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Abstract   

Understanding carbon fluxes from land-use transitions is vital for climate 

change mitigation, as activities like deforestation and urban expansion alter 

carbon storage and emissions. These alterations impact the carbon cycle, 

affecting the balance between carbon dioxide (CO2) absorption and its 

emission into the atmosphere. A through understanding of land use and land-

use change dynamics in a specific region is essential for this analysis. Notably, 

the growing cultivation of fruit crops on agricultural land greatly enhances 

carbon sequestration potential. This study found that carbon sequestration in 

mango orchards increased with age of the trees. On average, 115.57 t C/ha 

was sequestered in Dhenkanal and 130.48 t C/ha in Rayagada. In these 

orchards, above-ground carbon constituted 24.45% in Dhenkanal and 27.69% 

in Rayagada of the total carbon sequestered per hectare, using the 

recommended 8 m x 8 m tree spacing. Collecting fundamental data on the 

carbon content of various land-use and land-use change categories at the 

regional level is crucial for effective climate change mitigation. This study 

provides novel insights into carbon stocks in mango orchards relative to tree 

age, enhancing our understanding of the carbon cycle within mango 

cultivated systems. Subsequent research should encompass mango orchards 

from many regions around the country, employing higher sample sizes to 

more accurately measure carbon sequestration in farmed mango orchards 

countrywide. 
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carbon sequestration; litter biomass; mango; root biomass; soil carbon 
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Introduction   

Public and political concerns are growing over the impact of human activities, 

mainly deforestation and increased fossil fuel consumption, on climate 

change and biodiversity loss (1). One of the most alarming issues of the new 

millennium resulting from human activity is global warming, primarily by 

greenhouse gases. Deforestation plays a significant role in the accumulation 

of greenhouse gases (GHGs) in the atmosphere (2-4). A key strategy to 
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mitigate rising GHG concentrations and the subsequent 

climate change is to enhance plants' carbon sequestration 

and storage capabilities. Trees act as substantial carbon 

reservoirs and potential carbon sinks. Forests sequester 

approximately 40 percent of the global carbon on land (5). 

Forest carbon content is 20-50 times higher than in cleared 

lands, with variations depending on land use and ecosystem 

type (6). 

 In India and other tropical countries, forest and fruit 

orchard carbon sinks are believed to offset significant 

carbon emissions from fossil fuel combustion. Fluctuations 

in forest carbon have a substantial impact on the global 

carbon budget. Indian forests sequester approximately 5.3 

to 6.7 percent of global carbon emission based on estimates 

of soil carbon densities in various forest types (7,8). 

However, rapid industrialization and population growth led 

to decreased forested areas, whereas the area dedicated to 

perennial fruit orchards is expanding (9). 

 In their early stages, orchards and forests sequester 

comparable amounts of carbon. However, comparing the 

two can be misleading, as human activities largely influence 

orchard management, while forest management in Asian 

countries often focuses on silviculture with less reliance on 

external inputs. Although orchards have considerable 

carbon sequestration capability, this is on a smaller scale 

due to the indirect carbon emissions associated with 

orchard management practices. Assessing the carbon 

sequestration capability of fruit orchards in India is vital for 

strategic planning, mitigating GHG emissions, and engaging in 

carbon offset trading initiatives. 

 Mango is the predominant fruit crop extensively 

cultivated across India and thrives in a seasonally moist 

tropical climate characterized by distinct dry and wet seasons. 

The seasonality of Photosynthetically Active Radiation (PAR) is 

significantly higher in the late wet season compared to the dry 

season. Tropical fruit trees in seasonally moist regions have 

developed strategies to optimize carbon uptake in response to 

significant seasonal light and water availability variations. One 

such adaptation is the development of deep root systems, 

often extending beyond 1.0 meters in depth. These deep roots 

allow trees to access water stored in deeper soil layers during 

the dry season, helping them survive water scarcity. 

 India has two distinct mango populations: wild 
polyembryonic and cultivated grafted mangoes. Although 

exact estimates of the area covered by wild polyembryonic 

mangoes are not readily available, they are believed to be 

substantial, as India is the origin of mangoes. Cultivated 

mangoes occupy approximately 2.3 million hectares and offer 

considerable potential for carbon sequestration (9). This area 

is projected to grow due to the increasing emphasis on 

horticulture in government policies. 

 In 2024, Odisha recorded mango production at 850.36 

thousand tonnes, remaining consistent with the figures from 

2020. This data, updated annually, has averaged 778.721 

thousand tons from March 2012 to 2024 (Fig. 1). The highest 

recorded production was 850.36 thousand tons in 2024, while 

the lowest was 517.524 thousand tons in 2020 (10). 

 There is limited information on the effect of tree age on 

carbon sequestration in mango orchards established with 

grafted or layered seedlings, primarily due to the lack of non-

destructive methods for estimating tree biomass. Scientists 

have developed allometric equations for estimating biomass 

in grafted mango trees (11). This paper estimates carbon 

sequestration in mango trees across various age groups in the 

primary mango-producing districts of Odisha, namely 

Dhenkanal and Rayagada, utilizing similar methodologies. 

 

Materials and Methods 

This study was conducted on farmers' fields in the Dhenkanal 

and Rayagada districts in Odisha, Eastern India. The orchard 

site is situated at an elevation of approximately 971 meters 

above sea level, spanning latitudes between 26°N and 94°20'E 

and longitudes 85°22'E and 86°52'E. The region experiences 

four seasons: a dry season with clear, bright weather from 

December to February, summer from March to May, the 

southwest monsoon from June to September and the 

northeast or retreating southwest monsoon from October to 

November. Climatologically, the area is classified as having a 

"sub-humid tropical monsoon climate with four seasons." Key 

attributes of this climate include a mild temperature range, 

with the highest average maximum temperature reaching 40°

C in May and June and the lowest average minimum 

temperature dropping to 7°C in January. There are two 

separate rainy seasons: the southwest and northeast 

monsoons, which follow one another with contrasting wind 

patterns from June to September and from October to 

November. The study was conducted at the beginning of the 

southwest monsoon, following the harvest of the fruits. 

Selection of orchard 

For this study, mango orchards of different age groups, 5-10 

years, 10-15 years and over 15 years of the Chausawas variety, 

were selected from farmers' fields in Alfisol. The orchards were 

planted with a density of 156 trees per hectare, spaced at 8 m x 

8 m. Fertilizers were applied according to recommended 

guidelines. Established practices provided by the Indian 

Institute of Horticultural Research (IIHR) in Bengaluru were 

followed for effective orchard management, including pest and 

disease control strategies. 

Estimation of tree biomass 

The allometric equation, mainly designed for orchard 

mango trees, was employed to estimate both above-

ground biomass (AGB) and below-ground biomass (BGB) 

X - axis: years and Y- axis: production (in thousand tons) 

Fig. 1. Trends in mango production in Odisha in the past decade (DAFW, 
2024). 
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of mango trees (11). This equation was derived from the 

destructive sampling of 184 mango trees. The primary 

allometric parameters evaluated included the number of 

primary and secondary branches, the circumference of 

both types of branches, tree height, tree volume, basal 

diameter and diameter below the graft union. The stem 

diameter beneath the graft union was measured using a 

diameter tape, while the tree height and crown diameter 

were measured with a Spiegel Relaskop. Various statistical 

models, including the ML and power models, were 

assessed for estimating tree biomass, with the power 

model being selected due to its optimal fit. The power 

model used for estimating AGB is as follows: 

AGB =  2.886×X1.039    Eqn.1 

For BGB estimation, a ratio of 1:0.29 was applied as 

recommended (11). 

Tree Sampling :Fully developed leaves were collected from 18 

randomly selected trees in each orchard across all age groups 

to estimate their carbon content. These samples were pooled, 

thoroughly washed and then dried in a hot air oven at 65°C 

until they reached a constant weight. Once dried, the samples 

were finely ground for subsequent carbon analysis. In addition, 

twig samples representing tertiary and smaller branches were 

selected and prepared for carbon estimation. Finally, bark and 

wood samples were extracted from the chosen trees using a 

tree drill and processed for carbon assessment. 

Carbon Estimation 

Mango Tree Samples : The carbon content of the mango 

tree samples was measured using a CHNS analyzer 

(Elementar) and reported as a percentage of carbon within 

the samples. 

Weeds and Litter : The biomass of litter and weeds 

collected from the orchards was processed and evaluated 

for carbon content using a CHNS analyzer (Elementar), 

with the results expressed as a percentage of carbon in the 

samples. 

Soil Samples : Representative soil pedon samples were 
collected from depths of 0-15, 15-30, 30-60 and 60-100 cm 

in the orchards of the two districts. and the total carbon 

stocks were estimated. 

 Ten soil samples were randomly gathered at each 
depth and combined to create a composite soil sample at 

each site. The soil samples were thoroughly mixed and 

transported in plastic bags to the laboratory, where they 

were air-dried, passed through a 2-mm sieve, and stored 

for subsequent analysis. Soil bulk density was measured 

using the core sampling method with a volumetric 

cylinder. This measurement was expressed as the ratio of 

the oven-dry weight of the soil (dried at 105°C for 24 hours) 

to its total volume, providing the soil bulk density value. 

The air-dried soil samples were sieved again with a 2-mm 

mesh. Total soil organic matter was assessed using the wet 

acid digestion Walkley-Black method (12). 

 The calculation of soil organic carbon stock involved 

using the concentration of total soil organic carbon (TOC) 

along with the soil bulk density for each layer (13), employing 

the following equation: 

C Stock=(TOC×Ds×e)/10   Eqn.2 

 Where TOC is the total organic carbon at a given soil 

depth, Ds is the soil bulk density at a given soil depth and e is 

the thickness of the layer. 

 

Results  

Soil Properties : The soil in Odisha's Dhenkanal and Rayagada 

districts typically reflects a tropical hot and sub-humid 

climate. The orchard soil is classified as Udic Haplustalf, which 

is well-suited for mango cultivation, especially in Alfisols. 

These soils exhibit acidity due to base leaching caused by 

heavy rainfall during the six-month monsoon period. The 

electrical conductivity is low, recorded at less than 0.528 dS/

m, and the organic matter content is also low at 0.41%. 

Available nitrogen and phosphorus levels are low, while 

potassium levels are medium. In acidic soils, phosphorus 

fixation is high, which accounts for the low availability of 

phosphorus. Despite these fertility constraints, mango trees 

thrive in these soils.  

Allometric Parameters and Carbon Capture by Mango Trees 

of Different Age Groups : The number of primary branches in 

mango trees ranged from 2.66 to 3.33 in Dhenkanal and 3.00 to 

4.00 in Rayagada, with an average of 3.33 (Table 1). The 

diameter of the primary branches varied from 16.48 to 49.07 

cm in Dhenkanal and from 17.00 to 49.77 cm in Rayagada. The 

above-ground biomass (AGB) of mango trees ranged from 

146.61 kg/tree for 5-10-year-old trees to 575.27 kg/tree for 

trees over 15 years old in Dhenkanal, while Rayagada recorded 

higher values ranging from 171.57 kg/tree to 706.29 kg/tree 

(Table 1).  

 The below-ground biomass (BGB) exhibited a similar 

trend. The total carbon sequestered by trees ranged from 

97.58 kg/tree to 401.79 kg/tree in Dhenkanal and from 116.83 

kg/tree to 501.27 kg/tree in Rayagada, with an overall mean of 

276.18 kg/tree (Table 1). 

Carbon Sequestration in Weed and Litter Biomass : Weed biomass 

in the orchards was measured at 1380 kg/ha in Dhenkanal and 1685 

kg/ha in Rayagada for 5-10-year-old orchards. This biomass 

decreased to 535 kg/ha in Dhenkanal and 650 kg/ha in Rayagada 

for orchards older than 15 years (Table 2). The decline in weed 

biomass in older orchards is attributed to increased shading and 

nutrient competition. Litter biomass was higher, ranging from 735 

kg/ha to 1008 kg/ha in Dhenkanal and from 874 kg/ha to 1050 kg/ha 

in Rayagada (Table 2). The mean carbon content in weeds and litter 

was found to be 47.62% and 45.82%, respectively. 

 In this study, the carbon biomass from weed and litter 

accounted for 1.04% to 0.51% of the total carbon sequestered in 5-

10-year-old orchards and over 15-year-old orchards in Dhenkanal. 

Rayagada's values ranged from 1.18% to 0.5% (Table 3). 

Soil Carbon Stocks : Soil organic carbon (SOC) in the 

experimental orchards averaged 77,000 kg/ha in Dhenkanal 

and 81,000 kg/ha in Rayagada (Table 2). These levels are 

comparable to those reported in other studies on mango 

orchards and Indian forest soils. The SOC contributed a 

significant portion of the total carbon sequestered in these 

orchards. 
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Total Carbon Sequestration by Mango Orchards : The 

experimental mango orchard was established with a 

spacing of 8 m x 8 m, accommodating 156 trees per hectare 

(Table 3). The mango orchard's total carbon sequestered 

per hectare increased with tree age. For 5-10 years old 

orchards, the total carbon sequestered was 93.20 tonnes/ha 

in Dhenkanal and 100.41 tonnes/ha in Rayagada. For 

orchards older than 15 years, this increased to 140.40 

tonnes/ha in Dhenkanal and 160 tonnes/ha in Rayagada. 

The mean carbon sequestered by mango trees in the 

experimental orchards was 115.57 tonnes/ha in Dhenkanal 

and 130.48 tonnes/ha in Rayagada.  

 Soil carbon constituted a higher proportion of the 

total carbon, accounting for 68.52% in Dhenkanal and 

64.37% in Rayagada, while tree carbon accounted for 

31.48% in Dhenkanal and 35.63% in Rayagada. The 

proportion of soil carbon decreased from 82.62% in 5-10-

year-old orchards to 54.84% in orchards older than 15 years 

in Dhenkanal and from 80.67% to 50.63% in Rayagada 

(Table 3). 

 

Discussion 

The results show that mango trees are well-adapted to 

Odisha's tropical hot and sub-humid climate, even in 

conditions of low soil fertility (14). The acidic soils and low 

phosphorus availability, typical of Alfisols in high-rainfall 

regions, do not hinder mango growth due to the species' 

tolerance for such conditions. However, the low levels of 

organic matter and nutrients highlight the importance of 

enhancing soil fertility management in mango orchards to 

maximize productivity (15). 

 The observed increase in allometric parameters, 

such as branch diameter and biomass, with tree age aligns 

with previous research, confirming that tree strength and 

carbon storage capacity increase over time. The higher 

carbon sequestration in Rayagada compared to Dhenkanal 

can be attributed to slight differences in climatic and 

edaphic conditions, which affect tree growth and biomass 

accumulation. A comparison with polyembryonic wild 

mango trees highlights the influence of orchard 

management practices, like pruning and high-density 

planting, which limit the overall size of grafted mango trees 

but enhance their suitability for commercial cultivation (16, 

17). 

 Scientists have reported that a ten-year-old mango 

tree can sequester 58 kg of carbon, while a fifteen-year-old 

mango tree can sequester about 115 kg per tree (18). Our 

results indicate higher values, likely due to the robust tree 

growth in the sub-humid tropical monsoonal climate and 

fertile soils of Dhenkanal and Rayagada. However, these 

values remain significantly lower than those recorded for 

polyembryonic wild mango trees. The disparity arises from 

grafted mangoes being more compact, cultivated at higher 

densities, and regularly pruned to sustain a manageable, 

reduced height for efficient cultivation and harvesting (17). 

Additionally, it was reported that sapota trees sequestered 

16.72 kg of carbon per plant. However, the tree age was not 

specified, highlighting the potential of fruit crops, such as 

apple, mango, guava, sapota, citrus and grape, to sequester 

carbon and boost biological yield (19, 20). Despite the 

higher values observed in our study, the robust tree growth 

in the sub-humid tropical climate supports these findings 

when compared to subtropical regions of India and the 

lateritic tropical belts along the western coast, where 

mango is extensively cultivated (11, 21). 

Table 1. Allometric parameters and tree C sequestration from mango orchards of different age groups 

Location/Tree age 
group 

No of Primary 
Branches* 

Mean Girth of 
primary 

branches (cm)* 

Average Value 
x No. of 
Primary 

Branches 

AGB           
Kg/tree 

AGB C         
Kg/tree BGB Kg/tree 

BGB C              
Kg/tree  

Total C        
Kg/tree 

Dhenkanal 

5-10 years 2.66 16.48 43.84 146.61 75.34 42.52 22.24 97.58 
10-15 years 3.33 28.77 95.80 330.33 174.81 95.80 50.93 225.74 
>15 Years 3.33 49.07 163.40 575.27 308.69 166.83 93.11 401.80 

  3.11 31.44 101.01 350.73 186.28 101.71 55.42 241.71 

Rayagada 

5-10 years 3.00 17.00 51.00 171.58 90.16 49.76 26.67 116.83 
10-15 years 3.66 35.54 130.08 453.89 243.15 131.63 70.74 313.88 
>15 Years 4.00 49.77 199.08 706.29 386.06 204.83 115.21 501.28 

Mean 3.55 34.10 126.72 443.92 239.79 128.74 70.87 310.66 
Overall Mean 3.33 32.77 113.87 397.33 213.04 115.23 63.15 276.19 

AGB, above ground biomass; BGB, below ground biomass. 

Source 
Dhenkanal Rayagada 

5-10 years 10-15 years >15 Years Mean 5-10 years 10-15 years >15 Years Mean 

Soil C t/ha 77.00 77.00 77.00 77.00 81.00 81.00 81.00 81.00 
Weed biomass, kg/ha 1380.00 1012.00 535.00 975.67 1685.00 1244.00 650.00 1193.00 

Weed C, kg/ha 641.70 480.70 259.48 460.63 793.64 595.88 313.3 567.60 
Litter biomass, kg/ha 735.00 862.00 1008.00 868.33 874.00 955.00 1050.00 959.67 

Litter C, kg/ha 331.49 394.80 464.69 396.99 396.80 441.21 486.15 441.39 
Total C content       

(weed+litter), kg/ha 973.19 875.50 724.16 857.62 1190.43 1037.09 799.45 1008.99 

Total C other than tree 
biomass, t/ha 77.97 77.88 77.72 77.86 82.19 82.04 81.80 82.01 

Table 2. Soil C stock, litter and weed biomass C in the mango orchard 
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 Although the carbon sequestered by weeds and litter 

is small in proportion, it plays a vital role in the overall 

carbon cycle within the orchard ecosystem. The reduction 

in weed biomass in older orchards suggests that canopy 

cover and root competition significantly impact weed 

growth, while litter contributes to sustaining soil carbon 

levels. In forest ecosystems, floor-level carbon typically 

accounts for less than 10% of the total carbon stored (22). 

This proportion can vary considerably in fruit orchards, 

depending on the management practices. Regular weeding 

often results in a lower percentage of floor carbon. 

Compared to others, the slightly higher weed and litter 

biomass observed in this study may be attributed to the 

vigorous growth of mango trees in these particular orchards 

(23). 

 Soil organic carbon (SOC) constitutes a significant 

portion of the total carbon sequestered in mango orchards, 

consistent with findings from other tropical horticultural 

systems (24). It has been shown that QEV in these tropical 

land-use conditions is achieved in approximately 25 years 

(25). The relatively high levels of SOC, particularly in older 

orchards, highlight the role of soil as a long-term carbon 

sink in mango cultivation. However, it is essential to note 

that soil carbon stocks in younger orchards may not have 

reached equilibrium yet, indicating the potential for further 

increases in carbon storage over time. These SOC levels are 

comparable to those reported for mango orchards and 

Indian forest soils (11, 26, 27). 

 In conclusion, the mango orchards of Dhenkanal and 

Rayagada exhibit significant potential for carbon 

sequestration in tree biomass and soil. It has been reported 

that the soil carbon stock in mango orchards in Mangalore is 

41 tonnes/ha in the top 50 cm deep layer (26). Additionally, 

soil carbon stored in Indian forests ranges from 37.5 tonnes 

per hectare in tropical dry deciduous forests to 92.1 tonnes 

per hectare in littoral swamp forests. Previously under 

forest cover, the sites in this study contained substantial soil 

organic stocks, with values referring to 100 cm deep soil 

profiles. Consequently, the values obtained in this study are 

comparable to those reported for similar climatic regions 

(27). Compared to other parts of India, the higher carbon 

sequestration values in these areas can be attributed to 

favorable climatic conditions and soil characteristics. 

Ongoing research on soil fertility management, improved 

orchard practices and the development of high-yielding 

mango varieties could further enhance the carbon 

sequestration potential of mango orchards across India. 

 

Conclusion 

In developing effective climate change mitigation strategies, 

it is crucial to investigate changes in carbon (C) fluxes 

resulting from land-use change patterns. Understanding the 

dynamics of land use and land-use change within a specific 

region is vital to this process. The increasing prevalence of 

fruit crops on agricultural land significantly enhances 

carbon sequestration. This study found that carbon 

sequestration in orchards increased with tree age, with an 

average of 115.57 t C/ha sequestered in Dhenkanal and 

130.48 t C/ha in Rayagada. In mango orchards, above-

ground carbon constituted 24.45% and 27.69% of total 

carbon sequestered per hectare, with the recommended 8 

m x 8 m spacing in Dhenkanal and Rayagada, respectively. 

Collecting fundamental data on carbon content across 

various land-use and land-use change categories at the 

regional level is crucial for effective climate change 

mitigation. This study provides novel data into carbon 

stocks in mango orchards relative to tree age, enhancing 

our understanding of the carbon cycle in cultivated mango 

ecosystems. Future research should involve mango 

orchards in various regions of the country, employing larger 

sample sizes to improve the quantification of carbon 

sequestration in mango orchards nationwide. 

Table 3. C pool compartment in mango orchard (8 m x 8 m=156 trees) 

Source Carbon quantity C (%) 

Dhenkanal 

Age group 5-10 years 10-15 years >15 Years Mean 5-10 years 10-15 years >15 Years Mean 

AGB tree C (t/ha) 11.75 27.27 48.16 29.06 12.61 24.11 34.30 23.67 
Litter C (t/ha) 0.33 0.39 0.46 0.40 0.36 0.35 0.33 0.34 
Weed C (t/ha) 0.64 0.48` 0.26 0.46 0.69 0.42 0.18 0.43 

Weed+litter C (t/ha) 0.97 0.87 0.72 0.86 1.04 0.77 1.51 0.78 
Total above-ground C (t/ha) 12.73 28.14 48.88 29.91 13.65 24.89 34.81 24.45 

Root C (t/ha) 3.47 7.94 14.52 8.65 3.72 7.02 10.34 7.03 
Total tree C (t/ha) 16.20 36.09 63.40 38.57 17.38 31.91 45.16 31.48 

Soil C (t/ha) 77 77 77 77 82.62 68.09 54.84 68.52 
Total below-ground C (t/ha) 80.47 84.94 91.52 85.65 86.35 75.11 65.19 75.55 

Total C sequestered in orchard (t/ha) 93.20 113.09 140.40 115.57 - - - - 

Rayagada 

Age group 5-10 years 10-15 years >15 Years Mean 5-10 years 10-15 years >15 Years Mean 

AGB tree C (t/ha) 14.07 37.93 60.23 37.41 14.01 28.95 37.64 26.87 
Litter C (t/ha) 0.40 0.44 0.49 0.44 0.39 0.34 0.30 0.34 
Weed C (t/ha) 0.79 0.60  0.31 0.57  0.79 0.45 0.20 0.48 

Weed+litter C (t/ha) 1.19 1.04  0.80 1.01 1.18 0.79 0.50 0.82 
Total above-ground C (t/ha) 15.25 38.97 61.02 38.42 15.19 29.75 38.14 27.69 

Root C (t/ha) 4.16 11.03 17.97 11.06 4.14 8.42 11.23 7.93 
Total tree C (t/ha) 19.41 50.00 79.00 49.48 19.33 38.17 49.37 35.63 

Soil C (t/ha) 81.00 81.00 81.00 81.00 80.67 61.83 50.63 64.37 
Total below-ground C (t/ha) 85.16 92.03 98.97 92.06  84.81 70.25 61.86 72.31 

Total C sequestered in orchard (t/ha) 100.41 131.00 160.00 130.48 - - - - 
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