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Introduction 
Carbon dioxide increase is attributed mainly combustion of 

fossil fuel and deforestation worldwide.1,2 The current atmospheric 
carbon concentration is 397.60 ppm.3 The CO2 concentration and 
other greenhouse gases (GHGs) in the atmosphere have increased 
considerably and are set to rise further. Two major environmental issues 
of the world today’s are climate change and biodiversity. Increase in 
atmospheric concentrations of greenhouse gasses (GHG), of which 
the most common is carbon dioxide (CO2), is considered to be the 
primary cause of global warming. Deforestation, agriculture and other 
land-use changes practices have been the second largest contributors 
of greenhouses gases.4 Global climate is changing drastically as a 
result of natural as well as anthropogenic activities. Development 
as well as transportation activities increasing the concentration of 
gases especially carbon dioxide.5 Undoubtedly, climate change is the 
main global issues which getting higher attention from the scientific 
communities in recent years. Furthermore, carbon dioxide would be 
doubled in the coming years i.e., 2050 if the current rate of increase 
continues and this will lead to the world wide temperature rise of up 
to 2-4°C.6 The global sea level will rise by 28-98 cm due to melting 
of polar ice, which would badly alter low-lying coastal countries (e.g. 
Bangladesh, Maldives, The Netherlands) existence and livelihoods 
pattern, a projection by6 revealed that by the end of 21st century. Tree 
planting enhance soil productivity through physico chemical and 
ecological changes depending upon pumping of nutrients from lower 
horizon of soil to upper layer, the quality and quantity of litter reaching 
the top most layer of soil, litter decomposition rate and nutrient 
release pattern. In addition, planting of trees in agricultural field is 
a useful way to lock up the carbon in different components of tree 
and enhance the soil carbon status.7−9 The short rotation tree species 

play a major role in carbon sequestration in the soil reservoir.10 The 
agroforestry studies not only accumulated sixty per cent more carbon 
but a major portion of carbon is locked over a longer period than the 
mono cropping systems.11−17 Litter fall also adds to the soil organic 
matter (SOM) and there by enhances soil carbon sequestration,18 A 
greenhouse gas (GHG) mitigation strategy not found in conventional 
agricultural systems.

Material and methods
The study was conducted in 2012-2014 on three selected different 

tree-based land use systems and one pure wheat crop in the farmer’s 
field at Taran Taran district of the Punjab state, India. The site is located 
at 310 05’ to 310 30’ 05“N and 740 30’ to 750 15’ 05“E longitude and at an 
altitude of 219 m a.s.l. which represent western agro‒climatic region 
of the Punjab state. The climate is hot, with a long dry season from 
last week of September to first week of June and a monsoon season 
from July to September. Mean annual precipitation of this region is 
545 mm. Maximum range of temperature is 43°C and minimum 4.4°C 
across the work area. The soil of the study site was silty clay loam 
with pH of 7.74-8.11, available N, P and K contents were 122-181, 
13-31 and 257-430kg/ha at the study site. Land use systems selected/
available for evaluation in the area were (i) Tectona grandis+Populus 
deltoides (ii) Populus deltoides+Triticum aestivum (iii) Pure Triticum 
aestivum (iv) Pure Eucalyptus tereticornis plantation. For all tree 
species data collected at 3rd, 4th and 5th year.

Analysis of data: For measuring carbon sequestration potential 
from different tree species following parameters were measured:

Above ground biomass (AGB) of trees

Tree height and diameter at breast height (DBH): To estimate 
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Abstract

This study was designed to quantify individual carbon sequestration potential of tree 
based intercropping systems (E. tereticornis, P. deltoides and T. grandis) and also 
quantify biomass and carbon stock in a conventional sole cropped wheat system in 
north western district of Punjab state of India. The main aim of this work is to quantify 
above ground and below ground carbon pools within a tree based intercropping and 
in conventional agricultural systems. The results of this study revealed that maximum 
total biomass (1311.82 t ha-1), total carbon stock (654.91 t ha-1) and total carbon 
sequestration potential (130.98 t C ha-1yr-1) was observed in pure E. tereticornis 
plantation followed by mixed (P. deltoides and T. grandis) plantations (210.29 tha-

1, 109.11 t ha-1 and 21.83 t C ha-1yr-1) and poplar based land use systems (181.01 t 
ha-1, 97.29 tha-1 and 18.59 t C ha-1 yr-1). Whereas, total biomass (12.80 t ha-1) and 
carbon stocks (6.78 t ha-1) lowest recorded under pure agricultural based land use 
system. The results from this study will help to estimate levels of atmospheric CO2 that 
could be sequestered by tree based land use systems for this climatic region of Punjab. 
Therefore, an attempt has been made to collect the data on biomass, carbon stock 
and carbon sequestration potential in selected land use systems. The present findings 
may be used as baseline information for developing prediction models for probable 
effects of different land use, future intervention and sustainable management of land 
use systems in this region. 
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biomass of different trees, non-destructive method was used. With the 
help of regression equation, biomass of different trees estimated on 
the basis of dbh and tree height. Height of the trees recorded with the 
help of Indian made Ravi’s multimeter and dbh can be determined by 
digital caliper at 1.37 meter from the ground level.

Carbon sequestration related parameters in plants

Carbon concentration: Carbon concentration in different tree/crop 
components was determined by CHNS (carbon, hydrogen, nitrogen 
and sulphur) analyzer method. Plant samples which randomly 
collected (trees and wheat crop) were analyzed for carbon content. 
Above and below ground parts of tree/crop were estimated on CHNS 
analyzer to calculate the carbon storage in each component viz., stem, 
leaves, branches, bark and root of trees whereas in straw, grain and 
root of wheat crop.

Carbon stock/mass in plants: it is obtained by multiplying the dry 
weight of the different plant components by their average carbon 
concentration in each part of plant. The carbon stock in different 
plant components was then summed up to obtain total carbon stock 
in plants.

Long lived carbon storage: The exact life time of wood products is 
poorly known, but a reasonable assumption is that wood product life 
times are at least equal to the rotation length. The proportion of stem 
wood used as long-lived wood products is estimated to be 42%. Long-
lived carbon storage in plants was therefore estimated by the formula 
which is given by Wang et al.19.

Long-lived carbon storage = carbon mass in stem 
wood x 42%

Heat from biomass combustion: Short lived biomass is generally 
used as fuel which can replace fossil fuels. The weight of biomass 
fuel equals the total biomass weight minus the long lived stem weight. 
Since the heat released per unit weight of biomass is taken as 18 x 109 

J/ton. Heat from biomass combustion was estimated by the formula 
which is given by Wang et al.19.

Heat from biomass combustion= [Biomass‒(Stem 
wood weight x 0.42) x 18 x 109 

Carbon storage from coal combustion: The thermal efficiency of 
biomass combustion is only 60% of that achieved with fossil fuels. If 
the heat release from combustion of unit weight of coal is taken as 25 
x 106 J/ton and the carbon content of coal is 70%, then carbon storage 
from coal substitution can be estimated. Carbon storage from coal 
substitution was estimated by the formula which is given by Wang 
et al.19.

Total amount of carbon sequestration in woody component of tree 
was estimated by adding long lived carbon storage in wood products 
and the carbon storage due to substitution biomass for coal. Total 
carbon sequestration was expressed in tha-1 under all land use systems.

Results and discussion 
Biomass production

The results in Table 1 shows the variation in biomass level for 
different tree species components, viz., stem, branch, leaves, roots and 
bark at different ages as well as wheat crop under different land use 
systems. At the end of the study period the maximum stem biomass 
(kg tree-1) was recorded in P. deltoides (176.50 kg tree-1) followed 
by pure eucalyptus plantation (132.42 kg tree-1), T. grandis (66.70 
kg tree-1) based land use systems after five years. Highest branch 
wood, leaf, roots and bark biomass (kg tree-1) were observed in pure 
eucalyptus plantation (91.30, 35.00, 14.33 and 22.14 kg tree-1) while 
minimum biomass was recorded in T. grandis plantation 11.36, 3.57, 
5.00 and 7.84 kg tree-1 respectively. The biomass content of stem, 
branch wood, leaf, roots and bark depends upon number of factors, 
viz., growth pattern of the tree species, site quality of the region, 
type of soil on which trees are growing, tree age, cultural practices, 
frequent intercultural operations and moisture conservation and its 
interaction with roots of below ground crops have also helps towards 
increasing height and DBH of trees species. In pure eucalyptus 
plantations maximum biomass can be attributed due to high density 
of tree species. More number of trees per hectare further resulted in 
maximum branch and leaf biomass. In above ground parts of soil, 
more biomass is allocated which is reported by Swamy et al.20.

Table 1 Biomass (dry weight kg tree-1) of different components in timber tree species at different ages

Tree 
components
tree species

Age of
trees 
(years)

trees/ 
ha Stem Branches Leaves Bark Total AGB* (BGB**)

Roots
Total
(AGB*+BGB**)

P.deltoides 3 714 100.09 11.63 8.80 8.21 128.74(91.92) 9.18 137.92(98.47)

E.tereticornis 3 4444 41.28 38.33 10.05 8.05 97.70(434.18) 7.93 105.63(469.42)

T.grandis 3 625 30.42 6.39 2.10 4.61 43.53(27.21) 2.83 46.36(28.98)

LSD (p=0.05) - 5.13 6.38 0.90 0.81 12.07 1.04 12.28

P.deltoides 4 714 142.03 16.58 11.69 12.14 182.43(130.26) 16.45 198.89(142.01)

E.tereticornis 4 4444 83.17 75.77 21.82 15.27 196.02(871.11) 10.38 206.40(917.24)

T.grandis 4 625 47.27 9.94 3.13 6.38 66.72(41.7) 3.85 70.57(44.11)

LSD (p=0.05) - 12.26 4.35 0.81 1.16 15.15 1.45 15.91

P.deltoides 5 714 176.50 16.80 12.06 14.90 220.26(157.27) 21.72 241.98(172.77)

E. tereticornis 5 4444 132.42 91.30 35.00 22.14 280.86(1248.4) 14.33 295.18(1311.82)

T.grandis 5 625 66.70 11.36 3.57 7.84 89.45(55.91) 5.00 94.46(59.04)

LSD (p=0.05) - 18.99 6.72 2.78 2.11 19.60 1.76 20.2

*AGB = Above ground biomass, **BGB = Below ground biomass, Values in parenthesis are t ha-1
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Table 2 Carbon stock (kg tree-1) of different timber tree species

Tree components 
and tree species

Age of
trees 
(years)

trees/ 
ha Stem Branches Leaves Bark Roots Total*

Total 
carbon 
stock 
(t ha-1)

P.deltoides 3 714 55.50 6.26 3.16 3.45 4.96 73.33 (24.44) 52.36

E.tereticornis 3 4444 21.44 19.04 4.18 4.16 4.01 52.83(17.61) 234.78

T. grandis 3 625 14.89 2.93 0.81 1.71 1.30 21.64(7.21) 13.53

LSD (p=0.05) - - 2.64 3.15 0.37 0.38 0.54 6.14 -

P.deltoides 4 714 78.75 8.93 5.06 5.10 8.88 106.72(26.68) 76.20

E.tereticornis 4 4444 43.19 37.64 9.07 7.89 5.25 103.04(25.76) 457.91

T.grandis 4 625 23.12 4.56 1.21 2.38 1.77 33.03(8.26) 20.64

LSD (p=0.05) - - 6.30 2.16 0.34 0.50 0.77 8.01 -

P.deltoides 5 714 97.87 9.07 5.22 6.26 11.73 130.15(26.03) 92.93

E.tereticornis 5 4444 68.76 45.36 14.55 11.45 7.25 147.37(29.47) 654.91

T. grandis 5 625 32.62 5.21 1.37 2.92 2.30 44.42(8.88) 27.76

LSD (p=0.05) - - 9.87 3.33 1.16 1.09 0.93 10.4 -

Crops/parameters Grain yield Straw yield Roots Total biomass
Wheat crop under 
poplar 3.28* (1.74**) 4.75* (2.52**) 0.20*(0.10**) 8.23* (4.36**)

Pure wheat 5.00* (2.65**) 7.47* (3.96**) 0.33* (0.17**) 12.80* (6.78**)

Carbon sequestration rate (Kg tree-1yr-1) in parentheses, *Biomass (tha-1), **Carbon stock (tha-1)
Table 3 Total carbon sequestration potential (t C ha-1yr-1) of different tree species

Tree species

Tree components

Age 
oftrees 
(years)

trees/ 
ha Stem Branches Leaves Bark

Above 
ground 
biomass 
carbon

Below 
ground 
biomass 
carbon

Total 
biomass 
carbon

P.deltoides 3 714 13.21 1.49 0.91 0.82 16.43 1.18 17.61

E.tereticornis 3 4444 31.75 28.21 6.19 6.16 72.31 5.94 78.25

T.grandis 3 625 3.10 0.61 0.17 0.36 4.24 0.27 4.51

LSD (p=0.05) - - 1.89 4.49 0.46 0.48 6.53 0.15 6.53

P. deltoides 4 714 14.06 1.59 0.90 0.91 17.46 1.59 19.05

E.tereticornis 4 4444 47.98 41.82 10.08 8.77 108.65 5.83 114.48

T.grandis 4 625 3.61 0.71 0.19 0.37 4.88 0.28 5.16

LSD (p=0.05) - - 2.26 2.34 0.49 0.35 3.94 0.15 3.95

P.deltoides 5 714 13.98 1.30 0.75 0.89 16.92 1.67 18.59

E.tereticornis 5 4444 61.12 40.32 12.93 10.17 124.54 6.44 130.98

T.grandis 5 625 4.08 0.65 0.20 0.40 5.27 0.29 5.55

LSD (p=0.05) - - 8.55 2.90 1.00 1.00 8.80 0.16 8.70

Minimum stem biomass in T. grandis under mixed plantation can 
be attributed due to less number of trees per hectare and also due to 
slow growth of the tree species. In branch wood, leaf, roots and bark 
lowest biomass can be attributed due to self pruning ability of tree 
species. Above ground values of biomass in this study are comparable 
with those obtained21 for P. deltoides and22 for Eucalyptus tree species. 
Total above ground biomass (Table 4) was found maximum in T. 
grandis+P. deltoides (210.29 tha-1) followed P. deltoides+ T. aestivum 
(181.01 tha-1). The highest above ground biomass was recorded under 
pure eucalyptus plantation (1311.82 tha-1) and lowest under pure 
agricultural based land use system (12.80 tha-1).

Similar results recorded by Labata et al.23 in Philippines under 
mixed multi-storey land use system which had the greatest carbon 
storing potential. Maximum above and below ground biomass was 
studied in pure eucalyptus plantation (1248.14 and 63.68 tha-1) 
followed by T. grandis+ P. deltoides (213.18 and 18.64 tha-1), and 
P. deltoides+ T. aestivum (165.3, 15.71 tha-1) and the minimum was 
recorded in pure agricultural based land use system (12.47 and 0.33 
tha-1). In pure eucalyptus plantation, maximum biomass was observed 
due to high density plantation, growth pattern of the tree species, soil 
conditions on which trees were growing, intercultural operations and 
fertilizer requirements to the plantations.
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T. aestivum: Maximum crop biomass of T. aestivum was found 
in mono cropping whereas minimum when it was grown with tree 
species (Table 2); yield reduction under trees species is a common 
phenomenon which is recorded during study period. The reason 

for low crop biomass may be due to competition between trees and 
agricultural crop for the sharing of resources, viz., water, light and 
nutrients. Low yield of wheat crop under tree species has also been 
recorded.17,24−28

Table 4 Carbon sequestration features of four different land use systems

Carbon sequestration 
Features 

Land use systems

(T. grandis+ P. 
deltoides)

(P. deltoides
+wheat crop)

E. tereticornis 
plantation

Pure wheat 
crop

Above ground biomass (t ha-1) 193.58 165.3 1248.14 12.47

Below ground biomass (t ha-1) 16.71 15.71 63.68 0.33

Total 210.29 181.01 1311.82 12.80

Above carbon stock (t ha-1) 100.33 88.81 622.69 6.61

Below carbon stock (t ha-1) 8.78 8.48 32.22 0.17

Total 109.11 97.29 654.91 6.78

AGCS* potential (t C ha-1yr-1) 20.08 16.92 124.54 -

BGCS**potential (t C ha-1yr-1) 1.75 1.67 6.44 -

Total 21.83 18.59 130.98 -

Long–lived carbon storage in stem
(kg/tree)

54.80
(37.91)

41.10
(29.35)

28.88
(128.34) -

Heat from biomass combustion 
(x109 Joule ha-1) 2,335.21 1878.12 18017.64 -

Carbon storage from coal combustion (t 
C ha-1)

39.23 31.55 302.7 -

Above ground carbon sequestration*, below ground carbon sequestration**, in parenthesis the values in t c/ha

Carbon stock (tree and crop) and sequestration 
potential (tree)

Carbon concentration in each plant components was determined 
by CHNS analyzer. Carbon concentration in different components 
varied from 37.21−55.45 per cent. Stem wood of poplar tree showed 
maximum carbon concentration i.e. 55.45 per cent. The maximum 
carbon concentration in stem, branch, root, leaves and bark was 
estimated 55.45, 53.83, 53.01, 43.27 and 42.37 per cent respectively 
in poplar tree whereas in eucalyptus the concentration percentage is 
51.93, 49.68, 50.59, 41.58 and 51.69 and in T. grandis the percentage 
in the following way: 48.91, 45.89,45.95, 38.52 and 37.21. Maximum 
carbon concentration in wheat crop 53.01 per cent was recorded in 
stem followed by grain and roots (53 and 50.74) respectively. 

In stem carbon concentration was higher followed by branch wood 
and leaves of tree species. Similar results were also recorded.29−31 
A similar pattern was studied by32 for Gmelina arborea. Carbon 
concentration in each parts of various species highly depends upon 
the ash content which further varies in different components of the 
trees viz., stem, branch, leaf etc.1,2,31,33 Above (stem, branch, leaf, bark 
) and below ground (roots) carbon stocks (kg tree-1) at different ages 
of tree species in different land use systems are given in Table 2. The 
maximum total carbon stock after five years was observed in pure 
eucalyptus plantation for stem (68.76 kg tree-1), branches (45.36 kg 
tree-1), leaf (14.45 kg tree-1), bark (11.45kg tree-1) and roots (7.25 kg 
tree-1) followed by poplar for stem (97.87 kg tree-1), branches (9.07 
kg tree-1), leaf (5.22 kg tree-1), bark (6.26 kg tree-1), and roots (11.73 
kg tree-1). Minimum carbon stock after five year in teak stem was 
recorded 32.62 kg tree-1, 5.21 kg tree-1(in branch wood), 1.37 kg tree-

1(in leaf), 2.30 kg tree-1 (in bark) and 2.30 kg tree-1 (in roots). The 

lowest total carbon stock was estimated in pure wheat crop based land 
use system.

Total carbon stock of each land use system (Table 4) reveled 
that maximum total carbon stocks (654.91 tha-1) in pure eucalyptus 
plantation which is followed by T. grandis+P. deltoides (109.11 
tha-1) and P. deltoides+ T. aestivum (97.29 tha-1) respectively. Total 
minimum carbon stocks were observed in pure wheat crop (6.78 
tha-1). Carbon stocks are highly dependent on the tree density34 and 
carbon concentration in each and every component of tree species. 
Carbon storage can be high in complex agroforestry land use systems 
and productivity depends on so many factors such as tree age, 
structure and management of the planting system.32,35,36 The results of 
the study also comparable with the findings of37 which reported that 
agroforestry land use system can store carbon in the range of 12−28 
Mg ha-1. Chauhan et al.16,17 also recorded higher carbon sequestration 
potential under agroforestry systems.

Carbon sequestration potential

Carbon stock is the absolute quantity of carbon held at the time 
of inventory, where as carbon sequestration rate refer, it is the way 
of removing carbon from the environment and depositing it in a 
reservoir.38 Therefore, total carbon sequestration potential and carbon 
sequestration rate of all the components of all three tree species were 
estimated in Table 3. The data from above and below ground biomass 
carbon (t C ha-1yr-1) of different tree species at different ages was 
recorded during study period. Annual carbon sequestration (Table 4) 
was higher in eucalyptus plantation (130.98 t C ha-1 yr-1) which was 
followed by poplar (18.59 t C ha-1yr-1) and mixed plantation (21.83 t 
C ha-1 yr-1).
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Carbon sequestration features

Long lived carbon storage in tree stem and carbon storage from 
coal substitution through branches and twigs/leaves of different tree 
species at different ages have been calculated in Table 4. During study 
period, maximum values in long lived carbon storage were recorded 
in tree based land use systems: In T. grandis+P. deltoides (37.91 t C 
ha-1), P. deltoides+ wheat crop (29.35t C ha-1) and pure eucalyptus 
plantation (128.34 t C ha-1) respectively (Table 4). The maximum heat 
from biomass combustion and carbon storage from coal substitute 
was studied in pure eucalyptus plantation 18017.64 x 109 and 302.7 
t C ha-1 followed by T. grandis+ P. deltoides 2,335.21x109 and 39.23 
t Cha-1 and P. deltoides+ wheat crop 1878.12x109 and 31.55 t Cha-1 
respectively.

Considering only the woody components of various agroforestry 
land use systems, for long term carbon storage and for coal 
substitution, the value of carbon sequestration was highest recorded 
in eucalyptus plantation followed by mixed land use system. Higher 
deposition of biomass in stems portion of P. deltoides sequester higher 
amount of carbon for a life time of the species. Thus, it sequesters the 
carbon for longer time after falling as compared to the carbon stored 
in leaves and branch biomass of tree species. The results are again in 
comparable with the findings of19,39 also studied similar results with 
different tree species of poplar and Eeythrina poeppigiana. Chauhan 
et al.17 reported the heat from biomass combustion and carbon storage 
from coal substituted of timber was higher in the block plantation 
(18.67t C/ha) as compared with boundary plantation (4.43t C/ha) of 
poplar tree in Punjab, India.

Conclusion
The work of this study prove that tree under different land use 

systems acts as storehouse of carbon by storing carbon in their tissues 
as biomass and thereby reducing the amount of atmospheric CO2.
The study strongly reinforces the pure plantation, agroforestry and 
mixed plantations are better options than the pure agricultural land use 
system, not for carbon combat but for sustainable productivity. The 
higher productivity of all tree based land use systems was reported in 
this study with higher biomass, carbon stock and carbon sequestration 
rate and potential. Despite this pioneering study, more research is 
needed under different land use systems i.e pure, mixed plantations, 
agroforestry and under pure crop based land use systems on this 
ground of Punjab, India.
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