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Abstract: The objective of this study is to investigate the temporal variation of forest cover and carbon
stock change within the Middle Awash River Basin in Ethiopia, focusing on the years 1995, 2010, and
2023. The study utilized multi-temporal Landsat imagery and Google Earth Engine cloud API
platform and employed the Random Forest Algorithm for LULC classification. The above-ground
carbon stock in the present study was computed from total forest cover of the basin. The results
indicate a significant decline in forest cover within the Basin, which decreased from 1,521.88 km? in
1995 to 1,174.10 km? in 2010 and further to 825.20 km? by 2023. Alongside this reduction, total wood
volume and dry matter biomass also experienced declines, with wood volume falling from 876.28 m?
to 676.03 m?, and then to 475.14 m?, while dry matter biomass decreased from 376.80 tons to 290.69
tons, and finally to 204.31 tons. These trends highlight a troubling reduction in carbon stock and an
increase in carbon dioxide emissions. Overall, the gradual decline in carbon stocks and the loss of
forest cover within the basin highlight the urgent need to implement effective conservation strategies
aimed at restoring and safeguarding the remaining forest ecosystems.

Keywords: carbon stock; climate change; forest cover; google earth engine; Middle Awash; satellite
image

Highlights

e  Evaluating forest cover and carbon stock variability is crucial for developing climate change
resilience strategies.

e  Satellite images are fundamental tools for assessing forest cover and carbon stock dynamics.

¢  The Middle Awash River basin has experienced significant variations in forest cover and carbon
stock.

e It is essential to consider forest regeneration practices to mitigate the resulting climate change
crisis.

1. Introduction

The Earth is a dynamic planet, constantly changing, driven by internal and external forces
(Pandey & Mishra, 2015). Among many alterations, forest cover change, which results in carbon stock
dynamics, is among the prominent ones subjected to continuous alteration. Forests account for
approximately 30 percent of the Earth's terrestrial surface. Forests serve as vital sources of income for
millions of people and play a significant role in the economic growth of numerous countries (Othow
et al,, 2017). Although they are vital for livelihoods and climate regulation, forest resources
worldwide face significant pressure and transformation (Solomon et al., 2018). Over the last 50 years,
there has been substantial alteration in global forest cover, which has had a considerable direct or
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indirect effect on changes in the global environment (5. A. Khan et al., 2022). The global forest area
decreased by 5% between 1990 and 2020, falling from 4,022 million hectares to 3,812 million hectares
(a reduction of 210 million hectares) (Pan et al., 2024). The occurrence of changes in forest cover is
especially noticeable in Africa, where considerable deforestation has taken place in recent decades
(Solomon & Moon, 2018). Between 2010 and 2020, Africa indeed had the highest annual rate of net
forest loss among all continents, totaling 3.9 million hectares lost each year (Wlodarczyk et al.,
2022). Forest losses can result from both human activities and natural events. However, human
activities are more prevalent than natural events (Tola, 2023). Forest cover dynamics causes threat
and losses to different aspects the environment and activities of human being: Climate change
(Lawrence et al., 2022), biodiversity (Xiao et al., 2022), water yield (Q. Li et al., 2017), floods (Tran et
al., 2010), land degradation (Ahammad et al., 2019) and others. Forest cover dynamics is one of the
main drivers alteration of global climate change (Prevedello et al., 2019).

Climate change is a significant and urgent global issue at present (Morris et al., 2019). Climate
change is no longer a distant threat but a stark reality, wreaking havoc on societies and ecosystems
across the globe. The effects of climate change are evident in rising global temperatures, melting ice
caps, and changing weather patterns, which all contribute to the dynamic nature of Earth. Its impacts
are far-reaching, deeply intertwined, and causing widespread socioeconomic and environmental
damage that spans continents. The ocean level increased by 0.19 meters from 1901 to 2010, with an
accelerating average rate of 3.2 millimeters per year from 1993 to 2010, compared to an average rate
of 1.7 millimeters per year from 1901 to 2010 (David, 2015). Sub-Saharan Africa is especially
vulnerable to climate change because of its current environmental circumstances, limited economic
diversity, struggling rural economies, and underdeveloped agriculture, which plays a crucial role in
the overall economy (Yalew et al, 2018). Climate change-related disasters such as floods and
droughts account for 80% of fatalities and 70% of economic losses in Sub-Saharan Africa (Case &
Baylie, 2022). Particularly, the East African area has faced ongoing climate change-induced water
insecurity in recent decades, resulting in substantial alterations in water levels necessary for
sustainable livelihoods. The ongoing conflicts, widespread poverty, and food insecurity in the region
exacerbate vulnerability and hinder the capacity to manage droughts and other natural disasters
(GDO 2022). Ethiopia serves as a prime example in this context. The country is prone to regular
climate extremes that have had considerable negative impacts on its economy and society, and these
effects are anticipated to intensify in the future due to climate change (You & Ringler, 2013). If the
present levels of greenhouse gas (GHG) emissions persist, it is forecasted that there will be significant
transformations, such as flooding, more severe heat waves, and storms, along with a rise in diseases
(Braun et al., 2007). The possible effects and strategies to address climate change must be examined
in relation to sustainable development (Munasinghe & Swart, 2005).

Alterations in forest cover directly influence the carbon reserves which are prime responsible for
global warming and climate change (Kassaye et al.,, 2024). Forests have a substantial capacity for
carbon storage, making them a vital approach for achieving carbon equilibrium and alleviating the
effects of climate change (Tadese et al., 2023). Carbon storage or stock refers to the quantity of carbon
that has been absorbed from the atmosphere and retained within a forest ecosystem (Mukul et al.,
2021). Forests are regarded as a significant contributor to global human-caused carbon emissions
released into the atmosphere, ranking second only to the combustion of fossil fuels, mainly due to
deforestation and the degradation of forested areas (Kumar et al., 2014). Changes in forest cover,
which include losses, increases, and shifts in forest types, greatly influence carbon sequestration and
capture, thereby directly influencing climate change on both local and global scales. Therefore, it is
vital to thoroughly assess and map forest cover and carbon stocks in a specific region to understand
its role in mitigating climate change (Bantider, 2021). Remote sensing is crucial for evaluating and
mapping the dynamics of forest cover and carbon stocks by delivering extensive, spatially detailed,
and consistently timed data (Legesse et al., 2024). It facilitates effective mapping and monitoring of
forest cover, estimation of aboveground biomass, and mapping of carbon stock distribution. This
data is essential for comprehending deforestation and degradation, tracking regeneration and
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restoration initiatives, and enhancing forest management strategies for carbon sequestration and
sustainable utilization of forest resources. Google Earth Engine (GEE) is currently a vital tool for
analyzing forest cover changes. This powerful platform plays a crucial role in assessing and
monitoring shifts in forest cover by utilizing extensive satellite imagery and geospatial data and
providing user friendly and advanced analysis technique.

The objective of the present study is to assess the temporal variation of forest cover and carbon
stock over the Middle Awash River Basin in Ethiopia, a region undergoing significant forest cover
changes. Spanning 28 years from 1995 to 2023, the research leverages remote sensing imagery and
the GEE cloud API to analyze LULC patterns and extract precise forest cover data. This detailed
analysis reveals the extent of forest cover changes (loss/gain) over time. In the present study, the
carbon stock at a given point in time is computed using the total forest cover (TFC) which can be
obtained from classified forest cover images. The research focuses on aboveground carbon stock,
which represents a significant component of the overall carbon pool, as noted by the
Intergovernmental Panel on Climate Change (IPCC) (Pechanec et al., 2022). The research benefits land
use planning, forest management, and climate change mitigation by understanding the relationship
between forest cover changes, carbon storage, and their temporal fluctuations.

2. Methods and Materials

2.1. Study Area

The Middle Awash River basin was the focus of this study. The Middle Awash River basins are
located in the central Ethiopian rift, spanning latitudes 7°40'N to 9°50'N and longitudes 38°50'E to
40°40'E, covering a total area of 30,464 km?, as illustrated in Figure 1. The total area of the basin is
around 15480 km?. The basin has different physiographic features. The elevation within the basin
ranges from 744 m to 4,195 m. This variation in elevation contributes to both temporal and spatial
differences in rainfall. The edges of the basin receive higher rainfall, while the downstream areas
experience lower precipitation. Mean annual rainfall fluctuates between 300 mm and 1,400 mm. The
temperature in the study area exhibits slight spatial variation, ranging from 23°C to 34°C, with peak
temperatures typically occurring in April and May. The Middle Awash River basin is predominantly
comprised of agricultural lands and is significantly influenced by agricultural activities, which are
vital to the local economy. The region is characterized by several major soil types, including Eutric
fluvisol, Eutric nitosols, Lithosol, Eutric cambisol, Haplic xerosols, Calcic xerosol, Chromic cambisol,
and Chromic vertisol. The rainfall pattern in the catchment is bi-modal, featuring two distinct peaks
occurring in April and August.
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Figure 1. Study area map.
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The most effective way to provide information about the various geographic variations present

on the Earth's surface is through satellite imagery (Regassa et al., 2020). The primary data source for

this research consists of multi-temporal Landsat imagery acquired from the USGS, covering the years

1995, 2010, and 2023 (see Table 1). Landsat images are currently extensively used and provide multi-

spectral data, extensive temporal coverage, and accessibility, which collectively enhance the accuracy
and reliability of LULC analyses.

Table 1. Data sets.

Satellite Data Purpose Resolution Year Source
30m X
Landsat 5 TM LULC derivation 1995 USGS
30m
Landsat 7 ETM+ LULC derivation 30m x30m 2010 USGS
Landsat 8 OLI LULC derivation 30m x30m 2023 USGS
Cover point data LULC validation Point data 1995, 2010, and 2023 Google Earth Pro

This research employed GEE to examine and quantify alterations in forest cover within the
Middle Awash River Basin over a span of 28 years, from 1995 to 2023. The subsequent framework
(Figure 2) offers a concise depiction of the methodology used in this study and serves as a helpful

reference for understanding the entire research.
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Figure 2. Flow chart of the methodology.

2.3. LULC Derivation

Accurate estimation and evaluation of the extent and temporal changes in forest cover are crucial
for the development of effective and sustainable strategies to mitigate climate change. Forest
ecosystems are essential carbon sinks, capable of absorbing and storing significant amounts of carbon
dioxide from the atmosphere. It is vital to understand how forest cover evolves over time, whether
through deforestation, degradation, or regeneration, to grasp the dynamic relationship between
forest ecosystems and the global carbon cycle. This understanding is key to formulating informed
conservation and management strategies that safeguard existing forests and encourage the
restoration of degraded areas. In the present study GEE was utilized to generate the LULC map for
the basin for the years 1995, 2010, and 2023. This cloud-based computing platform can help address
large-scale land cover mapping challenges (Phan et al., 2020). The rise of these proprietary web-based
platforms is significantly decreasing computation times and increasing the capacity for analyzing
large geospatial data (Loukika et al.,, 2021). Users can view all available remotely sensed images
without needing to download them to their local devices. In this study, the Landsat images were
categorized using a random forest classifier algorithm, which has been noted for its significant
accuracy in various studies (Tikuye et al, 2023). The images were classified using the
"classifier.smileRandomForest" method available in GEE. All analyses in the study were performed
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during the same season to eliminate discrepancies arising from seasonal differences. The study selects
the dry season for analysis, as the driest month is typically the most effective for distinguishing
between different land uses. The resulting maps were utilized to determine the areas of LULC classes,
and the rates of LULC analysis and change were computed. The land cover categories in this study
are divided into six sub-classes, which are outlined in Table 2 and examples of these land covers are
presented in Figure 3.

Figure 3. Sample land covers of Middle Awash River Basin: Urban Built-up area (a), Forrest cover (b), waterbody
(c), Agricultural land (d), Barren land (e), and Shrub and grassland (f).

Table 2. LULC classes identified in the Middle Awash River Basin.

LULC Classes Description

Places that have a high concentration of trees, such as deciduous, mixed, and
Forest land
evergreen forests, native tree species plantations were also taken into consideration.
Open fields with, little to without trees, beached, dunes, grass, sparsely vegetated
Bare land
areas, and bare gravel.
Waterbodies Covered by water like rivers, lakes, reservoirs, and others
Grass and shrubland Grass, range, shrubs, and bushes.

Agricultural land Permanent crops.

Built-up area Residential, commercial units and industries, roads, and other related property

2.4. Accuracy Assessment

The precision of the classified maps was verified through an accuracy assessment. The confusion
matrix method is currently the most commonly used technique for evaluating the classification
effectiveness of remote-sensing images (Congalton & Green, 2008). By utilizing an irregular stratified
sampling method, confusion matrices were generated by comparing the classification outcomes of
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these reference sites at various times with the results from corresponding field studies and high-
resolution remote sensing data. This process requires precise and comprehensive ground-truth data
for supervised classification and validation of classification products. Each year, multiple samples
were employed to associate reference locations with categorized image cells. The accuracy of land
use classification in this study was evaluated using the Kappa coefficient (K) alongside overall
accuracy (OA). A post-classification comparison was conducted in ArcGIS 10.8 utilizing overlay
change detection for the chosen years. The agreement between the labeled and anticipated results can
be illustrated using nonparametric tests such as OA and the K (Yesuph & Dagnew, 2019), and are
calculated using Equation (1) and Equation (2), respectively (Sun et al., 2020).

" Kii
OA= & (1)

T
K :Tzileii_zi'j:l(KnKﬂ) (2)
T2 _Z:jzl(Ki+K+j)

In the confusion matrix, n represents the number of columns, Kii indicates the number of pixels
located at the intersection of the ith row and column, while Ki+ and K+j denote the total pixel counts
in the ith row and column, respectively. T signifies the overall number of pixels utilized for accuracy
assessment.

2.5. LULC change detection

Once sufficient accuracy has been achieved, the LULC change analysis will proceed with a
particular focus on forest cover, specifically examining both the quantity of altered areas and the
extent of change. The analysis of the LULC distribution and change was computed based on Equation
(3) and Equation (4)(Dibaba, 2023):

LULC % =2 %100 3)
A
A=A
A

LULC change = =100 4)

Where Ai area of specific land cover, Ar is total area, Af is the final produced LULC area (i.e., LULC
in 2023) in km?, and Ap is the previous area of LULC (i.e., LULC in earlier 2023) in km2

2.6. Carbon Stock Quantification

The forest ecosystem plays a crucial role in the global carbon sink and cycle by storing a
significant amount of terrestrial organic carbon through the exchange of carbon dioxide with the
atmosphere (Nam et al., 2015). A land-use system that includes tree species with high wood density
will exhibit greater biomass carbon compared to one that features tree species with low wood density
(Rahayu et al., 2005). Carbon stocks in all forest types must be measured to fulfill the reporting
requirements of the Kyoto Protocol (I. A. Khan et al., 2021). In the present study, the carbon stock at
a given point in time is calculated using the total forest cover adopted from von Mirbach's method
(Mirbach, 2000), and used in Ethiopia and worldwide studies (Goheer et al., 2022, 2023; C. Li et al.,
2008; Moisa et al., 2023). This procedure consists of several specific steps aimed at ensuring a
thorough and precise assessment of carbon storage within the forested region. Initially, the total
volume of wood was calculated based on previously gathered data on total forest cover Equation (5)
(Ali, 2017). Equation (6) was utilized to transform the total wood volume into total dry matter
biomass (DMB).

Total wood volume = TFC x1.454x0.396(m?) (5)


https://doi.org/10.20944/preprints202412.2066.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 December 2024

DMB = wood volume x 0.43 (tons) (6)

To determine carbon stock, the wood volume was multiplied by the basic wood density (BWD),
0.5, and the biomass expansion factor (BEF), 1.3. A conversion factor (CF) of 0.47 was applied to
convert above-ground biomass (AGB) into above-ground carbon (AGC) Equation (7) (Habib & Al-
Ghamdi, 2021).

Carbon stock (tons per km? ) =Volume x BWD x BEF xCF @)

Finally, to calculate total carbon dioxide (CO2), carbon stock is multiplied by a constant of 3.6667
Equation (8) (J. Liet al., 2023).

Carbon dioxide (tons)CO, equivalen = Cstock x3.6667 (8)

3. Results and Discussions

3.1. Training Data for Landsat Image Classification

In the realm of remote sensing image classification, training data is vital for generating precise
maps. The effectiveness of the classification process is directly impacted by both the quality and
quantity of this data. There is no specific guideline regarding the number of training data samples
that should be used for image classification, as it largely depends on the size of the area being
analyzed. However, it is generally advisable to provide high-quality data in sufficient quantities to
ensure optimal classification results. The current research provides accurate data with a significant
number of points using the Google Earth Engine (GEE) platform. The number of training data across
each land cover class for each year is illustrated in the following table (Table 3).

Table 3. Training data for image classification.

Number of training data

Land cover classes

1995 2010 2023
Built up area 779 844 1191
Waterbody 325 355 365
Agricultural land 1649 1677 1789
Forrest land 2361 2347 2451
Barren land 686 785 765
Grass and shrub land 1464 1451 1342

3.2. Accuracy Assessment

Evaluating the accuracy of remote sensing image classifications is essential for assessing their
effectiveness. Two key metrics, OA and K, were employed to evaluate this accuracy. These metrics
quantify how closely the classified image aligns with the actual land cover. Additionally, the time-
lapse feature of Google Earth Pro provided historical remote sensing data utilized in this research.
The results of the accuracy assessment are described in Table 4, and achieving a significant accuracy
indicates that the findings were sufficient to proceed with further analysis.

d0i:10.20944/preprints202412.2066.v1
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Table 4. kappa and overall accuracy for the classification.

Year
Measurement indices
1995 2010 2023
Overall accuracy 81.5% 85.1% 88%
Kappa 0.81 0.83 0.87

3.3. LULC Dynamics Assessment

The analysis of LULC changes in the Middle Awash River Basin from 1995 to 2023 reveals
significant dynamics across various land cover types as shown in Figure 4 and Figure 5. In 1995, built-
up areas were minimal, occupying only 39.50 km? (0.26%) of the total land area. By 2010, the built-up
area had increased to 96.76 km? (0.63%), and by 2023, it further expanded to 153.67 km? (0.99%). This
gradual increase in built-up land indicates a trend toward urbanization, likely driven by population
growth and economic development in the region. The rise in built-up areas reflects the growing
demand for housing, infrastructure, and services, which is characteristic of many developing regions
experiencing rapid urban expansion. In contrast, the area dedicated to cropland, which was
predominant in 1995 at 10,155.70 km? (65.60%), has experienced a notable decline over the years. By
2010, cropland decreased to 9,796.42 km? (63.28%), and by 2023, it further reduced to 8,202.61 km?
(52.99%). This reduction suggests a shift in land use priorities, possibly influenced by urban
encroachment and changing agricultural practices. Grass and shrub areas have shown a significant
increase, rising from 2,839.30 km? (18.34%) in 1995 to 3,467.20 km? (22.40%) in 2010, and further to
5,341.56 km? (34.51%) by 2023. This increase may indicate a recovery or expansion of these
ecosystems, potentially due to reduced agricultural pressure or successful land management
strategies aimed at promoting natural vegetation. The rise in grass and shrub areas could also be a
response to changing climatic conditions or land abandonment, where previously cultivated lands
are left to revert to natural states.

70 ® Year-1995 ®Year-2010 = Year-2023

60

Percentage (%)
) 4 wn
(=] o (=]

(=]
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Water Built-up Crop Grass & Shrub Forest Barren
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Figure 4. LULC percentage distribution.
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Figure 5. LULC maps of Middle Awash over the three years.

The data also reveals relatively stable trends for barren land and water bodies. Barren land has
remained mostly unchanged, with a slight fluctuation from 725.71 km? (4.69%) in 1995 to 741.84 km?
(4.79%) in 2010, and reaching 751.14 km? (4.85%) by 2023 (Table 5). This stability indicates that the
extent of unproductive land has not significantly altered over the years. Water bodies, on the other
hand, have shown a modest increase, rising from 198.19 km? (1.28%) in 1995 to 203.97 km? (1.32%) in
2010, and reaching 206.09 km? (1.33%) by 2023. From 1995 to 2010, LULC changes show significant
urban growth with built-up areas increasing by 144.96% and cropland decreasing by 3.54% (Figure
6). Water bodies grew by 2.92%, indicating some positive environmental management, while grass
and shrubland increased by 22.11%, possibly due to land abandonment or restoration. Additionally,
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barren land rose by 2.22%, suggesting a decline in productivity. The LULC changes from 2010 to 2023
indicate substantial urban growth, with built-up areas increasing by 58.82% while cropland
decreased significantly by 16.27%, raising concerns about agricultural sustainability. Water bodies
saw a modest increase of 1.04%, suggesting limited improvements in environmental management.
Grass and shrubland surged by 54.06%, potentially due to land abandonment or restoration efforts,
while barren land increased by 1.25%. The increase in water bodies may be linked to the gradual
expansion of Beseka Lake within the catchment area. These land cover changes reflect the complex
interactions between human activities and natural processes in the Middle Awash River Basin,
illustrating the landscape’s ongoing transformation over the past three decades. The overall trends
point to a shift toward urbanization, a decline in agricultural land, and alterations in natural
vegetation and forest cover, collectively portraying a dynamic and evolving environment. The
decline in cropland and forest cover, alongside the increase in built-up areas, may exacerbate issues
related to water management, soil erosion, and land degradation. Addressing these challenges is
crucial for ensuring the long-term viability of the basin's ecosystems and the livelihoods of
communities that depend on its resources, particularly in the context of climate change and
increasing water scarcity.

Table 5. Area coverage of land covers of Middle Awash River Basin.

1995 2010 2023 Change
LULC class
Area (Km?) % Area (Km?) % Area (Km?) % 1995-2010 2010-2023
Water 198.19 1.28 203.97 1.32 206.09 1.33 2.92 1.04
Built-up 39.50 0.26 96.76 0.63 153.67 0.99 144.96 58.82
Crop 10155.70 65.60 9796.42 63.28 8202.61 52.99 -3.54 -16.27
Grass & Shrub 2839.30 18.34 3467.20 22.40 5341.56 34.51 22.11 54.06
Forest 1521.88 9.83 1174.10 7.58 825.20 5.33 -22.85 -29.72
Barren 725.71 4.69 741.84 4.79 751.14 4.85 2.22 1.25
Total 15480.28 100.00 15480.28 100.00 15480.28 100.00 0.00 0.00
160
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Figure 6. LULC classes loss/gain over the years.

3.3.1. Forest Cover Dynamics

The analysis of forest cover in the Middle Awash River Basin from 1995 to 2023 paints a
concerning picture of a significant decline over the years (Figure 7). In 1995, the region’s forests
covered 1,521.88 km?, accounting for about 9.83% of the total land area. By 2010, this had dropped to
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1,174.10 km? (7.58%), reflecting a sharp decrease of 22.85% over just 15 years. The decline suggests a
disruption in the region’s ecological balance, with potential impacts on biodiversity and vital
ecosystem services. By 2023, the forest area had dwindled further to 825.20 km? or 5.33% of the total
land area. This marked an even more dramatic decline of 29.72% from 2010. The forested area has
almost halved since 1995, highlighting a concerning trajectory of deforestation. This loss points to
troubling trends driven by factors such as Land conversion to agricultural and shrub land, growing
land demand due to population growth, urban sprawl, and possibly illegal logging likely continue
to drive this loss. The shrinking forest cover is not just a blow to local wildlife but also threatens the
health of the watershed, as forests are essential for regulating water cycles and maintaining soil
stability.
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Figure 7. Forest cover distribution of Middle Awash over the years.

3.4. Carbon Stock Dynamics

The examination of total wood volume, dry matter biomass, carbon stock, and carbon dioxide
emissions in the Middle Awash River Basin from 1995 to 2023 reveals a concerning trend of decline
across all measured parameters as shown in Table 6 and Figure 8. In 1995, the total wood volume was
recorded at 876.28 m?, which reflects a robust forest ecosystem capable of supporting significant
biomass. However, by 2010, this volume had decreased to 676.03 m?3 indicating a loss of
approximately 22.85% over the five years. This reduction in wood volume is mirrored by a decline in
dry matter biomass, which fell from 376.80 tons in 1995 to 290.69 tons in 2010. The decrease in both
wood volume and biomass suggests a diminishing capacity of the forest to sustain its ecological
functions, including habitat provision and carbon sequestration. The downward trend continued into
the following years, with total wood volume further declining to 475.14 m? by 2023. This represents
a significant loss of 29.72% from the 2010, highlighting an ongoing degradation of forest resources.
Correspondingly, dry matter biomass also decreased to 204.31 tons in 2023, indicating a continued
reduction in the forest's ability to store organic matter. The carbon stock per square kilometer
followed a similar trajectory, decreasing from 267.70 tons/km? in 1995 to 206.53 tons/km? in 2010 and
further down to 145.15 tons/km?2 by 2023. This decline in carbon stock reflects the loss of forest cover
and the associated decrease in biomass, which is critical for carbon storage and climate regulation.
The total carbon dioxide emissions associated with the forest cover loss also illustrate the impact of
these changes, decreasing from 981.59 tons in 1995 to 757.27 tons in 2010, and further to 532.24 tons
by 2023. This decline in carbon dioxide storage reflects a reduction in the carbon stored within the
forest ecosystem of the basin, as well as a diminished capacity for the forest to function as a carbon
sink, which is crucial for mitigating climate change. Overall, the data presents a concerning picture
of the forest dynamics in the Middle Awash River Basin, highlighting a substantial decline in wood
volume, biomass, carbon stock, and carbon dioxide emissions over the past three decades.
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Table 6. Biomass, Carbon stock, and CO2 equivalent.

Biomass and carbon stock 1995 2010 2023
TFC (km?) 1521.8847 1174.1 825.2037
TWV  (m3) 876.27686 676.0282 475.139087
DBM (tons) 376.79905 290.6921 204.309807
CS (tons per km?) 267.702581 206.5266 145.154991
CO2 (tons) 981.585053 757.2712 532.239806
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Figure 8. Carbon stocks dynamics plot over the years.

3.5. Result Comparison

The findings of this study resonate with a broader body of research, underscoring the alarming
trend of forest cover loss and its associated impact on carbon stock dynamics. This study's findings
on forest loss and carbon stock dynamics are consistent with other research in Ethiopia. Research by
(Legesse et al., 2024) on the Upper Awash River basin reported a similar level of forest loss along
with significant biomass, carbon stock and carbon di oxide emissions changes. Similarly, (Moisa et
al., 2023) research in the Baro Akobo basin showed a 17% forest cover decline and substantial carbon
dioxide emissions, aligning with our findings. Further support comes from studies by (Deribew &
Dalacho, 2019), (Negassa et al., 2020), and (Debebe et al., 2023) across various Ethiopian regions
(central highlands, western, and northwestern), all reporting significant forest loss exceeding 10%,
mirroring the trends observed in this study. This convergence of results emphasizes the widespread
nature of deforestation and its impact on carbon stocks across Ethiopia. The convergence of findings
from various studies across different regions highlights the urgency of addressing this critical issue.
It underscores the imperative to implement proactive forest conservation and sustainable
management practices worldwide. Such efforts are crucial to reversing the trend of deforestation,
protecting remaining forest ecosystems, and fostering the restoration of degraded areas.

3.6. Implication for Climate Change Resilience

Forest cover deterioration and carbon stock variations have significant implications for both
local and global environments. The loss of forest cover reduces carbon sequestration, leading to
increased atmospheric carbon dioxide, contributing to climate change. Forest cover deterioration and
carbon stock variation have profound implications for climate change mitigation and resilience.
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Decreasing forest cover diminishes the ability of ecosystems to absorb and store carbon, exacerbating
climate change. This loss also weakens natural resilience to climate impacts, as forests play a crucial
role in regulating water cycles, mitigating extreme weather events, and providing habitat for
biodiversity. Furthermore, variations in carbon stock indicate changes in the forest's ability to act as
a carbon sink, potentially leading to increased emissions. This transformation can lead to a loss of
biodiversity, disruption of ecosystems, and alterations in hydrological cycles, which can have
cascading effects on the environment and local communities. To enhance climate change resilience,
it is essential to adopt sustainable land management practices that prioritize forest conservation and
restoration. By doing so, the basin can improve carbon stocks, safeguard vital ecosystem services,
and bolster the adaptive capacity of local populations in the face of ongoing climate challenges.

3.7. Limitations of the Study and Recommendations for Future Research

Recognizing the limitations and shortcomings of a study is vital for fostering advancement and
improving future research initiatives. The study exclusively focuses on computing aboveground
carbon stock, which may overlook significant contributions from belowground carbon that are
essential for a comprehensive understanding of total carbon dynamics. Furthermore, the reliance
solely on the Von Mirbach carbon stock estimation technique may limit the accuracy and applicability
of the findings, as this method might not account for variations in biomass estimation that could arise
from different forest types or environmental conditions. To address these limitations, the present
study recommends that future research incorporate assessments of belowground carbon stock to
explore variations and employ alternative techniques for calculating carbon stock. This approach
would facilitate a comparison of results with the current study's findings, thereby enhancing the
overall understanding of carbon dynamics in the region. Including below-ground measurements is
crucial, as they can significantly contribute to the total carbon stock and provide a more
comprehensive view of carbon storage in forest ecosystems.

4. Conclusion and Recommendations

The study aims to examine changes in forest cover and carbon stock in the Middle Awash River
Basin, Ethiopia, for the years 1995, 2010, and 2023. The multi-temporal Landsat image-based LULC
classification results for the Middle Awash River Basin show notable changes from 1995 to 2023. Built-
up areas increased from 39.50 km? (0.26%) in 1995 to 153.67 km? (0.99%) in 2023, indicating urban
expansion. Cropland decreased from 10,155.70 km? (65.60%) to 8,202.61 km? (52.99%), reflecting a
decline in agricultural land. Grass and shrubland rose significantly from 2,839.30 km? (18.34%) to
5,341.56 km? (34.51%), suggesting a shift towards more natural vegetation. Forest cover decreased
from 1,521.88 km? (9.83%) to 825.20 km? (5.33%), indicating a loss of forest resources. Barren land
slightly increased from 725.71 km? (4.69%) to 751.14 km? (4.85%), while water bodies experienced a
minor increase from 198.19 km? (1.28%) to 206.09 km? (1.33%). Overall, these changes highlight a
complex interplay of urbanization, agricultural decline, and shifts in natural vegetation within the
basin. Total forest cover decreased from 1,521.88 km? in 1995 to 1174.1 Km2 in 2010 then finally to
825.20 km? in 2023, accompanied by a reduction in total wood volume from 876.28 m3 to 475.14 m?.
Dry matter biomass also fell from 376.80 tons to 204.31 tons, while carbon stock decreased from 267.70
tons/km? to 145.15 tons/km?. Consequently, carbon dioxide found in the forest ecosystem dropped
from 981.59 tons to 532.24 tons, highlighting a significant loss of carbon storage capacity and raising
concerns about GHG emissions, ecological health and sustainability of the basin. The findings of the
study emphasize the pressing need for focused actions to address the loss of forest cover and changes
in carbon stock within the Middle Awash River Basin, stressing the importance of incorporating these
insights into effective approaches for forest regeneration, protection, land management, and climate
adaptation.
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