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ABSTRACT

Land-use change is a major driver of soil degrada-
tion in tropical ecosystems, influencing soil organic
carbon (SOC), nutrients and ecosystem productivity.
This study evaluated the effects of five contrasting
land-use systems, namely natural forest (NF), de-
graded forest (DF), fallow land (FL), pine plantation
(PP), and paddy field (PF), on soil physico chemical
properties in Manipur, Northeast India. Soil samples
were collected from all land use types to a depth of 1
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m and divided into four layers (0-15, 15-30, 30-60,
and 60—100 cm). Soil samples were analyszd for soil
bulk density, moisture content, texture, texture, pH,
SOC, available nitrogen (N, ), phosphorus (P_ ),
and exchangeable potassium (K*), calcium (Ca),
and magnesium (Mg). Two-way ANOVA revealed
significant effects of land-use type, soil depth, and
their interaction on most soil properties (p < 0.001).
Natural forest soils maintained the highest SOC,
N, ..» and moisture content. Fallow land exhibited
soil properties comparable to those of NF, indicating
substantial recovery of soil fertility during secondary
succession. In contrast, pine plantation soils showed
the lowest SOC and available P, associated with acidic
conditions and slow decomposition of conifer litter.
Paddy fields were characterised by higher pH, K*, Ca,
and Mg due to prolonged flooding and management
practices. Soil nutrient concentrations and moisture
content declined significantly with increasing depth,
whereas bulk density increased. Principal Component
Analysis explained 73.28% of the total variance and
clearly distinguished land-use systems based on their
soil properties. The findings demonstrate that land-use
conversion substantially alters soil physicochemical
properties and highlight the importance of maintain-
ing natural forests and promoting fallow-based resto-
ration strategies to sustain soil fertility and ecosystem
functioning in tropical landscapes.

Keywords Land use change, Soil properties, Soil or-
ganic carbon, Available nitrogen, Available phospho-
rus, Exchangeable potassium, Soil moisture, Soil pH.
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INTRODUCTION

Forests regulate the climate and support the liveli-
hood of many people around the globe by providing
anumber of ecosystem services (Jackson ef al. 2005,
McKinley et al. 2011). Tropical forests support over
1.5 billion people for their food, medicine, timber
and livelihood (Lewis et al. 2015). Forests act as a
major sink of carbon (C) and play an important role
in regulating the climate by storing 662 gigatons of C
globally (FAO 2020, Monsang et al. 2024). Thereby,
they play a central role in regulating the C, nutrient,
and hydrological cycles, providing provisioning
services (such as food and timber) and aesthetic
services to society (Lewis et al. 2015, Upadhyay
et al. 2026). Forest soil is a major storehouse of C,
nutrients, and microorganisms that drive the growth
of aboveground vegetation, all of which are key to
providing ecosystem services (Chanda and Tripathi,
2026a, 2026b). Of the total C stored in forests, over
two-thirds is stored in the soil, while the remaining
is stored in aboveground vegetation (Dixon et al.
1994). However, anthropogenic activities, such as
deforestation, have led to diverse land-use systems
and altered forest functioning (Chanda et al. 2024,
Tripathi et al. 2026). This leads to changes in soil
physical properties, loss of soil nutrients and C
stocks, and increased atmospheric greenhouse gas
accumulation (Manpoong and Tripathi 2021, Yinga
et al. 2022, Wungshap et al. 2023). There has been
a rapid change in global land-use systems (Global
Forest Resources Assessment 2025) and has degraded
the physical and chemical properties of the soils, and
alters how ecosystems function (Lindenmayer et al.
2012, Tripathi et al. 2006).

Rapid landscape transformations from natural
forests to a multitude of ecosystem types are occur-
ring in tropical regions due to expanding population
pressure, altering soil ecological functioning (Devi
et al. 2025, Moirangthem et al. 2026a, 2026b). The
ability of forest soils to provide ecosystem services
depends largely on their physical, chemical (Obalum
etal. 2017), and biological properties (Ovsepyan et al.
2019), as well as their intricate interactions (Chanda
et al. 2026). When aboveground biomass is removed
due to land-use change, soil health is degraded by
increased soil erosion (Khodadadi ef al. 2023), which,

in turn, affects soil structure and reduces biodiversity
and soil organic carbon (SOC) (Davari et al. 2020).
Moreover, soil erosion following deforestation de-
creases soil nutrients and water-holding capacity,
reducing soil fertility and moisture content. This
lowers productivity and soil organic C stocks, reduc-
ing the regulating and provisioning services that soil
provides. Soil chemical properties, including SOC,
soil moisture, available nitrogen (N), phosphorus (P),
exchangeable potassium (K*), exchangeable magne-
sium (Mg), exchangeable calcium (Ca), and soil pH,
as well as soil physical properties such as bulk density
and soil texture, are all affected.

Land-use change directly affects soil C stocks
and other soil properties. In stable ecosystems, soils
contain organic matter occluded within aggregates,
which physically protects it from microbial decompo-
sition, making it more resistant to decomposition (Ao
et al. 2023). However, when land-use changes, these
aggregates break down and become more susceptible
to microbial decomposition (Tripathi ez al. 2008, Trip-
athi et al. 2012), leading to the release of C into the
atmosphere. Moreover, they become more vulnerable
to further breakdown as above-ground vegetation is
removed, soils become more exposed to sunlight,
and organic matter input (from litter and roots) is
reduced. The impact, however, can vary across land-
use systems due to differences in land-use intensity
and management practices. For instance, soil organic
C can be reduced by 30% when natural forests are
converted to a plantation forest (Vanlalfakawma et al.
2014, Padbhushan et al. 2022) and by 25% when they
converted to agricultural cropland (Don ef al. 2011).

When forests are converted to other land-use sys-
tems, such as plantations or agriculture, soil organic
matter and nutrients (e.g., N, P, and K) are substantial-
ly reduced due to reduced litter inputs (Hauchhum and
Tripathi 2019, Singha et al. 2020, Singh et al. 2025a).
This overall reduces the fertility and productivity of
the ecosystem. Land-use change also increases bulk
density and reduces microporosity and water-reten-
tion capacity, thereby reducing soil moisture content
(Davari et al. 2020). Soil acidity is an important soil
chemical property that regulates the availability of
essential nutrients to plants and influences nutrient
cycling processes in terrestrial ecosystems (Brady and



Weil 2017). It is affected by land-use change through
changes in leaching capacities. A lower pH value
(higher acidity) is often observed in more intensive
land-use systems, such as cropland, due to greater
leaching losses of soil nutrients (Devi ef al. 2018).

Although numerous studies have been conducted
across different sites and land-use types, no clear
conclusions have been drawn on how land-use change
affects soil properties. Moreover, there is still a need
to document SOC under different land-use types in
the state (Devi et al. 2025). This study examines how
different land-use types affect soil physicochemical
properties that determine both their climate change
mitigation potential and ecosystem productivity. We
hypothesize that a) SOC and nutrients (N, P, K, Ca,
Mg) will be higher in natural forest than other land
uses (fallow lands, plantations and croplands) due
to higher litter inputs, b) soil bulk density, moisture
content, and pH will be higher in other land uses
(fallow lands, plantations and croplands) compared
to natural forests due to disturbance.

MATERIALS AND METHODS
Study site

The study was conducted in three districts (Thoubal,
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Imphal West, and Kamjong) of Manipur, India (Fig.
1). The state of Manipur is characterized by four dis-
tinct seasons: spring, monsoon, autumn and winter.
The total annual rainfall in the state ranged from 1,
200 to 2,700 mm, the highest rainfall was observed
in Kamjong district, and the mean annual temperature
ranged from 21.51 to 32.80 °C, while the relative
humidity ranged from 42.2 to 88.9% (Fig. 2). A total
of 5 major land-use types of the state of Manipur were
selected from three districts to examine the effects of
land use on soil properties. Among different land-use
types, a Natural Forest (NF) approximately 100 years
old and fallow land (FL) approximately 10 years old
were selected from Lungtoram village in Kamjong
district. Similarly, a disturbed forest (DF) of approxi-
mately 30 years old was selected from Lanthungching
village in Imphal West district. In addition, a pine
plantation (PP) about 25 years old from Chakama
village and a paddy field (PF) about 60 years old
from Nambashi Horton village in Thoubal district
were selected. Soil samples were selected from five
land-use types (Table 1).

Soil sampling

To study the effects of different land uses on soil phys-
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Fig 1. Figure showing three study regions with different land-use types and data-collection sites. Data were collected from three districts
in Manipur.
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icochemical properties, soil samples were collected
at three randomly selected locations to a depth of 1
meter using a soil auger from five land uses across
three districts (Fig. 1) in the state of Manipur, India
(23.8372°N, 93.5701° E). To study the differences in
soil physicochemical properties (texture, bulk density,
soil moisture content, pH, SOC, available nitrogen
(N, available phosphorus (P_ ), K*, Caand Mg at
four different depths (0-15, 15-30, 30-60, 60-100 cm)
at different land use types was analyzed. The collected
soil samples were transferred to polybags with tags
or label numbers for future identification. A total of
60 soil samples were collected from 5 study sites in
triplicate, with 12 per land-use type. The collected soil

Table 1. Site descriptions of the five different land use types used
management practices.

samples were analyzed for various soil parameters at
the Indian Council of Agricultural Research (ICAR)
in Imphal, Manipur.

Laboratory analysis of soil physicochemical
properties

The collected soil samples were analyzed following
standard laboratory protocols. Bulk density was de-
termined using undisturbed core samples collected
in volumetric cylinders, with values calculated as
the oven-dry mass at 105 °C divided by the sample
volume (Blake and Hartge 1986). The Bouyoucos
hydrometer method (Bouyoucos 1962) was used to

in the study, including their geographical locations, slopes, and

Land use GPS Altitude Slope Management/Characteristics
coordinates (msl) (degree)

Natural 24.684 N 1520 12° An undisturbed natural forest preserved by the villagers as the

Forest (NF) 94201 E hydrological regulator of the water source for more than 100 years.

Degraded 24.842 N 748 9° The disturbed forest has been declared a reserved forest for its

Forest (DF) 93.894 E preservation and has been protected by the local community
and he Forest Department for the past 30 years.

Pine 24.677 N 916 11° Planted by the villagers on community land to produce timber for

Plantation (PP) 94.087 E the rotation period, in existence for the past 25 years.

Fallow 24.687 N 1314 14° Hilly terrain where shifting cultivation has been practised and kept

Land (FL) 94207 E fallow with its natural regeneration for the past 10 years

Paddy 24.680 N 835 4° Kharif, Rabi, and Zaid crops have been grown on this patch of land

Field (PF) 94.113 E for the past 60 years for domestic consumption.




separate the soil’s sand, silt, and clay fractions based
on sedimentation rates.

Among the soil chemical properties, pH was
measured using a 1:2.5 soil-to-water suspension with
a glass calomel electrode as per Jackson (1973), while
soil moisture content was determined gravimetrically
by oven-drying fresh samples at 105 °C until constant
weight. The SOC was estimated using the Walkley—
Black wet oxidation method (Walkley and Black
1934). Available nitrogen (N, ) was determined
by the Kjeldahl digestion, distillation, and titration
procedure (Bremner and Mulvaney 1982), whereas
available phosphorus (P, ) was extracted with 0.5 M
sodium bicarbonate solution (pH 8.5) following the
Olsen method (Olsen et al. 1954) and quantified
calorimetrically. K" was measured by extracting soil
with neutral 1 N ammonium acetate and analyzing
the extract using a flame photometer (Richards 1954).
Finally, exchangeable calcium and magnesium were
extracted with 1 N ammonium acetate (pH 7) and
quantified using atomic absorption spectrophotometry
(Buck Scientific Model 210).

Statistical analysis

We evaluated the effect of land-use change on soil
properties by comparing soil properties across land-
use types. Differences in soil properties (SOC,N_
P ... K*, pH, and soil moisture) across land-use types
were evaluated using a two-way ANOVA. Land-use
types differed significantly for all soil properties
(Table 2). For each significant result (p < 0.05), a
Dunn’s pairwise test was performed to determine
group differences in each soil property between land
use types. Results of the pairwise comparisons for
each soil property across land-use types are visual-
ized using a jitter plot (data points), the media, and
the data range. For physical properties (Bulk density,
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total sand, silt, and clay content), mean values across
land-use types and four soil layers were estimated
(Table 3). Principal Component Analysis (PCA)
was performed using OriginPro 2021 (OriginLab
Corporation, Northampton, MA, USA) to evaluate
relationships among soil physicochemical properties
and land-use systems. The analysis was conducted on
standardized data, and the first two principal com-
ponents (PC1 and PC2) were used for interpretation
and visualization through PCA biplots. All statistical
analyses were conducted at a significance level of p
< 0.05. All analyses in the study, except PCA, were
performed using R (version 4.4.1; A Language and
Environment for Statistical Computing, R Foundation
for Statistical Computing, Vienna, Austria).

RESULTS

Effects of land-use type and soil depth on soil
physicochemical properties

Soil organic carbon (SOC), available nitrogen (N__.),
available phosphorus (P_ ), exchangeable potassium
(K+), magnesium (Mg), calcium (Ca), soil pH, and
moisture content varied significantly among land-use
systems and across soil depths (Tables 2 and 3). In
general, surface soils (0-15 cm) contained greater
concentrations of SOC and nutrients than subsurface
layers, with values declining progressively with
increasing depth. Natural forest and fallow land
maintained comparatively higher SOC concentrations
than plantation forest and permanent farmland. SOC
decreased markedly with soil depth, ranging from
4.28 + 0.04% in the surface layer of natural forest to
1.47 £0.01% at 60—100 cm depth (Table 2). Similar
depth-dependent declines were observed for N_ .,
P .. K, and moisture content (Table 3). Exchange-
able Mg and Ca also differed significantly among
land-use systems, reflecting differences in vegetation

Table 2. Depth-wise per cent soil organic carbon (SOC) under different land uses. Values are means + 1SE. Different lowercase letters

denote significant differences among the land uses.

Depth (cm) NF DF FL PP PF
0-15 4.28 +0.04* 3.11 4 0.04° 4.02 +0.03 1.35 +0.04¢ 0.77 £0.01¢
15-30 3.02+0.01° 2.10+£0.01° 1.57 +0.04¢ 0.88 +0.02¢ 0.75 £ 0.00¢
30-60 1.51£0.01° 1.60 +0.01¢ 0.93 +0.00° 0.69 + 0.00¢ 0.93 +0.00°
60-100 1.47+0.01° 1.05+0.01° 0.50+0.01¢ 0.65+0.01¢ 0.78 + 0.00b
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Table 3. Variation in soil organic carbon (SOC), nutrient concentrations, pH, moisture content, and bulk density across land-use types

and soil depths.
Land use Depth SOC N % P% K%  Mgcmol kg!' Cacmol kg! pH Moisture ~ Bulk density
0-15 4.28 0.03 0.01 0.02 0.05 0.28 4.81 31.48 0.95
NF 15-30 3.02 0.02 0.01 0.02 0.05 0.14 4.58 27.62 1.01
30-60 1.51 0.01 0.01 0.01 0.04 0.11 4.88 22.05 1.07
60-100 1.47 0.01 0.01 0.01 0.04 0.05 4.96 20.78 1.07
0-15 3.11 0.02 0.01 0.02 0.05 0.29 491 29.73 0.94
DF 15-30 2.10 0.01 0.01 0.02 0.04 0.29 4.98 23.62 1.03
30-60 1.60 0.01 0.01 0.01 0.04 0.29 491 22.20 1.11
60-100 1.05 0.01 0.00 0.01 0.04 0.28 4.99 20.37 1.18
0-15 1.35 0.01 0.00 0.02 0.04 0.08 4.13 16.03 0.90
PP 15-30 0.88 0.01 0.00 0.02 0.04 0.08 4.26 14.12 1.03
30-60 0.69 0.01 0.00 0.02 0.05 0.13 4.33 15.62 0.97
60-100 0.65 0.01 0.00 0.02 0.04 0.15 4.40 17.22 0.79
0-15 4.02 0.02 0.01 0.02 0.05 0.29 4.83 34.87 0.94
PL 15-30 1.57 0.01 0.01 0.02 0.05 0.28 4.79 28.18 1.04
30-60 0.93 0.01 0.01 0.02 0.05 0.20 4.89 26.30 1.06
60-100 0.50 0.01 0.00 0.01 0.04 0.18 5.03 26.85 1.19
0-15 0.77 0.01 0.01 0.02 0.05 0.29 5.62 17.22 0.99
PF 15-30 0.75 0.01 0.00 0.02 0.05 0.29 5.69 17.38 1.01
30-60 0.93 0.01 0.01 0.02 0.05 0.28 5.01 18.93 1.01
60-100 0.78 0.01 0.01 0.02 0.05 0.29 5.22 19.20 1.04
cover and nutrient cycling. Soil pH varied among  Table 4. Continued.
land-use categories, with plantation forest generall
e . & ’ P & Y Variable Source of df F-value p-value
exhibiting higher pH values than the other systems.
. . . —1
Two-way ANOVA confirmed significant main effects 2 (emolke™) Ezr;‘:huse 4 :g?ggi%go zg‘ggl
of land-use type and soil depth on SOC (F4, 40 = Land use x Depth 12 111838.50 <0.001
5805.30,p<0.001; Fs,40=8432.46, p <0.001, respec-  pH Land use 4 767498  <0.001
tively). Moreover, the significant interaction between Depth 138.30 <0.001
land-use type and soil depth (Fiz, 40 = 1240.69, p < Moisture (%) Ezgg E:Z * Depth 12 ‘5‘;;.6222 zggg:
. . . o . .
0.001) indicated that the magnitude of SOC changes Depth 131750 <0.001
Land use x Depth 12 396.63 <0.001
. . . Bulk density Land use 4 3.02 0.0288
Taple 4. Two—yvay ANOVA results for soil ph}{smochemlcal Prop- (g cm) Depth 3.05 0.0393
erties under different land-use systems and soil depths. Landuse x Depth 12 1.35 0.2286

Variable Source of df  F-value p-value
SOC Land use 4 5805.30  <0.001
Depth 3 8432.46  <0.001
Land use x Depth 12 1240.69 <0.001
N (%) Land use 4 276.98 <0.001
Depth 3 253.74 <0.001
Land use x Depth 12 27.04 <0.001
P (%) Land use 4 5779.39  <0.001
Depth 3 11751.05  <0.001
Land use x Depth 12 1523.73 <0.001
K (%) Land use 4 50671.24  <0.001
Depth 3 1235868.00 <0.001
Land use x Depth 12 289944.10 <0.001
Mg (cmol kg™')Land use 4 3294.41 <0.001
Depth 3 125494  <0.001
Land use x Depth 12 1251.11 <0.001

Note: df=degrees of freedom. Significant effects were considered
at p <0.05. Significant interaction terms indicate that the effect of
soil depth varied among land-use systems.

with depth differed among land-use systems. Similar
significant effects of land-use type, soil depth, and
their interaction were observed for N, P, K, Mg, Ca,
pH, and moisture content (all p < 0.001, Table 4).
Bulk density exhibited a different pattern. Although
significant effects of land-use type (Fi, 40=3.02, p =
0.0288) and soil depth (Fs,40=3.05, p =0.0393) were
detected, the interaction between land-use type and
depth was not significant (Fi2, 40 =1.35, p = 0.2286),
indicating a relatively consistent depth-related re-
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sponse across land-use systems (Table 4).

Soil physical properties (bulk density and texture)
across depths and land uses

Fig. 3 illustrates the variation in bulk density, total
sand, total silt, and total clay across four soil depths
(0-15, 15-30, 30-60, 60—100 cm) and five land use
types (disturbed forest, fallow land, natural forest,
paddy field, pine plantation). Bulk density increased
consistently with depth under all land uses, rang-
ing from 1.0 gcm™ (0-15 cm, natural forest) to
1.6 g cm™ (60—100 cm, disturbed forest and fallow
land). Total sand content was lowest in the surface
layer under natural forest (~45%) and highest in the
deepest layer under fallow land and disturbed forest
(=70%), with sand increasing progressively in depth
across all land uses. Total silt content showed the
opposite trend, peaking in the topsoil of natural forest
(=35%) and paddy field (=30%) and decreasing to
<15% at 60—100 cm for all uses. Total clay content
in the 0—15 cm layer was highest under natural for-
est and paddy field (=20-25%), intermediate under
pine plantation (=15%), and lowest under disturbed
forest and fallow land (=10-12%); clay decreased
with depth under natural forest and paddy field but
showed a slight increase between 30-60 cm under
pine plantation and disturbed forest, indicating pos-
sible clay illuviation.

Principal Component Analysis (PCA)

Principal Component Analysis (PCA) was performed
to assess relationships among soil physicochemical
properties and their influence on sample distribution
across different forest types. The first two principal
components explained 73.28% of the total variance,
with PC1 accounting for 49.76% and PC2 accounting
for 23.52% (Fig. 4), indicating that these axes ade-
quately captured variation in soil properties across
the study sites. The PCA biplot revealed that K™, P_ .,
moisture (M), N_ .. and soil organic carbon (SOC)
contributed positively to PC1, whereas bulk density
(BD) showed a negative association with this axis.
Along with PC2, soil pH, Ca, and Mg showed strong
positive loadings, whereas SOC and N_ . showed
negative loadings. The loading vectors indicated a
strong positive relationship between SOC and N__.,
as reflected by their close alignment. Likewise, pH,
Ca, and Mg were positively correlated and clustered
together in the ordination space. In contrast, the op-
posite orientation of the SOC-N_ . and pH-Ca-Mg
vectors suggested an inverse relationship between
these groups of soil variables. The score distribution
showed clear separation among forest types. PF sam-
ples were predominantly located in the positive region
of PC2 and were associated with higher pH, Ca, and
Mg concentrations. NF samples were distributed
toward the positive end of PC1 and the negative end
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Fig 4. PCA ordination of soil physicochemical properties across different forest types (NF, PF, FL, and PP) in Manipur.

of PC2, indicating an association with higher SOC
and N contents. FL samples occupied intermediate
positions and showed affinity towards P and K, while
PP samples were mainly concentrated on the nega-
tive side of PC1 and PC2, suggesting comparatively
lower nutrient concentrations. The distinct clustering
of samples demonstrates substantial variation in soil
properties among the studied forest ecosystems.

DISCUSSION

Influence of land-use type and soil depth on soil
properties

The significant differences among land-use systems
highlight the strong influence of vegetation cover
and management practices on soil properties. Nat-
ural forest soils exhibited higher SOC and nutrient
concentrations, likely due to minimal disturbance and
continuous litter inputs from leaves and roots (Murty
et al. 2002, Guo and Gifford 2002). Fallow land also
maintained relatively high SOC and nutrient levels
in the upper depth, indicating the role of regenerating
vegetation in restoring soil fertility through organic
matter accumulation and enhanced biological activity
(Aweto 1981, Brown and Lugo 1990). The decline in
SOC, N P and soil moisture with increasing

avail’> * avail®

depth reflects the concentration of organic matter

inputs and biological activity in surface soils, where
litter decomposition and root density are greatest
(Jobbagy and Jackson 2000). Similar depth-related
trends have been widely reported in forest ecosys-
tems and are attributed to reduced incorporation of
organic matter into deeper soil layers (Jobbagy and
Jackson 2000). Land-use conversion from natural
forest to managed systems resulted in lower SOC
and nutrient availability, which may be attributed to
reduced litter inputs, biomass removal, and increased
soil disturbance (Murty ef al. 2002, Guo and Gifford
2002). Significant variation in exchangeable Ca and
Mg among land-use systems further suggests differ-
ences in nutrient cycling and vegetation composition.
Likewise, variations in soil pH likely reflect differ-
ences in litter quality, organic matter decomposition,
and nutrient dynamics (Juo and Manu 1996). Higher
soil moisture content in natural forest and fallow
land indicates improved water retention associated
due to greater organic matter content and better soil
structure (Celik 2005). Although bulk density showed
comparatively smaller responses to land-use change,
its increase with depth reflects reduced organic matter
content and greater soil compaction in subsurface
layers (Celik 2005). The significant land-use x depth
interactions observed for several soil properties in-
dicate that land-use change influences not only soil
nutrient status but also the vertical distribution of soil



nutrients within the soil profile.

Edaphic N Pools and Mineralization Con-
straints

The spatial variations in N_ . closely match the trends
observed in SOC, confirming that soil organic matter
functions as both the primary substrate for mineraliza-
tion and the main energy source for N-transforming
microorganisms. The NF ecosystem showed the
highest N . concentration (376 kg ha™), driven by
abundant organic matter pools and an undisturbed soil
matrix that hosts a diverse, active microbial commu-
nity. This stable environment maintains high extra-
cellular enzyme activity, ensuring a consistent flux of
plant-available inorganic N, . (Carrara et al. 2018).
When these stable forest ecosystems are altered, the
N, ., concentration declines sharply to a lower, con-
sistent baseline across PP (172 kg ha'), PF (188 kg
ha''), and FL (220 kg ha!). In degraded or agricultural
land-use systems, reduced canopy cover increases
the likelihood that bare soil will be exposed to direct
sunlight and higher surface temperatures (Leal et al.
2023). These microclimatic changes accelerate the
leaching of highly mobile nitrate ions (NO*) and can
inhibit specialized nitrifying bacterial communities,
thereby greatly reducing mineral N_ . retention.
Moreover, this N_ . limitation is especially severe in
conifer plantations, which exhibit the lowest Navail
level. In conifer forests, needle litter is notoriously
poorinN_ . and rich in defensive compounds, such
as polyphenols and lignin. Whereas the decomposing
microorganisms need a balanced supply of nutrients,
when decomposing high-lignin substrates, they often
immobilize inorganic N_ . from the surrounding soil
solution to meet their metabolic needs (Manzoni et
al. 2021). This microbial sequestration effectively
deprives the soil solution of inorganic N_ ., creating
a significant nutrient bottleneck that limits overall
plant productivity.

Geochemical Regulators of P, . and K

Unlike N_ ., the changes of P_ . across the studied
land-use types are primarily influenced by local
chemical fixation and pH-dependent solubility, rather
than organic matter accumulation alone. The P_ . in

avail

the PP (2.86 kg/ha) showed severe depletion, less
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than half the value reported in all other ecosystems.
This significant P, . deficiency results directly from
geochemical processes driven by intense soil acidifi-
cation caused by the accumulation and decomposition
of conifer needles. As these needles break down, they
release low-molecular-weight organic acids, reducing
soil pH (> 4.3) and creating an acidic environment
(Attiwill and Adams 1993). In these strongly acidic
soils, soluble orthophosphate ions (H,PO,-) react with
active iron (Fe) and aluminium (Al) oxides, forming
highly insoluble complexes that bind P, . to Fe and
Al minerals. This chemical fixation, along with the
slow rate of decomposition and high microbial im-
mobilisation of P_ . within conifer soils, renders the
plantation highly deficient in P.

In contrast, the P value was higher in PF (6.59
kg/ha), showing that natural ecosystems are supported
by entirely different mechanisms. In the waterlogged,
anaerobic ecosystem of PF, ferric iron (Fe*") complex-
es are reduced to more soluble ferrous iron (Fe?"),
thereby breaking down insoluble iron phosphate
minerals and releasing bound orthophosphate back
into the soil solution (Richardson 1985). In NF, DF,
and FL plots, the release of various organic ions by
diverse broadleaf species competes for fixation sites
on clay. P_ . is maintained by the steady return of
broadleaf litter, which releases organic anions that
compete for fixation sites on clay minerals, thereby
keeping P_ . available to plants.

The primary influence of potassium (K*) chang-
es is due to intensive management practices rather
than to natural soil weathering. Soils under paddy
cultivation had the highest K* concentration (378
kg ha''), significantly higher than in other land uses.
This increase is driven by two main factors: the
regular application of chemical potassium fertilizer
to maximize crop yields and the physical effects of
prolonged flooding (Lalitha and Dhakshinamoorthy
2015). In PF, waterlogged, anaerobic conditions in-
duce ammonium (NH*") and ferrous ions to displace
potassium from exchange sites in clay interlayers,
thereby increasing K* levels. In contrast, land use
types such as NF, DF, FL, and PP maintain a uniform
K" level (323-345 kg ha!) because they rely primarily
on the slow weathering of K'-bearing minerals and
the cyclic recycling of plant biomass.
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Mechanistic Drivers of Soil pH and Exchangeable
Cations

The observed pH gradient across the landscape, from
intense acidity in conifer (PP) stands to a more neutral
profile in PF, illustrates how different land uses alter
fundamental soil chemical equilibria. The extreme
acidity of the PP soil (pH =4.30) is directly linked to
the slow decomposition of its recalcitrant litter. This
slow breakdown releases complex organic acids (such
as oxalic acid) that are saturated with the soil matrix
and release free hydrogen ions (H"). Moreover, the
heavy accumulation of acidic needles creates a steady
source of H+ ions that strip exchangeable bases from
clay surfaces, worsening soil acidity (Attiwill and
Adams 1993).

In contrast, the PF ecosystem buffers this acidity,
reaching the highest pH (5.42). Prolonged water-
logging pushes the soil into a highly reduced state.
This reductive process consumes large amounts of
hydrogen ions during the reduction of iron and man-
ganese oxides, acting as a natural chemical buffer
that temporarily raises the soil pH toward neutrality
(Garrido-Benavent et al. 2020).

This managed waterlogged environment also
explains the higher levels of exchangeable Mg and Ca
in PF soils. PF benefits from the deposition of miner-
al-rich sediments carried by irrigation water, as well
as from the direct application of synthetic fertilizer.
Moreover, exchangeable Ca values are also high in
DF (0.288 ¢ mol kg') and FL (0.237 ¢ mol kg™), far
surpassing the values found in undisturbed NF (0.124
¢ mol kg'). This enrichment indicates that moderate
soil disturbances or rapid vegetative changes during
early secondary succession can accelerate the weath-
ering of parent rocks, revealing hidden reserves of
exchangeable bases in the upper soil horizons (Uhlig
and Blancjenburg 2019).

Hydrological and Physical Restructuring of the
Soil Matrix

The steady increase in BD with depth across all
land-use types is a typical physical profile, caused by
decreasing organic matter, less root penetration, and
the weight of overlying soil compacting lower hori-

zons (Van Der et al. 2023). However, clear differences
appear in the topsoil horizon (0—15 cm), where the PP
(1.091 g cm-3) and PF (1.055 g cm-3) show advanced
compaction compared to the NF (0.972 g cm-3). In PF,
this compaction is an intentional result of traditional
tillage and puddling, which deliberately break down
soil macroaggregates, forming a dense, impermeable
plough pan that prevents water loss (Rahman and
Amin 2023). In PP, the high BD results from a lack
of active macro-organic matter and root-driven biotur-
bation in the mineral soil layer, allowing soil particles
to settle into a more compacted matrix.

These structural changes directly influence SMC,
which is lowest in PP (15.8%) and PF (18.2%). In
PP, this dryness results from two mechanisms: high
transpiration rates from the conifer canopy year-
round and the highly hydrophobic nature of conifer
litter. As conifer needles decay, they form a coating
of water-repellent, non-polar organic compounds
on soil particles, creating a hydrophobic barrier that
significantly reduces rainfall infiltration and leaves
the underlying soil dry (Molina et al. 2019).

In PF, low moisture content occurs when fields
are drained between crop cycles. Tillage breaks
down structural aggregates, transforming a complex,
well-pored soil into a homogeneous matrix directly
exposed to sunlight and wind. This exposure acceler-
ates evaporation and greatly reduces the soil’s natural
water-holding capacity (Singh et al. 2024).

In contrast, the high, stable moisture levels
maintained across NF, DF, and FL demonstrate the
vital protective role of consistent organic matter and
plant covers. These natural structures shield the soil
surface from solar radiation, reduce evaporation
rates, and enhance rainfall infiltration. The fact that
the 10-year-old FL has regained moisture levels
comparable to those of NF highlights how quickly
soil physical and hydrological properties can recover
when land is left to regenerate naturally, supporting
the use of fallowing as an effective tool for restoring
degraded landscapes.

Multivariate Relationships Among Soil Properties
(PCA)

The PCA revealed considerable variation in soil



physicochemical properties among the forest types,
with PC1 and PC2 explaining 49.76% and 23.52% of
the total variance, respectively (73.28% cumulative
variance). This indicates that the selected soil vari-
ables effectively captured the major environmental
gradients influencing soil quality across the study
sites (Jolliffe and Cadima 2016). The close association
between SOC and N_ . suggests a strong positive
relationship between soil organic matter accumu-
lation and nitrogen availability, reflecting the role
of litter decomposition and nutrient mineralization
in forest nutrient cycling (Prescott 2010, Lal 2004).
Similarly, the grouping of pH, Ca, and Mg indicates
that these variables are closely linked through soil
buffering processes and base cation dynamics, which
regulate soil fertility and nutrient availability (Brady
and Weil 2017). The opposite orientations of the
SOC-N and pH-Ca—Mg vectors suggest an inverse
relationship between organic matter accumulation
and soil reaction, a pattern commonly observed in
forest soils, where organic matter decomposition
contributes to soil acidification (Augusto et al. 2002,
Singh et al. 2025b). The positive association of P and
K with PC1 further highlights their importance in
differentiating soil fertility status among the forest
types, likely reflecting variations in litter quality,
weathering, and nutrient cycling processes (Vitousek
2004). The distinct clustering of forest types in the
ordination space demonstrates clear differences in
soil characteristics. PF was associated with higher
pH and Ca and Mg concentrations, whereas NF was
more closely associated with higher SOC and N_ .
contents, indicating contrasting nutrient dynamics
between forest ecosystems. Similar patterns of for-
est-type differentiation based on soil nutrient status
have been reported in tropical and subtropical forests
(Paudel and Sah 2003). Overall, the PCA highlights
the importance of nutrient availability, organic matter
accumulation, and soil chemical properties in shaping
soil variability and ecosystem functioning across the
forest types of Manipur.

CONCLUSION

This study demonstrates that land-use change pro-
foundly influences soil physicochemical properties in
tropical ecosystems of Manipur. Significant variations
in SOC, available nutrients, exchangeable cations,
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soil moisture, pH, and bulk density among the five
land-use systems indicate that both vegetation type
and management intensity play critical roles in de-
termining soil quality. Natural forests consistently
maintained the highest SOC, available nitrogen, and
soil moisture, highlighting the importance of undis-
turbed ecosystems for sustaining nutrient cycling, C
sequestration, and soil fertility. The strong positive
association between SOC and nutrient availability
further emphasises the central role of organic mat-
ter in maintaining soil productivity. Fallow land
exhibited soil characteristics that closely resembled
those of natural forest, particularly in terms of SOC
and nutrient status, suggesting that natural regen-
eration can effectively restore soil quality within
a relatively short period. This finding underscores
the ecological importance of fallow systems as a
viable restoration strategy for degraded landscapes.
In contrast, pine plantation soils were characterized
by low SOC, reduced phosphorus availability, high
acidity, and lower moisture content, indicating that
monoculture plantations may not adequately replace
the ecological functions of natural forests. Paddy
fields showed elevated pH and concentrations of
potassium, calcium, and magnesium, reflecting the
influence of flooding, sediment deposition, and agri-
cultural management practices on soil chemistry. The
PCA further confirmed distinct soil property patterns
among land-use systems, revealing clear separation of
natural forest, fallow land, pine plantation, and paddy
field ecosystems based on nutrient status and soil
chemical characteristics. Overall, the results indicate
that intensive land-use conversion can diminish soil
fertility and alter nutrient dynamics, whereas con-
serving natural forests and promoting fallow-based
restoration can enhance soil recovery and ecosystem
resilience. These findings provide valuable insights
for sustainable land management, soil conservation,
and climate change mitigation strategies in Northeast
India and other tropical regions experiencing rapid
land-use transformation.

ACKNOWLEDGMENTS

We thank the Ministry of Tribal Affairs for providing
financial assistance in the form of NFST/JRF during
this study. The authors are also grateful to ICAR, NEH
and Mizoram University for providing Laboratory



808

facilities. We are thankful to the PCCF and HoFF,
Forest Department, Government of Manipur, for
approving the permission to conduct the study. Our
heartfelt thanks to the DCF, Waikhom Romabai and
Dy. RO, Anderson Panmei of the Research, Silvicul-
ture and Training Division, for their positive response
and kind gesture in carrying out the fieldwork. We
would also like to thank the forest guards and my
family and friends who accompanied and assisted me
with fieldwork and sample collection. The authors are
also thankful to Lhouyangdar Khulpu for his input in
preparing the preliminary draft of this paper.

REFERENCES

Ao, A., Mere, K., & Tripathi, S. K. (2023). Stand structure,
regeneration potential and biomass carbon stock of subtropi-
cal forest of Mizoram, northeast India. Indian Journal of
Ecology, 50(6), 1972-1979.

Attiwill, P. M., & Adams, M. A. (1993). Nutrient cycling in forests.
New phytologist, 124(4), 561-582.

Augusto, L., Ranger, J., Binkley, D., & Rothe, A. (2002). Impact
of several common tree species of European temperate forests
on soil fertility. Annals of forest science, 59(3), 233-253.

Aweto, A. O. (1981). Secondary succession and soil fertility
restoration in South-Western Nigeria: 1. succession. The
Journal of Ecology, 601-607.

Blake, G. R., & Hartge, K. H. (1986). Bulk density. Soil Science
Society of America Book Series, 363-375.
https://doi.org/10.2136/sssabookser5.1.2ed.c13

Bouyoucos, G. J. (1962). Hydrometer method improved for making
particle size analyses of soils. Agronomy Journal, 54(5),
464-465. https://doi.org/10.2134/agronj1962.0002196200
5400050028x

Brady, N. C., & Weil, R. R. (2017). The Nature and Properties of
Soils, 15" Edn (eBook).

Bremner, J. M., & Mulvaney, C. S. (1982). Nitrogen—total.
Methods of soil analysis: part 2 chemical and microbiological
properties, 9, 595-624.

Brown, S., & Lugo, A. E. (1990). Effects of forest clearing and
succession on the carbon and nitrogen content of soils in
Puerto Rico and US Virgin Islands. Plant and Soil, 124(1),
53-64.

Carrara, J. E., Walter, C. A., Hawkins, J. S., Peterjohn, W. T.,
Averill, C., & Brzostek, E. R. (2018). Interactions among
plants, bacteria, and fungi reduce extracellular enzyme
activities under long-term N fertilization. Global Change
Biology, 24(6), 2721-2734.

Celik, 1. (2005). Land-use effects on organic matter and physical
properties of soil in a southern Mediterranean highland of
urkey. Soil and Tillage Research, 83(2), 270-277.

Chanda, R., & Tripathi, S. K. (2026a). Integrating remote sensing
outputs into vulnerability assessments and climate mitiga-
tion policies for enhancing climate resilience and adaptability

in Northeast India. Global and Earth Surface Processes
Change, 7, 100026.
https://doi.org/10.1016/j.gespch.2026.100026

Chanda, R., & Tripathi, S. K. (2026b). Temporal stability and
climate memory regulate forest carbon persistence across
elevation and governance gradients in the Eastern Himalayas:
Implications for sustainable forest management. Environ-
ment Development and Sustainability.
https://doi.org/10.1007/310668-026-07930-0

Chanda, R., Luwang, S. R., Singh, S. S., & Tripathi, S. K. (2026).
Multivariate water stress-vegetation health index (MWS-
VHI): Novel drought monitoring framework for forests
of the Eastern Himalayan landscape. Journal of Environmen-
tal Management, 404, 129438.

Chanda, R., Singh, S. S., Singh, N. S., Upadhyay, K. K., &
Tripathi, S. K. (2024). Two-decadal climate impacts on
growth of major forest types of Eastern Himalaya. Trees,
Forests and People, 15, 100491.

Davari, M., Gholami, L., Nabiollahi, K., Homaee, M., & Jafari, H.
J. (2020). Deforestation and cultivation of sparse forest
impacts on soil quality (case study: West Iran, Baneh). Soi/
and Tillage Research, 198, 104504.

Devi, K. B., Khanna, N., Lalruatkimi, C., & Tripathi, O. P (2025).
Soil Organic Carbon Status of Manipur under Different Land
Use Systems: A Review. Sustainable Solutions: Navigating
Climate Change and Natural Resources (pp.67-82)

Devi, K. V., Singh, S. S., Upadhyay, K. K., Chanda, R., Devi, N.
R., Singh, N. S., & Tripathi, S. K. (2025) Interplay of Biotic
and Abiotic Components for Forest Functioning and Produc
tivity. In Eco-Resilience Biology (pp. 34-66). CRC Press.

Devi, N. L., Singha, D., & Tripathi, S. K. (2018). Tree species
composition and diversity in tropical moist forests of
Mizoram, Northeast India. Indian Journal of Ecology, 45(3),
454-461.

Dixon, R. K., Solomon, A. M., Brown, S., Houghton, R. A., Trexier,
M. C., & Wisniewski, J. (1994). Carbon pools and flux of
global forest ecosystems. Science, 263(5144), 185-190.

Don, A., Schumacher, J., & Freibauer, A. (2011). Impact of tropical
land-use change on soil organic carbon stocks—a meta-anal-
ysis. Global Change Biology, 17(4), 1658-1670.

FAO. (2020). Global Forest Resources Assessment 2020. FAO;
https://openknowledge.fao.org/handle/20.500.14283/
ca9825en

Garrido-Benavent, 1., Pérez-Ortega, S., Duran, J., Ascaso, C.,
Pointing, S. B., Rodriguez-Cielos, R., Navarro, F., & De -
Los Rios, A. (2020). Differential colonization and succession
of microbial communities in rock and soil substrates on a
maritime Antarctic glacier forefield. Frontiers in Microbiol-
ogy, 11, 126. https://doi.org/10.3389/fmicb.2020.00126

Global Forest Resources Assessment 2025. (2025). FAO.
https://doi.org/10.4060/cd6709en

Guo, L. B., & Gifford, R. M. (2002). Soil carbon stocks and land
use change: a meta analysis. Global change biology, 8(4),
345-360.

Hauchhum, R., & Tripathi, S. K. (2019). Carbon and nitrogen
differences in rhizosphere soil of annual plants in abandoned
lands following shifting agriculture in northeast India.
Nutrient Cycling in Agroecosystems, 113(2), 157-166.

Jackson, R. B., Jobbagy, E. G., Avissar, R., Roy, S. B., Barrett, D. J.,
Cook, C. W., & Murray, B. C. (2005). Trading water for



carbon with biological carbon sequestration. Science,
310 (5756), 1944-1947.

Jackson, R. D. (1973). Diurnal changes in soil water content
during drying. SSS4 Special Publication Series, 37-55.
https://doi.org/10.2136/sssaspecpub5.c3

Jobbagy, E. G., & Jackson, R. B. (2000). The vertical distribution
of soil organic carbon and its relation to climate and vegeta-
tion. Ecological applications, 10(2), 423-436.

Jolliffe, I. T., & Cadima, J. (2016). Principal component analysis:
a review and recent developments. Philosophical transac-
tions of the royal society A: Mathematical, Physical and
Engineering Sciences, 374(2065), 20150202.

Juo, A. S., & Manu, A. (1996). Chemical dynamics in slash-and-
burn agriculture. Agriculture, Ecosystems & Environment,
58(1), 49-60.

Khodadadi, M., Alewell, C., Mirzaei, M., Ehssan-Malahat, E.,
Asadzadeh, F., Strauss, P., & Meusburger, K. (2023). Under-
standing deforestation impacts on soil erosion rates using
137Cs, 239+ 240Pu, and 210Pbex and soil physicochemical
properties in western Iran. Journal of Environmental Radio-
activity, 257, 107078.

Lal, R.(2004). Soil carbon sequestration impacts on global climate
change and food security. Science, 304(5677), 1623-1627.

Lalitha, M., & Dhakshinamoorthy, M. (2015). Quantity-intensity
characteristics of Potassium (K) in relation to potassium
availability under different cropping system in alluvial soils.
African Journal of Agricultural Research, 10(19),2097-2103.

Leal, F., Aburto, F., Aguilera, N., Echeverria, C., & Gatica-Saave-
dra, P. (2023). Forest degradation modifies litter production,
quality, and decomposition dynamics in Southern temperate
forests. Frontiers in Soil Science, 3, 1111694.

Lewis, S. L., Edwards, D. P., & Galbraith, D. (2015). Increasing
human dominance of tropical forests. Science, 349(6250),
827-832.

Lindenmayer, D. B., Laurance, W. F., & Franklin, J. F. (2012).
Global decline in large old trees. Science, 338(6112), 1305-
1306.

Manpoong, C., & Tripathi, S. K. (2021). Soil carbon stock in dif-
ferent land-use systems in the hilly terrain of Mizoram,
Northeast India. Journal of Applied & Natural Science, 13(2).

Manzoni, S., Chakrawal, A., Spohn, M., & Lindahl, B. D. (2021).
Modeling microbial adaptations to nutrient limitation during
litter decomposition. Frontiers in Forests and Global
Change, 4, 686945.

McKinley, D. C., Ryan, M. G., Birdsey, R. A., Giardina, C. P,
Harmon, M. E., Heath, L. S., & Skog, K. E. (2011). A syn-
thesis of current knowledge on forests and carbon storage
in the United States. Ecological applications, 21(6), 1902-
1924.

Moirangthem, B., Chanda, R., & Tripathi, S. K. (2026a). Ele-
vation-driven climatic variation shapes detrital pathways and
nutrient dynamics in forests of Eastern Himalaya: impli-
cations for ecosystem resilience. Environmental Monitoring
and Assessment, 198(6), 575.

Moirangthem, B., Chanda, R., Singh, S. S., Mizo, L., Chauhan, S.,
Singh, N. S., Upadhyay, K. K., & Tripathi, S. K. (2026b). Car-
bon continuum across Eastern Himalayan forests: Ele-
vational shifts in productivity, storage and turnover. Journal
of Cleaner Production, 574, 149147.
https://doi.org/10.1016/j.jclepro.2026.149147

809

Molina, A. J., Llorens, P., Garcia-Estringana, P., de Las Heras, M.
M., Cayuela, C., Gallart, F., & Latron, J. (2019). Contribu-
tions of throughfall, forest and soil characteristics to
near-surface soil water-content variability at the plot scale
in a mountainous Mediterranean area. Science of the Total
Environment, 647, 1421-1432.

Monsang, N. P., Upadhyay, K. K., Chanda, R., Pandey, R., &
Tripathi, S. K. (2024). Volumetric tree growth models for
aboveground biomass estimation of Pinus kesiya and Toona
ciliata in Northeast India. Ecological Frontiers, 44(5),
958-965. https://doi.org/10.1016/j.ecofro.2024.04.010

Murty, D., Kirschbaum, M. U. F., McMurtrie, R. E., & McGilvray,
H. (2002). Does conversion of forest to agricultural land
change soil carbon and nitrogen? A review of the literature.
Global Change Biology, *8*(2), 105-123.
https://doi.org/10.1046/j.1354-1013.2001.00459.x

Obalum, S. E., Chibuike, G. U., Peth, S., & Ouyang, Y. (2017). Soil
organic matter as sole indicator of soil degradation. Environ-
mental monitoring and assessment, 189(4), 176.

Olsen, S. R. (1954). Estimation of available phosphorus in soils
by extraction with sodium bicarbonate (No. 939). US
Department of Agriculture.

Ovsepyan, L., Kurganova, I., de Gerenyu, V. L., & Kuzyakov,

Y. (2019). Recovery of organic matter and microbial biomass
after abandonment of degraded agricultural soils: the i-
nfluence of climate. Land Degradation & Development,
30(15), 1861-1874.

Padbhushan, R., Kumar, U., Sharma, S., Rana, D. S., Kumar, R.,
Kohli, A., Kumari, P., Parmar, B., Kaviraj, M., & Sinha,
A. K. (2022). Impact of land-use changes on soil properties
and carbon pools in India: A meta-analysis. Frontiers in
Environmental Science, 9, 794866.

Paudel, S., & Sah, J. (2003). Physicochemical characteristics of
soil in tropical sal forests in eastern Nepal. Himalayan Jour-
nal of Sciences, 1, 107-110.

Prescott, C. E. (2010). Litter decomposition: what controls it
and how can we alter it to sequester more carbon in forest
soils?. Biogeochemistry, 101(1), 133-149.

Rahman, A., & Amin, M. M. (2023). Soil hydraulic properties and
field-scale hydrology as affected by land-management
options.

Richards, L. A. (Ed.). (1954). Diagnosis and improvement of saline
and alkali soils (No. 60). US Government Printing Office.

Richardson, C. J. (1985). Mechanisms controlling phosphorus
retention capacity in freshwater wetlands. Science, 228
(47006), 1424-1427.

Singh, N. S., Brearley, F. Q., & Tripathi, S. K. (2025a). Climate
control of litter decomposition and nutrient release in
tropical and sub-tropical forest biomes of Northeast India.
Environmental Advances, 20, 100634.
https://doi.org/10.1016/j.envadv.2025.100634

Singh, O., Shahi, U. P, Dutta, D., Rajput, V. D., & Singh, A. (2024).
Strategic tillage for improved soil health and nutrient dy-

namics. Strategic Tillage and Soil Management-New Per-
spectives.

Singh, S. S., Lamare, E., Chopade, B. A., Chanda, R., Devi, N.
R., Upadhyay, K. K., Devi, K. V., & Tripathi, S. K. (2025b).
The Hidden Players: Soil Microbes in Ecosystems Sustain
ability. In Microorganisms for sustainability, (pp. 295-320).
https://doi.org/10.1007/978-981-96-3425-5 13



810

Singha, D., Brearley, F. Q., & Tripathi, S. K. (2020). Fine root and
soil nitrogen dynamics during stand development following
shifting agriculture in Northeast India. Forests, 11(12), 1236.

Tripathi, S. K., Kushwaha, C. P., & Basu, S. K. (2012). Application
of fractal theory in assessing soil aggregates in Indian tropical
ecosystems. Journal of Forestry Research, 23(3), 355-364.

Tripathi, S. K., Kushwaha, C. P., & Singh, K. P. (2008). Tropical
forest and savanna ecosystems show differential impact of
N and P additions on soil organic matter and aggregate
structure. Global Change Biology, 14(11), 2572-2581.

Tripathi, S. K., Sumida, A., Shibata, H., Ono, K., Uemura, S.,
Kodama, Y., & Hara, T. (2006). Leaf litterfall and decompo-
sition of different above-and belowground parts of birch
(Betula ermanii) trees and dwarf bamboo (Sasa kurilensis)
shrubs in a young secondary forest in Northern Japan. Biol-
ogy and Fertility of Soils, 43(2), 237-246.

Tripathi, S. K., Chanda, R., Singh, S. S., Devi, N. R., Ramthar-
mawi, Devi, K. V., Moirangthem, B., Kaguijenliu, R., Upa-
dhyay, K K., & Tyagi, A. (2026). Ecological analysis of
shifting cultivation (jhum) in Northeast India: Challenges and
opportunities. Regional Environmental Change, 26, 107.
https://doi.org/10.1007/s10113-026-02603-0

Uhlig, D., & Von Blanckenburg, F. (2019). How slow rock
weathering balances nutrient loss during fast forest floor
turnover in montane, temperate forest ecosystems. Frontiers
in Earth Science, 7, 159.

Upadhyay, K. K., Bareh, A., Devi, K. V., Thomte, L., Chanda, R.,
Singh, S. S., Ramtharmawi, Joshi, M., Vanlalfakawma, D. C.,

& Tripathi, S. K. (2026). Climate vulnerability and adaptive
capacity of smallholder farmers in Jaintia Hills Region of
Meghalaya, Northeast India. Environmental and Sus-
tainability Indicators, 30, 101249.
https://doi.org/10.1016/j.indic.2026.101249

Van Der Sande, M. T., Powers, J. S., Kuyper, T. W., Norden, N.,
Salgado-Negret, B., Silva de Almeida, J., & Poorter, L.
(2023). Soil resistance and recovery during neotropical forest
succession. Philosophical Transactions of the Royal Society
B: Biological Sciences, 378(1867).

Vanlalfakawma, D. C., Lalnunmawia, F., & Tripathi, S. K. (2014).
Soil carbon pools of bamboo forests of Mizoram, India. Sci
Vision, 14, 46-50.

Vitousek, P. M. (2004). Nutrient cycling and limitation: Hawai'i
as a model system. Princeton University Press.

Walkley, A., & Black, I. A. (1934). An examination of the Degt-
jareff method for determining soil organic matter, and a
proposed modification of the chromic acid titration method.
Soil Science, 37(1), 29-38.

Wungshap, H., Paul, A., Bordoloi, R., Das, B., Sahoo, U. K.,
Tripathi, S. K., & Imbrea, F. (2023). Carbon stock assessment
in natural forests and plantations using geo-informatics in
manipur, northeast India. Agronomy, 13(8), 2023.

Yinga, O. E., Kumar, K. S., Chowlani, M., Tripathi, S. K., Khan-
duri, V. P., & Singh, S. K. (2022). Influence of land-use pat-
tern on soil quality in a steeply sloped tropical mountainous
region, India. Archives of Agronomy and Soil Science, 63(6),
852-872.



