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Food security and environmental health are directly linked with soil carbon (C).
Soil C plays a crucial role in securing food and livelihood security for the
Himalayan population besides maintaining the ecological balance in the
Indian Himalayas. However, soil C is being severely depleted due to
anthropogenic activities. It is well known that land use management strongly
impacted the soil organic carbon (SOC) dynamics and also regulates the
atmospheric C chemistry. Different types of cultivation practices, i.e., forest,
plantations, and crops in the Kashmir Himalayas, India, has different abilities to
conserve SOC and emit C in the form of carbon dioxide (CO,). Hence, five
prominent land use systems (LUC) (e.g., natural forest, natural grassland, maize-
field-converted from the forest, plantation, and paddy crop) of Kashmir
Himalaya were evaluated to conserve SOC, reduce C emissions, improve soil
properties and develop understanding SOC pools and its fractions variations
under different land use management practices. The results revealed that at
0-20 cm and 20-40 cm profile, the soil under natural forest conserved the
highest total organic carbon (TOC, 24.24 g kg™ and 18.76 g kg™), Walkley-black
carbon (WBC, 18.23gkg™ and 14.10gkg™), very-labile-carbon (VLC,
8.65g kg™, and 6.30 gkg™), labile-carbon (LC, 3.58 gkg™ and 3.14 gkg™),
less-labile-carbon (VLC, 2.59gkg™ and 2.00gkg™), non-labile-carbon
(NLC, 3.41gkg™ and 266g kg-1), TOC stock (45.88Mgha™ and
41.16 Mg ha™), WBC stock (34.50 Mg ha™ and 30.94 Mg ha™), active carbon
pools (AC, 23.14Mgha™ and 20.66 Mgha™), passive carbon pools (PC,
11.40 Mg ha™ and 10.26 Mg ha™) and carbon management index (CMI, 100),
followed by the natural grassland. However, the lowest C storage was reported
in paddy cropland. The soils under natural forest and natural grassland systems
had a greater amount of VLC, LC, LLC, and NLC fraction than other land uses at
both depths. On the other hand, maize-field-converted-from-forest-land-use
soils had a higher proportion of NLC fraction than paddy soils; nonetheless, the
NLC pool was maximum in natural forest soil. LUS based on forest crops
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maintains more SOC, while agricultural crops, such as paddy and maize, tend to
emit more C in the Himalayan region. Therefore, research findings suggest that
SOC under the Kashmir Himalayas can be protected by adopting suitable LUS,
namely forest soil protection, and by placing some areas under plantations. The
areas under the rice and maize fields emit more CO,, hence, there is a need to
adopt the conservation effective measure to conserve the SOC without
compromising farm productivity.

KEYWORDS

carbon geochemistry, carbon management index, fragile ecosystem, functional land
restoration, climate change
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Introduction

Soil organic carbon (SOC) strongly impacts the global C cycle
and regulates ecosystem functionality (Yadav et al., 2021; Yadav
et al,, 2022). SOC is also critical for the preservation of soil
fertility and has a significant impact on various soil
characteristics and processes (Pan et al., 2009). SOC consists
of multiple compounds, from simple to more complex molecules,
which can have different stability (Babu et al., 2020; Gerzabek
etal, 2022). It is advisable that measuring rapidly changing SOC
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pools (labile pools) might be more informative in assessing soil
quality (Anantha et al, 2022). Labile carbon (LC) mainly
originates from the decomposition of plant and faunal
biomass, root exudates, and deceased microbial biomass
(Ahmed et al, 2022). The LC pool is directly available for
microbial activity and, hence, is considered the primary
energy source for microorganisms (Bei et al., 2022). Therefore,
LC has the potential to act as an indicator of soil functions, in
particular: nutrient cycling, soil aggregate formation, carbon
sequestration, and habitat provision for biodiversity (Yadav
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et al,, 2019; Singh R. et al., 2021; Yadav et al., 2021). Particulate
organic matter carbon is very important for soil aggregate
stability, nutrient cycling, etc., and microbial biomass carbon
(MBC) and mineralizable C are also considered labile organic
carbon fractions (Yadav et al., 2021). Whereas, the passive pool of
SOC, also known as the non-labile pool (NLC), is more stable, as
it is made up of refractory SOC fractions that form organic-
mineral complexes with soil minerals and are slowly broken
down by microbial activity (Wiesenberg et al., 2010). The labile
SOC pool is critical for the immediate flow of CO,, which is a
better measure of the quality of the soil to evaluate variations
caused by changes in land use (Vieira et al., 2007), whereas the
non-labile SOC pool adds on to the TOC stock. SOC comprises
of organic material except coasrse roots and that pool of biomass
which is below surface. Key indicator for soil fertility and soil
soility is SOC it also determines CO, fixation. Soil biological and
chemical properties are greatly influenced by SOC.

Land use change and the associated management practices
exert a strong impact on SOC dynamics (Babu et al., 2020). Land-
use change currently contributes to a net emission of 1.4 Pg C yr™*
(Arneth et al, 2019). Anthropogenic factors, such as the
management practices associated with agricultural activity, has
a more tenacious impact on SOC stock than climate change
(Kumar et al, 2020; Wu et al, 2022). Transitions in land
utilization/land cover patterns are considered the crucial factor
that affects the SOC pools. Land-use changes have resulted in a
decrease in the cumulative SOC content by approximately 55 +
78 Gt since 1750 (Lal, 2004). Misplacing in input (e.g., plant litter)
and output rates (e.g., SOC mineralization) of SOM as a result of
alterations in plant community and land management practice is
the major cause of SOC depletion (Dawson and Smith, 2007).
Several studies have shown the decrease in SOC storage by changes
from natural land-use systems to artificial land use, and the
transition of an artificial land-use pattern to a natural soil-use
pattern ultimately causes an increment in SOC reservoirs (Guo
and Gifford, 2002; Wei et al., 2014; Hobley et al., 2015).

The hill and mountain environment covers 54 Mha of the
total geographical area of 329 Mha of India (Kumar, 2018). The
Indian Himalayas are a mountain range characterized by varying
altitudes, slopes, aspects, and climate resulting in wide ecological
diversity. The northwest Himalayas (NWH) spread over Jammu
& Kashmir, Himachal Pradesh, and Uttarakhand and cover
17.7 Mha of the land of India (Arora and Bhatt, 2016). The
valleys of NWH receive ~1,600-2000 mm of precipitation and
have fertile soil (Bhardwaj et al., 2021). While soil properties,
including SOC, is decreased over the years due to improper land
use practices (Singh et al., 2019), the adoption of improved land
use practices (cropping systems, conservation tillage, nutrient
management, etc.) has been reported to enhance the SOC,
microbial carbon, and available N, P and K contents of
Himalayan soils (Gogoi et al, 2021). The C status of the
Himalayan soil varies according to the land use pattern
followed, i.e., forests, plantation crops, and grasses are major
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C sinks because of their high storage potential and low
decomposition processes compared to other agricultural crops
(Babu et al., 2021; Yadav et al,, 2021; WANI et al., 2022).
Numerous studies also suggested that agricultural soils or
intensively cultivated soils have lower labile C than forest and
grassland soils (Geraei et al., 2016; Kumar et al.,, 2022). However,
the magnitude of the reduction of soil C depends on the soil
types, management practices adopted, and climatic conditions.
The distribution of SOC into labile and non-labile or recalcitrant
pools under different land uses varied significantly in most
studies (Sainepo et al., 2018; Yeasmin et al, 2020). Because
labile SOC fractions than
recalcitrant responsive  to

have faster turnover rates

fractions and are more
anthropogenic and management-driven changes than total
SOC, they are given higher priority as an indicator. (Mikha
etal., 2013; Shao et al,, 2015; Yu et al., 2017). In undisturbed soils,
accumulation of more labile C occurs within aggregates that lead
to enhanced protection, and thus there are differences found in
the chemical composition of unprotected and protected SOM
(Aduhene-Chinbuah et al., 2022). Since the types of land use
systems influence the quantity and quality of litter inputs,
decomposition, and organic matter stabilization/protection
processes in soils, it is essential to control SOM storage
(Qafoku, 2015; von Haden et al., 2019).

Increasing population pressure with growing food demand
causes a rampant land-use change in the ecologically and
environmentally fragile region of the Himalayas. In addition,
the glaciers melting due to increasing temperature affects the
natural vegetation and land use practices in the region, thus
causing depletion in the soil C content. As a result, identifying
more vulnerable SOM fractions can broaden the understanding
and trajectories of SOC during the early stages of land use and
management changes. Various studies regarding different SOC
pools have been conducted in different parts of the hilly
ecosystems like the eastern Himalayas (Yadav et al, 2019;
Babu et al., 2020) and western Himalayas (Yadav et al., 2019).
However, very few studies on changes in SOC due to land use
practices i.e., forest, plantation, agricultural cropland, etc., in the
Kashmir Himalayas have so far been conducted. Hence, a
comprehensive study on the effects of land use management
on soil C stocks is needed to identify viable land-use systems for
C buildup in Kashmir Himalaya in face of changing climatic
parameters. Furthermore, C- stock measurement is also required
by an international agreement between 192 countries in the
world that have joined to form a treaty (Mathew et al., 2020).

The Kashmir Himalaya is very rich in natural vegetation and
plantation crops and has fertile land to cultivate various crops. This
study is conducted to estimate C loss while shifting one land use
system to others and also to find a suitable land use pattern for
Kashmir Himalayas. Certainly, the findings of this study can help
in choosing appropriate land use patterns by the farmers of the
region to achieve sustainable crop productivity and income while
conserving the soil resources of the region. The study also aims to
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FIGURE 1

Land use systems of the study site.

identify the most stable and quickly depleting form of SOC due to
practicing various land use management practices in the
Himalayan region. The findings of the current study will assist
policymakers in planning soil-supportive and environmentally
robust land use policy for sustainable land management and
livelihood security of the Himalayas population.

Materials and methods
Study site

The present study was conducted in the Kupwara District of
North Kashmir, India. The study site is located in an
environmental hotspot in the temperate Himalayas of India.
The study site lies between 34°31'32.8544 "N and 74°15'19.4653
""E with an elevation ranging from 1,500 to 3,500 m above sea level
(Figure 1). Soils of the region are mainly Inceptisols and Entisols
which are primarily composed of sandy loam to clayey in texture.
Valley has flat to slightly undulating topography. The climate of
the study site is Mediterranean-type-temperate-cum with a
minimum and maximum temperature of -15°C-35°C. The
winter season starts in November, and extreme winter
conditions continue until March. The average maximum

temperature of the study site was 35°C, while the average
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minimum temperature was —10°C. The annual rainfall is about
869 mm over about 60 days in the form of rain and snow. Kupwara
District is hilly and mountainous in the north, west, and east
regions, consisting of Lesser Himalayan Pir-Panjal ranges with
wide intermountain valleys. The valley has a diverse range of flora,
wildlife, and domesticated species in its forest lands. Plant diversity
is critical for the survival of practically all terrestrial ecologies, as
humans and animals rely on plants directly and indirectly. The
district’s forest types range in altitude from low to high
(1,500-3,500 m). The forests are dominated by broadleaved
trees such as Populus deltoides, Salix species, Pinus wallichiana,
Abies pindrow, and Betula utilis. Farmers in the valley grow paddy,
maize, and wheat, as well as apples, walnuts, and other leafy greens.

Soil sampling and sample preparation

Soil samples were collected from five land uses, viz, natural

forest, natural grassland, maize-field-converted-from-forest,
plantation, and paddy land, during 2020. The natural forests
mainly comprise pine plants, with minimal felling in the lower
boundaries. Natural grassland had a moderate to severe grazing
use pattern. Under maize-field-converted-from-forest; farmers follow
a subsistence level of cultivation of local maize genotypes with

minimum inputs (basically organic manures) and tillage on the

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1009660

Kumar et al.

forest margins. Concerning plantation land use, apple orchards were
considered. Farmers mainly use moderate quantities of inorganic
fertilizers and plant protection chemicals in apple orchards. Under
paddy land use; farmers adopted traditional tillage practices for the
cultivation of local genotypes. A total of twenty-five sites were
selected (five sites for each land use) for the study. Composite soil
samples were collected using a soil auger for 0-20 cm (surface/D,)
and 20-40 cm (sub-surface/D,) depth, with three replicates, and
every replicate sample was composited from six randomly selected
sub-samples. The stratified random sampling method was followed.
After removal of all stubbles, residues, and undesirable substances,
the soil samples collected from each site and depth were
homogenized and air-dried at room temperature, ground in a
mortar, sieved with a 2 mm sieve, and a 0.5 mm sieve (for SOC),
thereafter carefully kept in airtight plastic bags for laboratory analysis.

Analysis of soil organic carbon and pools

The method described by (Walkley and Black, 1934) was
used to determine the concentration of soil organic carbon/
walkley-black carbon. Organic matter was first oxidized using
chromic acid (potassium dichromate + concentrated sulphuric
acid), and the unconsumed potassium dichromate was back-
titrated against ferrous sulfate (redox titration). Total organic
carbon (TOC) was estimated using a modified Mebius-based
method (Yeomans and Bremner, 1988). The soil samples were
digested at 150°C for 30 min with K,Cr,0; and H,SO,, following
titration by using 0.2 mol (Fe**) L™ Mohr salt.

The functional pools of organic carbon (OC) were estimated
through a modified (Walkley and Black, 1934) as described by
(Chen et al., 2019) using 12.0 N, 18.0 N, and 24.0 N of H,SO,,
respectively. The very labile carbon was estimated using organic
C oxidizable by 12.0 N H,SO,. The labile carbon was estimated
by the differences in SOC oxidizable by 18.0 N and that under
12.0 N H,SO,. The less labile carbon was estimated by the
differences in SOC oxidizable under 24.0 N and that under
18.0 N, H,SO,. The non-labile carbon was estimated by the
differences between SOC oxidizable under 36.8 N and that under
24.0 N H,SO,.

Analysis of organic carbon stocks and
carbon management index

The SOC stocks were calculated as follows, (Jones et al.,
2005).

SOCstocks (Mgha™) = SOCx pxdx 10,000

Where; SOC is the soil organic carbon measured in g g™'; p is the
soil bulk density (g cm™), and d is the depth of the soil layer
(m). The value of 10,000 indicates the stock for 1 ha™ of land.
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The CMI was calculated using the formulae;

CMI = CPIx LIx 100, where CPI is the carbon pool index and
LI is the lability index of the soil under a particular land use (Blair
et al., 1995).

CPI = Total organic carbon in the treatment (gkg™)

x [Total organic carbon in the reference (gkg™)

LI = L in the treatment/L in the reference where L is the
carbon lability of the soil

L = Content of labile C/Content on non — labile C

Analysis of soil physico-chemical
properties

The soil pH was determined with the help of a glass electrode
pH meter (Jackson et al., 1973). The EC of the soil samples was
determined using a conductivity bridge in 1:2.5 soil-water
suspensions after equilibration for 24 h, using a Solu-bridge
conductivity meter (Jackson et al, 1973). The bulk density
(pb) was estimated using the core method (Blake and Hartge,
1986). The modified Kjeldahl digestion method was used to
estimate TN in soil. A known weight of soil sample was taken
in the presence of concentrated H,SO, and catalyst mixture
under high temperature (420°C) and digested to break down
complicated structures into simple structures, thereby releasing
N in the form of ammoniacal radicles (NH,"). The digested
samples were then distilled by steam with concentrated NaOH
(40%), the released NHj is condensed and absorbed in a known
volume (20 ml) of boric acid (4%) with a mixed indicator to form
ammonium borate, and the excess of which is titrated with 0.1N
HCL (Bremner, 1982).

Statistical analysis

The results on different parameters under laboratory
conditions were statistically evaluated according to the
procedure outlined by (Gomez and Gomez, 1984). The
descriptive statistics-one factor analysis was done by using
OPSTAT software. The correlation coefficients were computed
using SPSS software version 27.0 (Morgan et al., 1988).

Results and discussion

Effect of land use systems on distribution
of TOC and WBC

The total organic carbon (TOC) in surface and sub-surface
soil under various land uses ranged from 9.81 to 24.24 g kg™'. The

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1009660

9DU3IDS 1BJUSWIUOIIAUT Ul SI913UOIS

90

640°UISIB1UOIY

TABLE 1 Soil pH, EC, BD, TN, and TOC in surface and sub-surface soil under diverse land-use systems.

Land pH
use systems

0-20 cm
Natural Forest 6.55 + 0.10c
Natural Grassland 6.65 + 0.07bc
Maize Field converted from Forest 7.05 + 0.14ab
Plantation 6.83 + 0.09bc
Paddy 7.42 + 0.10a

20-40 cm

6.97 + 0.09b
7.12 + 0.12ab
7.26 + 0.13ab
7.20 + 0.08ab
7.56 + 0.08a

EC (dS m™)
0-20 cm

0.13 £ 0.01c
0.15 + 0.02bc
0.20 + 0.02ab
0.16 + 0.02bc
0.26 + 0.02a

20-40 cm

0.17 £ 0.01c
0.19 + 0.02bc
0.24 + 0.01ab
0.23 + 0.01abc
0.29 + 0.02a

BD (Mg m™)
0-20 cm

0.94 + 0.06¢
1.07 £ 0.01c
1.22 £ 0.01b
1.32 + 0.03ab
143 £ 0.01a

20-40 cm

1.09 + 0.06d
1.18 £ 0.01cd
1.29 + 0.01bc
1.36 + 0.03ab
1.45 + 0.01a

EC: electrical conductivity; BD: bulk density; TN: total nitrogen; TOC: total organic carbon; Mean values with the same letters don’t differ significantly.

TABLE 2 Functional organic carbon pools in surface and sub-surface soil layers under diverse land-use systems.

Land WBC (g kg™)
use systems

0-20 cm
Natural Forest 18.23 + 0.24a
Natural Grassland 15.42 + 0.16b
Maize Field converted from Forest 12.77 + 0.20¢
Plantation 11.38 + 0.29d
Paddy 9.59 + 0.23e

20-40 cm

14.10 £ 0.16a
11.73 + 0.05b
10.11 £ 0.24¢
8.72 +0.24d
7.37 £ 0.22e

VLC (g kg™)
0-20 cm

8.65 £ 0.12a
7.37 £ 0.11b
5.73 £ 0.24c
4.98 + 0.11d
445 +0.24d

20-40 cm

6.30 + 0.07a
5.35 + 0.21b
4.54 + 0.26bc
4.09 £ 0.23c
3.79 £ 0.15¢

LC (g kg™)
0-20 cm

3.58 + 0.08a
3.38 £ 0.10a
3.07 + 0.24ab
2.92 + 0.22ab
2.42 + 0.08b

20-40 cm

3.14 + 0.15a
2.91 + 0.09ab
2.49 + 0.14bc
2.18 + 0.20cd
1.59 + 0.09d

TN (%)
0-20 cm

0.49 + 0.05a
0.36 + 0.03b
0.26 + 0.02bc
0.20 + 0.01c
0.18 + 0.01c

LLC (g kg™)
0-20 cm

2.59 + 0.14a
2.04 + 0.06b
1.90 + 0.09b
1.69 + 0.07b
1.25 £ 0.07¢

WBC: walkley-black carbon; VLC: very-labile-carbon; LC: labile-carbon; LLC: less-labile-carbon; NLC: non-labile-carbon; Mean values with same letters don’t differ significantly.

20-40 cm

0.38 £ 0.03a
0.29 + 0.03b
0.19 + 0.02¢
0.15 + 0.01c
0.12 + 0.01c

20-40 cm

2.00 + 0.13a
1.60 + 0.08b
1.37 + 0.06bc
1.13 £ 0.09cd
0.92 + 0.05d

TOC (g kg™)
0-20 cm

24.24 £ 0.31a
20.52 + 0.21b
16.98 + 0.27¢
15.13 + 0.38d
12.76 + 0.30e

NLC (g kg™)
0-20 cm

3.41 + 0.09a
2.63 + 0.07b
2.07 £ 0.12¢
1.79 + 0.09cd
1.47 + 0.09d

20-40 cm

18.76 + 0.21a
15.60 + 0.06b
13.44 + 0.32¢
11.60 + 0.31d
9.81 + 0.30e

20-40 cm

2.66 = 0.11a
1.87 + 0.21b
1.71 + 0.11b
1.32 + 0.12bc
1.07 £ 0.07¢
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mean values of TOC (g kg™') in surface and sub-surface depths
were 24.24 and 18.76 in the natural forest; 20.52 and 15.60 in
natural grassland; 16.98 and 13.44 under maize-field-converted-
from-forest; 15.13 and 11.60 in the plantation; 12.76 and 9.81 in
soils under paddy land use (Table 1). Among surface soils, the
highest TOC mean value was found in natural forest soil, which
was 90% higher than in paddy soils (12.76 gkg ™). A similar trend
was found in the sub-surface soils, with mean TOC content of
18.76 g kg™ in natural forests and 9.81 g kg™' in paddy soils. The
natural grassland land use system at both the soil depths also had
a significantly higher amount of TOC (20.52 and 15.30 gkg™)
than the maize-field-converted-from-forest system (16.98 and
13.44 gkg™") and plantation land use (15.13 and 11.60 gkg™).
The Walkley-Black carbon (WBC) in both soil depths was
significantly affected by different land-use patterns (Table 2).
Natural forests had the highest WBC (18.23gkg™ and
14.10 gkg™') among the different land use types, followed by
natural grassland land use (15.42 gkg ™' and 11.73 gkg™"), maize
fields converted from forests (12.77 gkg™ and 10.11 gkg™),
plantations (1138 gkg™ and 8.72gkg™") and paddy soils
(9.59gkg™ in and 7.37gkg™") at 0-20 and 20-40 cm soil
depths respectively.

The WBC decreased with soil depth. When compared to
other land uses, natural forests have a greater TOC due to
minimal soil disturbance, and higher levels of C inputs, such
as leaf litter and root biomass from natural systems, as well as its
recalcitrant characteristic, which limits complete microbial
breakdown (Vezzani et al, 2018). The higher carbon under
the forest field might be due to the higher soil binding ability
of forest trees, which protected soil C from being degraded and
lost in the form of CO, to the atmosphere. The leaf litter is an
important part that transports the carbon from plant to soil
(Giweta, 2020). Low TOC contents in cropland use other than
natural forests imply a significant reduction in TOC from plant
species variations, C loss from the soil due to residue removal, soil
perturbation, and a small quantity of added biomass to the soil
(Raiesi, 2021). Similar findings have been reported by (Sharma
et al., 2018) and (Bahadori et al., 2021). The amount of TOC in
the soil decreased with depth, possibly due to an increase in OM
at the soil surface (Jobbagy and Jackson, 2000). This is supported
by the finding of (Sreckanth et al,, 2013). Under various land uses
in the temperate Himalayan Region, SOC content and OC stocks
have ranged from 4.27 to 27.00 gkg™ and 6.57-54.10 Mg ha™',
respectively (Dar and Sahu, 2018). WBC concentration was
substantially greater in natural forest and natural grassland
land-use soils than in the other land-use systems investigated.

The WBC content varied greatly among the different land
uses in both the surface and sub-surface soil depths. Natural
woods had the highest levels of WBC, while paddy soils had the
lowest. Higher WBC under natural forest systems under different
ecoregions of the world was recorded by many researchers
(Prasad et al., 2019; Mourya et al.,, 2021; WANTI et al,, 2022).
The addition of high levels of inputs, such as leaf litter and root
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biomass, as well as its recalcitrant nature, high altitude, low
temperature, slow rate of mineralization, and role in the
augmentation of soil aggregates and ultimately increasing soil
OC content, all, contribute to high WBC in natural forests (Nath
et al., 2018). Rapid mineralization and C loss from soil-by-soil
disturbance and management techniques are to blame for paddy
soils’ low WBC content (Chauhan et al., 2014). Furthermore, low
WBC content in paddy may be due to long-term cultivation
under submerged conditions and mineral fertilizer application,
puddling, crop removal during harvesting, breakdown of stable
aggregates, and deterioration of soil organic matter, resulting in a
degradation of overall soil quality (Yang et al., 2005). The results
are further supported by the findings of (KKaur and Bhat, 2017). A
consistent decrease in WBC content with depth was noticed in all
cultivated lands. That might be due to the addition of animal
wastes and plant residues to surface soils (Chibsa and Ta’a, 2009).
Also, with an increase in soil depth, a decline in fine roots
returned, aeration, and soil microbial activity may have
resulted in a comparable reduction in WBC content (Sheng
et al., 2015; Kaushal et al., 2020).

Effect of land use systems on functional
carbon pools

Across both the soil depths, there was a significant difference
in C pools among the different land uses. Data about mean values
of VLC under different land uses are presented in Table 2. In both
the surface and sub-surface soil depth, VLC was observed to be in
the order of; natural forest > natural grassland > maize-field-
converted-from-forest > plantation > paddy (Figure 2). A
decreasing trend with depth was observed for all the land-use
systems having the highest values in the surface layer of soil.
Among the different land uses, the natural forest and natural
grassland land-use systems had the highest VLC, i.e., 8.65 gkg™
and 737 gkg™ in 0-20 cm and 6.30 gkg™' and 5.35gkg™" in
20-40 cm depth, respectively. Natural forests had the highest
VLC in surface and subsurface (8.65 and 6.30 g kg™"), followed by
natural grassland (7.35 and 5.35 gkg™"), maize-field-converted-
from-forest (5.73 and 4.54 gkg™'), and plantation (4.98 and
4.09 gkg™') and paddy soils (4.45 and 3.79 gkg™'). Among the
different land uses, the natural forest had the highest LC,
ie, 3.58 gkg™ in 0-20 cm and 3.14 gkg™' in 20-40 cm depth.
Natural forests had 3.58 and 3.14 g kg™ labile carbon content at
0-20 cm and 20-40 cm soil depths, respectively, followed by
natural grasslands (3.38 and 2.91 g kg™'), maize-field-converted-
from-forest (3.07 and 249 gkg™), plantations (2.92 and
2.18 gkg™"), and paddy (242 and 1.59 gkg™') (Table 2). A
perusal of the data reveals that the labile carbon content in
natural forests at both depths was higher than the other land uses.
The plantation-based land-use system had higher labile carbon
content than the paddy system at both soil depths. A decreasing
trend in labile carbon content with depth was observed under all
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the land uses, and it followed the order; natural forest > natural
grassland > maize-field-converted-from-forest > plantation >
paddy (Figure 2). The less labile carbon (LLC) content at
0-20 cm and 20-40 cm soil depth in the natural forest was
259 and 2.00gkg', respectively; natural grassland had
2.04 and 1.60 gkg™', respectively; maize-field-converted-from-
forest 1.90 and 1.37 g kg™, respectively; plantations had 1.69 and
1.13 gkg™', and paddy soils had 1.25 and 0.92 g kg™, respectively
(Table 2). It was found that the highest LLC content at the surface
and sub-surface soil layers was recorded in natural forests,
followed by natural grassland and maize-field-converted-from-
forests, whereas the lowest was recorded under paddy soils. A
decreasing trend in LLC content with depth was observed under
all land uses, with the highest value observed in the surface layer.
The LLC had the following order at both the soil depths; natural
forest > natural grassland > maize-field-converted-from-forest >
plantation > paddy, respectively (Figure 2). A decreasing trend in
non-labile carbon (NLC) content with depth was observed under
all land uses, with the highest value observed in the surface layer.
The NLC followed the order; natural forest > natural grassland >
maize-field-converted-from-forest > plantation > paddy
(Figure 2). The NLC content in surface and the sub-surface
soil was 3.41 and 2.66 gkg ' in the natural forest; 2.63 and
1.87 gkg™ under natural grassland; 2.07 and 1.71gkg™ in
maize-field-converted-from-forest; 1.79 and 1.32gkg™” in
plantations and 1.47 and 1.07 gkg™ in paddy fields (Table 2).
The relationship between C fractions and soil properties is shown
in Figure 3 using a structural modeling equation (SEM). The
mean values of NLC content in natural forest land use at both soil
depths were higher than the other land uses, with the lowest
recorded in paddy soils. SOC pools such as VLC, LC, LLC, and
NLC are influenced by differences in C inputs, litter/crop residue
composition, and species richness among land-use regimes.
Natural forests had the most VLC and LC in the surface and
subsurface layers, followed by natural grassland, and paddy soils
had the least. High VLC and LC fractions in natural forest and
natural grassland land use compared to other land uses could be
attributed to addition
decomposable plant/leaf litter, high microbial biomass, and

continuous (retention) of easily
mechanisms for protecting added C, all of which contribute to
microbial  functions and
VLC and LC

Furthermore, tree spices like Pinus wallichiana and Cedrus

significantly  increased  soil

corresponding  increases in fractions.
deodara have a lot of litterfall. Leaves with a high nitrogen
concentration have a greater ability to improve soil LC
(Sharma et al, 2014). High concentrations of VLC and LC
have been reported by (Benbi et al., 2015) and (Babu et al,
2020) in forests adjacent to other land uses. The low values of
VLC and LC in other land-use systems other than native
vegetation could be associated with aggregate disruption and
more organic matter oxidation in conventional farming systems
based on intensive management practices like plowing and
harrowing (Bayer et al., 2006). The LLC fraction followed the
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order as natural forest > natural grassland > maize-field-
converted-from-forest > plantation > paddy in both soil
depths. The higher LLC in natural forests and low content in
paddy soils is due to variations in the plant/tree species found;
above-below ground biomass, and its nature of decomposition;
and other variables such as climate, which have an intrinsic effect
on its decomposition and loss. Natural forests had a significantly
higher NLC content than cultivated lands. Higher NLC content
in natural forests has also been recorded by (Nath et al., 2018).
Usually, forest litters are rich in sources of tannin and wax that
are resistant to degradation. This enhances the levels of NLC in
natural forests compared to cultivated lands (Nath et al., 2018).
The NLC fraction is usually resistant to field management
operations and microbial decomposition due to its sorption
on fine particles (Sherrod et al., 2005; Sainepo et al., 2018). In
general, all the lability-based OC fractions showed a decreasing
trend with soil depth (Babu et al., 2021; Xie et al., 2021).

Effect of land use systems on carbon
stocks

The TOC stock in natural forest land use (surface soil) was
recorded as the highest among the different land uses with a
mean of 45.88 Mg ha™'; in the sub-surface, it was 41.16 Mg ha™'
(Table 3). In the natural grassland system (surface soil), the mean
TOC stock was 43.93 Mgha™'; in the sub-surface, it was
36.82 Mgha'. The mean TOC stock value in maize-field-
converted-from-forest (surface and sub-surface soil) was
41.75Mgha™ and 34.80 Mgha™'. In the surface layer, the
TOC stock under the plantation was 39.73 Mgha™', with the
sub-surface having a mean of 31.37 Mg ha™". In paddy soils, TOC
stock in surface and sub-surface soil was 36.45 Mgha™' and
28.42 Mgha™', respectively. The highest TOC stocks (surface
and sub-surface) were recorded in natural forests, followed by
natural grassland, with the lowest recorded under paddy soils
(Figure 4).

Natural forest land-use systems had the highest WBC stock
in surface, and sub-surface soil depth, followed by natural
grasslands, and paddy soils had the lowest (Figure 4). The
WBC stock in the natural forest land-use system was
3450 Mgha™ and 30.94 Mgha' at the surface and sub-
surface, respectively; in the natural grassland system, it was
33.03Mgha™ and 27.68 Mgha™; in the
converted-from-forest system, it was 31.26 Mgha™ and
26.16 Mgha™'; in plantations, it was 29.87 Mgha™' and 23.0.
The WBC stock had the following order at both the soil depths;
natural forest > natural grassland > maize-field-converted-from-

maize-field-

forest > plantation > paddy, respectively. The active organic stock
(AOC) stocks in the surface and sub-surface layers were
23.14 and 20.66 Mgha™' in the natural forest; 23.02 and
19.47Mgha™  under natural grassland; 21.54 and
18.20 Mg ha™ in maize-field -converted-from-forest; 20.78 and
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Effect of land use on functional organic carbon pools (g kg™) in 0-20 cm and 20-40 cm soil depth. Error bars indicate the least significant
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Structural equation modeling plot between soil properties and C fractions.

16.95 Mg ha™' in plantations and 19.63 and 15.60 Mg ha™' found
in paddy soils (Table 3). The highest AOC stocks were recorded
under natural forest land use at both soil depths, followed by
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natural grasslands, whereas the lowest was recorded in paddy
soils (). The AOC stock had the following order at both the soil
depths; natural forest > natural grassland > maize-field-
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TABLE 3 Organic carbon stocks in surface and sub-surface layers under diverse land use systems.

Land use systems TOC stock (Mg ha™")

0-20 cm 20-40cm  0-20 cm
Natural Forest 45.88 + 3.51a 41.16 + 2.84a 34.50 + 2.64a
Natural Grassland 43.93 + 0.92a 36.81 + 0.40ab  33.03 + 0.69a

Maize Field converted from  41.57 + 0.83ab  34.80 + 0.91b  31.26 + 0.62ab
Forest

Plantation 39.73 £ 0.55ab  31.37 + 0.41bc  29.87 + 0.41ab
Paddy 36.45 + 1.02b 28.42 + 0.99¢ 27.40 + 0.76b

WBC stock (Mg ha™")

AOC stock (Mg ha™) POC stock (Mg ha™)

20-40 cm 0-20 cm 20-40 cm 0-20 cm 20-40 cm

3094 +2.13a  23.14 + 1.76a  20.66 + 1.33a  11.40 + 1.05a  10.26 + 0.94a

27.68 + 0.30ab  23.02 + 0.35a  19.47 + 0.57ab  10.00 + 0.25ab  8.21 + 0.55ab

26.16 + 0.68b  21.54 + 1.03a 1820 + 9.71 + 0.51ab  7.98 +0.23abc
0.79abc

2359 + 0.31bc  20.78 + 0.77a 1695 + 0.55bc ~ 9.18 + 0.45ab  6.68 + 0.60bc

2137 £ 074 19.63 + 0.78a 1560 + 0.48c  7.77 + 0.241b 576 + 0.16¢

TOC: total organic carbon; WBC: walkley and black carbon; AOC: active carbon stock; POC: passive C stock; Mean values with the same letters don’t differ significantly.
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Effect of land use on TOC and WBC stocks (g kg™) in 0-20 cm and 20-40 cm soil depth. Error bars indicate the least significant difference (LSD)
values at p = 0.05. Mean values with the same letters don't differ significantly.

converted-from-forest > plantation > paddy, respectively. The
POC stocks under different land uses are presented in Table 3.
The highest POC stocks at both soil depths were recorded under
natural forests, followed by natural grasslands, and the lowest was
recorded in paddy soils (Figure 5). The POC stocks in surface and
sub-surface layers were 11.40 and 10.26 Mg ha™" in the natural
forest; 10.00 and 8.21 Mg ha™' under natural grassland; 9.71 and
7.98 Mgha™ in maize-field-converted-from-forest; 9.18 and
6.68 Mgha™ in plantations; and 7.77 and 5.76 Mgha™ in
paddy soils. The POC stock had the following order at both
the soil depths; natural forest > natural grassland > maize-field-
converted-from-forest > plantation > paddy, respectively. The
highest TOC stock in surface and sub-surface soil depth was
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recorded in natural forests, followed by natural grassland, and the
lowest in paddy fields. Higher TOC stock in natural forests due to
high concentrations of OC, as recorded by (Valbrun et al.,, 2018)
and (Singh R. et al, 2021), due to high leaf litter, less soil
disturbance, the presence of a high number of heterogeneous
plants with different root structures and less organic matter
decomposition as cultivated
(Nicodemo et al, 2018). Horticultural land use (plantations)
recorded higher TOC stocks as compared to agricultural (paddy)

compared to other lands

soils since plantations add more litter and input of animal
manures, whereas, in agricultural lands, removal of biomass
and intensive tillage practices reduce the OC (Hu et al., 2020).
Similar results were reported by (Toru and Kibret, 2019). WBC
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Effect of land use systems on active and passive organic carbon stocks (Mg ha™) in 0-20 cm and 20—40 cm soil depth. Error bars indicate the
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stock is mostly attributed to physiography, altitude, bulk density,
organic matter additions, tree proportions, and land disturbances
(Turner et al., 2005; Wang et al., 2012). The highest WBC stock
was found in natural forest land use, followed by natural
grasslands, and the lowest in the surface and subsurface of
paddy soils, according to the study. Natural forest land use
recorded higher WBC stock due to the above-mentioned
reasons and is further supported by (Dhakal et al,, 2010) and
(Yitbarek et al., 2013). The WBC stock varied with soil depth, and
with an increase in soil depth, the WBC stock distribution
showed a decreasing trend in all land-use systems, which has
been observed in many studies (Sahoo et al, 2019). Similar
findings of higher WBC stocks in natural forests as compared
to agricultural land uses have been reported by (Ali et al., 2019),
(Begum et al,, 2020), and (Mir et al., 2020). The active OC pool is
a chief source of essential plant nutrients (Mandal et al., 2008)
and is involved in crop production and soil quality. This
particular pool (active OC) of TOC is more easily and readily
influenced by management practices when compared to the
passive C pool (Biederbeck et al., 1994) and is regarded as an
early indicator of soil quality (Duval et al., 2013) (Duval et al,
2013). The active C pool comprises the VLC and the LC pool
(Sainepo et al., 2018) and (Bhattacharjya et al., 2017). Converting
carbon-rich forests to croplands depletes carbon stocks quickly
(Pan et al., 2009) and jeopardizes ecosystem functioning (Isbell
et al., 2011). The maximum AOC stock was recorded in natural
forests, and the lowest was found in paddy soils in both soil
depths. Similar results have been reported by (Sharma et al,
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2018) and (Babu et al., 2020), where the high content of the active
C pool was due to the availability of readily decomposable
organic matter found throughout the year in forests. Also, the
root systems of trees are liable as they exude labile C compounds
(Conteh et al.,, 1997). The passive OC pool in the soil is more
stable and recalcitrant (Choudhury et al., 2018), and is made up
of the LLC and NLC pools (Wiesenberg et al., 2010). A higher
POC stock in natural forests and natural grasslands is attributed
to the input of high quantities and quality of plant/leaf litter as
compared to cultivated lands. Along a successional gradient
(Xiang et al,, 2015), reported a significant increase in passive
C fractions with increasing litterfall. This implies that the OC
retrieved in natural grasslands and natural forests are more stable
than that retrieved in other land uses. Physical and chemical
conservation of C in undisturbed soils may also account for high
POC storage in natural forests and grasslands. The variation in
AOC and POC stocks among the different land uses might be
explained by wide changes in vegetation type, litter input (Yao
et al,, 2010), and soil perturbation intensity (Yadav et al., 2022).

Effect of land use systems on carbon
management index

The natural forests were used as the reference soil to compute
the carbon management index (CMI) for various land-use
systems. Table 4 represents the CMI of different land-use
types. The CMI differed significantly between different land
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TABLE 4 Carbon Management Index under diverse land-use systems
(0—40 cm).

Land use CPI CPI(g L LI CMI
system kg™)

Natural Forest 43.00 1.00 433 1.00 100
Natural Grassland 36.11  0.84 508 118 9871
Maize Field converted from Forest  30.42  0.71 510 1.18 8333
Plantation 2673  0.62 552  1.28 79.39
Paddy 22.57  0.53 578 134  70.08
CD (p < 0.05) 13.45

CPI: carbon pool index; L: lability; LI: labile index; CMI: carbon management index.

uses and varied in response to labile OC concentration patterns.
The CMI at 0-40 cm soil depth in different land-use types were
as follows; 100.00 in the natural forest; 98.71 in natural grassland;
83.33 79.39 under
plantation, and 70.08 in paddy soils. The highest CMI was
recorded under natural forest, followed by natural grassland,
and the lowest was in paddy soils. The CMI values had the
following order; natural forest > natural grassland > maize-field-

in maize-field-converted-from-forest;

converted-from-forest > plantation > paddy, respectively
(Figure 6).

CMI measures the quality and quantity of soil organic matter
in a system (Reddy, 2010). Since the CMI is linked to the carbon
pool index (CPI) and the lability index (LI), it may be used as a
soil C rehabilitation measure to illustrate how soil C dynamics
change as a result of changes in land use and management (de
Assis et al, 2010). In reality, higher values indicate soil C
rehabilitation, while lower values indicate C compound
degradation (Blair et al., 1995). The CMI among the different
land-use systems in this study was significantly different. The
highest CMI was recorded in natural forests, which were used as a
reference due to less anthropogenic disturbance, and the lowest

10.3389/fenvs.2022.1009660

was observed in paddy soils. The CPI is also one of the two
indices that make up the CMI, which is also regarded as being
more susceptible to the impact of land-use change on soil organic
C dynamics (Geraei et al., 2016). Compared to cultivated land
uses, adding organic matter regularly improves the ability to
boost the CMI by increasing inputs and minimizing losses in
natural forests and grasslands. This has also been reported by
(Kalambukattu et al., 2013) and (Musinguzi et al., 2015), where
cultivated soils had lower CMI values than uncultivated soils
(forests).

Effect of land use systems on soil pH,
electrical conductivity (EC), bulk density
(pb), and total nitrogen (TN)

Across the land-use systems, soil pH, EC, and pb increased as
soil depth was increased to 40 cm (Table 1). Across all land uses,
the lowest pH, EC, and pb values were found in the surface soil
depth, whereas the highest was found in the sub-surface layer.
Land-use systems significantly affected soil pH at the surface and
sub-surface soil layers. The soil pH at 0-20 cm and 20-40 cm soil
depth was 6.55 and 6.97 in the natural forest; 6.65 and 7.12 under
natural grassland; 7.05 and 7.26 in maize-field-converted-from-
forest; 6.83 and 7.20 under plantation; and 7.42 and 7.56 in paddy
soils, respectively. The highest pH values at 0-20 cm and
20-40 cm depth were recorded in paddy land use, and the
lowest was recorded in natural forests (Figure 7). At 0-20 cm
and 20-40 cm depth, the pH under maize-field-converted-from-
forest land use was higher as compared to natural forest, natural
grassland, and plantation. The pH values in all land-use systems
increased with increased soil depth. The result concerning
pH indicates that the soil varied from slightly acidic to mildly
alkaline. The overall EC varied among all land use, with the
lowest value in the surface soils of natural grasslands and the
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highest in the sub-surface of paddy soils. The EC at 0-20 cm and
20-40 cm was 0.13 and 0.17 dSm™! in natural forest, 0.15 and
0.19 dS m™ in natural grassland, 0.20 and 0.24 dS m™" in maize-
field-converted-from-forest, 0.16 and 0.23 dSm™" in plantation,
and 0.26 and 0.29 dSm™" in paddy soils, respectively (Table 1).
The highest EC in surface and sub-surface soils was under paddy
soil, and the lowest was under natural forest soil (Figure 7).
Across the soil depth and land use pattern, land use had a
considerable impact on pb. It is evident from data that paddy
soils recorded the highest pb, ie., 1.43 and 1.45Mgm™ at
0-20 and 20-40cm soil depth, which was followed by
plantation land use, viz., 1.32 and 1.36 Mg m™>, and the least
was recorded in natural forest, viz.,, 0.94 and 1.09 Mgm™ in
surface and sub-surface layers (Figure 7). The pb in the surface
and subsurface soil layers of natural forest, natural grassland,
maize-field-converted-from-forest, plantation and paddy soils
was 0.94 and 1.09 Mgm™, 1.07 and 1.18 Mgm™, 1.22 and
129 Mgm™, 1.32 and 1.36 Mg m > and 1.43 and 1.45 Mgm,
respectively (Table 1). Natural forest land-use type recorded the
highest total nitrogen content at the surface and sub-surface soil
depths, followed by natural grassland, and the least was recorded
in paddy soils. The TN content in 0-20 cm and 20-40 cm soil
depth were 0.49 and 0.38% in natural forest; 0.36 and 0.29%
under natural grassland; 0.26 and 0.19% in maize-field-
converted-from-forest; 0.20 and 0.15% under plantation and
0.18 and 0.12% in soils under paddy land use (Table 1). In
general, the total nitrogen content was found in the order of:
natural forest > natural grassland > maize-field-converted-from-
forest > plantation > paddy (Figure 7). Soils of natural forests and
natural grasslands had significantly lower soil pH, EC, and higher
pb and TN than the other land-use systems. The highest soil
pH was reported in paddy land use, and the lowest was recorded
in the soils of natural forests. Natural forests had low pH, which
could be attributed to extensive root systems producing more
root exudates, high organic matter content, and leaching of
soluble salts from surface soil layers (Perie and Ouimet, 2008).
Moreover, soil pH increased with soil depth in the different land
uses. Similar findings were reported by (Bhuyan et al., 2013). The
quantity of organic matter available in a particular land use
system significantly influences the pH of the soil, and the
decomposition of this organic matter releases chemicals such
as organic acids that cause the lowering of soil pH (Shao et al,
2015). Since the paddy soils contain less organic matter, their
pH was the highest among all the land-use systems. Other
researchers have also documented variations in soil pH due to
different management practices used in diverse land-use types
(Orgill et al,, 2018). Our study shows that among the various
land-use systems, the EC of the soils was the lowest in natural
grasslands and the highest in paddy soils. The low EC of natural
forest land-use systems can be attributed to the leaching of salts
and base-forming cations into the sub-surface layers and
translocating them out of the soil profile (Tufa et al, 2019).
Higher EC in paddy soils due to the accumulation of salts, usage
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of fertilizers, and management practices (Kiflu and Beyene,
2013). In the sub-surface soil layer, the EC values are higher
than the surface layers, which could be due to the leaching of ions
(Kalambukattu et al, 2013). also reported EC values below
1dSm™" while studying the soils of Jammu and Kashmir. The
soil pb had lower natural forest land use, which could be due to
high clay content, less soil disturbance, higher root biomass, and
the presence of high amounts of organic matter. Several
researchers have revealed lower pb in natural forest soils
(Emadi et al., 2008). The high pb in paddy lands could also
be due to intrinsic soil properties like texture and intensive tillage
operations and practices like plowing and puddling that break
soil aggregates, increase soil compaction, and reduce the amount
of organic matter in the particular land use through direct
exposure in the surface soil layer to raindrops and climatic
factors (Bennett et al, 2017). The increase in pb with depth
could be attributed to the weight of the overlying soil layers, and
the decrease in SOC content (Abad et al., 2014; Gull et al., 2020;
Jan et al., 2020). Correspondence increase in pb with soil depth
was also reported by other researchers (Chhagan et al., 2019;
Singh G. et al., 2021). Nitrogen has an immense role to play in
plant nutrition as it is linked with essential living processes of life.
TN content was higher in the natural forest land-use system in
both depths than in the other land uses. The high TN of natural
forest systems is due to their high organic matter content, which
is the biggest and most credible source of total soil nitrogen.
Several researchers (Ufot et al., 2016; Wani, 2016) have also
revealed that TN is higher in the forest than in cultivated lands.
The lowest TN was found in paddy soils, which could be due to
higher decomposition rates and oxidation processes, influenced
by intensive cultivation practices that, reduce the total nitrogen
content. Also, low TN in paddy land could be attributed to the
addition of smaller quantities of organic matter, leaching loss of
nitrate-nitrogen, and loss of nitrogen through the denitrification
process back into the atmosphere. Similarly (Gull et al., 2020;
Mansoor et al., 2021), have reported that soils under cultivation
tend to have lower TN concentrations as compared to
uncultivated lands. A decreasing trend with an increase in soil
depth was observed in all the studied land uses, usually due to a
decrease in soil organic matter relative to soil depth. Our results
are in close conformity with the findings of (Jan et al., 2020), who
reported that the TN decreases gradually from the surface to the
sub-surface layers.

Policy recommendation and future
research perspectives

Our study indicated that the conversion of forest land to
cropland has a negative impact on soil carbon storage both in
surface (0-20 cm) and subsurface soil layers (20-40 cm) in the
temperate region. Hence, to reduce the global temperature rise,
we must reduce C emission from the soil by preserving or

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1009660

Kumar et al.

10.3389/fenvs.2022.1009660

ab

pH

Natural Grassland Maize Plantation Paddy Natural Grassland Maize Plantation Paddy
Forest Forest

D1

EC (dS/m)

Maize

adey [ -
.
Padey N -

Maize

= a
- &8 £ &
-
Grassiand | NN =
Grassiand |

Natural Forest
Plantation
Natural Forest
Plantation

FIGURE 7

Effect of land use on pH, electrical conductivity, bulk density, and total nitrogen in 0-20 cm and 20-40 cm soil depth. Error bars indicate the
least significant difference (LSD) values at p = 0.05. Mean values with the same letters don't differ significantly.

a
a
ab b
ab !
b
7 be

68 be a

¢ 2
66
64
62
6

TN (%)

be ab

cd

a
ab
b
12 c
<

1

08

06

04

02

0

Natural Grassland Maize Plantation Paddy

Natural Grassland Maize Plantation Paddy
Forest i

Forest

D2

a
b
©
c
I c
Natural Grassland Maize Plantation Paddy
Forest

D1
02

a

b

| be

I c
©

| I I
]
Natural Grassland Maize Plantation Paddy
Forest

e

D1 D2

capturing more CO, from the atmosphere and storing it in deep
soil. The global temperature had negative consequences on
snow cover in the temperate region, which may further
amplify the flood problem in the mainland (Nie et al., 2021;
Talukder et al., 2021). But at the same time, we cannot
the food
population who lives in a remote location in the Himalayas.

compromise security of our resource-poor
Temperate Himalayas is a major source of livelihood and
habitat for many plant species, wildlife, and million
populations globally (Sharma et al, 2018; Mugloo et al,
2021; Mehmood et al., 2021; Rahman et al., 2022). So it is a
social responsibility to ensure the food and livelihood security
of the temperate populace. Therefore, current agricultural land
must be bought under conservation effective adequate soil and
practices. Conservation of effective
like
farming, integrated production systems, no-tilling, mulching,

crop management

agricultural practices diversified farming, organic
intercropping, etc can satisfy the food demand besides
conserving soil C in the long run. Conservation agricultural
practices improve food production and soil C levels over
conventional farming practices in the Himalayan region
(Ngangom et al, 2020; Babu et al, 2021; Singh G. et al,

2021). Fewer C losses in agricultural systems can be achieved
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through conservation tillage, reduced soil disturbance, and a
steady supply of high-quality organic amendments. Hence, the
adoption of conservation effective management practices and
halting of forest land conversion to agricultural cropland must
be a focal recommendation of the policy planners. Future
research should concentrate on new and improved methods
for increasing the C sequestration potential of agricultural
systems in the region to improve soil C besides ensuring
food security. According to COP 26 Article 6 of the Paris
Agreement, which describes rules for an international carbon
market, it layed emphasis on CO2 emissionsand innovative
methods to copeup with reduction of emissions from
production systems.

Conclusion

The study proved the hypothesis that the land-use changes
had a tenacious impact on the different functional carbon pools
under the Kashmir Himalaya of India, where the carbon pools
are being severely depleted due to climatic and anthropogenic
factors. Under all of the studied land-use systems, various carbon
fractions were maximum under natural forests followed by
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plantation crop fields, while there was a lower amount of soil
carbon fractions observed under the maize and paddy field. The
main differences in soil carbon in different land use systems were
due to differences in their soil conservation capacity through root
and canopy proliferation, the recyclable biomass produced, and
the reduction of CO, emissions from the soil. Results from the
current experimentation are useful for developing soil carbon
status and improving soil properties under the Indian Himalayas.
The results are also useful for understanding the transformation
behavior of different carbon pools in different Himalayan land
use systems. Based on the results of the study, it is possible to
develop suitable land use practices for the Kashmir Himalayas.
The study also suggests that areas of land in this region, which
have already been converted from forest to cropland, should be
treated with soil conservation measures to restore soil
productivity. As a result, policymakers can think of
developing policies to protect forest land and its conversion to
agricultural land.
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