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Abstract: Adopting agroforestry practices in many developing countries is essential to combat climate
change and diversify farm incomes. This study investigated the above and below-ground biomass
and soil carbon of a citrus-based intercropping system in six sites (subdivisions: Bhalwal, Kot Momin,
Sahiwal, Sargodha, Shahpur and Silanwali) of District Sargodha, Southeast Pakistan. Tree biomass
production and carbon were assessed by allometric equations through a non-destructive approach
whereas, soil carbon was estimated at 0-15 cm and 15-30 cm depths. Above and below-ground
biomass differed significantly, and the maximum mean values (16.61 Mg ha~! & 4.82 Mg ha™!)
were computed in Shahpur due to greater tree basal diameter. Tree carbon stock fluctuated from
6.98 Mg C ha~! to 10.28 Mg C ha~! among selected study sites. The surface soil (0-15 cm) had
greater bulk density, organic carbon, and soil carbon stock than the subsoil (15-30 cm) in the whole
study area. The total carbon stock of the ecosystem ranged from 25.07 Mg C ha~! to 34.50 Mg C ha~!
across all study sites, respectively. The above findings enable us to better understand and predict
the carbon storage potential of fruit-based agroforestry systems like citrus. Moreover, measuring
carbon with simple techniques can produce trustworthy outcomes that enhance the participation of
underdeveloped nations in several payment initiatives such as REDD+.

Keywords: agroforestry; allometric equations; biomass; carbon stock; organic carbon

1. Introduction

The rapid increase of greenhouse gases has been responsible for severe global warming
throughout the world in the last few decades [1]. On an average basis, around 9.9 billion
metric tons of CO, have been deposited into the atmosphere annually, causing significant
threats to the global environment [2]. According to Stocker [3], severe combustion of
fossil fuels and land cover change are the leading anthropogenic causes of this higher CO,
content in the environment. In the background of this higher CO, amount and global
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warming risk, there is great interest in evolving every possible approach to diminish CO,
concentration emitted through human activities to mitigate climate change [4].

In the terrestrial ecosystem, carbon sequestration is achieved by photosynthesis, which
eliminates carbon from the environment and deposits in the biosphere [5,6]. Biomass is
considered a vital carbon reservoir in the terrestrial ecosystem, thus playing a crucial role
in the global carbon cycle [7]. Furthermore, vegetation biomass is greatly dependent on the
growth pattern of its various components [8,9] and is strongly influenced by the management
efforts [10]. Agroforestry is a well-managed system in which planting of woody trees is done
along with crops on the same piece of land [11,12], is currently practised over more than one
billion hectares in various parts of the globe and is acting as a major carbon sink around the
world [13]. The carbon storage potential of various agroforestry systems is much inconsistent
and ranges from 0.29 to 15.21 Mg ha~! yr! around the globe [14].

Orchards are considered an important land-use type and cover approximately 22% of
irrigated agricultural land across the globe [15]. Citrus orchards form almost 20% of global
orchards, including both commercial (61%) and non-commercial (39%) types [16]. Citrus trees
with medium-high canopy and shade indices have the potential to sequester 36.11-million-ton
carbon in the Three Gorges Reservoir region of Chongqing, in which about 88.3% in soil and
11.7% in a citrus plant, and the economic value of that was more than 11.49 billion Yuan [17].
Various experimental fruit tree orchards, including citrus, has shown promising potential
in fixing carbon [18]. The assimilatory activity by the photosynthetic leaves of these species
accounts for a majority of carbon inputs [1,19]. Some fruit-based agroforestry systems in the
tropics captured about 1.5 to 3. 5 Mg ha~! yr~! carbon [20].

Fruit tree-based agroforestry systems have been practiced throughout Pakistan, espe-
cially in irrigated plains. Along with crops on the same land unit, these systems provide
constant and better output in income, food, and fruits to local dwellers [21]. Moreover,
fruit-based agroforestry systems are more concerned and compatible as equated to crops [9].
Citrus is the prominent fruit crop and a chief constituent of agroforestry in Pakistan and
is commercially interplanted along with the crops. Pakistan is ranked 12th among citrus-
producing countries worldwide [22], with a total production of 2.4 x 10° t annually [23].
Out of the total country area under fruits, ~29.55% is under citrus, and ~60% is under
Citrus reticulata Blanco, producing more than 75% of the citrus exports and providing
labor days or full-time jobs for more than 75,000 people (about 57 million labor days in
production and remaining in marketing sectors) [23].

Keeping in view the production, commercial benefits, and carbon capturing prospec-
tive, the citrus-based intercropping agroforestry systems have been studied and acknowl-
edged by several scientists around the globe [21,24,25]. Although knowledge regarding
the importance of fruit-based land-use practices in combating climate change is growing
in the country, information about citrus-based agroforestry systems under local climatic
conditions is limited. The present research work was conceived with the primary objective
to inspect the current carbon stock and CO, mitigation potential of a citrus reticulata based
planting on farmlands. The study was performed in six towns of District Sargodha, the
hub of citrus reticulata based planting, to estimate the accurate dissemination of biomass
and carbon stocks in above and below-ground components of the system.

2. Materials and Methods
2.1. Description of Study Sites and Sampling Methodology

The present research was carried out in six subdivisions of Sargodha, a district in the
Punjab province of Pakistan. The study area is an agricultural region having an area of
2260 square miles, and citrus reficulata are commercially inter-planted in the fields along
with farm crops across the whole study area. The alluvium of the area is highly fertile for
citrus cultivation and is locally known as “Chaj Doab”, as depicted in Figure 1. The whole
district shares its boundary with salt range on the northern side, whereas the remaining
three sides are adjacent to rivers Jhelum and Chenab [26]. The area experiences very long
and hot summers with a maximum temperature of 50 °C, while winters are short and cold
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with minimum temperature falls below freezing point in winters at some places. Overall,
the area has a 23.8 °C average temperature with 410 mm average annual precipitation
(https:/ /en.climate-data.org/location/2195/). Overall, 60 points were constructed for tree
inventory across six sites of districts of Sargodha: Bhalwal, Kot Momin, Sahiwal, Sargodha,
Shahpur, and Silanwali to estimate the biomass production and carbon storage both in
woody biomass and in soil (Figure 1). Across the whole study area, a total of 300 plots
(0.405 ha) with citrus orchards were randomly selected and measured by implementing the
lottery method [9].

Map of Pakistan with Administrative Boundries

Legend

L ‘ ®  Sampled plots
w kilometers ] District Sargodha

Figure 1. Map showing study sites with the distribution of sampling points of the citrus-based
intercropping system in district Sargodha.

2.2. Tree Biomass and Carbon Estimation

For the collection of inventory data, field visits were carried out from April 2016 to
August 2016. Sampling was performed in each citrus orchard (0.405 ha) by considering the
method described by Pearson et al. [27]. An area of 20 m x 20 m was sampled from each
plot. The stem basal diameter and height of each tree in the sampling plots were measured.
The diameter was recorded at 30 cm above the ground to avoid grafted stem and tree
forking at 130 cm. For trees with two or more branches below 30 cm, the basal diameter
was measured individually, and an equivalent diameter was calculated at the end. Tree
age ranged from 4 to 18 years of measured plots across the whole study area. Tree basal
area for individual trees and plot was also computed from the measured basal diameter.
Above-ground biomass kg per plot of citrus trees was assessed by different allometric
equations converted to Mg ha~! [28,29]. The results obtained from three equations were
then averaged to increase the precision. Below-ground biomass was calculated by dividing
the above-ground biomass by 0.24 [30,31]. The carbon stock per plot was estimated by
multiplying the biomass by 0.48 [32].

2.3. Soil Sampling and Analysis

Samples of soil were taken randomly with the help of a soil auger from 10 plots of
each site at two depths: 0-15 cm and 15-30 cm depths. Across all study sites, soil samples
were obtained from three points in each plot, and a combined sample was made for each
depth. Overall, 120 samples for both depths were taken from the whole study area. After
collection, these samples of the same site and depth were separated and air-dried [33]. Soil
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bulk density was computed by the metal core of dimension 4 x 5 cm at both depths. All
the soil samples were ground first and then sieved through a 0.25 mm sieve to determine
the organic carbon. The wet oxidation method described by Walkley and Black [34] was
used to estimate the organic carbon. Finally, the soil carbon contents per hectare for each
depth was computed as follows

Soil carbon stock = OC % x Bulk density (g cm %) x sampling depth (cm)

2.4. Statistical Analysis

Descriptive statistics were performed by using Statistics 8.1 statistical software pack-
age. Means of all the parameters were compared by one-way ANOVA, followed by the
LSD method to test the difference across all study sites.

3. Results and Discussion
3.1. Citrus Biomass and Carbon Stock

The basal diameter and height of citrus trees showed some variations among study
sites in district Sargodha (Table 1). However, the difference in inventory parameters
across all study sites was not significant (p > 0.05). The total biomass production of citrus
trees ranged from 14.55 Mg ha~! to 21.43 Mg ha~! across six study sites with maximum
accumulation at Shahpur and minimum at Sahiwal. The above and below-ground biomass
accumulation varied significantly (p < 0.05), and the distribution status of biomass amongst
study sites was in the order of Shahpur > Sargodha > Silanwali > Bhalwal > Kot Momin
> Sahiwal (Table 2). Based on biomass production, the above and below-ground carbon
storage of citrus-based agroforestry system among all study sites was significantly different
(p < 0.05). Overall, the ranking of carbon storage in the citrus intercropping system among
study sites was in the order of Shahpur (10.28 Mg C ha~!) > Sargodha (9.69 Mg C ha~1!)
> Silanwali (8.65 Mg C ha~!) > Bhalwal (8.43 Mg C ha~!) > Kot Momin (7.77 Mg C ha™!)
> Sahiwal (6.98 Mg C ha™1), (Figure 2). The carbon stock in Shahpur was 6.08%, 18.84%,
21.80%, 32.30% and 47.27% higher than that in Sargodha, Silanwali, Bhalwal, Kot Momin,
and Sahiwal, respectively. The estimated basal area per plot showed a strong and positive
linear relationship (R? = 0.91, p < 0.05) with total citrus carbon stock in the complete
inventory plots of the study area (Figure 3).

Table 1. Growth parameters of the citrus-based intercropping system in district Sargodha.

Study Sites # Plots (0.405 ha) Basal Diameter (cm) Height (m)
Bhalwal 60 13.21 £3.01 3.92+0.71
Kot Momin 50 11.75 £ 2.54 3.34+1.26
Sahiwal 30 10.67 £ 2.09 3.13 £ 0.59
Sargodha 80 1342 £2.70 3.59 £0.98
Shahpur 40 13.97 £2.39 4.03+0.71
Silanwali 40 12.64 £ 1.61 3.37 £ 0.51

Values are means + standard deviation.

Table 2. Biomass production estimation of a citrus-based intercropping system in district Sargodha.

Above-Ground Biomass  Below-Ground Biomass Total Biomass

Study Sites (Mg ha-1) (Mg ha-1) (Mg ha-1)
Bhalwal 14.06 b +2.62 3.52°¢ +0.65 17.58 ¢d +3.27

Kot Momin 12.94 ¢ + 3,51 3.27¢+0.87 16.21 <4 + 4.39
Sahiwal 11.48°¢ +1.35 3.07¢+0.35 14554 4 1.70
Sargodha 16.142 £+ 2,61 404° 4+ 0.66 20.183b 4+ 326
Shahpur 16.612 +1.85 4822 +0.77 21.433 4+ 242
Silanwali 14423 4+ 1.76 3.60b © + 0.44 18.02b¢ +2.19

Values are means =+ standard deviation; means followed by different letters are significantly different at 5%

probability level.
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Figure 2. Carbon stock concentration (Mg ha~1) in the citrus-based agroforestry system above- and
below-ground parts. a—c represents the standard errors.
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Figure 3. Correlation between citrus total carbon stock (Mg C ha—1) and basal area (m? ha=1) in
whole plots of study sites.

In contrast to other tree species, there is some specific feature of the citrus-based agro-
forestry system concerning carbon-capturing ability to combat climate change. Because of
their particular physiological features, evergreen plants like citrus play an important role in
fixing atmospheric carbon [1], as earlier studies have demonstrated that citrus plants could
be a suitable option for combating climate change on a sustained basis [18,21,35]. Moreover,
trees are known as a vital part of biomass accumulation in agroforestry systems. Total
plant biomass and carbon accumulation showed little variation among all sites, highest in
Shahpur and Sargodha and lowest in Sahiwal. Total biomass in a citrus-based intercropping
system varied between 14.55 and 21.43 Mg ha~! in the current study. This variation of
tree biomass between the sites is due to the difference between age, size, the density of
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trees along with management practices in the area as articulated by Ramachandran Nair,
Mohan Kumar, and Nair [14]; Liu et al. [36]; Dash and Behera [37]. For instance, Shahpur
has a greater biomass accumulation due to higher basal diameter and height than all
other sites. This might be endorsed to a slight difference in climatic conditions along with
awareness of agroforestry management practices across the study area. Similarly, Yadav,
Bisht, and Pandey [21] and Yadav, Gupta, Bhutia, Bisht, Pattanayak, Meena, Choudhary,
and Tiwari [10] have described similar differences in biomass accumulation in different
fruit-based agroforestry systems. Like biomass, carbon concentration in a system is directly
determined by several factors: environmental and socioeconomic and largely depends on
the structure and function of the system [9,38]. The establishment of trees on farmlands
enhances carbon sequestration ability both in soil and vegetation [39]. The above and below
ground carbon stock of the current studied system ranged from 5.51 to 7.97 Mg C ha!
& 1.47 to 2.31 Mg C ha!, respectively, among all sites of district Sargodha. Likewise,
biomass, these small variations among carbon stocks are again dependent on the quality
of the site, soil type, growth pattern of citrus trees on each site, age of trees, management
practices in the area in combination with their relation to below-ground components of
the system [37,40]. Similar trends of biomass carbon accumulation have been reported in
various fruit-based agroforestry systems, especially in Indian Himalaya, e.g., Yadav, Bisht,
and Pandey [21] have described the above-ground carbon accumulation (8.4 Mg C ha™!) in
the lemon + wheat system, a slightly greater than those presented in this study.

3.2. Soil Carbon Density

Organic carbon contents, bulk density, and soil carbon stock in the same soil depth
varied among all study sites of the citrus intercropping system, and this difference was
significant for both soil depths: 0-15 and 15-30 cm (Table 3). At surface soil: 0-15 cm, among
six study sites, the maximum soil carbon concentration (0.58%) was computed in Sargodha
and the lowest (0.44%) in Silanwali (p < 0.05). At 15-30 cm soil depth, Shahpur (0.52%)
and Sargodha (0.49%) have significantly greater soil carbon contents than other study sites.
The maximum values of soil bulk density were computed in Silanwali (1.49 & 1.55 g cm~3),
followed by Shahpur (1.47 & 1.54 g cm~3) and Sargodha (1.42 &1.51 g cm~3), which were
significantly higher as compared to the other three sites: Bhalwal, Kot Momin and Sahiwal,
respectively (p < 0.05). Due to soil pore space filled with eroded soil, porosity is reduced,
and bulk density increases. Similar to carbon concentration and soil bulk density, there
was some variation in the soil carbon stock between the study sites of district Sargodha.
A higher amount of soil carbon was recorded in surface soil (0-15 cm) for all study sites
than 15-30 cm soil layer. At 0-15 cm depth, soil carbon stock ranged from 9.42 Mg C ha~! to
12.43 Mg C ha~! across all study sites whereas, at 15-30 cm depth, higher soil carbon stock
(12.06 Mg C ha~!) was observed in Shahpur and was significantly different (p < 0.05) from
all other sites. Overall, total soil carbon stock was greater in Shahpur (24.21 Mg C ha~!) and
Sargodha (23.65 Mg C ha~') as compared to other study sites at 0-30 cm depth (Table 4).

Table 3. Biomass production estimation of a citrus-based intercropping system in district Sargodha.

Above-Ground Biomass Below-Ground Biomass Total Biomass

Study Sites (Mg ha-1) (Mg ha-1) (Mg ha1)
Bhalwal 14.06 P + 2.62 3.52¢ £ 0.65 17.58 <4 4+ 327

Kot Momin 12.94 ¢ + 3,51 3.27°+0.87 16.21 4 +4.39
Sahiwal 11.48¢° +1.35 3.07¢ £0.35 14.554 £ 1.70
Sargodha 16.142 £+ 2.61 4.04° 4 0.66 20.182P +3.26
Shahpur 16.62 + 1.85 48224077 21432 +2.42
Silanwali 14423 +1.76 3.60b © + 0.44 18.02b¢ +£2.19

Values are means =+ standard deviation; means followed by different letters are significantly different at 5%

probability level.
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Table 4. Soil organic carbon, bulk density, and soil carbon stock of citrus-based intercropping system in district Sargodha.

. Organic Carbon (%) Bulk Density (g cm—3) Soil Carbon Stock (Mg ha—1)
Study Sites
0-15 cm 15-30 cm 0-15 cm 15-30 cm 0-15 cm 15-30 cm
Bhalwal 0.53b +0.05 0.473b 4+ 0.04 1.39¢d + 0.04 1.46° +0.05 11.28° 4+ 1.04 10.33b¢ +1.03
Kot Momin 0.50 be + 0.04 0.42b¢ +0.05 1.344 +0.03 1.39 € + 0.06 10.13 ¢ + 1.03 8934 + 1,54
Sahiwal 0.46 <4 +0.06 0.39 ¢ +0.05 1.354 +0.03 1.43bc +0.05 942°¢+1.11 8604 +1.19
Sargodha 0.582 + 0.05 0.492 4+ 0.07 1.42bc 4+ 0.07 1.512 +0.06 124324119 11212 +1.74
Shahpur 0.543b +0.02 0.522 +0.04 1.4723b +0.07 1.542 4 0.09 12.14 2P + 0.94 12.062 +1.26
Silanwali 0444 +0.07 0.40 € £ 0.06 1.492 + 0.06 1.552 + 0.05 9.81¢+ 148 9.49¢d 4135

Values are means =+ standard deviation; means followed by different letters are significantly different at 5% probability level.

Soil carbon stock is considered an important carbon pool in measuring carbon balance
in different biomes throughout the globe [41]. The major factor of maximum total carbon
loss to the atmosphere from agroecosystems is soil respiration. Soil respiration is highly
variable in several plant species depending upon plant age, growth habits, and climatic
conditions [16]. The present study’s overall range of soil carbon stocks (0-30 cm) was 25.07
and 34.50 Mg C ha~! between all study sites. The estimates of our study showed that
soil carbon stocks among sites were more or less similar to those estimated in other citrus-
based land-use systems [1,34]. However, Yadav, Gupta, Bhutia, Bisht, Pattanayak, Meena,
Choudhary, and Tiwari [10] estimated soil carbon density between 54.9 to 59.5 t C ha—1in
four agroforestry-based land-use systems (agrisilviculture, agrihorticulture, agrihortisilvi-
culture, and agrisilvihorticulture, etc.) in Indian Himalaya was higher than our estimates.
These variations might be because of the differences with regard to space and time in
physical components of the plants and their management. The higher concentration of
soil carbon in various agroecosystems is associated with a greater amount of biomass re-
verted to soil resulting in higher soil organic matter stabilization and lower decomposition
rates [42]. Apart from this, other factors, such as soil type and age, greatly affect and adjust
the soil carbon amount in agroforestry land-use systems [43,44].

3.3. Total Carbon Stock (Biomass + Soil) of System

An overview of the findings (Table 5) indicates that the total carbon stock (biomass
carbon + soil carbon) of the citrus intercropping system varied significantly across the
study sites (p < 0.05). The maximum total carbon density was computed in Shahpur
(34.50 Mg C ha™1), followed by Sargodha (33.34 Mg C ha™!), and was significantly higher
as compared to other sites, while minimum (25.07 Mg C ha~!) total carbon storage was
computed in Sahiwal (p < 0.05). In Shahpur, the total carbon stock was 14.80%, 23.39%,
28.53% and 37.61% was higher when compared with Bhalwal, Silanwali, Kot Momin, and
Sahiwal, respectively. Our findings illustrated that the soil carbon pool was prominent in
the system’s total carbon stock. Similar findings regarding total carbon storage have also
been described [21,45] in different agroforestry systems. Likewise, Yasin, Nawaz, Siddiqui,
and Niazi [9] and Nawaz, Shah, Gul, Afzal, Ahmad and Ghaffar [30] reported a similar
range of total carbon stock in P. deltoides based bund planted agroforestry systems under
semi-arid conditions and E. camaldulensis based agroforestry system under arid conditions
on marginal lands. However, the total carbon stock in the agrisilvihorticulture system
in Indian Himalayas was much greater (93 t C ha~!) than our estimates [10]. Similarly,
the present estimates are far below the estimates (12-228 Mg C ha!) of Krankina and
Harmon [46] for agrisilvicultre systems of humid tropical regions of Southeast Asia and
in different land uses varying from 51 to 448 t C ha~! in Ethiopia [47]. However, the total
carbon stocks of the present study are greater than the estimates (15-18 Mg C ha1) of
Winjum et al. [48] for silvopastoral systems of low humid tropical regions of northern Asia.
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Table 5. Total carbon stock (biomass + soil) of a citrus-based intercropping system in district Sargodha.

Total Biomass Carbon Total Soil Carbon (Mg C  Total Carbon Stock

Sampling Sites (Mg C ha-1) ha-1) (Mg C ha—1)
Bhalwal 8.43¢d 4+ 157 21610 + 1.64 30.05° + 1.62
Kot Momin 7.78<d +2.10 19.06 € + 1.62 26.84d + 252
Sahiwal 6984 +0.76 18.02°¢ + 1.78 25074 +1.37
Sargodha 9.68P + 156 23.652 +2.23 33.342 +2.80
Shahpur 10282 +1.16 24212 +1.24 34.502 +2.08
Silanwali 8.65b¢ £+ 1.05 19.31¢ +1.97 27.96 € + 2.02

Values are means =+ standard deviation; means followed by different letters are significantly different at 5%
probability level.

4. Conclusions

Citrus reticulata is widely interplanted across district Sargodha on a commercial basis.
We concluded that the citrus-based planting showed a remarkable amount of carbon storage
in tree biomass and soil. The system total carbon stocks varied across study sites due to
differences among age, growth pattern of citrus trees, and their management across the
study area. Thus, the ability and potential of fruit-based agroforestry systems make them a
viable option to cope with climate change by sequestering a reasonable concentration of
CO, from the atmosphere. Apart from this, these agroforestry systems provide livelihood
security to local dwellers, especially in underdeveloped countries. Our findings suggest
that the authorities promote such agroforestry systems to improve environmental services
and increase farmers’ income.
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