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Abstract: Northeast (NE) India is a typical tropical ecosystem with a luxuriant forest vegetation cover,
but nowadays forests are under stress due to exploitation and land use changes, which are known
to affect soil health and productivity. However, due to a scarcity of data, the influence of land uses
and altitude on soil properties of this peculiar ecosystem is poorly quantified. This study presents
the changes in soil properties in two districts of Nagaland (Mon and Zunheboto) in relation to land
uses (forest, plantation, jhum and fallow jhum), altitude (<500 m, 500–1000 m, >1000 m) and soil
texture (coarse, medium, fine). For this, a random soil sampling was performed in both the districts.
Results indicated that soil organic carbon (SOC) stocks and available potassium (K) were significantly
influenced by land uses in the Mon district, while in Zunheboto a significant difference was observed
in available phosphorus (P) content. SOC stocks showed an increasing trend with elevation in both
districts. The influence of altitude on P was significant and the maximum concentration was at
lower elevations (<500 m). In Mon, soil texture significantly affected SOC stocks and the available N
and P content. The variability in soil properties due to land uses, altitudinal gradients and textural
classes can be better managed with the help of management options, which are still needed for this
ecosystem.

Keywords: land use; altitude; soil texture; soil organic carbon; soil nutrients; India

1. Introduction

Forest ecosystems are particularly important for the provision of ecosystem services,
like species conservation, preservation of habitat, prevention of soil erosion and capacity
to offset climate change impact through carbon sequestration [1,2]. Among the different
kinds of forests, tropical forests are more diverse in terms of plant communities [3], but
they are under threat and disappearing at the alarming rate of 13.5 million hectares per
year globally [4]. The pressure on tropical forests is mainly anthropogenic, since forests
are cleared for agricultural purposes [5]. Indeed, the conversion of forests to agricultural
land is a common practice in Africa and Asia, contributing to more than 50% of total
deforestation [6–8].

The northeast (NE) region of India is a biodiversity hotspot and is rich in flora and
fauna [9]. Its physiographic position, with a favorable climate and healthy soils, provides
suitable conditions for a luxuriant forest growth [10] that is typical of tropical areas, and for
having a high biological richness, even on the steep slopes that characterize the region [11].
Forestry is the major land use pattern and covers around 65% of the geographical area in
NE India, followed by agricultural land use (16%) [12]. About 86% of the total cultivated
area of NE India is under jhum, also known as shifting cultivation, mainly practiced in the
hilly areas [13,14]. Currently, jhum cultivation is practiced in 1.47 million ha of the area and
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serve as a major source of livelihood for 4.44 lakh (1 lakh is equal to one hundred thousand)
jhumia families [15]. Jhum cultivation has evolved over millennia, through the knowledge
of local peoples to manage the natural resources as a practice to cultivate crops or crop
mixtures for household consumption for a couple of years, after slashing and burning a part
of forest vegetation, without external inputs of nutrients and adopting minimum tillage
operations. Jhum cultivation is also known to aggravate the issues related to soil health
degradation, soil organic carbon (SOC) depletion and soil loss by erosion [16,17], due to
continuous changes in land use from forest to jhum, jhum to fallow and secondary forest
or jhum to plantations [17]. Other important land use changes in NE are the conversion
of forests to plantations with profitable cash crops such as tea and rubber [18]. There
are number of studies in Nagaland addressing various issues such as the relationship
between tree diversity and soil properties [19], the assessment of soil quality in different
land uses [20–22], the estimation of SOC stocks under different land uses [23], SOC stock
mapping at the state level [24] and the dynamics of SOC under jhum and forests using the
RothC model [25].

The spatial extent of soil degradation processes is influenced by land management,
as well as by topographic factors such as altitude. In particular, soils at a higher altitude
have generally higher slopes that trigger soil erosion, with consequent translocation and
redeposition of the eroded materials downslope and a change in soil parameters, including
texture, along the altitudinal gradient. In addition, land use in Nagaland is driven by the
socio-economic needs of local people, that can either grow crops for family consumption
or choose more market-oriented and profitable systems such as plantations. Thus, land
use in Nagaland can be different among districts, considering that local farmers also
adapt the land use to the prominent site factors, particularly soil abiotic factors that
govern soil fertility, morphology and altitude, and their activity is spread throughout the
village boundaries while keeping in mind the proximity to the village where they live.
Consequently, land use also depends on local and site-specific factors.

Considering the multiplicity of the factors driving agriculture in Nagaland, our main
objective was to assess their effects on specific soil properties related to soil fertility, and
resulting from the complex interactions among land use, altitude gradient, and soil texture.

Therefore, the present study was undertaken in the two districts of Nagaland to
study the variations in soil properties, with the following specific objectives: (1) to assess
the impact of different land uses on important soil properties, (2) to determine how soil
properties are varying along the altitudinal gradient, and (3) to evaluate how soil texture is
going to influence the different soil properties.

2. Materials and Methods
2.1. Study Area and Land Uses

Nagaland state is in the extreme northeast of India, located between 25◦10′ N and
27◦4′ N Latitude and 93◦15′ E and 95◦20′ E Longitude, with a geographical area of about
1.66 million ha and an altitudinal variation from 100 m to 3826 m a.s.l. The state is a
narrow strip of hilly area running from north east to south west, located in the northern
extension of the Arakan Yoma mountain ranges of Myanmar. Nagaland is bounded by
Myanmar in the East, Assam in the west and north, Arunachal Pradesh in the North
and Manipur in the south, and has eleven districts viz. Kohima, Dimapur, Peren, Phek,
Khipre, Tuensang, Zunheboto, Longling, Mon, Mokokchung and Wokha [26]. Land use
in the different sites selected for the study (Mon and Zunheboto districts) was forest,
plantation, fallow jhum and jhum. Altitude range was 100–1332 m a.s.l. (average 627 m) and
133–1845 m a.s.l. (average 1240 m) in the Mon and Zunheboto districts, respectively. Both
districts experience a humid tropical type of climate. In Mon, annual rainfall is 2555 mm
and the average temperature is 24.4 ◦C [27]. In Zunheboto, the annual rainfall is 2340 mm
and the average temperature is 21 ◦C [28]. Soils are mainly Inceptisols and Ultisols [29].

Forest sites were predominantly represented by mixed stands with different for-
est types (East Himalayan Moist Mixed Deciduous, Assam Subtropical Pine and Sec-



Agriculture 2021, 11, 171 3 of 13

ondary Moist Bamboo forests) or pure stands with beechwood (Gmelina arborea) and alder
(Alnus nepalensis).

Plantation sites mainly included Khokan (Duabanga grandiflora), teak (Tectona grandis),
black cardamom (Amomum subulatum), bamboo (Bambusa sp.), rubber (Hevea brasiliensis)
and tea (Camellia sinensis L.). Plantation types differ between the two districts, as bamboo,
rubber and tea are cultivated in Mon only, while in Zunheboto plantations are grown
mainly for wood exploitation and house heating. Moreover, plantations are grown mainly
at lower (<500 m) and higher (>1000 m) altitudes in the Mon and Zunheboto district,
respectively. The external input of nutrients in plantations only derive from plant residues.

In fallow jhum sites, the vegetation was typically grasses, herbs and shrubs, the length
of the fallow period is variable from 2 to 7 years, no soil management is done, and the
vegetation is allowed to regenerate and gradually evolve into a secondary forest. Thereafter,
the secondary forest is slashed and burnt, and a new jhum cultivation cycle is started.

Jhum sites were cultivated with rice (Oryza sativa), maize (Zea mays L.) and mixed
vegetables, mainly with sweet potato (Ipomoea batatus), tapioca (Manihot esculenta), potato
(Solanum tuberosum), and ginger (Zingiber officinale).

2.2. Soil Sampling and Analysis

A total of 205 sites were randomly surveyed in Mon and Zunheboto districts (Figure 1)
in 2017–2018. The breakup of sites in terms of land uses, altitude ranges and soil texture are
provided in Table 1.

Table 1. Land uses, altitude ranges and texture groups in the two districts of Nagaland.

Mon District (n = 103) Zunheboto District (n = 102)

Land uses
Forest Plantation Fallow jhum Jhum Forest Plantation Fallow jhum Jhum

19 48 12 24 26 35 18 23

Altitude
<500 500–1000 >1000 <500 500–1000 >1000

46 32 25 3 34 65

Texture 1 Coarse Medium Fine Coarse Medium Fine
34 37 2 21 53 14

1 coarse, sandy loam, sandy clay loam, loamy sand; medium, clay loam, loam, silty clay loam, silt, silt loam, fine (clay, silt clay, sandy clay).

At each site, one quadrat (10 × 10 m) was laid down and five samples (4 at the corners
and 1 at the center) were collected at 30 cm soil depth, to make composite samples. In
particular, soil samples were collected during the fallow period (with more than 5 years of
fallow) in fallow jhum, and the cropping period in jhum.

Collected soil samples were air-dried at room temperature (22 ◦C) to constant weight,
were grounded and passed through a 2-mm sieve to exclude litter, roots and coarse particles.
Hydrometer method was used for particle size analysis [30] to evaluate clay, silt and sand
contents. Bulk density (BD) was estimated by the core method [31]. Total porosity was
calculated from the bulk density assuming a particle density of 2.65 Mg m−3, with the
following formula [32]:

Total porosity = [1 − (Bulk density/2.65)] × 100 (1)

Texture was considered as coarse (sandy loam, sandy clay loam, loamy sand), medium
(clay loam, loam, silty clay loam, silt, silt loam) and fine (clay, silt clay, sandy clay) following
USDA methodology [32]. Soil pH was determined in 1:2 soil-water suspensions using
a digital pH meter (Systronics System 361). Electrical conductivity (EC) was measured
in 1:2.5 soil-water suspensions, with an EC meter (Systronics System 307). Soil organic
carbon (SOC), available phosphorus (Av. P), and available nitrogen (Av. N) were de-
termined following the Walkley-Black [33], Bray-Kurtz [34] and Subbiah and Asija [35]
methods, respectively.
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SOC stocks were calculated with the following equation [18]:

SOC stock = SOC (%) × BD × D (2)
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where SOC stock is expressed in Mg C ha−1, SOC (%) is organic carbon concentration, BD
is bulk density in Mg m−3 and D is sample depth in cm.

Available potassium (Av. K) and exchangeable cations (Ca, Na, K, and Mg) were
estimated by the 1 N ammonium acetate (pH 7.0) method [36]. Cation exchange capacity
(CEC) was determined following Sumner and Miller [37] as the sum of exchangeable
cations (Na, K, Ca, Mg, and Al). Base saturation (BS) was estimated as the ratio of total
bases (excluding Al) to CEC. Exchangeable aluminum (Ex. Al) was extracted with 1N KCl
solution and titrated with 0.1N NaOH [38].

2.3. Data Analysis

Descriptive statistics of soil parameters, ANOVA and Spearman Rank Order Corre-
lations were performed with Statistica 8.0 (Statsoft, Tulsa, OK, USA). Differences of soil
parameters among land uses, altitude ranges and texture groups were analyzed using
One-way ANOVA, since some factors (namely altitude range and texture group) did not
have the required degrees of freedom to perform a multifactorial analysis. Significant
differences among means (p < 0.05) were evaluated through the Tukey HSD post-hoc
test. Spearman Rank Order Correlations were based on 20 soil parameters and altitude,
highlighting significant correlations at p < 0.05.

3. Results
3.1. General Soil Parameters

Descriptive statistics regarding the different soil parameters are provided in
Table 2. The mean value of sand (50.3%) was higher in Mon, while clay (25.5%) and
silt (28.5%) content were highest in the Zunheboto district. Mean value of bulk density
(BD) was significantly higher in Mon (0.90 Mg m−3) compared to the Zunheboto dis-
trict (0.85 Mg m−3), and thus the porosity percentage was significantly higher (67.8%)
in Zunheboto. Soils of Zunheboto were significantly less acidic (5.22) in comparison to
the Mon district (4.99) and were not-saline (EC = 0.01–0.06 dS m−1) in both districts. A
similar mean value of SOC contents (2.19%) was found in both the districts, while SOC
stock was highest but not significantly different in Mon (29.33 Mg C ha−1) compared
to the Zunheboto district (27.94 Mg C ha−1). The mean values of CEC (10.94 Cmol+
kg−1) and Ex. Mg (1.88 Cmol+ kg−1) were significantly higher in Zunheboto, Ex. Ca
(2.03 Cmol+ kg−1) was highest in Zunheboto and Ca:Mg was maximum in Mon (1.23).
Moreover, Ex. K (1.77 Cmol+ kg−1) was significantly higher in Zunheboto compared to
the Mon district (1.52 Cmol+ kg−1). BS was similar in both districts (about 62%). Ex. Na
(0.84 Cmol+ kg−1) and Ex. Al (4.41 Cmol+ kg−1) were higher but not significantly different
in the Zunheboto district. Available N (356.4 mg kg−1) content was highest in Mon, while
available P (8.19 mg kg−1) and K (38.72 mg kg−1) were maximum in the Zunheboto district,
respectively, but differences were not significant.

3.2. Effect of Land Use, Altitude and Texture on Soil Parameters

SOC stock was affected by different land uses in the Mon district only (Table 3). The
maximum value of SOC stock was under forests (32.56 Mg C ha−1), followed by jhum
(29.71 Mg C ha−1), which was statistically similar to plantation soils (29.55 Mg C ha−1),
respectively. There were no significant effect of land uses on available N in both the districts,
and on available P in Mon district. The highest value of available P in Zunheboto was
found in plantation sites (8.77 mg kg−1), while fallow jhum (8.31 mg kg−1) was statistically
similar to jhum (7.94 mg kg−1) and the lowest value was found under forest soils (7.53
mg kg−1). Available K was found to be significantly influenced by the different land uses
in the Mon district only, with the highest value in jhum sites (47.91 mg kg−1) and similar
values in plantations (31.08 mg kg−1) and fallow jhum (31.04 mg kg−1). The lowest value
of available K was found under forest soils (24.50 mg kg−1).
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Table 2. Descriptive statistics of altitude and soil variables for the two districts.

Variable 1
Mon District (n = 103) Zunheboto District (n = 102)

Mean Min Max Std. Dev. Mean Min Max Std. Dev.

Altitude (m) 627a 100 1332 405 1240b 133 1845 409
Clay (%) 22.9 0.4 40.9 8.5 25.5 1.5 57.8 14.6

Sand (%) 50.3 24.0 85.2 12.6 46.0 16.0 94.6 19.7

Silt (%) 26.8 2.6 67.5 9.0 28.5 3.4 73.6 13.4

BD (Mg m−3) 0.90b 0.60 1.19 0.14 0.85a 0.62 1.10 0.10

Porosity (%) 65.9a 55.1 77.4 5.4 67.8b 58.5 76.6 4.0

pH 5.22b 3.61 6.69 0.90 4.99a 3.70 6.59 0.74

EC (d sm−1) 0.063 0.020 0.280 0.042 0.067 0.010 0.260 0.056

SOC (%) 2.19 0.62 4.57 0.73 2.19 0.70 3.40 0.57

Stock (Mg C ha−1) 29.33 9.70 70.61 10.21 27.94 6.82 44.09 7.51
CEC (Cmol+ kg−1) 9.71a 4.07 15.52 2.55 10.94b 5.82 20.00 2.71

Ex. Ca (Cmol+ kg−1) 1.92 0.59 3.96 0.55 2.03 1.25 3.92 0.51

Ex. Mg (Cmol+ kg−1) 1.65a 0.52 4.10 0.63 1.88b 0.75 4.36 0.66

Ca:Mg 1.23 0.37 2.09 0.31 1.16 0.38 2.96 0.35

Ex. Na (Cmol+ kg−1) 0.70 0.17 2.34 0.43 0.84 0.17 3.30 0.64

Ex. K (Cmol+ kg−1) 1.52a 0.20 4.76 1.02 1.77b 0.43 4.30 0.72
BS (%) 62.00 18.63 92.63 17.68 61.86 29.99 94.85 13.77

Ex. Al (Cmol+ kg−1) 3.92 0.30 11.40 2.47 4.41 0.30 14.00 2.42

Av. N (mg kg−1) 356.4 67.9 853.3 174.8 336.5 101.2 690.9 134.2

Av. P (mg kg−1) 8.08 3.66 16.25 2.48 8.19 5.15 12.04 1.60

Av. K (mg kg−1) 33.79 7.73 147.59 25.25 38.72 9.78 157.87 29.13
1 Different letters in the same row indicate significant differences (p < 0.05).

Table 3. Effect of land use on different soil parameters in the two districts of Nagaland.

Land Uses 1
Soil Carbon Stock

(Mg C ha−1)
Available N
(mg kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1)

Mon Zunheboto Mon Zunheboto Mon Zunheboto Mon Zunheboto

Forest 32.56b 29.54 352.18 308.59 7.99 7.53a 24.50a 33.12
Plantation 29.55ab 27.95 369.41 343.94 8.30 8.77b 31.08ab 36.99

Jhum 29.71ab 24.46 323.16 329.63 7.95 7.94ab 47.91b 46.89
Fallow Jhum 22.52a 29.44 377.91 371.16 7.58 8.31ab 31.04ab 39.72

1 Different letters in the same column indicate significant differences (p < 0.05).

The data regarding the effect of different altitudes on soil properties are presented
in Table 4. There was no significant influence of altitude on SOC stocks in both the
districts. Available N was found to be significantly affected by the different altitudes in the
Mon district and the highest N content (427.99 mg kg−1) was found at lower elevations
(<500 m). The lowest N values were found at intermediate (500–1000 m) and higher
(>1000 m) elevations and were statistically similar to each other (278.48 and 324.59 mg kg−1,
respectively). Available P was affected by different altitudes in both the districts. In the
Mon district, the lowest (7.07 mg kg−1) value of available P was found at a higher elevation
(>1000 m), which was not statistically different compared to intermediate (7.11 mg kg−1)
altitudes (500–1000). The highest value of available P was found at lower elevations
(<500 m) in both the districts (9.30 mg kg−1 in Mon and 8.78 mg kg−1 in Zunheboto).
Significant differences in available K values were found in the Zunheboto district only, and
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maximum and minimum values were recorded at lower (53.66 mg kg−1) and intermediate
(27.99 mg kg−1) elevations, respectively.

Table 4. Effect of altitude on different soil parameters in the two districts of Nagaland.

Altitude Range 1

(m)

Soil Carbon Stock
(Mg C ha−1)

Available N
(mg kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1)

Mon Zunheboto Mon Zunheboto Mon Zunheboto Mon Zunheboto

<500 2 27.31 24.54 427.99b 312.72 9.30b 8.78b 32.49 53.66c
500–1000 29.23 27.21 278.48a 317.97 7.11a 7.39a 30.48 27.99a

>1000 33.14 29.62 324.59a 347.30 7.07a 8.58ab 40.40 43.64b
1 Different letters in the same column indicate significant differences (p < 0.05); 2 Zunheboto: 3 sampling sites.

SOC stock was significantly affected by textural classes in the Mon district only
(Table 5). Maximum and minimum values of SOC stock were found under fine
(27.88 Mg C ha−1) and medium (31.55 Mg C ha−1) textured soils. In both the districts,
available N was found to be affected by the different textural classes and the highest values
were found in medium textured soils (391.50 mg kg−1) in Mon and in coarse textured
soils (422.07 mg kg−1) in Zunheboto. The maximum value of available P (11.94 mg kg−1)
was found in the fine textured soils of Mon district and the minimum value of available P
(7.33 mg kg−1) was found in coarse textured soil of the Mon district. Finally, there was no
significant effect of textural classes on available K in both the districts.

Table 5. Effect of texture on different soil parameters in two districts of Nagaland.

Texture
Class 1

Soil Carbon Stock
(Mg C ha−1)

Available N
(mg kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1)

Mon Zunheboto Mon Zunheboto Mon Zunheboto Mon Zunheboto

Coarse 25.02a 27.12 285.32a 422.07b 7.33a 8.57 33.15 48.96
Medium 31.55b 28.38 391.50b 307.40a 8.34ab 8.07 33.30 36.95

Fine 2 27.88ab 27.00 391.26b 347.44ab 11.94b 8.16 60.17 31.82
1 Different letters in the same column indicate significant differences (p < 0.05); 2 Mon: 2 sampling sites.

In the Mon district, plantation is the most common land use at altitude <500 m, and
soil texture is mainly medium. In the 500–1000 m altitude range, plantations, jhum and
fallow jhum are equally represented, and soil texture is medium. In the >1000 m altitude
range, all land uses are almost equally represented except for fallow jhum, and soil texture
is medium. In the Zunheboto district, only forest and plantation land uses are present at
altitude <500 m, and soil texture is coarse and medium. In the 500–1000 m altitude range,
all land uses are almost equally represented except for fallow jhum, and the soil texture is
mainly medium. In the >1000 m altitude range all land uses are almost equally represented
and soil texture is mainly coarse and medium.

3.3. Correlation among Soil Parameters

Spearman correlation results are presented in supplementary Tables S1 and S2. In
the Mon district, SOC stock was significantly positively correlated with altitude (r = 0.37),
clay (r = 0.38), EC (r = 0.23) CEC (r = 0.29), Ex. Al (r = 0.35) and available P (r = 0.19), and
negatively correlated with sand (r = −0.30) and BS (r = −0.32). In the Zunheboto district,
SOC stock was negatively correlated with altitude (r = −0.20), porosity (r = −0.28), Ex. Ca
(r = −0.24), Ex. Mg (r = −0.25) and BS (r = −0.29), positively correlated with BD (r = 0.28),
CEC (r = 0.28) and Ex. Al (r = 0.21) and no significant correlation was found with clay
and sand.

Moreover, in Mon, altitude was negatively correlated with silt (r = −0.30), porosity
(r = −0.28), available N (r = −0.24) and P (r = −0.38), and positively correlated with sand
(r = 0.25), BD (r = 0.28), pH (r = 0.50), EC (r = 0.41), Ex. Na (r = 0.40) and Ex. K (r = 0.27). In
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the Zunheboto district, a significant negative correlation of altitude was found with BD
(r = −0.33), and positive correlations with sand (r = 0.20), porosity (r = 0.33), available P
(r = 0.35) and K (r = 0.36).

In Mon, clay was positively correlated with silt (r = 0.21), porosity (r = 0.29), CEC
(r = 0.36), Ex. Al (r = 0.43), SOC stock (r = 0.38), available N (r = 0.31) and available P
(r = 0.28); negatively correlated with sand (r = −0.72), BD (r = −0.29) and BS (r = −0.40).
In Zunheboto, results indicated a significant negative correlation between clay and sand
(r = −0.71), pH (r = −0.43), Ca:Mg (r = −0.30), Ex. K (r = −0.26), BS (r = −0.20) and
available K (r = −0.20) and a significant positive correlation of clay with CEC (r = 0.39)
and Ex. Mg (r = 0.24). In both districts, BS showed a significant negative correlation
with clay (r = −0.40–0.20), SOC stocks (r = −0.32–0.29), CEC (r = −0.53–0.61) and Ex. Al
(r = −0.93–0.94).

4. Discussion

Differences in soil parameters have been found in both the districts. In the case of
textural components, the variations can be due to weathering, erosion, deposition, and
soil forming processes [39] and in our case these processes can be enhanced by the high
total rainfall coupled with high mean temperatures. In addition, changes in soil texture
are due to anthropogenic factors such as cultivation management [40]. The variation in
BD may occur for various reasons, such as altitudinal variations in BD [41] or an inverse
relationship with SOC and vice versa [42–44]. The acidic nature of soil in both the districts
is either due to the high rainfall in NE region, which causes the leaching of basic cations
from soil colloids, or to the slow decomposition of organic matter, with a continuous
release of low molecular acids, which might be another reason for the acidic nature of
these soils [45]. The variation observed in CEC, exchangeable cations and BS in the studied
districts, may be attributed to a combination of intrinsic (weathering, erosion, deposition
and soil-forming processes) or local extrinsic (anthropogenic practices) factors [46]. Cation
exchange capacity (CEC) was low in both districts, due to the presence of low-activity clay
(kaolinite), and soil mineralogy highly affecting CEC [47]. In both the Mon and Zunheboto
districts, positive significant correlations of CEC were found with SOC stocks (0.29 and
0.28, respectively), clay (0.36 and 0.39, respectively), silt (0.22 and 0.24, respectively), Ex.
Mg (0.32 and 0.33, respectively), Ex. Al (0.77 and 0.84, respectively) and Av. P (0.33 and
0.22, respectively). CEC was significantly negatively correlated with sand (−0.34 and
−0.38, respectively) and BS (−0.53 and −0.61, respectively). BS showed positive significant
correlations with sand (0.39 and 0.20, respectively) and pH (0.57 and 0.27, respectively),
and was significantly negatively correlated with clay (−0.40 and −0.30, respectively), SOC
stocks (−0.32 and −0.29, respectively), CEC (−0.53 and −0.61, respectively) and Ex. Al
(−0.94 and −0.93, respectively). Moreover, in the Mon district, Ex. Al was significantly and
positively correlated with clay (0.43) and silt (0.27), and in both districts with SOC stocks
(0.35 and 0.21, respectively) and CEC (0.77 and 0.84, respectively). These correlations are
supported by other research reporting that particle size distribution, pH and SOC are the
main drivers of CEC, BS and Ex. Al in soils [48–50].

SOC stocks ranked in the order forest > jhum > plantation > fallow jhum in the
Mon district, forest > fallow jhum > plantation > jhum in Zunheboto district (Table 2).
Additionally, SOC stocks were higher in the Mon district in all the land uses, except for
fallow jhum, probably due to soil texture, which is prevalently medium, and to the higher
mean temperature (24.4 ◦C) of sites in the Mon district that might enhance plant growth and
result in higher carbon inputs returned to the soil. The higher altitude and the lower mean
temperature (21 ◦C) of Zunheboto sites could explain the higher SOC stock in fallow jhum,
that could have enhanced SOC accumulation [51] and the establishment of a semi-natural
vegetation, a precursor of the development of a secondary forest after the abandonment of
the jhum field, since altitude may affect the amount of sunlight that vegetation receives and
the amount of water that plants can absorb [52]. In fact, SOC stocks in forest and fallow
jhum of Zunheboto sites are similar (29.54 vs. 29.44 Mg C ha−1, respectively).
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Sites under plantation land use showed lower but not significantly different SOC
stocks than forest sites, by 9.2% in the Mon and 5.4% in the Zunheboto district, respectively.
However, Mishra et al. [18] reported that SOC stocks increase with plantation age for a
period up to 40 years for tea plantations, and thus SOC can further increase with time,
while SOC stocks decrease in rubber when the plantation is mature. Thus, plantation type
and age are important factors to consider; however it was not possible to collect relevant
information about plantation age during the soil survey.

In relation to sites under jhum cultivation, SOC stocks were not significantly different
compared to forest sites, representing the natural vegetation, but were lower by 8.8% and
17.2% in the Mon and Zunheboto districts, respectively. Other research in the NE India,
e.g., Choudhury et al. [9], reported that jhum cultivation showed 22% less SOC stock than
the dense forests, but only 9% less that the open forests. Similarly, Mishra et al. [21] showed
that in Nagaland, SOC stocks were 17.2% lower in jhum than in forest sites.

Among soil nutrients, jhum sites showed considerably higher contents in available
K, deriving from the ash left on the field following the burning of forest vegetation after
clearing. In addition, the content in available N in jhum sites was not significantly different
compared to the other land uses in both districts, indicating that jhum cultivation for a short
period (e.g., 2 years) with no inputs from fertilizers can be sustainable, considering the
population increase, and the consequent increase in the demand for food in NE India [21].

The effects of altitude and texture on soil parameters are somehow biased by the
random sampling, which resulted in a low number of soil samples for the altitude range
< 500 m in Zunheboto district and for the fine texture in the Mon district. Notwithstanding
this limitation, data have an increasing trend of SOC stocks with altitude in both districts,
and available N and P were significantly higher at the lower altitude range in the Mon
district. While nutrient contents are mainly driven by the specific land uses, higher SOC
stocks at higher altitudes are mainly a consequence of the decreasing temperature and
the increasing rainfall that results in a decreased SOC decomposition at high altitude
sites [53,54].

In relation to soil texture groups, SOC stocks were higher in medium textured soils
in both districts, as a consequence also of the higher sampling points of this class (37 and
53 sampling points in the Mon and Zunheboto districts, respectively). The effects of soil
texture on nutrient contents in the two districts are likely more dependent on the specific
land uses and the complexity of the ecosystems [55], but generally SOC stock are higher
when soil texture is fine and medium [56].

Sustainable and site-specific land management must be promoted in tropical environ-
ments considering that land use changes are rapidly occurring [57]. Current management
in plantations and jhum sites is as “organic like” cultivation that totally relies on the return
of crop residues to the soil. However, it is also possible that local smallholders use some
residues for other purposes such as fuel for household heating (e.g., trimmed branches of
tea plantations), building shelters, feeding animals, etc. In the case of jhum cultivation,
farmers harvest the edible part of the crop, and leave the residues on the soil with the
coupled effect of enhancing soil fertility and protecting the hilly slopes from soil erosion.
Sometimes, more crops are grown together in the same jhum field in intercropped systems.

Jhum and fallow jhum land uses are strictly interconnected, since jhum fields are
cultivated for a variable period of time by local farmers and are thereafter left to fallow
with the regeneration of new vegetation progressively similar to a forest (secondary forest).
Fallow jhum fields can also show SOC stocks remarkably similar to a primary forest if the
vegetation is allowed to regrow for a long period of time before a new jhum cultivation is
started. In this sense, Mishra et al. [18] indicated that local farmers in NE India can benefit
in terms of productivity and profitability when adopting a fallow period of 7 years to allow
the vegetation regeneration followed by 2 years of jhum cultivation.

A main difference between the districts is plantation distribution with altitude. In
Mon, plantations are more present at lower (<500 m) altitudes, in Zunheboto at higher
altitudes (>1000 m). In addition, bamboo, rubber and tea plantations are only cultivated



Agriculture 2021, 11, 171 11 of 13

in the Mon district, whilst in Zunheboto these types of plantations are not present but
existing plantations are specific for wood exploitation and for heating the houses of local
villages, indicating that plantation land-use is more specialized and market-oriented in
the Mon district. Consequently, SOC stocks in the Mon district were significantly lower
in plantation systems compared to forest sites, but they did not differ in the Zunheboto
district. Indeed, SOC showed an increasing trend with altitude in both districts. Sites
located at higher elevations were mainly associated with a medium texture in the Mon
district and a coarse texture in Zunheboto, indicating that translocation and redeposition
processes undermining soil quality status are more relevant in the Zunheboto district.

5. Conclusions

This study has addressed the changes in soil properties as affected by land use and
altitude gradients and soil texture in two districts of the Northeast region of India (Naga-
land state).

Based on the results, we suggest that changes in soil properties can be better managed
with the help of management options, which are still needed to preserve this peculiar
tropical ecosystem. In particular, the adoption and promotion of best management options
can be required for plantations and jhum land uses for climate change mitigation and
erosion control, with the perspective to increase SOC stocks and overall soil quality. To
increase commercialization opportunities and profits of smallholders, plantations are the
best options, but plantation type and age must be considered for higher environmental
benefits from a long-term perspective. Long periods of jhum cultivation must be avoided,
adopting longer fallow periods to prevent SOC and nutrient depletion and support the
increasing demand for food. In addition, adopting terracing of jhum land in wet rice-based
farming systems, introducing short-duration crops after rice fallow to avoid continuous
rice systems, and agroforestry and horticulture-based farming systems are particularly
important management measurements.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-0
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