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Abstract: In-depth understanding about the vertical distribution of soil organic carbon
(SOC) density is crucial for carbon (C) accounting, C budgeting and designing appropriate
C sequestration strategies. We examined the vertical distribution of SOC density under
different land use/land cover (LULC) types, altitudinal zones and aspect directions in a
montane ecosystem of Bhutan. Sampling sites were located using conditioned Latin
hypercube sampling (cLHS) scheme. Soils were sampled based on genetic horizons.
An equal-area spline function was fitted to interpolate the target values to predetermined
depths. Linear mixed model was fitted followed by mean separation tests. The results show
some significant effects of LULC, altitudinal zone and slope aspect on the vertical
distribution of SOC density in the profiles. Based on the proportion of mean SOC density
in the first 20 cm relative to the cumulative mean SOC density in the top meter, the SOC
density under agricultural lands (34%) was more homogeneously distributed down the
profiles than forests (39%), grasslands (59%) and shrublands (43%). Similarly, the SOC
density under 35004000 m zone (35%) was more uniformly distributed compared to
3000-3500 m zone (43%) and 1769-2500 m and 2500-3000 m zones (41% each). Under
different aspect directions, the north and east-facing slopes (38% each) had more uniform
distribution of SOC density than south (40%) and west-facing slopes (49%).
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1. Introduction

Soil, as the largest terrestrial carbon (C) sink, stores almost three times the amount of C in the
vegetation and approximately double that in the atmosphere [1]. Globally, the soil stores between 1500
and 1600 Pg-C in the upper meter [2—4] and about 2350 Pg-C in the upper 3 m [5]. The amount of
stored soil organic carbon (SOC) is the net balance between C inputs from plant production and losses
through decomposition and leaching [6]. Hence, depending upon C fluxes, the soil can either be
a source or sink for atmospheric CO, [7,8]. The stability and distribution of SOC in the soil profile is
influenced by biotic controls such as the abundance and vigor of faunal, microbial and plant species as
well as environmental controls like temperature, moisture and soil texture [9].

Jobbagy and Jackson [5] reported a strong relationship between vertical distribution of SOC and
climate, vegetation and soil texture with an estimated 1502, 491 and 351 Pg-C for the first, second and
third meter, respectively. Climate exerts a first order control on the amount [3] and cycling rate [10] of
SOC at the global scale. Temperature, moisture (precipitation) and solar radiation are the most
important factors influencing plant growth, litter production and SOC mineralization [11]. While SOC
content increases with precipitation, it decreases with temperature due to higher decomposition of
organic matter (OM). However, the sensitivity of SOC decomposition to temperature becomes
decreasingly acute at higher than at lower temperatures [12]. This is critical for maintaining high SOC
stocks in high-altitude areas, such as the Himalayas, in response to global warming.

Topography (especially altitude and slope aspect) through its influence on climate, soil properties
and soil water content [11], is largely responsible for the spatial and vertical distributions of SOC.
The expected decrease in temperature with altitude depresses OM decomposition rates more than litter
production, and generally favors the accumulation of SOC. However, as the soil becomes shallower at
the higher altitudinal zones, the overall SOC storage capacity is limited despite higher SOC content per
unit of soil mass. While a number of previous studies reported increased SOC with altitude [13,14],
there have been records of decreases in SOC with altitude [15,16].

Because of these complex environmental interrelationships, SOC is highly heterogeneous in
mountainous areas mainly as a result of local-scale wvariability in soil environment and
microclimate [17,18]. The strong relationship of slope aspect with SOC is through the former
controlling the microclimatic factors such as soil temperature, moisture, vegetation and
microorganisms by affecting the solar radiation and evapotranspiration. While many studies have
reported higher SOC content [19-21] on the north-facing slopes of the Himalayas, Sidari et al. [18]
reported lower SOC content on the northern aspect direction. In contrast, Han et al. [22] did not find
any significant difference in SOC content between the north and south-facing slopes.

Similar to altitude and aspect, vegetation cover and land use have significant impact on SOC
dynamics through organic carbon (OC) inputs, decomposition and stabilization. The plant functional
type, which is specific to a particular plant species, has a significant effect on the vertical distribution
of SOC [5]. The vegetation cover not only determines the amount and type of OC inputs but also their
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location, as either aboveground litter deposited on the soil surface or in the subsoil as root biomass.
It also influences the decomposition and stabilization of SOC in the soil [9]. High-altitude ecosystems
are reported to have generally high root: shoot ratios than other ecosystems [23,24]. This leads to an
expectation that SOC distribution with depth is shallower in high-altitude areas. While this might
provide a unique vertical distribution of SOC, very little is currently known about it [5,9,25].

Thus, characterization of vertical distribution of SOC density is important for C budgeting,
designing appropriate C sequestration strategies and enhancing our understanding of biogeochemical
cycles in different ecosystems. It is also crucial for examining the responses of terrestrial ecosystems
to global change through biogeochemical modelling [5,25,26]. However, such studies are very few at
the regional [25], national [26] and global [5] scales, especially for high-altitude ecosystems such as
the Himalayas. The aim of this study was therefore to investigate how the vertical distribution patterns
of SOC density in the profiles varied under different land use/land cover (LULC) types, altitudinal
zones and aspect directions in a montane ecosystem of Bhutan, Eastern Himalayas.

2. Materials and Methods
2.1. Study Area

The study was done in the northern part of Wang Watershed in Western Bhutan which is located
between 89°14.03" E to 89°35.82" E and 27°04.87" N to 27°38.28" N (Figure 1). The study area
(1014 km?) as described in Dorji ez al. [27] represents a montane ecosystem in the Himalayas with
high peaks and deep valleys. The altitude ranges from 1769 to 5520 m above sea level (a.s.l) with
climatic conditions varying from warm temperate in the valley floor to cold and dry alpine on
the ridges.

While the mean maximum annual temperature for the 1769-2500 m zone is about 20 °C, the mean
minimum annual temperature is 8 °C (Table 1). Similarly, the 2500-3000 m zone has a mean
maximum annual temperature of approximately 17 °C and the mean minimum annual temperature of
about 7 °C (Table 1). The zone above 3000 m expectedly experiences lower mean annual temperature
as the lapse rate is about 5 °C per vertical 1000 m. Rainfall is monsoonal with mean annual
precipitation varying from about 755 mm in low altitudinal zone (1769—2500 m) to about 2990 mm in
the mid-altitudinal zone (2500-3000 m) (Table 1). Although there is no rainfall data available for the
zone above 3000 m, the thick forest cover between 3000 and 4000 m is indicative of higher mean
annual rainfall up to 4000 m, which probably slowly declines in the upper altitudinal zone
(4000-5520 m zone). Geologically, the study area is largely underlain by mixed grade metamorphic
rocks [28,29]. Detailed soil information of the study area is not available however weathered and
leached thin dark topsoil over bright subsoil up to 3000 m, non-volcanic andosolic soils and weak
podzols up to 4000 m and deep dark and friable topsoil over yellowish subsoil mixed with raw glacial
deposits above 4000 m are dominant in Bhutan [30] (Table 1). Forests (73%) dominate the LULC of
the study area followed by shrublands (14%), agricultural lands (7%) and grasslands (3%) [31].
The detailed distribution of LULC types under different altitudinal zones is presented in Table 1.
The study area was broadly grouped into five altitudinal zones (i.e., 1769-2500 m, 2500-3000 m,
3000-3500 m, 35004000 m and 4000-5520 m) and four aspect directions (i.e., north = 316°-45°,
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east = 46°-135°, south = 136°-225° and west = 226°-315°) to investigate how the vertical distribution
of SOC density in the profiles varied under different altitudinal zones and aspect directions.

Table 1. Study site information under different altitudinal zones.

Altitude MAT MAP
Max  Min Soil Type LULC Type
Zone (m) o o (mm)
©) ©)
1769— 20.0 8.9 755 Moderately weathered and leached thin dark BPF, BF, SH, GL,
2500 ’ ' topsoil over bright subsoil HO, PL and DL
2500— 16.6 6.5 2990 Moderately weathered and leached thin dark BPF, BF, SH, GL,
3000 ’ ' topsoil over bright subsoil HO and DL
— igh -col -volcani li
3000 ND ND ND Vejry bright orange-colored non-volcanic andosolic MCE, SH and GL
3500 soils
3500- ND ND ND Acidic soils with thick surface litter that grade to MCEF, FF, SH and
4000 weak podzols GL
4000— ND ND ND Deep .dark and fri.able tqpsoil over y.ellowish' FF, SH and GL
5520 subsoil mostly mixed with raw glacial deposits

MAT = mean annual temperature, MAP = mean annual precipitation, Max = maximum, Min = minimum,
LULC = land use/land cover, BPF = blue pine forest, BF = broadleaf forest, MCF = mixed conifer forest,
FF = fir forest, SH = shrublands, GL = grasslands, HO = orchards, PL = paddy land, DL = dry land
agriculture and ND = No data.

2.2. Sampling Strategy and Laboratory Analyses

The condition Latin hypercube sampling (cLHS) scheme [32] was used to locate the sampling sites
using 90 m digital elevation model (DEM), normalized difference vegetation index (NDVI), SAGA
wetness index (SWI) and LULC as covariates. Detailed descriptions about the derivation and
extraction of these environmental covariates can be found in Dorji et al. [27]. The cLHS scheme is
based on a stratified random procedure, which provides an efficient way of sampling from
the multivariate distribution of the covariates. It identifies a set of values from several covariates that
satisfies the requirement of Latin hypercube of only one sample in each row and column in
n dimensions. Since it is cumbersome to select the best combinations of values that exist in the
covariate data, many iterations are required to establish suitable combinations. However, the iterations
can be minimized by selecting samples that form a Latin hypercube in the feature space [32] such that
from a given N sites with ancillary data (X), it selects n sample sites (n << N) and the sampled sites
form a Latin hypercube [32]. Thus, using the cLHS algorithm a total of 100 field sampling sites was
generated covering all LULC types, altitudinal zones and aspect directions (Figure 1). Of the
100 sampling points, only 93 sites could be sampled due to poor accessibility. Paired sampling was
done to account for the local variability of the target variable by locating each paired site at a random
distance of 1-2 km from the primary site. At each sampling point, a soil profile pit was dug, described
and sampled by genetic horizons to a depth of 1 m or bedrock. The presence of carbonates in the soil
was tested using 1 M hydrochloric acid (HCl) in the field. Disturbed bulk density was measured by
the core ring method [33]. Buried organic materials (e.g., fine roots and dead wood fragments) were
removed from the soil sample during air drying. The air-dried samples were sieved to 2 mm to carry
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out the chemical analyses. Soil pH was measured by pH meter in 1:2.5 suspension of soil in distilled
water. The <2 mm air-dry soil samples were ground to <53 pm to determine the C content using
a vario Max CNS Element Analyzer. The C content (OC) was corrected to an oven-dry basis.

Figure 1. Location of the study area in western Bhutan depicting sampling sites.

China

Nepal huta

Legend

®  Sampling point
I vater bodies
- Snow & rocky areas
- Intensively used areas Y
Bl Horticulture
- Broadleaf
I shrubs
[ ] Grassland
[ oryland
[ Paddy fields
[ Mixed conifer
| K
D Blue pine

Kilometers
B study area

ers .
2 4 8 1z . [ ] pistrict boundary 0 15 30 60 90 120

0

2.3. Fitting Equal-Area Spline Profile Function

The horizon-based SOC concentration, bulk density and pH values were interpolated to
predetermined depths of 0-20 cm, 20-40 cm, 40-60 cm, 60—80 cm and 80-100 cm by fitting
an equal-area spline profile function using the CSIRO SplineTool V2 [34]. The equal-area spline
profile function is based on the assumption that all true soil attributes consistently vary with
depth [35]. This assumption can be represented mathematically by denoting depth by x, and the depth
function by f(x) such that, f(x) and its first derivative f'(x) are both continuous, and that f'(x) is
square integrable. The depths of the boundaries of the n layers are given by xy < x4, ... < x,,. Apart
from the measurement error, the measurement of the bulk sample from horizon i is assumed to reflect
the mean attribute level. The measurements y;(i = 1, ... n) are therefore mathematically modelled as

[y = fi + e (1)
where f; = f;‘ . f(x)dx/(x; x;_1) is the mean value of f(x) over the interval (x;_q, x;). The errors e;
are assumed independent, with mean 0 and common variance ¢ °. f(x) represents a spline function and
is determined by minimizing:

[ i = )% + AL (0)1? da] )

The first and the second terms represent the fit to data and the roughness of function f(x)
(expressed by f'(x)), respectively. The trade-off between the fit and the roughness penalty is
controlled by the parameter A [35].
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2.4. SOC Density Computation

The SOC density is C mass per unit area for a given soil depth and it was computed using SOC
concentration, bulk density and depth:

[SOC; (kg -m™2) = SOC_0D(kg/kg) x BD (kg -m~3) X D(m)] (3)

where SOC; = SOC density (kg'm 2), SOC_0OD = SOC (kg/kg) in oven dry basis, BD = bulk density
(kg'm ) and D = depth interval thickness (m) [27]. In this study, coarse fragments (i.e., stone and
gravels) were not accounted while computing the SOC density and this might potentially raise the SOC
density values slightly. However, given that the coarse fragment content in the soil was generally low,
exclusion is not expected to significantly alter results.

2.5. Data Analyses

A linear mixed model was used to analyze this data using SPSS Version 22.0 [36]. The model was
fitted to SOC density data at each depth interval using LULC type, altitudinal zone and slope aspect
direction as fixed effects and sampling sites as random effect. Similarly, the model was also fitted for
individual LULC type, altitudinal zone and aspect direction. 4 posteriori mean separation tests were
performed using Fisher’s LSD with Bonferroni adjustment [36].

3. Results and Discussion
3.1. Soil Properties under Different LULC Types

Table 2 shows the mean soil pH and bulk density values at different depths under different LULC
types. The low pH values (<7.0) and the negative HCI test in the field confirmed absence or
insignificant amount of carbonates in the soil and therefore all measured C was considered as OC.
The pH values at all depths were relatively low under forests (pH 5.3-5.8) compared to grasslands
(pH 5.9-6.7), shrublands (pH 6.0-6.9) and agricultural lands (pH 6.2—6.9). This suggests that soils
under forests are more acidic than other LULC types and this could be attributed to more leaching as
a result of high precipitation under forests. On the other hand, the mean soil pH increased with depth
under all LULC types.

Table 2. Soil pH and bulk density (BD) (means + standard error mean) at different depths
under different LULC types.

Depth Agricultural Lands Forests Grasslands Shrublands
(cm) pH BD (g-cm™) pH BD (g-em™) pH BD (g-cm™) pH BD (g-cm™)
020 62+0.1 1.11+£0.04 53+0.1 090+0.02 59+03 089+0.08 6.0+0.1 0.99+0.05
2040 6.6£0.1 1.26+0.04 56+£0.1 1.05+002 6.1+£03 098+0.08 62+0.1 1.12+0.05
40-60 69+0.1 1.34=+0.04 58+0.1 1.16+0.02 63+03 1.15+0.07 6.5+0.1 1.2+0.04
60-80 69+0.1 1.32+0.03 58+0.1 1224002 65+03 1.28+0.08 68+0.1 1.23+0.04
80-100 6.8+0.1 1.31+0.04 58+0.1 122+002 67+04 135+0.10 69+0.2 1.21+0.04

The mean bulk density values at all depths were higher under agricultural lands (1.11-1.34 g-cm™)
than at the corresponding depths under forests (0.90-1.22 g-cm ), grasslands (0.89-1.35 g-cm °) and
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shrublands (0.99—1.23 g-cm ). This is possibly due to low OM inputs and moderate soil compaction
under agricultural lands due to tillage (ploughing and puddling) and livestock trampling. On the other
hand, the relatively low bulk density under forests could be ascribed to high SOC and presence of
non-volcanic andosolic soils characterized by moderately high SOC and very low bulk density [30,37].
As expected, the mean bulk density under all LULC types slightly increased with soil depth (Table 2).

3.2. Influence of LULC, Altitudinal Zone and Aspect Direction on SOC Density

By combining SOC concentration, bulk density and soil depth thickness, we estimated the SOC
density (Equation (3)). The results of the linear mixed model show some significant effects (p < 0.05)
by LULC type, altitudinal zone and aspect direction on SOC density (Tables 3 and 4). In considering
each soil depth separately, only altitudinal zone in the first three depths and aspect direction in the
lowest depth had significant effects (p < 0.05) on SOC density (Table 3). Furthermore, the interactions
between the fixed factors also had very limited impacts on SOC density except the influence of
altitudinal zone x aspect direction interaction at 40-60 cm and 60—-80 cm depths. This indicates that
altitudinal zone has a stronger effect on SOC density compared to aspect direction and LULC. This is
probably because SOC content generally increases with altitude due to high OM inputs and slow
decomposition. The significant effect (p < 0.05) of the interaction between altitudinal zone x aspect
direction on SOC density suggests that their combined effects influence SOC density in the deeper
layers of the soil profiles.

Table 3. Effects of fixed terms (LULC, altitudinal zone and aspect direction) and their
associated interactions on SOC density (kg:m ) at each depth interval.

Source 020 cm 2040 cm 40—-60 cm 60-80 cm 80-100 cm

LULC (L) 0.363 0.496 0.275 0.332 0.210
Altitudinal zone (AZ) 0.000 * 0.000 * 0.003 * 0.273 0.288
Aspect direction (A) 0.999 0.333 0.360 0.931 0.014 *
L xAZ 0.850 0.184 0.181 0.331 0.142

LxA 0.452 0.268 0.494 0.171 0.708

AZ x A 0.230 0.717 0.058 0.042 * 0.523
LxAZXA 0.814 0.630 0.748 0.726 0.890

* Significant at the 0.05 probability level. LULC = land use/land cover and X = interaction between

fixed factors.

The effects of the fixed factors and their interactions on SOC density were much more significant
when individual LULC type, altitudinal zone and aspect direction was considered (Table 4). The SOC
density under all LULC types was significantly affected (p < 0.05) by both altitudinal zone and soil
depth except under grasslands. Furthermore, the interactions between altitudinal zone x aspect
direction under forests and shrublands, and altitudinal zone x depth under forests also had significant
effects on SOC density. Similarly, the SOC density under all aspect direction was significantly
influenced (p < 0.05) by LULC, altitudinal zone and depth except for north-facing slopes by LULC
(Table 4). The interactions between LULC x altitudinal zone and altitudinal zone x depth also
significantly affected (p < 0.05) the SOC density under east and south-facing slopes, and south-facing
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slopes, respectively. The SOC density under different altitudinal zones was however significantly
influenced (p < 0.05) by aspect direction and soil depth except for the 4000-5520 m zone. Since none
of the factors had significant effect on SOC density under 4000-5520 m zone, the results are not
presented in Table 4.

Table 4. Effects of fixed terms (LULC, altitudinal zone, aspect direction and depth) and
their associated interactions on SOC density (kg'm 2) under each LULC type, altitudinal
zone and aspect direction.

LULC Types Agriculture Forests Grasslands Shrublands
Altitudinal zone (AZ) 0.001 * 0.000 * 0.104 0.000 *
Aspect direction (A) 0.104 0.000 * - 0.012 *

Depth (D) 0.000 * 0.000 * 0.033 * 0.000 *
AZ x A 0.231 0.000 * - 0.004 *
AZ xD 0.180 0.006 * 0.535 0.109
AxD 0.986 0.874 - 0.855
AZ xAxD 1.000 0.950 - 0.970
Aspect Directions East North South West
LULC (L) 0.000 * 0.367 0.001 * 0.000 *
Altitudinal zone (AZ) 0.000 * 0.000 * 0.000 * 0.045 *
Depth (D) 0.000 * 0.002 * 0.000 * 0.000 *
LxAZ 0.001 * - 0.002 * 0.444
LxD 0.867 0.995 0.909 0.633
AZ xD 0.381 0.893 0.003 * 0.608
LxAZxD 0.989 - 0.962 0.956
Altitudinal Zones AZ-1 AZ-2 AZ-3 AZ-4
LULC (L) 0.238 0.253 0.342 0.037 *
Aspect direction (A) 0.000 * 0.239 0.000 * 0.018 *
Depth (D) 0.000 * 0.000 * 0.000 * 0.000 *
LxA 0.331 0.070 0.106 0.062
LxD 0.595 0.998 0.789 0.911
A xD 0.959 1.000 0.904 0.952
LxAxD 1.000 1.000 0.860 0.789

* Significant at the 0.05 probability level. LULC = land use/land cover, x = interaction between fixed factors,
AZ-1=1769-2500 m, AZ-2 = 2500-3000 m, AZ-3 = 3000-3500 m and AZ-4 = 3500-4000 m.

3.3. SOC Density and Its Vertical Distribution under Different LULC Types

The mean SOC density values for the depths under different LULC types ranged from 2.5 to
6.0 kg'm * under agricultural lands, 2.5-9.6 kg'm * under forests, 1.1-11.3 kg'm > under grasslands
and 1.5-8.7 kg'm > under shrublands (Table 5). Except for the first depth interval, forests had
relatively large mean SOC density than other LULC types. Mean SOC density was lowest under
agricultural lands in the first three depths but was slightly larger than grasslands and shrublands in the
last two depths. Although the differences in mean SOC density values among LULC types were clear,
only SOC density under agricultural lands was significantly different (p < 0.05) from forests and
grasslands at 0-20 cm depth and forests at 20—40 cm depth. Conversely, the cumulative mean SOC
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density in the top meter under different LULC types showed a similar trend with significantly larger
(p < 0.05) cumulative mean SOC density under forests (24.84 kgrm %) compared to shrublands
(20.56 kg-m_z), grasslands (17.86 kg-m_z) and agricultural lands (17.38 kg'm ). The cumulative mean
SOC density in the first meter under forests was 7.5 kg'm > (43%), 7.0 kg'm > (39%) and 4.3 kg'm
(21%) larger than agricultural lands, grasslands and shrublands, respectively. The relatively large SOC
density under forests and shrublands could be due to high OC inputs, slow decomposition and deep
rooting depth compared to grasslands and agricultural lands. Furthermore, the presence of
non-volcanic andosolic soils under forests, with moderately high SOC content throughout
the solum [30,37] may have been a contributing factor. Our results are comparable with the reported
cumulative mean SOC density in the upper meter of 47 kg'm > under dense temperate forest and
22 kg'm * under open temperate forest in the Himalayas [38]; 14 kg'm * under evergreen needle forest,
12 kg'm ? under deciduous broadleaf, 10 kg'm * under closed shrublands, 17 kg'm > under grasslands
and 9 kg'm > under cropland [26]; and 17 kg'm 2, 15 kg'm * and 12 kg'm * under temperate deciduous,
evergreen and grasslands, respectively [5].

Table 5. Vertical distribution of mean SOC density values under different LULC types.

Depth SOC Density (kg'm %) (Mean % Standard Error Mean)
(cm) Agricultural Lands Forests Grasslands Shrublands
0-20 5.98+032% 9.62+044* 1134+£1.05* 8.73+0.64°
20-40 3.89+0.32° 6.35+034° 623+0.75*" 5.58+0.54"
40-60 245+0.36° 373+£027°¢ 286+061° 2.53+0.50°¢
60-80 248+0.34° 25440249 190+095° 1.49+039°
80-100 2.46+0.34°¢ 250+£023¢  1.12+0.00° 2.05+£043°

* Values in the columns suffixed with different superscript letters are significantly different (p < 0.05) from
each other.

While the mean SOC density invariably decreased with depth, its vertical distribution pattern was
notably different under different LULC types. The mean SOC density under different LULC types
ranged from 6.0-11.3 kg'm > (0-20 cm), 3.9-6.4 kg'm > (20-40 cm), 2.5-3.7 kg'm > (40-60 cm),
1.5-2.5 kg'm 2 (60-80 cm) and 1.1-2.5 kg'm > (80—100 cm) (Table 5). The mean SOC density values
at 0—20 cm and 2040 cm depths under all LULC types were significantly different (p < 0.05) from
each other and also from the values of the last three depths. The exception is that the SOC density at
2040 cm depth was not significantly different from the SOC density values at the last three depths
under grasslands. On the other hand, the last three depths under all LULC types were not significantly
different from each other, with the exception of values of 40-60 cm compared to those of the last two
depths under forests. The relatively large mean SOC density in the top layers could be attributed to
higher OM inputs by litter fall causing higher accumulation of SOC in the upper layer of the mineral
soil. The effect of LULC on SOC density diminishes with depth and the vertical distribution pattern of
SOC density largely depends on how deeply the OM is disseminated throughout the profile.

When considered in proportional terms, the percentage of mean SOC density in the top 20 cm
relative to the cumulative mean SOC density in the first meter was highest under grasslands (59%)
followed by shrublands (43%), forests (38%) and agricultural lands (34%) (Figure 2).
These proportions indicate that more than 34% of the total SOC density in the upper meter is stored in
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the first 20 cm depth under all LULC types. The proportion of SOC density in the first 20 cm (relative
to the top meter) also provides information about the vertical distribution of SOC density in
the profiles. The higher the proportions of SOC density in the top 20 cm, the less homogeneous is
the SOC density distributed down the profile. In this study, grasslands had the highest proportion of
SOC density in the top 20 cm depth suggesting that SOC density is less homogeneously distributed
down the profile compared to other LULC types. This is not unexpected as it could be attributed to
very high OM inputs in the top layer which then decreases considerably down the profile. This could
also be due to the very shallow rooting depth under grasslands [5,26]. Comparatively, the proportion of
SOC density in the first 20 cm (relative to the upper meter) was lowest under agricultural lands. This
could be due to the opposite effect to that under grasslands and deep incorporation of farmyard manure
and crop residue under agricultural lands. Although tillage is limited under orchards, it is moderately
intensive under dry land agriculture and paddy land. Power tillers are often used at the study site for
ploughing and puddling of paddy soils. Farmyard manure and/or leaf litters are applied every cropping
season to improve the soil fertility. Conversely, the vertical distribution of SOC density under forests
was more homogeneous than grassland and shrublands (Figure 2) probably due to high OM inputs
from both above- and belowground biomass, slow decomposition and SOC complexation with andic
and spodic properties of non-volcanic andosolic soils [37].

Figure 2. Proportion of SOC density (kg'm ?) stored at different depth intervals under
different LULC types. Data are in percentages and are plotted at the midpoint of each

depth interval.
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Results reported here were, however, dissimilar to those from Wang et al. [26] in China and
Jobbagy and Jackson [5] for the global ecosystems. The work by Wang et al. [26] reported highest
proportion of SOC density in the first 20 cm (relative to the first meter) under forests (54%) followed
by shrublands (46%), grasslands (39%) and cropland (37%). Similarly, Jobbagy and Jackson [5]
reported highest percentage under forests (50%) followed by grassland (42%), cropland (41%) and
shrublands (33%). The abrupt decrease in SOC density with depth (relative to the SOC density in
the first 20 cm) under grasslands (59%) reported here compared to the grassland (42%) reported for
the global ecosystems [5] could be attributed to the shallower vertical root distribution under
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grasslands in the high-altitude ecosystems such as the Himalayas compared to the tropics. In support of
this premise, a recent study by Yang et al. [24] found that 90% of the roots in the alpine grasslands
were concentrated in the top 30 cm compared with 65% reported for the global ecosystems [23].
Additionally, a recent study by Ota et al. [39] supports the influence of rooting-depth on
the distribution of SOC in the soil profile. The SOC density under shrublands (43%) reported here was
less homogeneously distributed down the profile compared to the shrublands (33%) reported for
the global ecosystems [5] and this could also be due to shallower rooting depth under shrublands in
the temperate region than in the tropics. However, the results for the shrublands reported here are
comparable with the findings of a similar study reported by Wang ef al. [26] in China. Under forests
however, the SOC density (39%) reported here was more uniformly distributed down the profile than
that reported for the global ecosystems (50%) [5] and under forests in China (54%) [26], possibly due
to high OM inputs from both above- and belowground biomass, slow decomposition and stabilization
of SOC by andic and spodic properties of non-volcanic andosolic soils [37]. In the case of agricultural
lands, the vertical distribution of SOC density (34%) is comparable to those reported for the cropland
in China (37%) [26] but more homogeneously distributed compared to that under global ecosystems
(41%) [5]. As discussed above, the discrepancy may be due to relatively low SOC density in the upper
layers, limited tillage under orchards and deep incorporation of farmyard manure and crop residues
under dry land and paddy land.

3.4. Altitudinal Effects on SOC Density and Its Vertical Distribution

The clear association of LULC with both SOC and altitude means that there is a systematic
variation in mean SOC density with altitude. The mean SOC density under different altitudinal zones
was relatively large under 4000-5520 m (4.8-13.2 kg'm * for first three depths) and 3500-4000 m
zones (3.4-11.7 kg'm %) compared to 3000-3500 m (2.2-11.6 kg'm ), 2500-3000 m (1.7-7.0 kg'm )
and 1769-2500 m zones (2.0-7.1 kg'm ?) (Table 6). The results from the mean separation tests showed
significant differences (p < 0.05) in mean SOC density values between the top three and the last two
altitudinal zones at 0—20 cm depth. Similarly, the values at 35004000 m and 3000-3500 m zones
were significantly different (p < 0.05) from the last two zones at 2040 cm depth. In the case of
40-60 cm depth, only 3500-4000 m zone was significantly different (p < 0.05) from the last two
zones. The increase in SOC density with altitudinal zone was largely due to increase in SOC
concentration with altitude resulting from higher OM inputs from above- and belowground biomass,
slow decomposition due to low temperature [10] and more translocation of OC into deeper layers.
The latter process was probably accentuated by increasing precipitation in the upper altitudinal zones
(Table 1). The presence of non-volcanic andosolic soils in the upper altitudinal zones (32004000 m)
might have stabilized SOC by forming complexes probably promoted by the soil andic and spodic
properties [37]. Previous studies have shown that interactions between SOC and soil minerals form
organo-mineral complexes which in turn control the SOC dynamics and storage in the soil [40,41].

Conversely, the cumulative mean SOC density for the upper meter profile under different
altitudinal zones decreased in the order of 35004000 m (33.31 kg-m_z) > 3000-3500 m
(26.63 kgm?) > 2500-3000 m (17.17 kg'm?) > 1769-2500 m zones (17.38 kg'm %) with
the 35004000 m zone significantly different (p < 0.05) from the last two zones. As discussed above,
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the increase in SOC density with increasing altitude of the altitudinal zone is largely due to increase
in SOC concentration [13,40]. In relative terms, the 3500-4000 m zone stores approximately
15.9 kg'm 2 (92%), 16.1 kg'm 2 (94%) and 6.7 kgrm * (25%) more SOC density in the upper meter
profile than the 1769-2500 m, 2500-3000 m and 3000-3500 m zones, respectively. Our results were
generally in line with previously reported mean SOC density values from the western Himalayas,
India [42]. A similar trend has also been reported by other studies [40,43].

Table 6. Vertical
altitudinal zones.

distribution of mean SOC density values under different

Depth SOC Density (kg'm %) (Mean % Standard Error Mean)
(cm) 1769-2500 m  2500-3000m  3000-3500m  3500-4000 m  4000-5520 m
0-20 7.09+0.59° 6.98+0.66°  11.56+087* 11.72+1.14*  13.18+0.30°
20-40 4.26+043° 443 +056° 7.09+069°  886+0.67*  720+1.34°
40-60 2.10+£029° 2.40+043° 3.53+0.71° 5.00+081° 4.80+2.05°
60-80 1.96 +0.25 ¢ 1.85+0.32°¢ 242+062° 3.01+129° ND
80-100  2.14+031° 1.73+£030° 222+053° 335+0.71° ND

* Values in the columns suffixed with different superscript letters are significantly different (p < 0.05) from
each other. ND = no data.

It was also found that the altitude factor affects the vertical distribution of SOC density in the
profiles by influencing climatic factors like temperature and precipitation. A strong correlation of SOC
with mean annual temperature and precipitation, and clay content has been reported [5]. When altitude
was plotted against SOC density, there was a positive correlation (7) of over 0.55 for the first three
depths. The mean SOC density values under different altitudinal zones ranged from 7.1-13.2 kg:m >
(0-20 cm), 4.3-8.9 kg'm > (20-40 cm), 2.1-5.0 kg-rn_2 (40—60 cm), 1.9-3.0 kg-m_2 (60—80 cm) and
1.7-3.4 kg-m_2 (80-100 cm) (Table 6). Except for the 4000—5520 m zone, the mean SOC density
values at 0-20 cm and 2040 cm depths were significantly different (p < 0.05) from each other and
also from the values in the last three depths. The other exception is that the mean SOC density values
at 0-20 cm and 2040 cm depths were also not significantly different under 3500-4000 m.
The insignificant differences in SOC density values between 0—20 cm and 20—40 cm depths under
3500-4000 m and 4000-5520 m indicate that SOC density is more homogeneously distributed in the
profiles compared to other altitudinal zones. As expected, the mean SOC density values in the last
three depths were not significantly different and this suggests a decreasing effect of altitude on SOC
density with depth.

The proportion of mean SOC density at 0-20 cm (relative to the first meter) under different
altitudinal zones was highest under 3000-3500 m zone (43%) followed by 1769-2500 m and
2500-3000 m zones (41% each) and 35004000 m zone (35%) (Figure 3). The results indicate that the
vertical distribution of SOC density under 35004000 m zone was more homogeneous than other
zones possibly due to more dense forest cover in the upper altitudinal zones and presence of
non-volcanic andosolic soils (32004000 m) with moderately high SOC content throughout
the profile [30,37]. In addition, slow decomposition and accumulation of SOC [10], more leaching and
translocation of OC into deeper layers, and formation of organo-mineral complexes [40,44] such as
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with andic and spodic properties of non-volcanic andosolic soils [37] might have been the other
contributing factors.

3.5. Impacts of Slope Aspect on SOC Density and Its Vertical Distribution

Slope aspect determines the micro-climate of hill/mountain slopes by influencing the solar radiation
and evapotranspiration, and as such affects soil moisture, air temperature, vegetation cover and
microbial activities. Aspect direction therefore impacts the SOC dynamics by its influence on
the amount of OM inputs and subsequent decomposition in the soil. The mean SOC density values
were variable in their ranges under different aspect directions, viz: 2.8-10.6 kg'm > (north-facing
slopes), 2.6-9.0 kg'm * (east-facing slopes), 1.9-8.5 kg'm * (south-facing slopes) and 1.5-8.5 kg:m >
(west-facing slopes) (Table 7). At all depths, the northern aspect had relatively large mean SOC
density than other aspect directions. However, none of the aspect directions was significantly different
(p < 0.05) at all depths. The cumulative mean SOC density in the top meter profile also depicted
asimilar trend with larger SOC density on the north-facing slopes (27.7 kg'm ) than east
(23.6 kg'm?), south (21.4 kg'm %) and west-facing slopes (17.1 kg'm?). The larger SOC density on
the north-facing slopes could be ascribed to rich biodiversity [19,45], high OM inputs [19,21], faunal
abundance [19] and more soil moisture [19,20] on the northern aspect compared to other aspect
directions. Our results are comparable with the reported mean SOC density of 21 kg'm > under north
and 16 kg'm * under south-facing slopes (upper 1.1 m depth) in the subalpine range of the Italian
Alps [20] and 4 kg'm? (south-western) and 18 kg'm > (north-western) in the first 30 cm depth in
the temperate conditions of the Garhwal Himalayas, India [46].

Figure 3. Proportion of SOC density (kg'm?) stored at different depths under different
altitudinal zones. Data are in percentages and are plotted at the midpoint of each depth

interval.
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When each slope aspect was considered, the highest range of mean SOC density values
(8.5-10.6 kg'm %) was found in 020 cm depth compared to other depths in the order: 2040 cm
(4.6-6.7 kgm?), 40-60 cm (2.0-3.8 kgm?), 60-80 cm (1.5-2.8 kg'm?) and 80-100 cm
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(1.5-2.8 kg'm %) (Table 7). The mean SOC density values at 0-20 cm and 2040 cm depths were
significantly different (p < 0.05) from each other and from the values of the last three depths under all
aspect directions. The exception is that the mean SOC density value at 2040 cm depth was not
significantly different from values at 020 cm and 40-60 cm depths under north-facing slopes. This
suggests that SOC density on the northern aspect is more uniformly distributed down the profile
compared to other aspect directions. On the other hand, the mean SOC density values in the last three
depths were not significantly different (p < 0.05) except for values between 40—-60 cm and 80—100 cm
depths on the south-facing slopes. The relatively large SOC density in the top layer under all aspect
directions is attributable to higher OM inputs from the aboveground biomass and more microbial
abundance compared to the lower depths.

Table 7. Vertical distribution of mean SOC density values under different aspect directions.

Depth SOC Density (kg m ) (Mean = Standard Error Mean)
(cm) East North South West
0-20 9.00+0.48 * 10.60+1.37% 8.51+0.60" 845+£0.67°
20-40 592+£045°  6.66+0.94* 6.05+0.44° 459+057°
40-60 327+048° 3.78 £0.71 "¢ 3.38+0.36° 2.03+0.31°
60-80 2.55+£0.40° 2.82+£0.65° 2.25+0.38°%¢ 1.54+0.24°¢
80-100 2.87+0.38° 3.05+0.65° 1.87+0.28 ¢ 1.49+0.27°¢

* Values in the columns suffixed with different superscript letters are significantly different (p < 0.05) from
each other.

Figure 4. Proportion of SOC density (kg'm ?) stored at different depth intervals under
different aspect directions. Data are in percentage and are plotted at the midpoint of each

depth interval.
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Conversely, the proportion of mean SOC density in the upper 20 cm (relative to the cumulative
mean SOC density in the upper meter) was highest under western aspect (49%) followed by southern
(40%) and northern and eastern aspect directions (38% each) (Figure 4). The results indicate more
homogeneous vertical distribution of SOC density (relative to the SOC density in the first 20 cm
depth) on the north and east-facing slopes compared to the other two aspect directions. The larger and
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more uniform distribution of SOC density on the northern aspect could be largely attributed to rich
biodiversity [19,21] and high OM inputs from above- and belowground biomass [19]. Other factors
include more soil moisture and leaching [20] and high clay content [47] for organo-mineral
complexation [40,44] compared to other aspect directions.

4. Implication of Results

Change in LULC poses a threat to SOC storage in montane ecosystems. Soil erosion and land
degradation would be inevitable as a result of LULC change particularly if natural vegetation is cleared
and converted to agricultural lands. The results in this study show that if forest were to be converted to
other LULC types, the first meter of the soil profile would release approximately 7.5 kgm 2,
7.0 kg'm > and 4.3 kg'm > SOC under agriculture, grasslands and shrublands, respectively. Since
encroachment into forest land for agriculture is slowly becoming an issue in Bhutan and if conversion
were to happen to a varying degree, this might trigger a rapid release of SOC from forest soils into
the atmosphere. As such, appropriate land management practices and land use policies should be
formulated to protect and conserve the current LULC types in order to ensure the natural forests
remain a major C sink and provide continued ecosystem services. Moreover, the higher altitudinal
zones with relatively large SOC storage are also susceptible to both anthropogenic influence and
climate change. Fortuitously, climate change may lead to change in LULC type (e.g., shift in
vegetation cover) along the altitudinal gradient; this might have a significant impact on biodiversity
and SOC dynamics. In this regard, appropriate adaptation measures need to be considered to increase
the resilience against climate change impacts. This study also shows marked variations in SOC density
under different aspect directions with relatively large SOC storage on the north-facing slopes
compared to other aspect directions. Given that LULC type, altitude and slope aspect have some
significant impacts on the vertical distribution of SOC density in the profiles, incorporation of their
effects in biogeochemical modelling would be useful for better understanding the C dynamics.

5. Conclusions

This study has shown some significant effects of LULC type, altitude zone and aspect direction on
SOC density and its vertical distribution in the soil profiles. In the top meter, forests, 35004000 m
zone and north-facing slopes stored the largest SOC density compared to other LULC types, altitudinal
zones and aspect directions. The vertical distribution of SOC density under different LULC types was
more homogeneous under agricultural lands than under forests, shrublands and grasslands. However,
when forests, shrublands and grasslands were compared, forests had relatively large and more uniform
distribution of SOC density down the profiles. Conversely, both 35004000 m zone and north-facing
slopes had larger and more homogeneous vertical distribution of SOC density in the profiles compared
to other altitudinal zones and aspect directions. Our results suggest that vegetation and soil moisture as
influenced by altitudinal variation of precipitation are the main factors controlling the distribution of
SOC density in the soil profiles. This has contributed to our understanding of the conditions favorable
to most vigorous vegetative growth and litter production leading to deeper incorporation of OC in the
soil. Results of this study have provided some insights of the potential losses of ecosystem services
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currently provided by the Himalayan forests, assuming its absence if they were to be cleared for
other purposes.

Acknowledgments

We are grateful to the Australian Centre for International Agricultural Research (ACIAR) for
providing the John Allwright Fellowship (JAF, ACIAR) to the first author. The financial support for
fieldwork from the ACIAR funded project for Bhutan (HORT/2005/142 Citrus-Bhutan) is gratefully
acknowledged. We are indebted to the National Soil Services Centre (NSSC), Ministry of Agriculture
and Forests (MoAF), Royal Government of Bhutan for providing all necessary support during
the fieldwork. Work performed by the editorial office and two anonymous reviewers are
greatly appreciated.

Author Contributions

All the authors of this paper contributed to design, data analysis and writing of the manuscript.
Conflicts of Interest

The authors declare no conflict of interest.
References

1. Eswaran, H.; van den Berg, E.; Reich, P. Organic carbon in soils of the world. Soil Sci. Soc.
Am. J. 1993, 57, 192-194.

2.  Batjes, N.H. Total carbon and nitrogen in the soils of the world. Eur. J. Soil Sci. 1996,
47, 151-163.

3.  Post, W.M.; Emanuel, W.R.; Zinke, P.J.; Stangenberger, A.G. Soil carbon pools and world life
zones. Nature 1982, 298, 156-159.

4.  Guo, L.B.; Gifford, R.M. Soil carbon stocks and land use change: A meta analysis. Glob. Chang.
Biol. 2002, 8, 345-360.

5. Jobbagy, E.G.; Jackson, R.B. The vertical distribution of soil organic carbon and its relation to
climate and vegetation. Ecol. Appl. 2000, 10, 423-436.

6. Sollins, P.; Homann, P.; Caldwell, B.A. Stabilization and destabilization of soil organic matter:
Mechanisms and controls. Geoderma 1996, 74, 65—105.

7. Schrumpf, M.; Schulze, E.D.; Kaiser, K.; Schumacher, J. How accurately can soil organic carbon
stocks and stock changes be quantified by soil inventories? Biogeosci. Discuss. 2011, 8, 723-769.

8. Yan, X.; Cai, Z.; Wang, S.; Smith, P. Direct measurement of soil organic carbon content change
in the croplands of China. Glob. Chang. Biol. 2011, 17, 1487—-1496.

9. Lorenz, K.; Lal, R. The depth distribution of soil organic carbon in relation to land use and
management and the potential of carbon sequestration in subsoil horizons. In Advances in
Agronomy; Donald, L.S., Ed.; Academic Press: New York, NY, USA, 2005; Volume 88,
pp. 35-66.



Land 2014, 3 1248

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Trumbore, S.E.; Chadwick, O.A.; Amundson, R. Rapid exchange between soil carbon and
atmospheric carbon dioxide driven by temperature change. Science 1996, 272, 393-395.

Baldock, J.A.; Nelson, P.N. Soil organic matter. In Handbook of Soil Science; Li, Y., Huang,
P.M., Sumner, M.E., Eds.; CRC Press: Boca Raton, FL, USA, 2000; pp. B25-B84.

Kirschbaum, M.U.F. The temperature dependence of soil organic matter decomposition, and
the effect of global warming on soil organic C storage. Soil Biol. Biochem. 1995, 27, 753—760.
Griffiths, R.P.; Madritch, M.D.; Swanson, A.K. The effects of topography on forest soil
characteristics in the Oregon Cascade Mountains (USA): Implications for the effects of climate
change on soil properties. For. Ecol. Manag. 2009, 257, 1-7.

Chen, J.S.; Chiu, C.Y. Effect of topography on the composition of soil organic substances in
a perhumid sub-tropical montane forest ecosystem in Taiwan. Geoderma 2000, 96, 19-30.
Sheikh, M.A.; Kumar, M.; Bussmann, R.W. Altitudinal variation in soil organic carbon stock in
coniferous subtropical and broadleaf temperate forests in Garhwal Himalaya. Carbon Balance
Manag. 2009, 4, doi:10.1186/1750-0680-4-6.

Zhong, B.; Xu, Y. Topographic effects on soil organic carbon in Louisiana Watersheds.
Environ. Manag. 2009, 43, 662—672.

Garcia-Pausas, J.; Casals, P.; Camarero, L.; Huguet, C.; Sebastia, M.-T.; Thompson, R.;
Romanya, J. Soil organic carbon storage in mountain grasslands of the Pyrenees: Effects of
climate and topography. Biogeochemistry 2007, 82, 279-289.

Sidari, M.; Ronzello, G.; Vecchio, G.; Muscolo, A. Influence of slope aspects on soil chemical
and biochemical properties in a Pinus laricio forest ecosystem of Aspromonte (southern Italy).
Eur. J. Soil Biol. 2008, 44, 364-372.

Begum, F.; Bajracharya, R.M.; Sharma, S.; Sitaula, B.K. Influence of slope aspect on soil
physico-chemical and biological properties in the mid hills of central Nepal. Int. J. Sustain. Dev.
World Ecol. 2010, 17, 438-443.

Egli, M.; Sartori, G.; Mirabella, A.; Favilli, F.; Giaccai, D.; Delbos, E. Effect of north and south
exposure on organic matter in high alpine soils. Geoderma 2009, 149, 124—136.

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.

Han, X.; Tsunekawa, A.; Tsubo, M.; Li, S. Effects of land-cover type and topography on soil
organic carbon storage on northern Loess Plateau, China. Acta Agric. Scand. Sect. B-Soil Plant
Sci. 2010, 60, 326-334.

Jackson, R.B.; Canadell, J.; Ehleringer, J.R.; Mooney, H.A.; Sala, O.E.; Schulze, E.D. A global
analysis of root distributions for terrestrial biomes. Oecologia 1996, 108, 389—411.

Yang, Y.; Fang, J.; Ji, C.; Han, W. Above- and belowground biomass allocation in Tibetan
grasslands. J. Veg. Sci. 2009, 20, 177—-184.

Yang, Y.H.; Fang, J.Y.; Guo, D.L.; Ji, C.J.; Ma, W.H. Vertical patterns of soil carbon, nitrogen
and carbon: Nitrogen stoichiometry in Tibetan grasslands. Biogeosci. Dis. 2010, 7, 1-24.

Wang, S.; Huang, M.; Shao, X.; Mickler, R.A.; Li, K.; Ji, J. Vertical distribution of soil organic
carbon in China. Environ. Manag. 2004, 33, S200—S209.



Land 2014, 3 1249

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Dorji, T.; Odeh, 1.O.A.; Field, D.J.; Baillie, I.C. Digital soil mapping of soil organic carbon
stocks under different land use and land cover types in montane ecosystems, eastern Himalayas.
For. Ecol. Manag. 2014, 318, 91-102.

Long, S.; McQuarrie, N.; Tobgay, T.; Grujic, D.; Hollister, L. Geologic map of Bhutan. J. Maps
2011, 7, 184-192.

Tobgay, T.; Long, S.; McQuarrie, N.; Ducea, M.N.; Gehrels, G. Using isotopic and chronologic
data to fingerprint strata: Challenges and benefits of variable sources to tectonic interpretations,
the Paro Formation, Bhutan Himalaya. Tectonics 2010, 29, doi:10.1029/2009TC002637.

Baillie, I.C.; Tshering, K.; Dorji, T.; Tamang, H.B.; Dorji, T.; Norbu, C.; Hutcheon, A.A.;
Bédumler, R. Regolith and soils in Bhutan, eastern Himalayas. Eur. J. Soil Sci. 2004, 55, 9-27.
Land Cover  Mapping  Project (LCMP). Technical Report;  Ministry  of
Agriculture and Forests: Thimphu, Bhutan, 2010. Available online: http://www.nssc.gov.bt/
bhutan-land-cover-assessment-2010 (accessed on 29 September 2014).

Minasny, B.; McBratney, A.B. A conditioned Latin Hypercube method for sampling in
the presence of ancillary information. Comput. Amp Geosci. 2006, 32, 1378—1388.

Blake, G.R.; Hartge, K.H.; Klute, A. Bulk density. In Methods of Soil Analysis. Part 1. Physical
and Mineralogical Methods; Soil Science Society of America, American Society of Agronomy:
Madison, WI, USA, 1986; pp. 363-375.

Asris-Australian ~ Soil  Resource Information System (ASRIS). Available online:
http://www.asris.csiro.au/methods.html#Method Downloads (accessed on 7 November 2012).
Bishop, T.F.A.; McBratney, A.B.; Laslett, G.M. Modelling soil attribute depth functions with
equal-area quadratic smoothing splines. Geoderma 1999, 91, 27-45.

SPSS. IBM SPSS Statistics for Windows, Version 22.0; IBM Corp.: Armonk, NY, USA, 2013.
Baumler, R.; Caspari, T.; Totsche, K.U.; Dorji, T.; Norbu, C.; Baillie, I.C. Andic properties in
soils developed from nonvolcanic materials in central Bhutan. J. Plant Nutr. Soil Sci. 2005,
168, 703-713.

Sharma, P.; Rai, S.C. Carbon sequestration with land-use cover change in a Himalayan
watershed. Geoderma 2007, 139, 371-378.

Ota, M.; Nagai, H.; Koarashi, J. Root and dissolved organic carbon controls on subsurface soil
carbon dynamics: A model approach. J. Geophys. Res.: Biogeosci. 2013, 118, 1646—1659.
Dahlgren, R.A.; Boettinger, J.L.; Huntington, G.L.; Amundson, R.G. Soil development along
an elevational transect in the western Sierra Nevada, California. Geoderma 1997, 78, 207-236.
Koarashi, J.; Hockaday, W.C.; Masiello, C.A.; Trumbore, S.E. Dynamics of decadally cycling
carbon in subsurface soils. J. Geophys. Res.: Biogeosci. 2012, 117, doi:10.1029/2012JG002034.
Singh, S.K.; Pandey, C.B.; Sidhu, G.S.; Sarkar, D.; Sagar, R. Concentration and stock of carbon
in the soils affected by land uses and climates in the western Himalaya, India. Catena 2011,
87, 78-89.

Ohtsuka, T.; Hirota, M.; Zhang, X.; Shimono, A.; Senga, Y.; Du, M.; Yonemura, S.; Kawashima,
S.; Tang, Y. Soil organic carbon pools in alpine to nival zones along an altitudinal gradient
(4400-5300 m) on the Tibetan Plateau. Polar Sci. 2008, 2, 277-285.



Land 2014, 3 1250

44,

45.

46.

47.

Schrumpf, M.; Kaiser, K.; Guggenberger, G.; Persson, T.; Kogel-Knabner, 1.; Schulze, E.-D.
Storage and stability of organic carbon in soils as related to depth, occlusion within aggregates,
and attachment to minerals. Biogeosciences 2013, 10, 1675-1691.

Gong, X.; Brueck, H.; Giese, K.M.; Zhang, L.; Sattelmacher, B.; Lin, S. Slope aspect has effects
on productivity and species composition of hilly grassland in the Xilin River Basin, Inner
Mongolia, China. J. Arid Environ. 2008, 72, 483—493.

Sharma, C.; Gairola, S.; Baduni, N.; Ghildiyal, S.; Suyal, S. Variation in carbon stocks on
different slope aspects in seven major forest types of temperate region of Garhwal Himalaya,
India. J. Biosci. 2011, 36, 701-708.

Verma, T.P.; Singh, S.P.; Rathore, T.R. Effect of slope aspects and altitude on some soil
characteristics in Garhwal Himalayas. J. Indian Soc. Soil Sci. 2008, 56, 42—48.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0//).



