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Abstract: Grassland is a highly dynamic land use system and it provides vital ecosystem services,
mainly consisting of carbon storage in the tropics and subtropics. The objective of this study was to
delineate grassland in India according to soil characteristics and carbon pools in comparison to native
forestland, and to discuss management strategies for improving soil carbon (SC) storage in grassland.
A total of 675 paired datasets from studies on grassland and forestland in India generated during the
period of 1990–2019 were used for meta-analysis study. The analysis shows that soil pH and bulk
density (BD) in grasslands were greater by 1.1% and 1.0% compared to forestlands while soil organic
carbon (SOC) declined by 36.3% (p < 0.05). Among carbon pools, labile carbon (LC), non-labile carbon
(NLC), and microbial biomass carbon (MBC) were 35.5%, 35.3% and 29.5% lower, respectively, in
the grassland compared to the forestland. Total carbon (TC) was 35.0% lower in the grassland than
the forestland (p < 0.05). Soil carbon stocks (SCS) were 32.8% lower in the grassland compared to
the forestland. In the grassland, MBC/SOC (%) from the surface layer and subsurface layer were
lower by 2.4% and 8.5%, respectively compared to forestland. The percentage effect size was found to
have decreased from surface soil to subsurface soil. Relative SCS loss and carbon dioxide equivalent
emission from the grassland compared to forestland were 15.2% and 33.3 Mg ha−1, respectively
(p < 0.05). Proper management strategies like agroforestry, legume introduction, silvipastoral system,
fertilization, irrigation, and quality grass species could improve SC storage and reduce SCS loss in
grassland. Overall, this study gives an idea that conversion of native forestland into grassland in
India has declined the SC content and hence it is necessary to adapt proper strategies to manage the
soil-atmosphere carbon balance.

Keywords: total carbon; soil carbon pools; carbon dioxide equivalent emission; soil carbon storage;
land use

1. Introduction

Forestland and grassland are important ecosystems whose soils store a huge amount of soil carbon
(SC) [1]. Carbon storage in the soil is determined by the magnitude as well as the quality of organic
matter and ability of the soil to retain SC [2]. Forestland accounts for two-fifths of the total carbon (TC)
storage globally [3]. Since soil of native forestland is undisturbed and provides the maximum sink of SC
storage over a long period of time, it acts as a basis for studies on the restoring potential of atmospheric
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carbon for any land use system [4]. Human interference, grazing, and land degradation are common
phenomena that lead to losses of SC pools in the grassland. Therefore, quantifying land use change is
crucial for considering the interactions among human activities, climate, and environment, and also
for designing state policies [5–8].

Grasslands cover approximately one-fourth of the earth’s surface area with a land area of about
3.4 billion hectares. The terrestrial carbon stocks in grassland contain roughly 12.0% of the total
terrestrial carbon stocks of the earth’s surface [9–11]. Grasslands are dominated by herbaceous
non-woody vegetation and hence, carbon from the aboveground vegetation biomass is a small fraction
of the TC pool as compared to forestland. Additionally, the biomass is relatively short-lived owing to
frequent grazing, fires, senescence, and harvest. However, belowground biomass carbon that dominates
in perennial grasslands is characterized by extensive fibrous root systems making up three-fourths
of the total biomass carbon in these ecosystems. Understanding the potential of grassland to store a
large amount of carbon in different soil depths is important for soil processes and managing climate
change [12]. Therefore, depth wise SC distribution will be valuable information in the grassland.

Grassland is a highly dynamic land use system and provides vital ecosystem services like
biogeochemical cycling and carbon storage [13,14]. In India, grassland occupies approximately
one-fourth of the total area which is spread across a number of biogeographic regions with diverse
ecological features [15]. Major grassland types in India are presented in Table 1 [16]. These grassland
types have quite diverse SOC and SC pools due to differences in climate, soil types, vegetation,
topography, management, and soil disturbances.

Table 1. Major grassland types of India alongwith environment and regions of distribution [16].

Major Grassland Types Environment Regions of Distribution

1. Sehima-Dichanthium Dry subhumid zone except Nilgiri M.P., A.P., Maharashtra (Mumbai), T.N.,
South-eastern U.P.

2. Dichanthium-Cenchrus Semi-arid zone Punjab, Delhi, Rajasthan, Gujarat, Eastern
U.P., Bihar

3. Phragmites-Saccharum moist subhumid zone Terai of U.P., Uttaranchal, Bihar, Bengal,
Assam, Sunderban and other deltas

4. Bothriochloa Temperate zone Lonavala tract of Maharashtra

5. Cymbopogon Tropical humid zone Western Ghats, Vindhyas, Satpura, Aravalli
ranges, Odisha upto 160 kmbelt

6. Arundinella Subtropical subhumid zone Western ghats, Nilgiris, Himalayas, Eastern
Punjab, H.P. upto 3 km

7. Deyeuxia-Arundinella Mixed temperate zone Himalayas, Kashmir, Uttaranchal, Bengal
and Assam

8. Deschampsia-Deyeuxia Temperate-alpine zone Himalayas, Kashmir above 2.5 km

The SC and belowground biomass in grasslands is closely related to variation in annual rainfall
and temperatures at broad spatial scales. Since grass production is directly related to rainfall, SCS
is high in the areas where rainfall is abundant like the north-east region of India. The SCS decreases
with increasing annual temperatures due to greater evapotranspiration [17]. Degradation of grassland
due to uncontrolled intensive grazing poses a big threat to the sustainability of livestock productivity
as well as SC storage [18,19]. Therefore, SC loss in the grassland of India is a big concern which, as a
result of degradation, overgrazing, and human activities, can lose carbon to the atmosphere and has a
detrimental effect on global climate change.

The data presented by the union government of India to the United Nations Convention to Combat
Desertification (UNCCD) during the 14th Conference of Parties (COP) showed loss of one-third of the
total grassland area in the last decade (approximately 5.65 million hectares) [20]. Statistics collected
from the FAO website have also reported a decline in the grassland area in India from 2001 to 2017.

Indian Himalayan forestland stores one-third of total SCS in India [21]. Grassland in Aravalli ranges
in Rajasthan and other states including Maharashtra, Gujarat, and Uttar Pradesh have been severely
destroyed due to local activities and land degradation [20]. Around 4.74 million hectares of grassland has
been diverted to other land uses across the country. Figure 1 represents the trend share of forestland and
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grassland of the total land area during the period 2001–2017 as a percentage [22]. It shows a 1.5% increase
in forestland and a decrease in 2.3% of the grassland area of the total land area during this period.
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Figure 1. Trends of percent share and change in share (base year 2001) of grassland and forestland area
of total land area (2001–2017) of India, Food and Agriculture Organization (FAO) [19].

The region-wise and location-specific studies in India have been done to a large extent to show the
losses in SCS and soil properties in grassland but no particular attempt has been made to represent the
changes in a holistic manner. This study attains a better knowledge of the Indian pattern of SOC loss
in grassland over the native forestland through a comparative analysis of data sets obtained through
the compilation of several studies carried out in the different parts of India. The findings from several
studies under various ecological regions are analysed through a meta-analysis approach. This is a
statistical tool that considers experiments to assess the magnitude and direction of treatment outcomes
as well as patterns and sources of heterogeneity [23,24]. This study informs us about the change in
SC pools and soil characteristics of grassland over forestland to provide quantitative information and
further identified strategies to restore SC. Specifically, the objectives of this study are to analyze (1) The
effect size of grassland over the forestland on soil characteristics, (2) The effect size of grassland over
the forestland on SC pools and MBC/SOC (%), and (3) Strategy options for SC storage in grassland.

2. Materials and Methods

2.1. Data Sources and Compilation

The relevant papers were searched using specific keywords from the databases of various journals
and websites. Papers (original articles, review papers, and theses) were collected and reviewed for the
period 1990–2019 in context of the impact of grassland and forestland on SOC, SC pool, SCS and other
soil properties in different regions of India with an aim of finding the comparative changes in these soil
parameters. After a general review, data were critically analyzed and data pertaining to forestland was
selected as the control treatment. Grassland was taken as the other treatment for this study. Native
forestland was adjacent to grassland. Forestland covered all types of situations’ in existence like being
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open to the dense forest, single-species tree cover to several species tree cover, Himalayan to the plain
forest and low aged to high aged trees. Grassland considered for the study had no specific grasses
species. Selected 675 paired data sets from these papers were analyzed using meta-analysis for three
soil depths including (i). 0–0.15 m, (ii).0.15–0.30 m and 0.30–0.45 m.

The papers were separated based on requirements keeping several criteria in mind:

• The collected papers should show a comparative analysis between the two land uses, the grassland
and the forestland, in the Indian context,

• The collected papers should have required sets of soil parameters (soil pH, bulk density (BD),
cation exchange capacity (CEC), soil organic carbon (SOC), SC pools, and soil carbon stocks (SCS),
detailed in Section 2.3,

• Forestland was considered as a control treatment over the grassland,
• The study paper should represent subtropical climatic conditions of India, and
• The study was not bounded with particular parameters like soil types, soil classes, soil taxonomy,

and management practices, cropping systems, specific trees, and grass species.

2.2. Location Map of the Study Area

Figure 2 shows the location map for climate, altitude, soil types, and SCS/total carbon density of
the major study areas (nearby areas have been included in the same area point of major study areas in
the location map). The climate of the study regions can be categorized as subtropical, warm humid,
sub-temperate, humid tropical, subtropic subhumid, and semi-arid. The altitude of the study areas
ranged from 43 m above mean sea levels (msl) to 1250 m above msl. Soil types are sandy, loamy
sand, loamy, sandy loam, clay loam, and clayey soil. SCS/Total carbon density ranges from 1.85 Mg
ha−1 to 210.0 Mg ha−1 with a mean of SCS 59.80 Mg ha−1. The maximum SCS was found in silt clay
loam textured soil present in the tropical humid climate of northern-eastern state Assam, whereas the
minimum SCS was found in sandy textured soil present in the semi-arid climate of Rajasthan. SCS has
declined tremendously in the western state of India, Rajasthan, due to semi-arid climate and human
disturbances causing the loss of vegetation and organic matter from the soil in different land uses.

2.3. Soil Parameters Used in This Study

Table 2 represents the soil parameters considered for this study alongwith the measurement unit
of the soil parameters.

Table 2. Parameters used in this study.

S. No. Soil Parameters Measurement
Units Methods

1. Soil properties

Soil pH No unit Soil water suspension ratio 1:2 or
1:2.5

Bulk density (BD) Mg m−3 Core method (Oven-dried core
mass divided by the core volume)

Cation exchange
capacity (CEC) cmol (p+) kg−1 sodium acetate saturation method

Soil organic carbon
(SOC)/Total organic
carbon (TOC)

% Dry combustion method

Total carbon (TC) % Sum of TOC and total inorganic
carbon (TIC)

Soil carbon stocks
(SCS)/total carbon
density

mg ha−1 Products of SOC/TOC, BD and
Soil depth

2.
Soil carbon pools

(SC pools)

Labile carbon (LC) mg kg−1 Potassium permanganate method

Non-labile carbon
(NLC) mg kg−1 Deduction the LC from TOC

Microbial biomass
carbon (MBC) mg kg−1 chloroform fumigation extraction

method
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SCS loss related with land use conversion was determined by using Equation (1).

Relative SCS loss (%) = [(SCS forestland − SCS grassland)/SCS forestland] × 100 (1)

The carbon dioxide equivalent emissions from SCS loss were estimated as the amount of carbon
in the oxidized form using respective molecular weights by using Equation (2):

carbon dioxide equivalent = carbon × 44/12 (2)

The SCS loss values for respective land use were used to measure the carbon dioxide equivalent
emissions in

(
Mg ha−1

)
.

2.4. Meta-Analysis: Method of Analysis Using Diverse Datasets

Meta-analysis is a potential statistical approach to analyze the effect of management practices
on the control treatment of different distinct studies, and to evaluate the evolution of a universal
trend. This approach has attracted researchers from all over the world in order to better understand
the variables.

Two stage-based meta-analyses (MetaWin 2.1) were used to analyze the database and understand
the comparative changes [25,26]. Within this, the effect size (ES) was calculated for individual
parameters using the equation [23]:

ES = lnR = ln
[

XT

XC

]
(3)

where R is the ratio between response variables XT and XC; XT is the average of response variables
(Soil parameters) of the treatments; and XC is the average of these variables in forestland as control.
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The studies from variable conditions were the basis of multiple replications and the standard
deviation was calculated through number of observations with a simple statistical procedure.

ES from individual studies were then combined using a mixed-effect model to calculate the
cumulative effect size and the 95% confidence intervals (CIs) through bootstrapping with 4999
iterations [27]. The mixed-effect model is a random-effect meta-analytic model for categorical
data [28,29], assuming random variation among studies within a group and fixed variation
between groups.

2.5. Interpretation of Results

Results were back-transformed and presented as mean effect size in percent caused by treatments
in relation to control in the tables and bar graph. Significant differences were considered only for p
value of less than 5 percent. The meta-analyzed values are presented in tables and bar graphs to clearly
show the significant effect of grassland over forestland.

3. Results

3.1. Soil Characteristics of Grassland Compared to Forestland

Data pertaining to physical and chemical characteristics of soils in grassland and forestland is
presented in Table 3 for surface soil (0–15 cm) and subsurface soil (15–30 cm). Soil reaction (soil pH)
was found to be acidic to slightly acidic in both land uses and had a higher value in grassland than
forestland in both soil depths. The average soil pH in the surface soil of grassland and forestland
was 5.78 and 5.66, respectively, whereas in subsurface soil it was 5.91 and 5.82 (Table 3). Soil BD
was also observed to be higher in grassland than forestland. The average value of BD for grassland
was 1.50 Mg m−3 and forestland was 1.47 Mg m−3 in the 0–15 cm and 1.57 Mg m−3 and 1.50 Mg m−3,
respectively in the 15–30 cm. SOC and CEC were found to be greater in forestland than grassland
(Table 3). The average value of SOC for grassland and forestland was 1.30% and 1.85%, in the
surface soil and 0.91% and 1.59% in the subsurface soil. The average value of CEC for grassland
and forestland was 14.0 cmol p+ kg−1 and 15.3 cmol p+ kg−1, in 0–15 cm soil depth whereas CEC
was 14.4 cmol p+ kg−1 and 15.8 cmol p+ kg−1, in the soil depth 15–30 cm. Higher TC was recorded in
forestland than grassland. In grassland, the average value of TC in both the soil depths was observed
to be similar while in forestland the average value was highest in surface soil (34.0 Mg ha−1) followed
by subsurface soil (27.2 Mg ha−1) (Table 3).

SC pools were found to be higher in forestland than grassland. LC, NLC, and MBC were observed
to be higher in the surface soil compared to subsurface soil. LC was 1640 mg kg−1 and 2220 mg kg−1,
respectively for grassland and forestland in the soil depth 0–15 cm while 762 mg kg−1 and 2041 mg kg−1,
for the land use in the soil depth 15–30 cm. Similarly, NLC was 3400 and 4410 mg kg−1, respectively in
the surface soil and 2580 mg kg−1 and 3190 mg kg−1, respectively in the subsurface soil for the grassland
and forestland (Table 3). The mean value of MBC for grassland and forestland was 548 mg kg−1 and
799 mg kg−1 in the surface soil and 342 mg kg−1 and 415 mg kg−1 in the subsurface soil (Table 3).
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Table 3. Physical and chemical characteristics of soil in grassland and forestland from the
collected studies.
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Note: BD: bulk density, SOC: soil organic carbon, CEC: cation exchange capacity, TC: total carbon, LC: labile carbon,
NLC: non-labile carbon, and MBC: microbial biomass carbon.

3.2. Changes in Soil Characteristics by Land Use Change from Forestland to Grassland

The native forestland was taken as a control to observe the changes in the grassland soil due to
conversion from forestland. Although the variability has been reported in most of the soil parameters
in different studies, the soil parameters with insufficient datasets for meta-analysis have not been
mentioned in this study. Other parameters with no significance but that are nonetheless important to
mention, and significant parameters have been presented in this study.

Soil parameters like SOC, CEC, TC, LC, and NLC were significantly decreased in the grassland
compared to the forestland (Figure 3). Soil reaction and BD increased in the grassland compared to
forestland. The percent mean effect size of soil pH and BD was 1.1 and 1.04, (p < 0.05) (Figure 3).
The percent positive change of soil pH for the grassland compared to native forestland was found to
be greater due to variability in plant species of vegetations, topography, and soil disturbance. SOC
had a significant negative change in the grassland compared to forestland. SOC was found to be
36.31% lower in the grassland than the forestland (Figure 3). Similarly, TC significantly decreased in
the grassland compared to the forestland. TC in the grassland was lowered by 34.99% compared to
the forestland (Figure 3). TC was found to be lower in grassland due to the lower addition of root
residues and litter that finally contributes towards lower above and below biomass carbon than in
the forestland. CEC was significantly lower (7.39%) in the grassland than in the forestland (Figure 3).
This information shows that leaching losses of cations were greater in grassland than forestland. This
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might be due to overgrazing, human activity and soil degradation resulting in greater cations loss in
the grassland than the forestland.

Agronomy 2020, 10, x FOR PEER REVIEW 8 of 16 

 

2041 mg kg−1, for the land use in the soil depth 15–30 cm. Similarly, NLC was 3400 and 4410 mg kg−1, 

respectively in the surface soil and 2580 mg kg−1and 3190 mg kg−1, respectively in the subsurface soil 

for the grassland and forestland (Table 3). The mean value of MBC for grassland and forestland was 

548 mg kg−1 and 799 mg kg−1 in the surface soil and 342 mg kg−1 and 415 mg kg−1 in the subsurface soil 

(Table 3).  

3.2. Changes in Soil Characteristics by Land Use Change from Forestland to Grassland  

The native forestland was taken as a control to observe the changes in the grassland soil due to 

conversion from forestland. Although the variability has been reported in most of the soil parameters 

in different studies, the soil parameters with insufficient datasets for meta-analysis have not been 

mentioned in this study. Other parameters with no significance but that are nonetheless important to 

mention, and significant parameters have been presented in this study.  

Soil parameters like SOC, CEC, TC, LC, and NLC were significantly decreased in the grassland 

compared to the forestland (Figure 3). Soil reaction and BD increased in the grassland compared to 

forestland. The percent mean effect size of soil pH and BD was 1.1 and 1.04, (p < 0.05) (Figure 3). The 

percent positive change of soil pH for the grassland compared to native forestland was found to be 

greater due to variability in plant species of vegetations, topography, and soil disturbance. SOC had 

a significant negative change in the grassland compared to forestland. SOC was found to be 36.31% 

lower in the grassland than the forestland (Figure 3). Similarly, TC significantly decreased in the 

grassland compared to the forestland. TC in the grassland was lowered by 34.99% compared to the 

forestland (Figure 3). TC was found to be lower in grassland due to the lower addition of root residues 

and litter that finally contributes towards lower above and below biomass carbon than in the 

forestland. CEC was significantly lower (7.39%) in the grassland than in the forestland (Figure 3). 

This information shows that leaching losses of cations were greater in grassland than forestland. This 

might be due to overgrazing, human activity and soil degradation resulting in greater cations loss in 

the grassland than the forestland. 

 

Figure 3. Percent mean effect of grassland compared to forestland in cumulative soil depth 0–45 cm 

on soil parameters in India (* indicates significant difference at p value < 0.05. Here, BD: bulk density, 

SOC: soil organic carbon, CEC: cation exchange capacity, TC: total carbon, LC: labile carbon, NLC: 

non-labile carbon, MBC: microbial biomass carbon and SCS: soil carbon stocks). 

Figure 3. Percent mean effect of grassland compared to forestland in cumulative soil depth 0–45 cm on
soil parameters in India (* indicates significant difference at p value < 0.05. Here, BD: bulk density, SOC:
soil organic carbon, CEC: cation exchange capacity, TC: total carbon, LC: labile carbon, NLC: non-labile
carbon, MBC: microbial biomass carbon and SCS: soil carbon stocks).

SC pools had negative effect in grassland than forestland (Figure 3). LC and NLC were significantly
lower by 35.51% and 35.31%, in the grassland over the forestland whereas MBC was non-significantly
lower (29.53%). The SC pools were lower in the grassland, which might be due to more exposure of
organic matter resulting in accelerated organic carbon oxidation in this land use system. SCS also
observed a negative effect on the grassland compared to the forestland. SCS was found to be 32.76%
lower in the grassland than the forestland (Figure 3). The soil disturbance and removal of the vegetative
cover from the grassland might be the reason for lower SCS.

3.3. Changes in Soil Characteristics by Land Use Change from Native Forestland to Grassland

In the study, the soil characteristics like soil pH and BD increased whereas SOC, CEC, and TC
decreased in the grassland compared to the forestland (Table 4). The soil pH in grassland had a slightly
positive edge in the soil depths 0–15 cm and 15–30 cm, while no difference was observed in the soil
depth 30–45 cm. BD was significantly higher in the surface soil (0–15 cm) with no significant change in
the subsurface soil. BD in the surface soil was 1.65% higher in the grassland than forestland (Table 4).



Agronomy 2020, 10, 1969 9 of 15

Table 4. Percent mean effect of grassland compared to forestland on soil characteristics at various
depths in India.
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SOC was significantly lower in grassland than the forestland in all soil depths (Table 4). SOC was
27.46%, 41.35%, and 63.71% lower in the grassland than the forestland at 0–15, 15–30 and 30–45 (in cm)
soil depths, respectively (Table 4). This showed that the trend of percent mean effect size of SOC in
the soil depths were 0–15 > 15–30 > 30–45 (in cm). CEC was also found to have a negative effect in
grassland compared to forestland, but the change was non-significant. Similar to SOC, TC was found
to be significantly lower in the grassland compared to the forestland. TC was 41.40% lower in the
grassland in surface soil and 11.19% in sub-surface soil compared to forestland (Table 4).

3.4. Effect on Soil Carbon Pools in Grassland Converted from Native Forestland

SC pools decreased in the grassland compared to the forestland (Table 5). LC was found to
be significantly lower across all the soil depths. The LC was 28.42%, 55.64%, and 64.57%, lower, at
soil depths of 0–15, 15–30 and 30–45 cm, respectively, in the grassland than the forestland (Table 5).
The percentage trend means that the effect size of LC in the soil depths is similar to SOC, i.e.,
0–15 > 15–30 > 30–45 (in cm). This suggested that the effect on LC was greater on the surface soil than
the subsurface soil.

Table 5. Mean effect of grassland compared to forestland on soil carbon pools at various depths in India.
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4. Discussions 

* indicates significant difference at p value < 0.05. Here, LC: labile carbon, NLC: non-labile carbon, and MBC:
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NLC significantly decreased across all the soil depths (Table 5). The NLC was 40.05%, 15.63%
and 51.04% lower in soil depths of 0–15 cm, 15–30 cm and 30–45 cm, respectively, in the grassland
compared to the forestland (Table 5). NLC was affected more at the soil depth of0–15 cm than soil
depth of 15–30 cm. MBC decreased in the grassland compared to the forestland (Table 5).

3.5. Effect on MBC/SOC (%) and Equivalent Carbon Dioxide Emissions from Grassland Compared to
Native Forestland

Data pertaining to MBC/SOC (%) of grassland and native forestland have been presented in
Figure 4. The percent ratio was found to be higher in forestland than grassland and more in the surface
soil than the subsurface soil. The percent ratio was 4.22 in grassland and 4.32 in forestland in the
surface soil, while, in the subsurface soil the ratio was 2.55 in grassland and 2.79 in forestland. The
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addition of litter and root residue is greater in forestland in the surface soil, showing a higher percent
ratio value. The study showed that surface and subsurface soil on MBC/SOC (%) were significantly
decreased in grassland compared to forestland. The MBC/SOC (%) was 2.4% and 8.47% lower for 0–15
and 15–30 cm (Figure 4).
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Figure 4. Effects of grassland compared to native forestland on (a). Microbial biomass carbon (MBC)/soil
organic carbon (SOC) (%), (b). Percent mean effect on MBC/SOC (%), and (c). Relative soil carbon stock
(SCS) loss and carbon dioxide (CO2) equivalent emissions (Note: Metadata has been represented as
mean ± S.E.).

Relative SCS loss was 15.2% in the grassland compared to forestland in the surface soil, and
carbon dioxide equivalent emissions were 33.3 Mg ha−1 (Figure 4).

4. Discussions

4.1. Impact of Land Use Change on Soil Characteristics

The increase in the soil pH was 2.1% and 1.5%, respectively in the surface and subsurface soil of
grassland as compared to native forestland. A meta-analysis of the datasets showed an increase in soil
pH in grassland compared to native forestland in surface and sub-surface soil depths (0–15 cm and
15–30 cm). This might be due to differences in land management practices and land use histories in
the grassland compared to forestland. In the forestland, it was observed that heavy rainfall resulted
in leaching losses of bases, consequently decreasing the soil pH. However, in the grassland, grazing
increased the soil pH. Similar findings on soil pH were found by several researchers [30–33]. BD is an
important soil physical quality indicator that has a direct influence on land uses and management
practices. The increase in the BD was 2.0% and 4.7%, respectively in the surface and subsurface soil of
grassland as compared to native forestland. A meta-analysis of the datasets showed an increase in soil
BD in grassland compared to native forestland in soil depths of 0–15 cm and 15–30 cm. The increase in
BD in grassland might be an effect of soil trampling resulting from cattle grazing. A higher BD value
was obtained in subsurface soil than surface soil in both land uses. The trend of BD’s increase with
soil depths is due to the effects of the load of the overlying soil and the corresponding decrease in
SOC [4,34]. CEC is one of the important soil chemical quality indicators greatly influenced by land
uses, climate, soil types and management practices. The decrease in CEC was 8.5% and 8.9%, in the
surface and subsurface soil of grassland as compared to native forestland. The variability in vegetation,
climatic conditions, and topography in both land uses is the main reason for the difference in CEC.

4.2. Soil Carbon Loss from Grassland

Our analysis indicated that SOC and SC pools were lower in grassland than the forestland in India,
owing to the subsequent increased mineralization, leaching losses, and soil erosion. Land conversion
from either forestland to grassland and further degradation of grassland affected the soil quality
(including physical, chemical and biological properties of soil) due to overgrazing, burning, variation
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in shrub/grass species composition, and soil disturbances [35–41]. Such conversions may change the
rate of inflow and outflow of SC as well as other nutrients [37,42,43]. In this study, the average SOC
declined by 29.7% in the surface soil and 38.9% in the subsurface of grassland compared to native
forestland. The decline in SOC in the grassland with respect to forestland is due to loss of organic
matter due to overgrazing, poor management, deforestation, and land use conversion from grassland
into croplands. Average TC reduced by 27.9% in the surface soil and 11.0% in the subsurface soil of
grassland compared to forestland. LC pools are used as important soil quality indicators because they
are likely to be more sensitive than TOC [44–49]. Among SC pools, average LC, NLC, and MBC in the
surface soil was 26.1%, 22.9% and 31.4% lower, respectively, in the grassland than forestland. A similar
trend was observed in the subsurface soil for SC pools. Extensive grazing reduced the belowground
carbon in the grassland by 22%, with a higher decline in microbial biomass [42]. The meta-analysis
data study on different SC parameters was found to be concurrent with the above-mentioned average
decline in SC. The conversion of grassland from native forestland decreased SC and further affected
nutrient cycling [50]. The increase in BD and decrease in SOC could explain the effect of SCS on the
land uses in this study. The impact of SOC loss from 27–64% in this analysis represents a large quantity
of carbon dioxide emissions associated with land conversion. In this study, SCS loss was 32.76% in
grassland converted from native forestland. Land use can have a large effect on the size of soil C pool
through conversion from forestland to cultivated land or grassland; SCS loss was 20–40% in India [51].
Within a land use type, variations in management practices can affect SC storage, particularly in
cropland and grassland [52]. The average loss of SCS in carbon dioxide equivalent emissions in the
study was 33.3 Mg ha−1.

4.3. Management Strategies for Increasing Soil Carbon Storage in Grassland

This study presented the fact that, in India, SOC and SC pools were substantially lower in
grassland compared to native forestland. The area under grassland has also declined due to either
conversion to cultivated land or to degraded land. Hence, to mitigate SOC losses in grassland, proper
management strategies are required for improving carbon storage in the soil [53,54]. SC storage can
be improved through management practices like the establishment of land use system which is a
combination of grasses with shrubs and trees known as a silvi-pastoral system that can significantly
increase the biomass and help to add more litter and root residue [55–60]. Silvopastoral systems that
include live fences, fodder banks, scattered trees on pasturelands, and tree planting at high density
can enhance the SC storage [55,61,62]. Land spared in the grassland can be used for planting forests
and increases the SCS within the livestock production units [63]. In Chilean Patagonia, comparison
of the silvopastoral system and treeless grazing lands showed increased SCS of 0.06 Mg ha−1 year−1

translating to higher total SC storage by 47 Mg ha−1 in soil depth 0–40 cm [64]. In the humid tropics of
India, SCS was observed to be higher in the coconut-based silvopastoral system (1.3 Mg ha−1 year−1)
than in open pastures [65]. In Central Matalagalpa Nicaragua, in the silvopastoral systems, SCS under
trees was higher (16.4 Mg ha−1) than in open grasslands [66]. In Guanacaste, Costa Rica, SCS improved
by 43% after the continuous inclusion of leguminous trees in tropical pasturelands [67,68]. The use
of legume species into degraded grasslands can improve soil fertility through nitrogen fixation. In
Florida, USA, SCS improved by 51 Mg ha−1 in the silvopastoral system compared to subtropical
pasturelands [69]. Alternative management options like rotational grazing, regulating appropriate
grazing intensity, controlling soil erosion, and the escaping of biomass from fire can also improve
SCS [70]. Worldwide studies have reported that management of grassland with improved irrigation,
introducing earthworms, quality grass species and legumes, and balanced fertilization can store upto
0.54 Mg ha−1 year−1 [71].

5. Conclusions

Based on the analysis and discussions, it was found that for various soil properties, the soil pH and
BD increased and SOC and SC pools decreased due to land use conversion. The loss of SCS from the
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conversion of native forest ecosystems to grasslands was significant at approximately 33%. Decrease
in MBC/SOC (%) has detrimental impact on microbial activity and soil quality. Therefore, proper
management strategies like agroforestry, introduction of legumes, silvi-pastoral system, improved
fertilization, irrigation, and introduction of quality grass species could increase SCS in grassland and
conserve the capability of soil to undertake SC storage.

Author Contributions: S.S. provided overall leadership, conceived the conceptual framework and was in charge
of overall direction and planning. R.P. and U.K. did literature search, data analysis and wrote the manuscript.
D.S.R. did statistical analysis of the metadata. A.K. edited the manuscript and R.K. prepared the different maps of
India through ArcGIS. All authors discussed the results and contributed to the final manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: There is no funding agency to report for this study.

Acknowledgments: We are thankful to all the researchers whose contributions have been used for study analysis
and referenced in this review article that have helped us during its preparation.

Conflicts of Interest: No potential conflict of interest is reported by the authors.

References

1. Meena, V.S.; Mondal, T.; Pandey, B.M.; Mukherjee, A.; Yadav, R.P.; Choudhary, M.; Singh, S.; Bisht, J.K.;
Pattanayak, A. Land use changes: Strategies to improve soil carbon and nitrogen storage pattern in the
mid-Himalaya ecosystem. India Geoderma 2018, 321, 69–78. [CrossRef]

2. Grace, P.R.; Ladd, J.N.; Robertson, G.P.; Gage, S.H. SOCRATES—a simple model forpredicting long-term
changes in soil organic carbon in terrestrial ecosystems. Soil Biol. Biochem. 2005, 38, 1172–1176. [CrossRef]

3. Lal, R. Sequestering carbon and increasing productivity by conservation agriculture. J. Soil Water Conserv.
2015, 70, 55–62. [CrossRef]

4. Nath, A.J.; Brahma, B.; Sileshi, G.W.; Das, A.K. Impact of land use changes on the storage of soil organic
carbon in active and recalcitrant pools in a humid tropical region of India. Sci. Total Environ. 2018, 624,
908–917. [CrossRef]

5. Houghton, R.A.; Hackler, J.L. Sources and sinks of carbon from land-use change in China. Glob. Biogeochem.
Cycles. 2003, 17. [CrossRef]

6. Tian, H.; Melillo, J.M.; Kicklighter, D.W.; Pan, S.; Liu, J.; McGuire, A.D.; Moore, B., III. Regional carbon
dynamics in monsoon Asia and its implications for the global carbon cycle. Glob. Planet. Chang. 2003, 37,
201–217. [CrossRef]

7. Arora, V.; Boer, G.J. Uncertainties in the 20th century carbon budget associated with land use change. Glob.
Chang. Biol. 2010, 16, 3327–3348. [CrossRef]

8. Tian, H.; Banger, K.; Boa, T.; Dadhwal, V.K. History of land use in India during 1880–2010: Large-scale land
transformations reconstructed from satellite data and historical archives. Glob. Planet. Chang. 2014, 121,
78–88. [CrossRef]

9. Adams, J.M.; Faure, H.; Faure-Denard, L.; McGlade, J.M.; Woodward, F.I. Increases in terrestrial carbon
storage from the Last Glacial Maximum to the present. Nature 1990, 348, 711–714. [CrossRef]

10. Ojima, D.S.; Dirks, B.O.; Glenn, E.P.; Owensby, C.E.; Scurlock, J.O. Assessment of C budget for grasslands
and drylands of the world. Water Air Soil Pollut. 1993, 79, 95–109. [CrossRef]

11. Ontl, T.; Janowiak, M. Grassland and Carbon Management. U.S. Department of Agriculture, Forest Service,
Climate Change Resource Center. 2017. Available online: https://www.fs.usda.gov/ccrc/topics/grassland-
and-carbon-management (accessed on 10 June 2017).

12. McBratney, A.B.; Stockmann, U.; Angers, D.; Minasny, B.; Field, D.J. Challenges for Soil Organic Carbon Research;
Progress in Soil Science; Springer International Publishing: Cham, Switzerland, 2014; pp. 3–16.

13. White, R.P.; Murray, S.; Rohweder, M. Pilot Analysis of Global Ecosystems: Grassland Ecosystems; World
Resources Institute: Washington, DC, USA, 2000; p. 69.

14. Blair, J.; Nippert, J.; Briggs, J. Grassland ecology. In Ecology and Environment; The Plant Sciences; Monson, R.K.,
Ed.; Springer: Berlin/Heidelberg, Germany, 2014; Volume 8. [CrossRef]

15. Singh, J.S.; Launroth, W.K.; Milchunas, D.G. Geography of grassland ecosystems. Prog. Phys. Geogr. 1983, 7,
46–80. [CrossRef]

http://dx.doi.org/10.1016/j.geoderma.2018.02.002
http://dx.doi.org/10.1016/j.soilbio.2005.09.013
http://dx.doi.org/10.2489/jswc.70.3.55A
http://dx.doi.org/10.1016/j.scitotenv.2017.12.199
http://dx.doi.org/10.1029/2002GB001970
http://dx.doi.org/10.1016/S0921-8181(02)00205-9
http://dx.doi.org/10.1111/j.1365-2486.2010.02202.x
http://dx.doi.org/10.1016/j.gloplacha.2014.07.005
http://dx.doi.org/10.1038/348711a0
http://dx.doi.org/10.1007/BF01104990
https://www.fs.usda.gov/ccrc/topics/grassland-and-carbon-management
https://www.fs.usda.gov/ccrc/topics/grassland-and-carbon-management
http://dx.doi.org/10.1007/978-1-4614-7501-9_14
http://dx.doi.org/10.1177/030913338300700102


Agronomy 2020, 10, 1969 13 of 15

16. Grassland Vegetation in India (With Map and Statistics). Available online: https://www.biologydiscussion.com/

vegetation/grassland-vegetation-in-india-with-map-and-statistics/6964 (accessed on 30 November 2015).
17. Burke, I.C.; Yonker, C.M.; Parton, D.S.; Schimel, W.J.; Cole, C.V.; Flach, K. Texture, climate, and cultivation

effects on soil organic matter content in US grassland soils. Soil Sci. Soc. Am. J. 1989, 53, 800–805. [CrossRef]
18. Kiran Pandey. 2019. Available online: https://www.downtoearth.org.in/news/agriculture/india-lost-31-of-

grasslands-in-a-decade-66643 (accessed on 10 September 2019).
19. Nabuurs, G.J. Current consequences of past actions: How to separate direct from indirect. In the Global

Carbon Cycle; Field, C.B., Raupach, M.R., Eds.; Island Press: Washington, DC, USA, 2004; pp. 317–326.
20. Randolph, T.F.; Schelling, E.; Grace, D.; Nicholson, C.F.; Leroy, J.L.; Cole, D.C.; Demment, M.W.; Omore, A.;

Zinsstag, J.; Ruel, M. Invited review: Role of livestock in human nutrition and health for poverty reduction
in developing countries. J. Anim. Sci. 2007, 85, 2788–2800. [CrossRef] [PubMed]

21. Bhattacharyya, R.; Pandey, A.K.; Gopinath, K.A.; Bisht, J.K.; Bhatt, J.C. Fertilization and crop residue addition
impacts on yield sustainability under a rainfedmaize-wheat system in the Himalayas. Proc. Natl. Acad. Sci.
B Biol. Sci. 2016, 86, 21–32. [CrossRef]

22. FAO. Available online: http://faostat.fao.org/ (accessed on 10 August 2020).
23. Hedges, L.V.; Gurevitch, J.; Curtis, P.S. The meta-analysis of response ratios in experimental ecology. Ecology

1999, 80, 1150–1156. [CrossRef]
24. Koricheva, J.; Gurevitch, J.; Mengersen, K. Handbook of Meta-Analysis in Ecology and Evolution; Princeton

University Press: Princeton, NJ, USA, 2013; ISBN 9780691137285.
25. Chakraborty, D.; Ladha, J.K.; Rana, D.S.; Jat, M.L.; Gathala, M.K.; Yadav, S.; Rao, A.N.; Ramesha, M.S.;

Raman, A. A global analysis of alternative tillage and crop establishment practices for economically and
environmentally efficient rice production. Sci. Rep. 2017, 7, 9342. [CrossRef]

26. Rosenberg, M.S.; Adams, D.C.; Gurevitch, J. MetaWin. (2000) Statistical Software for Meta-Analysis Version 2.0.;
Sinauer Associates: Sunderland, MA, USA, 2000; ISBN 0878937609.

27. Adams, D.C.; Gurevitch, J.; Rosenberg, M.S. Resampling tests for meta-analysis of ecological data. Ecology
1997, 78, 1277–1283. [CrossRef]

28. Bax, L.; Yu, L.M.; Ikeda, N.; Moons, K.G. A Systematic Comparison of Software Dedicated to Meta-Analysis
of Causal Studies. BMC Med. Res. Methodol. 2007, 7, 40. [CrossRef]

29. Sharma, S.; Padbhushan, R.; Kumar, U. Integrated Nutrient Management in Rice–Wheat Cropping System:
An Evidence on Sustainability in the Indian Subcontinent through Meta-Analysis. Agronomy 2019, 9, 71.
[CrossRef]

30. Sharma, V.; Hussain, S.; Sharma, K.R.; Arya, V.M. Labile carbon pools and soil organic carbon stocks in the
foothill Himalayas under different land use systems. Geoderma 2014, 232–234, 81–87. [CrossRef]

31. Biddoccu, M.; Zecca, O.; Audisio, C.; Godone, F.; Barmaz, A.; Cavallo, E. Assessment of long-term soil
erosion in a mountain vineyard, Aosta Valley (NWItaly). Land Degrad. Dev. 2016. [CrossRef]

32. Orgill, S.E.; Condon, J.R.; Conyers, M.K.; Morris, S.G.; Alcock, D.J.; Murphy, B.W.; Greene, R.S.B. Removing
grazing pressure from a native pasture decreases soil organic carbon in southern New South Wales, Australia.
Land Degrad. Dev. 2016. [CrossRef]

33. Parras-Alcantara, L.; Lozano-García, B.; Keesstra, S.; Cerda, A.; Brevik, E.C. Long term effects of soil
management on ecosystem services and soil loss estimation in olive grove top soils. Sci. Total Environ. 2016.
[CrossRef]

34. Vidya, K.R.; Hareesh, G.R.; Rajanna, M.D.; Sringeswara, A.N.; Balakrishna, G.; Balakrishna, A.N.; Gowda, B.
Changes in microbial biomass C, N and P asinfluenced by different land-uses. Myforest 2002, 38, 323–328.

35. Singh, G.; Sharma, R. Effects of Different Land Use Changes and Spatial Variation in Rainfall on Soil Properties
and Soil Carbon Storage in Western Rajasthan. India Ann. Adv. Agric. Sci. 2017, 1, 43–53. [CrossRef]

36. Lal, R. Soil carbon sequestration impacts on global climate change and food security. Science 2004, 304,
1623–1627. [CrossRef]

37. Navarrete, D.; Sitch, S.; Aragão, L.E.; Pedroni, L. Conversion from forests to pastures in the Colombian
Amazon leads to contrasting soil carbon dynamics depending on land management practices. Glob. Chang.
Biol. 2016, 22, 3503–3517. [CrossRef]

38. Covaleda, S.; Gallardo, J.F.; García-Oliva, F.; Kirchmann, H.; Prat, C.; Bravo, M.; Etchevers, J.D. Land-use
effects on the distribution of soil organic carbon within particle-size fractions of volcanic soils in the
Transmexican Volcanic Belt (Mexico). Soil Use Manag. 2011, 27, 186–194. [CrossRef]

https://www.biologydiscussion.com/vegetation/grassland-vegetation-in-india-with-map-and-statistics/6964
https://www.biologydiscussion.com/vegetation/grassland-vegetation-in-india-with-map-and-statistics/6964
http://dx.doi.org/10.2136/sssaj1989.03615995005300030029x
https://www.downtoearth.org.in/news/agriculture/india-lost-31-of-grasslands-in-a-decade-66643
https://www.downtoearth.org.in/news/agriculture/india-lost-31-of-grasslands-in-a-decade-66643
http://dx.doi.org/10.2527/jas.2007-0467
http://www.ncbi.nlm.nih.gov/pubmed/17911229
http://dx.doi.org/10.1007/s40011-014-0394-8
http://faostat.fao.org/
http://dx.doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2
http://dx.doi.org/10.1038/s41598-017-09742-9
http://dx.doi.org/10.1890/0012-9658(1997)078[1277:RTFMAO]2.0.CO;2
http://dx.doi.org/10.1186/1471-2288-7-40
http://dx.doi.org/10.3390/agronomy9020071
http://dx.doi.org/10.1016/j.geoderma.2014.04.039
http://dx.doi.org/10.1002/ldr.2657
http://dx.doi.org/10.1002/ldr.2560
http://dx.doi.org/10.1016/j.scitotenv.2016.07.016
http://dx.doi.org/10.22606/as.2017.12001
http://dx.doi.org/10.1126/science.1097396
http://dx.doi.org/10.1111/gcb.13266
http://dx.doi.org/10.1111/j.1475-2743.2011.00341.x


Agronomy 2020, 10, 1969 14 of 15

39. Ibarra-Flores, F.; Cox, J.R.; Martin-Rivera, M.; Crowl, T.A.; Norton, B.E.; Banner, R.E.; Miller, R.W. Soil
physicochemical changes following buffelgrass establishment in Mexico. Arid Soil Res. Rehabil. 1999, 13,
39–52. [CrossRef]

40. Murty, D.; Kirschbaum, M.U.; Mcmurtrie, R.E.; Mcgilvray, H. Does conversion of forest to agricultural
landchange soil carbon and nitrogen? A review of the literature. Glob. Chang. Biol. 2002, 8, 105–123.
[CrossRef]

41. Yadav, R.P.; Bisht, J.K.; Bhatt, J.C. Biomass, carbon stock under different production systems in the mid hillsof
Indian Himalaya. Trop. Ecol. 2017, 58, 15–21.

42. Zhou, G.; Zhou, X.; He, Y.; Shao, J.; Hu, Z.; Liu, R.; Zhou, H.; Hosseinibai, S. Grazing intensity significantly
affects belowground carbon and nitrogen cycling in grassland ecosystems: A meta-analysis. Glob. Chang.
Biol. 2016, 23, 1167–1179. [CrossRef]

43. Shanmugam, S.; Dalal, R.C.; Joosten, H.; Raison, R.J.; Joo, J.K. SOC stock changes and greenhouse gas
emissions following tropical land use conversions to plantation crops on mineral soils, with a special focus
on oil palm and rubber plantations. Agriculture 2018, 8, 133. [CrossRef]

44. Campbell, C.A.; Janzen, H.H.; Juma, N.G. Case studies of soil quality in the Canadian prairies: Long-term
field experiments. In Soil Quality for Crop Production; Gregorich, E.G., Carter, M.R., Eds.; Elsevier: Amsterdam,
The Netherlands, 1997; pp. 351–397.

45. Padbhushan, R.; Rakshit, R.; Das, A.; Sharma, R.P. Assessment of long-term organic amendments effect on
some sensitive indicators of carbon under subtropical climatic condition. Bioscan 2015, 10, 1237–1240.

46. Padbhushan, R.; Rakshit, R.; Das, A.; Sharma, R.P. Effects of various organic amendments on organic carbon
pools and water stable aggregates under a scented rice–potato–onion cropping system. Paddy Water Environ.
2016, 14, 481–489. [CrossRef]

47. Padbhushan, R.; Das, A.; Rakshit, R.; Sharma, R.P.; Kohli, A.; Kumar, R. Long-Term Organic Amendment
Application Improves Influence on Soil Aggregation, Aggregate Associated Carbon and Carbon Pools under
Scented Rice-Potato-Onion Cropping System. Commun. Soil Sci. Plan. 2016, 47, 2445–2457. [CrossRef]

48. Rakshit, R.; Das, A.; Padbhushan, R.; Sharma, R.P.; Saxena, S.; Kumar, S. Assessment of Soil Quality and
Identification of Parameters Influencing System Yield under Long-term Fertilizer Trial. J. Indian Soc. Soil Sci.
2018, 66, 166–171. [CrossRef]

49. Meetei, T.T.; Kundu, M.C.; Devi, Y.B. Long-term effect of rice-based cropping systems on pools of soil organic
carbon in farmer’s field in hilly agroecosystem of Manipur, India. Environ. Monit. Assess. 2020, 192, 209.
[CrossRef]

50. Macandog, D.B.M.; Predo, C.D.; Rocamora, P.M. Environmental and economic impacts of land-use change in
tropical Imperata areas. Philipp. J. Crop Sci. 1998, 23, 20–26.

51. Kaul, M.; Dadhwal, V.K.; Mohren, G.M.J. Land use change and net C flux in Indian forests. For. Ecol. Manag.
2009, 258, 100–108. [CrossRef]

52. Ogle, S.M.; Breidt, F.J.; Paustian, K. Agricultural management impacts on soil organic carbon storage under
moist and dry climatic conditions of temperate and tropical regions. Biogeochemistry 2005, 72, 87–121.
[CrossRef]

53. Boval, M.; Angeon, V.; Rudel, T. Tropical grasslands: A pivotal place for a more multi-functional agriculture.
Ambio 2017, 46, 48–56. [CrossRef]

54. Joyce, L.A.; Briske, D.D.; Brown, J.R.; Polley, H.W.; McCarl, B.A.; Bailey, D.W. Climate Change and North
American Rangelands: Assessment of Mitigation and Adaptation Strategies. Rangel. Ecol. Manag. 2013, 66,
512–528. [CrossRef]

55. Calle, Z.; Murgueitio, E.; Chará, J.; Molina, C.H.; Zuluaga, A.F.; Calle, A. A strategy for scaling-up Intensive
Silvopastoral Systems in Colombia. J. Sustain. For. 2013, 32, 677–693. [CrossRef]

56. Jose, S. Agroforestry for ecosystem services and environmental benefits: An overview. Agrofor. Syst. 2009,
76, 1–10. [CrossRef]

57. Villanueva-López, G.; Martínez-Zurimendi, P.; Casanova-Lugo, F.; Ramírez-Avilés, L.; Montañez-Escalante, P.I.
Carbon storage in livestock systems with and without live fences of Gliricidiasepium in the humid tropics of
Mexico. Agrofor. Syst. 2015, 89, 1083–1096. [CrossRef]

58. Nair, R.P.K.; Mohan, K.B.; Nair, V.D. Agroforestry as a strategy for carbon sequestration. J. Plant Nutr. Soil
Sci. 2009, 172, 10–23. [CrossRef]

http://dx.doi.org/10.1080/089030699263474
http://dx.doi.org/10.1046/j.1354-1013.2001.00459.x
http://dx.doi.org/10.1111/gcb.13431
http://dx.doi.org/10.3390/agriculture8090133
http://dx.doi.org/10.1007/s10333-015-0517-8
http://dx.doi.org/10.1080/00103624.2016.1254785
http://dx.doi.org/10.5958/0974-0228.2018.00021.X
http://dx.doi.org/10.1007/s10661-020-8165-x
http://dx.doi.org/10.1016/j.foreco.2009.03.049
http://dx.doi.org/10.1007/s10533-004-0360-2
http://dx.doi.org/10.1007/s13280-016-0806-5
http://dx.doi.org/10.2111/REM-D-12-00142.1
http://dx.doi.org/10.1080/10549811.2013.817338
http://dx.doi.org/10.1007/s10457-009-9229-7
http://dx.doi.org/10.1007/s10457-015-9836-4
http://dx.doi.org/10.1002/jpln.200800030


Agronomy 2020, 10, 1969 15 of 15

59. Cárdenas, A.; Moliner, A.; Hontoria, C.; Ibrahim, M. Ecological structure and carbon storage in traditional
silvopastoral systems in Nicaragua. Agrofor. Syst. 2019, 93, 229–239. [CrossRef]

60. Aryal, D.R.; Gómez-González, R.R.; Hernández-Nuriasmú, R.; Morales-Ruiz, D.E. Carbon stocks and tree
diversity in scattered tree silvopastoral systems in Chiapas, Mexico. Agrofor. Syst. 2019, 93, 213–227.
[CrossRef]

61. Casanova-Lugo, F.; Petit-Aldana, J.; Solorio-Saánchez, F.; Ramírez-Avilés, L.; Ward, S.E.; Villanueva-López, G.;
Aryal, D.R. Carbon stocks in biomass and soils of woody species fodder banks in the dry tropics of Mexico.
Soil Use Manag. 2018. [CrossRef]

62. López-Santiago, J.G.; Casanova-Lugo, F.; Villanueva-López, G.; Díaz-Echeverría, V.F.; Solorio-Sánchez, F.J.;
Martínez-Zurimendi, P.; Aryal, D.R.; Chay-Canul, A.J. Carbon storage in a silvopastoral system compared to
that in a deciduous dry forest in Michoacán, Mexico. Agrofor. Syst. 2019, 93, 199–211. [CrossRef]

63. Aryal, D.R.; Gómez-Castro, H.; Del Carmen-García, N.; José-Ruiz, O.; Molina-Paniagua, L.F.;
Jimenez-Trujillo, J.A.; Venegas-Venegas, J.A.; Pinto-Ruiz, R.; de Coss, A.L.; Guevara-Hernández, F. Carbon
storage potential in forest areas within a livestock system of Villaflores, Chiapas, Mexico. Rev. Mex. Cienc.
For. 2018, 9, 150–180.

64. Dube, F.; Thevathasan, N.V.; Zagal, E.; Gordon, A.M.; Stolpe, N.B.; Espinosa, M. Carbon Sequestration
Potential of Silvopastoral and Other Land Use Systems in the Chilean Patagonia. In Carbon Sequestration
Potential of Agroforestry Systems: Opportunities and Challenges; Kumar, B.M., Nair, P.K.R., Eds.; Springer:
Dordrecht, The Netherlands, 2011; pp. 101–127.

65. Pandey, C.B.; Singh, G.B.; Singh, S.K.; Singh, R.K. Soil nitrogen and microbial biomass carbon dynamics
innative forests and derived agricultural land uses in a humid tropical climate of India. Plant Soil 2010, 333,
453–467. [CrossRef]

66. Casals, P.; Romero, J.; Rusch, G.M.; Ibrahim, M. Soil organic C and nutrient contents under trees with different
functional characteristics in seasonally dry tropical silvopastures. Plant Soil 2014, 374, 643–659. [CrossRef]

67. Andrade, H.J.; Brook, R.; Ibrahim, M. Growth, production and carbon sequestration of silvopastoralsystemswith
native timber species in the dry lowlands of Costa Rica. Plant Soil 2008, 308, 11–22. [CrossRef]

68. Ibrahim, M.; Villanueva, C.; Casasola, F.; Rojas, J. Sistemas silvopastoriles como una herramienta para el
mejoramiento de la productividad y restauración de la integridad ecológica de paisajes ganaderos. Pastos
Forrajes 2006, 29, 383–419.

69. Adewopo, J.B.; Silveira, M.L.; Xu, S.; Gerber, S.; Sollenberger, L.E.; Martin, T.A. Management
intensificationimpacts on soil and ecosystem carbon stocks in subtropical grasslands. Soil Sci. Soc. Am. J.
2014, 78, 977–986. [CrossRef]

70. Khalil, M.I.; Francaviglia, R.; Henry, B.; Klumpp, K.; Koncz, P.; Llorente, M.; Madari, B.E.; Muñoz-Rojas, M.;
Nerger, R. Strategic Management of Grazing Grassland Systems to Maintain and Increase Organic Carbon
in Soils, CO2 Sequestration; Frazão, L.A., Silva-Olaya, A.M., Silva, J.C., Eds.; IntechOpen. Available
online: https://www.intechopen.com/books/CO2-sequestration/strategic-management-of-grazing-grassland-
systems-to-maintain-and-increase-organic-carbon-in-soils (accessed on 13 March 2019). [CrossRef]

71. Conant, R.T.; Paustian, K.; Elliott, E.T. Grassland management and conversion into grassland: Effects on
soilcarbon. Ecol. Appl. 2001, 11, 343–355. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10457-018-0234-6
http://dx.doi.org/10.1007/s10457-018-0310-y
http://dx.doi.org/10.1111/sum.12456
http://dx.doi.org/10.1007/s10457-018-0259-x
http://dx.doi.org/10.1007/s11104-010-0362-x
http://dx.doi.org/10.1007/s11104-013-1884-9
http://dx.doi.org/10.1007/s11104-008-9600-x
http://dx.doi.org/10.2136/sssaj2013.12.0523
https://www.intechopen.com/books/CO2-sequestration/strategic-management-of-grazing-grassland-systems-to-maintain-and-increase-organic-carbon-in-soils
https://www.intechopen.com/books/CO2-sequestration/strategic-management-of-grazing-grassland-systems-to-maintain-and-increase-organic-carbon-in-soils
http://dx.doi.org/10.5772/intechopen.84341
http://dx.doi.org/10.1890/1051-0761(2001)011[0343:GMACIG]2.0.CO;2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Data Sources and Compilation 
	Location Map of the Study Area 
	Soil Parameters Used in This Study 
	Meta-Analysis: Method of Analysis Using Diverse Datasets 
	Interpretation of Results 

	Results 
	Soil Characteristics of Grassland Compared to Forestland 
	Changes in Soil Characteristics by Land Use Change from Forestland to Grassland 
	Changes in Soil Characteristics by Land Use Change from Native Forestland to Grassland 
	Effect on Soil Carbon Pools in Grassland Converted from Native Forestland 
	Effect on MBC/SOC (%) and Equivalent Carbon Dioxide Emissions from Grassland Compared to Native Forestland 

	Discussions 
	Impact of Land Use Change on Soil Characteristics 
	Soil Carbon Loss from Grassland 
	Management Strategies for Increasing Soil Carbon Storage in Grassland 

	Conclusions 
	References

