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VARIATION IN CARBON STOCK ALONG ENVIRONMENTAL 

GRADIENTS IN GARA-MUKTAR FOREST, WEST HARARGHE 

ZONE, EASTERN ETHIOPIA 

  ABSTRACT 

 

Forests play vital role in combating climate change through carbon sequestration in the 

atmosphere and serving as a carbon sink in the form of carbon pool systems of forest 

ecosystems. This study was aimed to estimate carbon stock variation along the environmental 

gradients and its contribution to climate change mitigation in Gara-Muktar forest, Western 

Hararghe zone, Eastern Ethiopia. A systematic sampling method of thirty- six quadrant plots 

having a size of 20m x 20m each distributed along transect lines. To estimate carbon in above 

ground biomass, diameter at breast height (DBH) of ≥ 5 cm and total height were measured for 

each tree in the main plot using diameter tape and vertex. Above ground biomass was estimated 

using allometric equation while below ground biomass was determined based on the ratio of 

below ground biomass to above ground biomass factor while the litter carbon was estimated by 

taking 50% of dry biomass. Soil sample was collected using auguring method from each plot 

with a depth of 0-30cm. Soil organic carbon was analyzed in the laboratory following Walkley-

Black method, while bulk density was analyzed using core sampling method. The data was 

analyzed using R software.  The result of study showed that the mean total above and below 

ground carbon stocks were 156.60t/ha and 31.32t/ha respectively whereas, litter carbon and soil 

organic carbon stocks were 2.72t/ha and 125.86 t/ha (up to 30cm depth) respectively. The mean 

total carbon stock density was found to be 316.6 ± 67.15 t ha
-1

 (ranging from 140.9 to 487.4 t ha
-

1
) from which 49.5% of carbon was contained in the above ground biomass, 9.9% in below 

ground biomass, 0.9% in litter carbon and 39.8% was stored in soil organic carbon (0-30 cm 

depth). The carbon stocks in aboveground, belowground, litter biomass and soil organic carbon 

showed distinct variation along environmental gradients. The aboveground and below ground 

carbon stock showed a decreasing trend along with increasing altitude, while soil organic 

carbon and liter carbon showed increasing trend with increasing altitude. Moreover, the carbon 

pool and stock were significantly different along altitude, whereas the above and belowground 

carbon stock variation with slope gradient was also significant except soil organic carbon and 

liter carbon. The above and below ground biomass, soil organic carbon and the total carbon 

stock were higher on the North-west aspect as compared to other aspects. It can be concluded 

that Gara-Muktar forest is a reservoir of high carbon, having positive role in contributing to 

climate change mitigation and the carbon storage capacity in different carbon pools of the forest 

area varies with altitude, slope and aspect gradients. 

Key words: - Altitude, aspect, biomass, litter carbon, slope, soil organic carbon   



 

 
 

 1. INTRODUCTION 

Forests provide an important ecological service, wood and non-wood forest product (NFPs) for 

the well-being of humans at local, national and global levels such as timber, firewood, NFPs, 

grazing land, fodder and recreation. Forests mitigate the global climate change serving as sinks 

and sources of carbon stock. IPCC (2013) reported that the global forests cover over 4 billion ha 

and contribute around 50% global greenhouse gas mitigation. The tropical forests spread over 

13.76 million km
2
 area worldwide accounted about 60% of the global forest cover and store an 

estimated 193-229 Pg of carbon in aboveground biomass and recycling 915 Gt of carbon each 

year, through photosynthesis and net primary productivity (Brown, 1997; FAO, 2005; 

Millennium ecosystem assessment report, 2005; Baccini et al., 2008). Tropical dry forests 

comprise a net terrestrial primary production of 40%, stored 60% carbon and contain half of the 

world species (Mayaux et al., 2005; Miles et al., 2006; Chidumayo et al., 2011). 

 

Ethiopia is endowed with various landscape types resulted in different agroecological zones and 

vegetation types. The vegetation types are diverse, varied from tropical rain forest and cloud 

forests in the southwest to the desert shrubs in the east and northeast (Bongers and Tennigkeit, 

2010). The vegetation is important due to wood products consumed within the country and 

diverse non-wood forest products (NWFPs) such as: wild coffee, gum, resin, honey, bees wax, 

herbal medicines and bamboo. They also provide various ecosystem services such as watershed 

protection, biodiversity conservation and carbon sequestration. The natural high forests of 

Ethiopia are mainly found in the highlands where annual rainfall distribution and amount is 

better and higher human and livestock population are found. The Highlands cover 44% of the 

country’s landmass, 90% of total human population, 93% of the cultivated land and 75% of the 

country’s livestock population (Mesene, 2017). Dry afro-montane forests and moist afro-

montane forests are the dominant vegetation types found in high land areas. However, the former 

are dominant in the Central, Northern and Western Highlands. They contain very complex 

vegetation type and species composition and diversity. The climates in these vegetation types are 

characterized by relatively high humidity, limited and unreliable rain and prolonged dry season 

of six to eight months per year. Vegetation composition and structure would differ across the 

elevation gradients, topography and disturbances (Patrick et al., 2007). 
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The national carbon stock of Ethiopia was estimated to be 867TgC by Gibbs et al., (2007) and 

2.76 billion tons of carbon by Yitebtu, et al (2010). The discrepancy between these values is due 

to the different methods and tools used for the authors and the variability in soil, topography and 

forest types. Majority of the high forests found in Ethiopia are managed primarily for protection 

and conservation purpose, while commercial utilization is secondary objective, the forestry 

administration at the Federal level has classified 58 of the most important high forest with an 

estimated area of 2 million ha as National Forest Priority Areas of the country (NFPAs). 

However, due to deforestation, over two-third of these high forests are heavily disturbed forests 

and needs appropriate management intervention. The estimated annual height and diameter 

growth of these forests are below optimum (Bekele, 2001). In addition, the existing woodlands 

and alpine vegetation are also degraded and converted into bush lands, scrublands and 

agricultural lands (Dubale, 2001; Teketay, 2001). 

  

The carbon storage in forest can be affected by different environmental factors such as altitude, 

slope, and aspect and temperature regime of any sites affecting the forest composition. (Bruun et 

al., 2009). Consequently, the microclimate is often linked to soil moisture and distribution of 

particular plant communities (Holland and Steyn, 1975) on different slope forms. In addition, 

patterns of tree species distribution further affects carbon stored in forest ecosystem (McEwen et 

al., 2011). The altitude is one of the most importance environmental gradients that affect 

biomass, stem size, stand density and amount of soil organic carbon. This means, a significant 

effect on climatic factors such as temperature and precipitation (Sheikh et al., 2009). According 

to Bayat (2007), slope and aspect has significant relationship with biomass in forest areas due to 

the interaction between solar radiation and soil properties such as soil moisture and nutrient. 

Thus, the south-facing slopes, which receive high solar radiation as compared to the north-facing 

slope, have typically hot soil surfaces, which can lead to high biomass accumulation. 

 

The need for accurate estimates of forest biomass is increasing nowadays due to the important of 

forests in global carbon cycle budgeting and sustainable forest management, along with the 

assessment of forest structure and condition and forest productivity based on sequential changes 

in biomass (Cole and Eriel, 2006). The global forest sector initiate the REDD+ projects, which 

stands for Reducing Emissions from Deforestation and forest Degradation, and (+) the role of 
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sustainable management of forests, conservation and enhancement of forest carbon stocks in 

developing countries. To successfully implement mitigating policies and strategies in the 

REDD+ line countries need well-authenticated estimates of forest carbon stocks (Brown, 2002; 

Chatuvedi et al., 2011; Miah et al., 2011). This is done by destructive and non destructive 

methods; destructive methods directly measure biomass by harvesting the tree and measuring the 

actual mass of each of its components (Kangas and Maltamo, 2006). They are very accurate but 

cutting down trees is both costly and time consuming (Henry et al., 2011). In contrast, indirect 

methods estimate biomass using biomass models and biomass expansion factors (BEFs) are 

inexpensive and time efficient (Peltier et al., 2007). Moreover, research results in correlation to 

biomass and carbon stock in the country are scanty, little study and consistent monitoring 

systems has been implemented across intersite, intrasite and temporal variability of biomass 

estimation as compared to other tropical and subtropical countries (Chave et al., 2001; Adugna et 

al., 2013; Belay et al., 2014; Abel et al., 2014; Chave et al., 2014; Tesfaye, 2015). 

  

Gara-Mukitar forest is dry afromontane forest type found in Gemechis district and managed by 

Oromia Forest and Wildlife Enterprise which is advocating preservation and protection of the 

natural forest through participatory forest management approach. Accordingly, illegal cutting of 

trees in the natural forest is prohibited by the community bylaw developed by the enterprise and 

allowance of use for natural forest products is selectively applied based on age of tree and 

composition. The plantation forest is also developed and managed by enterprise. However, no 

studies have been conducted in investigating the carbon sequestration potential of the Gara-

Muktar forest. Besides, there is scanty of information regarding appropriate forest management 

options to increase productivity and ensure sustainability of the forest. Thus, new information at 

local, national and regional level is needed in relation to carbon stock study and alternative 

income generating mechanism like carbon trade should be implemented to support the local 

community. It was hypothesized that there is special variation in carbon stock along the forest 

environmental gradients. Therefore, the study was aimed to evaluate carbon stock variations of 

Gara-Muktar forest along environmental gradients such as altitude, slope and aspect to contribute 

and give some relevant information for local and regional administration, policy makers and 

other conservation organization. 
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 Objectives of the Study 

The general objective of this study is to evaluate carbon stock variation along environmental 

gradient in Gara-Muktar forest 

 

Specific Objectives 

 To estimate carbon stock in above and below ground biomass, litter and soil along 

altitude, aspect and slope gradients   

  To evaluate floristic composition in  the study area 
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2. LITERATURE REVIEW 

 

2.1. Forests and Climate Change 

 

Forests are known to play an important role in regulating the global climate. They play a key role 

in both sinks and sources of carbon-dioxide (CO2). According to Anup et al. (2013), forest can 

capture and retain large amount of carbon over long periods of time. However, the capacity of 

stock is dynamic based such factors like, land use changes, soil erosion and deforestation. Forest 

ecosystem and climate change are dynamically influenced each other when forest acts as source 

or sink of carbon. This occurs when forest absorb carbon in wood, leaves and soil, and release it 

into the atmosphere when burned or cleared (World Bank, 2004). Around 13 million hectares of 

forest were converted to other uses or lost through natural causes each year between 2000 and 

2010. The world has an estimated 850 million hectares of degraded forests, which could 

potentially be restored and rehabilitated to bring back lost biodiversity and ecosystem services, 

and, at the same time, contribute to climate change mitigation and adaptation (FAO, 2008). 

Moreover, it was justified that, planted forests today cover around 264 million hectares and 

absorb an estimated 1.5 giga tonnes of carbon from the atmosphere each year. According to 

IPCC, forest ecosystems contain the majority (approximately 60 per cent) of the carbon  stored in 

terrestrial ecosystems (IPCC, 2000).Thus, the world’s forests sequester and conserve more 

carbon than all other terrestrial ecosystems and account for 90 per cent of the annual carbon flux 

between the atmosphere and the earth’s land surface. The carbon is stored both in the form of 

biomass (trunks, branches, foliage, roots, etc.) and in the form of organic carbon in the soil 

(Winjum, et al., 1993). 

2.2. Global Carbon-dioxide Emission 

 

It was estimated that deforestation and forest degradation released about 17% of total annual 

anthropogenic Green House Gas (GHG) during 1990s and the majority of deforestation and 

forest degradation takes place in developing countries (Gullison et al., 2007). Over time ranges, 

however, early industrializing nations typically have emitted more carbon dioxide to the 

atmosphere than nations that industrialized later. But some developing countries emit large 

quantities of greenhouse gases through changes in land use, especially through forest clearing for 
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crop production. Contemporary data for emissions resulting from land use changes by country 

are not available but as the report of World Watch Institute (WWI) (2009) shown in Figure (1), 

for period of 1950-2007 emission the top 10 emitters are known but  Indonesia and Brazil would 

be pushed into the top 10 emitters when all emissions sources are considered.  

 

 

Figure 1: Global top 10 carbon-dioxide emitters (Adopted from WWI, 2009) 

 2.3. Carbon Sequestration 

 

The temporal carbon dynamics are characterized by long periods of gradual build-up of biomass 

(sink), alternated with short periods of massive biomass loss. As it was mentioned above in 

detail, forests can act as a carbon sink through the process of tree growth and resultant biological 

carbon sequestration as well as, can often represent a net source of carbon due to the processes of 

decay, combustion and respiration.  Figure 2 below shows the generalized carbon cycle of the 

territorial ecosystem as described in IPCC (2006). 
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Figure 2: Generalized carbon cycle of terrestrial ecosystems showing the flows of carbon in to 

and out of the system as well as between the five C pools within the system. (Source: IPCC, 

2006). 
 

2.4. Status of Carbon Sequestration Projects in Africa 

 

Before two decades, African forests are among the most pristine on the Earth and contain large 

carbon stocks in biomass, up to 255 tC ha
−1

 in tropical areas (Palmm,. 1999). The role of the 

African continent in the global carbon cycle is increasingly recognized (Houghton and Hackler, 

2006). Even though Africa contributes less than 4 percent of the global fossil fuel emissions, it is 

a major source of inter annual variability in global atmospheric CO2 (Williams et al., 2007). It is 

estimated that African ecosystems contribute 20 percent of global net primary production (NPP) 

and 20 per cent of global land use CO2 emissions to the atmosphere from forest degradation and 

deforestation (Laporte et al., 2007). According to FAO (2009), from 2000 to 2005, Africa 

showed the highest negative rate of forest area change, with 0.6 per cent of annual loss, 

contributing 35 percent of total tropical land clearing from deforestation of 4 Million ha annually 



8 
 

 
 

and is likely to continue at current rates. This is because African forests are particularly 

vulnerable to a complex mixture of different factors: climate change, land-use change, 

population increase, poverty and political instability (FAO, 2006). 

2.5. Forest Resources and Associated Challenges in Ethiopia 

 

The forests resources of Ethiopia store 2.76 billion tons of carbon (about 10 billion tons of CO2) 

 in the aboveground biomass, however it will be released to the atmosphere in 50 years  if  the  

deforestation  continues  at  the  present  rate  of  about 2%  (Yitebitu et al., 2010). As the author 

justified, the major challenge Ethiopia faces in optimizing natural forest management for 

multiple objectives, including carbon forestry, is the high dependence of the country on biomass 

fuels for its energy. Over 90% of the energy consumed in the country is biomass fuel which 

require due attention on alternative sources of energy, increased afforestation and efficient use of 

fuel wood. Deforestation and poor agricultural practices account for about 65% of Africa’s 

carbon-dioxide emission which include the share of Ethiopia (FAO, 2006). However, from the 

very beginning definition of forest can affect the estimation process. Based on WBISPP (2005), 

the land use/land cover statistics in Ethiopia indicates that woody vegetations including high 

forests cover 50% of the land. The definition of forest is ambiguous in the IPCC Good practices 

Guideline. Following the definition of FAO (2001) the vegetations of Ethiopia that may qualify 

as ‘forests’ are natural high forests, woodlands, plantations and bamboo forests, with an 

estimated area of  35.13million ha. If the shrub lands are added to this (considering the definition 

of IPCC for forest), the estimated cover is over 50% (61.62 million ha). The next largest 

land use type is cultivated land with 18.6% cover (Yitebitu et al., 2010). 

 

As pointed out by MEFCC (2016), the main drivers of deforestation and forest degradation in 

Ethiopia are free livestock grazing, fodder use and fuel wood collection with charcoal production 

followed by farmland expansion, land fires and construction wood harvesting in line with the 

underlying causes of population growth, unsecure land tenure and poor law enforcement. As a 

result, there is an increase of farmland expansion due to population growth that forest land is 

replaced by other land uses (Figure). For instance, more than 25% of the forest land is changed 

into agricultural land. 
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Figure 3: Forest coverage and its trend from 1990–2015 of Ethiopia (FOA, 2015). 

Accordingly, in 2015 Ethiopia adopted a new forest definition as follows: Land spanning at least 

0.5 ha covered by trees and bamboo, attaining a height of at least 2m and a canopy cover of at 

least 20% or trees with the potential to reach these thresholds in situ in due course‟ (MEFCC, 

2016). The reason to use this definition is to better capture dry and lowland moist vegetation 

resources. The forest cover of Ethiopia since 1990-2015 ranges 13.78-11.40% having widespread 

deforestation trend (FAO, 2015) with reduction trend of deforestation that could be due to 

improvement in forest resource conservation activities of afforestation and reforestation works in 

the country since 2015 (Figure). According to FAO (2010) the average annual deforestation rate 

of the country was estimated to be 1% which is higher compared to other Sub-Saharan African 

countries (0.8%). Whereas the global rate of annual net loss of forest has slowed from 0.18 % in 

the 1990s to 0.08% in the period 2010−2015 (FAO, 2016). Generally, the black broken line in 

Figure 3 shows that the forest cover of Ethiopia has a declined trend.  

2.6. Factors Affecting Dynamics of Forest Carbon Sequestration  

 

Worldwide forests are highly affected by land-use change, fragmentation, mismanagement and 

degradation. Understanding the factors affecting future forest condition is critical not only for the 

sustainability of  the services provided by forests such as woody and non-woody products and 

watershed protection, but also for the continuation of the role of forests in removing emitted CO2 

from use of fossil fuel (Canadell et al., 2009). If the global carbon sink in established forests that 

currently absorbs about 30% of fossil fuel CO2 emissions is reduced or eliminated, global efforts 
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to mitigate climate change will require even more emissions reductions than currently predicted 

(Pan et al., 2011). Deforestation or conversion of forest to other uses is typically associated with 

large immediate reductions in forest carbon stock through land clearing. Forest degradation 

result in reduction of forest biomass through unsustainable harvest or land-use practices can also 

result in substantial reductions of forest carbon stocks from selective logging, fire and other 

anthropogenic disturbances and fuel wood collection (Asner et al., 2005).  

 

Altitude is considered to be the most environmental gradient which affects variation in forest 

carbon sequestration (Sheikh et al., 2009). Elevation affects vegetation biomass, stem size, stand 

density and stem spatial heterogeneity. Altitude has a significant effect on climatic factors such 

as temperature and precipitation. It has a direct and inverse relation with precipitation and 

temperature respectively. Since temperatures typically decline with elevation, locations at higher 

elevations support less biomass than locations at lower elevations. In contrary, the result of 

Griffiths et al, (2009) showed that increased elevation significantly increased soil moisture, mean 

annual precipitation, soil organic matter, available C and mineralizable N, microbial activities, 

extractable ammonium, and denitrification potentials which are likely driven by a reduction in 

decomposition rates rather than an increase in primary productivity. 

 

In general, altitude strongly affects species composition, productivity of vegetation and 

consequently affects the quantity and turnover of organic matter (Sheikh et al., 2009). The same 

author described that, altitude also influences the soil organic matter and carbon sequestration in 

the soil by controlling soil water balance, soil erosion and deposition process and this further 

affects the quantity of the whole carbon stock of the forest. Like that of altitude, other 

physiographic characteristics such as slope gradient and aspect, climatic variables and soils are 

also known to influence the amount of organic matter and carbon (de Castilho et al., 2006).  

 

According to Bayat (2011), slope and aspect has significant relationship with biomass in forest 

areas due to the interaction between solar radiation and soil properties such as soil moisture and 

nutrient. Thus, the south-facing slopes, which receive high solar radiation as compared to the 

north-facing slope, have typically hot soil surfaces, which can lead to high biomass 

accumulation. Similarly, Hamere et al. (2015) justified that slope aspect has significant effect on 
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aboveground biomass, below ground biomass, soil organic carbon and total carbon density, in 

which east slope aspect showed the highest, where as south slope aspect showed the lowest total 

carbon stock.  it was clearly stated by different studies that, higher slope class showed a low total 

carbon stock as compared to the low slope class, since increase in slope will increase runoff and 

soil erosion (Güner et al., 2012; Adugna et al., 2013; Hamere et al., 2015). 

Human beings have become a component in the earth’s system, driving and accelerating the 

rapid release of greenhouse gases (GHGs) into the atmosphere by fossil fuel burning  which 

 represents  about two‐third of the global emissions and by deforestation and land use changes 

representing about one‐third (Adugna et al., 2013; Yitebitu, et al., 2010). 

2.7. Biomass and Carbon Stock Estimation in Ethiopia  

 

According to FAO (2009), forest biomass is a crucial ecological variable for understanding the 

evolution and potential future changes of the climate system and is a larger global store of carbon 

than the atmosphere, and changes in the amount of vegetation biomass already affect the global 

atmosphere by being a net source of carbon, and having the potential either to sequester carbon 

in the future or to become an even larger source. The calculation of carbon stock consists of 

multiplying the total biomass by a conversion factor that represents the average carbon content in 

biomass. A generic conversion factor of 0.47 adopted by IPCC (2006) is widely used 

internationally.  

 

The carbon in the soil is intense and concentrated in the top layer of soil profiles which is up to 

30 cm soil depth considered and sampled (IPCC, 2006). Event though, the Ethiopia’s National 

Forest Inventory (NFI) data started to be collected (MEFCC, 2016), Ethiopia does not have 

carbon monitoring databank. As a result, the actual biomass carbon stock has been little known. 

But some efforts have been done to assess the forest biomass carbon of Ethiopia in different 

forests indicated as good reservoir of carbon (Fentahun, 2016). The biomass 

estimation is done using a generalist method due to the absence of country specific allometric 

model developed based on distinguished forest type. So the model selection based on climatic 

condition of the forest area to be found is recommended and most studies conducted in Ethiopia 

have confirmed (Muluken, 2014; Mohammed et al., 2014; Belay et al., 2014). 
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2.8. Methods of Forest Carbon Stock Measurement  

 

To facilitate the works on forest carbon stock measurement, forest carbon is identified in three 

major pools that is, above and below ground living vegetation, dead organic matter and soil 

organic carbon (IPCC, 2006). For the above ground biomass estimation, to develop and use of 

locally developed allometric equations used to generate a reliable estimate of forest carbon 

stocks for AGB. But to develop allometric relationships a large number of trees needs to be 

harvested, this makes it time consuming and expensive (Gibbs et al., 2007). Although, many 

allometric equations had been developed globally, no African site had been included in previous 

efforts (Chave et al., 2005) except the pan tropical AGB model developed by Chave et al. 

(2014), included sites from Africa by considering 58 study sites of woody vegetation, excluding 

plantations and agroforestry systems with a total of 4004 trees and DBH ranging from 5 to 

212cm, spanning a wide range of climatic conditions and dry tropical forest types. The model 

was found to hold across tropical vegetation types, with no detectable effect of region or 

environmental factors (Chave et al., 2014; Victor, 2015).  

 

According to Henry et al. (2010), equations that integrate more than one tree dimension improve 

the reliability of forest biomass estimation. Therefore, the model of Chave et al. (2014) was used 

by many studies and has been the best model for carbon stock assessment in Africa (MEFCC, 

2016; Victor, 2015). These equations are different depending on type of species, having ≥ 5 cm 

DBH geographical locations, forest DBH stand types, climate and others (Brown et al., 1989; 

Baker et al., 2004). As shown in Table (1), different authors provided different carbon estimation 

models based on ecological Zone of the forest.   
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Table 1 : Different Allometric Equations for Estimation of Biomass adopted (Fentahun, 2016) 

 

Note: Y- above-ground biomass (kg), D- diameter (cm) at breast height (1.3 m), H- height (m) 

and  - wood density (t/m
3
), R.f- rainfall. 
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3. MATERIALS AND METHODS 

3.1. Description of the Study Area 

3.1.1. Geographical location 

  

This study was conducted at Gara-mukitar forest in Gemechis district of the West Hararghe zone 

of the Oromia National Regional Stat, Eastern Ethiopia. Gemechis district is one of the 14 

districts in West Hararghe zone which is located at 343 km east of Addis Ababa and about 17 km 

south of Chiro, capital town of the zone. It shares borders with Chiro district in the west and 

north, Oda Bultum district in the south and Mesala district in the east (DOA, 2012). The district 

covers an area of 77,785 ha and 184,032 total population (CSA, 2007). Gara-mukitar mountain 

forest is one of the remaining patches and disturbed dry afromontane forests in the region. This 

forest is located between the geographical coordinate 34°18'43" - 43°04'33" E longitude and 

10
0
09'24" - 30°18'43"N latitude with an altitude of 2200-3010 ma sl.  

 

 

Figure 4: Map of Ethiopia and the study site 
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3.1.2. Climate 

 

The district has a bimodal rainy season with annual rain fall ranging from 1025 - 1200 mm, with 

annual mean temperature ranging from 22.5-24.5°C. The main rain season is from June up to 

August and the short rain from February up to April. More than 75% of the total rain falls in 

June, July, August and September (locally known as kiremt season) (Tufa et al., 2014).  

3.1.3. Vegetation 

 

The vegetation type of Gara-Mukitar mountain forest falls under dry afro-montane forest 

(Sebsebe et al., 2010). The study area was dominated by Maesalanceolata. Juniperus procera, 

Croton macrostachyus, Rhus glutinosa and Allophylus abyssinicus. There are also planted 

species such as: Juniperus procera, Cupressus lusitanica, 

Hagenia abyssinica and Croton macrostachyus. 

3.2. Method of Data Collection  

 

3.2.1. Reconnaissance survey 

 

A preliminary discussion forum was held with the higher officials of the Oromiya Wildlife and 

Forest Enterprise in Chiro, Western Hararghe Zone to aware them about the study and to collect 

secondary information about Gara-Mukitar forest. Subsequently, a reconnaissance survey was 

conducted through a field visit and physical observation across the Gara-Muktar forest patches 

and the surroundings. The study forest was classified into three forest strata, as pure natural 

forest, pure plantation and mixed natural plantation forest based on species composition, 

diversity, structure, disturbances levels and accessibility. Then an inventory was done starting 

from top to bottom elevation gradients (Altitude: 2950m-2748m,  2748m-2548m and 2548m-

2348m.; Slope %: 0-10, 10-20 and  >20) respectively. 

3.2.2. Plot sampling 

 

A systematic random sampling approach was implemented to conduct the inventory. A total of 

thirty six; 18 (20m x 20m) pure natural forest, 12 (20mx20m) natural mixed and 6 (20mx20m) 

pure plantation square sampled plots were marked out, based on the Neyman optimal allocation 

formula (Kangas and Maltamo, 2006; Köhl et al., 2006) in the forest. The plots were laid out 



16 
 

 
 

along 200m ground distance, starting from the highest ridges to the lowest ridges of the 

mountains’ using a measuring tape, GPS and compass. The boundaries of the main plots were 

pegged and marked, then altitude, slope, latitude and longitude data were recorded from the 

centre of each main plot. A total of six transect lines were used along altitudinal gradient from 

top to bottom ridges of the mountain for data collection. The distance between two consecutive 

transect lines was 500m. Sampling and data collection were done in the measured plots. 

3.2.3. Woody plant species sampling 

 

Individual species were categorized into trees (≥ 5 cm DBH), shrubs, saplings (height ≥ 1.3 m) 

following the Lamprecht classification (Lamprecht, 1989). Before conducting the actual 

measurements all bordering trees and shrubs were marked using red paints and numbered. Tree 

DBH (cm) was measured to the nearest two digits using a metallic caliper for smaller and 

medium sized trees, while for bigger trees measurement was made using diameter tape. Crown 

height, commercial height and total height (meter) were measured to the nearest two digits using 

Vertex III digital electronics tree height measurement instrument. In cases where trees branched 

at the breast height or below, diameter was measured separately for each branch. Likewise, the 

diameter at each stem was measured separately for trees with multiple stems connecting near to 

the ground. For irregularities and or buttresses on large trunks, measurement was taken at the 

nearest lower points. In similar way for each individual trees measurement were taken in the 

main plot. Height and diameter measurement were done using graduated wooden bars and 

metallic caliper respectively. 

3.2.4. Litter herb and grass (LHGs) carbon measurement 

 

Destructive sampling method were used for litter, herbaceous and grass plants under 1m*1m five 

subplots found in the main plot. Harvesting of litter, herbs and grasses were made. Fresh weights 

of all the collected subsamples were taken in the field. Then composited one hundred gram fresh 

herbaceous plant sub samples were taken into laboratory, oven dried at 70ºC for 24 hours until 

constant weight was attained. Organic carbon was estimated as 50% of the dry matter of 

herbaceous plants considered as carbon. Similarly, the collected litter and twig samples were 

oven dried in the laboratory at 70ºC for 24 hours and weighed, carbon was also taken as 50% of 

the dry matter of wood. 
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3.2.5. Soil sampling and analysis 

 

Soil samples were collected within five 1m
2
 sub-plots in which LHGs samples were taken 

(Figure 5). About 500 gram of composite soil sample was collected in each plot to determine 

bulk density and organic carbon. All the collected soil samples were labeled and taken to the 

laboratory for analysis. Determination of percentage of carbon in soil was conducted in 

Haramaya University soil libratory. Soil bulk density was calculated with a 5cm high cylinder 

that was introduced vertically in one sampling point for each depth interval. A total of 360 

samples (180 mineral soil and 180 cores) were collected for analyzing organic C%, and bulk 

density, respectively. 

 

 

Figure 5: Design of main plot and sub-plots for sampling of carbon pools 
  

To determine SOC, moist soil samples was  oven dried in the laboratory at 105°C for 12 hours , 

re-weighted to determine moisture content and bulk density. Total organic carbon (%) was 

analyzed according to Walkley-Black's method following the procedure described in Anderson 

and in gram (1996). Bulk density for each soil depth was determined as the ratio of mass of core 

sampled oven dry weight of dry soil to volume of 5 cm diameter and 5 cm height steel-cylinder 

following the procedure of Blake (1965). 

3.2.6. Carbon stock estimation 

Diameter and height measurements were converted into units of biomass using allometric 

equations (Clark and Kellner, 2012). The overall carbon stocks of Garamuktar dry Afromontane 
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forest were obtained by adding all the carbon stocks in different carbon pools together and 

extrapolating it into hectare bases and multiplying it with biomass expansion factor (BEF). Then 

it was converted into carbon using 50% of the dry biomass of an individual tree as carbon (Swai 

et al., 2014; Zhu et al., 2011; Basuki et al., 2009; Gibbs et al., 2007; Pearson et al., 2005; FAO, 

2004; Brown, 1997; Tesfaye, 2015). 

Above Ground Biomass 

Above ground biomass was calculated using Chave et al. (2014) (eq. 1) to estimate the AGB of 

the forest which relates DBH, tree height and wood specific density as dependent variables.  

AGBest = 0.0673(ρHD
2
)0.976                                                                               (1) 

Where AGBest = above ground biomass (kg), D =DBH (cm), H = height (m), and ρ = basic 

wood density (g cm
-3

). 

Below Ground Biomass 

Since direct measurement of BGB is expensive and time consuming task, it is derived from AGB 

(shoot root ratio). The BGB is 20% of AGB (Gibbs et al., 2007;  Ponce-Hernandez, 2004):  

BGB = 0.20 X AGB                                                                                                    (2) 

Where;  

               BGB – belowground biomass,  

              AGB – aboveground biomass  

Extrapolating carbon stocks from per plot basis into a per hectare basis requires the use of 

expansion factors. This standardization is required so that results can be easily interpreted and 

also compared to other studies. According to Pearson et al. (2005), the expansion factor is 

calculated as the area of a hectare in square meters divided by the area of the sample in square 

meters, that is: 

Litter, Herb and Grasses (LHGs) carbon 

The harvested subsamples weighed and 100 sub samples were taken into laboratory, oven dried 

at 70ºC for 24 hours until constant dry weight was attained. The litter biomass was calculated 

using the following formula (Pearson et al., 2005): 

                   
      

 
 

                

                  
 

 

     
                                                              (3) 

     Where, 

                 LB- Litter biomass (t ha
-1

)  

                W field - weight of wet field sample of litter sampled within an area of 1m
2
 (gm);  
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                W subsample (dry) - weight of the oven-dry subsample taken to the laboratory (gm),  

                W subsample (fresh) - weight of the fresh sub-sample taken to the Laboratory (gm) and 

                 A- Sampling area 1m by 1m 

Note: Carbon stock of the litter was taken as 50% of its dry biomass 

Soil Organic Carbon Estimation:  

The carbon stock density of soil organic carbon was calculated as Pearson et al. (2007) from the 

volume and bulk density of the soil. 

               V = h x π r
2                                                                                                                                                            

(4) 

Where,  

             V - Volume of the soil in the core sampler in cm
3
,  

              h - the height of core sampler in (cm) and  

              r - the radius of core sampler in (cm) 

Moreover, the bulk density of a soil sample was calculated as follows: 

                   
        

 
                    (5) 

Where; 

                   BD - bulk density of the soil sample (gm/cm
3
) 

                  Wav (dry) - average oven dry weight of soil sample (gm) 

                  V - volume of the soil sample in the core sampler (cm
3
).  

Therefore, the carbon stock in soil was calculated as follows: 

                SOC = BD * d * % C                           (6)  

Where; 

                  SOC - Soil Organic Carbon stock per unit area (t ha
-1

),  

                  BD - soil bulk density (gm/cm
3
),  

                  d - the total depth at which the sample was taken (30cm), and  

                  %C - Carbon concentration (%) 

3.2.7. Total carbon stock 

 

The total carbon stocks (carbon density) were calculated by summing up all the carbon stocks of 

each carbon pools of the forest (Pearson et al., 2005). The total carbon stock was then converted 
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into tons of CO2 equivalent by multiplying it by 44/12, or 3.67 (Pearson et al., 2007). Carbon 

stock density of the study area could be calculated as:  

                   TCd = AGC + BGC + LC + SOC                    (7)  

Where; 

                   TCd - the summed carbon stocks in all carbon pools (t ha
-1

),  

                   AGC - aboveground tree carbon (t ha
-1

),  

                   BGC - belowground carbon (t ha
-1

),  

                   LC - litter carbon (t ha
-1

) and  

                   SOC - soil organic carbon (t ha
-1

) 

3.3. Method of Data Analysis 

 

Data of trees both aboveground and belowground, LHGs and soil carbon were processed using 

MS Excel spreadsheet and R version 3.4.2 for one-way analyses of variance (ANOVA) were 

used. 
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4. RESULTS AND DISCUSSION 

 

4.1. Floristic Composition of Gara-Mukitar Forest 

 

A total of 15 common families with 18 tree species were found in the study area and individual 

trees having DBH ≥5 cm with total of 888 trees were recorded. Fabaceae was the most diverse 

family,while Maesa lanceolata. Juniperus procera and Rhus glutinosa were the most dominant 

species with their relative density of 20.65, 18.95 and 11.06% respectively (Figure 6). However, 

Vitex doniana, Maytenus gracilipes and Ekebergia capensis were the least dominant ones with 

relative density of 0.11, 0.68 and 0.79% respectively. Maesa lanceolata, Croton macrostachyus 

and Juniperus procera were the most frequently occurred species while Schefflera abssinica, 

Vernonia amygdalina, Olea europaea, Cuppressaceae, Maytenus gracilipes and Ekebergia 

capensis were the least occurred ones (Figure 6 and Appendix Table 2). 

 

 

Figure 6: Tree density (upper left), relative frequency (lower), and relative density (upper right) 

of sampled tree species (%) 
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There is lower floristic composition and diversity in Gara-muktar forest, this might be due to the 

agro-climatic locations of study site and a biotic factor plays important role to change species 

composition and reduction of the diversity. This result was in line with the findings of Patrick et 

al. (2007) and Kidanemariam et al. (2015) revealed that excessive forest clearing for agricultural 

use, overgrazing and exploitation of the existing forests for fuel wood resulted in lower floristic 

composition and diversity in the highlands of Ethiopia. Similarly, different pathways of climatic 

effects on multiple species results habitat effects and differing effects of invasions at local vs 

regional to global scales (Gornish and Tylianakis, 2013). 

 

 The increasing and decreasing frequency and numbers of an individual species responds to a 

changing environment encountering one another at spatial scale. In spite of the implications of 

changing patterns in the temporal scale, plant community responses to climate change 

uncommonly, driving the scale-dependency of the factors (Leuzinger, 2011 and Chave, 2013). 

According to Zomer et al. (2001) forests are declining at the fast rate with negative consequences 

like temperature change, land instability, soil and biodiversity and local people’s dependency for 

livelihood. Vegetation structure of Garamuktar forest was dominated mainly by Maesa 

lanceolata, Juniperus procera and Rhus glutinosa trees (Appendix, Table 2). This result was in 

agreement with the study done by CBD (2010) that competitive exclusion by the dominant 

species arises with low disturbance while, only species tolerant to high frequency of disturbance 

can persist with high disturbance.  Moreover, the vegetation structure of our study area showed 

inverse J-shaped distribution, which indicates greater potential of regeneration capacity of young 

(low DBH) trees, growing much faster having higher capacity in accumulating large carbon.  The 

result was in line with the study conducted by several authors in the country (Getachew, 2007; 

Muluken, 2014; Biniam, 2012; Getnet, 2015).  

 

The number of species found in Gara-Mukitar forest was 18 which is lower than species reported 

in Munessa-Shashemene State Forest i.e. 36 by Getachew (2007) and Ades forest, Western 

Hararghe i.e. 44 by Kidanemariam et al. (2015). Though it is higher than Yeka forest having 8 

species according to Getnet (2015) and Danaba Community forest 16 Spp. by Muluken (2014). 

This could be due to the variation of agro-ecological zone and human disturbances among those 
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study sites of forests. The density of trees/ha (Appendix Table 2), in present study was almost in 

agreement with Guangua Ellala Forest (Alemu, 2015). 

4.1.1. Diameter distribution of tree species 

 

From the result indicated in figure 7 the DBH class of the study was categorized in to 12 with 

maximum 115 cm and minimum 4.5 cm ≤ 5 cm. DBH class of > 15-25cm had the highest 

density with 338 trees/ha or 38.06% while trees with DBH classes greater than 115 cm were the 

least dominant in the study site consisting one tree/ha or 0.22% (Figure 8). According to Chave 

et al. (2014), tree species having DBH values ≥ 5 cm were considered for estimation of carbon 

stock. 

As depicted in Figure 7, the distribution indicated decrease towards the higher DBH class 

distribution. 

 

 

Figure 7: DBH class distribution of existed trees in study area 

 

There was a strong difference among tree species in their DBH sizes.  Schefflera Abyssinica, 

Podocarpus falcatus, Croton macrostachyus and Juniperus procera were the species with 

highest mean DBH while Vernonia amygdalina was the least mean DBH (Figure 8). 
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Figure 8: Mean DBH class distribution of each tree species existed in the study area 

 

Likewise, the tree species of the study area were also categorized into twelve DBH and ten 

height classes (Figures: 7 and 9) respectively. From total 888 trees, 18 different tree species were 

recorded. More than 83.7% of the trees were found to have DBH class <35cm and less than 

16.3% of the trees have DBH class of >35cm (Figure 7). Hence, low DBH trees were found 

largely in the study area which indicated that dominance of young trees of  

recent plantation and natural regeneration. Therefore, this indicated that the forest composition 

for the future would have high biomass carbon reserve. However the carbon sequestering 

potential of the forest would be impaired unless forest management interventions that could 

improve carbon sequestration and enhance carbon stock (Bravo et al., 2008) 

4.1.2. Height distribution of tree species 

 

 Tree height was measured and categorized in to ten classes with maximum of 45m or above and 

minimum of 3.5m. More number of trees were found in the height class >10-15m and the least 

number of individuals were found in both classes >45m and >40-45m with 4 and 8 trees/ha 

respectively (Figure 9). 

 

0.00 
20.00 
40.00 
60.00 
80.00 

100.00 
120.00 

M
ea

n
 D

B
H

 (
cm

) 

Tree Species 



25 
 

 
 

 

Figure 9 : Height class distribution of existed trees in study area 

Schefflera abyssinica, Croton macrostachyus, Podocarpus falcatus, and Juniperus procera were 

the first three species having highest mean height while Vernonia amygdalina was having the 

least mean height (Figure 10). 

 

 

Figure 10: Mean height class distribution of each tree species existed in study area 

 

4.1.3. Trees species biomass carbon stock contribution of study area 

 

The biomass carbon stock of tree was varied from one tree species to the other. Croton 

macrostachyus (25.83%) and   Juniperus procera (21.23%) sequestered the largest portion of the 
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forest carbon whereas Vernonia amygdalina (0.15%) and Olea europaea (0.23%) sequestered the 

least biomass carbon stock (Figure 11 and Appendix 1). 

 

 

Figure 11: The biomass carbon stock contained within tree species 

The result indicates unbalanced tendency of carbon stock storage in the above and belowground.  

Higher biomass rate has been recorded for Schefflera abssinica, Podocarpus falcatus Croton 

macrostach Juniperus procera, Erythrina abyssinicus and Allophylus abyssinicus; whereas 

species such as Ekebergia capensis, Maytenus gracilipes, Olean eouropiana and Vernonia 

amygdalina have recorded lower biomass rates. The study forest has a large potential for 

temporary and long term carbon storage and a large amount of carbon stock has been observed 

for aged species and also immature as stated by Houghton et al. (2001) 

4.1.4. Total carbon stock of the study area 

 

The total carbon stock of study area was estimated to average to be 316.60 ± 73.73 t/ha which is 

equivalent to 1161.59 ± 270.60 CO2 equivalents (Table 2).  
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Table 2: Carbon pools with total biomass carbon stock and it’s CO2eq. of Gara-Mukitar forest in 

2018 in (t/ha) 

Carbon 

Pools 

TAGB TBGB TB TAGC TBGC TCt. LC SOC TCp CO2 

eq. 

Trees 313.20 62.63 375.83 156.60 31.32 187.92     

LHGs       2.72    

Soil        125.86   

Total 313.20 62.63 375.85 156.60 31.32 187.92 2.72 125.86 316.5 1160.5 

 

Consequently, the carbon stock distribution and the share was ranged from  59.4% (49.5% of 

AGC to 9.9% of BGC) and the soil was the second carbon reservoir with 39.8% while minimum 

carbon stock was contained in the litter, herbs and grasses 0.9%t/ha (Figure 12). 

 

 

Figure 12: The Garamuktar Forest carbon pools percentage distribution of carbon reservoirs 

 

The minimum and maximum above ground biomass carbon pool and mean carbon stock was 

46.91 and 286.66 and 156.60 ± 55.08 t/ha, respectively (Figure 11). The biomass and carbon 

stock of the study site showed little variation to Meskele Gedam forest (Dagnachew, 2016), 

Menagasha Suba State Forest (Mesfin, 2011) and selected church forests in Addis Ababa (Tulu, 

TAGC (156.6, 

49.5%)t/ha 

TBGC (31.3, 

9.9%)t/ha 

LC ( 2.7, 

0.9%)t/ha 

SOC (125.9, 

39.8%)t/ha 
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2011) (Table 3). However, this result is comparable to those reported for the global above 

ground carbon stock in tropical dry and wet forests ranging from 13.5-122.85 t ha-
1
 to 95-527.85 

t ha-
1
 (Murphy and Lugo, 1986). 

The mean carbon stock in litter pool of the present study was 2.72t/ha, which is less as compared 

to Menagasha Suba State Forest (Mesfin, 2011) but greater than tropical dry forests having 2.1 

t/ha (IPCC, 2006) (Table 7). This might be due to young nature of the forest stand resulted in low 

amount of litter fall, due to the high decomposition rate and less amount of litter fall. In addition, 

the rate of decomposition might be relatively faster (Fisher and Binkley, 2000). The mean bulk 

density of the forest site was low (1.1 g cm
-3

, ranging between 0.8 to 1.5 g cm-
3
) which means 

that the study area has high organic matter content in the soil as indicated by Brady (1974) and 

Tesfaye et al. (2016). Sheikh et al. (2009) found higher mean SOC stock due to the presence of 

high soil organic matter. The pattern of SOC with elevation indicated lower carbon stock at 

lower elevation which might be due to the higher impact of anthropogenic factors. However, this 

result indicated that the study area had large carbon stock and sequestered large amount of CO2 

contributing to the mitigation of global climate change. 

 

Table 3: Comparisons of carbon stocks of study area with other studies in Ethiopia. 

Study sites Carbon stocks (t/ha) Source 

TAGC TBG

C 

C(LH

Gs) 

SOC TC 

(t/ha) 

Danaba Community 

Forest 

277.78 41.65 1.06 186.40 506.89 Muluken.et 

al., 2014 

Meskele Gedam forest 146.34 29.27 3.03 131.79 310.43 Dagnachew,2016 

Menagasha Suba Forest 133.00 26.99 5.26 121.28 286.53 Mesfin, 2011 

Biheretsige and Central 

Closed Public Park 

25.4 5.1 5.17 113.15 148.82 Marshet, 2013 

Selected Church Forest 122.85 25.97 4.95 135.94  Tulu , 2011 

Yeka Forest 21.13 4.23 2.01 144.75  Getnet, 2015. 

Tara Gedam Forest 306.37 61.52 0.90 274.32 643.11 Mohammed et al., 

2014 

Woody Plants of Mount 

Zequalla 

237.20 47.60 6.49 57.62 348.91 Abel  et al., 2014 

 

Gara-Muktar Forest 156.60 31.32 2.72 125.86 316.5  
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4.2. Carbon Stocks along Different Environmental Gradient 

 

4.2.1. Altitudinal gradient 

 

The total aboveground biomass carbon stock density varied from 102.13±31.16 to 214.73±54.73 

t/ha in higher and lower altitudinal gradient respectively (Figure 13 and Table 6a).  In addition, 

the mean total belowground biomass carbon stock density ranged from 42.94±10.94 to 

20.42±6.23 t/ha in higher and lower altitudinal classes, respectively. The mean total litter carbon 

density ranged from 1.06 ±0.46 to 3.64±1.41 t/ha in lower and higher altitudinal gradients. 

(Figure 13 and Table 6a). The mean total Litter carbon stock density ranged from 1.03 ±0.46 and 

to 3.64±1.41 t/ha in the lower and higher altitudinal classes respectively (Figure 13 and Table 

6a). Similarly, the mean total soil carbon stock density ranged from 58.03 ±7.56 and to 

156.13±45.64 t/ha in the lower and higher altitudinal classes respectively (Figure 13 and Table 

6a).  

 

 

Figure 13: Mean Carbon stocks (t/ha) in different carbon pools Trees-TAGC and TBGC, (LHGs) 

and SOC with altitudinal classes 
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Table 4: Summarized results of one-way ANOVA of correlation between different carbon stocks 

with altitude 

Gradient Carbon Stock 

Altitude AGC BGC C(LHGs) SOC 

F 19.400 19.400 6.180 6.415 

P 0.0001** 0.0001** 0.005* 0.004* 

 

There was weak negative correlation (R² = -0.4575, Figure: 14) between aboveground biomass 

carbon stock and altitude. Total belowground biomass carbon stock has also showed similar 

trends (R² = -0.4575, Figure 15). The relationship between litter biomass carbon stock and 

altitude has also showed weak positive correlation (R² = 0.3646, Figure 14).  Moreover, the soil 

organic carbons with corresponding altitude were regressed linearly. 

 

Figure 14: The correlation of carbon stock of different carbon pools TAGC, TBGC of trees, C 

(LHGs) and SOC with altitudinal gradient 
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With increasing altitude, the mean above and below ground biomass carbon showed decreasing 

trend while liter carbon and soil organic carbon showed relatively an increasing trend. This is 

might be due to the absence of tallest trees with maximum DBH in higher elevation gradient. In 

high altitude areas the   species richness of plants and their diversity of small size (low DBH) 

Fabaceae family dominant with altitude while, large size DBH woody plants decrease with 

altitude (Mwanga, et al., 2014). This is due to multitude factors which vary with the altitude 

including the geomorphological factors, soil, humidity, cloudiness, temperature (Delnatte, 2010; 

Malhi) and dissimilarity with the study site (Hemp, 2006; Mohammed, et al., 2014; Aregu, 

2015). In addition, due to the presence of greater numbers of farming communities living around 

the forest adjacent whose livelihoods depend on the forest product. This implies continuous 

removal of fallen litter, dead wood and twigs combined with illegal cutting for charcoal making, 

construction purpose, agriculture and livestock grazing could affect the balance of forest carbon 

stock (Tesfaye et al., 2016). Another possible reason was also affirmed by Zhu et al. (2011) as 

climatic factors can affect forest carbon stock with elevation gradient.  

 

Maximum LHGs carbon was stored in the upper followed by middle and lower altitudinal class. 

This might be due to the upper forest composition is natural forest while the middle is mixed and 

lower is plantation at adjacent land which was disturbed by human interaction. Similar result was 

reported by Belay et al. (2014) and Fentahun (2016). The mean carbon density in soil organic 

carbon pool of the present study showed an increasing trend with the altitude (Figure 13). The 

reason might be decreasing temperature and increasing precipitation. In addition, human pressure 

might be a confounding factor when analyzing the effect of elevation on SOC in forests as 

similar results were also reported by Zhu et al. (2011), Getnet, et al.(2015) and  Tesfaye et al. 

(2016). The carbon pools in the forest revealed significantly difference between with altitude, 

similar to this study, the results of studies conducted by different authors (Zewdu et al., 2004; 

Twongyirwe et al., 2013; Tesfaye et al., 2016) also indicated significant differences between the 

carbon pools at elevation gradient (Table 3). 

4.2.2. Slope gradient 

 

The maximum and minimum aboveground biomass carbon stock was 188.18 ± 54.79 and 118.94 

± 40.92t/ha in middle and upper slope classes respectively.  
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The mean total maximum carbon stock density of LC was stored in the higher slope class, 

followed by lower and middle classes. The total soil carbon stock density varied from 130.27 ± 

51.26, 125.83 ± 62.28 to122.23 ± 56.15 t/ha for lower slope class, middle and upper slope class 

respectively (Figure:15). 

 

 

Figure 15: Mean carbon stocks (t/ha) in different carbon pools trees-TAGC and TBGC, C 

(LHGs) and SOC with slope classes 

 

Table 5:  Summarized results of one-way ANOVA of correlation between different carbon 

stocks with slope 

Gradient Carbon Stock 

Slope AGC BGC C(LHGs) SOC 

F 7.266 7.266 2.743 0.47 

     

P 0.002** 0.002** .079 0.95 
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The relationship between total pool of carbon stock and slope has weak correlation (Figure: 16).   

 

Figure 16: The correlation of carbon stock of different carbon pools TAGC, TBGC of trees, (LC) 

and SOC along slope gradient. 

 

The forest carbon stock in above and below carbon stock showed no clear pattern along slope 

gradient. Moreover, there was non-linear correlation between slope and carbon pools. This result 

is in line with findings of Bayat (2011), Muluken (2014), Teshome and Adugna (2017). The 

carbon stock in the soil pool was higher in low slope classes, and lower in the upper slope 

classes. This might be due to flatter areas receive more radiation than steeper slopes. Another 

reason might be due to the presence of high soil erosion that washed away organic carbon, 

similar result was also reported by Adugna et al. (2017) and Fentahun (2016) who reported that 

showed SOC increasing trend with slope. 

4.2.3. Aspect gradient 

 

The total aboveground biomass carbon stock density varied in the four studied aspects and. the 

maximum aboveground biomass carbon stock was recorded on NE while the lowest carbon stock 

density was recorded on the SE aspect. 
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Figure 17: Mean carbon stocks (t/ha) in different carbon pools trees-TAGC and TBGC, C 

(LHGs) and SOC within Aspect. 

 

Table 6: Summarized results of one-way ANOVA of correlation between different carbon stocks 

with aspect 

Gradient Carbon Stock 

Aspect AGC BGC C(LHGs) SOC 

F 9.76 9.76 1.015 .915 

P 0.003** 0.003** .442 .509 
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4.2.4. Correlation between carbon stock and aspect 

 

 There was weak positive correlation between carbon stock and aspect. 

 

Figure 18: The distribution of carbon stock of different carbon pools (a) - TAGC, (b) - TBGC of 

trees, (c)-C (LHGs) and (d)-SOC in vertical box plots of different aspects. 

Keys on above box plots: 

 The box contains the middle 50% of the data, 

 The upper edge of the box indicates 75th percentile of the data, 

 The lower edge indicates 25th percentile of the data, 

 The black line inside the box is the median, 

 The ends of the horizontal lines, the whiskers, represent minimum and maximum values, 

 The star in the figure indicates outliers. 

 

The aboveground biomass carbon stock was higher in North- east aspect (NE) and lowest in the 

South-eastern (SE) aspect this can be attributed to the occurrence of moisture and favorable 

environment on the North-East as compared to south east. Similar result was reported (Sharma, 

2011). The highest carbon stocks were recorded in the North-west (NW) and the minimum 

carbon stock was recorded in North-east aspect (NE) (Table 6c, Figure 17). This might be due to 
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the absence of high decomposition rate than North-west. Similar results were reported by 

Hamere et al. (2015) and Belay et al. (2014). 

Table 7: The three environmental factors (a) – altitude class, (b) – slope class and (c) – aspect 

facing with biomass and carbon stock density (t/ha) 

Altitudinal 

Class 

 

 

Altitudinal 

Range (masl) 

No. 

Plots 

TAGB TBGB TB TAGC TBGC LB LC SOC TC 

Lower 2348-

2548 

 

4 
429.5 85.9 515.4 214.7 42.9 

0.03 1.1 58.0 316.8 

Middle 2548-

2748 

19 358.6 

 

71.7 430.3 

 

179.3 

 

 

35.9 

 

 

0.05 2.4 119.44 

 

337.1 

Higher 2748-2950 

 

 

13 204.3 40.9 245.2 102.1 20.4 1.10 3.6 156.13 283.4 

 

Slope 

class 

 

Slope 

Rang

e (%) 

No. 

Plot 

AGB BGB TB AGC BGC LB LC SOC TC 

Lower ≤10 9 293 58.6 351.6 146.5 29.3 0.06 2.7 113 291.5 

Mid >10-

20 

 

15 376.4 75.3 451.6 188.2 37.6 

 

0.04 

 

1.9 

 

130.5 

 

358.3 

High >20  

12 237.9 47.6 285.5 118.9 23.8 

 

0.08 

 

3.8 

 

129.7 

 

276.3 

 

Aspect 

(Facings) 

No. 

Plot 

TAGB TBGB TB TAGC TBGC LB LC SOC TC 

N 4 294.73 58.92 353.68 147.36 29.47 0.06 2.55 141.02 320.46 

NE 3 545.60 109.12 654.72 272.80 54.56 0.02 1.02 104.20 432.6 

NW 6 349.73 69.94 419.68 174.86 34.97 0.07 3.68 98.87 312.45 

E 7 364.52 72.90 437.42 182.26 36.45 0.07 2.74 103.44 324.96 

S 4 291.84 58.36 350.21 145.92 29.18 0.05 2.06 131.73 308.94 

SE 4 190.88 38.17 229.06 95.44 19.08 0.07 3.13 131.19 248.91 

SW 4 244.34 48.86 293.21 122.17 24.43 0.05 2.53 152.70 301.88 

W 4 225.36 45.07 270.43 112.68 22.53 0.07 3.14 168.66 307.08 

a 

b 

c 
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5.    SUMMARY AND CONCULUSION 
 

Tropical forests have the largest potential to mitigate climate change amongst the world’s forests 

through conservation of existing carbon pools and expansion of carbon sinks. Ethiopia is one of 

tropical country which has significant forest resource but the studies on carbon stock variation 

along environmental gradients have not been well studied. This study was done with the aim of 

evaluate carbon stock variation along environmental gradient in Gara-Mukitar forest. Data was 

collected from 20 m × 20 m plot along transect in systematically stratified forest part. 

 

Analysis of variation of carbon stock in different carbon pools of Gara-mukitar forest responded 

different carbon storage capacity along different environmental gradients. Maesa lanceolata, 

Juniperus procera and Rhusglutinosa are the dominant species in the area. The study forest is 

mostly dominated by small sized tree species while tree species having lower range of diameter 

possess more density than higher diameter class. The amount of carbon stocks per species was 

varied where the highest carbon stock was recorded for Schefflera abssinica, followed by 

Podocarpus falcatus. The total carbon stock of the study forest was 316.6t/ha of carbon and 

1161.59t/ha of CO2eq. The aboveground belowground, litter and soil carbon density showed 

distinct patterns along altitudinal, aspect and slope gradient and thus the forest has significant 

role in carbon sequestration. 

 

 The present study was limited to carbon stock estimation thus, further studies on composition, 

diversity, structure of woody plants and land-use management system in the study area are 

recommended.  Data from this research can be used as a benchmark for other scholars to conduct 

further study. Therefore the result of the current finding together with other results on forest 

carbon stock would also serve as a potential entry point for the engagement of the forest in 

REDD+ project. 
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7. APPENDICES 

 

Appendix Table 1: Share of biomass carbon stock in each tree species 

Tree Species Tree species mean biomass carbon stock (t/ha) and each Species 

contribution (%) 

TAGB TBGB TB TAGC TBGC TC CO2eq. (%) 

Schefflerra abssinica 320.00 64.00 384.00 32.00 6.40 38.40 140.93 34.29 

Podocarpus falcatus 123.47 24.69 148.16 12.35 2.47 14.82 54.38 13.23 

Croton macrostach. 109.18 21.84 131.01 10.92 2.18 13.10 48.08 11.70 

Juniperus procera  96.89 19.38 116.27 9.69 1.94 11.63 42.67 10.38 

Erythrina abyss. 40.96 8.19 49.15 4.10 0.82 4.92 18.04 4.39 

Allophylus abyss. 38.98 7.80 46.77 3.90 0.78 4.68 17.17 4.18 

Rhusglutinosa 28.76 5.75 34.51 2.88 0.58 3.45 12.67 3.08 

Hagenia abyssi. 28.64 5.73 34.36 2.86 0.57 3.44 12.61 3.07 

Maesa lanceolata 28.56 5.71 34.28 2.86 0.57 3.43 12.58 3.06 

Dombeya torrida 26.18 5.24 31.41 2.62 0.52 3.14 11.53 2.80 

Dichrostachys cin. 18.66 3.73 22.40 1.87 0.37 2.24 8.22 2.00 

Cupressus lucitanica 16.45 3.29 19.74 1.64 0.33 1.97 7.24 1.76 

Dovyalis abyssinica 14.23 2.85 17.07 1.42 0.28 1.71 6.27 1.52 

Bersama abyssinca  12.15 2.43 14.58 1.21 0.24 1.46 5.35 1.30 

Ekebergia capensis 9.93 1.99 11.91 0.99 0.20 1.19 4.37 1.06 

Maytenus gracilipes 9.05 1.81 10.86 0.90 0.18 1.09 3.98 0.97 

Olean eouropiana 6.75 1.35 8.11 0.68 0.14 0.81 2.97 0.72 

Vernonia amygdale. 4.45 0.89 5.34 0.45 0.09 0.53 1.96 0.48 
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Appendix Table 2: The names of tree species with their density and frequency in the study area 

S.No Scientific name Local name Family name No.Sp. 

sample

d 

No. of 

Plots.Sp

p. 

occurred 

Density Frequency(F) 

(Stem 

/ha) 

R.D 

(%) 

Occurred 

in plot 

(%) 

R.F 

(%) 

1 Allophylus abyssinicus Ribiqa Santalaceae 59 20 40.97 6.66 55.56 9.48 

2 Bersama abyssinca  Lolchisa Sapindaceae 25 9 17.36 2.82 25.00 4.27 

3 Croton macrostachyus Del. Bakanisa Eurphorbiaceae 62 27 43.06 7.00 75.00 12.80 

4 Cupressus lucitanica Mill Gattira -faranjii Cuppressaceae 
14 3 9.72 1.58 8.33 1.42 

5 Dichrostachys cinerea Katame(Hatt) Fabaceae 59 12 40.97 6.66 33.33 5.69 

6 Dombeya torrida P. Bamps Danisa Sterculiaceae 37 13 25.69 4.18 36.11 6.16 

7 Dovyalis abyssinica Koshim Flacourtiaceae 31 10 21.53 3.50 27.78 4.74 

8 Ekebergia capensis Sparrm Sombo Meliaceae 7 3 4.86 0.79 8.33 1.42 

9 Erythrina abyssinica.htm Welenso Fabaceae 34 10 23.61 3.84 27.78 4.74 

10 Hagenia abyssinica (Bruce 

J.F Gmel. 

Hexo Rosaceae 

42 7 29.17 4.74 19.44 3.32 

11 Juniperusprocera Hochst.ex 

A.Engl.  

Gaanttira biyya Cuppressaceae 

168 25 116.67 19.0 69.44 11.85 

12 Maesa lanceolata.html Abiye Myrsinaceae 183 29 127.08 20.7 80.56 13.74 

13 Maytenus gracilipes Exell Kombolcha Celastraceae 6 3 4.17 0.68 8.33 1.42 

14 Olean europaea Ejersa Oleaceae 11 4 7.64 1.24 11.11 1.90 
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15 Podocarpus falcatus 

(Thmb.) R.B. ex. Mirb 

Birbirsa Podocarpaceae 

36 15 25.00 4.06 41.67 7.11 

16 Rhusglutinosa Waka Fabaceae 98 16 68.06 11.1 44.44 7.58 

17 Vernonia amygdalina Del Ebicha Asteraceae 13 4 9.03 1.47 11.11 1.90 

18 Schefflera abssinica Juwaelo Araliaceae 1 1 0.69 0.11 2.78 0.47 

 


