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Abstract
Fodder production, biomass carbon storage and the oxygen release potentials of the silvipasture system consisting of Acacia 
nilotica, Ficus infectoria, Morus alba and Leucaena leucocephala integrated with grass species Megathyrsus maximus and Chrysopogon 
fulvus along with fodder legume Stylosanthes seabrana were evaluated. Among trees/shrubs, at the age of 12 years, F. infectoria 
yielded (Mg ha-1) highest green fodder (5.72) followed by L. leucocephala (5.01), A. nilotica (3.93) and M. alba (2.87). Among pasture 
species, M. maximus yielded (Mg ha-1) the highest green fodder (31.13), followed by C. fulvus (22.10) and legume S. seabrana (4.75). 
The system stored 7.51 to 20.80 Mg C ha-1 in its biomass, amounting to 27.56 to 76.34 Mg ha-1of carbon dioxide equivalent (CO2e) 
and besides this, the system also released 20.05 to 55.54 Mg ha-1 of oxygen under various tree/shrub+ grass/legume combinations. 
Thus, silvipasture systems with F. infectoria + M. maximus (fodder: 36.85 Mg/ha; carbon stock: 13.61 Mg C ha-1; oxygen released: 
36.34 Mg ha-1); A. nilotica + M. maximus (fodder: 35.06 Mg ha-1; carbon stock: 18.66 Mg C ha-1; oxygen released:49.82 Mg ha-1); 
F. infectoria + C. fulvus (fodder: 27.82 Mg ha-1; carbon stock: 13.78 Mg C ha-1; oxygen released:36.79 Mg ha-1) and A. nilotica + C. 
fulvus (fodder: 26.03 Mg ha-1; carbon stock: 20.80 Mg C ha-1; oxygen released: 55.54 Mg ha-1) are ideal system for fodder as well 
as environmental security in degraded lands of semi-arid India.
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Introduction
Semi-arid zones of India are facing challenges of land 
degradation, drought, erratic rainfall, high temperature, 
poor agriculture as well as livestock productivity coupled 
with the presence of low vegetation cover, which makes 
the region more vulnerable to climate vagaries (Kumar 
et al., 2019; Gautam et al., 2021; Dev et al., 2022; Kumar et 
al., 2022). Under such conditions, livestock as an integral 
part of agriculture, act as an assured means of livelihood 
security of people in the region, especially resource-poor 
small and marginal farmers. Such farmers are completely 
dependent on livestock for their nutrition and derive 
more than 96% of their total income from agriculture and 
livestock rearing (Rathod and Dixit, 2020; Gautam et al., 
2021). The high dependency of people on livestock in the 
region is also reflected in the prevalence of a high human 
to livestock ratio (1:1.5–1:3) in the region as compared to 
other regions of the country (1:0.5) (Rathod and Dixit, 
2020; Gautam et al., 2021). However, the productivity of 
livestock in the region is poor as compared to the rest of 

the parts of the country (Rathod and Dixit, 2020; Kamini 
et al., 2020). Grazing and feeding on poor feed/fodder/
vegetation by various categories of livestock owing to 
lack of accessibility to round-the-year quality fodder and 
especially green fodder during lean period accounts for 
50% loss in livestock productivity in this region (Ajith 
et al. 2012; Kamini et al., 2020; Gautam et al., 2021). The 
fodder scarcity, especially in lean period, has led many 
farmers of these regions to sometimes leave their cattle 
free to graze (popularly known as ‘Anna Pratha’), causing 
25 to 35% loss in agricultural crops of the kharif season 
(Rathod and Dixit, 2020). Since meeting out demand for 
round-the-year quality fodder for sustaining livestock 
productivity in the region is very crucial to supporting 
local livelihoods, the silvipasture system can act as a 
boon in the region.
Silvipasture systems combining fodder trees, shrubs, 
grasses and legumes are ideal for year-round quality 
fodder supply and can be established on degraded 
lands/wastelands and community lands. Further, 
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silvipastures have been proven to mitigate climate 
change by sequestering huge amounts of atmospheric 
carbon dioxide in its above and below-ground carbon 
pools and releasing oxygen into the atmosphere (Shukla 
et al., 2019; Aryal et al., 2022; Gautam et al., 2022). Thus, 
establishing silvipastures can also play a significant role 
in offsetting the methane emissions from the livestock 
sector. The silvipasture is win-win land use system 
in a way that, beyond assuring fodder security and 
climate resilience, this system provides added benefits 
of ensuring livelihood security to local farmers in the 
long run (Kumar et al., 2019; Dev et al., 2022; Kumar et al., 
2022; Ghosh et al., 2023; Rather et al., 2023). Furthermore, 
the carbon sequestered in these systems can be leveraged 
for trading to create opportunities for additional financial 
gains (Pinnschmidt et al., 2023). The emission of oxygen 
from silvipasture systems can also play a crucial 
role in mitigating oxygen shortages attributed to the 
increasing levels of air pollution in the country. Thus, 
silvipasture has the potential to be a crucial contributor 
in India’s pursuit of achieving carbon neutrality by 2070. 
Considering the overall context, a study was conducted 
on a 10-year-old silvipasture system established in semi-
arid central India on degraded land for a period of 3 years. 
This system incorporated a mix of fodder trees, shrubs, 
grasses, and fodder legumes. The aim of the study was to 
generate scientific insights into the system’s potential for 
fodder production and to quantify the carbon storage in 
both above-ground and below-ground biomass, as well 
as to evaluate the oxygen release potential of the system, 
as these dimensions were previously unexplored.

Materials and Methods

Study site: The study was carried out at the semi-arid 
Bundelkhand region of India in the Jhansi district, 
located at an altitude of 216 m above mean sea level, 
between 25º26ʹ08ʺ N latitude and 78º30ʹ21ʺ E longitude. 
The study site is characterized by the presence of erratic 
rainfall (average rainfall: 867 mm); drought, very high 
temperature during summer (maximum: 47.4°C in 
June); a minimum temperature of 4.1°C in December 
and about 60% mean annual relative humidity (Dev et 
al., 2020). The soil of the experimental site was typically 
inceptisol, characterized by shallow depth, poor fertility, 
dark brown to yellowish-red color, poor water holding 
capacity, low organic matter percentage (0.3–0.5) and pH 
ranging between 6.2 to 7.8. 

Silvipasture system: The silvipasture systems consisted 
of three indigenous high-value fodder trees of semi-arid 
zone viz., Ficus infectoria, Morus alba, Acacia nilotica, and 
a shrub Leucaena leucocephala planted during the rainy 
season of the year 2010 (July month). Trees were planted 
at the spacing of 5 × 5 m and shrubs at 5 m (row to row) × 
2 m (plant to plant) in 60 cm3 pits. For the establishment 

of silvipasture, two perennial grass species Megathyrsus 
maximus and Chrysopogon fulvus, along with a perennial 
fodder legume Stylosanthes seabrana, having good quality 
fodder biomass production potential, were sown under 
these 10-year-old trees and shrubs. Grasses and legumes 
were separately seeded at the spacing of 50 × 50 cm in 
rows between two tree rows during the rainy season 
in the month of July, 2020. The system was maintained 
under rain-fed conditions. Plot size was kept as 60 × 
60 m and each treatment was replicated thrice under a 
randomized complete block design. Data was recorded 
for three consecutive years 2020, 2021 and 2022.

Tree growth and fodder yield: Above-ground growth 
parameters viz., tree height, diameter at breast height 
(DBH) and canopy spread of trees, were measured. Tree 
height was measured using a Ravi multimeter, DBH using 
a digital tree caliper and canopy spread using measuring 
tape. Green biomass yield of grasses and legumes was 
measured by harvesting 1 × 1 m area at six random places 
in each plot (60 × 60 m), and then it was calculated per 
hectare basis and expressed as Mg ha-1. For tree species, 
canopies were imposed to 30% pruning and, shrubs were 
pollarded at 1 m height during the winter season and 
green pruned fodder biomass (leaves and soft twigs) per 
tree/shrub was recorded. Thereafter, the fresh biomass 
was calculated per hectare basis based on the number of 
stems per hectare and was expressed as Mg ha-1. 

Carbon stock, carbon dioxide mitigation and oxygen 
release potential: For trees, grasses and legume species 
under silvipasture system, above-ground biomass 
carbon stock was calculated based on their per hectare 
dry above-ground biomass (AGB) content. For tree and 
shrub species, total dry AGB was calculated by adding 
dry biomass of their stem, branches and foliage. Stem 
dry biomass in F. infectoria was calculated by multiplying 
tree stem volume with specific gravity (Brown, 1997) 
and foliage as well as branch dry biomass using Forest 
Survey of India biomass equations (https://fsi.nic.in/
carbon_stock/annexure-I.pdf). In L. leucocephala stem dry 
biomass was calculated by multiplying tree stem volume 
with specific gravity (Brown, 1997) and foliage as well 
as branch dry biomass by harvesting them, followed by 
calculating their dry biomass per tree basis. In A. nilotica, 
total dry AGB was calculated by multiplying stem dry 
biomass (tree stem volume × specific gravity) with the 
biomass expansion factor (2.55) (Newaj et al., 2014). In the 
case of M. alba, total dry AGB was calculated using the 
tree biomass equation for dry region given by Brown et 
al. (1989). Thereafter, the total dry AGB was calculated 
per hectare basis based on the number of stems of trees/
shrubs per hectare. For grasses and legumes, dry AGB 
was calculated by harvesting them in 1 × 1 m area at six 
random places in each plot and determining dry biomass 
per hectare on a moisture content basis. Finally, above-
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ground biomass carbon (AGBC) contents in trees, shrub, 
grasses and legumes was determined by multiplying 
respective dry AGB with a conversion factor of 0.50 and 
was expressed as Mg C ha-1 (IPCC, 2006).
For trees, grasses and legume species under silvipasture 
system, below-ground biomass carbon stock was 
calculated based on their per hectare dry below-ground 
biomass (BGB) content. Total dry BGB of trees/shrubs 
was calculated by multiplying dry AGB with 0.26 (IPCC 
default value (IPCC, 2006). The total dry BGB of grasses 
and legumes was determined from their root: shoot ratio 
(Dry biomass of roots/above-ground dry biomass). Below-
ground biomass carbon (BGBC) content in trees, shrubs, 
grasses and legumes was determined by multiplying 
respective dry BGB with a conversion factor of 0.50 (IPCC, 
2006) and was expressed as Mg C ha-1. Total carbon stock 
in trees, shrub, grasses, and legumes was determined by 
adding their respective AGBC and BGBC on per hectare 
basis.
Finally total biomass carbon stock under each silvipasture 
system was calculated by adding the total biomass carbon 
stock of the respective trees/shrubs with the total biomass 
carbon stock of grasses/legumes under each combination. 
This total carbon stock potential was converted to carbon 
dioxide mitigation potential or carbon dioxide equivalent 
storage (CO2e) (carbon stock × 3.67) as per IPCC 2006. Total 
oxygen release in the system was calculated as Mg ha–1 
using the formula (total oxygen release = total carbon 
stock (Mg ha–1) × 32/12) described earlier (Nowak et al., 
2007; Keerthika and Chavan, 2022).

Statistical analysis: Statistical analysis was carried out 
using ANOVA as per Gomez and Gomez (1984). Data were 
analyzed using one and two-factor analyses in online 
OPSTAT software, a statistical software package for 
agricultural research workers (Sheoran et al., 1998). The 
mean values were compared at 5% level of significance.

Results and Discussion

Growth performance of trees: Species-level variation 
in growth performance like DBH, canopy spread and 
height was observed in 12 years old trees. A. nilotica 
showed maximum growth in height (6.27 m) followed 
by F. infectoria (6.08 m) and M. alba (5.01 m; Fig 1). 

However, F. infectoria (18.21 cm; 5.79 m) outperformed 
A. nilotica (15.22 cm; 5.47m) and M. alba (11.19 cm; 4.81m) 
for DBH and canopy spread growth, respectively (Fig 
1). Variation in tree performance for growth parameters 
under silvipasture was also reported earlier (Kumar et 
al., 2017; 2022; Castillo et al., 2020). The variation in the 
performance of tree species was attributed to variation in 
their ability to utilize above and below-ground resources 
efficiently on degraded lands (Rai et al., 2001; Castillo et 
al., 2020; Kumar et al., 2022). Higher canopy spread and 
diameter growth performance in case of F. infectoria was 
also reflected with higher fodder yield in comparison to 
other species (Table 1).

Fodder production potential of trees/shrub: Selecting 
the right tree/shrub species having quality top feed 
potential is essential for the successful establishment of 
a silvipasture system, which requires a comprehensive 
examination of different tree/shrub species. In the 
current study, variability among different tree and 
shrub species was recorded for their fodder biomass 
production potential and it maintained a consistent 
trend over the course of three years (Table 1). At the 
age of 12 years, F. infectoria recorded the highest green 
fodder yield (5.72 Mg ha-1) followed by L. leucocephala 
(5.01Mg ha-1), A. nilotica (3.93 Mg ha-1) and M. alba (2.87 
Mg ha-1). Variation in fodder production potential of tree/
shrub species under silvipasture on degraded lands was 
also observed by several researchers (Kumar et al., 2015; 
Kumar et al., 2017; Dagar, 2017; Patidar and Mathur, 2017; 
Raj et al., 2016; Kumar et al., 2022). The increased fodder 
yield from the F. infectoria tree could be attributed to 
its higher canopy growth, dense canopy, and thicker 
leaves in comparison to other species. Conversely, the 

Table 1. Green fodder yield (Mg ha-1) from fodder trees/shrub

Tree/Shrub 2020 2021 2022

Ficus infectoria 5.02 5.36 5.72

Morus alba 2.45 2.79 2.87

Acacia nilotica 3.48 3.66 3.93

Leucaena leucocephala 4.35 4.78 5.01

CD 0.67 1.37 0.79

CV (%) 12.63 44.57 21.59

Fig 1. Tree growth performances under silvipasture systems
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lower fodder yield observed in A. nilotica was linked to 
the presence of compound leaves with small leaflets, as 
well as the production of more woody biomass and in 
M. alba to the presence of a sparse canopy (Kumar et al., 
2015; Dagar, 2017; Kumar et al., 2017, 2022). Additionally, 
the higher biomass production from shrub L. leucocephala, 
when compared to tree species, was due to the adoption 
of pollarding practices on the shrub and the presence of 
a higher stem density (1000 ha-1) compared to tree species 
(400 trees ha-1).

Fodder production potential of grasses and legumes: 
Choosing the most suitable pasture species is crucial for 
establishing a successful silvipasture which necessitates a 
comparative assessment of understory forage production 
potential study of various pasture species. Under 
the current study, the potential for fodder biomass 
production exhibited variation among different grass 
and legume species and it followed a consistent trend 
over a three-year period (Table 2). In the initial year, 
S. seabrana exhibited poor seed germination and failed 
to establish in the field. Subsequently, it was replanted 
during the second year, which resulted in a successful 
establishment. Among pasture species, M. maximus 
produced higher green fodder yield (31.13 Mg ha-1) as 
compared to C. fulvus (22.10 Mg ha-1) and S. seabrana 
(4.75 Mg ha-1). Variation in fodder production potential 
of grass/legume species under silvipasture on degraded 
lands was previously reported (Kumar et al., 2017; 2022; 
Ram et al., 2023), which could be attributed to several 
factors such as genetic composition of the grasses, growth 
characteristics, rooting patterns, and their enhanced 
ability to withstand competition (Bantihun et al., 2022). 
Higher fodder yield from M. maximus compared to other 
suitable perennial grasses was previously reported under 
semi-arid degraded lands by researchers (Kumar et al., 
2017; Raj et al., 2016; Ram et al., 2019; Kumar et al., 2022; 

Ram et al., 2023). Silvipasture system with F. infectoria + 
grass/legume recorded higher green fodder yield (10.47 to 
36.85 Mg ha-1) than L. leucocephala + grass/legume (9.76 to 
36.14 Mg ha-1); A. nilotica + grass/legume (8.68 to 35.06 Mg 
ha-1) and M. alba + grass/legume (7.62 to 34 Mg ha-1) during 
third year of growth after establishment of pasture. 
Thus trees and shrubs grown under silvipasture could 
ensure a consistent supply of green fodder during the 
lean months of December to June and grasses from July 
to December months. Further, fodder biomass produced 
by silvipasture could maintain 4-5 adult cattle units 
(ACU) ha-1 year-1, ensuring year-round fodder security 
for livestock in the region. 

Carbon stock, carbon dioxide mitigation and oxygen 
release potentials: The quantification of ecosystem 
services in silvipasture ranging from carbon sequestration 
to oxygen release potential holds a paramount importance 
in economic valuation and comprehensive understanding 
of environmental and economic impacts of silvipasture 
systems. This quantification not only facilitates evidence-
based decision-making and informed policy development 
but also aids in promoting the adoption of resilient 
landscapes like silvipasture in the long run. Thus, 
we quantified the carbon storage and oxygen release 
potential of the silvipasture system during the studies. 
Three years data was pooled to find out carbon stock 
potential of trees/shrubs and pasture species under 
silvipasture system. Trees/shrubs stored total AGC and 
BGC in their biomass ranging from 4.72 to 12.46 Mg C ha-1 
and 1.23 to 3.24 Mg C ha-1, respectively under different 
grasses and legume combinations (Table 3). The total 
(AGC + BGC) stored carbon in tree/shrub biomass ranged 
from 5.95 to 15.71 Mg C ha-1; (Table 3). Among tree/shrub 
species, A. nilotica stored maximum and L. leucocephala 
stored the minimum amount of carbon in their biomass. 
The grasses/legumes stored total AGC and BGC (Table 4) 

Table 2. Green fodder yield (Mg ha-1) from grasses and legume under various trees/shrub combinations 
Grasses/legume 

Tree/shrub
M. 

maximus
C. 

fulvus Mean M.
maximus

C.
fulvus

S. 
seabrana Mean M.

maximus
C. 

fulvus
S. 

seabrana Mean

Year 2020 2021 2022

F. infectoria 2.63 1.94 2.29 12.92 9.83 2.90 8.55 25.10 20.98 5.05 17.04

M. alba 3.51 2.01 2.76 10.83 15.17 3.08 9.69 29.30 20.43 6.03 18.59

A. nilotica 2.76 1.91 2.34 16.33 18.83 4.15 13.11 30.03 22.52 3.75 18.77

L. leucocephala 2.40 2.11 2.26 18.33 9.33 1.60 9.76 40.08 24.48 4.15 22.91

Mean 2.83 1.99 14.60 13.29 2.93 31.13 22.10 4.75

CD SEM CD SEM CD SEM

Tree NS 0.10 Tree NS 1.19 Tree 3.02 1.0

Grasses 0.21 0.10 Grasses 2.63 0.92 Grasses 2.32 0.60

Tree × Grasses 0.54 0.20 Tree × 
Grasses NS 2.06 Tree × 

Grasses 5.7 1.70
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in their biomass ranging from 0.67 to 3.75 Mg C ha-1 and 
0.29 to 1.91 Mg C ha-1, respectively, under different trees 
and shrub combinations. The total (AGC + BGC) stored 
carbon in grasses/legumes ranged from 0.96 to 5.66 Mg 
C ha-1, respectively (Table 4). Among pasture species, M. 
maximus stored the maximum and S. seabrana stored the 
minimum amount of carbon in their biomass. 
Three years data was pooled to find out carbon stock, 
CO2e storage and oxygen release potentials of silvipasture 
systems. The system stored a total of 7.51 to 20.80 Mg C 
ha-1 under different trees/shrub + grasses and legume 
combinations with maximum storage under A. nilotica + 
C. fulvus combination (20.80 Mg C ha-1) (Table 5). Higher 
biomass carbon stock potential of silvipasture ranging 
between 16 to 41 Mg C ha−1 was also reported earlier across 
the globe (Tanwar et al., 2019; Fernandez et al., 2020; Singh 
et al., 2022; Kumar et al., 2022; Torres et al., 2022; Ram et al., 
2023). The carbon storage in biomass under the current 
study has amounted to 27.56 to 76.34 Mg ha-1 of CO2e of 
storage in its biomass and the system also released 20.05 
to 55.54 Mg ha-1 of oxygen (Table 5). Executing a carbon 
finance mechanism in conjunction with CO2e storage, 
this silvipasture system has the potential to generate 
additional financial returns ranging from approximately 
INR 7720 to 21382 ≈ USD 92 to 255 (market value of one 
CO2e = 3.34 USD (Asia) as per forest trends’ ecosystem 
marketplace report, 2021). As of now, the prices of carbon 
offsets are relatively low and exhibit variation across 
different continents. Specifically, prices range from 
2.96 USD in Europe to 32.93 USD in Oceania (Forest 
Trends’ Ecosystem Marketplace, 2021). However, there 
is an anticipated increase in carbon credit prices to the 
range of USD 20-50 Mg-1 CO2e by 2030. This expectation 
stems from a growing need for increased investment in 
projects that effectively sequester substantial amounts 
of atmospheric carbon dioxide, aiming to address long-
term climate change (Sciencedaily, 2021). As a result, the 
implementation of silvipasture system holds the potential 
to secure additional sustainable monetary gains for 
individuals. Furthermore, these silvipasture systems, 
by virtue of storing carbon in these systems, can act as a 
crucial contributor to India’s pursuit of achieving carbon 
neutrality by 2070.

Conclusion
The findings of the current study suggest that in 
degraded semi-arid lands of India, a silvipasture system 
integrating F. infectoria + M. maximus (fodder: 36.85 Mg/
ha; carbon stock: 13.61 Mg C ha-1; oxygen released: 36.34 
Mg ha-1); A. nilotica + M. maximus (fodder: 35.06 Mg ha-1; 
carbon stock: 18.66 Mg C ha-1; oxygen released: 49.82 Mg 
ha-1); F. infectoria + C. fulvus (fodder: 27.82 Mg ha-1; carbon 
stock: 13.78 Mg C ha-1; oxygen released: 36.79 Mg ha-1) and 
A. nilotica + C. fulvus (fodder: 26.03 Mg ha-1; carbon stock: 
20.80 Mg C ha-1; oxygen released: 55.54 Mg ha-1) could 
be an ideal nature-based solution for providing year-
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round, high-quality fodder and sequestering significant 
amounts of atmospheric carbon dioxide. Although the 
yield of the legume, S. seabrana was less than grasses to 
ensure nutritious understory pasture composition, S. 
seabrana could be mixed with grasses under silvipasture 
system. Moreover, these silvipasture systems enhance 
the capacity to address oxygen shortages resulting 
from escalating air pollution, serving as a measure to 
both mitigate and adapt to climate change on degraded 
landscapes. Such silvipasture systems could be crucial to 
address the persisting demand for high-quality livestock 
fodder, supporting rural economies, and promoting 
environmental sustainability.
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