
2380 

 

 

 
 
 

Assessment of Carbon Capture and Storage in Plantation and Garden 

Agroecosystems in Tuntang Hulu Sub-Watershed 
 

Rosita Mustikasari1,, Bistok Hasiholan Simanjuntak1 
 
1   Department of Agrotechnology, Faculty of Agriculture and Business, Universitas Kristen Satya Wacana, Salatiga, INDONESIA. 

 
 

Article History: 
 

Received  : 24 July 2025 

Revised    : 18 August 2025 

Accepted  : 30 August 2025 

 

Keywords: 
 

Biomass,  

Carbon Capture, 

Carbon,  

Garden,  

Plantation. 

 
 

 

Corresponding Author: 

 rositamustikasari17@gmail.com 

(Rosita Mustikasari) 

 

ABSTRACT 
 

Agroecosystems such as gardens and plantations play a crucial role in climate change 

mitigation through carbon capture and storage (CCS). This study aimed to analyze the 

carbon storage potential of these two agroecosystem types in the Tuntang Sub-Watershed 

and to examine the factors influencing it. A quantitative-descriptive approach was employed, 

involving biomass measurement both above and below round, along with analyses of soil 

physical and chemical properties at 41 sampling points. Results showed that the average 

CCS capacity in plantation areas reached 380.51 tons/ha, slightly higher than that of 

gardens at 333.30 tons/ha, although the difference was not statistically significant. 

Contributing factors to carbon storage capacity included vegetation type, soil pH, soil 

texture, and bulk density. Plantations were dominated by perennial woody crops producing 

higher biomass, whereas gardens were more commonly planted with annual crops. 

Therefore, well-planned vegetation management, particularly mixed agroforestry systems, 

has the potential to enhance CCS efficiency. These findings serve as an important foundation 

for planning sustainable agroecosystem management as a strategy for climate change 

adaptation and mitigation. 

1. INTRODUCTION 

Carbon plays a crucial role in regulating climate change and maintaining soil fertility, with its function reflected in the 

carbon cycle within ecosystems. The carbon cycle is a biogeochemical process in which carbon is exchanged among 

the geosphere, biosphere, atmosphere and hydrosphere, thereby influencing ecosystem balance, the Earth’s climate 

system, soil fertility, and regulating the concentration of carbon dioxide (CO₂) in the atmosphere. Therefore, the 

carbon cycle not only affects the continuity of life on Earth but also helps maintain overall environmental stability 

(Sarwono, 2016). One of the forms of carbon that strongly influences ecosystems is CO₂, as it plays a significant role 

in driving global warming. The excessive release of carbon dioxide into the atmosphere can lead to a rise in global 

temperatures, which is closely associated with climate change and may have harmful effects on both the environment 

and human life. On the other hand, CO₂ plays an essential role for plants as it is required for the process of 

photosynthesis (Kartika et al., 2017). In addition, carbon stored in the soil in the form of soil organic carbon also 

contributes to improving soil fertility. To maintain carbon balance within ecosystems, various types of agroecosystems 

play a role in capturing and storing carbon, including garden and plantation agroecosystems. Both of these 

agroecosystems are dominated by perennial plants or trees, which have a high capacity for carbon absorption. In the 

context of carbon cycle sustainability, agroecosystems play a vital role as one of the natural mechanisms that support 

carbon balance on Earth.  

An agroecosystem refers to a human modified ecosystem designed to fulfill food and clothing needs by combining 

biological and physical components within an agricultural setting (Mooduto et al., 2024). In this context, there are 
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various types of agroecosystems, including garden agroecosystems and plantation agroecosystems. Garden 

agroecosystems are typically cultivated on small to medium plots, combining a variety of crops such as food and 

horticultural plants. They are often managed through agroforestry practices by individuals or small community groups 

on household owned land. Management is carried out to meet the needs of local communities, relying on traditional or 

semi modern practices and characterized by limited technological input (Indrawati et al., 2022).  In contrast, plantation 

agroecosystems are generally organized on an extensive scale and are typically overseen by large enterprises or 

institutions specializing in the cultivation of high-value crops such as oil palm, rubber wood, tea, and coffee (Parinduri 

& Parinduri, 2020; Widodo & Mahagiyani, 2022). Garden and plantation agroecosystems both involve cultivation 

systems shaped by biotic and abiotic factors. However, despite these similarities, they differ in characteristics such as 

scale, crop types, and management practices. These distinctions influence their capacity to capture and store carbon 

through the Carbon Capture and Storage (CCS) mechanism. The differing characteristics of garden and plantation 

agroecosystems also have implications for their respective capacities to absorb and store carbon, which are closely 

linked to the CCS mechanism. 

Carbon Capture and Storage (CCS) is a natural process in which carbon dioxide is absorbed by plants through 

photosynthesis, converted into oxygen, and partially stored as biomass in trees, grasses, and shrubs. Meanwhile, 

carbon retained in the soil is referred to as soil organic carbon, which contributes to enhancing soil fertility (Parinduri 

& Parinduri, 2020). In both garden and plantation agroecosystems, intensive and diverse cultivation practices may 

exert positive or negative effects on soil carbon. Therefore, the CCS capacity in agroecosystems is influenced by 

multiple factors. These include the type of vegetation cultivated, vegetation age, vegetation density, soil conditions, 

and cultivation techniques employed (Farrasati et al., 2019). 

Various types of agroecosystems, including gardens and plantations, possess distinct characteristics that influence 

their carbon sequestration capacity. Mixed gardens generally contribute larger carbon reserves compared to 

monoculture plantations. This is due to the application of agroforestry systems in mixed gardens, which enable greater 

biomass accumulation through species diversity and complex vegetation structures, while also providing stronger 

carbon storage capacity than monoculture systems (Violetta et al., 2024). Agroforestry dominated by perennial or 

woody plants offers greater carbon storage potential than agricultural crops, which store relatively small and 

temporary amounts of carbon. Alongside the decline in forest quality and the growing public awareness of tree 

planting, agroforestry practices on private lands hold considerable potential to support the functions of protected and 

conservation areas. Studies indicate that carbon reserves in cacao-based agroforestry systems are higher than in cacao 

monocultures, while soil organic carbon stocks in mixed gardens also surpass those in monoculture lands, highlighting 

that polyculture practices can enhance soil carbon content (Sitohang et al., 2022). This is particularly relevant in the 

context of agroecosystems in the Tuntang Sub-Watershed, where diverse garden and plantation systems are likely to 

have varying CCS capacities. 

Management system of gardens and plantations in the Sub DAS Tuntang region is predominantly based on 

agroforestry. Multiple factors influencing CCS capacity are also evident in the agroecosystems of Tuntang Sub-

Watershed, Semarang Regency. This area hosts diverse agroecosystems, including mixed gardens owned by local 

communities with crops such as sengon and coffee, as well as state-owned plantations dominated by rubber wood and 

coffee cultivated in both monoculture and mixed systems. The variation in topography further affects the capacity of 

each agroecosystem to sequester carbon. Garden and plantation agroecosystems play a role in carbon capture and 

storage through the CCS mechanism, yet their capacity differs according to vegetation type, management practices, 

and environmental conditions (Anika et al., 2024). Sub DAS Tuntang is also an industrial zone with high CO₂ 

emissions, highlighting the need for studies on the contribution of gardens and plantations to CCS in this area. 

Although mixed gardens have greater potential for carbon storage than monoculture plantations, empirical data on 

CCS in Sub DAS Tuntang remain limited. Research on specific factors influencing differences in carbon storage 

capacity in this region is also scarce. Meanwhile, several studies have identified that carbon storage variability is 

determined by a combination of biophysical factors, such as vegetation type, soil texture, moisture, and pH, as well as 

land management practices (Xu et al., 2020). In Indonesia, most CCS research has focused on peatlands or mangrove 

ecosystems due to their significant role in the national carbon cycle (Juliano et al., 2024). Garden and plantation 

agroecosystems in Tuntang Sub-Watershed, however, have received little in-depth investigation. Therefore, this study 
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aims to assess CCS capacity in these agroecosystems and to identify the factors contributing to differences in carbon 

storage capacity between them. The findings are expected to provide valuable insights for developing sustainable 

agroecosystem management strategies and optimizing their role in climate change mitigation.   

2. MATERIALS AND METHODS 

2.1. Research Time and Location 

This research was conducted from July to November 2024. Sampling was carried out in the Upper Tuntang Sub-

watershed, located at coordinates 10° 15′ 50″ E – 110° 33′ 20″ E and 06° 51′ 25″ S – 07° 26′ 40″ S, which is traversed 

by two tributaries, namely the Senjoyo River (120 km²) and the Bancak River (140 km²). The total area of the Tuntang 

watershed is 108,973.04 ha. This region encompasses garden and plantation agroecosystems, which are the primary 

focus in assessing the capacity of Carbon Capture and Storage (CCS). 

 

Figure 1. Administrative map of the Tuntang Sub-Watershed 

2.2. Method 

This study employed a quantitative descriptive design using observation and laboratory analysis to describe the 

phenomenon of Carbon Capture and Storage in both garden and plantation agroecosystems. Prior to fieldwork, several 

preparatory steps were carried out, including the collection of secondary data on land use, topography, and 

agroecosystem management practices in the Upper Tuntang Sub-watershed, to gain an initial understanding of the 

research site’s characteristics. Sampling points were determined using probability sampling with a stratified random 

sampling technique. This method was selected because it provides a more accurate representation of a heterogeneous 

population by dividing it into strata based on agroecosystem factors, ensuring that each category within the ecosystem 

is proportionally represented (Obenu, 2020). Materials used to determine the sampling points included soil maps, 

topographic maps, land use maps, DEM (Digital Elevation Model), and Sentinel imagery. These maps were analyzed 

using ArcGIS 10.8 (2019) with supervised classification. Supervised classification was applied to identify land use 

(agriculture and non-agriculture). The results were further analyzed to classify land into gardens and plantations, and 

to calculate the area of each agroecosystem as well as estimate carbon storage potential using NDVI (Normalized 

Difference Vegetation Index). A total of 41 sampling points were selected across the Tuntang Sub-Watershed. These 
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consisted of 28 points for gardens and 13 points for plantations (Figure 2). Sampling locations were systematically 

selected to represent land characteristics in the study area, so that the results could provide a comprehensive overview 

of environmental conditions in the Tuntang Sub-Watershed. 

 

Figure 2. Distribution map of sampling points and land use in the Tuntang Sub-Watershed 

Table 1. Sampling location for land utilization unit of garden and plantation  

Sample 

No. 
Land Use 

Coordinates Sample 

No. 
Land Use 

Coordinates 

(X-Longitude) (Y-Longitude) (X-Longitude) (Y-Longitude) 

1 Garden 110.48230 7.38208 22 Plantation 110.47920 7.24816 

2 Garden 110.45623 7.38076 23 Plantation 110.49672 7.24598 

3 Garden 110. 48112 7.36872 24 Plantation 110.51390 7.24515 

4 Garden 110.28092 7.21243 25 Garden 110.51632 7.22704 

5 Garden 110.27260 7.20372 26 Plantation 110.48305 7.22793 

6 Garden 110.42072 7.35715 27 Garden 110.48240 7.26069 

7 Garden 110.23091 7.19441 28 Plantation 110.27513 7.14537 

8 Garden 110.37390 7.29958 29 Garden 110.46658 7.27874 

9 Garden 110.34947 7.29484 30 Garden 110.48776 7.29514 

10 Garden 110.33671 7.28191 31 Plantation 110.50892 7.28571 

11 Garden 110. 32718 7.24871 32 Garden 110.58016 7.29556 

12 Garden 110.35162 7.25784 33 Garden 110.57114 7.32151 

13 Garden 110.36915 7.25374 34 Plantation 110.54940 7.32581 

14 Plantation 110.23051 7.14483 35 Plantation 110.54075 7.3269 

15 Garden 110.37866 7.25708 36 Garden 110.46801 7.33260 

16 Garden 110.35826 7.26950 37 Garden 110.42468 7.34489 

17 Garden 110.25444 7.14119 38 Plantation 110.44820 7.20190 

18 Garden 110.26407 7.13003 39 Garden 110.38561 7.33793 

19 Plantation 110.44301 7.244911 40 Garden 110.40855 7.31253 

20 Plantation 110.26282 7.14409 41 Plantation 110.23167 7.18189 

21 Garden 110.46316 7.26522     
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2.3. Procedure 

2.3.1. Biomass Carbon Measurement 

A total of 41 observation plots were established within plantation and garden agroecosystems distributed across the 

Tuntang Sub-Watershed. The plots were laid out as square plots (Figure 3) and adjusted to the growth stage of 

vegetation. Plot sizes included: (i) 20 m × 20 m for trees (diameter ≥ 10 cm, measured at breast height/DBH = 1.3 m), 

(ii) 10 m × 10 m for poles (diameter 2–10 cm), (iii) 5 m × 5 m for saplings (height > 1.5 m and diameter < 2 cm), and 

(iv) 2 m × 2 m for seedlings (height < 1.5 m). The subdivision of plots followed standard vegetation analysis methods 

commonly applied in tropical forest ecology (Salviana et al., 2024). 

Data collection was conducted directly through field exploration. Plant species found in each subplot were 

recorded, and vegetation parameters were measured. Data collected included DBH measurement, species 

identification, and the number of trees in each plot. 

 

Figure 3. Sampling plot design 

Vegetation analysis was conducted quantitatively to determine species dominance by calculating the Importance 

Value Index (IVI), which is obtained from the sum of Relative Density (RD), Relative Frequency (RF), and Relative 

Dominance (RDo) of each species.  

𝐼𝑁𝑃 = 𝐾𝑅 + 𝐹𝑅 + 𝐷𝑅     (1) 

The IVI results were used to identify dominant species. These stand data were then used for biomass calculation and 

tree carbon estimation at the plot scale (Melaponty et al., 2019). 

2.4. Below ground Carbon Measurement  

2.4.1. Soil Sampling 

At each sampling point, soil samples were collected using a soil ring at a depth of 30 cm topsoil to determine bulk 

density. Each sampling point consisted of several subsamples that were combined into a composite sample to represent 

one observation plot. Samples were taken from a depth of 0–15 cm during moderately dry soil conditions. The 

collected samples were air-dried for 7 days The composite soil was then sieved to obtain data on texture, pH, and C-

organik % (Gebre, 2018). 

2.4.2. Laboratory Sampel Preparation 

Soil samples were air-dried in a shaded area, then sieved using a 2 mm mesh to separate coarse materials. The 

homogenized samples were stored in sealed containers prior to further analysis. 

2.4.3. Laboratory Analysis 

Physical and chemical properties of soil including pH, EC, EH, C-organic, soil texture, and bulk density were 

analyzed properly. Table 1 summarized methods and equipment used for the analysis.  
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Table 2. Laboratory analysis methods 

No Parameter Analysis Method Reference 

1 pH Solvent H2O (Yanti & Kusuma, 2021) 

2 EC (µS/cm) EC meter (Swardana et al., 2022) 

3 EH (mV) EH meter 

4 C-organic (%) Walkey and Black (Farrasati et al., 2019) 

5.  Soil Texture Bouyoucos Hydrometer (Cenkseven et al., 2017) 

6. Soil bulk density Ring sample (Gebre, 2018) 

2.5. Data Analysis 

Data analysis was conducted using the biomass method (IPCC, 2008). The association between soil organic carbon 

content and soil physicochemical properties was assessed. Statistical analyses were performed, with the t-test applied 

to identify significant differences among land-use types. The findings were then compared with previous research to 

provide deeper insights into the role of plantation and garden agroecosystems in carbon storage within the Tuntang 

Sub-Watershed. 

3. RESULTS AND DISCUSSION 

3.1. Soil Characteristics  

The soils in the study area, which fall within garden and plantation agroecosystems, are predominantly classified as 

Hapludands Dystrudepts. This soil type belongs to the Andisol order, with Hapludands formed from volcanic ash as 

the parent material (Harahap et al., 2020). Hapludands Dystrudepts are typically found in dry agricultural lands and 

are characterized by the physical and chemical properties presented in Table 3. 

Table 3. Soil chemical and physical characteristics 

No Parameter Analysis Method 
Value (Mean±Standard Deviation) 

Plantation Garden 

A Chemical    

 pH Solvent H2O 6.1 (slightly acidic)±0.21 6.2 (slightly acidic)±0.26 

 EC (µS/cm) EC meter 54.3±33.5 108.4±263.16 

 EH (mV) EH meter 54.09±13.6 45.21±16.29 

 C-organic (%) Walkey and Black 5.33±1.71 5.53±2.06 

B Physical    

 Soil Texture 

Bouyoucos Hydrometer  

    

 Sand (%) 21.19 20.43 

 Dust (%) 65.14 65.54 

 Clay (%) 13.68 14.02 

 Soil bulk density Sample ring 1.27 1.17 

Soil Chemical Characteristics 

In addition to measuring soil carbon, several soil physicochemical parameters were analyzed to describe the 

environmental conditions that influence the accumulation and dynamics of organic carbon. These parameters included 

soil pH, electrical conductivity (EC), redox potential (Eh), soil texture, and organic carbon content. Soil chemical 

properties can be reflected by pH values, which serve as indicators of soil chemical fertility. Soil pH represents the 

concentration of hydrogen (H⁺) and hydroxyl (OH⁻) ions, directly affecting microbial activity in decomposing organic 

matter. Microbial activity is highly dependent on pH conditions that support their growth (Wang et al., 2019). The pH 

values observed in plantation agroecosystems were 6.1 (slightly acidic) and in garden agroecosystems 6.2 (slightly 

acidic), as presented in Table 2. An increase in pH toward neutral can enhance carbon and nitrogen mineralization, 

thereby supporting more active microbial growth. However, under acidic conditions, microbial activity remains low 

and the decomposition of organic matter becomes suboptimal (Neina, 2019). In soils with low pH, microbial growth is 

inhibited, leading to slower decomposition rates. When pH rises beyond a certain threshold, microbial activity 

increases, but this may also cause carbon loss due to excessive mineralization. Conversely, under near-neutral pH 
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conditions, intensification may reduce microbial biomass and growth efficiency, so less intensive management 

practices may be more favorable for enhancing microbial growth efficiency and soil carbon storage (Malik et al., 

2018). The electrical conductivity (EC) values indicated that gardens had higher values of 108.4±263.16 µS/cm 

compared to plantations with 54.3±33.5 µS/cm. This difference is presumed to be related to the accumulation of 

dissolved ions due to more intensive fertilization in garden systems, while EC values in plantations tended to remain 

stable across seasons. Low redox potential (Eh <200 mV) was observed in both land uses, with 45.21±16.29 mV in 

gardens and 54.09±13.6 mV in plantations. These values indicate anaerobic conditions or low oxygen environments. 

Under such conditions, the decomposition of organic matter occurs more slowly, allowing carbon to accumulate in 

more stable forms (Mattila, 2024).  

The organic carbon content differed significantly between gardens and plantations, with higher values in gardens at 

5.53±2.06% compared to plantations at 5.33±1.71%. This is presumably due to gardens having mixed vegetation and 

greater organic input, such as litter. Although plantations are dominated by woody plants, their lower organic carbon 

content is likely due to slower decomposition or more controlled fertilization. This difference reflects the complex 

relationship between vegetation type, soil properties, and land management practices in influencing soil carbon 

accumulation (Farrasati et al., 2019).  

Soil Physical Characteristics 

The soil texture in both agroecosystems was silt loam, dominated by silt (> 60%). The soil texture in both 

agroecosystems indicated good water-holding capacity, but drainage and aeration may not be optimal. The advantage 

of this soil texture is that it tends to be fertile and efficient in storing nutrients. Bulk density values indicated soil 

compaction levels. The relatively low bulk density in gardens (1.17 g/cm³) and plantations (1.27 g/cm³) reflects loose 

soils with high organic matter content. Looser soil allows better air and water penetration, which supports microbial 

activity and the decomposition of organic matter, thereby enhancing soil carbon content (Nguyen et al., 2024).  

3.2. Carbon Capture and Storage (CCS)  

Table 4 shows the vegetation in plantation agroecosystems in the Tuntang Hulu Sub-watershed is dominated by woody 

plants such as coffee (Coffea sp.), rubber wood (Hevea brasiliensis), cacao (Theobroma cacao L.), durian (Durio 

zibethinus), and sengon (Albizia chinensis). Woody plants in plantation systems have greater above-ground biomass 

accumulation potential, allowing them to absorb and store carbon (carbon sequestration) through photosynthesis and 

retain it in biomass such as stems, branches, twigs, roots, and leaves, with longer lifespans (Novita et al., 2021). 

Conversely, gardens are dominated by annual crops or herbaceous vegetation such as elephant grass (Pennisetum 

purpureum), cassava (Manihot esculenta), and cosmos (Cosmos caudatus). Annual crops have shorter life cycles and 

relatively lower biomass compared to perennial plants. Although understory vegetation provides lower results, these 

findings suggest that variations in carbon stocks in understory vegetation are strongly influenced by factors such as 

plant age, soil type, and land management practices (Shang et al., 2024). 

Soil organic matter (SOM) is an important indicator of soil fertility, functioning as a carbon source, improving soil 

structure, enhancing water and nutrient retention, and supporting soil microbial life. Soil organic matter in the dry 

season was recorded at 207.504 tons/ha in plantations and 184.356 tons/ha in garden (Table 5). Although plantations 

had higher SOM than gardens, the difference was not significant. In the rainy season, SOM decreased to 196.898 

tons/ha in plantations and 177.129 tons/ha in gardens, also showing no significant difference. This difference may be 

influenced by the slower decomposition rate during the dry season due to lower soil moisture, leading to higher SOM 

accumulation compared to the rainy season. Conversely, in the rainy season, high moisture can increase microbial 

activity, accelerating decomposition. However, excessive moisture can create anaerobic conditions that hinder aerobic 

microbial activity and reduce carbon storage efficiency (Yanti & Kusuma, 2021).  

Table 4. Dominant vegetation in plantation and garden agroecosystems 

Agroecosystem Dominant Vegetation 

Agroforestry Garden Elephant grass, Cosmos, Peanuts, Cassava, Coffee 

Monoculture Plantation Coffee, Rubber wood, Sengon, Cacao, Durian 
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Table 5. Average soil organic matter, below ground biomass, and above ground biomass in dry and rainy seasons 

Component Seasons 
Plantation 

(ton/ha) 

Garden 

(ton/ha) 

Standard Deviation p-

value 
Significant 

Plantation Garden 

SOM Dry Season 207.504 184.356 73.129 61.839 0.331 Not Significant 

Not Significant Rainy Season 196.898 177.129 61.308 70.650 0.425 

BGB Dry Season 2.703 1.831 1.087 0.829 0.011 Significant 

Rainy Season 2.168 1.825 1.282 0.776 0.320 Not Significant 

AGB Dry Season 10.394 7.042 4.180 3.189 0.011 Significant 

Rainy Season 8.340 7.018 4.932 2.984 0.320 Not Significant 

Note: SOM = Soil organic matter; BGB = Below Ground Biomass; AGB = Above Ground Biomass;  

The Below Ground Biomass (BGB) values showed significant difference (p-value = 0.011) in the dry season, with 

2.703 tons/ha in plantations and 1.831 tons/ha in garden (Table 4). In the rainy season, BGB values in plantations 

(2.168 tons/ha) and gardens (1.825 tons/ha) were not significantly different, possibly due to sufficient water 

availability that balances biomass allocation to roots in both land types. This indicates that plantation systems support 

greater root biomass growth compared to gardens. Root biomass plays an important role in long-term soil carbon 

storage as roots significantly contribute to soil carbon accumulation through decomposition and carbon stabilization 

associated with coarse and fine roots. Furthermore, increased root biomass can enhance soil carbon storage capacity 

sustainably and support the resilience of agricultural and natural ecosystems (Hirte et al., 2017). Plant roots contribute 

to soil organic carbon stabilization through organic inputs such as root litter and rhizodeposition that interact with soil 

minerals (Dijkstra et al., 2021; Huang et al., 2021). 

Above Ground Biomass (AGB) in the dry season was 10.394 tons/ha in plantations and 7.042 tons/ha in gardens. 

The differences between the two agroecosystems were significant (p-value = 0.011). In the rainy season, AGB in 

plantations (8.340 tons/ha) and gardens (7.018 tons/ha) were also not significantly different, though plantations still 

showed higher values. Significant differences were only observed in the dry season, indicating that drier conditions 

highlighted productivity differences between the two agroecosystems. Meanwhile, in the rainy season, more favorable 

environmental conditions resulted in relatively comparable productivity between the two systems. AGB serves as an 

indicator for assessing the potential of atmospheric carbon sequestration, as it includes total above-ground plant 

biomass such as stems, leaves, and harvests (IPCC, 2008). Carbon storage in plant biomass is positively impacted by 

higher AGB values in plantations. Agroforestry systems store more carbon in both above- and below-ground biomass 

compared to conventional farming and grassland systems. This highlights that increasing above-ground biomass 

(AGB) in plantation areas can significantly enhance carbon storage within plant biomass (Sambou et al., 2024). 

Figure 4 shows that garden and plantation agroecosystems in the Tuntang Sub-Watershed display varying 

capacities for carbon capture and storage during both the dry and rainy seasons. Overall, plantations tend to exhibit 

higher levels of biomass, total carbon storage (TCS), and total carbon capture (TCC) compared to gardens, especially 

in dry season. Although there is a slight decrease during the rainy season, the seasonal differences are not very 

pronounced, indicating that seasonal changes have not yet strongly influenced fluctuations in soil carbon reserves and 

vegetation biomass. The variations in Total Biomass (TB), TCS, and TCC between the dry and rainy seasons can be 

explained by the physiological responses of plants to environmental conditions. During the dry season, plants 

generally allocate more energy toward developing permanent structures such as stems and large roots as an adaptation 

to water scarcity. The greater intensity of sunlight during this season also enhances photosynthesis, resulting in 

increased biomass accumulation and higher carbon storage compared to the rainy season (Hermialingga et al., 2020).  

Table 6. Average total biomass, total carbon capture, and total carbon storage 

Component Season 
Plantation 

(ton/ha) 

Garden 

(ton/ha) 

Standard Deviation 
p-value Significant 

Plantation Garden 

Total Biomass Dry Season 220.60 193.230 75.44 63.11 0.262 Not Significant 

Not Significant Rainy Season 207.406 185.972 64.323 72.268 0.400 

Total Carbon 

Storage 

Dry Season 103.682 90.817 35.455 29.663 0.262 Not Significant 

Not Significant Rainy Season 97.481 87.407 30.232 33.996 0.400 

Total Carbon 

Capture 

Dry Season 380.514 333.300 130.119 108.863 0.262 Not Significant 

Not Significant Rainy Season 357.755 320.782 110.951 124.655 0.400 
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Figure 4. Carbon capture storage in garden and plantation agroecosystems 

The reduction in carbon storage capacity during the rainy season is likely influenced by ecological factors, such as 

higher soil moisture levels that accelerate organic matter decomposition, thereby releasing more carbon into the 

atmosphere as CO₂. Heavy rainfall can also lead to nutrient leaching, which reduces the activity of soil 

microorganisms responsible for carbon fixation. In addition, increased respiration from plants and soil organisms 

contributes to lower net carbon storage, causing TCS and TCC values to be lower in the rainy season compared to the 

dry season. Another contributing factor is the prevalence of fine roots that grow rapidly but also die quickly during the 

rainy season, while in the dry season, plants tend to develop more durable structures such as large roots and stems, 

which are more effective for long term carbon storage (Putra et al., 2020). On the other hand, although high soil 

moisture during the rainy season may temporarily enhance microbial activity, excess water often creates anaerobic 

conditions that inhibit the performance of aerobic microorganisms, ultimately lowering carbon storage efficiency 

(Tomar & Baishya, 2020; Hao et al., 2021). Thus, seasonal climatic dynamics play an important yet complex role in 

the processes of carbon capture and storage within agricultural ecosystems. 

4. CONCLUSION AND RECOMMENDATION 

Agroecosystems comprising gardens and plantations in Tuntang Sub-Watershed help to collect and store carbon. The 

average CCS capacity in the two agroecosystems was 380.51 tons/ha in plantations and 333.30 tons/ha in gardens. 

During the dry season, there were significant differences in below-ground biomass (BGB: 2.703 tons/ha in plantations 

and 1.831 tons/ha in gardens) and above-ground biomass. Plantations showed greater carbon storage capacity 

compared to gardens, particularly in the dry season, which is likely influenced by the dominance of woody perennial 

crops capable of producing higher biomass. Soil characteristics such as acidity (pH), texture, bulk density, moisture, 

and redox conditions also affected soil microbial activity and the rate of organic matter decomposition, thereby 

determining the level of carbon accumulation.  

Enhancing CCS can be achieved through the application of agroforestry systems that integrate woody perennials 

with annual crops, regulation of vegetation density, and soil fertility management to maintain a near-neutral pH. This 

strategy is expected to optimize carbon capture and storage while strengthening the role of agroecosystems in climate 

change mitigation in the Tuntang Sub-Watershed. 

ACKNOWLEDGEMENT 

The authors sincerely express their gratitude to all parties who provided support and contributions to this research. 

Appreciation is extended to the Ministry of Education, Culture, Research, and Technology for funding this study, as 

well as to the Agrotechnology lecturers of the Faculty of Agriculture and Business who participated in the research. 

2
2
0
.6

0

2
0
7
.4

1

1
0
3
.6

8

9
7
.4

8

3
8
0
.5

1

3
5
7
.7

6

1
9
3
.2

3

1
8
5
.9

7

9
0
.8

2

8
7
.4

1

3
3
3
.3

0

3
2
0
.7

8

Dry Season Rainy Season Dry Season Rainy Season Dry Season Rainy Season

Total Biomass in Agroecosystem (ton/ha) Total Carbon Storage (TCS) in

Agroecosystems (ton C/ha)

Total Carbon Capture (TCC)-CO2 in

Agroecosystems (ton/Ha)

Plantation Garden



Mustikasari & Simanjuntak: Assessment of Carbon Capture and Storage in Plantation ……. 

2389 
 

The authors are also grateful to fellow students actively involved in field observations and laboratory analyses. The 

support and collaboration of various parties were highly valuable in completing this research successfully.  

REFERENCES 

Aarthi, P., Maheswari, M., Sugumaran, M.P., & Maragatham, N. (2021). Assessment of biomass carbon storage potential and 

oxygen release of Beema bamboo (Bambusa balcooa) plantations. The Pharma Innovation Journal, 10(10), 2098–2102. 

Anika, E., Rasyidin, A., & Junaidi. (2024). Karbon organik tanah pada beberapa penggunaan lahan di Kelurahan Limau Manis Kota 

Padang. Journal Arunasita, 1(1), 33–50. https://doi.org/10.5281/zenodo.15315264 

Cenkseven, S., Kizildag, N., Kocak, B., Sagliker, H.A., & Darici, C. (2017). Soil organic matter mineralization under different 

temperatures and moisture conditions in Kızıldağ Plateau, Turkey. Sains Malaysiana, 46(5), 763–771. 

https://doi.org/10.17576/jsm-2017-4605-11 

Dijkstra, F.A., Zhu, B., & Cheng, W. (2020). Root effects on soil organic carbon: A double-edged sword. New Phytologist, 230(1), 

60–65. https://doi.org/10.1111/nph.17082 

Farrasati, R., Pradiko, I., Rahutomo, S., Sutarta, E.S., Santoso, H., & Hidayat, F. (2019). C-organik tanah di perkebunan kelapa 

sawit Sumatera Utara: Status dan hubungan dengan beberapa sifat kimia tanah. Jurnal Tanah dan Iklim, 43(2), 157–165. 

Gebre, A.B. (2018). Comparison of bulk density methods in determining soil organic carbon storage under different land use types. 

Journal of Soil Science and Environmental Management, 9(1), 13–20. https://doi.org/10.5897/JSSEM2017.0664  

Hao, D.-C., Wang, L., Gao, W., Xie, H., Bao, X., Jia, Z., & Wang, L. (2022). Disentangling effects of moisture/gas regimes on 

microbial community, network configuration and nitrogen turnover of black soil. Eurasian Soil Science, 54(Suppl. 1), S42–

S61. https://doi.org/10.1134/S1064229322030073 

Harahap, F.S., Harahap, D.E., & Harahap, P. (2020). Land characteristics and land evaluation for development on other use area 

rice fertilizer plants in District Salak Regency Pakpak Bharat. Ziraa’ah: Majalah Ilmiah Pertanian, 45(2), 195–204. 

https://doi.org/10.31602/zmip.v45i2.2910 

Hermialingga, S., Suwignyo, R.A., & Ulqodry, T.Z. (2020). Potensi simpanan karbon pada biomassa tegakan dan akar mangrove di 

kawasan lindung pantai Pulau Payung, Kabupaten Banyuasin. Jurnal Segara, 16(3), 187–196. 

https://doi.org/10.15578/segara.v16i3.9335 

Hirte, J., Leifeld, J., Abiven, S., Oberholzer, H.-R., Hammelehle, A., & Mayer, J. (2017). Overestimation of crop root biomass in 

field experiments due to extraneous organic matter. Frontiers in Plant Science, 8, 284. 

https://doi.org/10.3389/fpls.2017.00284 

Huang, J., Liu, W., Pan, S., Wang, Z., Yang, S., Jia, Z., Wang, Z., Deng, M., Yang, L., Liu, C., Chang, P., & Liu, L. (2021). 

Divergent contributions of living roots to turnover of different soil organic carbon pools and their links to plant traits. 

Functional Ecology, 35(12), 2821–2830. https://doi.org/10.1111/1365-2435.13934 

Indrawati, I., Sumarno, S., Kusuma, Z., & Raharjo, B.T. (2022). Tipologi kebun campuran petani tradisional Hatam di Pegunungan 

Arfak. Jurnal Triton, 13(1), 109–125. https://doi.org/10.47687/jt.v13i1.256 

IPCC. (2008). 2006 IPCC guidelines for national greenhouse gas inventories – A primer. H.S. Eggleston, K. Miwa, N. Srivastava, 

& K. Tanabe (Eds.). IGES. 

Joshi, V.C., Negi, V.S., Bisht, D., Sundriyal, R.C., & Arya, D. (2021). Tree biomass and carbon stock assessment of subtropical 

and temperate forests in the Central Himalaya, India. Trees, Forests and People, 6, 100147. 

https://doi.org/10.1016/j.tfp.2021.100147  

Juliano, G., Suwardi, S., & Sudadi, U. (2024). Dynamics of tropical peatlands characteristics and carbon stocks as affected by land 

use conversion and ages of land use in Riau Province, Indonesia. Journal of Tropical Soils, 29(1), 23–32. 

https://doi.org/10.5400/jts.2024.v29i1.23-32 

Kartika, U.D., Nugraha, W.D., & Hadiwidodo, M. (2017). Analisis emisi gas rumah kaca produksi karet dengan metode LCA (Life 

Cycle Assessment) dan perhitungan penyerapan karbon PT. Perkebunan Nusantara IX Ngobo. Jurnal Teknik Lingkungan, 

6(3), 1–10. 

Malik, A.A., Puissant, J., Buckeridge, K.M., Goodall, T., Jehmlich, N., Chowdhury, S., Gweon, H.S., Peyton, J.M., Mason, K.E., 

van Agtmaal, M., Blaud, A., Clark, I.M., Whitaker, J., Pywell, R.F., Ostle, N., Gleixner, G., & Griffiths, R.I. (2018). Land 

use driven change in soil pH affects microbial carbon cycling processes. Nature Communications, 9, 3591. 

https://doi.org/10.1038/s41467-018-05980-1 

Mattila, T.J. (2024). Redox potential as a soil health indicator – how does it compare to microbial activity and soil structure? Plant 

and Soil, 494, 617–625. https://doi.org/10.1007/s11104-023-06305-y 



Jurnal Teknik Pertanian Lampung Vol. 14, No. 6 (2025): 2380 - 2390 

 

2390 
 

Melaponty, D.P., Fahrizal, & Manurung, T.F. (2019). Keanekaragaman jenis vegetasi tegakan hutan pada kawasan hutan kota Bukit 

Senja Kecamatan Singkawang Tengah Kota Singkawang. Jurnal Hutan Lestari, 7(2), 893–904. 

https://doi.org/10.26418/jhl.v7i2.34558 

Mooduto, M., Lamangantjo, C.J., & Katili, A.S. (2024). Biodiversitas serangga tanah di kawasan agroekosistem wilayah Tumba 

Desa Tamaila Utara Kabupaten Gorontalo. Jambura Edu Biosfer Journal, 6(1) 38–42.  

Neina, D. (2019). The role of soil pH in plant nutrition and soil remediation. Applied and Environmental Soil Science, 2019, 

5794869. https://doi.org/10.1155/2019/5794869 

Nguyen, N.K., Nguyen, P.M., Chau, A.T.T., Do, L.T., Nguyen, T.H.T., Tran, D.H.V., Le, X.T., Robatjazi, J., Lasar, H.G.W., 

Morton, L.W., Demyan, M.S., Tran, H.-T., & Tecimen, H.B. (2024). Long-term changes in soil biological activity and other 

properties of raised beds in Longan orchards. PeerJ, 12, e18396. https://doi.org/10.7717/peerj.18396 

Novita, E., Huda, M.N., & Pradana, H.A. (2021). Analisis potensi simpanan karbon agroforestri perkebunan kopi robusta (Coffea 

canephora) di Pegunungan Argopuro, Kabupaten Bondowoso. ECOTROPHIC: Jurnal Ilmu Lingkungan (Journal of 

Environmental Science), 15(2), 165–175. https://doi.org/10.24843/ejes.2021.v15.i02.p04 

Obenu, F. (2020). Memperkirakan rata-rata dan total pemakaian pulsa dengan metode stratified random sampling. Jurnal 

Diferensial, 2(1), 38–46. https://ejurnal.undana.ac.id/index.php/JD/article/view/3747 

Parinduri, L., & Parinduri, T. (2020). Konversi biomassa sebagai sumber energi terbarukan. Journal of Electrical Technology, 5(2), 

88–92. 

Putra, W.F., Muktamar, Z., & Sudjatmiko, S. (2020). Emisi karbon permukaan tanah pada beberapa penggunaan lahan di daerah 

tropis (Kabupaten Bengkulu Selatan). Naturalis: Jurnal Penelitian Pengelolaan Sumber Daya Alam dan Lingkungan, 9(1), 

55–65. 

Salviana, W., Idris, M.H., & Aji, I.M.L. (2024). Analisis vegetasi dan potensi cadangan karbon pada Hutan Kemasyarakatan (Hkm) 

Oi Rida Lestari Kabupaten Bima. ULIN: Jurnal Hutan Tropis, 8(2), 398–410. https://doi.org/10.32522/ujht.v8i2.14767 

Sambou, M., Koné, B., Sambou, S., Niang, F., Sane, S., Diatta, M., Sambou, H., Goudiaby, A., Mbow, C., & Sambou, B. (2024). 

Variation of biomass carbon stock within agroforestry systems in the Senegalese groundnut basin. Discover Sustainability, 5, 

35. https://doi.org/10.1007/s43621-024-00208-3 

Sarwono, R. (2016). Biochar sebagai penyimpan karbon, perbaikan sifat tanah, dan mencegah pemanasan global: Tinjauan. Jurnal 

Kimia Terapan Indonesia, 18(1), 79–90. 

Shang, Y., Olesen, J.E., Lærke, P.E., Manevski, K., & Chen, J. (2024). Perennial cropping systems increased topsoil carbon and 

nitrogen stocks over annual systems—a nine-year field study. Agriculture, Ecosystems & Environment, 365, 108925. 

https://doi.org/10.1016/j.agee.2024.108925 

Sitohang, R., Putra, E.T.S., & Wulandari, C. (2022). The improvement of microclimate and soil characteristics in cocoa-tree 

agroforestry patterns. Ilmu Pertanian (Agricultural Science), 7(1), 25–34. https://doi.org/10.22146/ipas.67292 

Swardana, A., Mutmainah, S.H.S., Yahya, A.M., Hidayanti, N.S., & Lubis, M.H. (2022). Pengukuran nilai daya hantar listrik pada 

berbagai tanah sawah di Kecamatan Tarogong Kaler, Kabupaten Garut. Jagros: Jurnal Agroteknologi dan Sains (Journal of 

Agrotechnology Science), 7(1), 51–56. 

Tomar, U., & Baishya, R. (2020). Seasonality and moisture regime control soil respiration, enzyme activities, and soil microbial 

biomass carbon in a semi-arid forest of Delhi, India. Ecological Processes, 9, 50. https://doi.org/10.1186/s13717-020-00252-7 

Violetta, E.K.D., Trirana, S., Saputri, H.R., Rahmadhani, K., & Hartoyo, A.P.P. (2024). Keanekaragaman vegetasi dan simpanan 

karbon pada sistem agroforestri di kawasan penyangga Taman Nasional Way Kambas. Jurnal Silvikutur Tropika, 15(3), 216–

221. https://doi.org/10.29244/j-siltrop.15.03.216-221 

Wang, C.-y., Zhou, X., Guo, D., Zhao, J.-h., Yan, L., Feng, G.-z., Gao, Q., Yu, H., & Zhao, L.-p. (2019). Soil pH is the primary 

factor driving the distribution and function of microorganisms in farmland soils in northeastern China. Annals of 

Microbiology, 69, 1461–1473. https://doi.org/10.1007/s13213-019-01529-9 

Widodo, A.B., & Mahagiyani, M. (2022). Analisis kebangkrutan dan mitigasi risiko pada perusahaan perkebunan. Jurnal 

Pengelolaan Perkebunan (JPP), 3(1), 25–35. https://doi.org/10.54387/jpp.v3i1.13 

Xu, S., Sheng, C., & Tian, C. (2020). Changing soil carbon: Influencing factors, sequestration strategy and research direction. 

Carbon Balance and Management, 15, 2. https://doi.org/10.1186/s13021-020-0137-5 

Yanti, I., & Kusuma, Y.R. (2021). Pengaruh kadar air dalam tanah terhadap kadar C-organik dan keasaman (pH) tanah. 

International Journal of Chemical Research, 6(2), 92–97. https://doi.org/10.20885/ijcr.vol6.iss2.art5 

 


