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Abstract: Due to the shifting course of the Brahmaputra River, the fluvial landforms of the Brahma-
putra Valley of Assam, India, are prone to changes in landform and land use. For sustainable soil
management under such conditions, it is crucial to have information about soil physicochemical
and biological properties for different land uses. Therefore, the present study was conducted to
investigate the soil physicochemical properties and soil microbial population across five major land
uses under different landforms, such as paddy fields, banana systems, and arecanut cultivations
in the alluvial plains; and rubber plantations and sal forests in the uplands, with varying slope
gradients and soil depths (0–25 cm and 25–50 cm) in the lower Brahmaputra Valley. The results of the
analysis of variance revealed that the effects of different landforms and land uses were found to be
statistically significant on very labile soil organic carbon (VLSOC), available K, B, Fe, Mn, Zn, and
Cu, and soil moisture content across two different soil depths. Paddy cultivated systems recorded
the highest (1.23%) soil organic carbon (SOC), but these levels were statistically at par with other
land use scenarios except for banana systems; whereas, forests and rubber plantations showed the
highest VLSOC (0.38% and 0.34%, respectively,) and were significantly different from other land
use scenarios. All soil microbial populations (bacteria, fungi, and actinomycetes) studied varied
significantly in different land uses across varying soil depths. Perennial land uses under arecanut,
rubber, and forest cultivations showed significantly higher microbial populations than paddy and
banana systems. The principal component analysis (PCA) identified SOC, VLSOC, Cu, K, B, P, and
the bacteria count as the major soil quality parameters of the study area. The results showed that
landforms, land use, and management practices collectively affect soil properties. Therefore, soil
management choices should take into consideration the landforms and land use for maintaining soil
health and its sustainability.

Keywords: land use; nutrient availability; physicochemical parameters; soil microbial population;
soil depth; topography

1. Introduction

Investigations on the effect of land-use on the functions of the soil ecosystem is
necessary to understand the soil processes in order to protect and regenerate the capacity
of the soil to deliver ecosystem services [1]. This vitality of a soil is primarily governed
by its health. The biological and physicochemical parameters together determine the
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sustainability of a land use in terms of soil health [2]. Land use influences both the biological
and physicochemical properties of a soil. For example, land use governs the addition of
soil organic matter (SOM), the composition of carbon (C) compound being added to
soil, the development of soil by the action of the plant roots [3], the variations in soil
physicochemical properties, and nutrient availability. The land cover type also influences
the microbial dynamics through their litter, root exudates, symbiosis in the root systems, and
the provision of a source of carbon (C) to the microbes [4,5]. Land use not only influences
the soil surface but also its sub-surface characteristics, leading to variations in physical and
chemical conditions, nutrient availability, soil moisture dynamics, and microbial population
across different depths [6,7]. The biological and physicochemical properties are interlinked.
Soil microbes are the major drivers of nutrient cycling, mineralization-immobilization,
organic carbon (OC) dynamics, and nutrient distribution. Furthermore, physicochemical
properties such as soil pH, soil organic carbon (SOC), and nutrient dynamics influence
microbial abundance [8,9]. Land use, in turn, is closely associated with the landform of a
particular land parcel [10]. The topography decides the type of land use, erosion-deposition
cycle, retention, and the washing away of soil C and nutrients. Together, the landform, its
respective land use, and the management practices determine the long-term sustainability
of a particular land parcel [11].

However, the shifts in land use have been reported to create significant differences in
the soil health status [12,13]. Fluvial landforms like the Brahmaputra Valley of Assam, India,
are prone to change in landforms and related land-uses in the due course of time [14,15]
because of the shifting course of the Brahmaputra River. The Brahmaputra Valley is a part
of Indus-Ganga-Brahmaputra plains covering a major area of the state of Assam in India.
The Brahmaputra Valley is a structural depression whose evolution was governed by the
eastern Himalayan syntaxis during the India-Eurasia collision [16]. The lower Brahmaputra
Valley is characterized by large widths of channel belts and the development of large
alluvial islands and wetlands, along with isolated hillocks sparsely distributed all over
the lower Brahmaputra Valley. The varied geomorphology of the area has led to varied
land use scenarios. The major land uses of the area are for paddy rice (Oryza sativa) in
the younger and older alluvial plains with 0–1% slope, banana (Musa spp.) and arecanut
(Areca catechu) in the older alluvial plains and char lands of 1–3% to 3–5% slope, and rubber
(Hevea brasiliensis) in the uplands of 3–5% to 5–8% slope. A substantial area is also covered
by a public reserve forest of sal (Shorea robusta) plantations in the uplands and inselbergs
with a slope of 5–8% to 8–15% or more.

Changes in the biological and physicochemical properties under different land use
systems have been studied in North-Eastern India [17–19], including the upper Brahma-
putra Valley [20]. However, studies regarding the interactions of topography, land use,
and management practices in view of long-term sustainability, including the biological
parameters of a particular land parcel, are scarce for the Brahmaputra Valley. With this
background, our study was an attempt to assess how the topography, major land uses, and
management practices act together under natural and farmed field conditions to give rise
to the variations in soil physicochemical properties and soil microbial population counts
across varying soil depths, important for maintaining the social and environmental vitality
of an area.

The present research was carried out in the Rangjuli block of the Goalpara District
of the lower Brahmaputra Valley of Assam, India, with the objectives (1) to study the
integrative effect of different land uses, topography, and soil depth on microbial population
and soil physicochemical properties and underlying processes; (2) to study the interaction
among the microbial population count and soil physicochemical properties; and (3) to
identify the major drivers of soil quality.
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2. Materials and Methods
2.1. Study Area

The Rangjuli block of the Goalpara District in Assam is located between 25◦53.3’3.637”
to 26◦6’4.73” N latitude and from 90◦53.3’ 8.231” to 90◦ 5’59.075” E longitude, covering
an area of 27,725 ha in the lower Brahmaputra Valley (Figure 1). The block displays
heterogeneous physiographic condition, viz., alluvial plains in the northern part, gently
sloping hillside slopes towards the southern part, and sparsely distributed hillocks or
inselbergs in both the northern and southern parts, with elevations ranging from 21 to
210 m above mean sea level (MSL). Due to this physiographic variation, the soils in the
various landforms are geologically different. The soils of the plains are mostly derived
from the quaternary alluvial sediments brought down by the Brahmaputra River and its
tributaries, and soils occurring on the isolated hillocks in the southern parts are made
of gneissic materials [21]. The study area belongs to the hot humid eco subregion (15.2)
of the agroecological regions of India [22], with a udic moisture regime, a hyperthermic
temperature regime [23], and a mean annual precipitation of 2000 to 2500 mm.

Figure 1. The locations of the study area and the soil sampling and analysis points in the Rangjuli
block of the Goalpara District of the lower Brahmaputra Valley of Assam, India.
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Before going to the field for sampling, a base map was prepared merging the land
use/land cover map and the landform map of the study area. The maps were prepared
using SRTM (30 m) DEM and Sentinel–2 (12.5 m) satellite imagery data using ArcGIS 10.0
software at 1:10,000 scale. Afterwards, using the base map, soils used for this study were
collected in February of 2020 from five different land uses, viz., paddy, banana, arecanut,
and rubber under long-term (>15 years) cultivation, and sal forests of recent plantations
(from 2009 to 2010) under monocropping in farmed fields. The data on management
practices collected from the farmers and sites using the same management practices under
similar topographies and land uses were treated as one treatment and, based on the
availability of such similar plots, samples were collected and treated as replications. The
soil samples were collected with an auger at a depth of 0 to 25 cm and 25 to 50 cm. The
combination of land use, topography, and management practices has been termed as the
‘scenario’ in our study (Table 1), which is also the treatment. Paddy cultivation in the study
area uses no or negligible amounts of fertilizer, and cow dung manure is incorporated
before transplanting. Tillage is done before cultivation in the months of May to June
and stubble is incorporated into the field. Rubber plantations are fertilized only during
planting and afterwards, no fertilization or intercultural operations are performed. Banana
plantations are regularly fertilized with urea, SSP (single super phosphate), and MOP
(muriate of potash) as per local recommendations. Arecanut plantations are occasionally
fertilized with SSP and cow dung manures, as per recommendations. Rubber plantations
are not significantly explored or highlighted in the study area, but they are a growing
venture in last few years, as is evident from the higher number of plantations of 4 to 7 years
old and the relatively lesser number of old plantations of >25 years. The scenarios have
been named according to their land uses for ease of representation of the study and are
presented in Table 1.

Table 1. The details of land use, topography, and management scenarios.

Scenario
Land Use
(Name of
Scenario)

Landform Slope
Gradient (%) Drainage Fertilization and

Management
Cropping

System

Other
Management

Practices

1 Paddy
Younger and
older alluvial

plain
0–1% and 1–3% Poor

Cow dung manure
application @ 15 to 20

q/ha before
transplanting.

Kharif
monocropping

Incorporation
of stubble,
puddling,

conventional
tillage

2 Banana
Older alluvial

plain and Char
land

1–5% Moderately
well

Basal application SSP @
100 g/plant.

Urea @ 100 g/plant 45
days after planting

(DAP) and
MOP @ 250 g/plant

starting from 90 DAP.
All are repeated at
45-day intervals.

Perennial
monocropping

Earthing-up
operations

during
planting and

fertilizer
application

3 Arecanut
Older alluvial

plain and Char
land

1–5% Moderately
well

Occasional application
of SSP. Cow dung

manure @ 5 kg/plant
every 5 to 6 months.

Perennial
monocropping

No other
operations

4 Rubber Upland 3–8% Well

Urea @ 350 kg/ha and
SSP @ 200 to 250 kg

during initial
plantation.

Perennial
monocropping

Leaf litter left
on surface

5 Sal forest Upland 3–8% Well No fertilizer
management.

Recently
planted forest

Leaf litter left
on surface

A total of 34 samples were collected from both soil depths. From each field, compos-
ite samples were collected by mixing soils from five spots in one field. The number of
replications were different for each land use owing to their availability and accessibility
in the study area. Along with the soil sample collection, the plantation history, fertilizer
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management and yield data were also collected from the farmers. Samples were collected
aseptically and kept in the sterile polythene bags until further analysis. Half of the soil
samples were air-dried, ground, passed through a 2 mm sieve, and stored in plastic bags,
while the other half were stored at 4 ◦C until they were used for performing the microbial
population count. Nutrient agar (NA), potato dextrose agar (PDA), and Actinomycete
isolation agar (AIA) media were used for obtaining bacterial, fungal, and actinomycetes
population counts, respectively. One gram (1 g) of soil sample was transferred into glass
vials containing 9 mL sterile distilled water and mixed thoroughly; a series of successive
dilutions up to 10-6 were prepared. One mL volume of 10−4-fold diluted samples were
spread on the petri dishes in order to obtain the fungal and actinomycetes count. However,
10−6-fold diluted samples were used for the bacterial population count. The inoculated
NA plates were incubated at 28 ◦C for 24 h to determine viable bacterial counts, while the
PDA plates were incubated at 28 ◦C for 5 days. For the actinomycetes population count,
inoculated petri plates were incubated at 37 ◦C for 5 days. Colony forming units (CFUs)
were counted using the following formula:

Viable CFU (per g of soil) = Number of colonies × dilution factor/inoculum volume.
The air-dried samples were used for the physicochemical analysis. The samples were

passed through a 2 mm sieve and were analyzed for DTPA-extractable Zn, Cu, Mn, and Fe
using an atomic absorption spectrophotometer [24], the pH was determined by taking a
1:2 soil–water mixture using a pH meter [25], the available N was determined using the
Kjeldahl distillation unit by the KMnO4 method [26], the available P was evaluated by the
Bray method for acidic soils using colorimetry [27], the available K was determined by the
neutral normal ammonium acetate method and a flame photometer [28], the available S by
turbidimetric method [29] and hot water extractable B by colorimetry method of Berger and
Troug [30]. For soil organic C, soils were passed through a 100-mesh sieve and analyzed by
the chromic acid oxidation and titration method [31]. For the evaluation of very labile soil
organic carbon (VLSOC), the methodology of [32] with a 5 mL acid oxidizable fraction of C
was followed. The C:N ratio of soils was determined using the ratio of SOC and total N
determined by a CN analyzer. The soil moisture content (SMC) was analyzed using the
gravimetric method [33]. Soil textural analysis was done using the international pipette
method [34].

2.2. Statistical Analysis

The IBM SPSS 28.0.0.0 software was used to perform the statistical analysis. To compare
the means of the microbial population counts and the soil physicochemical properties, one-
way analysis of variance (ANOVA) was conducted separately for two soil depths, i.e.,
0–25 cm and 25–50 cm. The significance of the means was tested using the F-test [35].
Duncan’s multiple range test (DMRT) [36] was used to interpret the treatment (scenario)
effect on the soil physicochemical properties and the microbial population count. The
Pearson correlation analysis [37] was carried out among the microbial population and soil
physicochemical parameters and a correlation matrix was prepared. A principal component
analysis (PCA) was carried out using the R statistical package for the complete set of data to
determine the variables that have the maximum contribution towards the variability, or the
parameters that are the limiting factors. R for each individual was carried out to delineate
the PCA biplot for the individual land uses in order to mark a clear differentiation between
each land use according to the effect of the biological and physicochemical variables. In
total, five treatments (scenarios) were considered, viz., rubber, paddy, banana, arecanut,
and sal forest. All the graphs have been prepared using RStudio 1.3.1093. All data are an
average ± SD (standard deviation) of the composite soil samples.
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3. Results
3.1. Soil Physicochemical Properties
3.1.1. 0 to 25 cm Depth

The soil pH was in the acidic range for all the scenarios, varying from 4.69 for paddy
fields to 5.01 in arecanut cultivations. However, no significant difference (95% confidence
level) was recorded in the soil pH among the scenarios (Figure 2). The pattern of variation
of soil pH was paddy fields < sal forest < rubber plantations < banana systems < arecanut
cultivations. All the soils had SOC values of > 0.5%. The highest SOC was recorded for
paddy fields (1.23%) in the surface layer, followed by arecanut cultivations (1.05%). The
lowest SOC was recorded for banana systems (0.7%). SOC in paddy fields was significantly
different from banana systems only (p < 0.05); other land uses were at par with paddy fields
and banana systems. The VLSOC, in contrast, was highest in sal forests (0.38%), followed
by rubber plantations (0.34%). The C:N ratio of the surface soils showed a significant
difference (Figure 2) and ranged from 9.4:1 for paddy fields to 11.3:1 for rubber plantations.

Figure 2. The variations in the soil pH, SOC, and VLSOC at two soil depths across different scenarios.

The available N (Table 2) was found to be the highest in paddy fields (378.9 kg ha−1),
followed by banana systems, and was lowest for sal forests (309.5 kg ha−1). However,
no significant difference was noted among the scenarios. Similarly, for available P, no
significant difference was noted among the scenarios. The highest value was observed
in banana systems (55.1 kg ha−1). Available K ranged from 153 kg ha−1 for paddy fields
to 380.4 kg ha−1 for arecanut cultivations, which was significantly higher than in other
scenarios. The available S was the highest in paddy fields (15 ppm) and all the scenarios
were at par with paddy fields. Hot water-soluble B ranged from 0.37 ppm in sal forests
to 0.21 ppm in banana systems. The rubber plantation and paddy fields were at par
with sal forests in terms of B, while arecanut cultivations and banana systems showed
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significantly lower values. The highest DTPA-extractable Fe was recorded for banana
systems (103.6 ppm), which was at par with arecanut cultivations, paddy fields, and sal
forests, and significantly different from rubber plantations (69.4 ppm). DTPA-extractable
Mn was the highest for paddy fields (21.14 ppm), followed by arecanut cultivations and
banana systems, while rubber plantations (8.52 ppm) and sal forests (6.29 ppm) showed
significantly lower values. DTPA-extractable Zn was recorded as the highest in arecanut
cultivations (1.61 ppm) and the lowest for sal forests (0.52 ppm). DTPA-extractable Cu was
recorded as the highest in banana systems, whereas the lowest value was recorded in sal
forests (0.42 ppm). The soil moisture content varied from 12.9% (banana systems) to 23.16%
(paddy fields). Even if the results were insignificant, the variation among the different
scenarios in terms of SMC was wide.

Table 2. The distribution of the soil physicochemical properties in 0 to 25 cm depth.

Scenario Sand
(%)

Silt
(%)

Clay
(%)

Soil
Texture

N
(Kg

ha−1)

P
(Kg

ha−1)

K
(Kg

ha−1)

S
(ppm)

B
(ppm)

Fe
(ppm)

Mn
(ppm)

Zn
(ppm)

Cu
(ppm)

SMC
(%)

Paddy
(n = 8)

21.6 ±
2.1

31.2 ±
2.4

47.2 ±
3.6

Clay
loam

to Clay

378.9
±

11.18 a

49.4 ±
9.28 a

153.1
± 33.2

b

15.1 ±
4.3 a

0.32 ±
0.03 ab

71.5 ±
5.30 ab

21.14
± 1.8 a

0.65 ±
0.15 b

0.74 ±
0.06 a

23.16
± 2.5 a

Banana
(n = 4)

14.0 ±
3.3

51.3 ±
4.1

34.7 ±
4.8

Silty
clay
loam

353.1
±

72.74 a

55.1 ±
7.50 a

254.7
± 85.5

b

11.4 ±
4.94 a

0.21 ±
0.04 b

103.6
± 4.12

a

14.45
± 4.1

ab

0.60 ±
0.02 b

2.25 ±
0.05 ab

12.9 ±
2.87 a

Rubber
(n = 12)

68.5 ±
5.1

0.8 ±
2.6

30.7 ±
3.7

Sandy
clay
loam

338.9
±

70.03 a

34.7 ±
9.08 a

186.6
± 78.2

b

13.8 ±
4.18 a

0.31 ±
0.08 ab

69.4 ±
8.28 b

8.52 ±
1.13 b

0.66 ±
0.21 b

1.69 ±
0.06 bc

19.81
± 2.16

a

Arecanut
(n = 4)

27.4 ±
6.2

38.1 ±
1.5

34.5 ±
11.2

Clay
loam

333.4
± 44.9

a

34.7 ±
2.36 a

380.4
± 42.8

a

13.5 ±
1.8 a

0.24 ±
0.08 b

92.8 ±
8.28 ab

15.46
± 2.6

ab

1.61 ±
0.19 a

0.56 ±
0.06 bc

11.76
± 1.81

a

Sal
forest
(n = 6)

56.8 ±
8.9

17.2 ±
3.2

26.0 ±
2.5

Sandy
clay
loam

309.5
±

20.99 a

30.7 ±
9.57 a

211.5
± 35.1

b

14.8 ±
2.59 a

0.37 ±
0.08 a

73.5 ±
9.94 ab

6.29 ±
1.17 b

0.52 ±
0.11 b

0.42 ±
0.06 c

14.83
± 1.08

a

(A superscript letter on the data number indicates a significant difference at p < 0.05, where a denotes the highest
mean value, followed by b, and c, ‘n’ represents the total number of samples taken from each land use scenario).

3.1.2. 25 to 50 cm Depth

The soil pH was in the acidic range for all the scenarios, varying from 4.92 for sal
forests to 5.25 in arecanut cultivations. However, no significant difference (95% confidence
level) was recorded in the soil pH among the scenarios (Figure 2). The pattern of variation
of soil pH was sal forests < banana systems < paddy fields < rubber plantations < arecanut
cultivations. All the soils had SOC > 0.5%. The highest SOC was recorded for paddy
fields (0.67%) in the surface layer, followed by arecanut cultivations. The lowest SOC
was recorded for banana systems (0.56%). No significant difference was noted in the
SOC among the land uses. The VLSOC varied significantly across scenarios, with the
highest value for sal forests (0.19%), followed by rubber plantations (0.17%). A significant
difference was noted for the C:N ratio (Figure 2), with the highest value for forest (10.7:1)
and the lowest for arecanut cultivations (4.8:1). The available N (Table 3) was highest in sal
forests (235.5 kg ha−1) and was lowest for rubber plantations (309.5 kg ha−1). However,
no significant difference was noted among the scenarios. Similarly, for available P, no
significant difference was noted among the scenarios. The highest value was observed in
banana systems (47.89 kg ha−1). The available K ranged from 90.38 kg ha−1 for paddy
fields to 359.2 kg ha−1 for arecanut cultivations, which was significantly higher than those
in other land uses. The available S was recorded as the highest in arecanut cultivations
(13.5 ppm) and all the land uses were at par with arecanut cultivations for the available S.
The hot water-soluble B ranged from 0.27 ppm in sal forests to 0.17 ppm in banana systems.
No significant difference was noted among scenarios in terms of B content. Highest
DTPA-extractable Fe was recorded for arecanut cultivations (63.6 ppm) and no significant
difference was noted among scenarios. DTPA-extractable Mn was the highest for paddy
fields (17.44 ppm) followed by arecanut cultivations and banana systems, while rubber
plantations (4.93 ppm) and sal forests (1.61 ppm) showed significantly lower values. The
DTPA-extractable Zn was recorded as the highest in arecanut cultivations (0.83 ppm) and
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the lowest for sal forests (0.52 ppm). The DTPA-extractable Cu was recorded as the highest
in banana systems, while the lowest value was recorded in sal forests (0.28 ppm). The soil
moisture content varied from 17.64% (arecanut cultivations) to 28.14% (paddy fields).

Table 3. The distribution of the soil physicochemical properties in 25 to 50 cm depth.

Scenario Sand
(%)

Silt
(%)

Clay
(%)

Soil
Texture

N
(Kg

ha−1)

P
(Kg

ha−1)

K
(Kg

ha−1)

S
(ppm)

B
(ppm)

Fe
(ppm)

Mn
(ppm)

Zn
(ppm)

Cu
(ppm)

SMC
(%)

Paddy
(n = 8)

28.0 ±
4.3

19.9 ±
1.2

52.1 ±
5.2 Clay

228.2
±

13.34 a

40.9 ±
4.14 a

90.38
± 11.8

c

10.5 ±
1.6 a

0.23 ±
0.05 a

57.9 ±
3.16 a

17.44
± 2.2 a

0.40 ±
0.05 b

0.64 ±
0.06 a

28.14
± 1.9 a

Banana
(n = 4)

25.0 ±
5.7

38.0 ±
1.1

37.0 ±
6.2

Clay
loam

231.75
±

22.74 a

47.89
± 5.27

a

229.3
± 16.2

abc

8.3 ±
1.1 a

0.17 ±
0.03 a

57.8 ±
4.76 a

6.15 ±
2.7 bc

0.32 ±
0.18 b

0.84 ±
0.07 a

20.7 ±
2.73 ab

Rubber
(n = 12)

9.0 ±
5.6

49.5 ±
4.8

41.5 ±
3.9

Silty
clay

217.62
± 25.5

a

26.9 ±
7.43 a

173.8
± 12.4

bc

10.7 ±
1.75 a

0.26 ±
0.09 a

41.5 ±
6.2 a

4.93 ±
1.23 bc

0.37 ±
0.17 b

0.27 ±
0.24 b

23.08
± 2.24

ab

Arecanut
(n = 4)

13.9 ±
1.2

37.7 ±
3.3

48.4 ±
4.5 Clay

222.23
± 11.2

a

30.7 ±
2.17 a

359.2
± 13.2

a

13.5 ±
1.5 a

0.19 ±
0.08 a

63.6 ±
8.28 a

10.89
± 2.1

ab

0.83 ±
0.18 a

0.31 ±
0.08 b

17.64
± 3.12

b

Sal
forest
(n = 6)

15.4 ±
2.6

42.3 ±
3.4

42.3 ±
4.6

Silty
clay

235.5
±

10.12 a

25.1 ±
6.78 a

268.2
± 20.3

ab

10.5 ±
1.62 a

0.27 ±
0.07 a

51.5 ±
7.87 a

1.61 ±
0.4 c

0.28 ±
0.09 b

0.20 ±
0.03 b

20.13
± 2.37

ab

(A superscript letter on the data number indicates a significant difference at p < 0.05, where a denotes the highest
mean value, followed by b, and c; ‘n’ represents the total number of samples taken from each land use scenario).

The soil pH increased with the depth of the sample across all scenarios. The SOC
was also higher for the surface layer compared to the sub-surface layer. The VLSOC
showed a similar pattern across the depth (Figure 2). All the major and micronutrients
showed a decreasing pattern across the depth. The SMC was noted to be higher at a lower
depth. The soil texture was found to be finer at the lower depths across all the scenarios
(Tables 2 and 3). The paddy cultivation scenario, however, showed the finest texture of all.

3.2. Microbial Population

The active bacterial population count at the 0–25 cm depth (Table 4) varied from
135 × 106 CFU/g soil for banana systems to 784.3 × 106 CFU/g soil for rubber plantations,
which was at par with sal forests (760 × 106 CFU/g soil). The bacterial population in paddy
fields, arecanut cultivations, and banana systems were significantly lower than in sal forests
and rubber plantations. The bacterial population count decreased at the 25–50 cm soil
depth, compared to 0–25 cm, across all the land uses. At the lower depth, the population
varied from 135 × 106 CFU/g soil for banana systems to 654 × 106 CFU/g soil for sal
forests, which was at par with rubber plantations, while for other scenarios, the bacterial
population was significantly lower.

Table 4. The soil active microbial count across depth (0–25 cm and 25–50 cm).

Scenario
Bacteria (10 6 CFU/g Soil) Fungi (10 4 CFU/g Soil) Actinomycetes (10 4 CFU/g Soil)

0–25 cm 25–50 cm 0–25 cm 25–50 cm 0–25 cm 25–50 cm

Paddy
(n = 8) 362.5 ± 17.4 b 297.4 ± 21.0 b 80 ± 6.1 b 32.5 ± 3.04 a 1129.6 ± 93.4 b 722.5 ± 74.34 b

Banana
(n = 4) 135 ± 14.5 b 135 ± 14.5 b 75 ± 6.6 b 65.0 ± 3.6 a 195 ± 35.4 c 157 ± 4.24 c

Rubber
(n = 12) 784.3 ± 31.7 a 485.6 ± 40.9 ab 142.5 ± 9.8 b 71.2 ± 7.7 a 1216.7 ± 109.7 b 1292.5 ± 86.2 b

Arecanut
(n = 4) 400 ± 19.7 b 290 ± 42.4 b 510.6 ± 21.1 a 80.0 ± 2.4 a 2006 ± 71.6 a 1566 ± 51.6 b

Sal forest
(n = 6) 760 ± 47.6 a 654 ± 32.5 a 586.6 ± 25.1 a 70.0 ± 6.05 a 1399.3 ± 98.3 b 2766.3 ± 42.9 a

(A superscript letter on the data number indicates a significant difference at p < 0.05, where a denotes the highest
mean value, followed by b, and c; ‘n’ represents the total number of samples taken from each land use scenario).
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The active fungal population count was found to decrease with the depth of the
samples across all the scenarios. It was highest in sal forests (586.6 × 104 CFU/g soil),
which was at par with arecanut cultivations, while rubber plantations, paddy fields, and
banana systems showed significantly lower values at the 0–25 cm depth. At the 25–50 cm
depth, the count varied from 32.5 × 104 CFU/g soil for paddy fields to 80 × 104 CFU/g
soil for arecanut cultivations. However, no significant difference was recorded at the lower
depth for the different land use scenarios.

The active actinomycetes population count varied from 195 × 104 CFU/g soil in ba-
nana systems to 2006 × 104 CFU/g soil in arecanut cultivations at the 0–25 cm depth. The
actinomycetes population was found to decrease across the soil depth in all the land uses, ex-
cept for sal forests and rubber plantations, where it was found to increase. At the 25–50 cm
depth, it varied from 157 × 104 CFU/g soil in banana systems to 2766 × 104 CFU/g soil in
sal forests. A significant difference was noted among different land uses at both soil depths
(Table 4).

3.3. Correlation Analysis

The Pearson multiple correlation method was carried out among all the soil physic-
ochemical parameters, along with their correlation with the bacteria, fungi, and actino-
mycetes count (Table 5). The soil pH showed a significant negative correlation with SOC, N,
B, and VLSOC. A non-significant but positive correlation was noted with P, K, Fe, Mn, Zn,
and bacteria, while a non-significant but negative correlation was noted with S, Cu, SMC,
fungi, and actinomycetes population for the soil pH. The SOC was significantly positively
correlated with N, Fe, Zn, SMC, and VLSOC. A non-significant but positive correlation was
noted for the SOC with bacteria, fungi, and the actinomycetes population, as well as for P,
Mn, and Cu. The available N showed a significant positive correlation with Fe, VLSOC,
and the fungi population and a non-significant positive correlation with Zn, Mn, Cu, B,
and K, with almost no correlation with other soil parameters and the microbial count.

Table 5. The correlation analysis of the physical, chemical, and biological variables of the soil.

Soil pH SOC N P K S B Fe Mn Zn Cu SMC VLSOC Bacteria Fungi

Soil pH 1.000
SOC −0.355 * 1.000

N −0.340 * 0.608 ** 1.000
P 0.095 0.013 0.064 1.000
K 0.274 −0.023 0.144 0.249 1.000
S −0.103 −0.080 0.031 0.450 ** 0.172 1.000
B −0.411 ** −0.048 0.166 0.018 −0.267 0.350 * 1.000
Fe 0.183 0.430 ** 0.317 * 0.137 0.049 −0.074 −0.006 1.000
Mn 0.184 0.271 0.167 0.100 −0.205 0.117 0.039 0.332 * 1.000
Zn 0.129 0.314 * 0.125 0.203 0.336 * 0.249 −0.094 0.484 ** 0.242 1.000
Cu −0.092 0.237 0.121 0.211 −0.435 ** 0.042 0.058 0.365 * 0.739 ** 0.021 1.000

SMC −0.093 0.407 ** −0.085 −0.032 −0.248 −0.373 * −0.227 −0.015 0.031 −0.078 0.088 1.000
VLSOC −0.344 * 0.330 * 0.376 * 0.148 0.164 0.350 * 0.371 * 0.001 −0.044 0.014 −0.117 0.016 1.000
Bacteria 0.199 0.114 −0.002 −0.021 −0.007 0.111 0.299 * 0.124 −0.044 −0.027 −0.140 0.105 0.373 * 1.000
Fungi −0.243 0.236 0.297 * −0.262 0.079 0.100 0.360 * 0.245 −0.095 0.263 −0.213 −0.397 ** 0.344 * 0.340 * 1.000

Actinomycetes −0.158 0.146 0.065 −0.470 ** 0.161 −0.173 0.086 −0.245 −0.266 0.048 −0.430 ** 0.103 0.149 0.201 0.154

* Correlation is significant at the p < 0.05 level; ** Correlation is significant at the p < 0.01 level.

The available P showed a significant positive correlation with the available S and a
significant negative correlation with the actinomycetes population count. The available
K showed a significant positive correlation with Zn, while a significant negative correla-
tion was noted with Cu. The available S showed a significant positive correlation with B
and VLSOC, while a significant negative correlation was noted with SMC. However, the
available K and S did not show any significant correlation with the microbial population
count. B showed a significant positive correlation with VLSOC, bacteria, and the fungi
population. Fe showed a significant positive correlation with Zn, Mn, and Cu and a positive
(but non-significant) correlation with the fungi population and a negative correlation with
the actinomycetes population. Mn showed a significant positive correlation with Cu and
a negative correlation with the actinomycetes population count. Cu showed a significant
negative correlation with the actinomycetes population and a non-significant but negative
correlation with fungi and the bacterial population count. The SMC showed a significant
negative correlation with fungi count. The VLSOC showed a significant positive correlation
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with the bacteria and fungi count and a non-significant positive correlation with actino-
mycetes. The bacteria and fungi population were significantly positively correlated, and the
bacteria and actinomycetes population showed a positive but non-significant correlation.
Similarly, fungi and actinomycetes were positively but non-significantly correlated.

3.4. Principal Component Analysis (PCA) of Variables

The PCA of the variables was carried out for all of the samples from the different
scenarios and soil depths in order to identify the variables causing the maximum variation
(Table 6). The results showed that six principal components (PCs) had an Eigenvalue >1.
These six PCs accounted for a total of 77.5% variation. The correlation of the variables with
the six PCs was studied (Table 7). For PC1, the highest correlation values were noted for
SOC (0.696), N (0.698), VLSOC (0.614), fungi count (0.559) and Fe (0.543). PC2 showed the
highest correlation with Cu (0.781), followed by Mn (0.692), and the actinomycetes count
(−0.634). PC3 showed the highest correlation with K (0.629), SMC (−0.612), P (0.538), and
S (0.598). PC4 showed the highest correlation with B (−0.628) and K (0.514). PC5 showed
the highest correlation with P (0.515). PC6 showed the highest correlation with the bacteria
count (0.781). The PCA biplot of the individual scenarios is shown in Figure 3.

Table 6. The principal component analysis (PCA) of the variables.

Total Variance Explained

Component

Initial Eigenvalues Extraction Sums of Squared Loadings

Total % of
Variance

Cumulative
% Total % of

Variance
Cumulative

%

1 2.986 18.660 18.660 2.986 18.660 18.660
2 2.684 16.773 35.433 2.684 16.773 35.433
3 2.153 13.458 48.891 2.153 13.458 48.891
4 1.907 11.920 60.811 1.907 11.920 60.811
5 1.401 8.757 69.568 1.401 8.757 69.568
6 1.279 7.991 77.559 1.279 7.991 77.559

Table 7. The component matrix of the variables.

Component Matrix

Component

1 2 3 4 5 6

pH −0.377 0.309 0.466 0.383 −0.344 0.384
SOC 0.696 0.122 −0.436 0.383 0.245 0.021

N 0.698 −0.049 −0.164 0.153 0.203 −0.303
P 0.209 0.374 0.538 −0.188 0.515 0.211
K 0.057 −0.240 0.629 0.514 0.288 −0.077
S 0.367 −0.056 0.598 −0.453 0.190 0.077
B 0.441 −0.332 −0.033 −0.628 −0.226 0.080
Fe 0.543 0.436 0.072 0.379 −0.320 0.016
Mn 0.363 0.692 −0.069 −0.084 −0.237 0.064
Zn 0.446 0.183 0.383 0.481 −0.076 −0.105
Cu 0.294 0.781 −0.239 −0.314 −0.109 −0.020

SMC −0.093 0.191 −0.612 0.255 0.394 0.483
VLSOC 0.614 −0.414 0.026 −0.154 0.298 0.289
Bacteria 0.292 −0.328 0.029 0.028 −0.314 0.781
Fungi 0.559 −0.480 0.075 0.070 −0.475 −0.179

Actinomycetes −0.009 −0.634 −0.283 0.341 −0.028 0.034
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Figure 3. The principal component analysis (PCA) biplot of the soil physicochemical and microbial
population count for an individual scenario.

4. Discussion

The five scenarios in the present study were different in terms of topography, slope,
texture, and land use, resulting in the variation in soil physical, chemical, and biological
properties due to the addition of different quantities (% SOC) and qualities (C:N ratio) of
organic matter (Figure 2) [38], runoff, erosion, and the redistribution of soil particles and
nutrients [39,40]. The topography also controls the soil properties by affecting vegetation,
microbial processes, weathering, and soil development [41,42]. Several studies have shown
the effect of land use and soil management practices on soil properties in different ecosys-
tems [43–45]. The soil pH and SOC varied among the five scenarios in the present research
(Table 2), but the difference was not significant (p < 0.05), indicating a greater influence
of the climate and parent materials in the variability of pH and SOC. The acidic range of
pH is due to the heavy leaching of bases from the surface soil because of the persistent
heavy rainfall in the study area. The surface soil showed the lowest pH for the cultivated
paddy system resulting from a waterlogging of soils as part of the puddling process during
rice production, as well as its location in the level slope (0 to 1%). This leads to a more
acidic soil, while the presence of lower acidic soils for other land uses is attributed to the
slope and topography that cannot not retain water or moisture for a long period of time,
leading to an increase in the pH of the soil. Similar findings have been reported for the
Eastern Himalayas [7] and for the Upper Brahmaputra Valley [18]. However, the value of
the soil pH was found to invariably increase with the depth of the soil (Figure 2) for all
the land use scenarios. This might be because the soil pH of the study area is governed
by soil organic matter, and with decreasing soil organic matter across the depth, the soil
pH increases. Within the given soil microclimate and moisture regime of the study area,
it can be argued that the soil pH is governed by the breakdown of soil organic matter
and the release of organic acids, lowering the pH of the surface soil [46]. The significant
negative correlation between pH and SOC in our study is the supporting evidence for this
phenomenon. Similar findings have been reported in the Mun River Basin of Thailand [47],
and in forest soils of the Upper Brahmaputra Valley [18]. However, contradictory findings
have also been reported by various studies, where soil pH decreases across the depth [7] in
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heavy rainfall areas, due to the leaching of the bases down the profile. The SOC was found
to be the highest in the paddy cultivated system compared to other land uses, including sal
forests and rubber plantations (Figure 2). There may be various reasons underlying this
observed trend, one of which may be the topography of the respective land uses. Due to
higher slope gradient of the sal forests and rubber plantations plantations, the runoff and
related surface soil erosion, evident from the coarser texture of the surface soils (sandy clay
loam), might have caused the loss of the SOC [48]. The VLSOC were also found to be the
highest in sal forests and rubber plantation, indicating the higher risk of the erosion of the
SOC, as observed in another study [49]. Another reason for the low value of the SOC in
sal forests might be the secondary nature of the sal plantation, which has not yet reached
the organic C buildup and stabilization stage due to young age of plantations. Similar
results have been reported by [50], where cultivated lands showed a higher value of total
C compared to secondary forests. The higher value of the SOC in paddy soils might be
due to their location in the adjacent narrow valleys of the uplands, where there is a deposit
of the eroded topsoil from the uplands and occasional flooding of the streams from the
Garo Hills of Meghalaya, adjacent to the southern part of the study area, as well as stubble
incorporation every year before transplanting. Depositional landscape positions have
been reported to accumulate SOC because of the burial of surface soils and the protection
from further decomposition [51–54]. The lower value of the active microbial populations
(bacteria, fungi, and actinomycetes) and the VLSOC in paddy soils compared to the sal
forests and rubber systems also indicate the slow rate of the decomposition of soil organic
matter, and the resultant accumulation of SOC, under the moisture-saturated conditions
of the paddy fields. Another reason for the lower values might be the application of cow
dung manure and the non-application of inorganic fertilizers. The use of cow dung in
paddy soils increased the average CO2 sequestration by 155 to 181% over that found with
the inorganic fertilization of the soils of Bangladesh, due to a positive net ecosystem carbon
balance [55]. The higher value of SOC in arecanut cultivations, compared to sal forests and
rubber plantations, might be due to the stabilization of SOC due to a lack of soil disturbance
and the level to nearly level slope gradient, making it safe from erosion of the topsoil.
However, the lower SOC values in the paddy fields might be due to a reduced addition
of organic matter, via litter fall or manuring. The low value of VLSOC compared to sal
forests, rubber plantations, and paddy fields is an indicator of a more stable form of organic
C in this scenario. The lowest value of SOC in banana systems might be due to a lack of
additional organic matter from litter, as well as the loss due to soil disturbances arising
from various intercultural operations, such as earthing up. The lowest VLSOC was also
found in banana systems, which might be due to the stabilization of organic C into more
recalcitrant forms.

The available N showed no significant difference among the different scenarios at
either of the soil depths (Tables 1 and 2), which might be due to the narrow variation in
the SOC level, evident from the very high positive correlation between SOC and available
N (Table 5). However, the scenarios with the application of urea, or cow dung, showed
a slightly higher value for available N. The available N decreased with the depth of the
sample in all the scenario, obviously due to the reception of organic matter and fertilizer in
the surface layers of the soil. Similarly, there was no significant variation of the available
P among different scenarios, but a very high value was recorded for banana systems,
which might be due to the regular application of SSP. The available P also decreased with
the depth of the soil samples for all the scenarios. The available K showed significant
differences among scenarios, with the highest value for arecanut cultivations. This might
have been the result of the interaction of the soil texture and the topography. The finer
soil texture (clay loam) of the surface soils compared to the other scenario and the reduced
moisture saturation prevented the loss of K from the soil. Despite having similar soil
textural characteristics to the arecanut scenario, paddy fields showed the lowest available
K, perhaps due to the leaching loss of K from the profile because of moisture saturation
during most of the year. The available K also showed a decreasing trend with an increase in
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the soil depth, except for in the sal forest soil, perhaps due to the finer texture of the subsoil,
as well as the deeper root system of the sal trees, which would help in the accumulation
of the K leached down from the upper layers. Similar results have been reported by [56]
for eucalyptus plantations, where the subsurface soil showed higher available K, and for
cultivated soils, the levels were reduced in the subsurface soils. Banana systems also
showed higher values (Table 1) in the surface soils compared to sal forest and rubber
plantations, possibly due to the regular application of MOP. The available K showed a very
low non-significant negative correlation with SOC and a non-significant positive correlation
with soil pH. Similar results have been reported by [57] for the relationship of the available
K with pH and SOC.

The sulphur content in all the soils was sufficient (>10 ppm) in the surface soils and
decreased with the depth of the sample. Approximately 95% of total S exits in organic matter
in the soils [58] and its variation was similar to that of SOC under different scenarios. Our
findings are in corroboration with [59]. All the soils under study were found to be deficient
in the available B, considering 0.5 ppm as the critical limit of deficiency for hot water
extractable B. The deficiency of B in the study area might be due to its low concentration
in the parent material, leaching losses, and runoff. Boron deficiency in the soils of the
north-eastern region of India were reported [60,61]. It is advisable to supplement B for the
optimum yield of agricultural and plantation crops in the studied soils. The estimated value
of Fe and Mn were very high in the surface and subsurface soils, possibly attributed to the
low pH (≤5.0) and SOC levels [17,62]. Relatively higher Zn levels in arecanut plantations
might be due to the reduced mining of Zn by arecanut crops as compared to other systems.
According to the critical limits suggested by [63] for Zn (0.6 ppm), low values for sal forest
soils on steep slopes (3–8%) might be due to loss by leaching and runoff [64]. A widespread
deficiency of Zn was reported in the soils of north-eastern India [65]. Copper values above
0.2 ppm using the DTPA extraction method are sufficient [24]. The deficiency of Cu is
usually uncommon in the soils with low pH [17]. Similar findings were also reported
by [65] and [62]. Soil moisture retention in the soils depends on the clay and organic matter
content that govern the soil structure and porosity [66]. Relatively higher SMC values
under paddy cultivation might be attributed to the finer texture (clay loam to clay) and the
high SOC content. Another reason for high SMC levels is that the use of puddling for rice
cultivation destroys the soil structure and forms an impervious layer below the plough
layer [67].

The bacteria population count was found to be significantly higher for rubber planta-
tions and forests at both the soil depths compared to other scenarios (Table 4). This may be
attributed to the availability of fresh organic matter from litter fall and optimum soil mois-
ture conditions for the proliferation of the aerobes. Studies have reported the concentration
of C to be the primary factor controlling the bacterial communities [68–70]. In this study, the
VLSOC appears to be controlling the higher bacterial count, as evident from the significant
positive correlation (0.373). The SOC also showed a positive correlation with the bacteria
count, but was insignificant at p < 0.05. The paddy growing soils, despite having high SOC,
showed a lower population count of bacteria, which might be due to the wet condition of
the soil during most of the year. As per the study by [71], bacteria are deprived of substrate
under continuously moist conditions due to the utilization of the labile C sources. This
condition is evident from the lower value of the VLSOC in the paddy soils compared to
rubber plantations and sal forest systems. Excess water in the soil environment is also
unfavorable to aerobic bacteria [72]. The population count method used for the study is
particularly sensitive to the active aerobes and facultative anaerobes in the soils, which
might be another reason for the lower population count. The lowest value for banana
systems can be contributed to the absence of any fresh surface residue and a very low
value of VLSOC. The fungal population count also showed significant variations among
the scenarios for the surface soil layer but no significant variation for the subsurface soil.
The difference in the fungal population in the rubber, arecanut and sal forest scenarios were
higher between the surface and subsurface layers, while for paddy and banana systems,
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it was almost constant. This might be because fungi are more important decomposers of
surface residues under non-tilled soils [73,74] where the residues are not incorporated into
the soil, while they are less important in the decomposition of incorporated residues [75].
However, the fungal population decreased across the depth for all scenarios, possibly due
to the higher value of SOC and VLSOC in the surface layer compared to the subsurface.
Similar results have been reported by [76]. The increase in soil moisture content at increased
depths may also be another factor, resulting in the reduced fungal and bacterial population
levels at increased depths. Excessive soil moisture has been reported to lower the biomass
of microorganisms [77,78], due to the formation of anoxic conditions that are unfavorable
to aerobic bacteria and mycorrhizal fungi [77]. The actinomycetes population count varied
significantly among the scenarios for both the surface and subsurface soils. The population
count decreased across the depth for the paddy, banana, and arecanut scenarios, while for
rubber plantations and sal forests, it showed an increase across the depth. In the present
study, the actinomycetes population did not show any significant correlation with pH, SOC,
VLSOC, or SMC, indicating that soil type might be the most important factor governing the
actinomycetes count in the study area. For example, paddy, arecanut, and banana systems
belong to similar topographical locations and showed similar trends in variation, while sal
forests and rubber plantations, possessing similar topographical condition, showed similar
trends in variation. As per reports, the soils of the older alluvial plains of the Brahmaputra
Valley are considered inceptisols, whereas the soils of the uplands and hills cultivated
with rubber plantations and forests are characterized as alfisols and ultisols [79] A study
by [80] showed that the actinomycetes population is significantly affected by the soil type.
The acidic range of the soil pH in the study area is also an indicator of the presence of
acidophilic actinomycetes species, and neutro-tolerant acidophilic species show optimum
growth between pH 5.0 and 5.55 [81], while typical acidophiles show optimum growth at
pH 4 [82]. However, to confirm the species of actinomycetes in a particular scenario, further
research must be done to reach any certain conclusions. The actinomycetes population
showed a significant negative correlation with the available P. Actinomycetes are reported
to be dominant degraders of organic phosphorus forms leading to solubilization [83].
Under lower soil available P, there is a possibility that actinomycetes exhibit more rapid
growth to mineralize the organic P [83]. Moreover, tree-based perennial systems tend to
promote the growth of actinomycetes when compared to cultivated soils.

The PCA biplot of the individual scenarios (Figure 3) revealed that a change in the
scenario also changed the characterization capacity of the soil parameters. For sal forests
and rubber plantations, actinomycetes, fungi, and VLSOC were the highest contributors
to variability. For banana systems, the variable parameters were for Mn, Cu, and soil pH,
whereas for paddy fields, the variables were Cu, Mn, Fe, and SOC. For arecanut cultivations,
actinomycetes, fungi, VLSOC, N, and soil pH were major the contributing variables. However,
considering the cumulative loadings and the correlation matrix of the variables and the PCs,
the variables found to be the deciding parameters for the soil quality of the study area, evident
from their high correlation values in the six PCs (showing Eigenvalue > 1) were SOC, VLSOC,
Cu, K, B, P, and the bacteria count. The population of fungi and actinomycetes also proved to
be significant variables contributing to the soil quality.

5. Conclusions

Our study revealed that land use, topography, and management practices collectively
cause significant variation in the physical and chemical properties, as well as the microbial
population count, in the soil. The perennial land use systems of arecanut, forest and
rubber cultivation were shown to support a higher microbial population. Among the
soil physicochemical properties, VLSOC was found to be the major factor affecting the
bacterial and fungal abundance in soils. SMC was found to be an important factor for
fungal population. The actinomycetes population was found to significantly affected by
soil type, acting as important drivers for the P availability for plants. Paddy cultivation on
a depositional surface under monocropping with stubble incorporation was found to be
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suitable for maintaining a high SOC level. Forest and rubber systems, despite being located
on erosional surfaces, could maintain a high SOC level, the highest VLSOC, and a higher
population of microorganisms, depicting the restoration of these variable through the litter
layer. The lower SOC, VLSOC, and microbial population count in the older alluvial plains
under banana crop land use suggests the inclusion of organic matter as part of a nutrient
management system. The study also revealed that soil micronutrients are important soil
quality parameters in all the scenarios, and these cannot be ignored in maintaining the
health and sustainability of the soil. The soil system under natural environment is very
much heterogenous and maintaining its viability requires the understanding of soil as a
complex system of interactions between topography, land use, management, soil depth,
and soil properties. Additional research should concentrate on the large-scale investigation
and classification of the soil in this area for the speciation of microorganisms and the
determination of different pools of organic carbon. Further researches in this study area
should also focus on monitoring the temporal changes in the soil physicochemical and
biological properties to confirm the long-term effects of soil management practices.
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