population. The
climate data including mean annual temperature (MAT) and total
annual precipitation (MAP) for the study sites was accessed at 30-
arc-sec (∼1 km) resolution from the CHELSA1 database version 2.1
(Karger et al., 2017). The values of these variables were extracted for
a particular sampling plot using the R package terra version 1.7.39
(Hijmans, 2023).

2.3 Estimation of tree biomass and
carbon stock

A non-destructive approach based on allometric equations was
used to estimate aboveground tree biomass. Firstly, the volume
of individual tree species was computed using species-specific
volumetric equations developed by the Forest Survey of India
(FSI, 1996; Supplementary Table 1), and the volume of all the
tree species in a plot was summed up to get the growing stock
volume density (GSVD m3 ha). To get aboveground biomass
(AGB), the GSVD was multiplied with the appropriate biomass

1 https://chelsa-climate.org/

expansion factor (BEF) available for hardwood and coniferous
species (Pine and Spruce-fir), as given in Sharma et al. (2010, 2016)
(Supplementary Table 1). For the estimation of belowground
biomass (BGB), the following equation given by Cairns et al. (1997)
was used: BGB = exp [−1.059 + 0.884 × ln (AGB) + 0.284].
Both AGB and BGB were summed to get total biomass (TB).
For the calculation of carbon stock, the following formula was
used: Carbon stock (Mg C/ha) = Biomass (Mg/ha) × C (%).
When evergreen coniferous species comprise more than 50% of
forest types, a carbon factor of 46% was employed. Conversely,
a carbon factor of 45% was used where broadleaved species were
predominant (Negi et al., 2003).

2.4 Data analysis

Before subjecting the statistical analysis, the data were checked
for normality assumptions using the Shapiro-Wilk test. Differences
between forest attributes (stem density, diameter at breast height,
tree height, total basal cover and biomass) among forest types were
tested through one-way analysis of variance (One-way ANOVA)
and Tukey’s HSD post-hoc test. Pearson’s correlation test was
performed to check if there is a significant association between
carbon density and its candidate variables. The "corrplot" package
in R was used for correlogram preparation (Wei and Simko,
2021). Linear regression analyses were used to study the effect of
explanatory variables on C stock. In addition, we also performed
the principal component analysis (PCA), as it can reduce a large
number of variables to a few main variables without compromising
the data originality (Jolliffe and Cadima, 2016) and effectively
remove multicollinearity among variables. The PCA was performed
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FIGURE 2

Walter and Lieth climate diagram for the sampling plots illustrating
the variation in average monthly temperature (red) and precipitation
(blue) from 1980 to 2010.

using the package "factoextra" in R (Kassambara and Mundt, 2020).
All the statistical tests were performed using packages “stats,” and
“multcompView” in R programming language 4.3.0 (Graves et al.,
2023; R Core Team, 2023).

3 Results

3.1 Stand composition and structural
attributes

A total of 29 tree species were recorded across the studied forest
types. The species richness (no. of species) varied from 8 to 12
species in subtropical forests and 3–6 species in temperate forests.
The ALD and LSDD forests attained the highest stem density (SD)
values (558.3 ± 62.9 and 866.6 ± 57.7), respectively (Figure 3A;
Supplementary Table 2). Across the temperate forests, the SD value
ranged from (303± 20.8 to 573.3± 55), with the lowest in CDP and
the highest in QSAM. The SD values differed considerably between
forest types (F = 18.261, p < 0.001). In terms of DBH, the ALD-
dominated stand had the lowest value (23.3 ± 1.6), while the CDP
stand had the greatest (46.8 ± 11.6) (Figure 3B). A similar trend
was observed for height, with values lowest in ALD (12.1± 1.7) and
highest in CDP (29.3 ± 1.1) (Figure 3C; Supplementary Table 2).
The variation in mean DBH and mean height data across different
forest types was statistically significant (F = 4.741, p = 0.005;
F = 11.538, p < 0.001). Similarly, the TBC differed significantly
among forest types (F = 3.541, p = 0.01), with the highest value
(74.4 ± 25.9) in QSAM, while the lowest (24.9 ± 4.01) in ALD
(Figure 3D; Supplementary Table 2).

3.2 Mapping of biomass and carbon
stock

The biomass (AGB, BGB, TB) and carbon stocks were
highest in Cedrus deodara forest (CDP) with values ranging
from (641.7 ± 53.3, 140.9 ± 15.5, 782.6 ± 107.9 Mg/ha and
360 ± 49.7 Mg C/ha), respectively (Supplementary Table 2;
Figures 4A–D). Apart from this, temperate forests such as
APD (322.1 ± 154.1), QFM (309.2 ± 84.5), and QSAM

(284.9 ± 84 Mg C/ha) contributed substantially to C stock
formation (Supplementary Table 2; Figure 4D). Among the
studied forest types, the QLMT contributed the least to C stock
formation (128.9 ± 25.7 Mg C/ha) (Figure 4D). The C stock in
subtropical forests, ALD and LSDD, varied between (207.03± 19.5
and 250.9 ± 41.4 Mg C/ha), respectively (Supplementary Table 2;
Figure 4D).

3.3 Species contribution in C stock
formation

In terms of species-wise contribution across all forests, Abies
pindrow contributed the maximum to C stock formation (375.1 Mg
C/ha), followed by Cedrus deodara (353.5 Mg C/ha), Quercus
semecarpifolia (282 Mg C/ha) and Q. floribunda (250 Mg C/ha)
(Supplementary Figure 1). In the case of subtropical species,
Anogeissus latifolia (143.8 Mg C/ha) contributed the highest in
C stock followed by Mallotus philippensis (110.9 Mg C/ha), and
Lannea coromandelica (57.8 Mg C/ha) (Supplementary Figure 1).

3.4 Relationships between forest
attributes and C stock

Pearson’s correlation matrix showed that C stock is linked with
different forest attributes. Among the structural variables, only
the TBC (r = 0.80, p < 0.001), DBH (r = 0.65, p < 0.001), and
height (r = 0.62, p < 0.01) showed significant association with
C stock (Figure 5). In contrast, the other variables directly or
indirectly influenced C stock but were not significantly associated.
For instance, stem density (r = 0.10, p = 0.64) showed a positive
association, whereas diversity attributes (species richness index and
Shannon index) were negatively correlated (r = −0.36, p = 0.09;
r =−0.35, p = 0.09) (Figure 5). Among climatic variables, we found
that MAP was positively correlated (r = 0.27, p = 0.19), whereas
MAT (r = −0.29, p = 0.17) had a negative association. Similarly,
elevation (r = 0.31, p = 0.14) showed a positive association with C
stock, but its effect was not significant.

The candidate variables were found to exhibit a correlation
with each other. For example, stem density showed a negative
correlation with DBH (r = −0.54, p < 0.01), whereas it was
positively associated with species richness (r = 0.68, p < 0.001)
and Shannon diversity (r = 0.66, p < 0.001). Elevation displayed
a significant influence on climatic variables and diversity attributes,
such as MAP (r = 0.85, p < 0.001) and MAT (r =−1, p < 0.001), SR
(r =−0.72, p < 0.001) and H‘ (r =−0.43, p < 0.05) (Figure 5).

3.5 Factors influencing biomass and C
stock

The bivariate analyses revealed that structural attributes except
for stem density (Supplementary Figure 2A) explained the most
significant variation among all the variables tested against C stock.
The total basal cover (TBC) emerged as the strongest predictor
of C stock (64%), followed by DBH (42%) and height (39%)
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FIGURE 3

Variations in stand structural attributes (A) stem density, (B) diameter at breast height, (C) tree height, and (D) total basal cover across different forest
types. Error bars represent the standard deviation of the data. Forest types are listed in ascending order of elevation. Different letters on bar tips
indicate significant differences between mean values by Tukey’s HSD post-hoc test, (p < 0.05).

(Figure 6). The rest of the tested variables showed no significant
variation in C stock, with a contribution of SR and H′ varied
from 13% and 12%, respectively (Supplementary Figures 2B, C).
Climatic variables, including MAP and MAT, displayed only 7.5%
and 8.5% of the variation in C stock (Supplementary Figures 2D,
E). Among the topographic factors, elevation explains 9% of the
variance (Supplementary Figure 2F). Furthermore, the principal
component analysis (PCA) biplot explains the factors affecting
biomass and C stock. It demonstrates that factors such as TBC,
DBH, height, and MAP are grouped with biomass and C stock,
whereas MAT, SD, species richness (SR), and Shannon diversity
(H′) are oppositely placed. The principal component axes (PC1 and
PC2) explained 77.5% of the variance (Figure 7).

4 Discussion

The current study unravels the factors affecting biomass
and C stock across the different forest types in the Western

Himalayas. The biomass and C stock values ranged from
286.6 Mg/ha to 782.6 Mg/ha and 128.9 Mg C/ha to 360 Mg/C ha,
respectively (Supplementary Table 2). The current observations
are comparatively higher but within the range of previous studies
in similar environments. Carbon stocks in the Indian Himalayas
have been reported to vary between 59.20–245.31 Mg C/ha (Sharma
et al., 2010), 107.8–234.1 Mg C/ha (Gairola et al., 2011), 85.22–
234.32 Mg C/ha (Sharma et al., 2018), 22.7–236.8 Mg C/ha (Haq
et al., 2022), 133.04–273.28 Mg C/ha (Dar and Parthasarathy, 2022)
and 207.32–270.98 Mg C/ha (Tiwari et al., 2023). However, our
results are comparatively on the lower side, contrary to the study
of Kaushal and Baishya (2021), wherein they reported that the
total biomass density and C stock varied (566.17–1280.79 and
258.22–577.77 Mg C/ha) in different forests. The reported range of
biomass C stock at a global scale varied from 506–627 Mg C/ha
in the USA (Smithwick et al., 2002), 58.9–386.5 Mg C/ha in NE
China (Wei et al., 2013), and 12.96–856.50 Mg C/ha in Panama
(Ruiz-Jaen and Potvin, 2011) across temperate and tropical forests,
respectively. A recent study by Di Matteo et al. (2023) showed that
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FIGURE 4

Variations in biomass and C stock (A) aboveground biomass, (B) belowground biomass, (C) total biomass, and (D) carbon stock among different
forest types. Error bars represent the standard deviation of data. Forest types are listed in ascending order of elevation. Different letters on bar tips
indicate significant differences between mean values by Tukey’s HSD post-hoc test, (p < 0.05).

the tree biomass (living + root) ranged from 546.7 to 695.1 Mg/ha
in temperate old-growth forests of Italy. The variation in results
is attributed to stand age, edaphic conditions, vegetation type,
disturbance, and topography.

Trees provide a win -win strategy to mitigate global climate
change as they regulate light availability, litter quantity and quality
and ultimately govern C dynamics (Shirima et al., 2015). Carbon
storage in forest ecosystems, especially in temperate forests where
only one or few species are dominant, is mainly contained in
large diameter, and old-age species. Furthermore, our results
revealed that a more significant fraction of biomass and C stock
is contributed by temperate species including Cedrus deodara,
Abies pindrow, Quercus floribunda and Quercus semecarpifolia
(Supplementary Figure 1), highlighting the fact that large trees
contribute disproportionally to stand biomass compared to small
trees (Poorter et al., 2015). In our study, the strong positive
influence of DBH and TBC on C stock is in conformity with
previous studies in tropical (Gebeyehu et al., 2019; Saimun

et al., 2021) and temperate environments (Yuan et al., 2018;
Bisht et al., 2022).

Another crucial structural attribute, stem density, showed
no relationship with C stock. This probably due to the fact
that a greater stem density may induce a crowding effect,
due to which plant species compete for resource acquisition,
ultimately causing reduced tree growth (Sullivan et al., 2017;
Bhandari et al., 2021; Ulak et al., 2022). In terms of species
diversity (species richness and Shannon diversity), we found
no significant effect on C stock. The negligible role of species
diversity on biomass C stock reflected the influential role
of a few dominant species (Larsary et al., 2021). Generally,
two hypotheses, niche complementarity and selection effect
hypotheses (Tilman et al., 2001; Cardinale et al., 2009) explain
how species diversity promotes biomass production. In diverse
communities (tropical regions), plant species prefer niche
partitioning for maximum utilization of resources and to
facilitate each other, unlike communities where only a few
dominant species are present. In our case, the lack of significant
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FIGURE 5

Pearson correlogram matrix between variables and carbon stock. SD, stem density; DBH, diameter at breast height; TBC, total basal cover; TB, total
biomass; SR, species richness index; H, Shannon diversity index; MAP, total annual precipitation; MAT, mean annual temperature.

FIGURE 6

Bivariate relationships of carbon stock with diameter at breast height (A), total basal cover (B) and tree height (C).
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FIGURE 7

A principal component analysis between structural variables and forest types depicting a correlation biplot matrix diagram. The points represent
forest types and the arrow indicates variables. SD, stem density; SR, species richness; H, Shannon index; MAT, mean annual temperature; DBH,
diameter at breast height; MAP, total annual precipitation; TB, total biomass; TBC, total basal cover.

association of species diversity with biomass is probably due to
the selection effect where dominant large tree species outline
the other species. Previous studies (Paquette and Messier, 2011;
Arasa-Gisbert et al., 2018) have observed that competitive
exclusion, rather than species diversity, is the relevant explanation
for high biomass and C stock in temperate forests growing under
favorable conditions. Furthermore, the diversity-productivity
hypothesis is reported to be scale-dependent. Generally, the
positive influence of diversity on biomass/carbon is restricted
to smaller sampling plots (0.1 ha), whereas negative or neutral
relationships at a larger scale (0.25–1 ha) (Chisholm et al., 2013;
Poorter et al., 2015; Fotis et al., 2018).

In our study, we expected elevation to be one of the critical
elements in biomass and C stock formation. However, its effect
was insignificant (r = 0.31; p = 0.13). Several reasons could be
attributed to this: (1) our sampling plots are distantly related and
span over different environmental conditions, so maybe that role
of elevation is overcome by other factors, like forest types and
species attributes; (2) we have analyzed our data across sites not
within a single site, this might have caused sizeable environmental

heterogeneity where the influence of elevation is negated. Previous
studies in mountainous areas (Sharma et al., 2018; Kaushal and
Baishya, 2021; Maza et al., 2022) have also observed similar trends.
Although elevation didn’t play a role in biomass and C stock
development, its significant effect can be followed on other forest
attributes. For example, tree species diversity decreases with a rise
in elevation, a trend previously observed in other studies in the
Western and central Himalayas as well (Sharma et al., 2018; Kaushal
and Baishya, 2021; Wani et al., 2022; Tiwari et al., 2023). This
could be due to the harsh climatic conditions at higher elevations,
which retard tree growth and development (Wieser et al., 2014;
Wani et al., 2023).

In bivariate analysis, none of the climatic variables
(precipitation and temperature) showed significant association
with C stock. Precipitation is a crucial environmental factor that
governs moisture availability for plant growth and development
and indirectly drives biomass production (McCarthy and Enquist,
2007; Lie et al., 2018). The positive but insignificant role of
precipitation on C stock could be explained by the fact that the
selected sites receive abundant rainfall as a whole. Therefore,
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moisture may not be the limiting factor. On the other hand,
temperature has a predominant role in biomass and carbon stock
formation, whereas in montane and temperate forests, studies
have shown that it doesn’t influence much (Selmants et al., 2014;
Yue et al., 2018). Given that most of our sampling plots fall under
a temperate environment, experiencing more or less the same
temperature probably leads to homogeneity in temperature and
ultimately negates its effect.

Overall, our finding revealed that structural variables (DBH,
TBC, and tree height) override the role of abiotic (MAT, MAP,
elevation) variables in biomass and C stock formation. Our results
are in line with previous studies in the Himalayas (Sharma et al.,
2010; Kaushal and Baishya, 2021; Dar and Parthasarathy, 2022) and
(Poorter et al., 2017; Balima et al., 2021; Maza et al., 2022) elsewhere
in the world. The PCA biplot also showed that biomass and C stock
were positively associated with structural variables such as DBH,
TBC and height. In contrast, stem density, diversity attributes and
MAT were negatively correlated (Figure 7). Furthermore, the PCA
biplot revealed that certain variables like elevation and MAP were
positively associated with biomass and C stock despite insignificant
effects in bivariate analysis.

Management activities at the community or regional levels
are attributed to enhanced carbon storage (Adekunle et al.,
2014; Solomon et al., 2017). In our study, we can say that,
besides forest attributes, the management regime may be one
of the contributing factors in biomass and C stock. Because
each forest type is legally protected, there is less likelihood
of external disturbance. As a result, it can be asserted that
protected areas provide a conducive environment for the growth
of plants and biodiversity conservation. Numerous studies have
supported the significance of protected areas in shaping and
maintaining the structure and functioning of ecosystems. For
instance, a study by Keith et al. (2014) in the montane ash
forests of southern Australia observed that the biomass carbon
stock of logged forests was 55% lower than that of old-growth
forests. The study of Dimobe et al. (2019) in W National
Park in Burkina Faso, Western Africa, reported higher species
richness (89 sp.) and carbon density (94.73 Mg/ha) compared to
non-protected sites.

In another study, Måren and Sharma (2021) in the temperate
forests of Nepal revealed that protected forests exhibited a more
significant carbon stock (163.71 Mg C/ha) in comparison to
unprotected forests (114 Mg C/ha). A separate investigation was
carried out by Poudel et al. (2020), who conducted a study
in the reserved oak forests of Nepal, whereby they determined
that the carbon stock within this ecosystem exhibited a range of
52.8–194 Mg C/ha. Recently, a study conducted by Chaudhury
et al. (2022) in North-east India found higher stand composition,
biomass and C stock under protected forests compared to reserve
forests and village forests, highlighting the fact that enhanced
management practices in disturbed forests can lead to more
significant CO2 sequestration and climate change mitigation.

Nevertheless, it is worth noting that anthropogenic disruption
cannot be disregarded, even considering the legal status of the
study sites. For example, illegal deforestation, fire, and agriculture
expansion within and near protected sites may lead to forest loss
(Collins and Mitchard, 2017). Apart from this, unregulated tourism
is also a significant concern for protected sites. For example, in
the present study, we observed that Chail and Churdhar WLS, are

major tourist hotspots in north-western India. Hence, they incur
a heavy tourist influx during the summer, posing a substantial
burden on fragile ecosystems. Indeed, the investigated ecosystems
have an appreciable amount of biomass C stock, but its long-term
persistence requires integrated efforts of authorities and the local
population.

5 Conclusion

The present study’s findings demonstrate that the selected
sites in the Western Himalayas serve as a substantial repository
of tree biomass and carbon stock. Temperate forests account
for greater biomass and C stock than subtropical forests. We
found that structural attributes govern the C stock in selected
forest types mainly mean tree DBH, total basal cover (TBC),
and tree height. However, the role of species diversity, elevation
and climatic attributes in determining C stock was insignificant.
Furthermore, in agreement with previous studies in the Himalayas,
we found that only a few dominant species with large diameters
account for the majority of the C stock of these forests. Hence,
the cutting and felling of these species must be regulated for
long-term ecosystem sustainability. Our findings highlight the
role of protected sites in achieving carbon neutrality and the
effective implementation of sustainable development goals (SDGs)
strategies. At the same time, despite the legal status of these
study sites, there is an urgent need to regulate permissible human
activities such as tourism. Furthermore, the current findings may be
useful to policymakers and stakeholders in developing management
plans and climate change mitigation strategies for the Western
Himalayas. Further studies are recommended to understand the
detailed mechanism of factors involved in biomass and C storage
in the Western Himalayas.
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