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Abstract: In recent decades, carbon (C) management is an important point on the agenda to identify
the best viable mitigation strategies for its reduction. The study was conducted at Jaldapara National
Park located in the Eastern Himalayan region of India. The study quantified litter production,
decomposition, periodic nutrient release, soil fertility status, and soil organic carbon (SOC) of five
major forest stands i.e., Tectona grandis (TGDS), Shorea robusta (SRDS), Michelia champaca (MCDS),
Lagerstroemia parviflora (LPDS) and miscellaneous stand (MS). A stratified random nested quadrate
method was adopted for sample collection. Results reveal that the greatest amount of litter production
and decomposition was under MCDS followed by MS, LPDS, SRDS, and the smallest under TGDS.
The material annual turnover through litter decomposition in all the stands varies between 96.46%
and 99.34%. The content and amount of the available nutrients in litter varied significantly among
the stands. Moreover, release of these nutrients was nearly equal to the amount available in the
initial litter mass. In general, the magnitude of the total nutrient return was in the same order as the
total litter fall and the nutrient availability was more closely related to litter nutrient content and soil
organic carbon. The range of pH (4.86–5.16), EC (0.34–0.50), soil moisture (27.01–31.03) and available
primary nutrients (N: (0.21–0.26 Mg/ha), P: (0.09–0.12 Mg/ha), K: (0.13–0.14 Mg/ha)) also varied
significantly among the stands. Significant positive correlations were observed between SOC, N and
K. Both the fertility indices exhibited no definite pattern in the stands but a significant correlation
between the two indicates the healthy soil fertility status of the stands. SOC varies significantly
under different forest stands, but the greatest content was found under MS. The estimated SOC
ranges between 75.9 and 107.7 Mg ha−1 up to 60 cm and is reported to be below the Indian average
of 182.94 Mg ha−1. The present study strongly recommends that Tectona grandis, Shorea robusta,
Michelia champaca, and Lagerstroemia parviflora should be the important commercial timbers of the
Eastern Himalayan region because they may help further to increase the C sink in agricultural and
degraded landscapes.
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1. Introduction

Carbon management through enhancing carbon uptake and storage by plants and
forests is now globally recognized as a vital strategy to mitigate climate change [1,2].
Assessing carbon sequestration of forest stands will help in prioritizing the tree species-
specific land use practices to ensure sustainability and share carbon credits [1,3]. Soil
and vegetation have a complex interrelationship. Forest productivity is a function of the
factors of the site quality, including the growth behavior of the inhabitant species. Thus,
it is necessary to study the relationship between soil nutrients and biomass production
and the interrelationship of woody vegetation density with soil characteristics. Forests
normally have higher soil organic matter (SOM) due to the continuous and large amount
of litter which primarily influences the net primary productivity [4]. Moreover, organic
matter (OM) is vital for the forest ecosystem; it influences the carbon dynamics and further
changes the regional and/or global carbon budgets. Therefore, it is worth quantifying the
carbon in forest soil in addition to litter production and soil fertility status (i.e., soil fertility
index and soil evaluation factor). Quantification of soil organic carbon (SOC) pools on the
national, regional, and global scale is necessary to analyze the role of soils in the global
carbon cycle, along with biological responses to climatic dynamics [3].

The carbon sequestration potential of different forest-based land uses in India was
estimated through quantification of litter fall, biomass, and carbon stock in biomass, but
their SOC pool is yet to be estimated properly as most of the attempts were based on
an indirect estimation of bulk density along with a limited understanding of structural
and functional relationships of forests [5–7]. Consequently, prioritizing Indian forests and
their underlying soils based on the carbon sequestration potential is still a challenging
task for researchers. Studies on the floristic and quantitative aspect of the forest and its
litter dynamics have been reported by many works in the past [8–11], but little attention
has been given to nutrient status and the standing stock of forest biomass. Due to rapid
changes in the climate, CO2 enrichment needs advanced mitigating strategies to maintain
a sustainable environment. The main focus of the present study is to understand both the
nutrient status and the total carbon stock in different stands of the forest in the Eastern
Himalayas of India. The present study will be of great help in understanding the carbon
dynamics in the Himalaya region, so that advanced mitigation steps may be taken to
safeguard the future climate.

2. Materials and Methods
2.1. Site Description and Stand Structure

The study was conducted at Jaldapara National Park (JNP) in the foothills of the
Eastern Himalayas in the Terai region of West Bengal, India along the bank of the Torsa
River (Scheme 1). The National Park is one of the largest habitats of great Indian one-horned
Rhinoceros (Rhinoceros unicornis L.) in India.

The GPS (Germin-72) coordinates of the study site recorded were in between 25◦58′ N
and 27◦45′ N latitude and 89◦08′ E and 89◦55′ E longitude, at an elevation of 47 m above
mean sea level (m.a.s.l). The study area falls under the Moist Tropical Zone (Anon., 2001),
where annual rainfall is about 2600 mm and the relative humidity varies between 46% and
94%. The highest summer and the lowest winter temperatures recorded during the study
period were 36 ◦C (April-May) and 6 ◦C (February), respectively (Figure 1). The soil of the
region is generally acidic, with a high amount of organic carbon and medium available of
nitrogen, phosphorus, and potassium [12].
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Figure 1. Rainfall, temperature and relative humidity of the study area.

Forest stands were classified based on their composition of dominant tree species as
pure stand (≥75% of the tree population is single species); single species dominant stand
(i.e., 50–75% are single species); mixed stand (25–50% are single species) and miscellaneous
stand with <25% of stand species comprising single species [1,2]. Based on this classification,
five types of stands were classified, of which four were of single species dominant and
one was of a miscellaneous stand (MS). The four single species dominant stands were
Tectona grandis (TGDS), Shorea robusta (SRDS), Michelia champaca (MCDS), and Lagerstroemia
parviflora (LPDS).
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In the entire five stands, a total of 50 sampling plots (quadrats) were marked. In
each stand, 10 quadrats were selected with the help of stratified random nested quadrate
sampling methods for soil and litter sampling. In each sampling plot (quadrats), three
different soil depths, i.e., 0–20, 20–40, and 40–60 cm, were taken to collect soil samples.
Collected samples were further processed, i.e., oven dried (at 80 ◦C till constant weight),
grinded and sieved (through 2 mm pore), and were stored in cloth bags for analysis.
Litter samples were also collected once from three different quadrats (each of 1 m × 1 m
size) placed diagonally in each quadrat. The entire marked spot in each quadrate was
cleared and swept of all the deposited debris/litter. The collected debris was air-dried in
the shade and then weighed to quantify the litter production in mega grams per hectare
(Mg ha−1) for each stand separately. After weighing, some of the dried litters collected
were also grounded separately from each quadrate for further analysis. Moreover, nine
meshed (mesh diameter 2 mm) nylon bags (size 15 cm × 15 cm) were filled with 25 g dried
grounded litter and then buried on the forest floor of each quadrate (three each in three
separate spots of every quadrate from which litter was collected) for decomposition. One
bag from each three spots of every quadrate was retrieved after every three months. The
decomposed litters were air-dried in shade at the laboratory and ground for analysis every
time they were collected [13]. Soil moisture, electrical conductivity and pH were estimated
through the volumetric method, with a Solubridge conductivity meter and Beckman’s
pH meter [14]. Available soil organic carbon, nitrogen, phosphorus and potassium were
estimated following Walkley and Black’s rapid titration method, modified Kjeldahl method,
and Brays method, respectively [14,15].

2.2. Computation of Indices

Soil fertility was quantified with the help of soil fertility index SFI [16] and soil
evaluation factor, SEF [17]. The following equations were used:

SFI = pH + organic matter content (%) + available P + exchangeable K (ceq kg−1, dry soil)
+ exch. Ca (ceq kg−1, dry soil) + exch. Mg (ceq kg−1, dry soil) − exch. Al (ceq kg−1, dry soil)

(1)

SEF = [exch. K + exch. Ca + exch. Mg − log (1 + exch. Al)] × organic matter content + 5 (2)

Exchangeable cations, i.e., calcium (Ca), potassium (K), and magnesium (Mg) were
extracted with ammonium acetate (1 M at pH 7.0). Potassium content was estimated
through flame photometry, while Ca and Mg were estimated through ethylene diamine
tetraacetic acid (EDTA) titration. Exchangeable Al was estimated using 1 N potassium
chloride (I N)) solution titrated with sodium hydroxide (0.1 N) solution.

2.3. Soil Organic Carbon (SOC) Stock

SOC stock for a given soil depth was quantified in mega grams per ha−1 (Mg ha−1) as
a product of soil organic carbon content, bulk density and soil depth [18].

2.4. Statistical Analysis

Analytical statistical methods like regression, correlation, and one-way ANOVA were
used for data analysis using SPSS version 17 (VSN International, Oxford, UK).

3. Results and Discussion
3.1. Litter Production and Decomposition

The litter production, its subsequent rate of decomposition and leftover litter quantity
in three months intervals over the yearly period of all five stands are given in Table 1. It non-
significantly varied among the stands initially, throughout the year during decomposition
and the end of the year also.
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Table 1. Litter production and its progressive decomposition rate in different stands.

Stand ILM

Decomposition
(of Total Litter %)

Litter Decomposed
(Mg ha−1/3 Months) TD

Mar Jun Sept Dec Mar Jun Sept Dec

LPDS 13.2a 39.5 67.6 93.9 99.3 5.2ab 3.7a 3.5a 0.7b 13.1a
MCDS 13.9a 43.1 72.2 88.3 96.5 6.0a 4.0a 2.3b 1.1a 13.4a
SRDS 10.6b 40.3 69.9 90.3 98.5 4.3c 3.1c 2.2b 0.8b 10.4b
TGDS 8.90c 37.0 71.1 93.1 98.8 3.3d 3.0c 2.0b 0.5c 8.8c

MS 13.4a 41.6 68.0 91.4 98.2 5.6a 3.5ab 3.2a 0.9b 13.2a
SEm 0.13 0.11 0.12 0.02 0.06 0.09 0.07 0.05 0.05 0.08
SEd 0.18 0.15 0.16 0.02 0.09 0.12 0.10 0.07 0.07 0.11

P = 0.05 0.40 0.33 0.36 0.05 0.19 0.27 0.23 0.16 0.16 0.24

Where TGDS: Tectona grandis, SRDS: Shorea robusta, MCDS: Michelia champaca, LPDS: Lagerstroemia parviflora and MS: miscellaneous stand;
ILM: initial litter mass in Mg ha−1; TD: total decomposition in Mg ha−1.

The maximum amount of litter was produced by MCDS (13.9 Mg ha−1) followed
by MS (13.4 Mg ha−1), LPDS (13.2 Mg ha−1), SRDS (10.6 Mg ha−1), and minimum by
TGDS (8.9 Mg ha−1). A comparable amount of annual litter fall of 4.33–8.39 Mg ha−1 was
also reported from various stands in a forest [1]. Primary productivity of the stands can
be indicated by its amount of litter production because of nutrient cycling nutrients and
OM is returned to the system [10,19,20]. Litter production also indicates the productivity
of the stands, i.e., higher the litter production, the higher the productivity because on
decomposition it releases energy and nutrients [21], primarily nitrogen [22]. Litter is thus
a crucial link providing an interrelationship of plant communities and their productivity
with the forest ecosystem processes [23] as it is the primary source of OM for soils in
forests [24].

The release of nutrients after decomposition of litter in all the stands was highest
during the first trimester (5.2, 3.3, 6.0, 4.3, and 5.6 Mg ha−1) and then progressively
decreased throughout the year. The minimum return in all the stands was during the last
trimester (0.7, 0.5, 1.1, 0.8 and 0.9 Mg ha−1). Litter decomposition is generally influenced
by the decomposer community, tree species attributes like foliage properties and chemical
composition of litter (e.g., nutrients, nature of element and lignin content) along with
its geographical location, i.e., like soil properties and climate [25–29] and management
practices followed [30]. The rate of litter decomposition in terms of trimester intervals
in all the stands was highest during first trimester (1.1–2.0 Mg ha−1 month−1), which
then gradually decreased throughout the year of the second trimester with the rate of
1.0–1.33 Mg ha−1 month−1, third trimester rate of 0.67–1.17 Mg ha−1 month−1 and the
lowest decomposition rate during the last trimester with 0.17–0.37 Mg ha−1 month−1.
During the initial period of decomposition, the soft and tender parts of the litter material
decomposed quickly, leaving the hard wood materials, which decomposed slowly, lowering
the rate of decomposition [31]. Despite favorable conditions, the rate of decomposition was
lowest in the last quarter; as the remaining volume of litter was much lower (6.12–12.74%
of the initial litter amount) after decomposition in first two quarters. In addition, litter
quality varies with decomposition over time, changing the variables that cause the loss
of litter mass as well [29]. The availability of ‘N’ and ‘P’ influences initial decomposition,
while in the advanced stage lignin along with carbon is decomposed [32].

Among the stands, the rate of decomposition varied but non-significantly because
the tree species of the stands were different [33] and subsequently produced a different
amount and quality of litter varied in the species-specific micro-environment like fertility,
temperature, humidity, relative humidity, faunal and microbial communities [34–36]. The
MCDS has a higher rate of decomposition as compared to other stands throughout the year,
except during the third trimester (2.0, 1.33, 0.77, and 0.37 Mg ha−1 month−1) when it was
higher in LPDS (1.17 Mg ha−1 month−1) and MS (1.07 Mg ha−1 month−1). This high rate
of decomposition is mainly due to favorable temperatures and relative humidity for litter
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degradation [35]. Similarly, TGDS had a lowest rate of decomposition in all the trimesters
(1.1, 1.0, 0.67, and 0.17 Mg ha−1 month−1). The decomposed material gradually increased
with time and after the end of the year, almost all the litter produced in the five stands was
decomposed (LPDS-13.1 Mg ha−1, TGDS-8.8 Mg ha−1, MCDS-13.4 Mg ha−1, SRDS-10.4 Mg
ha−1, and MS-13.2 Mg ha−1) due to occurrence of favorable climatic conditions (Figure 1)
and soil moisture regime in the study area (Table 2).

Table 2. Soil pH, EC and moisture in different stands.

Stands

Soil Parameter/Soil Depth

pH EC
(m mhos Decisiemens m−1)

Soil Moisture
(%)

0–20 cm 20–40 cm 40–60 cm 0–20 cm 20–40 cm 40–60 cm 0–20 cm 20–40 cm 40–60 cm

LPDS 4.61 4.83 5.13 0.37 0.42 0.44 26.03 33.53 34.35
MCDS 4.74 4.93 5.18 0.24 0.39 0.38 22.91 26.87 31.26
SRDS 4.76 5.20 5.52 0.35 0.40 0.33 24.76 32.63 34.57
TGDS 4.91 4.98 5.09 0.45 0.31 0.37 23.15 27.76 30.55

MS 4.98 5.12 5.32 0.41 0.65 0.43 28.61 30.23 34.92
SEm 0.14 0.10 0.08 0.01 0.02 0.01 0.02 0.54 0.01
SEd 0.20 0.14 0.11 0.02 0.03 0.02 0.03 0.76 0.02

P = 0.05 0.44 0.30 0.23 0.04 0.06 0.04 0.07 1.66 0.05

In other words, the litter decomposition in this stand produced a material turnover
(i.e., amount of litter decomposed in 12 months) of 8.8–13.4 Mg ha−1 or 96.46–99.34% of
the initial litter mass, indicating that the turnover rate (time required to decompose 95%
of litter) of these stands is only 12 months. The study site, i.e., Jaldapara National Park, is
a moist deciduous forest with a humid tropical climate [37]. Deciduous forests in humid
tropics were reported to have a faster turnover rate than any other forests [38,39] due to
optimum climatic conditions for the microbial activity responsible for rapid and complete
litter decomposition [40–42]. The litters produced by the deciduous trees are of a high
quality, which decomposes rapidly, resulting in faster nutrient cycling and turnover of
nutrients [43,44].

3.2. Soil pH, EC (m mhos Decisiemens m−1) and Moisture (%)

The pH, EC and soil moisture of different stands at three soil depths is given in
Table 2. The pH of the stands was statistically similar and moderately acidic in the range
of 4.61–4.98 at 0–20 cm; 4.83–5.20 at 20–40 cm and 5.09–5.52 at 40–60 cm soil depth. The
topmost soil layer in all the stands was more acidic than the layers below it. Higher OM
accumulation on the top-most layers of forest soils increases its acidity with a pH in the
range of 5.0–6.8 [45]. In all the stands, as the soil depth increased, the acidity decreased
gradually but very nominally [1]. Mildly acidic soil pH of 5.98–6.67 was reported for Pinus
roxburghii, Tectona grandis and Eucalyptus stands while soil under Shorea robusta stand was
moderately acidic with a pH of 4.65–5.97 [46]. The undisturbed nature of the forest soils and
the rapid leaching of its bases due to faster litter decomposition enhances the weathering
process increases the soil EC, while decreasing the pH [47]. Moreover, accumulation of
OM in the soil decreases the subsequent decomposition rate, which releases acids, further
reducing the soil pH [48]. This explains the pH value of less than five in all the stands.

EC of the stands varied significantly at the surface layer and at 0–60 cm depth,
while soil moisture did not vary significantly throughout the soil profile examined. Non-
significant soil parameters in the stands were due to similar site quality factors or sim-
ilar micro-climatic conditions. Similar EC values were also reported from forest plan-
tations [1,49,50]. The soil moisture in all the stands was estimated to be in the range
of 22.91–28.61% at 0–20 cm, 26.87–33.53% at 20–40 cm, and 30.55–34.92% at 40–60 cm
soil depth, while at these depths the EC was in the range of 0.24–0.45, 0.31–0.65 and
0.33–0.44 m mhos decisiemens m−1, respectively. Higher soil moisture in the forest was
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reported to be influenced by factors like rainfall, radiation received, humidity, and temper-
ature, along with its vegetation structure and function [1,5]. Higher rainfall and humidity
of the study (Figure 1) was thus a factor of high soil moisture in the stands. More or
less continuous canopy cover of the stands had intercepted most of the solar radiation,
which reduced the evaporation rate from the soil floor of the stands, thereby conserving
high soil moisture. High OM of forest soil also substantiates soil moisture conservation
by retaining moisture up to 20 times of its mass, reducing evaporation and increasing
infiltration [51]. This explains higher soil moisture in MS as compared to other stands, as
MS has a comparatively higher production of OM in the form of litter.

3.3. Litter Available ‘N’, ‘P’ and ‘K’ Release

The available ‘N’, ‘P’ and ‘K’ content (%) and the amount (Mg ha−1) in fresh and
decomposing litter with their periodic release into the soil are given in Table 3, which was
also generally similar among the stands.

Table 3. Initial and periodic available ‘N’, ‘P and ‘K’ in litter of different stands during decomposition.

Stands
Jan Mar Jun Sept

RS *
IC IQ DC DQ 1 DC DQ 2 DC DQ 3

Nitrogen

LPDS 1.55 0.20 1.2 0.16 0.93 0.12 0.09 0.01 0.19
MCDS 1.2 0.17 0.92 0.13 0.63 0.09 0.12 0.02 0.15
SRDS 2.02 0.21 1.67 0.17 0.85 0.09 0.14 0.02 0.19
TGDS 1.96 0.17 1.46 0.13 0.81 0.07 0.14 0.01 0.16

MS 1.98 0.27 1.43 0.19 0.83 0.11 0.21 0.03 0.24

SEm 0.07 0.01 0.05 0.004 0.04 0.01 0.01 0.01 0.02
SEd 0.10 0.02 0.07 0.01 0.06 0.01 0.01 0.01 0.02

P = 0.05 0.23 0.04 0.16 0.01 0.13 0.02 0.02 0.02 0.05

Phosphorus

LPDS 1.15 0.15 0.94 0.12 0.58 0.08 0.10 0.01 0.14
MCDS 0.90 0.13 0.75 0.10 0.42 0.06 0.07 0.01 0.12
SRDS 1.17 0.12 0.95 0.10 0.38 0.04 0.11 0.01 0.11
TGDS 1.02 0.09 0.95 0.08 0.38 0.03 0.11 0.01 0.08

MS 1.23 0.16 1.11 0.15 0.92 0.12 0.19 0.03 0.13

SEm 0.07 0.01 0.03 0.03 0.02 0.01 0.02 0.10 0.01
SEd 0.09 0.01 0.05 0.04 0.03 0.03 0.03 0.12 0.01

P = 0.05 0.21 0.03 0.10 0.01 0.06 0.04 0.07 0.25 0.03

Potassium

LPDS 1.36 0.18 1.06 0.14 0.81 0.11 0.16 0.02 0.16
MCDS 1.05 0.15 0.95 0.13 0.62 0.09 0.18 0.03 0.12
SRDS 1.80 0.19 1.29 0.14 0.73 0.08 0.21 0.02 0.17
TGDS 1.65 0.15 1.29 0.11 0.73 0.06 0.21 0.02 0.13

MS 1.75 0.23 1.39 0.19 0.97 0.13 0.20 0.03 0.20

SEm 0.14 0.05 0.01 0.04 0.20 0.03 0.04 0.01 0.04
SEd 0.20 0.07 0.02 0.05 0.33 0.05 0.06 0.01 0.06

P = 0.05 0.40 0.15 0.04 0.11 0.06 0.11 0.12 0.03 0.13

IC: initial content (%); IQ: initial quantity (Mg ha−1); DC: decomposed content (%); DQ1: decomposed quantity (Mg ha−1); RS *: return to
soil = (IQ – DQ 1) + (DQ 1 – DQ 2) + (DQ 2 – DQ 3).



Land 2021, 10, 435 8 of 17

Nutrient cycling varies from species to species due to species-specific leaf litter nutrient
flux with biotic and abiotic environments below their canopy [35]. However, in mixed forest
stands, the species-specific conditions may differ from pure or dominant species stands
due to positive, negative or neutral interactions among the litter of different species [52]. In
fresh litter, the highest ‘N’ content of 2.02% and amounts of 0.27 Mg N ha−1 was estimated
for SRDS and MS, respectively. Similarly, the lowest ‘N’ content of 1.2% and amount of
0.17 Mg N ha−1, respectively were estimated for MCDS. The lowest amount of ‘N’ in fresh
litter was also estimated for TGDS, which has an ‘N’ content of 1.96%. The highest ‘P’
content of 1.23% and amount of 0.16 Mg P ha−1 was estimated for MS, while the lowest
‘P’ content of 0.90% and amount of 0.09 Mg P ha−1 was estimated for MCDS and SRDS,
respectively. SRDS was estimated with highest ‘K’ content of 1.80% but the highest ‘K’
amount of 0.23 Mg K ha−1 was estimated for MS. Similarly, the lowest ‘K’ content of 1.05%
and amount of 0.15 Mg K ha−1 were both estimated for MCDS. Moreover, TGDS was also
estimated with the lowest ‘K’ amount of 0.15 Mg K ha−1 but was estimated to have a higher
‘K’ content (1.65%) than the MCDS. The amount of the nutrient release from the litter not
only depends on the content of the nutrients but also is a function of the amount of the
litter produced. A similar high and low trend of content and amount of these available
nutrients was exhibited in all the stands during all the trimesters as litter decomposed
advanced over a yearly period [1].

The content and amount of these nutrients decreased gradually in all the stands as
decomposition progressed and was lowest in the third trimester, which was in the range of
0.09–0.21% and 0.01–0.03 Mg N ha−1; 0.16–0.20% and 0.02–0.03 Mg K ha−1; and 0.07–0.19%
and 0.01–0.03 Mg P ha−1. The trend of total available ‘N’, ‘P’ and ‘K’ and its periodic change
was also similar to its content [1]. The total return amount of these available nutrients from
litter after decomposition over the yearly period cumulated for three trimesters was almost
equal to the amount in fresh litter of all studied stands. The return amount of available
‘N’, ‘K’ and ‘P’ after one year of litter decomposition in LPDS was 0.19, 0.16 and 0.14 Mg
ha−1, respectively; in MCDS it was 0.15, 0.12 and 0.12 Mg ha−1, respectively; in SRDS it
was 0.19, 0.17 and 0.11 Mg ha−1, respectively; in TGDS it was 0.16, 0.13 and 0.08 Mg ha−1,
respectively and in MS it was 0.24, 0.20 and 0.13 Mg ha−1, respectively. The amount of these
released nutrients from the initial litter mass was 0.20, 0.18 and 0.15 Mg ha−1, respectively
for LPDS; 0.17, 0.15 and 0.13 Mg ha−1, respectively for MCDS; 0.21, 0.19 and 0.12 Mg ha−1,
respectively for SRDS; 0.17, 0.15 and 0.09 Mg ha−1, respectively for TGDS and 0.27, 0.23
and 0.16 Mg ha−1, respectively for MS. There was no net change in the amount of these
available nutrients at the stands indicating homeostasis. A similar variation in the release
of nutrients from the decomposition of litter in stands has been reported from Sal, Chir
pine, and Teak plantation [53] and Sal > Teak > Pine > Eucalypts [44].

Nutrient release after litter decomposition initiates mineralization, rendering these
released nutrients to be available in the soil. This process is influenced by litter quality,
environmental factors, and soil organisms [54,55]. There was a periodic variation in the
litter content of these available nutrients. Release of ‘N’ and ‘K’ was slow during the earlier
stages of litter decomposition in the stands, while it increased during the latter stages,
but no such variation in ‘P’ release was observed in the stands as was also reported for
other tropical forests [56]. It was reported that the trend of total nutrient return was similar
to total litter production, i.e., the higher the litter fall and its nutrient content, the more
nutrients were released [1,5]. The available ‘N’, ‘P’ and ‘K’ in the soil of different stands at
different soil depths did not differ significantly among the stands (Table 4).
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Table 4. Available ‘N’, ‘P’ and ‘K’ in soil of different stands.

Stands

Soil Nutrients/Depth

Available N (Mg ha−1) Available P (Mg ha−1) Available K (Mg ha−1)

0–20 cm 20–40 cm 40–60 cm 0–20 cm 20–40 cm 40–60 cm 0–20 cm 20–40 cm 40–60 cm

LPDS 0.27 0.23 0.19 0.13 0.11 0.10 0.15 0.15 0.125
MCDS 0.26 0.22 0.16 0.12 0.10 0.08 0.16 0.13 0.115
SRDS 0.26 0.22 0.15 0.12 0.10 0.08 0.15 0.13 0.126
TGDS 0.23 0.21 0.19 0.11 0.09 0.06 0.14 0.13 0.108

MS 0.29 0.26 0.22 0.13 0.13 0.11 0.16 0.13 0.096
SEm 0.07 0.06 0.05 0.03 0.03 0.03 0.04 0.04 0.03
SEd 0.10 0.09 0.07 0.05 0.05 0.04 0.06 0.05 0.05

P = 0.05 0.23 0.19 0.16 0.11 0.09 0.08 0.13 0.13 0.10

The data indicate that the soil of all the stands is low in available ‘N’ and high in
available ‘P’, except for the TGDS, which was medium in available ‘P’ and low in available
‘K’ [57]. The availability of these nutrients was in the order N > K > P, similar to that
reported by Pande [5]. The availability of these nutrients also decreased gradually with
the increasing soil depth, as was also reported in earlier studies [1,58]. These available soil
nutrients of all stands varied significantly at all the soil depths studied. At these depths
(0–20, 20–40 and 40–60 cm), the range of available ‘N’ estimated was 0.23–0.29, 0.21–0.26
and 0.15–0.22 Mg ha−1, respectively; available ‘K’ was 0.14–0.16, 0.13–0.15 and 0.10–0.13
Mg ha−1, respectively; and available ‘P’ was 0.11–0.13, 0.09–0.13 and 0.06–0.11 Mg ha−1,
respectively. MS was quantified with the highest available amount of ‘N’, ‘P’ and ‘K’ at all
the soil depths, except for the amount of available ‘K’ at 20–40 and 40–60 cm soil depths.
This is because MS was most diverse with the dense undergrowth producing more OM,
which was decomposed to release more nutrients [59]. The higher amount of available ‘P’
in MS might be due to its deep mining by the tree roots subsequently recycled by litter
decomposition [60]. The exchangeable ‘Al’, ‘Ca’ and ‘Mg’ cations of different stands are
given in Table 5, which also varied non-significantly among the stands.

Table 5. Exchangeable ‘Al’, ‘Ca’ and ‘Mg’ in soil of different stands.

Stands
Soil Depth

0–20 cm 20–40 cm 40–60 cm

Exchangeable Al (c mol Kg−1)
LPDS 1.16 1.38 1.09
MCDS 1.11 1.19 1.09
SRDS 1.03 0.96 0.91
TGDS 0.95 0.88 0.77

MS 1.26 1.68 1.49

SEm 0.06 0.05 0.02
SEd 0.08 0.07 0.04

P = 0.05 0.18 0.15 0.08

Exchangeable Ca (c mol Kg−1)
LPDS 0.63 0.61 0.68
MCDS 0.61 0.61 0.57
SRDS 0.57 0.55 0.62
TGDS 0.43 0.40 0.32

MS 0.71 0.69 0.72

SEm 0.04 0.02 0.02
SEd 0.05 0.03 0.02

P = 0.05 0.12 0.06 0.05
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Table 5. Cont.

Stands
Soil Depth

0–20 cm 20–40 cm 40–60 cm

Exchangeable Mg (c mol Kg−1)
LPDS 0.19 0.20 0.20
MCDS 0.17 0.17 0.17
SRDS 0.18 0.18 0.19
TGDS 0.14 0.12 0.11

MS 0.22 0.23 0.23

SEm 0.01 0.02 0.02
SEd 0.02 0.02 0.02

P = 0.05 0.04 0.05 0.05

Exchangeable nutrient cations (Al, Ca and Mg) varied significantly among the stands
(Table 5). Higher accumulation of Ca in the deepest soil layer in some stands explains
the pH at that particular depth. No consistent trend was observed in the content of these
exchangeable nutrients. Similar behaviour of these exchangeable cations in forest soil and
other land uses was also observed by Panwar et al. [60] The Pearson correlation matrix also
indicates significant positive correlations between SOC, ‘N’ and ‘K’ (Table 6).

Table 6. Pearson correlation coefficients between different soil properties irrespective of stands and soil depth.

OC N P K Mg Ca Al pH EC SM SEF SFI

Overall (0–60 cm Soil Depth)
OC 1
N 0.8 ** 1
P 0.3 NS 1
K 0.8 ** 0.7 ** 0.6 * 1

Mg −0.1 −0.1 −0.4 −0.1 1
Ca 0.1 −0.1 −0.2 0.1 0.9 ** 1
Al 0.2 0.3 0.2 0.2 −0.5 * −0.7 ** 1
pH 0.4 0.1 0.3 0.6 * 0.1 0.1 0.1 1
EC −0.1 0.2 −0.5 −0.2 0.1 −0.2 0.2 −0.1 1
SM 0.5 0.2 0.1 0.3 −0.2 −0.2 0.2 0.4 0.1 1
SEF −0.2 0.1 −0.3 −0.1 0.3 0.1 −0.1 −0.1 0.7 ** 0.1 1
SFI −0.4 −0.2 −0.3 −0.3 0.3 0.1 −0.2 −0.2 0.4 −0.1 0.7 ** 1

OC: organic carbon; SM: soil moisture; SEF: soil evaluation factor; SFI: soil fertility index; ** correlation is significant at the 0.01 level
(2-tailed); * correlation is significant at the 0.05 level (2-tailed).

Soils under plantation of many tree species and forest stands were reported to be
well supplied with ‘N’, ‘P’ and ‘K’ [1,61] because the availability of nutrients in soil is
strongly correlated with the content of nutrients in the litter [62]. Organic matter produced
by litter decomposition influences the physico-chemical properties and the availability
of nutrients in the soil [63], which was reported to be similar for locations with similar
site quality factors or with similar micro-climatic conditions [47,64]. Plant community
structures and its productivity in an ecosystem are primarily influenced by the amount of
nutrients present in its soil [65].

The productivity of the forest ecosystem can be related to its soil fertility status [60].
The amount of litter produced by the forest stands and the amount returned to the soil
defines the soil fertility status of the stands [5,13,20,22,23,43,48], which is quantified with
help of soil fertility indices [60]. Soil fertility indices of different stands estimated at all
the depths quantified did not vary significantly (Figures 2–5), indicating a similar fertility
status of these entire studied stands. This was because of the similar soil parameters, soil
and primary nutrient statuses, along with similar litter production and return of nutrients
after litter decomposition in these different stands. The estimated values of SFI at 0–20,
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20–20 and 40–60 cm soil depths are in the range of 5.35–7.04, 5.94–7.73 and 6.08–7.34,
while the corresponding SEF values are 5.7–6.0, 5.5–6.1 and 5.8–6.3, respectively. Similar
higher values for both of these soil fertility indices from the Terai zone of West Bengal were
reported by Panwar et al. [60] However, these fertility indices did not exhibit any significant
relationship with soil parameters, which was due to statistically similar soil parameters and
the fertility status of the different stands. Similar observations and significant correlations
of SFI and SEF, indicating strong fertility status of the forest stand soils, were also reported
earlier from the region [60].
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Table 7. SOC content and amount in the forest stands.

Stands

Soil Parameter/Soil Depth

SOC (%) SOC (Mg ha−1)

0–20 cm 20–40 cm 40–60 cm 0–20 cm 20–40 cm 40–60cm Total

LPDS 1.52 1.35 1.21 34.05 30.24 27.10 91.4
MCDS 1.36 1.25 1.14 30.46 28.00 25.54 84.0
SRDS 1.44 1.34 1.19 32.27 30.02 26.66 88.9
TGDS 1.26 1.10 1.03 28.22 24.64 23.07 75.9

MS 1.81 1.63 1.38 40.54 36.23 30.91 107.7
SEm 0.007 0.037 0.046 0.70 0.99 0.94 3.78
SEd 0.010 0.052 0.065 0.99 1.40 1.33 5.35

P = 0.05 0.023 0.114 0.142 2.16 3.05 2.90 11.65

The content and amount of SOC estimated under different soil depths were statistically
at par, except at the surface soil layer, where SOC content significantly differed among the
stands. The tree species of the stands, however, differed in their influence on the stock and
composition of soil carbon [31], but overall, the stands produced similar amounts of litter,
and consequently, the stands were also quantified with a similar amount of SOC build-up
in their soil [66,67]. Moreover, the forest stands were defined on the basis of the proportion
of tree species [1,2]. The single species dominant stands were also not 100% pure, i.e., such
stands also contain at least 25% other species and as these stands were in a reserve forest,
all the stands were abundant, with understorey vegetation. This might be the reason for
non-significant variation of soil organic carbon among the stands, i.e., mixed species and
single species dominant stands. The range estimated at 0–20 cm, 20–40 cm and 40–60 cm
soil depths was 1.26–1.81% and 28.22–40.54 Mg C ha−1, 1.10–1.63% and 24.64–36.23 Mg
C ha−1 and 1.03–1.38% and 23.07–30.91 Mg C ha−1 at 40–60 cm soil depth, respectively.
Similar SOC contents and amounts were also reported by earlier studies from the forest of
the Terai zone in West Bengal [1,61]. Among the stands, MS was estimated with the highest
SOC (content and amount) at all soil depths, while the least was estimated for TGDS at all
the depths, which can be related to the amount of litter produced.

Tree species cause a “bridging” effect between soil carbon and clay particles through
their influence on cation chemistry, thereby reducing carbon decomposition [68,69]. In
addition, low soil pH, resulting from the inputs of acidic tissues of various tree species,
may enhance soil carbon accumulation through microbial inhibition [64]. This explains
the higher carbon accumulation in MS as compared to stands dominated by other species.
Moreover, differences in soil carbon stocks between stands can be attributed to differences
in tree species, which had differences in litter quality and the quantity of tree species.
Differences in the amount of litter produced may have affected litter decomposition rates,
and eventually influenced soil carbon stocks [70]. Studies have established functional rela-
tionships between plant diversity and carbon storage [71–79] and higher carbon storage of
MS than the species-dominated stands indicate this relationship. Higher plant assemblages
with many species in the MS diversity resulted in a higher resource use efficiency, with
higher productivity, litter production, and SOC than the species-dominated stands [80–82].
The soil in all the stands at all depths was high in organic carbon [57] due to higher litter
production by the stands, adding corresponding amounts of OM in the soil. Moreover,
SOC content and amount in the soil decreased with the increasing soil depth because OM
in the soil also decreases with increasing soil depth. SOC is directly correlated with the
amount of OM and the amount of litter added to the soil [83].

The total SOC estimate of 75.9–107.7 Mg C ha−1 up to 60 cm soil depth is similar to the
estimate of 8.9–176.1 Mg ha−1 of the top 50 cm depth from tropical moist deciduous forests
in India [84]. The present estimate of the studied stands is far lower than the national
average of 182.94 Mg ha−1 [85]. SOC varies spatially from the local to the global [86] due
to geographic variations [87] and also varies with increasing altitude [88]. SOC stock is
crucial for an ecosystem. whether behaving as a sink or a source of carbon [89]. Tropical
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forests, especially humid ones, cannot accumulate a high amount of OM due to rapid litter
decomposition rates [87]. This explains the total SOC stock in the studied forest stands in
the Terai zone of West Bengal being lower than the national average. Moreover, SOC stock
is positively correlated with total N, available P, and available K [45].

4. Conclusions

The stands were similar in soil parameters, such as pH, EC, moisture, available primary
nutrients, fertility status and organic carbon. Litter production and periodic release of
nutrients after litter decomposition were also similar in these stands. Consequently, all
the stands were quantified with a similar amount of nutrients and soil organic carbon
build up, which indicated a similar soil fertility status of these stands, either mixed-species
stands or single-species dominant stands. However, the amount estimated for these
parameters was highest for mixed-species stands. The available primary nutrients and
organic carbon in the stand soil were strongly correlated with the higher amount of litter
produced. This was because of the rapid release of nutrients and carbon into the soil after
the complete decomposition of litter within a year in the stands. The present study was
an area- and species-specific assessment of the carbon sequestration potential of different
forest stands that also identified the best tree species-based land use among the most
commercially important timber species in the Terai zone of West Bengal, India to conserve
carbon and restrict emission. Mixed species stands in the forest are the best land use in
terms of carbon sequestration (with respect to higher SOC build up) than single dominant
species stands, though they were statistically similar. Therefore, the study advocates
conserving forests in situ for climate change mitigation, while also recommends extending
the carbon sequestration potential by promoting trees outside forests, particularly the
species capable of enhancing avoided deforestation potential of the non-forested lands
as well. This is because deforestation and increasing areas of degraded land require an
urgent rehabilitation action through afforestation and reforestation drives to improve SOC
stock and improve the fertility status of these lands, while also releasing pressure from the
forests. Tectona grandis, Shorea robusta, Michelia champaca, and Lagerstroemia parviflora are the
prominent commercial timber species of the region and thus can be used to rehabilitate
the lands where there is little or no canopy to extend the carbon sink in agricultural or
human-dominated landscapes and to enable these non-forested lands capable of avoided
deforestation meeting the regional and national timber demands. The organic carbon
sink in these soils will also aid effectively in increasing the biomass carbon to accumulate
temporally. This is because SOC sequestration is believed to be a viable strategy to mitigate
climate change through permanently converting atmospheric CO2. Managing soil carbon
through such plantations will mitigate climate change in the sense of true sequestration,
because it will not just be an emission avoided, but additionally there will be a net transfer
of carbon from atmosphere to land, which can lead to the achievement of objectives set in
the ambitious 4 per mille global initiative.
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