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Article Info Abstract
Article history: Changes in land use are linked to climate change, resulting in the loss
Received 15 July 2024 of carbon reserves due to decrease in vegetated land. Forests play
Received in revised from 26 crucial role in carbon storage. This research aims to determine carbon
July 2024 storage in the Toari Watershed, Southeast Sulawesi, in response to land
Accepted 21 August 2024 use changes. The method uses GIS analysis to track changes in land use
from 1991 to 2023, employing the SRTM Digital Elevation Model
Keywords: (DEM) for delineation. Carbon storage is calculated by multiplying the
Carbon Stocks area of each land use by its respective carbon content value. The results
Climate Change of this research show that there have been significant land changes
Land Use Change occurring from 1991 to 2023. Forest land is the land use with the most
Secondary Dryland Forests extensive changes, experiencing decrease in area of 7,181.20 hectares.
Watersheds This was also followed by increased mixed dryland farming use by

5,579.23 hectares, plantations by 1,994.28 hectares, residential land by
353.13 hectares, and open land by 640.85 hectares. From 1991 to 2023,
land use changes had big impact on carbon stocks in the Toari
Watershed. The largest decrease occurred in secondary dryland forests,
leading to reduction of 741,530.7 tons C. Conversely, mixed agricultural
land and plantations saw increases of 167,376.90 tons C and 125,639.60
tons C, respectively. Open land and residential areas also registered
increases in carbon stocks. These findings highlight the influence of land
use on carbon stock changes. The carbon stocks in the Toari Watershed
decreased from 1,142,112.3 tons C in 1991 to 728,627.9 tons C in 2023
due to changes in land use.

Introduction

Climate change is a phenomenon that makes all living things that inhabit the earth indirectly
have to adapt. This is because there is extreme weather resulting from the compilation of
meteorological data which shows an increase in climate variability (Clarke et al., 2022). The
impact of climate change is in the form of four phenomena: increasing air temperature, rising
sea levels, increasing rainfall, and extreme events (Adamo et al., 2022; Ray Biswas & Rahman
2023). One of the factors that triggers climate change is an increase in the concentration of
Green House Gases (GHG) (Bessou et al., 2011; Novita, 2021).

Land use changes are closely related to climate change which causes a loss of carbon stocks
and a decrease in area and other categories in certain periods (Hanberry et al., 2024). The need
for land use is increasing along with the increase in population. Population growth which
continues to grow has encouraged land clearing for residential areas as well as for agricultural
and industrial areas (Dong et al., 2019; Mendoza-Ponce et al., 2021; Mahtta et al., 2022). Apart
from land clearing, population growth accompanied by economic development also spurred
the conversion of rural land to urban areas, and this occurred quickly and beyond expectations
(Tong & Qiu, 2020; Zhao & Yin, 2023). Rapid population growth and increasing demands for
land by society often result in conflicts of interest over land use and incompatibility between
land use and its intended use (Prasada & Masyhuri, 2019; Gidey et al., 2023). Conversion of
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forest land on a large scale into agricultural land and plantations can play a role in reducing
carbon stocks (Anamulai et al., 2019; Mayer et al., 2020). High population growth causes
increasingly limited land availability in an area, thereby underlying changes in land function,
becoming uncontrolled, resulting in a decline in environmental quality, environmental
degradation, or environmental damage as well as a reduction in natural resources (Asabere et
al., 2020; Mahtta et al., 2022).

The Toari watershed is a river basin in Southeast Sulawesi with an area of 20,633.80 hectares,
as a very potential natural resource. However, over the past three decades, forest resource
extraction has been very rapid, resulting in a reduction in the area of forest land cover. Changes
in the land cover area are related to land use by the community for settlements, plantations, and
agriculture so carbon storage in the Toari watershed has decreased (Sulistyono et al., 2019;
Parmar, 2022). Changing forest land into non-forest areas has an impact on global warming
and microclimate changes. Changes in land use are closely related to climate change which
causes loss of carbon reserves and increased CO2 emissions in the air (Novita, 2021; Feng et
al., 2020). The high level of deforestation and low quality of land cover in the Toari watershed
will allegedly affect the amount of carbon stocks and increase CO2 emissions in the air. Based
on the description above, it is necessary to research to determine carbon stocks in each type of
land use area in the Toari River Watershed (DAS). It is hoped that this research can be used as
information and consideration in determining regulations in efforts to control land use as well
as as a starting point in mitigation efforts and to achieve the commitment to reduce national
CO2 emissions.

Methods

This research was conducted out in the Toari watershed, Southeast Sulawesi, with an area of
20,633.80 hectares, at coordinate points 4° 32" 14" - 4° 39' 24" South Latitude and 121° 29" 30"
—121° 42'12" East Longitude. Research time was implemented in February-June 2024.

The types and sources of data needed are the Indonesian Earth Map from the Geospatial
Information Agency (https://tanahairindonesia.go.id/), the Toari watershed boundaries
obtained by delineation from the SRTM Digital Elevation Model (DEM), land cover spatial
data and land use obtained from Landsat 5 7 & 8 satellite imagery
(http://earthexplorer.usgs.gov/), and land use maps for 1991 and 2023 from the Ministry of
Environment and Forestry (KLHK) to assist image interpretation. The image correction and
cutting process uses Erdas Imagine 2014 software, while map interpretation and analysis uses
GIS on a computer with 8 GB RAM. Calculating surface carbon stocks using the ICLEI
calculator approach (Rahman et.al., 2023), namely multiplying the carbon stock constant of
each land cover (ton C. ha-1) by its area (ha) (Table 1).

Table 1. Constant Values of Carbon Stocks for Land Cover Types

Land Use/Land Cover Code Carbon Stock Constant (Ton C. ha-1)
Primary dryland forest Hp /2001 195.4
Secondary dry land forest Hs / 2002 169.7
Primary swamp forest Hrp / 2005 196
Secondary swamp forest Hrs / 20051 155
Primary mangrove forest Hmp / 2004 170
Secondary mangrove forest Hms /20041 120
Plantation forest Ht / 2006 64
Plantation Pk /2010 63
Shrubs B /2007 30
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Swamp thickets Br /20071 30
Savanna/grassland S /3000 4.5
Dryland farming Pt /20091 10
Mixed dry land farming Pc /20092 30
Paddy field Sw /20093 2
Ponds Tm /20094 0
Built-up land Pm /2012 5
Transmigration Settlements Tr /20122 10
Open field T /2014 2.5
Mining Land Th /20141 0
Body of water A /5001 0
Swamp Rw /50011 0
Cloud Aw /2500 0
Airport/Port Bdr/Plb / 20121 0

This section describes the various data processing and analysis steps carried out in deriving the
findings of this study. To begin with, the satellite images were preprocessed to geometric and
radiometric corrections using the Erdas Imagine 2014 software; this helped in matching the
images for spatial as well as temporal features making comparison to be easy. Subsequently,
the land use in the specified watersheds was categorized into zones including; primary and
secondary forests, plantations, mixed dryland farming and built-up region. Such a classification
was done with the help of spectra in the satellite images and was supplemented by ground-
truthing data. In order to calculate carbon stocks, the study used the ICLEI carbon calculator
method of using the area of the individual land use type and the carbon stock constant per
hectare of ton C ha"-1. These constants were obtained from regional researches so as to provide
an accurate account of the carbon storage capacity for every land cover type.

A temporal change detection analysis was then carried out to determine the effects of LU
changes on carbon stocks. This analysis entailed the comparison of land use of the year 1991
and 2023, with the amount of change of various types of land cover being calculated alongside
the corresponding change in carbon stocks. Other instruments of spatial analysis of the change
in land use were also used within GIS framework. This analysis gave an overview of the
location specific changes in carbon stock because of LU conversions within the watershed.

The study well utilized the sophisticated GIS software featuring tools for DEM analysis and
carbon stock computations. Other computational needs specified were a computer with a RAM
of 8 GB since the study involved the analysis of large amounts of data which called for
computation. The issues of ethics formed the part of the overall activities as well. All activities
performed in the study complied with ethical procedures appropriate for environmental studies
including reporting the use of governmental as well as satellite data. In an endeavour to prevent
the outcomes of this research to have a negative impact on local communities, safety and data
privacy/Security was considered and upheld throughout the course of this study.

Results and Discussion

Based on the results of image interpretation carried out for 1991 and 2023, the area obtained
based on data related to land cover types on a national scale resulted in seven types of land use
in the Toari watershed in 1991 and eight types of land use in 2023.

Seven types of land use exist in the Toari watershed area with a total area of 20,633.57 hectares.

From the land area, it can be seen that secondary dry land forest land use still dominates, namely

9,548.63 hectares or 46.28% of the Toari watershed area. The dominant use of forest land is
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due to population pressure on forests which is still limited (Hazarika & Bhattacharjee, 2021;
Herrmann et al., 2020). Potential forest resources in the Toari watershed are still widely
available to meet the economic needs of local communities (Ssentongo et al., 2024; Halewood
etal., 2021). They were followed by the use of dry land agriculture land covering an area of
6,181.53 hectares or 29.29% of the Toari Watershed area, mixed dry land agriculture area of
2,952.46 hectares or 14.31% of the watershed area, and shrubs covering an area of 1,727.20
hectares or 8.37% of the watershed area. Even though forests were still dominant at the time,
the community's tendency to carry out dry land agricultural activities in the form of cultivation
systems and food crop farming had also been widely carried out in line with population growth
(Tong & Qiu, 2020). Other land uses that are small in area are open land, settlements, and water
bodies.

The land use in the Toari watershed had undergone significant transformations, with the most
notable shift being the dominance of mixed dry land farming, which covered 41.35% of the
area. This transition towards a sustainable agricultural system, integrating agroforestry,
demonstrates efforts to balance agricultural productivity with environmental sustainability
(Singh & Singh, 2023). This shift is supported by research from Ssentongo et al. (2024) and
Tui etal. (2022), who emphasize the benefits of agroforestry in enhancing ecosystem resilience
and reducing environmental degradation.

The reduction of secondary dry land forests to 11.47% of the area reflects substantial
deforestation, which is likely driven by the expansion of agricultural and plantation activities.
This decline in forest cover aligns with findings by Lépez-Carr (2021) and Kumar et al. (2022),
who discuss the pressures of agricultural expansion on forest ecosystems. The deforestation in
the Toari watershed highlights the need for effective land management strategies to mitigate
the negative impacts on biodiversity and carbon sequestration (Deb, 2022).

The emergence of plantations, which now cover 9.67% of the watershed area, underscores a
significant shift towards commercial agricultural investments. This trend is particularly evident
in the cultivation of crops such as oil palm, as highlighted by Anamulai et al. (2019). The
establishment of plantations indicates a growing focus on monoculture practices, which can
have both economic benefits and environmental drawbacks, including the loss of biodiversity
and changes in land use patterns. Land use changes during the period from 1991 to 2023 can
be seen in Table 2.

Table 2. Data on land use changes in the Toari Watershed in 1991 and 2023.

No Type of land use Land area (hectares) Changes Percent
' 1991 2023 (hectares) (%)
1. | Settlement 26.66 379.76 (+) 353.13 92.99
2. | Shrubs 1,727.20 1,728.37 (+)1.17 0.07
3. | Secondary dryland forest 9,548.63 2367.43 (-)7,181.20 75.21
4. | Open field 193.38 834.23 (+)640.85 76.82
5. | Mixed dryland farming 2,952.46 8,531.69 (+)5,579.23 65.39
6. | Dryland farming 6,181.53 4,769.08 (-)1,412.45 22.85
7. | Waterbody 3.72 29.10 (+)25.38 87.22

8. | Plantation - 1,994.28 (+)1,994.28 100.00

Based on Table 2, it shows that there have been large changes in land use during the period
from 1991 to 2023. The biggest change is in secondary dry land forests, there has been a
decrease of 7,181.20 hectares or 75.21 percent. Also, the use of dry land agriculture decreased
by 1,412.45 hectares or 22.85 percent. Meanwhile, the use of mixed dryland agricultural land
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increased by 5,579.23 hectares or 65.39 percent, plantation use increased by 1,994.28 or 100
percent, open land increased by 640.85 hectares or 7.82 percent, residential areas increased by
353.13 hectares or 92.99 percent. The Toari watershed area is experiencing deforestation due
to increased land clearing for mixed dry land agriculture and plantations (Ssentongo et al.,
2024).

Additionally, the increase in settlements and open land areas points to ongoing land
development and urbanization pressures. This urban expansion reflects the broader socio-
economic changes occurring within the watershed, driven by population growth and economic
development. To fully understand these dynamics, it would be beneficial to integrate a more
detailed analysis of the socio-economic factors driving these land use changes. This could
include examining population trends, economic incentives for agricultural expansion, and
policy frameworks that influence land use decisions. By elaborating on these points, the
analysis provides a comprehensive understanding of the land use changes in the Toari
watershed, highlighting the complex interplay between agricultural practices, environmental
sustainability, and socio-economic development.

The results of carbon stock analysis based on land use classes in the Toari Watershed in 1991
are presented in Table 3.

Table 3. Carbon stocks in the Toari Watershed, 1991

No Type of land use Land area | Carbon content | Total stock carbon
(hectares) (C ton/ha) (ton C)

1. | Settlement 26.66 2.5 66.65

2. | Shrubs 1,727.20 30 5,181.6

3. | Secondary dryland forest 9,548.63 103.26 985,991.5

4. | Open field 193.38 2.5 483.45

5. | Mixed dryland farming 2,952.46 30 88,573.8

6. | Dryland farming 6,181.53 10 61,815.3

7. | Waterbody 3.72 0 0

Total 20,633.80 - 1,142,112.30

Based on Table 3, the carbon reserves for each type of land use in the Toari Watershed in 1991
show that secondary dry land forests had the highest carbon reserves of 985,991.50 tons C.
Furthermore, the use of mixed dryland agricultural land was 88,573.80 tons C, then dry land
agricultural land was 88,573.80 tons C. 61,815.30 tons C, open land amounted to 483.45 tons
C, shrubs were 5,181.60 tons C, and settlements were 66.65 tons C. So the total carbon reserves
in the Toari watershed in 1991 were 1,142,112.30 tons C. The carbon stock data in 2023

according to land use data in the Toari Watershed will be explained in Table 4.
Table 4. Carbon stocks in the Toari Watershed, 2023

ISSN 2721-1304 (Print), ISSN 2721-1207 (online)

No Type of land use Land area | Carbon content Total stock
(hectares) (C ton/ha) carbon (ton C)
1. | Settlement 379.76 2.50 949.40
2. | Shrubs 1,728.37 30 51,851.10
3. | Secondary dryland forest 2,367.43 103.26 244,460.80
4. | Open field 834.23 2.50 2,085.50
5. | Mixed dryland farming 8,531.69 30 255,950.70
6. | Dryland farming 4,769.08 10 47,690.80
7. | Waterbody 29.10 0 0
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8. | Plantation 1,994,28 63 125,639.60
Total 20,633.80 - 728,627.94

Based on Table 4, the carbon stock for each type of land use in the Toari Watershed in 2023
shows that mixed dry land farming has the highest carbon stock of 255,950.70 tons C.
Furthermore, the secondary dry land forest was 244,460.80 tons C, the plantation was
125,639.60 tons C, Shrubs was 51,851.10 tonnes C, dry land farming was 47,690.80 tonnes C,
the open land was 2,085.50 tonnes C, and settlements were 949.40 tonnes C. So the total carbon
reserves in the Toari Watershed in 2023 will be 728,627.94 tons C. Table 5 will describe the
increase or decrease in carbon stocks in various land uses in the Toari watershed.

Table 5. Changes of Stock Carbon in the Toari Watershed in 1991 and 2023.

No. Type of land use Changes stock carbon (ton C)
1. | Settlement (+) 882.75

2. | Shrubs (+) 35.10

3. | Secondary dryland forest (-) 741,530.70

4. | Open field (+) 1,602.05

5. | Mixed dryland farming (+) 167,376.90

6. | Dryland farming (-) 14,124.50

7. | Waterbody -

8. | Plantation (+) 125,639.60
Changes of stock carbon in 1991 and 2023 (-) 413,484.36 (36%0)

Based on Table 5, it can be observed that there has been an overall decrease in carbon stocks
in the Toari Watershed from 1991 to 2023, amounting to 413,484.40 tons C. The most
significant decrease occurred in the use of secondary dry land forests, with carbon stocks
decreasing by 741,530.7 tons C. On the other hand, the use of mixed dryland agricultural land
and plantations saw increases of 167,376.90 tons C and 125,639.60 tons C, respectively.
Additionally, open land and residential areas also experienced increases, with each area seeing
gains of 1,602.05 tons C and 882.75 tons C. It's important to note that changes in forest cover
will impact carbon uptake and have implications for global warming temperatures (Dong et al.,
2019).

Table 6. Carbon Stocks

Land Use 1991 2023 Carbon Stock Cumulative
Change Impact
Settlement 0.01 0.13 1324.46 882.75
Shrubs 0.45 7.12 900.68 47552.25
Secondary dryland forest 86.33 33.55 -75.21 -693978.45
Open field 0.04 0.29 331.38 -692376.40
Mixed dryland farming 7.76 35.13 188.97 -524999.50
Dryland farming 541 6.55 -22.85 -539124.00
Waterbody 0.00 0.00 nan -539124.00
Plantation 0.00 17.24 inf -413484.40

From the map titled: Percentage Contribution, one is able to identify the number of impressions
made by every land use type to the ultimate carbon pool in the two successive years of 1991
and 2023. For example, on average secondary dryland forests provided the most to the carbon
stock in both the years but the rate in which it declined was much higher, from 86%. In 1991
it was 33%, in 1997 it was 33. three per cent in the US. 55% in 2023. The Relative Change in
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Carbon Stocks column weighs the change in carbon stocks for the respective LU type between
1991-2023 by the initial stock. It is relevant to mark that the carbon stock in settlements has
been rising by 1307% and secondary dryland forests decreasing by 75%. Live Carbon Stock is
the aggregate of the carbon stock changes and, therefore, another comprehensive measure that
simply points out the net changes in carbon stock as a result of land use changes. The average
of these represents a decline of overall carbon storage capacity with a adverse effect from the
loss of secondary dry land forests.
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Figure 1. Cumulative impact on carbon stock by land use (1991-2023)

The figure 2 presents the changing effects of different LUTS on carbon stock in the Toari
watershed over 1991-2023. Each type of land useavails or detracts to the carbon stock changes
in that it provides an overall summation of the changes in the entire watershed area.

Secondary dryland forests declined the most, and have shown the overall change in carbon
stocks depicted in the figures above. This land use type, which contained a considerable
quantity of carbon in 1991, was furthermore reduced hence a total reduction in carbon stock of
around 741530. 7 tons of carbon. This points to the importance of secondary dryland forests as
carbon sinks and on the disastrous effect of their degradation. On the other hand, mixed dryland
farming presents a positive gross effect whereby it contributes about 167,376. States that it
eliminated more than 9 tons of carbon during the period of research. This implicates that the
expansion of this particular type of land use has assisted in reducing some of the carbon losses,
this because of the integration of agroforestry activities that improves sequestration of carbon.

The other two land use categories that had positive carbon stock changes includes the shrubland
& plantation with the shrubland adding 46,669. Carbon: 5 tons carbon/Plantations: 125,639. 6
tons. All of these positive contributions signal that these land uses have either been preserved
or increased to a degree that kept, or enhanced, carbon stocking or storage. Settlements and
open fields have exhibited an augmentation in carbon stocks, still, their total improvements are
not significant compared to other LU types. Settlements added approximately 882. 75 tons of
carbon, while open fields contributed about 1, 602. To ridge or to slope, there is clear evidence
that curtailing meadows would reduce carbonlessness. 05 tons.
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However, when all the land use types that can affect carbon stocks are pooled together the
overall net effect is reduction of stocks mainly due to large scale conversion of secondary
dryland forests. The figure stresses the significance of the forests preservation as well as the
necessity of rational use of land resources as a result of which one would be able to meet the
demands for agriculture expansion without detriment of the natural resources.

From the cumulative impact assessment of the Toari water shed, the results have shown that
there is a major change in carbon stocks through land use change and this study has pinpointed
the fact that there is a disturbing degree of declining rate of secondary dry land forest. These
forests have provided the traditional Carbon offset and their loss of in excess of 740,000 tons
of Carbon through deforestation, supports the Global trend of forest depletion. Recent
investigations stress this problem, as deforestation, in addition to the emissions of the carbon
accumulated in the trees, additionally decreases the future carbon uptake capacity of the forest
(Ameray et al., 2021; Smith et al., 2020). Such dual impacts require much greater attention
towards reforestation and works for protecting the forest that is expected to ascend in areas
such as Southeast Sulawesi where economic forces exert pressure for changes in land use in
highly unsustainable manner.

Assuming the influence of mixed dryland farming on carbon stocks in this light, a rather
different story of sustainable utilization of the land is told. This conclusion is similar to the
current studies that show that an AF is an efficient method of sequestering carbon, and also
economically successful for local inhabitants (Octavia et al., 2022; Gouhari et al., 2021). The
long-term practice of trees, crops and/or livestock also known as agroforestry has been proven
to enhance the health of the soil, increase the number of species within an ecosystem and
increase the amounts of carbon dioxide absorbed from the atmosphere in contrast to elemental
farming practices. However, the issues of scaling up these practices remain a huge question
especially in the areas of land tenure and market infrastructure. Various research work indicates
that broad based strategies alone are insufficient; what is needed is policy interventions that
make land rights secure, provide financial rewards for the adoption and maintenance of more
sustainable practices and effective support for farmer education (Kansanga et al., 2021;
Kansanga et al., 2021).

However, the small net gains indicated for shrubland and plantations although positive, have
implications regarding the future applicability of these ecosystems as carbon stocks. There are
negative externalities or costs incurred by the environment when providing support to
plantation agriculture especially monoculture systems such as oil palm. The outcomes of such
systems usually include loss of biological diversity, degradation of soils and water resources,
thus offsetting the benefits of carbon sequestration (Pifieiro et al., 2020; Shin et al., 2022).
Besides, the actualization of sustainable plantation outcomes in emerging economies may
require considerations for the coastline’s global environmental impacts that recent research
shows may be better addressed by productive, mixed-species plantation systems (Dagar et al.,
2020). Such approaches could reduce some of the undesirable impacts linking to monocultures
while increasing the carbon sink capacity of plantation systems. Overall, these findings can be
discussed in relationship to large scale land management synergies which address the
challenges of land degradation and food security, by finding a balance between agricultural
production and preservation of the environment. New literature progressively calls for multi-
habitat management strategies, where protected forests, agroforestry, and sustainable
agriculture are integrated in a spatial network to maximize carbon density and species richness
(Jiao et al., 2019; Zina et al., 2022). In the case of Toari watershed, it would include enhanced
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protection of forests and increased practice of agriculture to increase soil carbon stocks
efficiently.

It is rather imperative to put tighter consequent on nonobservable punitive measures that could
help avoid furthering destruction of the forests and comes with encouragements for practising
sustainable use of the land for instance, through engaging in practices like agroforestry. This
two-pronged approach is important for actualization of climate change mitigation objectives
and at the same time considering the welfare of the people who depend on the resources for
their source of income. Further research efforts should therefore build elaborate models that
include interaction of use of land, carbon and other socio-economic factors in order to plan and
implement policies that address the issue of climate change in a balanced way.

Conclusion

This study is likely to contribute a wealth of information to understanding the changes in the
stocks of carbon in the Toari watershed and more importantly the importance of secondary
dryland forests as the dominant carbon reservoirs. These kinds of losses point at the need for
increased afforestation and reforestation since forest cover has reduced significantly. On the
other hand, benefits of mixed dryland farming with practices of achievements of agroforestry
practices are clear indication how sustainable land use contribute to reduction of Carbon
Footprints for enhanced productivity and improved lives of small holder farmers. Nevertheless,
relatively small increase from shrubland and plantation as well as the side effects that these
systems impose on the environment, suggest that such systems cannot be relied on to manage
increasing carbon levels. The outcomes stressing the importance of the Comprehensive concept
of the land management that implies equal consideration of environmental, economic, and
social aspects. It consists in encouraging agro-sylvo-pastoral production and extensive
agriculture and applying strict prohibitive measures for forest decline. Increasing population
pressure and quest for economic growth will exert greater pressure on land use hence the need
for effective and efficient policies to address these pressures in ways that respects current
climate change ambitions and the needs of people. Subsequent studies should provide more
detailed theory that includes the Socio-economic factors that can be used in determination of
efficient and fair allocation of the land. Thus, this study contributes to the knowledge on the
geographical perspective of land use and carbon in Southeast Sulawesi and serves practical
recommendations to forescale sustainable land management solutions to deal with the climate
change consequence worldwide.
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