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Watershed land rehabilitation is an important strategy to restore degraded land and improve 

ecosystem services, including carbon sequestration. However, increasing carbon reserves 

through watershed rehabilitation faces several challenges that need to be addressed. This study 

aims to measure the carbon reserve of land rehabilitation plants in the Bukit Menoreh 

watershed in order to make a strategic analysis of sustainable rehabilitation management. 

Quantitative research with experimental and descriptive approaches. Sampling using stratified 

random sampling. Primary data collection through field surveys. Durian and mangosteen plant 

species have the highest carbon reserves, with durian at 127.27 tons C and emission uptake of 

467.07 tons CO2eq. Stand density and plant age significantly affected carbon reserves. The 

assumption of 100% plant survival results in an emission uptake of 640,960.73 tons CO2eq in 

2040, higher than the 70% assumption of only 403,805.26 tons CO2eq. The results have 

important implications for future forest management and land rehabilitation policies, focusing 

on plant species selection, increasing stand density, and continuous monitoring of carbon 

reserves. The Menoreh watershed rehabilitation program can be an effective model for climate 

change mitigation and achieving sustainable development. 

Keywords: 

rehabilitation program, watershed, 

carbon reserve, fruit crops 

1. INTRODUCTION

The restoration of wetlands and floodplains not only 

improves water quality but also plays a crucial role in reducing 

flood risks. These natural infrastructures help manage water 

flow and mitigate the impacts of extreme weather events, 

which are becoming more frequent due to climate change [1]. 

Additionally, river basin rehabilitation is an important 

environmental strategy aimed at restoring degraded land and 

enhancing ecosystem services, including carbon sequestration. 

Rehabilitation efforts, such as reforestation and revegetation, 

significantly increase soil organic carbon reserves [2, 3]. 

Floodplains and wetlands are crucial for carbon storage 

compared to their surface area, meaning these areas store 

substantial amounts of organic carbon, making them a key 

target for restoration efforts [4-6]. Restoring these areas can 

significantly enhance carbon sequestration. Land 

rehabilitation can reduce carbon emissions and increase 

carbon absorption by promoting plant growth [4]. This process 

is vital for boosting plant carbon reserves, which play a critical 

role in climate change mitigation [1-3, 7-10]. Previous study 

found that the potential economic value of carbon 

sequestration from watershed rehabilitation efforts has been 

highlighted [11], with restored sites showing trends of 

increasing carbon permanence in the soil, and the current 

carbon price per ton generating significant economic benefits. 

Previous study suggested that carbon reserves might become 

an increasingly attractive incentive to restore severely 

degraded forests [12], with management scenarios involving 

“logging without cutting” or “low-intensity logging” offering 

the greatest incentives. 

Increasing carbon reserves through river basin 

rehabilitation presents several challenges that need to be 

addressed to ensure success. Effective watershed 

rehabilitation requires comprehensive planning that considers 

the entire ecosystem. Often, projects lack a holistic approach, 

leading to less optimal outcomes [13]. Previous studies state 

that the techniques used in restoration also determine the 

significance of carbon sequestration [14, 15]. Watershed 

ecosystems are dynamic, with changes occurring on daily, 

seasonal, and annual timescales. This variability makes it 

difficult to predict and manage carbon sequestration outcomes 

[14]. Proper land and vegetation management is crucial to 

enhancing carbon reserves. For example, selecting specific 

plant species can significantly increase soil carbon reserves 

and plant biomass [16]. Previous study also revealed that 

afforestation with different tree species can influence carbon 

sequestration differently [17]. For example, afforestation with 

longleaf pines can increase evapotranspiration and reduce 

river flow but also enhance carbon sequestration. Several 
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factors can influence carbon sequestration, including the type 

of vegetation, which has a significant impact. Shrubs and 

grasslands, for instance, can increase carbon reserves more 

than other types of vegetation such as tropical forests or 

coniferous forests [2, 18]. Furthermore, the age of the 

vegetation plays a crucial role in carbon sequestration. 

Younger forests typically show rapid increases in carbon 

reserves in the early stages, but after reaching maturity, carbon 

sequestration becomes more stable [2, 19, 20]. Another factor 

affecting carbon reserves is soil erosion and deposition. Soil 

erosion tends to decrease carbon reserves due to the loss of 

organic-rich soil layers, while soil deposition can increase 

carbon reserves by adding humus and new organic material 

[19, 21]. Soil texture and stability also play an important role, 

where soils with stable aggregates improve the accumulation 

of carbon reserves more efficiently [21]. 

Water management is equally important. Effective soil 

moisture management through water conservation techniques 

can support healthy vegetation growth, which in turn increases 

carbon reserves in the soil [18, 22]. Meanwhile, floodplain 

restoration also has a significant impact on carbon reserve 

storage. Floodplains play a key role in absorbing and storing 

carbon from water flows and sedimentation [6]. External 

factors such as climate change also influence the carbon cycle, 

both directly and indirectly. Changes in temperature, rainfall, 

and weather patterns affect the ecosystem's ability to absorb 

and store carbon, ultimately impacting the existing carbon 

reserves [23]. Ecological techniques used in forest restoration 

and management can have a positive impact on carbon 

reserves, such as through the improvement of vegetation and 

soil quality, which can increase carbon storage capacity [19, 

24]. In addition to technical and ecological factors, community 

participation is also highly influential in enhancing ecosystem 

services and carbon reserves. Communities involved in 

rehabilitation and conservation activities can play a role in 

preserving natural resources and supporting sustainable 

management practices [25, 26]. Furthermore, the role of 

appropriate policies and management, including an integrated 

approach involving various sectors, is crucial to achieving 

optimal results in carbon reserve storage. Policies that support 

environmental rehabilitation and conservation can accelerate 

ecosystem recovery and increase overall carbon storage 

capacity [27, 28]. 

This is in line with the mandate outlined in Government 

Regulation (GR) No. 24/2010 in conjunction with GR No. 

61/2012 in conjunction with GR No. 105/2015 concerning the 

Use of Forest Areas and Minister of Environment and Forestry 

Regulation No. 27/2018 concerning Guidelines for the 

Borrowing and Use of Forest Areas. The regulations specify 

that holders of Forest Area Borrowing and Use Permits 

(IPPKH) are required to carry out reclamation within their 

IPPKH concession areas. Additionally, they are also required 

to rehabilitate river basins (DAS) outside of their IPPKH areas 

and reforest designated compensation lands as a form of 

compensation for the land being utilized. The River Basin 

Rehabilitation Program (DAS) has become one of the 

priorities for the Indonesian government to address 

environmental degradation, improve water quality, and reduce 

the risks of natural disasters such as erosion and landslides, 

particularly in hilly areas. One example of a program that has 

already been implemented is the planting of trees and fruit 

plants in Bukit Menoreh, Purworejo, Central Java, covering an 

area of approximately 596.92 hectares, carried out by PT. 

Borneo Indobara. This program involves various types of fruit 

plants such as durian, Stink Bean, Lanzones, Avocado, and 

others, and has the potential to create significant social, 

economic, and environmental impacts for local communities. 

Active community involvement in the planting and care of the 

plants shows a high sense of ownership, contributing to social 

cohesion and increased income through harvests. Thus, this 

program can improve local food security and create new job 

opportunities, which in turn enhances community welfare [29-

32]. This River Basin Rehabilitation Program involves four 

subdistricts in the Bukit Menoreh area, Purworejo, Central 

Java. The program has been implemented since 2021, and by 

2024, it will be in its third year, focusing on rehabilitating 

vegetation with an emphasis on fruit plants. Below is the 

distribution data for the fruit plant seedlings used in this 

program (Table 1): 

 

Table 1. Seedling distribution per sub-district 
 

Seedling 
Subdistrict 

Total % 
Bagelen Bener Kaligesing Loano 

Avocado 7.118 8.175 23.469 9.751 48.513 23.30% 

Sugar Palm 322 67 36 57 482 0.23% 

Other Seedling 46 93 65 184 388 0.19% 

Lanzones 1.504 47 1.651 8.664 11.866 5.70% 

Durian 7.695 25.843 20.600 19.823 73.961 35.52% 

Gayam 168 4 18 2 192 0.09% 

Guava 302 13 1.877 10 2.202 1.06% 

Dog Fruit 65 31 49 5 150 0.07% 

Orange 155 6 44 1 206 0.10% 

Longan 4.594 2 21 992 5.609 2.69% 

Coffee 1.122 109 898 337 2.466 1.18% 

Mango 3.018 30 46 14 3.108 1.49% 

Mangosteen 7.986 5.424 3.029 14.540 30.979 14.88% 

Nutmeg 13 41 65 577 696 0.33% 

Stink Bean 2.363 7.887 11.895 4.620 26.765 12.85% 

Black Nut 181 18 38 3 240 0.12% 

Sapodilla 393 2 19 1 415 0.20% 

Total 37.045 47.792 63.820 59.581 208.238 100.00% 

 

Based on the rehabilitation program conducted by PT 

Borneo Indobara, carbon reserve measurement is an important 

step to assess the success of the effort [33]. Continuous 

monitoring of carbon reserves not only enables evaluation of 

the long-term impacts of restoration activities, but also 

provides a clearer picture of the effectiveness of the 
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rehabilitation methods applied [34]. In addition, carbon 

reserve accounting also serves to provide data that can be used 

to formulate better management practices to optimize carbon 

sequestration in ecosystems [35]. By understanding carbon 

reserves, we can also map the spatial distribution of carbon 

across watersheds, which is influenced by factors such as 

vegetation type, soil structure and topography [36]. This 

research will also take into account the projection of potential 

carbon reserves within 20 years, in contrast to previous studies 

which only discuss carbon stock policies [27, 28, 35] and 

which only formulate and simulate carbon stock calculations 

using Mean Annual Incremant (MAI carbon) [37-39]. This 

understanding is critical as it can help generate more accurate 

estimates and support more effective carbon reserve 

management. Therefore, this study specifically aims to 

measure the carbon reserve of Menoreh hill watershed land 

rehabilitation plants in order to make a strategic analysis of 

sustainable rehabilitation management. 

 

 

2. RESEARCH METHOD 

 

This study employs a quantitative approach using 

experimental and descriptive methods. This study aims to 

measure the carbon reserves stored in the rehabilitation plants 

of the Bukit Menoreh River Basin (DAS) rehabilitated by PT. 

Borneo Indobara. This research is also experimental because 

it will use controlled measurement methods to obtain accurate 

and valid data on the carbon reserves of rehabilitation plants 

from various species planted in the area. Additionally, a 

descriptive design will be used to detail the existing carbon 

reserve conditions and identify changes in carbon reserves in 

the rehabilitated land during the course of the program. The 

research design used will be observational and longitudinal, 

which allows for continuous measurement of carbon reserves 

year by year throughout the rehabilitation program. This study 

calculates the total forest carbon reserves based on the biomass 

and organic matter content in five carbon pools (aboveground 

biomass, belowground biomass, dead wood, litter, and soil 

organic matter) according to the national carbon measurement 

standards outlined in the SNI 7724:2019 document on Carbon 

Reserve Measurement and Calculation – Field Measurements 

for Ground-Based Forest Carbon Accounting. Referring to the 

guidelines of SNI 7724:2019, carbon measurement 

uncertainty is identified to come from several sources, 

including sample variability, tool calibration, and analysis 

methods. To reduce uncertainty, measurements were taken 

three times (triplicate), and the results were analyzed using 

standard deviation. Uncertainties are reported as mean ± 

standard deviation, with a 95% confidence level. 

The sampling technique used was stratified sampling with 

simple random sampling, with a maximum sampling error of 

20%. Stratification of carbon potential based on sub-district 

area and type of soil map unit at the Menoreh watershed 

rehabilitation site. There are 4 sub-districts were sampled with 

varying carbon potential, namely Bagelan (4,079.17 m2), 

Bener (8,335.34 m2), Kaligesing (7,699.32 m2) and Loano 

(4,595.39 m2). The shape of the sample plot used is nested 

according to field conditions. Each plot is divided into several 

subplots based on the level of vegetation growth, which 

includes: 

a. Subplot 4 m2 (2×2 m) 

Seedling, woody growth level < 2 cm in diameter and ≤ 1.5 

m in height. In this subplot, destructive sampling of understory 

and litter species was also carried out on an area of 0.25 m2 

(0.5×0.5 m).  

b. Subplot 25 m2 (5×5 m)  

Sapling, woody growth stage with diameter ≥ 2 cm and < 

10 cm, height ≥ 1.5 m. 

c. Subplot 100 m2 (10×10 m) 

Pole, woody growth stage with diameter ≥ 10 cm and < 20 

cm, height ≥ 1.5 m. 

d. Subplot 400 m2 (20×20 m) 

Tree, woody growth stage with diameter ≥ 20 cm, height ≥ 

1.5 m. 

The shape and size of the square plot can be seen in Figure 

1: 

 

 
 

Figure 1. The shape and size of the square plot 

 

Primary data collection was conducted through field 

surveys to identify the actual conditions in the field as 

reference material for further analysis. The object of 

assessment is related to the parameters used for carbon reserve 

analysis. Survey activities are equipped with a working map 

which is a map of satellite image interpretation results that 

have been equipped with data on land map units, regional 

administration and road networks. Carbon reserve sampling 

technique by selecting representatives of land map units that 

have considered the ease of access to the sample location with 

measuring plot points of Carbon and Soil Reserve Sample 

Plots. Carbon sequestration assessment of rehabilitation plants 

was carried out through simplified stages, as seen in Figure 2. 

 

 
 

Figure 2. Stages of calculation of potential carbon reserves 

and sequestration in Menoreh watershed area 

 

The following formulas are used to measure carbon reserves: 

a. Calculation of carbon reserves per hectare for above 

ground biomass can be done using the following 

equation: 

 

𝐶𝑛 =
𝐶𝑥

1000
×
10000

𝑙𝑝𝑙𝑜𝑡
 

 

Description: 
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Cn is the carbon content per hectare in each carbon pool in 

each plot, expressed in tons per hectare (tons/ha).  

Cx is the carbon content of each carbon pool in each plot, 

expressed in kilograms (kg).  

lplot is the plot area in each pool, in square meters (m2). 

b. Calculation of total carbon reserve in the 

measurement plot using the following equation: 

 

Cplot = (Cbap + Cbbp + Cseresah + Ckm + Cpm + Cland) 

 

Description: 

Cplot  is the total carbon content of the plot, expressed in 

tons per hectare (tons/ha);  

Cbap is the total carbon content of aboveground biomass 

per hectare in the plot, expressed in tons per hectare (tons/ha);  

Cbbp is the total carbon content of subsurface biomass per 

hectare in the plot, expressed in tons per hectare (tons/ha); 

Cseresah is the total carbon content of litter biomass per 

hectare in the plot, expressed in tons per hectare (tons/ha);  

Ckm is the total dead wood carbon content per hectare of the 

plot, expressed in tons per hectare (tons/ha);  

Cpm is the total carbon content of dead trees per hectare in 

the plot, expressed in tons per hectare (tons/ha);  

Cland is the total soil carbon content per hectare in the plot, 

expressed in tons per hectare (tons/ha). 

c. Calculation of carbon reserves in a forest stratum 

uses the following equation: 
 

𝐶𝑠𝑡𝑟𝑎𝑡𝑢𝑚 = (
∑𝐶𝑝𝑙𝑜𝑡

𝑛𝑝𝑙𝑜𝑡
) × stratum area 

 

Description:  

Cstratum is the total carbon reserve in the stratum, expressed 

in tons; 

nplot is the number of plots in the stratum; 

Cplot is the total carbon content per hectare of plots in the 

stratum. 

d. Carbon uptake analysis: The amount of carbon 

reserve obtained was then converted into a carbon 

dioxide (CO2) uptake value using the Morikawa 

equation referenced in [40]: 
 

CO2 = 44/12 C 
 

Description: 

CO2 = Amount of CO2 gas absorbed (ton/ha). 
 

 

3. RESULT 
 

3.1 Characteristics of rehabilitation crops 
 

Forest and Land Rehabilitation (RHL) is an effort to restore, 

maintain and improve the function of forests and land so that 

their carrying capacity, productivity and role in supporting life 

supporting systems are maintained. On the other hand, Forest 

and Land Rehabilitation (RHL) activities are also an effort to 

increase carbon dioxide (CO2) absorption on degraded land. 

Based on previous research [41], it is stated that one hectare of 

green leaves can absorb 8 kg CO2 / hour or 0.8 g / m / hour, 

equivalent to CO2 exhaled by 200 people in the same time. 

Previous research also showed that one hectare of primary 

dryland forest in Central Kalimantan can store 229.33 tons of 

carbon [42]. This shows that the potential of forests in 

absorbing carbon dioxide (CO2) is very high, so efforts are 

needed to minimize degraded lands through forest and land 

rehabilitation programs.  

In the Menoreh watershed land rehabilitation program, 

various types of fruit trees which are Multipurpose Tree 

Species (MPTs), are selected to support the improvement of 

forest and land functions. MPTS plants are currently widely 

used as plants for rehabilitation activities because they have 

the advantages of being able to quickly adapt to the 

environment, preserving biodiversity and financially having 

high economic value and are favored by the community. 

Multipurpose Tree Species (MPTS) is a land management 

system where various types of wood are planted and managed, 

not only to produce wood, but also leaves and fruits that can 

be used as food or animal feed [43]. Multiple-benefit tree 

species (MPTS) have several advantages over single-benefit 

tree species, both endemic and exotic, so these tree species 

would be more prospective for the success of critical land 

rehabilitation activities if offered as tree species used for 

rehabilitation [44]. 

The Menoreh watershed land and forest rehabilitation 

program covers four sub-districts. Each sub-district on average 

received the same type of plants but in different amounts. 

Kaligesing sub-district is among the sub-districts that received 

the highest number of seedlings, which amounted to 63,820 

MPTs seedlings. Meanwhile, the sub-district with the smallest 

number of seedlings is Bagelan sub-district. The types of 

plants with the highest number are Durian and avocado, 

73,961 seedlings and 48,479 seedlings, respectively. 

Meanwhile, the least number of seedlings are Gayam and 

oranges, totaling 192 and 206 seedlings respectively. In Table 

2, it can be seen that the types of plants planted in the Menoreh 

watershed forest and land rehabilitation program are MPTs 

(Multipurpose Tree Species). These types of plants were 

chosen in addition to being expected to improve the physical, 

biochemical, and morphological quality of the soil, they are 

also expected to increase forest carbon reserves and 

sequestration so as to provide environmental services for the 

community. On the other hand, the types of MPTs plants in the 

Menoreh watershed area are expected to provide economic 

value to the community, especially in the type of fruit plants 

that can be harvested in certain seasons. Some types of MPTs 

plants and their distribution in various sub-districts are 

described in Table 1. 

 

Table 2. Weight list of forest and land rehabilitation plants of 

Menoreh watershed 

 

No.  Seedling Scientific Name Weight 

1 Avocado Persea sp. 0.52 

2 Palm Sugar Arenga pinnata (Wurmb) Merr. 0.9 

3 Lanzones Lansium domesticum Corr var duku Hasskl. 0.85 

4 Durian Durio sp. 0.57 

5 Gayam Inocarpus fagifer  0.71 

6 Guava Psidium guajava L 0.75 

7 Dog Fruit Archidendron pauciflorum  0.47 

8 Orange Citrus sinensis Osbeck 0.78 

9 Longan Dimocarpus longan Lour. 0.83 

10 Coffee Coffea L 0.62 

11 Mango Mangifera sp 0.54 

12 Mangosteen Garcinia mangostana L 1 

13 Nutmeg Myristica fragrans Houtt 0.52 

14 Stinky bean Parkia spesiosa Hassk. 0.45 

15 Black Nut Pangium edule Reinw. ex Blume 0.66 

16 Sapodilla Manilkara zapota (L.) P. Royen 0.81 
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In addition to having a high economy, the selected MPTs 

plants also have the potential to absorb Carbon Dioxide (CO2) 

emissions. To find out the potential of carbon reserves and 

absorption of CO2 emissions, it is necessary to identify the 

specific gravity of each type of fruit planted. The scientific 

name and specific gravity of the plants in the Menoreh 

watershed rehabilitation program are described in Table 2.  

Based on Table 2, it can be seen that each type of fruit tree 

has a different specific gravity. This difference affects the 

growth of the tree and its ability to absorb equivalent CO2 

emissions. At the same diameter, trees with higher specific 

gravity will have a greater carbon reserve or equivalent CO2 

emission sequestration capacity than trees with lower specific 

gravity. 

 

3.2 Carbon reserve survey results of Menoreh watershed 

land rehabilitation crops  

 

3.2.1 Carbon emissions reserves and uptake by type 

The total carbon stored, especially in RHL plants in the 

Menoreh watershed, is strongly influenced by the density of 

the stands. This stand density is very important because it is 

related to the forest management system applied by the 

community on their land. The calculation of total carbon 

reserves in Menoreh watershed rehabilitation plants is based 

on monitoring/inventory of plant growth in 2023 from 

February to November. Based on the calculation of the carbon 

reserve value of 3-year-old Menoreh watershed rehabilitation 

plants, the species with the highest value is mangosteen with a 

carbon reserve value of 3.02 kg C or 0.0030 tons C. While the 

species with the lowest carbon reserve value is Stink Bean 

with a carbon reserve value of 1.36 kg C or 0.0014 tons.  

In the aspect of the number of seedlings planted through the 

Menoreh watershed rehabilitation program has a fairly high 

variation, the seedlings with the highest number are durian 

seedlings with a total number in all sub-districts of 73,961 

seedlings. While the lowest number of seedlings in all sub-

districts is the type of Dog Fruit with a total of 150 seedlings. 

The number of seedlings greatly affects the value of total 

carbon reserves and sequestration in the entire Menoreh 

Watershed Land and Forest rehabilitation area. It is proven 

that the Durian species with the highest number of seedlings 

also has the highest carbon reserves and sequestration, which 

are 127.27 tons C and 467.07 tons CO2eq, respectively. While 

the species with the lowest carbon reserve and sequestration is 

the Dog Fruit species with a value of 0.21 tons C and 0.78 tons 

CO2eq, respectively. The total carbon reserve of forest and 

land rehabilitation plants in Menoreh watershed is presented 

in Table 3. 

 

Table 3. Carbon reserve of rehabilitated plants 

 
Seedling Carbon Value (kg) Carbon Value (ton) Total Number of RHL Plants Carbon Reserve (ton C) Carbon Uptake (CO2eq) 

Avocado 1.57 0.0016 48.513 76.15 279.49 

Palm Sugar 2.72 0.0027 482 1.31 4.81 

Lanzones 2.57 0.0026 11.866 30.45 111.74 

Durian 1.72 0.0017 73.961 127.27 467.07 

Gayam 2.14 0.0021 192 0.41 1.51 

Guava 2.26 0.0023 2.202 4.99 18.3 

Dog Fruit 1.42 0.0014 150 0.21 0.78 

Orange 2.35 0.0024 206 0.49 1.78 

Longan 2.51 0.0025 5.609 14.05 51.58 

Coffee 1.87 0.0019 2.466 4.62 16.94 

Mango 1.63 0.0016 3.108 5.07 18.59 

Mangosteen 3.02 0.003 30.979 93.52 343.22 

Nutmeg 1.57 0.0016 696 1.09 4.01 

Stinky bean 1.36 0.0014 26.765 36.36 133.44 

Black Nut 1.99 0.002 240 0.48 1.75 

Sapodilla 2.45 0.0024 415 1.01 3.72 

 

Table 4. Carbon reserves of 3-year-old Menoreh watershed land and forest rehabilitation plants in various sub-districts 

 

Plant Type 
Total Carbon Reserve per Sub-district 

Total 
Bagelan  Bener Kaligesing  Loano 

Avocado 11.17 12.83 36.84 15.31 76.15 

Palm Sugar 0.87 0.18 0.1 0.15 1.31 

Lanzones 3.86 0.12 4.24 22.23 30.45 

Durian 13.24 44.47 35.45 34.11 127.27 

Gayam 0.36 0.01 0.04 0 0.41 

Guava 0.68 0.03 4.25 0.02 4.99 

Dog Fruit 0.09 0.04 0.07 0.01 0.21 

Orange 0.36 0.01 0.1 0 0.49 

Longan 11.51 0.01 0.05 2.49 14.05 

Coffee 2.1 0.2 1.68 0.63 4.62 

Mango 4.92 0.05 0.07 0.02 5.07 

Mangosteen 24.11 16.37 9.14 43.89 93.52 

Nutmeg 0.02 0.06 0.1 0.91 1.09 

Stinky bean 3.21 10.71 16.16 6.28 36.36 

Black Nut 0.36 0.04 0.08 0.01 0.48 

Sapodilla 0.96 0 0.05 0 1.01 
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3.2.2 Carbon emissions reserves and uptake per subdistrict 

Based on the monitoring of 3-year-old Menoreh Watershed 

Land and Forest Rehabilitation plants, there are three 

categories of plants based on growth, namely plants with 

growth >60 cm, 60-100cm, and >100 cm in each sub-district. 

The total carbon reserves of the three categories of plant 

growth were then calculated as the carbon potential in each 

sub-district. The total carbon reserve of forest and land 

rehabilitation plants in Menoreh watershed is presented in 

Table 4. 

The sub-district with the largest total carbon reserve is 

Loano with a total carbon reserve of 126.06 tons C. The sub-

district with the lowest carbon reserve is Bagelan sub-district 

with a total carbon reserve of 77.84 tons C. The types of plants 

that contribute to storing the highest carbon are Durian and 

Mangosteen with carbon reserves of 127.27 tons C and 93.52 

tons C, respectively. While the lowest value is in the type of 

dog fruit with a total carbon reserve of 0.21 tons C. So that 

from 208,204 total young plants of the Menoreh watershed 

land and forest rehabilitation program resulted in a stored 

carbon reserve of 397.47 tons C. 

Rehabilitation activities can periodically increase the ability 

of a land to absorb and store carbon reserves. The amount of 

CO2 sequestration is influenced by the amount of biomass and 

its carbon content, as well as the density of the stand at that 

location. Study [45] mentioned that carbon sequestration is 

strongly influenced by biomass, therefore, anything that 

causes an increase or decrease in biomass potential will also 

affect carbon sequestration. Based on the results of the 

calculation of the potential absorption of CO2eq emissions in 

the Menoreh watershed land and forest rehabilitation program, 

the sub-district with the largest total carbon sequestration is 

Loano with a total carbon sequestration of 462.65 tons of 

CO2eq. Meanwhile, the sub-district with the lowest carbon 

reserve is Bagelan sub-district with a total carbon 

sequestration of 285.68 tons CO2eq. 

 

Table 5. Carbon sequestration of forest and land 

rehabilitation plants in Menoreh watershed at 3 years old 

 

Seedling 
Total Carbon Sequestration per Sub-District 

Total 
Bagelan Bener Kaligesing Loano 

Avocado 41.01 47.1 135.21 56.18 279.49 

Palm Sugar 3.21 0.67 0.36 0.57 4.81 

Lanzones 14.16 0.44 15.55 81.59 111.74 

Durian 48.59 163.2 130.09 125.18 467.07 

Gayam 1.32 0.03 0.14 0.02 1.51 

Guava 2.51 0.11 15.6 0.08 18.3 

Dog Fruit 0.34 0.16 0.26 0.03 0.78 

Orange 1.34 0.05 0.38 0.01 1.78 

Longan 42.24 0.02 0.19 9.12 51.58 

Coffee 7.71 0.75 6.17 2.31 16.94 

Mango 18.06 0.18 0.28 0.08 18.59 

Mangosteen 88.48 60.09 33.56 161.09 343.22 

Nutmeg 0.07 0.24 0.37 3.32 4.01 

Stinky bean 11.78 39.32 59.3 23.03 133.44 

Black Nut 1.32 0.13 0.28 0.02 1.75 

Sapodilla 3.53 0.02 0.17 0.01 3.72 

Total 285.68 312.51 397.9 462.65 1458.73 

 

Refer to Table 5, plant species that contribute to absorbing 

the highest carbon are Durian and Avocado with carbon uptake 

of 467.07 tons CO2eq and 279.49 tons CO2eq, respectively. 

While the lowest value is in the type of jengkol with a total 

carbon emission absorption of 0.78 tons CO2eq. So that from 

208,204 total young plants of the Menoreh watershed land and 

forest rehabilitation program resulted in carbon sequestration 

of 1,458.73 tons of CO2eq. 

 

3.2.3 Carbon emissions reserves and sequestration up to 2040 

The value of carbon reserves calculated at the age of three 

years can be projected in the next few years by calculating 

plant growth using the Mean Annual Incremant (MAI carbon) 

calculation method [37-39]. Every year, the diameter of the 

tree will increase so that the potential for emission absorption 

will also increase. Calculation of carbon reserves was carried 

out in the third year after planting the Menoreh watershed land 

and forest rehabilitation program. The results obtained are 

calculations if during the 2040 plantation there is no death or 

maintenance so that the success of plant life reaches 100% and 

diameter growth reaches 1.5 cm - 2 cm per year. The data 

shows that the largest carbon reserve in 2024 is in Loano sub-

district with a carbon reserve of 126.06 tons C and in 2040 the 

carbon reserve in Loano sub-district can reach 55,391.48 tons 

C. While the lowest carbon reserve is in Bagelan sub-district, 

which in 2024 plants have a carbon reserve of 77.84 tons C 

and in 12-year-old plants the carbon reserve can reach 

34,202.72 tons C. The average increase in carbon reserves 

each year in each sub-district varies, the most dominant factor 

is influenced by plant growth. The potential carbon reserve of 

forest and land rehabilitation plants until 2040 is presented in 

the following Figure 3. 

In years 3-5, the increase in carbon reserves was relatively 

high with an increase of 2 to 3 times. In years 6 to 12, the 

increase in carbon reserves is relatively the same, which is 2 

times. The total carbon reserve in all sub-districts in 2024 was 

397.47 tons C and increased until 2040; the total carbon 

reserve in the forest and land rehabilitation area of Menoreh 

watershed was 174,648.70 tons C. 

Based on information on the development of carbon 

reserves per year in each sub-district, the development of 

annual emission absorption for each sub-district can be 

calculated. Carbon emission absorption for all sub-districts in 

2024 amounted to 1,458.73 tons CO2eq with the largest carbon 

emission absorption in Loano sub-district at 462.65 tons 

CO2eq and the lowest in Bagelan sub-district at 285.68 tons 

CO2eq. In the 2040 crop with 100% crop success, the highest 

carbon emission uptake in Loana sub-district reached 

203,286.74 tons of CO2eq while the lowest carbon emission 

uptake was in Bagelan sub-district, reaching 125,524.67 tons 

of CO2eq. Thus, the carbon emission absorption of the four 

sub-districts in the land and forest rehabilitation area of the 

Menoreh watershed can reach 640,960.73 tons of CO2eq. The 

carbon emission absorption potential of land and forest 

rehabilitation plants up to 2040 is presented in Figure 4. 

The calculation of carbon reserves and emissions when 

compared with the assumption of 70% and 100% life has 

changed significantly. The assumption of 70% life if in the 

projection until 2024 no maintenance or replacement of dead 

plants is carried out so that the number of plants decreases 

every year. At the age of 2024, the success of the plant is still 

100%, then decreases in 2025 to 90%, in 2026 to 80% and in 

2027 until 2040 70%. While the assumption of 100% survival 

if during the 2040 crop there is no death or treatment so that 

the success of plant life reaches 100%. 

In 2024, after planting the emission absorption in 4 sub-

districts amounted to 1,458.73 tons CO2eq. In 2025, after 

planting, the percent of survival decreased to 90% with carbon 

sequestration of 4,430.90 tons CO2eq, so that there was a 

difference in carbon emission absorption of 492.32 tons CO2eq 
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compared to when there was no death with carbon emission 

absorption of 4,923.22 tons CO2eq. In 2026, after planting, the 

percent of survival decreased to 80% with carbon uptake of 

9,335.88 tons CO2eq, resulting in a difference in carbon 

emission uptake of 2,333.97 tons CO2eq compared to when 

there was no mortality with carbon emission uptake of 

11,669.86 tons CO2eq. In 2027, after planting, the percent of 

survival decreased to 70% with carbon emission absorption of 

14,359.39 tons of CO2eq, resulting in a difference in carbon 

emission absorption of 8,433.29 tons of CO2eq compared to 

when there is no death with carbon emission absorption of 

22,792.69 tons of CO2eq. Plants are assumed to grow with 

70% success until 2040 after planting, with a total carbon 

emission uptake of 403,805.26 tons CO2eq, if without 

mortality the emission uptake can reach 640,960.73 tons 

CO2e. So there is a difference in carbon emission uptake of 

237,155.47 tons CO2eq. Comparison of total carbon emissions 

sequestration per year in 4 sub-districts, assuming 70% and 

100% life can be seen in Figure 5. 

  

 
 

Figure 3. Total carbon reserves in four sub-districts in forest and land rehabilitation sites of Menoreh watershed until 2040 with 

100% plant survival success 

 

 
 

Figure 4. Total carbon emission uptake in four sub-districts in forest and land rehabilitation sites of Menoreh watershed until 

2040 with 100% success of plant survival 

 

 
 

Figure 5. Comparison of total carbon emissions sequestration per year in 4 sub-districts, assuming 70% and 100% life 
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4. DISCUSSION 

 

The results of carbon reserve measurements on land 

rehabilitation plants in the Menoreh watershed show the 

important contribution of the rehabilitation program in 

increasing carbon reserves and absorbing carbon emissions in 

the region. Based on the data obtained, plant species such as 

durian and mangosteen have the highest carbon reserves, with 

durian producing carbon reserves of 127.27 tons C and carbon 

emission absorption of 467.07 tons CO₂eq. In contrast, plant 

species such as dog fruit showed the lowest carbon reserves 

and sequestration, at 0.21 tons C and 0.78 tons CO₂eq, 

respectively. These findings underscore the importance of 

plant species selection in forest rehabilitation efforts to 

maximize carbon sequestration potential. Stand density and 

vegetation growth have a very significant impact on carbon 

reserves. Previous studies have shown that higher stand 

density increases the ability of plants to sequester carbon, as 

more plants will produce more carbon-binding biomass [2]. 

The Menoreh watershed rehabilitation program showed a clear 

relationship between the number of seedlings planted and the 

carbon reserves produced, confirming the finding that more 

biomass directly increases carbon sequestration capacity. 

Plant age is also an important factor in the calculation of 

carbon reserves. As described by Liu et al. [2], young plants 

usually have a faster growth rate and thus fix more carbon in 

their early growth phase. However, after reaching a certain age, 

the rate of carbon sequestration tends to stabilize. Therefore, 

although younger plants have lower carbon reserves, long-

term carbon sequestration rates can be obtained by 

maintaining sustainable plant growth and maintenance. 

A comparison between the assumption of 100% and 70% 

plant success shows the huge impact on carbon emission 

uptake. When plants grow with 70% success, carbon 

sequestration in 2040 is projected to reach 403,805.26 tons of 

CO₂eq, while if plant survival is 100%, carbon sequestration 

could reach 640,960.73 tons of CO₂eq. This difference in 

carbon sequestration of 237,155.47 tons CO₂eq reflects the 

importance of plant maintenance and replacement of dead 

plants in ensuring the full potential of rehabilitation efforts. A 

decrease in plant numbers due to the death of plants that are 

not replaced can significantly reduce carbon sequestration 

efficiency, as found by Al-Traboulsi et al. [46], who showed 

that plant survival greatly affects total carbon sequestration in 

the long term. Optimal soil moisture and adequate nutrient 

availability can increase photosynthetic efficiency and 

biomass growth, thereby increasing carbon sequestration 

capacity [38, 47]. Conversely, poor soil conditions or drought 

can limit tree growth and reduce carbon sequestration rates 

[48]. 

The results of this carbon reserve measurement have 

important implications in designing future forest management 

and land rehabilitation policies. Forest management based on 

appropriate plant species, such as durian and mangosteen, 

which are proven to be more effective in increasing carbon 

reserves, needs to be integrated in watershed rehabilitation 

policies in other regions. In addition, managing species 

diversity and increasing stand density will be very important 

aspects of rehabilitation programs, as these two factors play an 

important role in maximizing carbon sequestration [2, 18]. The 

results also reinforce the importance of continuous monitoring 

of carbon reserves and carbon emission removals in 

rehabilitated areas. With regular monitoring, adjustments can 

be made in rehabilitation strategies, including water 

management techniques and selection of more appropriate 

plant species. Therefore, the Menoreh watershed land and 

forest rehabilitation program demonstrates that effective 

rehabilitation efforts can be a solution for climate change 

mitigation, ecosystem restoration, and achieving sustainable 

development goals, with a substantial contribution to global 

carbon sequestration [33, 49-51]. 

The socio-economic benefits of the watershed rehabilitation 

seedling assistance program are not only felt directly by local 

communities but also create long-term positive impacts for the 

wider community. The program improves economic welfare, 

strengthens social solidarity, increases environmental 

awareness, and reduces natural resource-related conflicts. 

Other economic benefits of watershed rehabilitation assistance 

during the initial phase (2021-2024) include (1) empowerment 

of the surrounding community as direct labor for the process 

of planting seeds, fertilizing, maintenance, supervision, 

mentoring and so on. This benefit is in the form of salaries or 

wages earned by the surrounding community for service 

activities that have been carried out. (2) Utilization of local 

product fertilizer purchases, as fertilizing materials. This 

means that there are income benefits received by the 

surrounding population for the fertilizer purchase activity. (3) 

Other supporting needs for the smooth running of activities, 

such as the purchase of planting tools, plastic, consumption, 

accommodation, or other support. In addition, other benefits 

can be realized through the carbon credit market. For example, 

the projected carbon sequestration of 640,960.73 tons of 

CO₂eq (with 100% crop success) has significant economic 

potential if converted into carbon credits. The price of carbon 

credits varies, but based on current market prices (around 10-

10-50 per ton CO₂eq), potential revenue from carbon credits 

could reach 6.4 million to 6.4 million to 32 million [52]. These 

revenues can be used to finance further rehabilitation 

programs, provide incentives to local communities, and 

support sustainable development. In addition, participation in 

carbon markets can also increase the attractiveness of green 

investment in the region, promoting environmentally-based 

economic growth [33]. 

The Menoreh watershed rehabilitation program showed 

significant results in increasing carbon reserves and carbon 

sequestration in the region, with durian and mangosteen as the 

two main crops that contributed greatly to carbon reserves. 

However, these results also highlight the importance of proper 

plant selection, growth sustainability, and plant maintenance 

to maximize carbon sequestration potential. The success of 

this rehabilitation program can serve as a model for other 

rehabilitation projects that aim to increase carbon 

sequestration and mitigate climate change.  

 

 

5. CONCLUSION 

 

The Menoreh Watershed land rehabilitation program has 

yielded significant results in increasing carbon emission 

storage and sequestration in the region. Research findings 

show that plant species such as durian and mangosteen have 

very high carbon storage potential. Durian was able to 

generate carbon reserves of 127.27 tons C and absorb carbon 

emissions of 467.07 tons CO2eq, while mangosteen recorded 

carbon reserves of 93.52 tons C. In contrast, dog fruit plant 

species showed lower carbon storage and sequestration 

capabilities. Key factors affecting carbon sequestration 

potential are stand density and vegetation growth. The higher 
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the plant density, the greater the biomass formed, so the ability 

to sequester carbon also increases. Plant age is also an 

important consideration, with young plants generally having 

faster growth and carbon sequestration rates in the early stages, 

but over time, sequestration rates tend to stabilize. These 

findings have important implications for the development of 

future forest management and land rehabilitation policies. The 

results of this study suggest that the selection of appropriate 

plant species, such as durian and mangosteen, which are 

proven to have the highest carbon reserves and carbon 

emission uptake, should be a priority in rehabilitation 

programs. In addition, increasing stand density has also been 

shown to significantly increase the ability of plants to 

sequester carbon. Equally important, continuous monitoring of 

carbon reserves and carbon emission uptake in rehabilitated 

areas should be conducted to evaluate the effectiveness of the 

program and make necessary adjustments. By applying a 

comprehensive approach in plant selection, stand density 

management, and continuous monitoring, the Menoreh 

watershed rehabilitation program can be an effective model for 

climate change mitigation efforts through increased carbon 

sequestration in the ecosystem. The sustainability and success 

of this program will contribute significantly to the 

achievement of sustainable development goals, especially in 

the aspects of environmental management and adaptation to 

the increasing impacts of climate change. 
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