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BACKGROUND AND OBJECTIVES: Land use and land cover changes are affected by massive construction, 
urban expansion, and exploitative agricultural management. These pressures threaten the potential of 
aboveground carbon storage in Rancakalong District, West Java, Indonesia. In that massive construction 
and agricultural expansion are ongoing, it is critical to detect the potential changes in carbon stocks 
in the region. This study evaluated the impact of land use and land cover changes on aboveground 
carbon stock potential in Rancakalong District, West Java, Indonesia, by incorporating several ground-
based carbon inventories into geographic information systems and remote sensing approaches. The 
spatiotemporal dynamics of the aboveground carbon stocks were assessed using Integrated Valuation 
of Ecosystem Services and Tradeoffs models.
METHODS: Aboveground carbon stocks were estimated using the integrated approach of field inventory 
and geographic information systems. Land use and land cover changes were assessed from remotely 
sensed imagery data recorded in 2009 and 2021 using the maximum likelihood classification method 
in the geographic information as a collection of layers and other elements in a map 10.6 package. Tree 
height and diameter were collected within the purposively distributed plots with a size of 30 × 30 square 
meters. Vegetation biomass was assessed using an allometric equation, and aboveground carbon stock 
data were extrapolated to the landscape scale using a linear regression model of measured carbon 
stocks and the Normalized Difference Vegetation Index derived from recent satellite imagery. 
FINDINGS: Vegetated areas were predominant in 2009 and 2021. Vegetation covered 51 percent of 
the total area in 2009, increasing to 57 percent in 2021. Regarding agricultural area, mixed gardens and 
drylands decreased between 2009 and 2021. Meanwhile, paddy fields were the only agricultural land 
use to increase between 2009 and 2021. The bare land and built-up expansion related to the observed 
land clearing for the Cisumdawu Highway mainly came from the conversion of mixed gardens, paddy 
fields, and drylands. The results show that the land use and land cover changes in Rancakalong District 
have caused a reduction in aboveground carbon stocks by 11,096 tons between 2009 and 2021. The 
highest reduction in aboveground carbon stocks occurred in mixed gardens, while a slight increase 
in aboveground carbon stocks occurred in forests, shrubs, and paddy fields. The results highlight the 
contribution of mixed gardens to carbon storage as they are visually similar to forests in the structure 
and composition of vegetation.
CONCLUSION: Land use and land cover changes directly affected the aboveground carbon stock 
potential in Rancakalong District, indicated by an 11,096-ton reduction in the stocks. This shortage of 
carbon stock potential was mainly attributed to the massive reduction in mixed garden areas between 
2009 and 2021 by 12 percent, which caused a significant decrease in aboveground carbon stocks. 
The application of the Integrated Valuation of Ecosystem Services and Tradeoffs model is efficient in 
analyzing the effect of land use and land cover change on aboveground carbon stock dynamics and can 
be widely used in environmental engineering studies involving remote sensing approaches.

ARTICLE INFO 

Article History:
Received  06 February 2023
Revised 11 March 2023
Accepted 23 May 2023       

Keywords:
Ecosystem services 
Integrated Valuation of 

Ecosystem Services and 
Tradeoffs (InVEST) 

Landscape; Sequestration 
Spatial model 
Vegetation            

ABSTRAC T

DOI: 10.22034/gjesm.2024.01.16

NUMBER OF REFERENCES

88
NUMBER OF FIGURES

6
NUMBER OF TABLES

3

Note: Discussion period for this manuscript open until April 1, 2024 on GJESM website at the “Show Article”.

Podcasts

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

https://www.gjesm.net/ 
https://doi.org/10.22034/gjesm.2024.01.16
https://www.gjesm.net/jufile?ar_sfile=3957598
http://creativecommons.org/licenses/by/4.0/


246

A.D. Malik et al.

INTRODUCTION
Climate change and global warming have become 

major threats to global ecosystems (Hassan and Nile, 
2021; Frimawaty et al., 2023; Arredondo Trapero 
et al., 2023). The recent increase in greenhouse gas 
emissions that has resulted from massive human social 
development and industrialization is one of the main 
causes of climate change (Javaherian et al., 2021).  
Temperatures in places inhabited by more than one-
fifth of humanity have already risen by 1.5 degrees 
Celsius (C) over preindustrial levels in at least one 
season (Javaherian et al., 2021). Without mitigation 
efforts to reduce greenhouse gases, the global 
temperature is expected to continue to rise in the 
21st century, ranging from a median increase of 3.7°C 
to 4.8°C (IPCC, 2014). 

The primary factors causing climate change are 
thought to be carbon emissions and greenhouse 
gases, and their levels continue to meet the upper 
limit of the model scenario developed by the IPCC 
(Jagdish et al., 2013). As a consequence of landscape 
modification, land use and land cover (LULC) change 
impacts the ability of a landscape to reduce carbon 
emissions. LULC changes further impact the 
distribution of soil organic matter as an area shrinks 
over time (Zhao et al., 2018; Karbassi et al., 2015). 
Moreover, modifications in LULC exert increasing 
pressure on regulatory ecosystem services such as 
carbon sequestration (Solomon et al., 2018). The 
benefits humans gain from ecosystems are referred 
to as “ecosystem services” (Millennium Ecosystem 
Assessment, 2005). All ecosystem services are 
needed for human survival and livelihoods 
(Solomon et al., 2017). The regulation of gas 
concentrations that circulate between the ecosystem 
and atmosphere of the earth and have an impact on 
the world’s climate is carbon sequestration (Lee et 
al., 2022). The dynamics of the carbon cycle are 
affected by LULC changes, which affect emission 
rates and carbon sequestration (Coutinho et al., 
2015). The ability of terrestrial carbon pools may 
also be disturbed by these impacts, which can affect 
the accumulation of many sources of carbon (Zhao et 
al., 2018). Terrestrial ecosystems play an essential 
role in carbon sequestration. According to the FAO 
(2016), carbon sequestered in above- and 
belowground biomass is estimated at approximately 
296 gigatons (Gt) and 44% is stored in plant biomass. 
Conversely, the emission of carbon dioxide (CO2) 

resulting from vegetation biomass deterioration was 
estimated at 12.5% of the total CO2 emissions 
(Masripatin et al., 2010). Aboveground biomass 
consists of all living things and vegetation that exists 
in terrestrial ecosystems, such as trees, shrubs, and 
herbaceous plants (Piyathilake et al., 2022). 
According to a report from the Forest Resource 
Assessment, the world’s carbon stored in forest 
biomass was 289 Gt (Ostadhashemi et al., 2014). The 
carbon stocks in natural forests are believed to be 
one of the most vital ecosystems for combating 
anthropogenic climate change (Thom et al., 2017). 
Forest areas have ten times greater potential for 
carbon stocks than other types of vegetation; 
however, many forests are currently being deforested 
(Masripatin et al., 2010). Changes in forest cover and 
other land use with carbon sequestration potential 
influence carbon dynamics (Dida et al., 2021). 
Between 2005 and 2010, the carbon contained in 
the world’s forest biomass was expected to decrease 
by 0.5 Gt each year. This reduction was primarily due 
to a decrease in worldwide forest area (Forestry 
Economics and Policy Division, 2010). Likewise, 
between 2015 and 2016, it was estimated that 
forests in Indonesia experienced 0.63 million 
hectares (ha) of deforestation (KLHK, 2018). Most 
carbon emissions come from the coal energy sector, 
and this rate is predicted to increase further until 
reaching 434.96 parts per million (ppm) in 2050, 
where carbon increases that exceed 400 ppm can be 
categorized as a global phenomenon (Cahyono et al., 
2022). In this context, investigating the potential loss 
of valuable ecosystem components as a result of 
LULC change is essential (Lahiji et al., 2020). 
Numerous studies in Indonesia have analyzed the 
potential of various ecosystems to sequester carbon, 
for example, in state forests (Darmawan et al., 2022), 
production forests (Situmorang et al., 2016), urban 
green spaces (Dewanto and Jatmiko, 2021), 
mangroves (Kusumaningtyas et al., 2022), and 
agroforestry systems (Latifah et al., 2018). However, 
limited studies have discussed how LULC changes 
impact ecosystem services, and a spatiotemporal 
model of carbon stock dynamics has not been 
produced. The recent rapid development of 
geographic information systems (GIS) provides an 
opportunity to identify LULC changes over time and 
comprehensively detect disturbances in a particular 
ecosystem service (Zhao et al., 2019). Furthermore, 



247

Global J. Environ. Sci. Manage., 10(1): 245-266, Winter 2024

a spatial model provides a clearer explanation of 
how disturbance impacts ecosystem services 
(Jiang et al., 2021). The study of LULC changes and 
measurement of the aboveground carbon stock may 
vary using remote sensing and GIS. Several previous 
studies have focused on revealing the significant 
effects of LULC changes on carbon stocks using GIS 
and remote sensing approaches. A typical simulation 
model for carbon stock dynamics incorporating 
annual maps was performed to analyze the effect of 
LULC changes on vegetation biomass and carbon 
stocks (Liu et al., 2016). The assessment of LULC 
changes and vegetated aboveground carbon stocks 
using multispectral data in remote-sensing-based 
methodology revealed a relevant decrease in 
vegetated areas (Massetti and Gil, 2020). Another 
study conducted by Piyathilake et al. (2021) used the 
GIS approach and InVEST model to predict the LULC 
type containing the largest carbon stocks on a 
regional scale. Later, the use carbon budget model, 
which focuses on the prediction of carbon dynamics 
affected by several disturbances and LULC variations, 
was performed by (Tang et al. 2022). The empirical 
model also incorporates some ecological processes 
regarding the plant species’ traits and characteristics 
and climate data. However, these studies used 
secondary data, such as available vegetation maps, 
geodatabase of vegetation stand attributes, and 
national statistics data of biomass growth to obtain 
carbon stocks. Detailed information regarding the 
combination of remote sensing and integrated field 
surveys at the regional scale remains limited. In this 
study, rather than relying only on carbon data 
sources from published studies and reports, the 
integration of a few field carbon inventory data 
points with GIS and remote sensing methods is 
expected to obtain more accurate and precise 
carbon estimation results. The normalized difference 
vegetation index (NDVI) is a metric derived from 
remotely sensed images that is commonly used in 
predicting biophysical factors, such as aboveground 
biomass and carbon (Wani et al., 2021). Typically, 
some parametric models have been applied to 
discover the direct relationship between 
aboveground biomass and metrics/spectral values 
derived from satellite imagery (Vafaei et al., 2018; 
Zhu and Liu, 2015). Several spatially based decision 
models for ecosystem services assessment have 

been widely applied (Bagstad et al., 2013), one of 
which is Integrated Valuation of Ecosystem Services 
and Tradeoffs (InVEST) (Sharp et al., 2020). InVEST is a 
distinguished model that has been widely applied to 
assess global ecosystem services (Piyathilake et al., 
2022). The advantages of this model include its low 
data requirements and ease of use (Cong et al., 2020). 
Models for regulatory ecosystem services have been 
commonly applied in InVEST, and the model has been 
used to assess carbon sequestration under multiple 
scenarios (Posner et al., 2016). The InVEST model uses 
LULC projection maps and quantitative data on 
ecosystem services (Nelson et al., 2009). The model 
needs an estimation of the carbon stocks in at least 
one of the four carbon pools for each LULC map. These 
data can be used to create a projection model of the 
amount of carbon stored in a class of land cover over 
time and predict carbon sequestration (Sharp et al., 
2018). This study employs the aboveground biomass 
of vegetation as it is the most active carbon pool in the 
carbon cycle (Harper et al., 2018). Land deterioration 
has occurred in Sumedang Regency, West Java, 
Indonesia. According to Khaerani et al. (2018), a 
protected forest and production forest conversion of 
7,817 ha between 2015 and 2017 violated the regional 
planning for the Sumedang Regency. In recent years, 
forest cover degradation has been affected by the 
megaproject in Sumedang Regency. They are the 
Cisumdawu Highway project, which connects 
Bandung, the capital city of West Java, with Kertajati 
International Airport, and the Jatigede Hydropower 
Plant, which is expected to generate 2 × 25 megawatts 
(MW) of electricity. As a result of this forest cover 
degradation, carbon sequestration has likely been 
significantly diminished. Rancakalong is a district in 
Sumedang Regency. Segments of the Cisumdawu 
Highway also pass through this District, resulting in 
LULC change. Since these massive constructions are 
ongoing, determining the link between LULC change 
and carbon stocks in this area is critical, as various 
LULC classes have varying effects on carbon stocks 
(Toru and Kibret, 2019). The aim of this study is to 
analyze spatial and temporal dynamics of aboveground 
carbon stocks associated with LULC change in 
Rancakalong using the InVEST model. This study was 
conducted in Rancakalong District, which is situated in 
Sumedang Regency, West Java Province, Indonesia in 
2009 and 2021.
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Land use and land cover change effects on carbon stocks

MATERIALS AND METHODS
Research site

Rancakalong District is located in the western part 
of Sumedang Regency 16 kilometers (km) from the 
capital of Sumedang Regency, West Java Province, 
Indonesia (Fig. 1). The mean temperature in the 
study area is 24.7°C, and the mean precipitation is 
2570 millimeters per year (mm/y) (Sampurno and 
Thoriq, 2016). The total area of Rancakalong District 
is 5574.12 ha, dominated by hills and mountainous 
landscapes, and the elevation ranges from 500 to 
1500 meters (m) above sea level (Sumedang Regency, 
2019). The geographic conditions indicated that 
large parts of the area are barely accessible. Most of 
Rancakalong’s people are working in the agricultural 
sector, reflected by the agriculture area as the major 
land use in Rancakalong, with the characteristics of 
upland agricultural systems and paddy fields reaching 
3383.77 ha or 60.71 percent (%) of the Rancakalong 
District (Sumedang Regency, 2019). The forests lie 
on the very steep slope hillside of Cibunar Mountain 
and cover 146.29 ha of the area. In recent days, the 

Rancakalong area has been exposed to environmental 
pressure from the development of the Cisumdawu 
Highway as segments of the toll road pass through 
the area and have affected massive LULC changes. 

Data collection and sampling design 
The magnitude of the data collected was at the 

Rancakalong District scale as part of the Sumedang 
Regency. The integrated approach combining the 
direct measurement of carbon stocks and spatial 
analysis was conducted to assemble the required 
primary and secondary data. The primary data of 
the carbon stocks collected by direct measurement 
of aboveground biomass of the vegetation stands 
measures the diameter at breast height (DBH) and 
height. Most of the area was difficult to access due to 
very steep slopes around the hills and mountains and 
the high rainfall that occurred during the research. 
The vegetation stands were sampled in the study area 
and quantified using a purposive sampling technique 
considering safety, climate, and topographic factors. 
The sample plot size of 30 × 30 square meters (m2) 

 
 
 

Fig. 1: Geographic location of the study area in Rancakalong District, Indonesia 
   

Fig. 1: Geographic location of the study area in Rancakalong District, Indonesia
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refers to the pixel size of medium-resolution remotely 
sensed satellite imagery (~30 m). The secondary data 
contain the global spatial distribution of crop yield 
data in tons/hectare (tons/ha) for all commodities in 
Rancakalong (rice, sweet potato, maize, groundnut, 
banana, and cassava), which can be considered 
biomass in tons/ha and tree density of all measured 
trees. The crop yield information was collected from 
the Global Agroecological Zones+ (GAEZ+) (Frolking et 
al., 2020) data on global gridded crop harvest areas, 
crop production, and crop yields. Tree density was 
obtained from the global wood density database 
(Zanne et al., 2009). Furthermore, the secondary 
data of the multispectral image of Landsat 5 Thematic 
Mapper (TM) recorded on 3 May 2009 and Landsat 
8 Operational Land Imager (OLI) recorded on 16 
September 2021 were used as spatial data for InVEST 
modeling.

Preprocessing
Satellite imagery pre-analysis was required 

to correct the atmospheric disturbance of the 
multispectral image data. This process corrected the 
pixel value of the image data and allowed the pixel 
value to depict the true condition of the terrestrial 
ecosystem. Without this correction, the image sensor 
may have failed to absorb the object’s reflection 
of the earth due to atmospheric disturbance. 
The preprocessing step consisted of radiometric 
calibration and atmospheric correction. Before 
calibration, the satellite images were cropped to 
the area of interest. Next, the vector administrative 
boundary of Rancakalong District was selected as 
the masking area. In radiometric calibration, the 
multispectral image data, or so-called digital numbers 
(DN), were converted into the top of atmosphere 
(TOA) radiance and reflectance by rescaling the DN 
values in the metadata text file extension (MTL). This 
process is a prerequisite for DN value conversion 
into a surface reflectance value when correcting 
for atmospheric disturbance (Chavez, 1989). This 
reflectance measurement produces a vegetation 
index of the imagery data (Jaya et al., 2022). To 
generate the TOA radiance value, the radiance 
rescaling factors of the MTL were used and included 
in Eq. 1 (Hua and Ping, 2018).

6 
 

 
Fig. 1: Geographic location of the study area in Rancakalong District, Indonesia 

 
Preprocessing 
Satellite imagery pre-analysis was required to correct the atmospheric disturbance of the 
multispectral image data. This process corrected the pixel value of the image data and allowed the 
pixel value to depict the true condition of the terrestrial ecosystem. Without this correction, the 
image sensor may have failed to absorb the object’s reflection of the earth due to atmospheric 
disturbance. The preprocessing step consisted of radiometric calibration and atmospheric 
correction. Before calibration, the satellite images were cropped to the area of interest. Next, the 
vector administrative boundary of Rancakalong District was selected as the masking area. In 
radiometric calibration, the multispectral image data, or so-called digital numbers (DN), were 
converted into the top of atmosphere (TOA) radiance and reflectance by rescaling the DN values in 
the metadata text file extension (MTL). This process is a prerequisite for DN value conversion into a 
surface reflectance value when correcting for atmospheric disturbance (Chavez, 1989). This 
reflectance measurement produces a vegetation index of the imagery data (Jaya et al., 2022). To 
generate the TOA radiance value, the radiance rescaling factors of the MTL were used and included 
in Eq. 1 (Hua and Ping, 2018). 
 
Lλ= MLQcal +  AL       (1) 
 
where: 
Lλ = TOA spectral radiance 
ML = The MTL-derived multiplicative rescaling factor 

      (1)

where:

6 
 

 
Fig. 1: Geographic location of the study area in Rancakalong District, Indonesia 

 
Preprocessing 
Satellite imagery pre-analysis was required to correct the atmospheric disturbance of the 
multispectral image data. This process corrected the pixel value of the image data and allowed the 
pixel value to depict the true condition of the terrestrial ecosystem. Without this correction, the 
image sensor may have failed to absorb the object’s reflection of the earth due to atmospheric 
disturbance. The preprocessing step consisted of radiometric calibration and atmospheric 
correction. Before calibration, the satellite images were cropped to the area of interest. Next, the 
vector administrative boundary of Rancakalong District was selected as the masking area. In 
radiometric calibration, the multispectral image data, or so-called digital numbers (DN), were 
converted into the top of atmosphere (TOA) radiance and reflectance by rescaling the DN values in 
the metadata text file extension (MTL). This process is a prerequisite for DN value conversion into a 
surface reflectance value when correcting for atmospheric disturbance (Chavez, 1989). This 
reflectance measurement produces a vegetation index of the imagery data (Jaya et al., 2022). To 
generate the TOA radiance value, the radiance rescaling factors of the MTL were used and included 
in Eq. 1 (Hua and Ping, 2018). 
 
Lλ= MLQcal +  AL       (1) 
 
where: 
Lλ = TOA spectral radiance 
ML = The MTL-derived multiplicative rescaling factor 

 = TOA spectral radiance
LM  = The MTL-derived multiplicative rescaling factor

LA  = MTL’s additive rescaling factor
calQ  = Standard product pixel values or DN value of a 

specific pixel
The following stage involved converting TOA 

spectral radiance to TOA reflectance. The images in 
spectral radiance were converted to reduce the in-
between-scene variability through normalization 
for solar irradiance (Chander and Markham, 2003). 
This step is imperative to cross-calibrate all Landsat 
sensors (Li et al., 2018). For the Landsat 5 TM, the 
spectral radiance ( ëL )  was converted to the surface 
and atmospheric reflectance using Eq. 2 (Chander 
and Markham, 2003).
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downE  = The downwelling diffuse irradiance

All preprocessing steps were run in the 
Semiautomatic Classification Plugin (SCP) integrated 
into the QGIS 3.16 software. The SCP is a free plugin 
for QGIS that facilitates satellite image conversion 
to reflectance to generate the best condition of 
the Earth’s surface by reducing the atmospheric 
condition. As the final step of preprocessing 
(atmospheric correction/surface reflectance), dark 
object subtraction 1 (DOS1) atmospheric correction 
was applied in the plugin. 

LULC classification
LULC classification was applied to both Landsat 5 

TM and Landsat 8 OLI images. This process produces 
raster data of LULC classes and later will serve as the 
data for InVEST modeling. All raster images were 
stacked or composited to produce a single raster 
and multispectral image. Since a pansharpened 
raster band is available in the multispectral image 
of Landsat 8 OLI, an image enhancement tool was 
used to sharpen the image resolution and clarify the 
image during the remote sensing process. The image 
classification process using maximum likelihood 
classification (MLC) was run in the geographic 
information as a collection of layers and other 
elements in a map.

(ArcMap) 10.6. Numbers of training samples were 
drawn on each satellite image representing the 
LULC classes (forests, mixed gardens, paddy fields, 
shrubs, built-up land, drylands, and bare land). This 
nomenclature variation of LULC classes was selected 
following guidance from the Ministry of Forestry and 
Environment of Indonesia and the Regional Planning 
Agency of Sumedang regarding the remote sensing 
method for medium-resolution satellite imagery data. 
The supervised technique identifies and classifies 
the pixel values drawn in the training sample with 
other identical pixel values. Visual interpretation of 
the satellite imagery was assisted by high-resolution 
Google Earth imagery and ground-truthing at the 
study site. The determination of selected variations 
of LULC classes was also helped by the Google Earth 
imagery and ground-truthing approach. The best 
band combination for built-up area classification is 
the natural color band combination, that is, band 
4-3-2 for Landsat 8 OLI and band 3-2-1 for Landsat 
5 TM (Liu et al., 2018). Conversely, the false color 
band combination is the most suitable for vegetation 
mapping, namely, band 5-4-3 for Landsat 8 OLI and 
band 4-3-2 for Landsat 5 TM (Liu et al., 2018). The 
false color band is superior because tree leaves 
have a large amount of chlorophyll, which can 
better absorb red light from the infrared spectrum 
(Zhang et al., 2012). Later, an accuracy assessment 
was conducted to minimize LULC classification errors 
due to the sampling technique and the potential 
for misinterpretation of pixel values in the imagery 
data. The assessment employed a matrix of the error 
to identify pixel misclassification (Yesserie, 2009). 
The Kappa coefficient is an appropriate analysis 
for nominal data image classification models that 
partially rely on ground-truth data (Senseman et al., 
1995).

Vegetation index identification
A vegetation index distribution map was produced 

to extrapolate the direct biomass and carbon stock 
measurements of vegetation stands from the plot 
scale to the landscape scale. This index was also 
useful to identify the index value of the vegetation 
present in the study site. The most commonly used 
spectral vegetation index is NDVI. To identify the 
current state of vegetation in the study area, the 
multispectral image data were converted into a 
raster map containing the values of the vegetation 
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index. In this study, NDVI provided information 
about the canopy and vegetation coverage and 
depicted this information in a vegetation distribution 
map (Calderón-Contreras and Quiroz-Rosas, 2017). 
According to Marchetti et al. (2016), NDVI patterns 
can map the physiognomy and elevation of various 
vegetation types. This process permits mapping of 
different areas covered by vegetation (e.g., forests, 
mixed gardens, shrubs, and paddy fields). In this 
study, the Landsat 8 OLI recorded on 16 September 
2021 was used to obtain the NDVI. The NDVI of the 
multispectral image is a division between the near-
infrared and red bands, which in Landsat 8 OLI is 
related to Bands 5 and 4. The NDVI used to identify 
the difference in vegetation quality was obtained 
using Eq. 5 (Rouse et al., 1974).

NIR-RedNDVI = 
NIR+Red

    (5)

where:
NDVI = Normalized Difference Vegetation Index
NIR = Near-infrared band (Band 5)
Red Band = Red band (Band 4)

The NDVI produces a value between −1.0 and 
1.0, where negative values represent water bodies 
or bare lands and higher positive values indicate 
dense vegetation (Calderón-Contreras and Quiroz-
Rosas, 2017). Such higher values are is due to dense 
vegetation’s capacity to absorb much of the red 
spectrum while reflecting much of the near-infrared 
(Davies et al., 2016). The higher the value of the NDVI, 
the higher the photosynthetic activity of a particular 
identified area of vegetation (Jamali et al., 2011). 

Biomass and Carbon Stock Measurement
The sampling technique considered the spatial 

distribution of each NDVI class. The sample was 
ensured to represent each class of NDVI. Deforestation 
was heavily affected by LULC changes; therefore, 
only the aboveground biomass of vegetation was 
measured. In the sample plots, the name of the 
species, DBH, and the height of the trees were 
measured. The estimation of biomass was conducted 
using Eq. 6. This allometric equation and coefficient 
are suitable for aboveground biomass estimation in 
most tropical moist regional locations, considering 
DBH, wood density (ρ), and tree height (T) as the most 
important predictive variables (Chave et al., 2005).
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 = Wood density (gr/cm3)
T = tree height (m)

The biomass carbon content was calculated by 
multiplying the biomass estimation result with a 
default value of 46% (Hairiah et al., 2011). Carbon 
stocks obtained from field measurements were 
extrapolated to the landscape scale using correlation 
analysis. A single explanatory variable regression was 
selected to identify the correlation between NDVI 
values and the field measurement of carbon stocks 
(Batsaikhan et al., 2020). In the regression model, 
the dependent variable (Y) was the plot-level carbon 
stock measurement result, and the independent 
variable (X) was the NDVI value distribution map. A 
scatterplot of NDVI values was produced, and the 
carbon stock was measured in all permanent plots 
to ensure that the distribution of plot carbon data 
matched the trend of the NDVI (Basalumi et al., 
2018). The correlation analysis was performed in IBM 
SPSS Statistics 26 software. To confirm that the study 
area’s real carbon stocks could be modeled by the 
simple linear regression equation, a standard error 
of estimate (SEE) accuracy test was conducted on the 
result of the obtained carbon model and compared 
with the actual field carbon data in all permanent 
plots. The SEE analysis was calculated using Eq. 7 
(Smith, 2015).

( )2n
i ii=1

y -y
SEE = 

n - 2
∑    (7)

where:
SEE  = Standard Errors of Estimate (tons/pixel)

( )2n
i ii=1

y -y∑ = Difference value between the carbon 
model and actual field carbon stocks
n  = number of plots

The carbon stocks model was extrapolated from the 
plots to the landscape scale by the Raster Calculation 
feature in QGIS 3.6 software. This process produced 
the final carbon model distribution map in a raster 
image format. 
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Land use and land cover change effects on carbon stocks

InVEST carbon storage model
A product of the Natural Capital Project, the InVEST 

Carbon Storage and Sequestration Model is software 
for ecosystem services mapping and calculation. In 
this study, InVEST was used to model the carbon stock 
dynamics in the study site. Specifically, the results of 
the older carbon stocks spatial model were compared 
with the more recent model. InVEST carbon modeling 
requires maps of LULC classification and carbon 
stock data in tons/ha. This study uses aboveground 
biomass as the only carbon pool. The model produces 
both numeric and spatial data in a raster output for 
further GIS analysis and decision-making processes 
(Shrestha et al., 2021). The LULC raster data, which 
are necessary for the carbon storage model, were 
obtained from the LULC image classifications from 
2009 and 2021. The LULC classifications contained 
attribute tables with information on LULC classes 
(forests, mixed gardens, paddy fields, shrubs, built-
up land, dryland, and bare land). The result of 
the carbon stock estimation spatial data from the 
previous extrapolation process was converted into 
numeric values of carbon density for each LULC 
class. Carbon density values were then aggregated 
in a comma-separated value (csv) file format. All 
LULC raster images and the .csv file were integrated 
into the InVEST software to begin modeling the 
current aboveground carbon storage. The final result 

contained carbon storage distribution maps in a 
temporary instruction file format (tiff).

RESULTS AND DISCUSSION
Land use and land cover changes

As shown in Fig. 2, the classification identified LULC 
changes in the Rancakalong District. A seen in Table 1,  
the largest LULC class area in both 2009 and 2021 
was mixed gardens. In 2009, mixed gardens (31%) 
were followed by drylands (21% as the second most 
common class). Meanwhile, mixed gardens (25%) 
and paddy fields (13%) were the most common LULC 
classes in 2021. According to LULC change detection, 
the area of mixed gardens and drylands decreased 
between 2009 and 2021 by 6% and 8%, respectively. 
The areas of shrubs, forests, paddy fields, and bare 
land increased by 9%, 2%, 2%, and 2%, respectively. 
The supervised classification detected that vegetated 
land was predominant in 2009 and 2021. In this 
study, forests, mixed gardens, and shrubs were 
considered to be vegetated areas, as vegetation cover 
was predominant in each area. Vegetation covered 
51% of the total area in 2009. In 2021, the vegetated 
area covered 57% of the total area, indicating a 6% 
increase in vegetated areas. This increase was driven 
by shrubs, as this type of vegetation expanded 10% 
between 2009 and 2021.

At the LULC level, the conversions occurred at 

 
 
 

Fig. 2: Map of LULC classification in Rancakalong District in 2009 and 2021 
   

Fig. 2: Map of LULC classification in Rancakalong District in 2009 and 2021
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different rates depending on the type of LULC class 
(Table 2). For example, forests were mostly converted 
to mixed gardens (12%), followed by these areas’ 
conversion to paddy fields (3%) and shrubs (2%). 
Mixed gardens—the most common LULC class in the 
study site—experienced a 12% conversion to forests, 
followed by conversion to shrubs (13%) and paddy 
fields (11%). The estimated conversions between 
forests and mixed gardens may have been biased 
by the visual characteristics of these LULC classes 
potentially leading to misclassification. According 
to the remote sensing method, forests and mixed 
gardens are visually similar since the mixed garden 
in the study area can be considered an agroforestry 
system managed by local communities that take 
part as forest buffer areas. As agriculture is the main 
occupation of Rancakalong District’s people, the 
conversion of forests and mixed gardens to paddy 
fields was mainly attributed to these areas expanding 
to fulfill the needs of Rancakalong’s people for this 
type of agricultural system. 

The increase in forest cover can be largely 
attributed to the rise in mixed gardens because 
mature mixed gardens are visually similar to forest 
cover and are both dominated by perennial plants. 
In contrast, the mixed garden area decreased 
between 2009 and 2021. The mixed gardens were 
mostly converted into shrubs, indicating some 
abandonment of mixed gardens following plant-
clearance activities by farmers. Paddy fields were the 
only agricultural land use to become more prevalent, 
increasing from 20% to 22% between 2009 and 2021 
(Table 1). Meanwhile, the other agricultural areas, 
mixed gardens, and drylands, decreased between 
2009 and 2021. As in the nonvegetated and non-
agricultural areas, the newly built-up areas largely 
resulted from the conversion of drylands (6%) and 
paddy fields (2%) (Table 2). The largest bare land 
conversion came from paddy fields (4%), followed 
by drylands (3%) (Table 2). The bare land conversion 
was related to the observed land-clearing activities 
for the Cisumdawu Highway project, which started Table 1: Estimated area for each LULC class in 2009 and 2021 

 
 

LULC classes  2009 (ha)  2021 (ha)  2009 (%)  2021 (%)  Area change (%) 

Drylands  1150.17  712.90  21%  13%  −8% 
Forests  1134.54  1218.73  20%  22%  2% 
Mixed gardens  1736.90  1413.36  31%  25%  −6% 
Bare land  0.18  138.70  0%  2%  2% 
Built−up  342.10  286.61  6%  5%  −1% 
Paddy fields  1130.93  1245.90  20%  22%  2% 
Shrubs  57.59  536.22  1%  10%  9% 
Total  5552.41  5552.41  100%  100%   

 
   Table 2: Conversion area matrix of LULC classes between 2009 and 2021 

 

LULC 
2021 ha (%) 

Drylands  Forests  Mixed 
gardens  Bare land  Built‐up  Paddy 

fields  Shrubs 

20
09

 h
a 
(%

) 

Drylands  372.39 
(32%)  30.13 (3%)  149.87 

(13%) 
35.78 
(3%) 

65.29 
(6%) 

315.09       
(−27%) 

181.61 
(16%) 

Forests  8.7            
(−1%) 

928.50 
(82%) 

134.10 
(12%) 

2.76 
(0.24%) 

0.40 
(0.03%) 

38.38        
(−3%) 

21.70 
(2%) 

Mixed gardens  98.88          
(−6%) 

205.20 
(12%) 

977.72 
(56%) 

31.18 
(1.8%) 

6.67 
(0.38%) 

198.81       
(−11%) 

218.45 
(13%) 

Bare land  0.05           
(−29%)  0  0  0.03 

(17%)  0  0.09          
(−52%)  0 

Built‐up   64.95          
(−19%) 

0.89 
(0.26%) 

4.12 
(−1%) 

25.21 
(7%) 

196.09 
(57%) 

46.86        
(−14%) 

3.98       
(−1%) 

Paddy fields  162.38 
(14%)  51.90 (5%)  122.26 

(11%) 
42.58 
(4%) 

17.88 
(2%) 

641.11       
(−57%) 

92.82 
(8%) 

Shrubs  5.54           
(−10%) 

2.11          
(−4%)  25.30 (44%)  1.15 (2%)  0.29  

(−1%) 
5.55          

(−10%) 
17.65 
(31%) 

 
   

Table 1: Estimated area for each LULC class in 2009 and 2021

Table 2: Conversion area matrix of LULC classes between 2009 and 2021
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in 2013. According to Thonfeld et al. (2020), the 
change in forest cover may have minor impacts on 
biodiversity and ecosystem services compared to the 
stronger effects from the conversion of natural or 
non-agricultural landscapes such as forests, shrubs, 
and mixed gardens to agricultural and nonvegetated 
land uses (e.g., drylands, paddy fields, built-up areas, 
and bare lands).

Vegetation index in the study area
The NDVI map in this study ranged from 0.0796807 

to 0.880033 (Fig. 3). Higher NDVI values were 
distributed in the northwest compared to other parts 
of the Rancakalong District because there was an 
undisturbed forest in this area. The high NDVI value 
was indicative that the green biomass was mainly 
distributed in the northwest area (Bosino et al., 2019). 
Conversely, the lowest NDVI was distributed in the 
south, which contained the majority of built-up areas 
and bare lands. This situation was mainly attributed 

to the land-clearing process for the construction 
of the Cisumdawu Highway, which passes through 
Rancakalong District. According to Suharyanto et al. 
(2021), man-made materials can strongly reflect solar 
radiation, resulting in a massive reduction in NDVI. 
High NDVI values, which indicate the presence of 
dense vegetation, were evident in forest areas and 
some mixed garden areas. Although some areas were 
considered bare lands, the absence of a negative value 
indicates there were still vegetated parts of these 
areas. This evidence of vegetation might be related 
to replanting activities and succession progress in 
abandoned areas following land clearing. In turn, 
NDVI can provide insight and predict vegetation 
recovery after some disturbance events (Saito et 
al., 2022). Moderate vegetation cover (indicated in 
yellow) was largely located in some nonperennial 
plant-based agricultural lands, such as paddy fields 
and drylands. The NDVI value distribution in the 
study site can superficially predict the amount of 

 
 
 

Fig. 3: Map of NDVI distribution in Rancakalong District 
   

Fig. 3: Map of NDVI distribution in Rancakalong District
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vegetation biomass (Astsatryan et al., 2015), which 
was useful in extrapolating the aboveground biomass 
and carbon content to a landscape scale.

Extrapolation of field carbon inventory data to the 
landscape scale

The aboveground carbon stock estimation model 
was built using correlation analysis. A simple linear 
regression analysis was carried out to identify the 
degree of correlation between NDVI values and 
the plot-level result of carbon stocks. As shown 
in Fig. 4, the regression model revealed a positive 
relationship between aboveground carbon stocks 
in the field and NDVI values. The scatterplot shows 
a positive trend: the higher the NDVI value, the 
higher the aboveground carbon stocks in the study 
site. A determination value (R2) of 0.7948 shows a 
significant correlation between field measurements 
of aboveground carbon stocks and NDVI values. 

The result shows that approximately 79% of 
aboveground carbon stocks in the study area can be 
determined by NDVI values in this regression model, 
while 21% of aboveground carbon stocks were 
determined by other factors. This relatively strong 
determination value suggests that the regression 
model can effectively extrapolate aboveground 
carbon stocks to the landscape scale. To demonstrate 
this, an accuracy test was conducted comparing the 
aboveground carbon stocks from the model and 
data from the field measurements in all permanent 
plots. The SEE test resulted in an estimated error of 
0.445195549 tons/pixel. The relatively low estimated 
error suggests that the simple linear regression is 
the optimal model for aboveground carbon stock 
estimation using NDVI as the vegetation index in the 
study area. 

The results of the aboveground carbon stock 
extrapolation and crop yield data obtained from 

 
 
 

Fig. 4: Scatterplot of NDVI and aboveground carbon stocks in a linear regression model 
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Fig. 4: Scatterplot of NDVI and aboveground carbon stocks in a linear regression model
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GAEZ+ were aggregated and assigned to each LULC 
class. The aboveground biomass value for built-up 
and bare land areas was set at zero because an 
extremely low vegetation cover can be neglected 
when generating an optimal carbon stock model. 
This decision followed the assumption that 
those LULC classes did not have any potential 
aboveground carbon content. An aboveground 
carbon pool tabulation for each LULC class is 
presented in Table 3.

Spatial distribution of carbon stocks
The InVEST carbon storage and sequestration 

model generated a raster representing the spatial 
distribution of carbon stocks in the research 
area (Fig. 5). Between 2009 and 2021, the spatial 
distribution of aboveground carbon stocks in 
Rancakalong District became less varied. The highest 
aboveground carbon stock value in Rancakalong 

District was 16.97 tons, which was located in the 
dense vegetation area. Carbon stock values were 
generally highest in the western and northeastern 
regions, where the climate and topographic 
conditions were favorable for the growth of the 
forest. These areas were considered part of a 
mountain range in the study area. Meanwhile, 
the lowest aboveground carbon stock was 0, as it 
was assumed that bare land and built-up land did 
not contain aboveground carbon stock potential 
in the long term. The lower carbon stock values 
were mainly distributed in the southern region 
where drylands and other land uses that had scant 
carbon stock potential predominated. In particular, 
the drylands were mainly dominated by upland 
commodity cultivation with no vegetation stands. 
As a result, there was less vegetation coverage and 
relatively low carbon stocks. The spatial distribution 
of carbon stocks in the study area was related to 

Table 3: Carbon pool values (tons/ha/y) for each LULC class in the study site 
 

Code  LULC class name  C‐above 
1  Drylands  30.90717857 
2  Forests 56.93176429 
3  Mixed gardens  123.9699638 
4  Bare land  0 
5  Built‐up  0 
6  Paddy fields  3.5290878 
7  Shrubs 80.03822364 

 

Table 3: Carbon pool values (tons/ha/y) for each LULC class in the study site

 
 
 

Fig. 5: Distribution of estimated aboveground carbon stocks in 2009 and 2021 
   

Fig. 5: Distribution of estimated aboveground carbon stocks in 2009 and 2021
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the LULC class distribution. The area dominated by 
dense forest and tree-based agricultural landscapes 
contained more carbon stocks than the region 
dominated by undergrowth vegetation-based 
agriculture and other unused lands, such as the bare 
lands resulting from land-clearing activities. Between 
2009 and 2021, there was a significant decrease in 
aboveground carbon stocks in the southern areas 
of Rancakalong District. This reduction is due to 
widespread conversion of mixed garden locations to 
built-up and bare land areas. In northeastern areas, 
the increase in upland agricultural LULC classes 
resulted in a reduction of vegetation coverage in 
tree-based agricultural LULC classes. This reduction 
led to a slight decrease in aboveground carbon 
stocks in this area. The major causes of vegetation 
cover reduction were mainly attributed to the 
conversion of forests and mixed gardens (as the 
most vegetated LULC classes) to paddy fields. The 
expansion of paddy fields at the expense of forests 
and mixed gardens might be driven by population 
growth coupled with an increase in the requirement 
for paddy field cultivation as subsistence. Another 
cause for this vegetation cover reduction might be 
related to the abandonment of mixed garden areas 
after harvesting perennials, resulting in the areas 
being converted to shrublands.

The effect of land use and land cover changes on 
carbon stocks

The spatial model of aboveground carbon stocks 
generated by InVEST shows that in 2009, the total 
stock of aboveground carbon in Rancakalong 
District was 324,821 tons. In comparison, the total 
stock of aboveground carbon in 2021 was 313,725 
tons. The aboveground carbon stock potential 
varied among all LULC classes. In 2009, the highest 
aboveground carbon stocks were from mixed 
gardens, which had a total carbon stock of 64%. This 
carbon stock level was followed by forest (20%) and 
other agricultural LULC classes, namely, drylands 
(12%) and paddy fields (2%) (Fig. 6). In 2021, the 
highest aboveground carbon stocks were also in 
mixed gardens, which contributed 52%. This level 
was followed by forests (22%), shrubs (15%), and 
drylands (7%) (Fig. 6). According to the numeric 
statistics model generated by InVEST, there was 
a decrease in aboveground carbon density in the 
study area by 11,096 tons between 2009 and 2021. 
A significant decrease occurred in the mixed-garden 
LULC class. The number of aboveground carbon 
stocks in mixed gardens decreased from 64% to 
52%. A decrease in aboveground carbon density 
also occurred in drylands, with a reduction from 
12% to 7%. Conversely, there was an increase in 
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aboveground carbon stocks in forests (20%–22%), 
shrubs (2%–15%), and paddy fields (2%–4%) (Fig. 6).

The aboveground carbon stocks of vegetated 
areas were greater than the potential carbon 
stocks of other LULC classes. Forests and mixed 
gardens were considered to be vegetated areas 
because vegetation stand coverage was dominant 
in both classes. As shown in Fig. 6, the combined 
aboveground carbon stocks in forests and mixed 
gardens were significantly higher than those in 
other LULC classes (84% in 2009 and 74% in 2021). 
Forest aboveground carbon density was relatively 
higher than that in agricultural areas. As presented 
in Fig. 6, in both 2009 and 2021, forests contributed 
more carbon storage (20% and 22%, respectively) 
than agricultural areas, such as drylands (14%) and 
paddy fields (11%), respectively. However, mixed 
gardens were the only exception. As agricultural 
areas, mixed gardens have significantly higher 
aboveground carbon stock densities than forests. 
For both 2009 and 2021, mixed gardens contributed 
more to aboveground carbon stocks than forests, 
with a comparison of 64% to 20% in 2009 and 52% 
to 22% in 2021. This advantage is because the total 
area of the mixed garden was larger than the forest 
area, as shown in Table 1. In 2009, mixed gardens 
were the largest LULC class, with an area of 1736.90 
ha, compared to forests, which had a total area 
of 1134.54 ha. Although the forest area increased 
to 1218.73 ha in 2021, the total area of the mixed 
gardens was still the largest in the study site, with 
1413.36 ha. 

Hairiah et al. (2011) stated that the aboveground 
carbon stock potential of forests is relatively higher 
than that of any other vegetated land cover. However, 
in this study area, the aboveground carbon stocks in 
mixed gardens were higher than stocks in forests. 
This preponderance is associated with the structure 
and composition of the tree-based farming system. 
The case study in Rancakalong District, Sumedang, 
Indonesia shows that different LULC activities lead to 
variability in aboveground carbon storage potential 
within all LULC classes in a landscape with a mix of 
agriculture and forest. 

In the study area, more vegetated LULC classes 
had increased aboveground carbon stock potential 
compared to less vegetated LULC classes, although 
less vegetated LULC classes covered a larger area. In 
comparison to open agricultural areas, shrubs, built-

up areas, and bare land, dense forests have higher 
aboveground carbon stocks. A study conducted 
by Piyathilake et al. (2022) revealed that carbon 
storage in natural forests was significantly higher 
than that in agricultural LULC classes, although 
the area of forest cover was much lower than that 
in the other LULC classes combined. Additionally, 
a sparse forest was shown to have more potential 
for carbon storage than agricultural land (Bera et 
al., 2022). Carbon storage and sequestration were 
also positively correlated with the degree of green 
density of vegetation growth, and a dense forest 
had the greenest density (Chacko et al., 2018). 
Confirming these findings, the highest number of 
aboveground carbon stocks in Rancakalong District 
was located in the LULC classes with the highest 
density of vegetation cover. However, in the study 
site, mixed gardens were the largest contributor to 
carbon stocks, not forests. Mixed-gardens, which 
are a tree-based agricultural system, contained 
the highest number of carbon stocks, even though 
these stocks were greatly depleted between 2009 
and 2021. The percentage of carbon stored in mixed 
gardens decreased from 64% to 52%, mainly due to a 
reduction in this LULC class area from 1736.90 ha to 
1413.36 ha between 2009 and 2021. However, the 
carbon density data for mixed gardens may fluctuate 
concerning the influence of carbon deposition 
during the harvesting time of vegetation stands. 
This may result in uncertainty about the change in 
aboveground carbon stocks over time (Wang et al., 
2022). Furthermore, the carbon sequestration and 
carbon storage potentials of agricultural areas were 
probably underestimated, as the carbon sinks were 
potentially offset during harvesting time (Paquit 
and Mindana, 2017). The fact that mixed gardens 
had a higher carbon storage potential than forests 
was related to the structure and composition of the 
vegetation in this tree-based agricultural system. 
Mixed gardens, which are generally located on 
hillslopes of Rancakalong District, are agroforestry 
systems. They are a common agroforestry system 
in West Java, Indonesia, and are known locally 
as talun or kebon tatangkalan (Parikesit et al., 
2005). In the study area, this type of agroforestry 
comprises bamboo species (Gigantochloa atter, 
Schizostachyum brachycladum, Dendrocalamus 
asper), fruit trees (Durio zibethinus, Artocarpus 
heterophyllus, Persea americana), and timber trees 
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(Swietenia macrophylla, Maesopsis eminii, and 
Tectona grandis). These trees are cultivated with a 
mixture of aromatics and rhizomes, such as clover, 
coffee, ginger, and cardamom. The talun gradually 
evolved from a mixture of annual crops and tree 
seedlings. The field was frequently abandoned after 
the annuals were harvested, after which perennials 
dominated the agricultural area (Christanty et 
al., 1986). During the abandonment phase, the 
perennials continually grew and became mature. 
As the perennials dominated, the agricultural 
area resembled secondary forest fallow and was 
essentially a man-made forest (Soemarwoto, 1984). 
The talun consisted of a mixture of perennial trees 
with a multilayered canopy as a key characteristic 
of this traditional agroforestry system (Soemarwoto, 
1984). The findings on the carbon stock potential 
of this tree-based talun agricultural system 
corroborated a previous study on aboveground 
carbon stocks in Rancakalong revealing that the 
coffee-based agroforestry system had higher 
carbon storage potential than secondary forests. 
This greater potential was due to the dominance of 
sparse vegetation with a smaller diameter in some 
of the secondary forests (Luth and Setiyono, 2019). 
The result is in line with findings by Natalia et al. 
(2016), who stated that the basal area of trees 
is strongly correlated with total carbon stocks in 
natural forests and agroforestry. This study found 
that the change in aboveground carbon stocks 
was mainly attributed to LULC change. There was 
a decrease in total aboveground carbon stocks by 
11,096 tons between 2009 and 2021. This carbon 
storage reduction was mainly related to urban 
expansion in Rancakalong District. The construction 
of the Cisumdawu Highway, which started in 2013, 
was at the expense of vegetated LULC classes. 
This construction might have contributed to the 
reduction in aboveground carbon stocks in the study 
area. Data from 2021 show that the construction 
of the highway resulted in a significant increase in 
bare land cover as a result of LULC conversion from 
tree-based agroforestry and other agricultural land 
use classes. A 138.70-ha increase in bare land in 
2021 was due to the change in LULC classes with 
larger carbon inventories, such as mixed gardens, 
paddy fields, and drylands. This change reduced 
the total number of aboveground carbon stocks in 
the Rancakalong District. A study conducted in the 

Silang-Santa Rosa Watershed in the Philippines also 
showed that the continuous expansion of urban 
areas resulted in a decrease in the total number 
of carbon stocks (Dida et al., 2021). Similarly, the 
rapid increase in built-up land because of farmland 
conversion was linked to a decline in carbon storage 
capability in northwestern China (Liang et al., 2017). 
The reduction in aboveground carbon stocks was 
also related to the conversion of forest cover and 
other vegetated LULC classes into croplands. The 
findings of Pellikka et al. (2018) in Afromontane 
in Kenya showed that the deterioration of forest 
cover and shrublands directly caused a reduction 
in carbon sequestration. In this study, the reduction 
in aboveground carbon stocks in the vegetated 
area generally resulted from the abandonment 
of some mixed gardens after the mature trees 
were harvested. This process led to the massive 
conversion of mixed gardens to shrublands between 
2009 and 2021, which contain lower aboveground 
carbon stock potential. As a result, during the fallow 
period, there were only shrubs and undergrowth 
vegetation cover. Developing a spatial distribution of 
aboveground carbon storage within different LULC 
classes provides information about the potential 
of different LULC classes in carbon storage and 
sequestration. The spatial dynamics of aboveground 
carbon stocks reveal how aboveground carbon stocks 
fluctuate over time within different LULC classes as a 
result of anthropogenic interventions such as urban 
expansion and agricultural management. Carbon 
stocks in other carbon pools (belowground biomass, 
soil, litter, and necromass) must be further studied, 
including the use of higher resolution remote 
sensing data and enhancing the sample size at the 
plot level to comprehensively map the dynamics of 
carbon storage and carbon stock potential in the 
research area across a variety of land uses. As this 
study only relies on business-as-usual LULC trends, 
it is essential to develop various LULC change 
scenarios. The results of carbon stock estimation 
and modeling using InVEST should be considered in 
decision-making processes related to environmental 
management and regional development plans 
(spatial plans). These data could be used as a basis 
for a carbon credit scheme to protect vegetated 
areas and combat climate change. 

Tree-based agricultural systems (mixed gardens) 
have shown significant potential in carbon storage. 
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Therefore, this LULC class needs appropriate 
management strategies to enhance carbon storage 
potential while simultaneously reducing carbon 
emissions. Conservative farming practices in the 
form of mixed gardens should be enhanced to 
boost subsistence farming without undermining the 
potential of this agricultural landscape to contribute 
to carbon sequestration and climate change 
mitigation.

CONCLUSION
This study emphasizes the correlation between 

LULC changes and aboveground carbon stocks. 
Furthermore, this work examines how LULC 
conversions such as urban expansion and 
agricultural management put direct pressure on 
carbon storage potential in different LULC classes. 
Massive construction and agricultural expansion 
are still occurring in the study area; therefore, it is 
critical to detect the carbon stock levels affected 
by LULC changes. The present study attempts 
to incorporate a few ground-based inventories 
of carbon stocks into GIS and remote sensing 
approaches and integrates the inventory data with 
the InVEST spatial carbon dynamics model. The 
results of supervised classification on remotely 
sensed satellite images showed that vegetated land 
was predominant in 2009 and 2021. Vegetation 
covered 51% of the total area in 2009 and increased 
by 6% in 2021, resulting in 57% of vegetation 
area coverage. Regarding agricultural area, mixed 
gardens and drylands decreased between 2009 
and 2021 by 6% and 8%, respectively. Meanwhile, 
paddy fields were the only agricultural land use to 
increase by 2% between 2009 and 2021. The bare 
land and built-up expansion related to the observed 
land clearing for the Cisumdawu Highway mainly 
came from the conversion of mixed gardens, paddy 
fields, and drylands. This study has demonstrated 
that LULC changes in the Rancakalong District have 
caused a reduction in aboveground carbon stocks 
by 11,096 tons between 2009 and 2021. Based 
on the results of the InVEST spatial and statistical 
models, a reduction in aboveground carbon stocks 
occurred in the mixed gardens and drylands, with 
the highest reduction occurring in mixed gardens. 
Indeed, the number of aboveground carbon stocks 
in mixed gardens declined from 64% to 52%. In 
those mixed gardens were the most common LULC 

class in the study area in both 2009 and 2021, the 
massive reduction in this agricultural area caused a 
significant decrease in aboveground carbon stocks, 
although a slight increase in aboveground carbon 
stocks occurred in forests, shrubs, and paddy fields. 
This shortage of carbon stock potential was mainly 
attributed to the abandonment of this tree-based 
agricultural system after harvesting and led to the 
massive conversion of mixed gardens to shrublands, 
which contain lower aboveground carbon stock 
potential. The construction of the Cisumdawu 
Highway, which started in 2013, was at the expense 
of vegetated LULC classes. This development might 
have contributed to the reduction in aboveground 
carbon stocks in the study area. The results of 
remotely sensed data from 2021 show that the 
construction of the highway resulted in a significant 
increase in bare land cover as a result of LULC 
conversion from tree-based agroforestry and other 
agricultural land use classes. A 138.70-ha increase 
in bare land in 2021 was due to the conversion of 
LULC classes to those with larger carbon stocks, 
particularly mixed gardens. In the future, it is crucial 
to conserve this bioproduction system with long-
term protection mechanisms as this tree-based 
agricultural system (mixed gardens) showed great 
potential in aboveground carbon storage. The model 
should be considered in decision-making processes 
related to environmental management and regional 
development plans (spatial plans). Further studies 
may consider alternative scenarios in LULC changes. 
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