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Abstract: Carbon stock assessment in various ecosystems is vital for monitoring the health of these
ecosystems and national accounting for the United Nations convention on climate change. The influ-
ence of various anthropogenic drivers on carbon stock in different ecosystems has not been examined
comprehensively. This study aims to determine the impact of anthropogenic pressures (lopping, cut-
ting, grazing) on soil physico-chemical properties and carbon stock in four temperate broadleaf forests
dominated by different species of oak, viz., Banj oak (Quercus leucotrichophora), Rianj oak (Quercus
lanuginosa), Moru oak (Quercus floribunda) and Kharsu oak (Quercus semecarpifolia) along an elevation
gradient from 1700–3000 m asl in Gori valley, western Himalaya. Biomass data were collected from
120 quadrats of 10 × 10 m size at three distinct altitudes (4 forest sites × 3 altitudes × 10 quadrats)
and analysed for carbon stock, whereas soil samples were randomly collected in triplicate from three
depths of each altitude of the forest site and further analysed for their physico-chemical properties. A
total of 767 individual trees with a diameter of ≥31 cm were measured at twelve sites and standing
biomass was estimated following the growing stock volume equations. Mean carbon stock was
highest in Moru oak (396.6 ± 29.5 Mg C ha−1) and lowest in Banj oak forest (189.3 ± 48.6 Mg C ha−1).
We also found soil to be the largest pool of forest carbon (43.0–59.7%) followed by aboveground
biomass (31.5–45.0%), belowground biomass (8.4–11.7%) and litter (0.4–0.5%). The basal area showed
significant effect on altitude and carbon stock, whereas disturbance showed significant (p < 0.05)
negative correlation with the total carbon stock. Soil nitrogen exhibited a significant positive correla-
tion (R2 = 0.60) with the basal area, indicating that nitrogen enhances tree growth and forest carbon
stock. However, anthropogenic disturbance showed a significant negative impact on the basal area,
soil nutrients and carbon stock of oak forests. This concludes that forest structure, anthropogenic
pressure and soil parameters contribute to the carbon stock of the area. Considering the significance
of these overexploited oak forests, it is recommended to conserve the old-growth forest species in the
study area, since they have the highest carbon accumulation potential.

Keywords: altitudinal gradient; anthropogenic pressure; carbon stock; oak communities; regenera-
tion; soil; vegetation composition

1. Introduction

Forest ecosystems act as a carbon sink and sequester around 2.4 ± 0.4 Petagrams (Pg)
carbon per year globally for 1990 to 2007; on average, they can accumulate 3.58 Mg carbon
per hectare of forest per year [1]. They have a huge repository of carbon, storing ca 295 Pg
in living biomass (44.6%), 300 Pg in soil organic matter (45.2%), and 68 Pg in dead wood
and litter (10.2%) [2]. However, the carbon stock in the forest biomass has decreased by
almost 6 Pg over the last three decades globally [2]. The current total carbon pool in the
forested zone of the Indian Himalayan Region (IHR) is about 2.6 Megatons, of which 48%
is in the tropical forests and 13% in subtropical and temperate forests each [3]. The IHR
forests store 1152.1 Mg ha−1 carbon, of which Uttarakhand has the second-highest growing
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stock and the fourth-highest carbon stock (65.7 Mg ha−1; 32%) as aboveground biomass
(AGB) and soil organic carbon (56%). It is reported that carbon stored in the forests of IHR
has increased from 2.7 to 3.3 Mg, registering an annual increment of 0.6 Mg carbon, which is
equivalent to 2.2 Mg of carbon dioxide. These forests are spread over an area of 24.2 million
ha, of which 30% is degraded due to anthropogenic pressure for fuelwood, fodder, and
timber [4]. Anthropogenic activities have become the second-largest source of CO2 emission
at the global level, which has severe impacts on forest carbon storage [5]. It is reported
that the forests in the IHR are degrading at a rate of 0.36 km2 per year [6] due to natural
calamities (landslide, flood and wildfire), anthropogenic disturbances (lopping, cutting,
fire and overgrazing) and developmental activities [7]. These human-caused disturbances
on Himalayan forests may lead to rapid changes in terms of function, structure, and species
composition [8–10].

A key source of active carbon is soil, which also plays a significant role in the global
carbon cycle; for evaluation of any forest site quality, it is vital to consider the soil profile,
pH, and nutrient cycling between the soils and trees [11]. Uttarakhand has the third-highest
(68.7%) soil organic carbon content in the country. It has been reported that increasing CO2
emissions are due to anthropogenic disturbances, which become a source of soil degrada-
tion and carbon stock depletion in the Himalayan region [12]. In terrestrial ecosystems,
vegetation is the only source of carbon for the soils [13]. The physico-chemical composition
of soil is highly sensitive to vegetational change and disturbance, resulting in depletion
of nutrients and soil organic carbon [14]. The western Himalayan regions have distinct
weather conditions, topographic variances, soil texture, and land-use patterns [9]. To for-
mulate viable strategies to increase the soil carbon, it is critical to include soil restoration
and forest regeneration, nutrient management, and improved grazing [15].

The Himalayan oak forests sustain a large number of local agro-pastoral communities
in addition to providing numerous ecosystem services. These oak species are highly valued
for socio-economic benefits, maintaining ecological functioning, hydrological balance,
habitats for a wide range of faunal communities, and retention of soil and moisture [16,17].
The soil of broadleaf forests plays an important role in water conservation because of
their great infiltration capacity [18]. Deep porous soil in temperate broadleaf forests helps
to enhance the soil organic carbon in soil, enhance carbon sequestration potential and
stabilize ecosystem functioning [19]. The extractive pressure results in degradation of
the forest ecosystem and may affect the regeneration of climax species, especially the
oaks [9,20]. The long-lived, slow-growing species of oaks have the potential to accumulate
more carbon in their trunk and other parts [21], and can be an economical way to mitigate
CO2 emission with the involvement of local communities. However, this would require
deeper understanding of impacts of various extractive pressures on tree carbon and soil in
the form of soil organic carbon. This would help in understanding the carbon sequestration
potential and develop future climate change mitigation measures.

The Himalayan region has been experiencing fast climate change over the past sev-
eral decades. By better understanding how forest carbon is stored and distributed along
altitudinal gradients, we can forecast how the regional and global carbon balance will
alter as a result of future climate change. Anthropogenic, abiotic and biotic drivers cause
unprecedented changes in the ecosystem and can ultimately affect the sustainable func-
tioning of that ecosystem. We hypothesize that with the increasing level of disturbance on
forests, diversity and carbon stock has decreased along with soil quality. Moreover, no such
study has been carried out on carbon dynamics in this study site. Keeping this in view,
we undertook this study across four oak forests at three distinct altitudes in Gori valley,
western Himalaya in the year 2017 with the following objectives—(i) To analyse the effect
of altitudinal gradient on the biomass pool and carbon stock in different oak communities.
(ii) To examine the effect of disturbance on regeneration status, soil physico-chemical prop-
erties and forest carbon stock at different altitudes. (iii) To know the key factors influencing
the carbon stock of oak forest in western Himalaya.
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2. Materials and Methods
2.1. Study Area

The study was conducted in the lower part of Gori valley (29◦45′ 11.03 to 30◦20′56.20 N
and 80◦22′49.90 to 80◦11′41.34 E). It is located in the Pithoragarh district of Uttarakhand and
covers an area of 1920 km2 (Figure 1). The valley forms approximately 3.6% of Uttarakhand
and is named after the river Gori that originates from the Milam Glacier Terminus (3520 m).
The annual climate of the area has three prominent seasons: winter (October to February),
summer (March to mid-June), and rainy (mid-June to September). The mean maximum
monthly temperature ranged from 15.1 ◦C (January) to 30.4 ◦C (June) and the minimum
temperature ranged from 2.6 (January) to 18.8 (July). The average annual precipitation is
793.6 mm, and the annual mean relative humidity is 51.2% (Figure 2).
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Figure 2. Meteorological data of the study area from 1981–2019 (Source: https://power.larc.nasa.gov,
accessed on 6 June 2022).

The forests occupy approximately 25.5% (489.2 km2) of the geographical area in the
valley, which forms 1.3% of the forested area of Uttarakhand. Moru oak and Kharsu
oak occupy the largest area (24.8%) among the forests of the valley. A large portion of
the study area falls under snow (26.3%), barren (24.7%), and alpine meadow (17.8%).
Other values constitute 5.7% which includes agriculture, scrub, landslide, grassy slopes,
and settlement values. The valley is divisible into five climatic zones, viz., sub-tropical
(<1500 m), warm-temperate (1501–2500 m), the cool-temperate (2501–3000 m), sub-alpine
(3001–3500 m), and alpine (>3501 m) zones. In cool-temperate zone, four species of oak
(Quercus spp.) predominate the forests successively along elevational gradients, viz., Banj
oak (Q. leucotrichophora), Rianj oak (Q. lanuginosa), Moru oak (Q. floribunda), and Kharsu
oak (Q. semecarpifolia) form pure stands (Table 1, Figure 3), except Faliyant oak (Q. glauca)
with an exceptional diversity of orchid flora [22].

Table 1. Site characteristics of four oak forest communities in Gori valley, Western Himalaya.

Forest Types * Altitude (m) Dominant Tree Species (IVI) Area (km2)

Banj oak (12/C1a) 1700–2100 Q. leucotrichophora (179.3), R. arboreum (52.5), others (68.2) 46.3
Rianj oak 1900–2200 Q. lanuginosa (140.2), L. ovalifolia (64.2), others (95.6) 19.6
Moru oak (12/C1b) 2300–2600 Q. floribunda (101.3), P. duthiei (48.9), others (149.8) 61.9
Kharsu oak (12/C2a) 2600–3000 Q. semecarpifolia (195.1), R. arboreum (58.9), others (46.0) 59.5

* Champion and Seth [22] classification. The numbers in brackets indicate subtype of forest, where C1 indicates
the lower Western Himalayan temperate forest and C2 indicates the upper Western Himalayan temperate forest.

https://power.larc.nasa.gov
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Figure 3. Four oak forest communities (a) dense Banj oak (Q. leucotrichophora), (b) degraded Rianj
oak (Q. lanuginosa), (c) dense Moru oak (Q. floribunda) and (d) dense Kharsu oak (Q. semecarpifolia) in
the study area.

The villages have mixed ethnic compositions of Primitive Tribe (Banraji), Scheduled
Tribe (Shaukas and Barpatiyas), Scheduled Caste (Shilpkars), and Other Backward Caste
(Thakur and Brahmin) populations. The inhabitants of the area (mostly other backward
classes) depend on forests and agriculture for their subsistence. A total of 115 plant species
are used as fodder and 31 as fuelwood [23]. The livestock (sheep, goats, cows, oxen, buffalo,
horses, and mules) dependent on the forest fodder is 13 animals per household [24]. As a
result, the number of households is a direct predictor of species constraints on feed and
fuelwood. Extraction of high-value medicinal herbs, majorly Ophiocordyceps sinensis, and
poaching of some animals is also practiced in the valley.

2.2. Vegetation Sampling and Data Analysis

For vegetation sampling, four temperate broadleaf forests dominated by different
species of oak, viz., Banj oak (Quercus leucotrichophora), Rianj oak (Quercus lanuginosa), Moru
oak (Quercus floribunda) and Kharsu oak (Quercus semecarpifolia) was selected along three
altitudes (1700–3000 m asl) in the Gori valley, western Himalaya. Within each site, one
hectare plot was marked and within each hectare plot ten 10 × 10 m quadrats were laid
for quantification of tree layer, and for saplings and seedlings, 5 × 5 m quadrats were
sampled. All individual trees were measured for circumference at breast height (CBH) at
1.37 m from the ground [9]. Details of locations (elevation, latitude, and longitude) were
recorded using a global positioning system device. Following Curtis and McIntosh [25],
Misra [26], Mueller-Dombois and Ellenberg [27], Saxena and Singh [28], the data were
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analysed for density, basal area, and IVI (Importance Value Index) of tree species for distinct
forest types. The calculation of the IVI was performed by computing the values of relative
frequency (RF), relative density (RD) and relative basal area (RBA). The Species diversity
index was computed using the Shannon–Weiner diversity Index [29]. The species richness
was calculated as the total number of species per unit area.

2.3. Regeneration Pattern

Individuals of tree species were clustered into six arbitrary CBH classes, viz., A: <10
(seedlings); B: 11–30 (saplings); C: 31–60; D: 61–90; E: 91–120; F: >121 cm [30]. In each
of these classes, the total number of individuals was recorded for each tree species in
the respective quadrat. The relative density in a specific size class was calculated for
each species in all the sampled sites. The regeneration status of species in different forest
types was estimated based on the population size of seedlings and saplings [31,32]: if
seedlings >saplings >trees, the regeneration is good; if seedlings > or ≤ saplings ≤ trees,
the regeneration is fair and if the saplings <, ≥ trees with no seedlings, the regeneration is
poor [33].

2.4. Levels of Anthropogenic Disturbance

The anthropogenic pressures were recorded within all the sample plots. Based on
the visual scale, the level of anthropogenic pressure was estimated and categorized into
four main groups i.e., 1—not disturbed (No signs of lopping and cutting, grazing and fire),
2—least disturbed (<20% lopping and cutting or <20% grazing and fire), 3—moderately
disturbed (>20% lopping and cutting or >20% grazing and fire), 4—highly disturbed (>60%
lopping and cutting or >60% grazing and fire).

2.5. Growing Stock, Biomass, and Carbon Stock Estimation

Four forest types (12 forest sites), were sampled for biomass and carbon stock estima-
tion. A total of 767 individual trees with diameter ≥ 31 cm at breast height (1.37 m from
the ground) were measured and their standing biomass was estimated. The growing stock
volume (GSV) equations [34] (Table 2) were used to estimate aboveground biomass [24,35],
since allometric equations were not available for each species. The estimated GSV (m3 ha−1)
was multiplied by the appropriate biomass expansion factor (BEF) [36] to convert it into
aboveground biomass (AGB) viz., stems, branches, twigs, and leaves. The BEF (Mg m−3) is
the ratio of the AGB of all live trees with a DBH >2.54 cm to the GSV for all trees with a
DBH >12.7 cm. The following equations were used to determine the BEFs:

Hardwood: BEF = exp {1.91 − 0.34 × ln (GSV)} (for GSV ≤ 200); BEF = 1.0 (for
GSV > 200); Softwood: BEF = 1.68 (for GSV < 10); BEF = 0.95 (for GSV = 10–100); BEF = 0.81
(for GSV > 100).
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Table 2. List of volume equations used for different tree species in the study sites based on the Forest
Research Institute and Forest Survey of India.

Tree Species Volume Equations

Hardwood
Acer caesium Wall. ex Brandis V = −0.162945 + 3.109717 × D
Acer cappadocicum Gled. V = −0.162945 + 3.109717 × D
Acer oblongum Wall. ex DC. V = −0.162945 + 3.109717 × D
Aesculus indica Colebr. ex Wall. V = 0.007602 − 0.033037 × D + 1.868567 × D2 + 4.483454 × D3

Alnus nepalensis D. Don V = 0.0741 − 1.3603 × D + 10.9229 × D2

Castanopsis tribuloides (Sm.) A.DC. V = −0.02301 + 0.12721 × D + 2.4127 × D2 + 8.12834 × D3

Lyonia ovalifolia (Wall.) Drude. V = 0.03468 − 0.56878 × D + 4.72282 × D2

Machilus odoratissima Nees V = 6.678 × D × D − 0.240 × D − 0.024
Myrica esculenta Buch.—Ham. ex D.Don V = 0.007602 − 0.033037 × D + 1.868567 × D2 + 4.483454 × D3

Perseaduthiei (King) Kosterm. V = 6.678 × D × D − 0.240 × D − 0.024
Pyrus pashia Buch. -Ham. ex D.Don V = 0.046 − 0.646 × D + 4.272 × D2

Quercus floribunda Lindl. ex A. Camus V = 0.0988 − 1.55471 × D + 10.16317 × D2

Quercus lanuginosa D.Don V = 0.0988 − 1.55471 × D + 10.16317 × D2

Quercus leucotrichophora A.Cam. ex Bah.
√

V = 0.240157 + 3.820069 × D − 1.39452 ×
√

D
Quercus semecarpifolia Sm. V = 0.0988 − 1.55471 × D + 10.16317 × D2

Rhododendron arboreum Sm. V = 0.06007 − 0.21874
√

D + 3.63428× D2

Symplocos chinensis (Lour.) Druce V = −0.212798 + 3.288996 × D + 0.046417 ×
√

D

Softwood
Cupressus torulosa D.Don V = 0.007602 − 0.033037 × D + 1.868567 × D2 + 4.483454 × D3

Pinus roxburghii Sarg.
√

V = 0.05131 + 3.9859 × D − 1.0245 ×
√

D

Rest of the species V = 0.007602 − 0.033037 × D + 1.868567 × D2 + 4.483454 × D3

V—volume (m3) under bark, D—diameter at breast height (1.37 m) over bark in meters.

We used Cairns et al. [37] equation [BGB = exp {−1.059 + 0.884 × ln (AGB) + 0.284}] to
estimate belowground biomass (BGB), which reflects the biomass of root components. The
sum of AGB and BGB yielded the total biomass for trees (TB, Mg ha−1). For total carbon
stock (TC, Mg C ha−1), we multiplied TB with carbon factor, where the C factor of 46% was
used for forest types where all conifers collectively constituted more than half of the forest
composition. The C was taken as 45% for forest types where conifers and broadleaved
species coexisted or where broadleaved species constituted more than half of the total [38].

2.6. Litter Fall Estimation

Litter fall input was estimated by placing 5 wooden litter traps (0.5 × 0.5 m × 0.15 m)
randomly at different locations (beneath canopy, between canopy of trees and in open area)
at each forest site. The litter accumulated in the litter traps were collected seasonally i.e.,
winter (October to February), summer (March to May) and rainy (June to September). The
collected litter was separated into leaf and wood litter and then oven dried at 60 ◦C to a
constant weight to obtain dry litter mass. The 45% dry litter mass was considered as litter
carbon content [38].

2.7. Soil Sampling and Analysis

The soil samples from each forest site were collected from three depths (0–10 cm,
10–20 cm and 20–30 cm) in triplicate with the help of a soil corer (metal core cylinder) of
known volume; these samples were properly mixed to form a composite sample. The
collected soil samples were packed separately in zip lock bags and rapidly transferred
to the laboratory. Manual removal of coarse items such as stones, roots, and litter was
carried out. The soil balls were crushed to separate the soil particles, and then field damp
soil samples were sieved with a 2 mm mesh and air dried to test soil physico-chemical
characteristics.

The soil moisture (Mo) was determined gravimetrically by drying soil samples in
an oven to constant weight. The weight of fresh soil and oven dry weight of same soil
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sample is expressed as percentage of the difference of moisture content [39]. The water
holding capacity (WHC) of the soil samples was measured by using the formula following
Jackson [40]. The bulk density (BD) was estimated with the help of a special mental core
cylinder of known volume.

The soil pH was measured using a digital soil pH meter (Systronic-µ pH system 361)
with±0.05 accuracy. The soil water suspension was made in the ratio of 1:2. The instrument
was calibrated with standard buffer solution of pH 4, 7 and 9.2 before measurement. The
soil organic carbon (OC) was determined using the Walkley and Black [41] titration method
following Jackson [39]. Nitrogen (N) was estimated using Kjeltec-2300 following the micro-
Kjeldahl application of Peach and Tracey [42] and Misra [26]. Available phosphorus (P)
was estimated following Olsen et al. [43] and Potassium (K) by Flame Photometer after
proper digestion of the samples. The factor of 1.724 was used to convert the OC into soil
organic matter (SOM) [26,39]. The value of organic carbon and SOM were determined by
multiplying the values of carbon (%) with factors of 1.3 and 1.724, respectively.

Total organic carbon (%) = Organic carbon estimated × 1.32

Soil organic matter (%) = Total carbon (%) × 1.724

where 1.724 is the Van Bemmelen factor

2.8. Statistical Analysis

One-way analysis of variance (ANOVA) was used to test the impact of forest types
and elevation on soil properties. Pearson’s correlation was used to determine significant
interrelationships among different environmental variables. Regression analysis was used
to find out the association between two variables. Principal component analysis (PCA)
was employed to investigate the representation of oak forest communities to physical (Mo,
BD, WHC), chemical (C, N, P, K, SOC and SOM) and anthropogenic factors, using PAST
software.

3. Results
3.1. Community Structure

Overall, 26 tree species from 21 genera belonging to 16 families were recorded
across four oak forest types. Among these, most were angiosperms (92.3%). The four
oak species formed climax forests in the study area, viz., Banj oak (1700–2100 m), Rianj
oak (1900–2200 m), Moru oak (2300–2600 m) and Kharsu oak (2600–3000 m). The diversity
(F3, 8 = 7.68, p< 0.01) and richness (F3, 8 = 4.32, p < 0.05) were significantly different among
all the forest types. In the tree layer, diversity was highest in Moru forest site 1 (M1, 1.86)
and lowest in Banj oak forest site 1 (B1, 0.51). The richness ranged from 3 [Kharsu oak site
2 (K2) and Kharsu oak site 3 (K3)] to 10 (M1). In the sapling layer, diversity was highest in
Rianj oak forest site 1 (R1, 1.59) and least in Banj oak forest site 2 (B2, 0.90). The sapling
richness varied from 3 (B2 and K3) to 6 (M1) across different altitudes. Similarly, in the
seedling layer, the highest diversity was recorded in Rianj oak forest site 3 (R3, 1.53) and
lowest in Banj oak site 1 (B1), Banj oak site 3 (B3), Rianj oak site 2 (R2), Moru oak site 1, 2,
3 (M1, M2, M3), and Kharsu oak site 1, 2, 3 (K1, K2, K3, 0.00). The seedling richness varied
from 1 (B1, B3, R2, M1, M2, M3, K1, K2, K3) to 5 (R3).

Along a gradient of 1700 to 3000 m asl, the maximum basal area (m2 ha−1) was
observed at M2 (74.5) and the minimum at B3 (21.6). Importance value index (IVI) revealed
the dominance of a single tree species in all four oak forests. The highest and lowest tree
densities (indi. ha−1) were recorded at R3 (1000) and at R2 (450), respectively (Table 3).
Likewise, the sapling density was highest at K3 (960) and lowest at M3 (360). The seedling
density was highest at R3 (1840), and lowest at K3 (40).
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Table 3. Vegetation parameters for trees (T), saplings (Sa) and seedlings (Se) in four oak forests in
Gori valley.

Forest
Type Sites Altitude

(m)
Basal Area
(m2 ha−1) Density (indi. ha−1) Diversity (H) Richness (R) Regeneration Disturbance

T T Sa Se T Sa Se T Sa Se

Banj
oak

B1 1700 34.2 620 400 80 0.51 1.19 0.00 5 4 1 No High
B2 1800 46.7 610 400 280 1.36 0.90 0.60 8 3 2 Poor Moderate
B3 2100 21.6 650 480 160 1.20 1.24 0.00 4 4 1 No Moderate

Rianj
oak

R1 1900 26.2 910 760 720 1.34 1.59 0.45 4 5 2 Poor High
R2 2100 56.0 450 400 80 1.24 1.28 0.00 4 4 1 Poor High
R3 2200 46.2 1000 480 1840 1.25 1.29 1.53 5 4 5 Fair Moderate

Moru
oak

M1 2300 40.1 610 640 400 1.86 1.55 0.00 10 6 1 Poor Moderate
M2 2400 74.5 660 680 640 1.39 1.18 0.00 7 4 1 Poor Moderate
M3 2600 60.2 700 360 240 1.50 1.27 0.00 8 4 1 Poor Moderate

Kharsu
oak

K1 2600 21.9 540 520 40 0.52 1.33 0.00 4 4 1 Poor Moderate
K2 2700 71.7 460 800 360 0.86 1.31 0.00 3 4 1 Poor High
K3 3000 73.3 460 960 40 0.98 1.05 0.00 3 3 1 Poor Moderate

B1, B2, B3—B denotes Banj oak; R1, R2, R3- Rianj oak; M1, M2, M3—Moru oak; K1, K2, K3—Kharsu oak and
numeric after alphabet denotes site 1, 2 and 3 in each forest type.

3.2. Biomass and Carbon Stock

The mean growing stock volume (GSV), total biomass, and total carbon stock varies
significantly across different oak forests (p < 0.01). The GSV (m3 ha−1) ranged from
100.1 (B3) to 731.0 (M2). The maximum total biomass (Table 4) was recorded (Mg ha−1) at
M3 (989.1) and the minimum at B3 (263.0). Of the total biomass, the AGB varied between
204.6 (B3) and 787.3 (M3), and BGB between 58.4 (B1) to 201.8 (M3). The dominant species
contributed 56–77% of the total tree layer biomass, except in Moru oak forest. The total
carbon stock ranged from 118.3 (B3) to 282.4 Mg C ha−1 (B2) in Banj oak forest, 177.8 (R1)
to 331.3 Mg C ha−1 (R2) in Rianj oak forest, 343.3 (M1) to 445.1 Mg C ha−1 (M3) in Moru
oak forest and 152.5 (K1) to 343.8 Mg C ha−1 (K2) in Kharsu oak forest. Among all the
forest types, the maximum total carbon stock (Mg C ha−1) was recorded at M3 (445.1) of
Moru oak forest and minimum at B3 (118.3) of Banj oak forest. Of the total carbon stock
(AGC and BGC) the maximum carbon stock was recorded in the aboveground part, which
is 79.64% of the total carbon stock.

Table 4. Growing stock volume (GSV), aboveground biomass (AGB), belowground biomass (BGB),
total biomass (TB), litter fall (LF), aboveground carbon stock (AGC), belowground carbon stock
(BGC), total carbon stock (TC) along the altitudinal gradient in different oak forests.

Forest
Type Sites GSV

(m3 ha−1)
AGB

(Mg ha−1)
BGB

(Mg ha−1)
TB

(Mg ha−1)

LF
(Mg ha−1

year−1)

AGC
(Mg C ha−1)

BGC
(Mg ha−1)

TC
(Mg C ha−1)

Banj oak
B1 227.6 294.2 77.2 371.4 2.96 132.4 34.7 167.1
B2 388.1 497.2 130.2 627.5 3.94 223.8 58.6 282.4
B3 100.1 204.6 58.4 263.0 5.39 92.1 26.3 118.3

Rianj oak
R1 193.6 310.7 84.3 395.0 5.29 139.8 37.9 177.8
R2 647.1 592.9 143.3 736.2 6.40 266.8 64.5 331.3
R3 487.0 523.7 131.8 655.5 5.54 235.7 59.3 295.0

Moru oak
M1 335.3 597.4 165.4 762.8 4.44 268.8 74.5 343.3
M2 731.0 715.4 177.0 892.4 6.10 321.9 79.6 401.6
M3 649.2 787.3 201.8 989.1 6.28 354.3 90.8 445.1

Kharsu oak
K1 188.5 267.5 71.5 339.0 5.09 120.4 32.2 152.5
K2 683.7 616.5 147.4 763.9 6.98 277.4 66.3 343.8
K3 526.2 565.9 139.4 705.2 7.28 254.7 62.7 317.4

B1, B2, B3—B denotes Banj oak; R1, R2, R3—Rianj oak; M1, M2, M3—Moru oak; K1, K2, K3—Kharsu oak and
numeric after alphabet denotes site 1, 2 and 3 in each forest type.

The total litter carbon stock of study site was 29.53 Mg C ha−1 year−1. Litter fall
biomass (LF, Mg ha−1 year−1) was recorded highest at K3 (7.28) followed by K2 (6.98) and
R2 (6.40). The litter carbon content followed the order Kharsu > Rianj > Moru > Banj oak
forest with the highest value of 3.27 Mg C ha−1 year−1 for K3 of Kharsu oak forest.
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3.3. Anthropogenic Disturbance and Regeneration Pattern

It was recorded that Moru oak (M1, M2) and Kharsu oak (K1, K2) were moderately
disturbed forest sites, while Banj oak (B1) and Rianj oak (R1) were the most highly disturbed
oak sites in the study area. The PCA primarily reflected different environmental variables
on forest communities (Figure 4). The first principal component, which indicated twelve
forest sites as the major explanatory variable, explained 52.7% of variance. Livestock
grazing, cutting, and lopping resulted in positive loadings (0.58, 0.49 and 0.20, respectively)
and fire resulted in negative loading (−0.61). The second principal component explained
28.5% of the original variance and reflected four anthropogenic variables as the dominant
explanatory variable. The second PC was associated positively with lopping, cutting, and
fire (0.87, 0.22 and 0.03, respectively), but negatively with grazing (−0.45). Different forest
sites were highly associated with the environmental variables measured. The highly lopped
sites R2 and B1 were positioned to the right of PC1, and B2 and R3 were positioned to the
left of the PC1. Sites K1, K2, and M1 were represented by more grazing signs, and sites B2
and R3 by fire, while sites R1 and K1 were represented by tree cutting in the study area.
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At the forest level, the highest number of seedlings and saplings were observed in
Kharsu oak (65.1%) followed by Rianj oak (64.5%), Moru oak (60.0%) and Banj oak forest
(48.9%, Figure 5). In Kharsu oak forest trees were mostly distributed in higher girth class i.e.,
>121 cm girth classes (13.4%) followed by the 61–90 cm class (9.82%), where Q. semecarpifolia
contributed in most of the classes (seedling to tree). In Rianj oak forest, about 20.9% of
the tree individuals were represented by the 31–60 cm girth class, while other high girth
classes were almost similar in occurrence. In Moru oak higher girth class trees were more
in number and attained a maximum girth of up to 330–360 cm. In Banj oak forest, the
distribution of individuals was highest (19.3%) in the 31–60 cm girth class followed by
61–30 cm girth class, whereas the representation of the higher girth class trees was poor.
If we examined the overall regeneration status of the forests, the Rianj oak forest showed
good regeneration, whereas Banj, Moru, and Kharsu oak forests displayed fair regeneration.
Moreover, the overall regeneration of dominant species in Rianj oak forest was found to be
good; however, the regeneration of Moru and Kharsu oak was poor.
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Figure 5. Girth class distribution of entire forest and dominant tree species in oak forest communities.

3.4. Soil Characteristics

The soil moisture ranged from 17.4% (K3) to 30.5% (B1). The maximum WHC was
recorded at B1 (41.0%) and minimum (24.0%) at M3. The BD ranged from 0.42 to 0.71 g
cm−3 at different forest sites. Soil organic content, soil texture, soil mineral density, and
their packing patterns all influence bulk density. Among the chemical properties of the
soil, pH ranged from 5.70 (R2) to 6.53 (M1). The highest soil nutrients (OC, N and K) were
reported in Kharsu oak forest i.e., 3.52%, 0.34%, 324.6 Kg ha−1, respectively while the
lowest values were in Banj oak forest (2.62%, 0.19% and 103.6 Kg ha−1, respectively). The
value of p was highest at R3 (19.0 Kg ha−1), and was lowest for K1 site (10.5 Kg ha−1). The
soil carbon stock (SCS, Mg C ha−1) was highest at K2 (23.6) and lowest at B1 (17.7, Table 5).
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Table 5. Soil physico-chemical properties in different oak forest communities.

FT
Sites

Mo WHC BD pH OC N P K SOM SCS
(%) (%) (g cm−3) (%) (%) (Kg ha−1) (Kg ha−1) (%) (Mg C ha−1)

Banj oak
B1 30.5 ± 1.6 41.0 ± 1.8 0.68 ± 0.06 6.01 ± 0.07 2.62 ± 0.1 0.24 ± 0.03 12.3 ± 1.2 103.6 ± 17.9 3.0 ± 0.3 17.7 ± 1.0
B2 29.7 ± 2.2 37.7 ± 3.0 0.64 ± 0.05 5.76 ± 0.17 2.92 ± 0.1 0.22 ± 0.02 18.1 ± 1.3 110.1 ± 26.4 3.6 ± 0.3 18.5 ± 1.3
B3 26.6 ± 1.3 34.5 ± 1.5 0.59 ± 0.08 6.41 ± 0.07 3.12 ± 0.1 0.19 ± 0.01 13.9 ± 1.5 112.0 ± 20.1 3.7 ± 0.2 18.3 ± 1.8

Rianj oak
R1 29.3 ± 1.4 38.5 ± 1.3 0.66 ± 0.06 6.03 ± 0.21 2.70 ± 0.1 0.25 ± 0.02 12.5 ± 1.2 110.0 ± 9.5 4.7 ± 0.1 19.5 ± 0.5
R2 27.6 ± 2.7 38.0 ± 1.1 0.63 ± 0.06 5.70 ± 0.17 2.95 ± 0.1 0.26 ± 0.02 18.4 ± 1.9 132.5 ± 14.8 5.1 ± 0.1 19.1 ± 1.5
R3 28.0 ± 1.5 35.6 ± 2.3 0.42 ± 0.06 5.68 ± 0.19 2.87 ± 0.1 0.28 ± 0.02 19.0 ± 0.9 112.0 ± 11.6 4.9 ± 0.2 18.3 ± 1.1

Moru oak
M1 23.8 ± 1.3 36.3 ± 2.3 0.68 ± 0.03 6.53 ± 0.10 2.85 ± 0.1 0.25 ± 0.02 11.0 ± 1.6 146.5 ± 19.7 3.2 ± 0.2 19.2 ± 0.5
M2 22.9 ± 1.5 33.6 ± 2.0 0.66 ± 0.04 5.89 ± 0.09 2.97 ± 0.1 0.27 ± 0.02 12.5 ± 1.7 180.0 ± 17.8 3.5 ± 0.2 19.4 ± 0.3
M3 20.2 ± 1.2 24.0 ± 2.3 0.62 ± 0.05 6.24 ± 0.17 3.11 ± 0.2 0.30 ± 0.03 14.4 ± 1.9 203.7 ± 22.0 3.7 ± 0.4 19.1 ± 0.4

Kharsu oak
K1 21.6 ± 0.9 40.6 ± 4.9 0.71 ± 0.04 6.31 ± 0.07 2.83 ± 0.1 0.28 ± 0.02 10.5 ± 0.4 219.8 ± 16.4 3.2 ± 0.2 20.0 ± 0.4
K2 20.3 ± 1.1 40.2 ± 0.9 0.68 ± 0.05 6.20 ± 0.06 3.51 ± 0.4 0.31 ± 0.02 12.2 ± 1.1 246.8 ± 29.4 4.4 ± 0.7 23.6 ± 1.4
K3 17.4 ± 1.9 39.1 ± 4.9 0.63 ± 0.05 6.15 ± 0.13 3.52 ± 0.3 0.34 ± 0.01 10.6 ± 1.4 324.6 ± 21.8 4.4 ± 0.5 21.9 ± 1.0

FT—forest type, Mo—moisture, WHC—water holding capacity, BD- bulk density, OC—organic carbon, N—total nitrogen, P—available phosphorus, K—available potassium, SOM—soil
organic matter, SCS—soil carbon stock, B1, B2, B3—B denotes Banj oak; R1, R2, R3—Rianj oak; M1, M2, M3—Moru oak; K1, K2, K3—Kharsu oak and numeric after alphabet denotes site
1, 2 and 3 in each forest type.



Sustainability 2022, 14, 16918 14 of 24

Physico-chemical properties of soil varied across various forest types. The PCA result
reflected the impact of edaphic factors on the quality of different forest communities. It
was employed with nine soil attributes which were then reduced based on low eigen value
(Figure 6). The first two components explained 65.0% of the overall variation. The PC1 axis
explained 40.2% variance and indicated forest sites as the major explanatory variable, while
the PC2 axis accounted for 24.8% and reflected soil variables as the dominant explanatory
variable. There were two principal components that have an eigen value of more than one.
The first component (PC1) with the highest loading values recorded was: PC1 = 0.48 (OC),
0.45 (SOM), 0.49 (K), 0.41 (N), −0.31 (Mo), −0.09 (BD), −0.20 (P), 0.08 (WHC) and 0.07 (pH).
The second component (PC2) contributed 24.8% of the total relationship. PC2 = −0.58 (P),
0.56 (BD), 0.40 (pH), 0.21 (WHC), −0.14 (Mo), 0.10 (K), −0.21 (OC), −0.25 (SOM), and
0.04 (N).
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Figure 6. Principal component analysis (PCA) result showing soil physical and chemical properties
in four oak forest types. PCA axis 1 expressed 44.4% and axis 2 represented 23.3% for first and second
coordinates of sites, respectively. Mo—moisture; WHC—water holding capacity; bD—bulk density;
C—carbon; N—nitrogen; P—phosphorus; K—Potassium, SOC—soil organic carbon, SOM— soil
organic matter.

3.5. Relationship between Vegetative Parameters, Soil Physico-Chemical Properties, Altitude and
Carbon Stock Variables

The basal area was strongly correlated (r = 0.84, p < 0.01) with carbon stock across the
sampled sites. Tree density of forest species showed a significant negative correlation with
N (r = −0.60) and SOM (r = −0.59). Moreover, tree diversity (TH) was negatively correlated
with WHC (r = −0.60). OC, N and K were positively correlated with TBA (r = 0.66, r = 0.60
and r = 0.59, respectively). Among the soil parameters, N was positively correlated with OC
(r = 0.65), and SOM was positively correlated with K (r = 0.67) and OC (r = 0.97, Table 6).
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Table 6. Pearson’s correlation matrix for different environmental variables of four oak forests (n = 12).

Alt TD TBA TH Mo WHC pH OC N P K SOM D TC

Alt
TD

TBA
TH
Mo −0.61 *

WHC −0.60 *
pH
OC 0.77 * 0.66 *
N 0.81 * −0.60 * 0.60 * 0.65 *
P −0.61 *
K 0.94 ** 0.59 * −0.67 * 0.75 * 0.77 *

SOM 0.66* −0.59 * 0.68 * 0.97 ** 0.67 *
D −0.58 * −0.59 *

TC 0.84 ** 0.40 * −0.65 *

** Significant at 0.01 and * at 0.05, empty cells show insignificant correlation, Alt—altitude, TD—tree density,
TBA—total basal area, TH—tree diversity, Mo—moisture, WHC—water holding capacity, BD—bulk density,
OC—organic carbon, N—nitrogen, P—phosphorus, K—potassium, SOM—soil organic matter, R—regeneration,
D—disturbance, TC—Total carbon stock.

The basal area of tree species has a significant positive impact on carbon stock
(R2 = 0.73, p < 0.01) when tested with linear regression (Figure 7).
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Figure 7. Relationship between basal area and carbon stock of four oak forest communities in the
study area (n = 12).

Results from ANOVA indicated that forest type had significant effect (p < 0.05) on
WHC and tree diversity while it also had significant effect (p < 0.01) on species richness, soil
moisture, nitrogen and potassium. This study also reported that altitude had significant
effect (p < 0.01) only on bulk density, while all other parameters do not show any significant
difference due to altitude. Our study reported that disturbance had a significant negative
impact on basal area, total carbon stock and soil OC. The altitude showed a significant
positive effect on OC (r = 0.77), N (r = 0.81), K (r= 0.94) and SOM (r = 0.66), however Mo
(r = −0.61) showed negative correlation with altitude.

4. Discussion

All forest types showed a clear pattern in the segregation of total biomass into
above- and below-ground components. The contribution of AGB (78.9–80.2%) and BGB
(19.8–21.1%) to the total biomass is comparable to the values reported (79.6% AGB and
20.4% BGB) by Kaushal and Baishya [44], (78.5% AGB and 21.5% BGB) by Sharma et al. [45]
and (79% AGB and 21% BGB) by Chhabra [46]. We identified relations among vegetation,
edaphic factors and biotic factors in our study sites, explaining a large part of the variation
in carbon stock. Key factors for understanding the carbon stock are community structure,
regeneration, elevation, disturbance, and soil conditions, which influence the growth and
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development of a forest ecosystem. Since carbon is proportional to biomass, the higher the
biomass, the greater the carbon stock.

4.1. Influence of Community Structure on Carbon Stock

The significant positive impact of basal area of tree species on carbon stock suggests
the existence of canopy-dominating trees of higher girth classes in the forest sites. Moru oak
had higher carbon stock than other oaks due to a greater number of individuals in higher
girth classes, which indicates that these forests stored more carbon as compared to other
forest types. Species richness and diversity did not correlate with carbon stock [47]. Sharma
et al. [21] and Gandhi and Sundarapandian [48] observed a negative correlation between
tree diversity and biomass, whereas Behera et al. [45] reported a positive correlation
between the two variables. Therefore, such studies are critical on a regional scale for
determining forest management and carbon stock improvement.

Tree density showed a significant negative correlation with N and SOM, which might
be due to the presence of anthropogenic pressures in these oak forests. This understanding
of the impacts of tree species on soil carbon is crucial for the C-cycle and greenhouse gas
reduction. The WHC was higher in Kharsu oak forest, indicating that more litter was
produced by this forest type, which boosts the capacity of the soil to retain water. BD was
highest in the Kharsu oak forest while moisture content was found to be low compared
to other forest types, which may possibly be due to the uncontrolled grazing pressure on
this forest as grazers promotes soil compaction [49], which leads to high BD and lowers
the moisture content [50]. Grazing also reduces the stability of soil by disrupting the soil
aggregates [15]. The low density, diversity and species richness on any ecosystem due to
highly compact, less moistened soil indicates that soil compactness leads to species loss in
that area [51].

Physico-chemical features of soil are connected with several phytosociological indices,
suggesting that the species with high nutrient contents may be major driver in the con-
nection between community structure and carbon stock. N showed a positive correlation
with TBA, which is supported by Gairola et al. [52]. The N was highest in Kharsu oak
forest type, where biomass was also higher. Soil C was highest in Kharsu oak forest, where
TBA was also highest. WHC was highest in Banj oak, where TH was the least. Higher
concentration of OC and N may have given rise to higher biomass in this forest type. The
lowest value of N was recorded in Rianj oak site, where the value of TBA was very low and
the highest value of N was observed in Kharsu site, where TBA was at its maximum. The
high K contents were recorded under Kharsu oak forest because the oak individuals are
related to greater K release [53].

4.2. Influence of Altitude

Altitude is recognized as a key component that governs the vegetation characteristic
and the process of soil formation [54] by changing topographic and climatic factors. Its
variation among the forest types also played a key role in explaining disparities in carbon
stock. Altitude showed a significant effect on the basal area of different forest types.
Several authors stated that carbon stocks decline with increasing altitude. According to
Singh et al. [55], TB in diverse forest types in the Kumaun Himalaya remained high, up to
2600 m. Similarly, in the Garhwal Himalaya Gairola et al. [47] observed that TB was lower
above 2650 m (Q. semecarpifolia). We also noticed a substantial drop in TB over 2600 m
(Q. semecarpifolia).

Altitude showed a significant effect on BD. Bulk density decreased with increasing
altitude in all the forests. The distribution of different soil nutrients is influenced by the
altitudinal gradient. Soil OC, N, K, and SOM bear a strong significant positive correlation
with altitude. The nutrients were especially rich at high elevation sites of Kharsu (K3) and
Moru oak (M3) forests. However, Mo showed a negative relationship with altitude, which
might be because the high-altitude locations are exposed to direct sunlight for longer time
than low altitude sites. The annual accumulation of leaf litter and the slow decomposition
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of organic wastes at low temperatures account for the increase in SOM with increasing
altitude [35]. Tripathi [56] investigated a substantial positive association between OC and
altitude (600–2200 m). We also observed that soils under Banj forest (B1) have less carbon
than the soils under Kharsu forest.

4.3. Influence of Regeneration and Disturbance

Anthropogenic pressures such as the cutting of trees for fuelwood are responsible for
releasing CO2 into the atmosphere, causing global climate change. Biotic pressures such
as livestock grazing, tree lopping, cutting, and wildfires are important factors affecting
carbon stock of temperate forests [57]. Our study reported that disturbance has a significant
negative impact on TBA, C and carbon stock. The study revealed that B1 and R1 forest sites
are poor in soil nutrients comparatively due to the presence of high disturbance. These
two oak forests are the most suffered in the study area for their nutrient-rich leaves for
cattle feed.

Such disturbances create large gaps in the forest canopy, influencing the future carbon
reserves of the forests as a result [17]. The forests with high disturbance (B1, R1) had poor
regeneration in Banj and Rianj oak; however, the degree of disturbance might not be the
only factor influencing regeneration failure in Moru and Kharsu oak. The abundance
of seedlings in the area with the maximum disturbance (Rianj oak forest) suggests that
species often reproduce there. This is because disturbance in oak forests reduces understory
vegetation, which also makes it feasible for seedlings to establish themselves on the forest
floor [58]. In Kharsu and Moru oak forest the dominant species showed a complete absence
of seedlings, which indicates poor regeneration status of these species in their respective
forest site. The complete absence of seedlings was probably due to the damage to seedling
recruits by overgrazing and trampling of grazers; this will result in gradual lowering of
its population in the near future [59]. Protecting these two high-altitude oak forests from
summer grazing would help in sustaining them in the long term.

As forest sustainability is ensured through successful regeneration, understanding the
processes that drive forest regeneration is critical for both forest managers and ecologists.
Because anthropogenic disturbance may diminish forest regrowth and carbon stock, these
forests require rigorous management practices [17,19]. Furthermore, providing cooking gas
(LPG, natural gas) in Himalayan regions might improve the carbon sequestration capacity
of these forests by relieving pressures on forest resources.

4.4. Influence of Soil Nutrients

The four oak forests differed significantly in soil physico-chemical properties. Ac-
cording to Paudel and Sah [60], physico-chemical properties of soil vary according to
topography, climate, land use, vegetation type, disturbance gradient, and several other
living and non-living components of the ecosystem [61,62]. Soil properties frequently
change within a very short distance in the Himalayan belt [63,64]. OC, N, K, and SOM were
important soil nutrients in the present study, affecting plant structure and consequently
influencing the carbon stocks of different forest types.

More nutrient availability promotes tree height and biomass stocks with rising alti-
tude [65]. The value of N was higher in B1 with high disturbance. Moreover, N showed a
significant positive relationship with OC and K, which is also observed by Gairola et al. [52].
According to Zhenghu et al. [66], SOMs rich in N have high absorption capacity, which
boosts soil fertility. Therefore, a high amount of SOM in site M3 and K3 might also be the
reason for more N in these forest types. Thus, the variations in soil nutrients appeared to
be driving the differences across forest types.

Nutrient-rich soil generally has a pH range of 5.5 to 7.2, with a significant impact on
plant nutrient availability [67]. The majority of the forest sites in our study had soils with a
pH greater than 6.0, which could be associated to the high level of disturbance. Padalia
et al. [68] reported a positive correlation between OC and BD, while Bargali et al. [14] stated
a negative correlation indicating that as OC increases, the BD of the soil drops, which is
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important for plant growth. In the present study, BD showed a negative correlation with
OC, though the values were not significant. K is not influenced by SOM, since it is not a
provider of K [69]. In our study, K showed a significant positive relationship with OC and
SOM. This was reinforced by the finding of Gairola et al. [52] and Kumar et al. [70] and
concluded that a layer of SOM enhances the K retention in the soils considerably. Greater K
release is associated with oak individuals, which is the primary explanation for the greater
K content in the soils of Moru oak and Kharsu oak forest [53]. The amount of SOM in
the soil impacted the dispersion and development of plants [71]. We observed a positive
correlation of SOM with OC and K. SOM concentration in fine-textured soils typically
ranges from 3–10% by weight [72]. According to Bargali et al. [14], OC is vulnerable to
anthropogenic pressure, resulting in depletion of OC. To raise the OC content in the soil, a
specific level of soil moisture is necessary for the decomposition of residue [73]. A higher
concentration of OC in the soil might facilitate higher biomass in the forest ecosystems. OC
in highly disturbed sites B1 and R1 were comparatively lower, which might be because of
the litter removal from the forest floor. More litter fall (Rianj and Kharsu oak) leaves more
organic matter and improves fertility of the soil (Figure 8).
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Figure 8. Soil organic carbon, litter fall and anthropogenic disturbance in different forest sites.

4.5. Comparative Study of Biomass, Carbon Stock and Chemical Properties of Soil

Several authors reported total biomass (Mg ha−1) and carbon stock (Mg C ha−1) values
for Banj oak forest in the range of 200.1–433.0 and 92.0–194.9, respectively, for Rianj oak
forest from 227.2–562 and 107.9–261.8, for Moru oak forest from 292.4–787.0 and 134.5–354.2,
and Kharsu oak forest from 279.3–590.2 and 128.5–265.5 in the Uttarakhand Himalaya
(Table 7). In the present study, the mean values of biomass (420.6–881.4) and carbon stock
(189.3–396.6) fall within the range of earlier studies from Uttarakhand Himalaya for Banj
oak forest, whereas the rest of the oak forests fall within the upper range. The maximum
mean value of TC (Mg C ha−1) for Moru oak forest in the study area was recorded as
396.6 ± 29.5 and the least in Banj oak forest (189.3± 48.6). The maximum amount of carbon
(obtained by multiplying the mean value of TC with the respective forested area) was
stored in Moru oak forest (2454.6 Gg C) and least (525.1 Gg C) in Rianj oak forest (Figure 9).
The total carbon stored in the valley was estimated as 5470 Gg C. Our findings showed that
soil is the largest pool of forest carbon (43.0–59.7%) followed by AGB (31.5–45.0%), BGB
(8.4–11.7%), and litter (0.4–0.5%, Figure 10).
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Table 7. Comparative account for biomass carbon stock of similar communities across Uttarak-
hand Himalaya.

Forest Type Altitude (m) TB (Mg ha−1) TC (Mg C ha−1) Reference

Banj oak

1200–2300 391–433 176.0–194.9 * [9]
1950 387.3 174.3 * [74]
1600–2100 200.1 92.0 [21]
1500–1650 215.5 107.8 [47]
1800 317–319 149.0 [75]
1750–1950 230.12 109.3 [76]
1750–2200 420.6 ± 108.1 189.3 ± 48.6 Present study

Rianj oak

1800–2400 294–562 132.3–252.9 * [9]
2240 285.3 128.4 * [74]
2150 557 261.8 [77]
2050–2250 227.23 107.9 [76]
1900–2200 595.6 ± 103.0 268.0 ± 46.3 Present study

Moru oak

2100–2700 467–787 210.2–354.2 * [9]
2194 458.5 206.3 * [74]
2200 782.0 367.5 [77]
2300–2600 292.4 134.5 [21]
2550–2650 429.7 214.8 [47]
2100–2750 588.5 276.6 [35]
2300–2500 881.4 ± 65.6 396.6 ± 29.5 Present study

Kharsu oak

2650 590.2 265.5 * [78]
2500–3000 279.31 128.5 [21]
2650–2850 389.5 194.7 [47]
2100–2750 522.34 245.5 [35]
2600–3000 602.7 ± 132.9 271.2 ± 59.8 Present study.;

* Biomass was converted (45%) using Manhas et al. [38].
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Figure 9. Stock distribution among different forest types along the altitudinal gradient (GSV—
growing stock, TB—total biomass stock, TC—total carbon stock, TCS—total carbon storage in
the valley).
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Figure 10. Carbon pool in various oak forest communities in the study area.

The values of OC, N, P, K, and pH for all the oak forest in the present study are
2.62–3.52%, 0.19–0.34%, 10.5–19.0 kg ha–1, 103.6–324.6 kg ha–1, and 5.68–6.53, respectively,
which are within the range of values (0.42–6.15%, 0.07–0.34%, 7.2–31.9 kg ha–1, 72.7–712.0
kg ha–1, and 5.4–6.7) recorded by Gairola et al. [52], Sharma et al. [79], Kumar et al. [80],
Nazir [81], Semwal [82], and Thadani and Ashton [58] in the Kumaun and Garhwal Hi-
malaya. The value of SOM (3.0–5.1%) in the present study is within the range (0.72–6.15%)
recorded by Bargali et al. [14], Gairola et al. [52] and Nazir [82] in the Uttarakhand Himalaya
(Table 8).

Table 8. Comparative account for chemical properties of soil of similar communities at different
altitudes across Uttarakhand Himalaya.

FT Altitude (m) pH OC (%) N (%) P (Kg ha−1) K (Kg ha−1) SOM (%)

Banj oak

1500–1650 a 5.50 2.44 0.17 5.75 * 40.67 * 4.12
1600–2100 b 5.81–6.37 0.42–2.31 0.07–0.25 4.11–6.53 * 66.89–139.59 * 0.72–3.99
1600–2100 c 5.5–6.2 1.9–2.5 0.16–0.21 11.5–31.9 86.1–603.8 -
1700–1850 d 5.9–6.3 0.87–1.01 0.08–0.09 13.6–15.5 180.9–215.7 -
1900–2400 e 5.4–5.7 1.3–1.9 0.10–0.20 9.3–12.0 153.2–408.8 -
Montane f - 1.88–4.00 0.17–0.30 - - -
Up to 2000 g 5.37–6.63 2.21–3.58 0.12–0.30 0.02–0.07 ** - 2.93–4.74
1700–2100 p 5.76–6.41 2.62–3.12 0.19–0.24 12.3–18.1 103.6–112.0 2.97–3.71

Rianj oak 1900–2200 p 5.68–6.03 2.70–2.95 0.25–0.28 12.5–19.0 110.0–132.5 4.70–5.10

Moru oak
2300–2600 c 5.9–6.1 1.6–2.2 0.14–0.17 13.8–23.2 356.7–712.0 -
2550–2650 a 6.13 2.70 0.26 5.30 * 129.17 * 4.65
2300–2600 p 5.89–6.53 2.85–3.11 0.25–0.30 11.0–14.4 146.5–203.7 3.24–3.68

Kharsu oak
2500–3000 c 5.8–6.7 2.3–2.6 0.19–0.22 7.2–14.3 72.7–135.1 -
2650–2850 a 6.67 3.56 0.34 8.33 * 261.17 * 6.15
2600–3000 p 6.15–6.31 2.83–3.52 0.28–0.34 10.5–12.2 219.8–324.6 3.20–4.40

* Values in ppm, ** values in percentage, a Gairolat et al. [52], b Nazir [81], c Sharma et al. [79], d Semwal [82],
e Kumar et al. [80], f Thadani and Ashton [58], g Bargali et al. [14], p Present study.

4.6. Sustainable Forest Management Regimes

Plantation of broadleaved trees should be encouraged in the area as these trees increase
forest cover, maintains soil fertility, stabilize soil erosion, increase aeration and water
infiltration, while adding nutrients to the soil. In wastelands and along agricultural fields,
fast-growing fodder species and native grasses should be promoted. Annually, no more
than 25–30% of the leaves should be removed, especially if the tree is mature [83], to
ensure that the tree’s growth and regeneration are not harmed. Trees outside of forests,
on the other hand, could be used as a substitute for timber and fuelwood, contributing
to carbon sequestration and biodiversity conservation in Himalayan forests. Chir pine
needles should be utilized on a commercial scale and forest litter should be collected from
the forest floor to minimize wildfire. Rotation of grass cutting in different compartments
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would aid in the transformation of seedlings to saplings, and to trees. It will ensure the
long-term conservation of forests, local biodiversity, and sustained flow of ecosystem
services to the local inhabitants and downstream communities. Apart from this, the local
agro-pastoral communities in this area should be encouraged to meet their fuelwood and
fodder requirements around lower elevations (below 1700 m). Biogas, solar energy, and
subsidized supply of LPG will help in minimizing the effects of climate change in the
Himalayan region.

5. Conclusions

The study reveals that Moru oak and Kharsu oak forests account for the largest biomass
(881.4± 65.6, 602.7± 132.9 Mg ha−1) and carbon stock (396.6± 29.5, 271.2 ± 59.8 Mg C ha−1)
respectively in the study area, with moderate levels of disturbance. Both the natural and
man-made disturbances affect the carbon stock of oak forests by altering the micro-climatic
condition of that area. This study concludes that the moderate level of disturbance in the
forest is suitable for accumulation of a considerable amount of carbon, while the high level
of disturbance reduces the regeneration potential of a forest and also disturbs the soil of that
forest, making it nutrient deficient. The study reports that Banj and Rianj oak, the highly
disturbed forest species, are comparatively poor in soil nutrients and lack regenerating
individuals. This prevents these forests from storing a substantial quantity of carbon stock
and limits the forest in its capacity to reduce carbon emissions. The present study supports
that forest structure, anthropogenic factors, regeneration and edaphic factors contribute
substantially to the carbon stock of the area. Considering the significance and the ecological
sensitivity of these overexploited oak species, it is recommended to utilize small-girth trees
or trees outside forest for timber and fuelwood needs. Natural regeneration and sustainable
utilization of these species are crucial since they represent future carbon supply security.
Effective land management necessitates the protection of the oak species, which contributes
the most to the total carbon stock and potential sequestration in the area. To reduce the
strain that human activities place on these natural forests, some fast-growing, high-density
tree species or fuelwood plants can be planted in the village corridors. Developing a
mechanistic knowledge of how these life-sustaining oak forests adapt and will respond
to future manifestations of numerous global change phenomena is crucial. As a result,
both the conservation objectives and the sustainable use of these forest resources will
be enhanced.

Author Contributions: S.B.: Data curation, writing original draft; S.S.B. and K.B.: Reviewing and
Editing; Y.S.R.: Conceptualization; G.S.R.: Methodology, Reviewing and Editing; A.F.: Helped in
manuscript preparation and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: S.B. acknowledges the Director and Dean, Wildlife Institute of India for provid-
ing the necessary facilities. We are thankful to the villagers and field assistants for their help.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pan, Y.; Birdsey, R.A.; Fang, J.; Houghton, R.; Kauppi, P.E.; Kurz, W.A.; Hayes, D. A large and persistent carbon sink in the world’s

Forests. Science 2011, 333, 988–993. [CrossRef] [PubMed]
2. FAO-UNEP. The State of the World’s Forests; Forests, Biodiversity and People: Rome, Italy, 2020.
3. FSI. The State of Forest Report; Forest Survey of India; Ministry of Environment & Forests: Dehradun, India, 2021.
4. FSI. The State of Forest Report; Forest Survey of India; Ministry of Environment & Forests: Dehradun, India, 2019.

http://doi.org/10.1126/science.1201609
http://www.ncbi.nlm.nih.gov/pubmed/21764754


Sustainability 2022, 14, 16918 22 of 24

5. Van derwerf, G.R.; Morton, D.C.; DeFries, R.S.; Olivier, J.G.J.; Kasibhatla, P.S.; Jackson, R.B.; Collatz, G.J.; Randerson, J.T. CO2
emissions from forest loss. Nat. Geosci. 2009, 2, 737–738. [CrossRef]

6. Rawat, P.K.; Tiwari, P.C.; Pant, C.C.; Sharma, A.K.; Pant, P.D. Climate change and its geo-hydrological impacts on mountainous
terrain: A case study through remote sensing and GIS modeling. Int. Sci. Res. J. 2011, 3, 51–69.

7. Awasthi, P.; Bargali, K.; Bargali, S.S.; Jhariya, M.K. Structure and Functioning of Coriaria nepalensis Wall dominated Shrublands in
degraded hills of Kumaun Himalaya. I. Dry Matter Dynamics. Land Degrad. Dev. 2022, 33, 1474–1494. [CrossRef]

8. Sagar, R.; Raghubanshi, A.S.; Singh, J.S. Tree species composition, dispersion and diversity along a disturbance gradient in a dry
tropical forest region of India. For. Ecol. Manag. 2003, 186, 61–71. [CrossRef]

9. Singh, J.S.; Singh, S.P. Structure and function of the Central Himalayan Oak forests. Proc. Plant Sci. 1986, 96, 156–189. [CrossRef]
10. Singh, R.D.; Gumber, S.; Joshi, H.; Singh, S.P. Allocation to tree bark in pine and oak species in fire affected mixed forests across

the Northern Hemisphere. For. Ecol. Manag. 2022, 509, 120081. [CrossRef]
11. Rawat, S.; Khanduri, V.P.; Singh, B.; Riyal, M.K.; Thakur, T.K.; Kumar, M.; Cabral-Pinto, M.M. Variation in carbon stock and soil

properties in different Quercus leucotrichophora forests of Garhwal Himalaya. Catena 2022, 213, 106210. [CrossRef]
12. Kalambukattu, J.G.; Singh, R.; Patra, A.K.; Kalaimurthy, A.K. Soil carbon pools and carbon management index under different

land use systems in the Central Himalayan region. Soil Plant Sci. 2013, 63, 200–205. [CrossRef]
13. Sidhu, G.S.; Rana, K.P.S.; Larsem, L.; Sehgal, J. Soils of Himachal Pradesh for Optimizing Land Uses. National Bureau of Soil

Survey and Land Use Planning. Bulletin 1997, 57, 73.
14. Bargali, K.; Manral, V.; Padalia, K.; Bargali, S.S.; Upadhyay, V.P. Effect of vegetation type and season on microbial biomass carbon

in Central Himalayan Forest soils, India. Catena 2018, 171, 125–135. [CrossRef]
15. Sagar, R.; Singh, J.S. Structure, diversity, and regeneration of tropical dry deciduous forest of northern India. Biodivers. Conserv.

2005, 14, 935–959. [CrossRef]
16. Joshi, A.K.; Joshi, P.K. Forest ecosystem services in the central Himalaya: Local benefits and global relevance. Proc. Natl. Acad. Sci.

India Sect. B Biol. Sci. 2019, 89, 785–792. [CrossRef]
17. Singh, G.; Rawat, G.S. Is the future of oak (Quercus spp.) forests safe in the Western Himalayas? Curr. Sci. 2010, 98, 1420.
18. Pandey, A.N.; Pathak, P.C.; Singh, J.S. Water, sediment and nutrient movement in forested and non-forested catchments in

Kumaun Himalaya. For. Ecol. Manag. 1983, 7, 19–29. [CrossRef]
19. Singh, V.; Thadani, R.; Tewari, A.; Ram, J. Human influence on Banj oak (Quercus leucotrichophora, A. Camus) forests of Central

Himalaya. J. Sustain. For. 2014, 33, 373–386. [CrossRef]
20. Naudiyal, N.; Schmerbeck, J. Potential distribution of oak forests in the central Himalayas and implications for future ecosystem

services supply to rural communities. Ecosyst. Serv. 2021, 50, 101–310. [CrossRef]
21. Sharma, C.M.; Baduni, N.P.; Gairola, S.; Ghildiyal, S.K.; Suyal, S. Tree diversity and carbon stocks of some major forest types of

Garhwal Himalaya, India. For. Ecol. Manag. 2010, 260, 2170–2179. [CrossRef]
22. Champion, H.G.; Seth, S.K. A Revised Survey of the Forest Types of India; Government of India Publications: New Delhi, India, 1968.
23. Samant, S.S.; Dhar, U.; Rawal, R.S. Assessment of fuel resource diversity and utilization patterns in Askot Wildlife Sanctuary in

Kumaun Himalaya, India, for conservation and management. Environ. Conserv. 2000, 27, 5–13. [CrossRef]
24. Samant, S.S.; Rawal, R.S.; Dhar, U. Diversity, extraction and status of fodder species in Askot Wildlife Sanctuary, West Himalaya,

India. Int. J. Biodivers. Sci. Manag. 2006, 2, 29–42. [CrossRef]
25. Curtis, J.T.; McIntosh, R.P. The interrelations of certain analytical and synthetic phytosociological characters. Ecology 1950, 31, 434–455.

[CrossRef]
26. Misra, R. Ecological Work Book; Oxford and IBH Publishing Company: Calcutta, India, 1968.
27. Mueller-Dombois, D.; Ellenberg, E. Aims and Methods of Vegetation Ecology; John Wiley and Sons: New York, NY, USA, 1974.
28. Saxena, A.K.; Singh, J.S. A phytosociological analysis of woody species in forest communities of a part of Kumaun Himalaya.

Vegetatio 1982, 50, 3–22. [CrossRef]
29. Shannon, C.E.; Weaver, W. The Mathematical Theory of Communication; University of Illinois Press: Urbana, IL, USA, 1949.
30. Ralhan, P.K.; Saxena, A.K.; Singh, J.S. Analysis of forest vegetation at and around Nainital in Kumaun Himalaya. Proc. Natl. Acad.

Sci. India Sect. B Biol. Sci. 1982, 48, 121–137.
31. Bhuyan, P.; Khan, M.L.; Tripathi, R.S. Tree diversity and population structure in undisturbed and human-impacted stands of

tropical wet evergreen forest in Arunachal Pradesh, Eastern Himalayas, India. Biodivers. Conserv. 2003, 12, 1753–1773. [CrossRef]
32. Rawat, B.; Gairola, S.; Sekar, K.C.; Rawal, R.S. Community structure, regeneration potential and future dynamics of natural forest

site in part of Nanda Devi Biosphere Reserve, Uttarakhand, India. Afr. J. Plant Sci. 2014, 8, 380–391. [CrossRef]
33. Shankar, U. A case of high tree diversity in a Sal (Shorea robusta)-dominated lowland forest of Eastern Himalaya: Floristic

composition, regeneration and conservation. Curr. Sci. 2001, 81, 776–786.
34. FSI. Volume Equations for Forests of India, Nepal and Bhutan; Forest Survey of India, Ministry of Environment and Forests;

Government of India: Dehradun, India, 1996.
35. Dimri, S.; Baluni, P.; Sharma, C.M. biomass production and carbon storage potential of selected old-growth temperate forests in

Garhwal Himalaya, India. Proc. Natl. Acad. Sci. India Sect. B Biol. Sci. 2017, 87, 1327–1333. [CrossRef]
36. Brown, S.L.; Schroeder, P.; Kern, J.S. Spatial distribution of biomass in forests of the eastern USA. For. Ecol. Manag. 1999, 123, 81–90.

[CrossRef]

http://doi.org/10.1038/ngeo671
http://doi.org/10.1002/ldr.4235
http://doi.org/10.1016/S0378-1127(03)00235-4
http://doi.org/10.1007/BF03053301
http://doi.org/10.1016/j.foreco.2022.120081
http://doi.org/10.1016/j.catena.2022.106210
http://doi.org/10.1080/09064710.2012.749940
http://doi.org/10.1016/j.catena.2018.07.001
http://doi.org/10.1007/s10531-004-0671-6
http://doi.org/10.1007/s40011-018-0969-x
http://doi.org/10.1016/0378-1127(83)90054-3
http://doi.org/10.1080/10549811.2014.899500
http://doi.org/10.1016/j.ecoser.2021.101310
http://doi.org/10.1016/j.foreco.2010.09.014
http://doi.org/10.1017/S0376892900000023
http://doi.org/10.1080/17451590609618097
http://doi.org/10.2307/1931497
http://doi.org/10.1007/BF00120674
http://doi.org/10.1023/A:1023619017786
http://doi.org/10.5897/AJPS2014.1191
http://doi.org/10.1007/s40011-016-0708-0
http://doi.org/10.1016/S0378-1127(99)00017-1


Sustainability 2022, 14, 16918 23 of 24

37. Cairns, M.A.; Brown, S.; Helmer, E.H.; Baumgardner, G.A. Root biomass allocation in the world’s upland forests. Oecologia
1997, 111, 1–11. [CrossRef]

38. Manhas, R.K.; Negi, J.D.S.; Kumar, R.; Chauhan, P.S. Temporal assessment of growing stock, biomass and carbon stock of Indian
forests. Clim. Chang. 2006, 74, 191–221. [CrossRef]

39. Jackson, M.L. Soil Chemical Analysis; Prentice Hall, Inc.: Englewood Clift, NJ, USA, 1958.
40. Piper, C. Soil and Plant Analysis; Adelaide University, Hassell Press: Adelaide, Australia, 1950.
41. Walkley, A.; Black, C.A. An examination of Degtjareff methods for determining soil organic matter and a proposed modification

of the chronic acid titration methods. Soil Sci. 1934, 37, 29–38. [CrossRef]
42. Peach, K.; Tracey, M. Modern Methods of Plant Analysis; Springer: Adelaide, Australia, 1956.
43. Olsen, S.; Cole, C.; Watanabe, F.; Dean, L. Estimation of Available Phosphorus in Soils by Extraction with Sodium Bicarbonate; U.S.

Department of Agriculture Circular; U.S. Department of Agriculture: Washington, DC, USA, 1954.
44. Kaushal, S.; Baishya, R. Stand structure and species diversity regulate biomass carbon stock under major Central Himalayan

Forest types of India. Ecol. Process. 2021, 10, 14. [CrossRef]
45. Sharma, C.M.; Tiwari, O.P.; Rana, Y.S.; Krishan, R.; Mishra, A.K. Elevational behaviour on dominance–diversity, regeneration,

biomass and carbon storage in ridge forests of Garhwal Himalaya, India. For. Ecol. Manag. 2018, 424, 105–120. [CrossRef]
46. Chhabra, A. Growing stock-based forest biomass estimate for India. Biomass Bioenergy 2002, 22, 187–194. [CrossRef]
47. Gairola, S.; Sharma, C.M.; Ghildiyal, S.K.; Suyal, S. Live tree biomass and carbon variation along an altitudinal gradient in moist

temperate valley slopes of the Garhwal Himalaya (India). Curr. Sci. 2011, 100, 1862–1870.
48. Gandhi, D.S.; Sundarapandian, S. Large-scale carbon stock assessment of woody vegetation in tropical dry deciduous forest of

Sathanur reserve forest, Eastern Ghats, India. Environ. Monit. Assess. 2017, 189, 187. [CrossRef]
49. Sagar, R.; Verma, P. Effects of soil physical characteristics and biotic interference on the herbaceous community composition and

species diversity on the campus of Banaras Hindu University, India. Environmentalist 2010, 30, 289–298. [CrossRef]
50. Donkor, N.T.; Gedir, J.V.; Hudson, R.J.; Bork, E.W.; Chanasky, D.S.; Naeth, M.A. Impacts of grazing system on soil compaction

and pasture production in Alberta. Can. J. Soil Sci. 2002, 82, 1–8. [CrossRef]
51. Wang, G.; Wang, Y.; Li, Y.; Cheng, H. Influences of alpine ecosystem responses to climatic change on soil properties on the

Qinghai-Tibet Plateau, China. Catena 2007, 70, 506–514. [CrossRef]
52. Gairola, S.; Sharma, C.M.; Ghildiyal, S.K.; Suyal, S. Chemical properties of soils in relation to forest composition in moist temperate

valley slopes of Garhwal Himalaya, India. Environmentalist 2012, 32, 512–523. [CrossRef]
53. Tomlinson, G.H.; Tomlinson, F.L. Effects of Acid Decomposition on the Forests of Europe and North America; CRC Press: Boca Raton,

FL, USA, 1990.
54. Hanawalt, R.B.; Whittaker, R.H. Altitudinally coordinated patterns of soils and vegetation in-the San Jacinto Mountains, California.

Soil Sci. 1976, 121, 114–124. [CrossRef]
55. Singh, S.P.; Adhikari, B.S.; Zobel, D.B. Biomass, productivity, leaf longevity, and forest structure in the Central Himalaya. Ecol.

Monogr. 1994, 64, 401–421. [CrossRef]
56. Tripathi, B.P. Review of acid soil and its management in Nepal; Lumle Seminar Paper; Pokhara: Kathamndu, Nepal, 1999; Volume 99,

pp. 1–11.
57. Hughes, R.F.; Kauffman, J.B.; Jaramillo, V.J. Biomass, carbon, and nutrient dynamics of secondary forests in a humid tropical

region of Mexico. Ecology 1999, 80, 1892–1907.
58. Thadani, R.; Ashton, P.M.S. Regeneration of banj oak (Quercus leucotrichophora A. Camus) in the central Himalaya. For. Ecol.

Manag. 1995, 78, 217–224. [CrossRef]
59. Thakur, U.; Bisht, N.S.; Kumar, A.; Kumar, M.; Sahoo, U.K. Regeneration potential of forest vegetation of Churdhar wildlife

sanctuary of India: Implication of forest management. Water Air Soil Pollut. 2021, 232, 373. [CrossRef]
60. Paudel, S.; Sah, J. Physicochemical characters of soil in tropical soil (Shorea robusta Gaertn.) forests in eastern Nepal. Himalayan J.

Sci. 2003, 1, 107–110. [CrossRef]
61. Bargali, S.S.; Singh, R.P.; Joshi, M. Changes in soil characteristics in eucalypt plantations replacing natural broadleaved forests.

J. Veg. Sci. 1993, 4, 25–28. [CrossRef]
62. Bargali, S.S.; Singh, S.P.; Singh, R.P. Patterns of weight loss and nutrient release from decomposing leaf litter in an age series of

Eucalypt plantations. Soil Biol. Biochem. 1993, 25, 1731–1738. [CrossRef]
63. Baumler, R. Soils. In Nepal: An Introduction to the Natural History, Ecology and Human Environment in the Himalayas—A Companion

to the Flora of Nepal; Miehe, S., Pendry, C.A., Eds.; The Royal Botanical Garden Edinburgh: Edinburgh, UK, 2015.
64. Manral, V.; Bargali, K.; Bargali, S.S.; Shahi, C. Changes in soil biochemical properties following replacement of Banj oak forest

with Chir pine in Central Himalaya, India. Ecol. Process. 2020, 9, 30. [CrossRef]
65. Tanner, E.V.J.; Vitousek, P.A.; Cuevas, E. Experimental investigation of nutrient limitation of forest growth on wet tropical

mountains. Ecology 1998, 79, 10–22. [CrossRef]
66. Duan, Z.; Xiao, H.; Li, X.; Dong, Z.; Wang, G. Evolution of soil properties on stabilized sands in the Tengger Desert, China.

Geomorphology 2004, 59, 237–246.
67. Farley, K.A.; Kelly, E.F. Effects of afforestation of a Paramo grassland on soil nutrient status. For. Ecol. Manag. 2004, 195, 281–290.

[CrossRef]

http://doi.org/10.1007/s004420050201
http://doi.org/10.1007/s10584-005-9011-4
http://doi.org/10.1097/00010694-193401000-00003
http://doi.org/10.1186/s13717-021-00283-8
http://doi.org/10.1016/j.foreco.2018.04.038
http://doi.org/10.1016/S0961-9534(01)00068-X
http://doi.org/10.1007/s10661-017-5899-1
http://doi.org/10.1007/s10669-010-9276-7
http://doi.org/10.4141/S01-008
http://doi.org/10.1016/j.catena.2007.01.001
http://doi.org/10.1007/s10669-012-9420-7
http://doi.org/10.1097/00010694-197602000-00007
http://doi.org/10.2307/2937143
http://doi.org/10.1016/0378-1127(95)03561-4
http://doi.org/10.1007/s11270-021-05315-9
http://doi.org/10.3126/hjs.v1i2.207
http://doi.org/10.2307/3235730
http://doi.org/10.1016/0038-0717(93)90177-D
http://doi.org/10.1186/s13717-020-00235-8
http://doi.org/10.1890/0012-9658(1998)079[0010:EIONLO]2.0.CO;2
http://doi.org/10.1016/j.foreco.2003.12.015


Sustainability 2022, 14, 16918 24 of 24

68. Padalia, K.; Bargali, S.S.; Bargali, K.; Khulbe, K. Microbial biomass carbon and nitrogen in relation to cropping systems in Central
Himalaya, India. Curr. Sci. 2018, 115, 1741–1750. [CrossRef]

69. Gupta, M.K.; Sharma, S.D. Effect of tree plantation on soil properties, profile morphology and productivity index I. Poplar in
Uttarakhand. Ann. For. 2009, 16, 209–224.

70. Kumar, S.; Ghotekar, Y.S.; Dadhwal, V.K. C-equivalent correction factor for soil organic carbon inventory by wet oxidation, dry
combustion and loss on ignition methods in Himalayan region. J. Earth Syst. Sci. 2019, 128, 62–72. [CrossRef]

71. Fu, B.J.; Liu, S.L.; Ma, K.M.; Zhu, Y.G. Relationship between soil characteristics, topography and plant diversity in a heterogeneous
deciduous broad-leaved forest near Beijing, China. Plant Soil 2004, 261, 47–54. [CrossRef]

72. Wilde, S.A. Forest Soils and Forest Growth; Periodical Experts Book Agency: New Delhi, India, 1946.
73. Martin, D.; Lal, T.; Sachdev, C.B.; Sharma, J.P. Soil organic carbon storage changes with climate change, landform and land use

conditions in Garhwal hills of the Indian Himalayan mountains. Agric. Ecosyst. Environ. 2010, 138, 64–73. [CrossRef]
74. Rawat, Y.S.; Singh, J.S. Structure and Function of Oak Forests in Central Himalaya. I. Dry Matter Dynamics. Ann. Bot. 1988, 62, 397–411.

[CrossRef]
75. Singh, P. Climate Change Response on Tree Phenology of Major Tree Species in the Central Himalaya. Ph.D. thesis, Kumaun

University, Nainital, Uttarakhand, India, 2019.
76. Joshi, V.C.; Negi, V.S.; Bisht, D.; Sundriyal, R.C.; Arya, D. Tree biomass and carbon stock assessment of subtropical and temperate

forests in the Central Himalaya, India. Trees For. People 2021, 6, 100–147. [CrossRef]
77. Rana, B.S.; Singh, R.P.; Singh, S.P. Carbon and energy dynamics of seven Central Himalayan forests. Trop. Ecol. 1989, 30, 253–269.
78. Adhikari, B.S.; Rawat, Y.S.; Singh, S.P. Structure and function of high-altitude forest of Central Himalaya I. Dry Matter Dynamics.

Ann. Bot. 1995, 75, 237–248. [CrossRef]
79. Sharma, C.M.; Baduni, N.P.; Gairola, S.; Ghildiyal, S.K.; Suyal, S. Effects of slope aspects on forest compositions, community

structures and soil properties in natural temperate forests of Garhwal Himalaya. J. For. Res. 2010, 21, 331–337. [CrossRef]
80. Kumar, M.; Sharma, C.M.; Rajwar, G.S. Physico-chemical properties of forest soil along altitudinal gradient in Garhwal Himalaya.

J. Hill Res. 2004, 17, 60–64.
81. Nazir, T. Estimation of Site Quality of Important Temperate Forest Cover on the Basis of Soil Nutrient and Growing Stock in

Garhwal Himalaya. Ph.D. Thesis, HNB Garhwal University, Srinagar (Garhwal), Uttarakhand, India, 2009.
82. Semwal, S. Studies on Phytosociology, Diversity Patterns and Competition along an Altitudinal Gradient in a Part of Lesser

Himalaya in Garhwal, Uttaranchal. Ph.D. Thesis, HNB Garhwal University, Srinagar, India, 2006.
83. Chavan, S.B.; Kumar, N.; Uthappa, A.R.; Keerthika, A.; Handa, A.K.; Sridhar, K.B.; Singh, M.; Kumar, D.; Ram, N. Tree

Management Practices in Agroforestry. In Forests, Climate Change and Biodiversity; ICAR: New Delhi, India, 2017; pp. 87–101.

http://doi.org/10.18520/cs/v115/i9/1741-1750
http://doi.org/10.1007/s12040-019-1086-9
http://doi.org/10.1023/B:PLSO.0000035567.97093.48
http://doi.org/10.1016/j.agee.2010.04.001
http://doi.org/10.1093/oxfordjournals.aob.a087673
http://doi.org/10.1016/j.tfp.2021.100147
http://doi.org/10.1006/anbo.1995.1017
http://doi.org/10.1007/s11676-010-0079-y

	Introduction 
	Materials and Methods 
	Study Area 
	Vegetation Sampling and Data Analysis 
	Regeneration Pattern 
	Levels of Anthropogenic Disturbance 
	Growing Stock, Biomass, and Carbon Stock Estimation 
	Litter Fall Estimation 
	Soil Sampling and Analysis 
	Statistical Analysis 

	Results 
	Community Structure 
	Biomass and Carbon Stock 
	Anthropogenic Disturbance and Regeneration Pattern 
	Soil Characteristics 
	Relationship between Vegetative Parameters, Soil Physico-Chemical Properties, Altitude and Carbon Stock Variables 

	Discussion 
	Influence of Community Structure on Carbon Stock 
	Influence of Altitude 
	Influence of Regeneration and Disturbance 
	Influence of Soil Nutrients 
	Comparative Study of Biomass, Carbon Stock and Chemical Properties of Soil 
	Sustainable Forest Management Regimes 

	Conclusions 
	References

