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ABSTRACT
Plantations are important in reducing logging on natural forests, carbon sequestration and restoration of degraded
lands. Soil organic carbon is an important indicator of soil fertility, quality and productivity. A study was conducted
in various plantations to assess the soil organic carbon status along with other soil parameters in Mizoram. The
SOC stock was found to decrease with the soil depth except in oil palm plantation. The other soil parameters
were also seen to decrease along with the soil profile. Teak was found to have the highest SOC stock at 39.03±5.3
Mg C ha-1 while areca nut plantation has the lowest at 28.91±0.67 Mg C ha-1. Proper management of land use can
be beneficial for both economy as well as carbon storage in a more sustainable way.
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INTRODUCTION

Tropical forests can either act as a sink or source for
carbon and they play a key factor in the modification
of atmospheric carbon (Wei et al. 2013). They are
converted into other land use types such as plantation
or croplands through human activities. Since these
anthropogenic activities changes the properties of
soil and its processes have a detrimental impact on
soil carbon storage (Fan et al. 2016, Iqbal and Tiwari
2016). Cultivated soils lost 21-36% of total organic
carbon when compared to an uncultivated soil in
northern India (Benbi et al. 2015) which was found
to be lesser than the values (30-60%) reported from
various agro-climatic regions of India (Lal 2004).
The conversion of natural forests to croplands leads
to disruption of soil structure which leads to SOC
loss (Golchin and Asgari 2008). The largest carbon
sink on earth is soil and it stores ~1.5x103 Pg (1 Pg =
1015g) of Carbon up to a depth of 1 m. This is two
and three folds higer than the atmosphere and total
vegetation, respectively (Jobbágy and Jackson 2000,
Batjes 2014, Scharlemann et al. 2014, Lal 2016,
Vicente-Vicente et al. 2016). They contribute to GHG
emissions as a part of the carbon stored in soil is lost
as carbon dioxide (CO

2
) and methane to the

atmosphere. Part of the GHG emissions can be
mitigated by enhancement of soil organic carbon
(SOC) sequestration throught agricultural and
monoculture management practices (Yang et al.
2020). Introduction of tree crops in forestry and

agroforestry systems showed a significantly higher
potential for sequestration at longer time when
compared with normal agricultural crops (Soto-Pinto
et al. 2010).

Soil organic carbon (SOC) is influenced by
numerous factors such as the land use, type of soil
and climate (Lawrence et al. 2015, Hoyle et al. 2016).
The quality of soil is related to the physical, chemical
as well as biological attributes of soil and is
influenced by management practices (Yang et al.
2020). It is broadly well known that the amount of
SOC is lower in sub-surface layers than the suface
and greater in fine-textured soil than medium or
coarse textured soils (Jian et al. 2020). Additionally,
the quantity of SOC typically increases with increase
in annual precipitation because more water is
available for plant growth and a decrease in soil
temperature as there is decrease in reduction in
decomposition of organic matter (Hoyle et al. 2016).
SOC can differ spatially and temporally due to the
climate, flora and fauna, topography and lithological
factors which influence the loss and gain of the
carbon in soil. An important indicator of soil fertility,
productivity, quality and decline is SOC since it
negatively impacts land productiveness (van der Werf
et al. 2010). In the recent years, there is a notable
decline in soil productivity and loss of SOC stock
which are crucial for many vital ecosystem services
(Bai et al. 2008).

Major conversion in land use is happening in
Northeast India, where the natural forest in converted
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for shifting cultivation. About 85% of such
conversions are due to shifting cultivation in
Northeast India (Singh et al. 2018), since it involves
slashing and burning of natural forest, it will have a
pernicious impact on soil organic carbon stock and
soil health (Sahoo et al. 2019). Conversion of jhum
lands to other sustainable land uses like plantation
and agroforestry have potential to ameleorate this
degradation. The changes in soil and vegetation
influenced the rate of carbon build-up or loss in soil
(Poeplau and Don 2013). Plantations account for 5%
of global forest cover (Anonymous 2010) and are
established at an accelerating rate throughout the
world. There is an increasing need of conservation
of plantations to reduce logging on natural forests,
carbon sequestration and restoration of degraded land
(Kelty 2006). Plantations such as rubber trees on
degraded fallow lands have shown to supply large
amount of carbon sink (Brahma et al. 2017). Globally
as well as locally, many studies have suggested that
SOC stock increases especially with the maturity of
the stands (Choudhary et al. 2016, Brahma et al.

2017, Nath et al. 2018). This will not only be
sustainable but economical as it will still provide
livelihood for the farmers involved in shifting
cultivation. Assessment of the overall SOC storage
can provide information needed for climate change
mitigation and adaptation in monoculture plantation.
The present study attempts to better understanding
of SOC in different plantation, through estimation
of the SOC stock and other selected soil properties
as well as their inter-relationships.

STUDY AREA

The present study was carried out in selected
plantations and are spread out in Sakawtuichhun
(23.76° N Latitude and 92.67° E Longitude) and PTC
Lungverh (23.92° N Latitude and 92.60° E
Longitude). The plantations selected were rubber, oil
palm, teak and areca nut based monocultures. The
age of the plantations was 16 years and has been
well maintained for a certain period of time.

Figure 1. Study site, Mizoram, Northeast India
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Figure 2.  General view of a. Rubber plantation, b. Oil palm plantation, c. Teak plantation and d. Areca nut
plantation
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METHODS

Soil sampling
Soil sampling was done in December 2020 from each
plantation. In each plantation, four quadrats (30 x
30 m) were laid and in each quadrat, soil was
collected using an soil sampler having 5 cm diameter
at the depths of 0-20 and 20-40 cm. Sampling was
done at least 1 m distance away from the trees.
Undisturbed soil core samples were used for bulk
density analysis using standard methods. The soil
samples were air dried and passed through a 2 mm
sieve, stored for analyzing the physicochemical
properties. Soil pH was measured using soil-water
suspension at the ratio of 1:2 using a digital pH meter.
Soil moisture content was estimated by drying 10 g
of fresh soil at 105°C for 24 hrs. Bulk density was
measured using corer method where undisturbed soil
cores were collected and were taken to the laboratory
to be kept in the oven at 105°C for 72 hrs or till the
constant weight achieved.

Bulk density (Mg m-3) = (Fresh weight - Dry weight)/
                                            Volume of Corer

Soil organic carbon was determined by Walkley-
Black rapid titration method and the SOC stock was
determined by considering SOC concentration, bulk
density (corrected for coarse fraction) and soil depth.

SOC stock (Mg ha-1) = (SOC%*corrected BD*T*104)/100

Total Carbon of soil was measured by Vario TOC
Analyzer (IR type analyzer). Available nitrogen was
determined by Subbiah and Asija (1956)
method.Calcium and Magnesium was estimated
using ammonium acetate extracts of soils by EDTA
Titrimetry method. Ammonium acetate method
(Hanway and Heidel 1952) using Flame photometer
was used for estimating exchangeble potassium
present in the soil.

Statistical analysis
Analysis of data was performed using Microsoft
Excel 2016 and SPSS (IBM SPSS Statistics 25). One-
way and two-way ANOVA was performed between
the different plantation and soil depth along with the
various soil parameters. Test of significance was
performed using Tukey’s HSD with p<0.05, where
p value greater than 0.05 were rejected. SPSS was
used for estimating Pearson’s correlation between

the soil depth and other soil parameters.

RESULTS

Variations in soil physico-chemical characteristics
The physico-chemical properties of the soil in the
four different plantations are presented in Table 1.
There was no significant relationship between type
of plantation and physico-chemical properties at the
two soil depths except for soil organic carbon (SOC)
stock. In the four plantations studied, significant
(p<0.005) variation was observed in the soil
properties (Table 2).  The pH of all plantations
showed a similar pattern since there is an increase
with the depth of the soil (Table 1). Significant
variation was present between the pH of areca nut
plantation with rubber and teak plantation. The value
of pH ranges from 4.79 to 5.46 in 0-20 cm soil depth
and 4.93 to 5.64 in 20-40 cm soil depth. Soil moisture
content increased with depth and was significantly
(p<0.005) different among the plantations (Table 2).
It was lowest in teak plantation (15.77 % ± 1.78
and15.89 % ± 1.78, respectively). Soil moisture
content also increased with the depth of the soil. Bulk
density varied from 0.88 to 1.17 g cm-3 in 0-20 cm
and 1.01 to 1.34 g cm-3 in 20-40 cm soil depths. It
was lowest in oil palm plantation and a significantly
(p<0.005) varied with rubber and teak plantations.
Bulk density increased with the depth of the soil
(Table 3).

SOC concentration was in the range of 1.17 to
1.92% while the SOC stock varied between 23.04
and 49.09 Mg C ha-1 among the plantations.
Furthermore, areca nut plantation was significantly
differed with rubber and teak plantation in its SOC
stock content. All the plantations, except oil palm
plantation, showed a decrease in SOC concentration
and SOC stock with the increase in soil depth. While
total carbon content differed significantly between
rubber plantation and areca nut plantation, potassium
and magnesium content showed differences between
rubber and teak plantations (Table 2). All the
plantations showed lower total carbon (TC) with the
increase in soil depth. Available nitrogen was highest
(435.12 kg ha-1 in 0-20 cm and 424.63 kg ha-1 in 20-
40 cm depth) in rubber plantation. Plantations did
not show any significant differences in their SOC
concentration (%), available nitrogen and calcium
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contents. All the plantations showed a decline in their
potassium, magnesium and calcium concentrations
with the soil depth and a negative relationship was
observed between these soil properties and the depth
of the soil (Table 3).

Variation in SOC concentration and SOC stock
Plantation type and their interaction with soil greatly
influenced the soil properties as well as their SOC
content in the soil (Fig. 3). Bulk density of the
plantations showed a specific trend of increase with
the depth of the soil (Fig. 4) and there is a positive
correlation between the bulk density and the depth
of the soil. Bulk density of the oil palm plantation
showed significant variation with rubber and teak
plantations. However, SOC concentration and SOC
stock in the plantations did not indicate any particular
trend with the depth of the soil (Fig. 3). The SOC
stock showed a significant variation (p<0.05) among
the plantations except oil palm plantation (Fig. 5).

Relationship between various soil parameters
The correlation matrix between the soil depth with
soil properties (Table 3) indicates a significant
positive relationship with the bulk density (p<0.05)
and negative relationship with the total carbon,
available nitrogen and calcium (p<0.01), potassium
and magnesium (p<0.05).  SOC Stock have a positive
relationship with bulk density and SOC concentration
(p<0.01) and negative correlation with calcium.

DISCUSSION

Variations in soil physico-chemical characteristics
Soil physical and chemical properties are governed
by various factors and the results of the present study
revealed that these properties have significant
differences among the studied plantations. pH has
an important role between soil and plants since it
controls the biochemical process in the soil. This in
turn influenced the soil’s fertility. In the present study
soil pH was slightly acidic and increased with the
soil depth in all the plantations. This was in contrast
to other studies on monoculture and agricultural land
use (Sharma et al. 2000, Yang, et al. 2020) where
the decrease in soil pH with depth were due to the
decrease in concentration of exchangeable ions as
well as application of lime in the fields to increase
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Figure 5. Sum of SOC Stock (mean + SE) of selected
plantations Similar alphabet (a) show significance
@ p<0.005.

Figure 3. Soil Organic Carbon (SOC) stock and concentration of different plantations

Figure 4. Soil bulk density (mean + SE) in plantations
Similar alphabet show significance @ p<0.005.

the soil pH. However, in our study, we found no
correlation between the soil pH and the nutrients
although the depth of the soil has a negative
relationship with the micronutrients.

Soil nutrient content (available nitrogen,
potassium, magnesium and calcium) decreased with
the increasing soil depth in all the monoculture
plantations. It could be due to decrease in organic
matter content with increasing soil depth (Chima et
al. 2014).  The concentration of available nitrogen
was influenced by organic matter and the decrease
in concentration of available nitrogen with increasing
soil depth could be due to reduced SOM (Chima et
al. 2014). The decline of carbon and nitrogen content
could be due to the lowering of net primary
production, litter and fine root biomass in the
plantations (Liao et al. 2012). The increase in soil
pH could be due to the alteration in litter quality,
root exudates and the trees increased their uptake of
cations (Gunina et al. 2017). Another factor could
be the presence of organic matter in soil and other
elements present in the plantation soil (Kulkarni
1951). The aggregation and decomposition of organic
matter is the main cause for soil acidification. Humic
substances are produced by the decomposition of
plant residues in soils and they release hydrogen ions
which are pH dependent (Sparks et al. 2023). Soil
pH can also be influenced by low moisture content
since there could be insufficient soil moisture for
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limestone present in the soil to react (Camberato
2022).

Moisture content showed a significant increase
with soil depth in all the plantations. Harianti et al.
(2021) reported that in monoculture plantations, the
moisture content is lower in the upper layer of the
soil and is most likely to be incluenced by the soil
organic matter and soil texture. Soil moisture content
was highest in rubber plantation (nearly 30%) and
lowest in teak plantation (almost 16%). The thick
litter layer on the floor of the plantation and the shade
provided by the mature rubber trees may retain the
moisture in the soil (Wang et al. 2011, Das et al.
2021), thus, the high moisture content in rubber
plantation. Teak is vulnerable to poor drainage
conditions and it restricts the development of roots
as well as has an impact on the growth of the trees
(Choudhari et al. 2018), hence the low moisture
content in soil compared to other plantations. There
is a direct correlation between the growth of teak
and other soil parameters such as pH, calcium,
magnesium but not with soil organic matter content
(Choudhari et al. 2018). Soil bulk density is an
indicator of the compactness of the soil and it helps
in determining the infiltration, soil water porosity,
available water capacity, soil microorganism activity,
root proliferation and nutrient availabilty (Indoria et
al. 2020). The bulk density increasead with the soil
depth in all the plantations studied. Oil palm
plantation in the present study shows a lower bulk
density which was also reported by Shrivastava et
al. (2021). Das et al. (2021) reported the bulk density
of rubber decreased till 5-20 years and gradually
increased with the age of the rubber plantation.
However, our results are in contrast to the studies of
Yasin et al. (2014) and Choudhary et al. (2016) which
reported decrease in bulk density of soil in rubber
plantations with depth. The decrease in bulk density
could be due to destruction of soil structure by land
preparation. One of the main reasons for decrease in
soil nutrients and variation in micororganism’s
diversity in rubber plantation is extraction of latex
from the trees and weed control measures used in
these plantations (Sungthongwises and Taweekij
2019).

SOC stock increased with depth in all the
plantations studied except rubber plantation. Singh
et al. (2018) observed that the SOC concentration of

oil plam plantation gradually decreased during the
initial years of planting and increased after they bear
fruits. The increase in SOC stock of oil plam
plantation may be the result of application of
fertilzers and other management paractices. The
decrease in SOC stock in plantations could be due
to the differences in the annual leaf litter
decomposition on the plantation floor, which may
have assisted in build-up organic matter (Das et al.
2021).

Variation in SOC concentration and SOC stock
In our study, we found that all the plantations except
oil palm have a significant variation in the SOC stock,
but there was no particular trend. Bulk density is
negatively correlated with organic carbon, hence the
increase in bulk density with soil depth and the
decrease in SOC in all the plantations, except in oil
palm, can be justified. The bulk density tends to
increase with the increase in soil depth which is due
to the compaction of the soil and the presence of
organic carbon or organic matter in soil can make
the soil porous and loose (Yihenew and Getachew
2013). Due to the presence of more organic matter
from trees, SOC tend to decrease with the soil depth
since the top soil contain the maximum amount of
SOC. The trees regularly add litter in the upper layer
of the soil and accelerate the root turnover, this
enchanced the SOC by positive priming (Wu et al.
1993). This was also reported by Soleimani et al.
(2019) and Lepcha and Devi (2020), thus the
decrease in SOC of our study can be justified. In
plantation and agriculture, there can be lower SOC
content due to lack of input of organic matter and
many soil disturbances, thus resulting in high carbon
mineralization (Singh et al. 2018). SOC content can
also be reduced due to biomass removal during
harvesting and regular tillage ends up breaking the
soil macro aggregates (Schroeder 1994).

The loss of SOC in the soil layers of rubber
plantation may have been due to vegetation cover
loss (Brahma et al. 2017). Choudhary et al. (2016)
and Das et al. (2021) observed that the age of rubber
plantations may have a role in their SOC content.
They found that SOC stock in younger rubber
plantations (5-15 years) have lower SOC stock
compared to those over 15 years of age. The lower
canopy density of younger rubber plantations could
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lead to vulnerability of soil surface to sunlight, thus
leading to loss of SOC on the upper layers. Usuga et
al. (2010) reported that SOC of teak plantations tend
to decrease gradually with increase of soil depth,
which is an indicator that penetration of organic
carbon is slow in the soil. A study from Myanmar
(Suzuki et al. 2007) also showed a similar trend in
teak plantations. The decrease in SOC stock can be
caused by poor leaching of nutrients and lesser intake
of the trees for their growth. Singh et al. (2018) also
showed that in areca plantation SOC decreased with
the soil depth. It may be due to input of higher organic
matter and increase of microbial activities in the
upper layer of the soil (Van Noordwijk et al. 1996).
In our study, only oil palm showed a positive
corelation between the bulk density and SOC
concentration along with SOC stock as both increase
with depth. Rahman et al. (2018) also reported a
similar pattern where SOC stocks were lower in the
top soil of the oil palm plantations in Malyasia. This
could be the result of increase rate in mineralisation
accompanied by disturbance of soil due to clearing
of land, repeated removal of crop residues and soil
erosion (Nair et al. 2011). The shallow root system
of the oil palm and the density of soil during the
establisment period of the plantations caused a
hindrance to transportation of soil organic matter into
further layers of the soil (Kukal and Bawa 2014).

Relationship between various soil parameters
In our study, the relationship between the various
soil parameters and soil depth showed that there is a
positive relationship between the soil depth and bulk
density, while total carbon, available nitrogen,
potassium, magnesium and calcium showed a
negative relationship. Thus, bulk density increased
with the depth of the soil while the other parameters
decreased. Choudhari et al. (2018) observed a direct
relation between growth of the trees and the soil
parameters (pH, calcium, magnesium) but not with
soil organic matter. This align with our study which
shows only a positive correlation between bulk
density and SOC stock. Chima et al. (2014)
concludes that the decrease in micronutrients and
available nitrogen is due to the decrease in organic
carbon as also seen in the present study. Liao et al.
(2012) concluded that the contents of carbon and
nitrogen may decline because of lower net primary

productivity, litter and fine root biomass in the
plantations. Md. Abdullah et al. (2017) reported a
negative relationship between the soil depth and
nitrogen present in the soil in monoculture
plantations. They also reported that potassium is
negatively corelated with the soil depth which was
also reported by Vadivelu et al. (1993).

CONCLUSION

The present study showed the type of plantation and
its relationship with soil is heavily influenced with
soil properties. The SOC stock (with the exception
of oil palm) has an negative correlation with bulk
density. There were variations within the plantations
with the different soil properties. There was a
significant variation between the bulk density of the
oil palm plantation with rubber and teak plantations.
The soil nutrients exhibited negative relationship
with the soil depth and were seen to decrease with
depth. This was similar to the SOC trend since the
presence of organic matter decreases with the soil
depth. The SOC concentration and SOC stock
diminished with the soil depth and thus may have
negative effects on the soil health such as its quality,
long-term productivity of the soil and the carbon
balance on a global scale. However, the SOC stocks
were not low when compared to other studies and
were in a good range, thus, although the SOC stock
may decrease with depth, it does not mean that the
value of SOC in the plantations under current study
were low. Increased addiction of litter through plant
residues may help in maintaining the SOC stock in
these plantations and improved management
practices can be further adapted to aid with SOC
stock. The findings of the study will aid in better
understanding of monoculture plantation and their
potential to store SOC in their soil.
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