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Abstract Soil organic carbon stocks were measured at
three depths (0–10, 10–20, and 20–30 cm) in seven
altitudes dominated by different forest types viz.
Populus deltoides, 1550–1800 m; Juglans regia,
1800–2000 m; Cedrus deodara, 2050–2300 m; Pinus
wallichiana, 2000–2300 m; mixed type, 2200–2400 m;
Abies pindrow, 2300–2800 m; and Betula utilis, 2800–
3200 m in temperate mountains of Kashmir Himalayas.
The mean range of soil organic carbon (SOC) stocks
varied from 39.07 to 91.39 Mg C ha−1 in J. regia and
B. utilis forests at 0–30 cm depth, respectively. Among
the forest types, the lowest mean range of SOC at three
depths (0–10, 10–20, and 20–30 cm) was observed in
J. regia (18.55, 11.31, and 8.91 Mg C ha−1, respective-
ly) forest type, and the highest was observed in B. utilis
(54.10, 21.68, and 15.60Mg C ha−1, respectively) forest
type. SOC stocks showed significantly (R2=0.67, P=
0.001) an increasing trend with increase in altitude. On
average, the percentages of SOC at 0–10-, 10–20-, and
20–30-cm depths were 53.2, 26.5, and 20.3 %, respec-
tively. Bulk density increased significantly with increase
in soil depth and decreased with increase in altitude. Our

results suggest that SOC stocks in temperate forests of
Kashmir Himalaya vary greatly with forest type and
altitude. The present study reveals that SOC stocks
increased with increase in altitude at high mountainous
regions. Climate change in these high mountainous
regions will alter the carbon sequestration potential,
which would affect the global carbon cycle.
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Introduction

Himalayan ecosystems are vulnerable to climate
change and play an important role in global carbon
cycle because of their large carbon stocks and
potential sensitivity to climate change (Yang et al.
2007). High-altitude forests have greater potential
of soil carbon sequestration compared to forests at
lower altitudes (Zhu et al. 2010; Charan et al.
2012; Wei et al. 2013). Forests act as one of the
largest carbon sinks and helps to control atmo-
spheric CO2 concentrations. Soil organic carbon
(SOC) is considered to be one of the largest carbon
pools of the terrestrial ecosystems and also plays a
vital role in the global carbon (C) cycle (Batjes
1996; Lal 2004, 2005; Piao et al. 2009). Forest
soil contains a globally significant amount of C,
approximately half of earth’s terrestrial C (1146×
1015 g), and of this amount, about two thirds is
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retained in soil pools (Dixon et al. 1994; Johnson
and Curtis 2001; Goodale et al., 2002). Temperate
forest ecosystems contain a significant amount of
SOC, both globally (Zhu et al. 2010; Pan et al.
2011) and regionally (Dar and Sundarapandian
2013). There is a great spatial variability on SOC
stocks in mountainous regions due to their hetero-
geneous environment, soil type, land use and to-
pography (Hoffmann et al. 2014). Matus et al.
(2014) have stated that climate, vegetation types,
soil microbiology and particularly altitude are the
effective predictors of SOC stocks in mountainous
regions and have opined that decomposition and
accumulation of C in these soils are related to
processes of stabilization.

It has been estimated that present C stock in the
world’s forests is 861±66 Pg C, of which 383±30 Pg
(44 %) is in soil up to a depth of 1 m (Pan et al. 2011).
Temperate forest contribution to world forest C stock is
14 % (119±6 Pg, Pan et al. 2011). Based on average
global or regional soil C densities estimated in Indian
forest soils, it has been calculated that SOC pool ranges
from 5.4 to 6.7 Pg (Ravindranath et al. 1997; Dadhwal
et al. 1998), while Chhabra et al. (2003) have estimated
that the total SOC pools in Indian forests in the top 50 cm
and top 1 m soil depths were 4.13 and 6.81 Pg, respec-
tively. SOC is normally estimated to a depth of 0–30 cm
since most of it is present in the top layers and root
activity is also concentrated in this horizon (Ravindranath
and Ostwald 2008). It is estimated that the global stock of
SOC is in the range 684–724 Pg to a depth of 30 cm and
1462–1548 Pg to a depth of 1 m (Batjes 1996). Thus, the
quantity of SOC in the 0–30 cm layer is about twice the
amount of C in atmospheric carbon dioxide (CO2) and
three times that in global aboveground vegetation
(Powlson et al. 2011). It was estimated in the Fourth
Assessment Report (AR4) of the Intergovernmental Pan-
el on Climate Change (IPCC) that the annual release of
CO2 from deforestation (coming from both vegetation
and soil) is currently about 25 % of that from fossil fuel
burning (IPCC 2007). A small change in soil C results in
a large change in atmospheric concentration (Raich and
Schlesinger 1992; IPCC 2000; Johnston et al. 2004). It is
essential to study the mechanisms and changes of forest
SOC to better understand and mitigate climate change
(Fang et al. 1996; Powlson et al. 2011). There is a great
influence of forest types on SOC stocks in subalpine
regions, which constitutes the major proportion of the
ecosystem C (Uri et al. 2012; Zhang et al. 2013).

Mountainous cold temperate areas have high SOC
content but have large spatial variability, due to differ-
ences in climate and vegetation (Li et al. 2010). This
spatial variability has made it difficult to predict the
spatial distribution of SOC in forest soils (Yanai et al.
2000; Fahey et al. 2005). Various studies have reported
the influence of topography (Yoo et al. 2006), climatic
conditions (Leirós et al. 1999; Davidson and Janssens
2006), soil composition (Jobbágy and Jackson 2000),
litter quality and its decomposition rate (Yang et al.
2005; Sariyildiz 2008), and species composition or veg-
etation type (Liski 1995; Schulp et al. 2008; Li and Han
2008) on the spatial distribution of SOC.

The Himalayas are among the youngest mountain
ranges on the planet and consist mostly of sedimentary
andmetamorphic rocks. In India, the Himalaya occupies
16.2 % of the total geographical area and spans over 12
states of the country. The Himalayas in India are cate-
gorized into Northern Himalaya, Western Himalaya,
Central Himalaya, and Northeastern Himalaya
(Nautiyal et al. 2005). The geographical area of the
Jammu and Kashmir state is 101,387km2, and from
which, 20,230km2 is under forest cover. The vegetation
of the area is described as temperate type with conifers
as the main component. There is a great altitudinal
variation among the forest types. The low-lying
(1550–2000 m) temperate forests in the area are mainly
composed of broad-leaved species such as Populus
deltoides, Juglans regia, Salix species, Ulmus villosa,
etc., whereas the mid-altitude (2000–2800m) forests are
composed of conifers like Pinus wallichiana, Cedrus
deodara, Abies pindrow and Picea smithiana; however,
in high altitude (2800–3250 m), Betula utilis is domi-
nant and constitutes as the timber line. These seven
forest types are the major ones in the study area.Populus
deltoides and J. regia forest types are managed planta-
tions and are mono-dominant. Understory shrub vege-
tation is absent in these forest types, as they are managed
plantations, and these are highly disturbed due to an-
thropogenic pressure and grazing by local livestock. The
mid-elevation coniferous (C. deodara , Pinus
wallichiana, mixed coniferous, and A. pindrow) forests
are natural and understory vegetation is dominated by
shrub and herb species of Viburnum grandiflorum and
Stipa sibirica, respectively. However, in high altitude,
broad-leaved natural forest has low tree density and
understory vegetation is dominated by Rhododendron
anthopogon and Malva neglecta. In Kashmir
Himalayas, no work on SOC stocks along an altitudinal
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gradient has been done so far; hence, the present study
was aimed to the following: (1) estimate SOC stocks
along an altitudinal gradient of 1550 to 3250 m in
temperate forests of Kashmir Himalayas and (2) esti-
mate bulk density along an altitudinal gradient in tem-
perate forests of Kashmir Himalayas. This study will
provide a baseline soil C stock data, which helps to
assess the plausibility of diverse published inventory
data.

Materials and methods

Study area

The present study was conducted in temperate zone
(1550 to 3200 m) of Anantnag district of Kashmir
Himalayas in the Jammu and Kashmir (J&K) state of
India (Fig. 1). Anantnag is situated in southern part of
the Kashmir Himalaya and is one of the southern-most
districts of the J&K state, between 33° 45′–34° 15′ N
latitude and 74° 02′–75° 32′ E longitude, covering about
3984 km2, out of which 36.09 % (1438 km2) of the total
geographical area is forested (FSI 2011). This temperate
region receives moderate to high snowfall from Decem-
ber to February. Average annual precipitation in this area
ranged between 844 and 1213 mm, and the mean
monthly temperatures range from −8.3 to 26 °C
(Fig. 2). The study was carried out in seven different
altitudes and the forest types have been selected based
on the dominant tree species: Populus deltoides, 1550–
1800 m; J. regia, 1800–2000 m; C. deodara, 2050–
2300 m; Pinus wallichiana, 2000–2300 m; mixed type,
2200–2400 m; A. pindrow, 2300–2800 m; and B. utilis,
2800–3200m. A total of 59 plots of 50×50m2 (0.25 ha)
each were selected along an altitudinal gradient for the
detailed study (Table 1). The number of plots (50 m×
50 m) selected in each forest type was proportional to
total cover of each forest type in this mountainous
region.

Soil sampling and laboratory analysis

Fifteen soil samples were collected randomly from each
forest plot at three depths 0–10, 10–20, and 20–30 cm.
Five composite samples (three are mixed together for
each) from each forest plot were brought to the labora-
tory for further analysis. Soil samples were collected
with the help of soil core sampler from July to October

of 2013 and analysis for the determination of SOC was
done after air-drying and sieving the soil samples
through a 1 mm mesh sieve. For organic C estimation,
Walkley and Black’s method (Walkley 1947) was used,
which is a widely used procedure (Pearson et al. 2005).
In Walkley and Black’s method, about 60–86 % of soil
organic carbon (SOC) is oxidized; therefore, a highly
recommended standard correction factor of 1.58 was
used to obtain the corrected SOC values (de Vos et al.
2007; Latte et al. 2013).

For bulk density in each forest type, 15 aggregated
undisturbed soil cores from each depth (0–10, 10–20, and
20–30 cm) were taken by soil core sampler having 5 cm
internal diameter. While taking cores for measure-
ment of bulk density, extra care was taken to avoid
any loss of soil from the samples. The soil samples
were weighed immediately and transported to the
laboratory where they were oven-dried at 105±5 °C
for 72 h and weighed. In the soils containing coarse
rocky fragments, the coarse fragments were sepa-
rated by a sieve and weighed. The bulk density of
the soil core was calculated with the help of the
following formula described by Pearson et al.
(2005):

Bulk density g=m3
� �

¼
Oven dry mass g=m3

� �

Core volume m3ð Þ –
�
Mass of coarse fragments gð Þ = 2:65 g=cm3

� �

whereas 2.65 was taken as constant for the density
of rock fragments (g/cm3).

Soil C stock was then calculated for each soil layer
based on the thickness of the soil layer, its bulk density
and C concentration. The total C content of 30-cm depth
was finally estimated by summing up the C content of
all layers (Pearson et al. 2005).

SOC Mg ha−1
� �

¼ soil bulk density gm−3� � � soil depth cmð Þ � C
� �� � � 100

Soil moisture (%) was measured at three different
depths (0–10, 10–20, and 20–30 cm) by the gravimetric
method.

The forest floor standing crop litter in soil surface
was collected randomly from ten quadrates by using a
1×1 m2 wooden frame in each plot, weighed in situ and
then taken the representative samples in triplicate to
laboratory and were kept in an oven at 65 °C for 48 h,
and dry weight was measured.
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The growing stock volume (GSV; m3 ha−1) of each
tree species was estimated by using species-specific vol-
ume equations that were developed usingmultiple regres-
sion methods by the Forest Survey of India (FSI 1996), in
which girth or DBH, basal area alongwith height, or form
factor was taken into account (Javid 2014).

The understory included ground vegetation compris-
ing shrubs and herbs. Ten 1 m×1 m quadrats for herbs

and 5 m×5 m for shrubs were randomly laid in each
plot. All understory vegetation falling within these
quadrats was harvested. The fresh weight of the harvest-
ed understory biomass was immediately measured with
an electronic balance (accuracy±0.01 g) in the field,
following which the representative samples were taken
in triplicates to the laboratory where they were oven-
dried at 65 °C for 48 h, after which the dry weight was

Fig. 1 Location of the study sites in seven forest types (Populus deltoides (PD), Juglans regia (JR), Cedrus deodara (CD), Pinus
wallichiana (PW), mixed coniferous (MC), Abies pindrow (AP), and Betula utilis (BU)) at different altitudes in Kashmir Himalayas
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measured. The total C was computed by using the
following formula:

Carbon C Mg ha−1
� � ¼ Biomass Mg ha−1

� � � Carbon %

The C percentage for live tree biomass, dead wood,
and litter was taken as 46 % for conifers and 45 % for
broad-leaved forest types (Negi et al. 2003; Manhas
et al. 2006). The understory C was taken as 50 % of
the dry weight.

Statistical analysis

The relationship between SOC stocks and altitude was
examined with linear regression and a separate analysis
was used for each soil depth (0–10, 10–20, 20–30, and
0–30 cm). The ANOVAs were separately conducted for
different soil depths (0–10, 10–20, 20–30, and 0–30 cm)
to compare the forest types and altitude. The relationship

between SOC and nine variables (see Table 3) was first
examined with correlation analysis. The relationship be-
tween SOC concentration and bulk density was also
examined with linear regression.

Results

SOC stocks

Themean SOC stocks ranged from 39.07 to 91.39MgC
ha−1 in J. regia and B. utilis forests at 0–30-cm depth,
respectively (Table 2). SOC stocks decreased signifi-
cantly (P<0.001) with increasing soil depth in all the
seven forest types (Populus deltoides (PD), J. regia
(JR), C. deodara (CD), Pinus wallichiana (PW), mixed
type (MT), A. pindrow (AP), and B. utilis (BU)). The
SOC ranges from 18.85–54.10, 11.31–21.68, and 7.19–

Table 1 Study site characteristics along an altitudinal gradient in temperate forests of Kashmir Himalayas

Forest
type

Altitude
(m)

Latitude (°) Longitude
(°)

No. of
plots

Basal area
(m2 ha−1)

Tree density (no.
ha−1)

Total biomass
(Mg ha−1)

PD 1550–1800 75.08–75.20 33.72–33.78 8 46.5±24.2 1201±301 204

JR 1800–2000 75.25–75.35 33.75–33.89 7 31.6±13 148±23 124

CD 2050–2300 75.31–75.40 33.73–33.99 9 47.8±8.6 195±34 228

PW 2000–2300 75.27–75.35 33.93–34.03 10 46.4±9.9 199±35 218

MT 2200–2400 75.19–75.47 33.60–34.07 10 48.7±6.6 196±29 222

AP 2300–2800 75.28–75.47 33.59–34.10 10 48.5±8.0 197±35 237

BU 2800–3200 75.36–75.50 33.59–33.99 5 18.5±3.5 103±23 79
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15.60 Mg C ha−1 at 0–10-, 10–20-, and 20–30-cm soil
depths in JR and BU, JR and BU, and JR and PW,
respectively. On average, the percentages of SOC at 0–
10, 10–20, and 20–30 cm depths were 53.2, 26.5 and
20.3 %, respectively. The highest percentage of C in 0–
10 cm depth was observed in BU (59.2 %) forest where-
as the lowest was observed in PW (45.4 %) forest. In
10–20 and 20–30 cm depths, the highest was observed
in PD and PW (31.1 and 24.6 %) forests while the
lowest was observed in MT and BU (22.9 and 17.1 %)
forests (Fig. 3).

Bulk density of different forest types is given in
Fig. 4. A significantly (P<0.05) increasing trend was
observed in soil bulk density with increasing soil
depth in all the forest types (PD, JR, CD, PW, MT,
AP and BU). Bulk density of 0–10 and 10–20 cm soil
depths showed a significant variation (P<0.001)

among all the forest types except the bottom layer
(20–30 cm).

SOC showed a negative relationship with bulk den-
sity (Table 3), as bulk density increased, SOC decreased
and vice versa among all the forest types. Soil bulk
density showed a decreasing trend with increase in
altitude (R2=0.06; Fig. 6). Low-altitude J. regia
(1800–2000 m) forest has showed the highest bulk
density (0–30 cm), whereas the high-altitude B. utilis
(2800–3200 m) forest has showed the lowest bulk den-
sity (Fig. 4).

The test of ANOVA indicates that there are signif-
icant (P<0.001) differences in SOC stocks among the
forest types at 0–30-cm depth (Table 2). A similar
trend was observed distinctly at all the three depths
(P<0.001, P<0.001, and P<0.001 at 0–10, 10–20,
and 20–30 cm, respectively). SOC stocks at 0–30-cm

Fig. 3 Relative C percentage at
three depths (0–10, 10–20 and
20–30 cm) in seven temperate
forests of Kashmir Himalayas

Table 2 Soil organic carbon (SOC) stocks at different depths along an altitudinal gradient in seven forest types of Kashmir Himalayas

Forest type Number of samples in each depth C Mg ha−1

(0–10 cm)
C Mg ha−1

(10–20 cm)
C Mg ha−1

(20–30 cm)
F value P value

PD n=40 19.39±2.1a 12.78±0.9a 8.96±1.0a 432 0.0001

JR n=35 18.85±1.3a 11.32±0.9b 8.91±0.8a 4.19 0.0001

CD n=45 34.64±1.6b 15.20±0.9c 12.45±0.6b 1029 0.0001

PW n=50 30.50±2.1c 20.22±0.9d 16.51±1.3c 487.4 0.0001

MT n=50 36.70±2.1d 14.35±0.4e 11.60±1.5bd 1637 0.0001

AP n=50 32.15±1.8e 17.07±0.6f 12.03±0.9bd 1922 0.0001

BU n=25 54.10±1.6f 21.69±0.5g 15.60±0.3c 1.41 0.0001

F value 939.98 383.99 53.98
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depth were significantly greater in BU forest
(91.39 Mg C ha−1) compared to other forest types:
39.07 (JR), 41.12 (PD), 61.25 (AP), 62.28 (CD),
62.64 (MT), and 67.23 (PW) Mg C ha−1. A similar
trend was also observed at depth wise.

Relationship between SOC stocks and altitude

SOC stocks increased significantly with increase in
altitude (P<0.05, Fig. 5) at all the three depths (0–10,
10–20 and 20–30 cm). At low altitude, SOC stocks of
39.07 Mg C ha−1 at 0–30-cm depth were observed in JR
forest (1800–2000m) and the highest value of 91.39Mg
C ha−1 at 0–30 cm depth was observed in high-altitude
BU (2800–3200 m) forest. The SOC stock values at
low-altitude PD (1550–1800 m) and JR (1800–
2000 m) forests have showed almost the similar trend
and then increased in mid-altitude coniferous forests of
AP, PW, CD, and MT forests with very little variation.
However, they increased sharply and have reached at
their peak at high-altitude BU (2800–3200 m) forest.

Correlations between SOC stocks and ecosystem
variables

Correlation analysis was used to examine the relation-
ship between SOC and the aboveground vegetation
properties (aboveground biomass, belowground bio-
mass, herbs and shrubs biomass, tree density, tree basal
area) as well as soil properties (soil bulk density, soil
moisture, forest floor standing crop litter, deadwood and
detritus) which are given in Table 3 and Fig. 5. SOC has
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Table 3 Correlations (R values) between soil organic carbon
(SOC) and predictor variables in temperate forests of Kashmir
Himalayas

Predictor variables R values

Basal area (BA) −0.17
Density −0.53
Aboveground biomass (AGB) −0.11
Belowground biomass (BGB) −0.11
Herbaceous biomass −0.24
Shrub biomass −0.10
Dead wood (both standing, fallen, and stumps) 0.14

Forest floor litter 0.06

Bulk density (0–10 cm) −0.33
Bulk density (10–20 cm) −0.42
Bulk density (20–30 cm) −0.07
Bulk density (0–30 cm) −0.45
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showed a significantly (P<0.05) positive correlation
with altitude at all the depths, and deadwood has also
a weak positive relationship with altitude. However, the
aboveground biomass, herb and shrub biomass, tree
density, and tree basal area have showed a negative
correlation with SOC. Similarly, bulk density has also
showed a negative correlation at all the depths (0–10,
10–20 and 20–30 cm) with SOC and altitude (Fig. 6).

Discussion

SOC increased with increasing in precipitation and clay
content and decreased with increasing in temperature
(Jobbágy and Jackson 2000). In this study, we observed

a significant positive relationship (R2=0.67, P=0.05)
between SOC density at 0–30-cm soil depth and
altitude; this may be due to the reason of decrease
in temperature at higher altitudes with increase in
precipitation, but changes in forest type and large
spatial heterogeneity in SOC stocks masked the effect
of altitude/climate to certain extent. Several workers
have also reported the increasing trend of SOC stocks
with increase in altitude (Zhu et al. 2010; Tewksbury
and Miegroet 2007; Zhang et al. 2011; Charan et al.
2012; Gupta and Sharma 2013; Wei et al. 2013).
Despite of the variations in forest types and decrease
in litter fall quantity to the soil with an increase in
altitude, SOC showed an increasing trend along an
altitudinal gradient in the present study, because SOC

Fig. 5 Relationship between SOCwith vegetation and environmental parameters and altitude in seven temperate forests of Kashmir Himalaya
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is mainly determined by C output (decomposition),
which generally decreases with increasing altitude as
observed by Garten and Hanson (2006). The SOC con-
tent in forest ecosystems is determined not only by plant
litter production but also by litter decomposition (Blair
et al. 1995). Low temperature at higher altitude is most
useful for maintaining a low decomposition rate of soil
organicmatter (Wei et al. 2013). SOC accumulation alters
not only by climate but also by vegetation type. Conifer-
ous forests contain lower SOC compared with the soils of
broad-leaved forests because the former has a high net

primary production (Smolander et al. 2005; Jiang and Xu
2006). Our results also showed the lower values of SOC
in mid-altitude coniferous forests when compared to
high-altitude broad-leaved BU forest. However, the soils
of broad-leaved forests at lower elevation accumulate low
C which may be due to the reason of climatic factors. At
low altitude, temperature increase raises the rate of de-
composition and soil biological activity, which ultimately
reduces the C accumulation in soil.

The SOC in all soil depth also showed significant
correlation with altitude (Fig. 5); the upper layer (R2=
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Table 4 Comparisons of estimates of soil C densities (Mg C ha−1) of present and previous studies

Vegetation/forest type Country/location Depth (cm) C stocks (Mg ha−1) Source

Populus deltoides India/Kashmir Himalaya 0–30 41.12 Present study

Juglans regia India/Kashmir Himalaya 0–30 39.1 Present study

Cedrus deodara India/Kashmir Himalaya 0–30 62.28 Present study

Pinus wallichiana India/Kashmir Himalaya 0–30 67.23 Present study

Mixed type India/Kashmir Himalaya 0–30 62.6 Present study

Abies pindrow India/Kashmir Himalaya 0–30 61.3 Present study

Betula utilis India/Kashmir Himalaya 0–30 91.4 Present study

Pinus kesiyaRoyle ex. Gordon/subtropical India/Northeast Meghalaya 0–100 58.7 Baishya and Barik (2011)

Tropical moist deciduous India/Uttar Pradesh 0–50 27.3–130.7 Banerjee et al. (1990)

Various climate zones Europe 0–10 11.3–126.3 Baritz et al. (2010)

Tropical evergreen forests India/Dadra and Nagar Haveli 0–50 31.6–94.6 Biswas (1985)

Montane temperate forests India 0–50 12.1–184.3 Chhabra et al. (2003)

Mixed strands USA 0–15 56 Compton et al. (1998)

Scots pine Europe 0–80 57 de Vries et al. (2003)

Scot pine Mediterranean 0–50 35–70 Diaz-Pines et al. (2011)

Permafrost soil China 0–30 19–193 Dorfer et al. (2013)

Pinus roxburghii India/Garhwal Himalaya 0–30 62.80 Gupta and Sharma (2011)

Pinus wallichiana India/Garhwal Himalaya 0–30 102.96 Gupta and Sharma (2011)

Picea smithiana and Abies pindrow India/Garhwal Himalayas 0–30 132 Gupta and Sharma (2011)

Grasslands India/Uttrakhand 0–30 37.09–142.14 Gupta and Sharma (2013)

Montane temperate India/Shimla Himachal Pradesh 0–50 26.2–112.8 Gupta and Singh (1990)

Tropical evergreen India/J&K 0–50 44.0 Mahapatra et al. (2000)

Temperate deciduous forests Eastern US 0–60 55–229 Mcfarlane et al. (2013)

Coniferous forests Sweden 0–50 69–73 Ortiz et al. (2013)

Scot pine Central Spain 0–8 49 Schindlbacher et al. (2010)

Broadleaf and coniferous Netherlands 0–10 39.5–66 Schulp et al. (2008)

Pinus roxburghii (SW aspect)/temperate India/Garhwal Himalaya 0–30 40.3 Sharma et al. (2011)

Pinus roxburghii/Subtropical India/Garhwal Himalayas 0–60 124.8–141.6 Sheikh et al. (2009)

Pinus roxburghii/Subtropical India/Garhwal Himalaya 0–60 56.80 Sheikh et al. (2012)

Schima-Castanopsis Nepal 0–20 52.45 Shrestha (2009)

Abies, Rhododendron (upper alpine) India 0–30 80 Singh et al. (2011)

Pine forest (lower alpine) India 0–30 88 Singh et al. (2011)

Norway spruce white-fir Italy 0–20 53 Thuille et al. (2000)

Volcanic ash soils Taiwan 0–30 15.7–163.2 Tsui et al. (2013)

Moist evergreen and submontane forests Uganda 0–30 54.6–82.6 Twongyirwe et al. (2013)

Pinus patula Colombia 0–25 87.2 Usuga et al. (2010)

Tropical forests Colombia 0–25 35.8–92.6 Usuga et al. (2010)

Tropical evergreen India/J&K 0–50 38.9–181.7 Verma et al. (1990)

Temperate forests Northeast China 0–20 66.8–85.8 Wei et al. (2013)

Picea crassifolia China 0–30 89.3 Yang et al. (2007)

Old growth temperate forests Changbai Mountain, China 0–10 23.1–377 Yuan et al. (2013)

Spruce fir China 0–30 62.3 Zhang et al. (2011)
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0.72, 0–10 cm) was more strongly related with altitude
than the middle (R2=0.41, 10–20 cm) and bottom (R2=
0.24, 20–30 cm) layers. Results obtained in the present
study are in accordance with the results of Jobbágy and
Jackson (2000) and Wei et al. (2013). The higher SOC
density in the upper layer may be attributed to cool
temperatures and increase in precipitation, or it may also
be due to shallower root distribution of high-altitude
ecosystems (Jobbágy and Jackson 2000; Yang et al.
2007; Zhu et al. 2010; Yang et al. 2007), whereas the
trend of decrease in SOC with increase in depth may be
due to the increased proportion of slower cycling of
SOC pools at depth or vegetation types (Paul et al.
1997; Trumbore 2000; Jobbágy and Jackson 2000).
Yang et al. (2005) and Zhang et al. (2011) had also
reported that climate and vegetation were important
factors in controlling the vertical distribution pattern of
SOC in forest ecosystems.

The SOC stocks decreased with increasing soil depth
in all the forest types. Similar results have also been
observed by Jobbágy and Jackson (2000). The trend of
decreasing SOCwith increasing depth may be due to the
increased proportion of slower cycling of SOC pools at
depth and compaction of soil (Paul et al. 1997;
Trumbore 2000; Jobbágy and Jackson 2000). The
SOC stocks observed in the present study are well
within the range of other studies (Table 4). Our results
are lower than the results observed by Sheikh et al.
(2009) in coniferous subtropical and broad-leaved
temperate forests of Garhwal Himalaya, India; this
difference may be because they have taken the
estimates up to 60 cm of soil depth. Zhu et al. (2010)
and Zhang and Wang (2010) observed lesser values of
SOC density in temperate forests on Mt. Changbai,
China, and which may be due to lower altitudinal range
compared to the present study. In the present study,
lowest SOC was observed in low-altitude JR and PD
forests, whereas highest SOC was observed in high-
altitude BU forest; this may also be due to the higher
mineralization rate at low-altitude JR and PD forests
than at high-altitude BU forest where rate of minerali-
zation is low due to cool temperatures and high precip-
itation. Similar results have been reported by others

(Townsend et al. 1996; Conant et al. 1998; Jobbágy
and Jackson 2000; Trumbore 2000; Zhu et al. 2010;
Charan et al. 2012; Wei et al. 2013) in temperate
forests.

In the present study, we found significant differ-
ences in SOC stocks in all the depths (0–10, 10–20
and 20–30 cm) at all the forest types, which could be
explained by the changes in forest types, quality and
quantity of litter, aboveground biomass belowground
biomass, and basal area of the trees. In addition to
that, climate and changes in mean annual temperature
and precipitation along an altitudinal gradient also
play an important role.

In the present study, the bulk density has showed
a negative trend with increase in altitude. Sharma
et al. (2010) and Hanawalt and Whittaker (1976)
have also reported a negative correlation of bulk
density with increasing altitude. Generally, bulk
density and organic matter are inversely proportion-
al and low bulk density in soil indicates occurrence
of higher organic matter content, good granulation,
high infiltration and good aeration conversely. Our
findings also confirm the above explanation. Bulk
density also showed a negative correlation with
moisture content; this may be attributed to compac-
tion of soil. Sharma et al. (2010) also reported a
negative relationship of bulk density with moisture
in central-western Himalayas, India. The current
study has also indicated that higher bulk density
results in lower SOC stocks at low-altitude forests
than at high-altitude forests. Li et al. (2010) have
also reported that SOC stock variation could be
attributed to SOC concentration or simply due to
the spatial variation of soil bulk density. Bulk den-
sity differed between the forest floor horizons in the
present study and it showed an increasing trend
with increase in depth in all forest types. The soil
organic matter content was one of the main factors
in explaining the bulk density variation in forest
floor horizons. At greater depths in the forest floor,
there is more mixing with mineral material in the
profile, which leads to a higher bulk density (Schulp
et al. 2008).

Table 4 (continued)

Vegetation/forest type Country/location Depth (cm) C stocks (Mg ha−1) Source

Temperate forest Mt. Changbai, Northeast China 0–100 62.7–88.7 Zhu et al. (2010)
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Soil bulk density showed the significant differ-
ences among the forest types. Yimer et al. (2006)
have also observed that soil bulk density can be
quite variable in different forest types and changes
in bulk density in the forest floor can alter SOC
stocks. This could be the reasons for the variation
in SOC stocks among the forest types as well as the
distribution in soil profile in temperate forests of
Kashmir Himalayas.

Conclusion

SOC stocks increased significantly with increase in
altitude. SOC decreased with increase in soil depth.
In contrast, soil bulk density decreased significantly
with increase in altitude and increased with increase
in soil depth. SOC stocks showed a significant pos-
itive correlation with detritus, whereas basal area,
density, aboveground biomass, herb and shrub bio-
mass, and soil properties (bulk density and forest
floor litter) were negatively correlated with altitude.
Our results revealed that the soils of temperate forests
of Kashmir Himalayas have greater potential of soil
C sequestration particularly at higher altitudes. Ac-
cording to IPCC AR4, the global temperatures will
rise by 2–3 °C by the end of this century. Literatures
suggested that high-elevation forests of Himalayas
are more vulnerable to climate change. We have also
found more SOC stocks at higher altitude than at low
altitude, in temperate forests of Kashmir Himalayas.
So, any further rise in atmospheric temperature will
result in decrease of SOC stocks in these forests. The
present study suggests that the high-altitude forests
should be given more importance in terms of conser-
vation for not only for restoration of biodiversity but
also for mitigation of C.
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