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ABSTRACT 
 

Forest Carbon Stock and its Variations along Environmental Gradients in Yerer Forest: 
Implications on Managing the Forest for Climate Change Mitigation 

 
Aregu Balleh Wondimuneh, Msc 
Addis Ababa University, 2015 

 
While carbon sequestration has been a widely recognized means of mitigating climate 
change, forests are proven to play major roles in terrestrial carbon sequestration. 
Environmental gradients, namely, altitude, slope and aspect are the factors that determine the 
carbon capturing potential of a given forest. This study was conducted to estimate carbon 
stock of Yerer Mountain Forest and to determine the influence of slope, elevation and aspect 
in the forest’s carbon sequestration potential.Accordingly, the carbon stock in the different 
pools was estimated, and analysis was made on the influence of environmental gradients by 
collecting data from a 10 m x20 m quadrat laid along transect lines. Samples were taken both 
from plantation and natural forests and analysis of the influence of environmental gradients 
was made separately for both forest types. With minimum value of 17.01 Mg C ha-1 and 
maximum of 109.58 Mg C ha-1, the average AGC of the natural forest was 66.401 Mg C ha-
1. On the other hand, varying from 4.254 to 27.397 Mg C ha, BGC in natural forest was 
found to have mean of 16.6 Mg C ha. As BGC is proportional reflection of AGC, its mean 
value recorded in this study is lower than that reported by studies conducted in other natural 
forests in Ethiopia and other countries.The mean AGC and BGC of  plantation forest of the 
study area was found to be 214.18 and 53.7 Mg ha, respectively, and hence, a total of 267.88 
Mg C ha was found to be stored in the biomass of trees in plantation forest. Plantation forest 
of the study area is dominated by Eucalyptus species though few individuals of two other 
species (Pinus patula and Juniperus procera/ Cupressess lustinica) were encountered during 
the field survey. .For the natural forest, carbon stored in the above ground biomass, below 
ground biomass, litter biomass and in the soil is 66.401, 16.6, 4.14 and 63.25 Mg ha-1, 
respectively. With carbon content of 214.18 Mg ha-1 in the above ground biomass, 53.7 Mg 
ha-1 in the below ground biomass, 5.79 Mg ha-1 in the litter biomass and 93.4 Mg ha-1 in 
the soil, plantation forest was found to be relatively higher in the amount of carbon stock 
stored in all of the four carbon pools as compared to natural forest. The study has also found 
that environmental factors have profound effect on carbon stocks, but, the effect is not similar 
among the four carbon pools. Altitude influences the amount of carbon stored in above and 
below ground biomass of both forests, and carbon stored in the soil under natural forest. Both 
above and below ground carbon stock are higher in the upper altitude parts of the natural 
forest, and in the middle altitude of plantation forest. On the other hand, the soil carbon 
content of the natural forest is relatively higher in the lower altitude than the upper and 
middle one. In this study slope was found to have a significant effect on carbon stocks of three 
carbon pools: above and below ground biomass for both forests, and soil for natural forest. 
Higher carbon in the above and below ground biomass is found in moderate slope positions 
in both the natural and plantation forests. On the other hand, relatively higher soil organic 
carbon in natural forest is found in the upper slope position. The effect of aspect is significant 
only for above and below ground carbon stocks of the plantation forest, and for soil organic 
carbon stock of the natural forest. The southern and southwestern aspects of the plantation 
forest store relatively higher above and belowground carbon stocks. In the natural forest 
higher soil organic carbon is found on the western aspect. 
 
Key words:  Yerer Forest, carbon stock, biomass, sequestration, environmental gradient. 
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1. INTRODUCTION 

1.1 Background 

Over 100 years now since a Swedish chemist, Svante Arrhenius (Arrhenius, 1896) made a 

prediction of climate, the world is aware that carbon dioxide (CO2) emissions particularly 

from fossil fuel burning are increasing and causing global warming. These emissions are 

likely to double by the middle of the next century from levels at Arrhenius’ time. According 

to North East Forestry State (NEFA) (2002), global mean temperature will increase by 1oC by 

the year 2025 and 3oC by the year 2100. 

This coupled with evidences of global warming put forth by the Working Groups’ of the 

Framework Convention on Climate Change (FCCC)’s technical reports, compelled the world 

to respond by the drafting of the Kyoto Protocol (United Nation Framework Convention on 

Climate Change  [UNFCCC], 1997). 

With the drafting of the Kyoto Protocol, the subject of carbon sequestration has become 

stronger and important. The Protocol represents an international effort in limiting the 

continued release of greenhouse gases (GHGs) into the atmosphere by 5% lower than 

1990 levels by 2012 and mitigate global warming. Changes in climate have over the years 

seen exponential growth as both natural and man-made factors build upon one another. 

As emissions in the atmosphere restrict more of the sun’s solar rays from reflecting off 

the earth and back into space, the temperature rises and the ice and snow on the poles 

begin to melt. Historically this ice and snow have reflected light off the earth, but as it melts 

and the underlying ground is exposed, higher levels of solar rays are absorbed, further 

increasing temperatures and continuing to accelerate the speed at which climate change 

occurs. 
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The Rio de Janeiro Environment Conference of 1992 identified deforestation, desertification, 

ozone depletion, atmospheric CO2 emissions and biodiversity as the major global 

environmental issues of concern. Global greenhouse gas emissions due to anthropogenic 

factors (human activities) are the major cause of change in climate and have grown since pre-

industrial times. The  major greenhouse gases playing an important role on earth’s climate 

system and addressed in United Nation Framework Convention on Climate Change 

(UNFCCC) include: water-vapor, Carbon dioxide (CO2), Methane (CH4), Nitrous oxide 

(N2O), Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs) and Sulphur hexafluoride (SF6)  

(IPCC, 2001).  

There is a growing consensus among climate scientists about the threshold marker for 

dangerous climate change. That consensus identifies an increase of 2°C (3.6°F) in average 

global temperatures (over pre-industrial levels) as an advisable ceiling. Beyond this point, the 

risk of abrupt and catastrophic climate change, such as the break-up of the Greenland ice cap, 

rises sharply United Nations Developmwent Programme (UNDP, 2009). 

When the concentration of these GHGs in the atmosphere increases, the temperature of  the 

earths surface is also expected to rise as increasing amounts of solar radiation are trapped 

inside the GHGs. However, the dramatic increase in global surface temperature is mainly due 

to the increase in CO2 concentration in the atmosphere which is largely attributed to human 

activities (Petit et al., 1999). 

Carbon dioxide released to the atmosphere can be captured by natural processes. This 

capturing mechanism is called carbon sequestration. Carbon sequestration removes carbon, in 

the form of CO2, either directly from the atmosphere or at the conclusion of combustion and 

industrial processes. One type of sequestration is the long-term storage of carbon in trees and 

plants (the terrestrial biosphere), commonly referred to as terrestrial sequestration. CO2 
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removed from the atmosphere is either stored in growing plants in the form of biomass or 

absorbed by oceans.  

Before the Industrial Revolution, the concentration of greenhouse gases (GHGs) in the 

atmosphere remained relatively constant. Except for slow changes on a geological time scale, 

the absorption and release of carbon was kept in balance. During that time, changes in 

biomass and soil organic carbon were the main sources of fluctuation in atmospheric levels of 

carbon.  

By clearing forests and burning fossil fuels more rapidly than the carbon can be sequestered, 

industrialization may have altered this equilibrium. Currently, human activity is directly or 

indirectly responsible for the release of 6-7 billion metric tons of carbon annually according 

to United States Environmental Protection Agency [EPA] (2012). According to IPCC (2007), 

since before the Industrial Revolution, CO2 concentrations in the atmosphere have increased 

from 280 parts per million (ppm) to nearly 380 ppm in 2005. CO2 emissions from energy use 

are projected to increase between 40 to 110 percent between 2000 and 2030 (EPA, 2012).  

Responses to climate change concern have focused on reducing emissions of GHGs, 

especially CO2, and on measuring carbon absorbed by and stored in forests, soils, and oceans.  

The 1997 Kyoto Protocol, the first major international agreement on climate change, 

recognized forests playing an important role in mitigating climate change by naturally taking 

carbon out of the atmosphere, thereby reducing the impact of CO2 emissions (IPCC, 2003; 

IPCC, 2007a). 

Similarly IPCC, (2000; 2007b ) states that one option for slowing the rise of GHG 

concentrations in the atmosphere, and thus possible climate change, is to increase the amount 

of carbon removed by and stored in forests.  

Carbon sequestration is the capture and secure storage of carbon dioxide that would 

otherwise be emitted to or remain in the atmosphere. Terrestrial carbon sequestration is 
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carbon stored in the biomass created by perennial vegetation such as root systems and tree 

trunks (EPA, 2012). 

The major natural sinks through which carbon is sequestered from the atmosphere include: 

ocean sequestration in which carbon is stored naturally in the oceans through chemical 

reactions between seawater and CO2 in the atmosphere accounting for a global net uptake of 

about 2 gigatons of carbon (GtC) annually, geologic sequestration in which natural pore 

spaces in geologic formations serve as reservoirs for long-term carbon dioxide storage, and 

terrestrial sequestration whereby a large amount of carbon storage typically accomplished 

through the soil and vegetation practices that enhances the storage of carbon (IPCC, 2000). 

Forests are known to play a critical role in the natural global carbon cycle by capturing 

carbon from the atmosphere through photosynthesis, converting that photosynthate to forest 

biomass, and emitting carbon back into the atmosphere during respiration and decomposition. 

According to IPCC (2007a) report, until 2050 on average, forest has a biophysical mitigation 

potential of 5,380 Mt CO2/yr. It sequesters and stores more carbon than any terrestrial 

ecosystem i.e. they store more than 80% of all terrestrial above ground Carbon and more than 

70% of all soil organic carbon (Jandl et al., 2006; Perschel et al., 2007; Sundquist et al., 

2008).  About 60 gigatons of carbon (GtC) annually are taken up and released by terrestrial 

ecosystems, and another 90 GtC are taken up and released by marine systems. These natural 

fluxes are large compared to the approximately 6.3 GtC currently being emitted from fossil 

fuels and industrial processes and about 1.6 GtC per year from deforestation, predominantly 

in the tropics.  

Carbon is also sequestered in forest soils. Carbon is accumulated in the soil as dead 

vegetation is added to the surface and decomposers respond, although it is slowly released to 

the atmosphere. In addition, carbon is also injected in to the soil as the root biomass grows 

(Harper et al., 2005). 
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  1.2 Statement of the Problem  

The risk of global climate change as a result of rising greenhouse gas emissions presents a 

profound challenge to the international community. There is increasing concern about climate 

change and variability, which has led to a rapidly growing body of research on impacts of 

warming on various  economic  sectors including  agriculture. Changes in land use of the 

forest ecosystem have occurred as a result of climate change and these have been documented 

by various researchers. The extent to which GHGs especially CO2 absorbed by “sinks” such 

as forests have been the focus of  international negotiations.  Thus, it is widely recognized 

that large scale reductions in CO2 emissions are required to fairly strict limits on how much 

carbon absorbed so as to mitigate the climate change.  

The Kyoto Protocol suggests both natural and deliberate ways of sequestering carbon to 

decrease the net flux of CO2 to the atmosphere in different carbon pools (oceans, vegetation, 

soils, and porous rock formation. Therefore, forest preservation is believed to help maintain 

carbon storage while forest management that increases carbon sequestration can augment 

forests’ natural carbon storage capacity.  

The total size of global carbon pool in the forest vegetation has been estimated at 359 GtC 

compared to annual global carbon emissions from industrial sources of approximately 6.3 

GtC (IPCC, 2000). The potential impact on the global carbon cycle of anthropogenic changes 

in forests is enormous. About 20 percent of the world’s greenhouse gas (GHG) emissions are 

caused by deforestation and land use changes globally. The problem is especially acute in 

tropical regions, which include some of the world’s most biologically rich countries. In 

tropical regions, emissions attributable to deforestation and other land clearance are much 

higher, up to 40 percent of national totals (World Bank [WB], 2008).  

Hegerl et al. (2007) indicated that about 25% of global GHG emissions come from tropical 

deforestation. The problem is especially severe in developing countries where deforestation is 
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increasing at an alarming rate (Luke et al., 2007; Michael et al., 2008). 

The United N Nations D evelopment Pprogramme  Human Development Report (2007/2008) 

estimates that the increase in the concentration of carbon dioxide in the atmosphere must be 

limited to 450 parts per million (ppm) of CO2 e if the world is to have a fifty-fifty chance of 

not crossing the temperature threshold. Working backwards, this means that no more than 

1,456 Gt CO2 or around an annual average of 14.5 Gt CO2, of carbon dioxide emissions 

should be released into the atmosphere in the 21st century, in order to maintain this 

atmospheric concentration level. Our current annual emissions are running at twice this level, 

at 29 Gt CO2 (UNDP, 2009). 

In Ethiopia deforestation is a severe problem. The rate of deforestation due to mainly 

agricultural expansion and fuel wood gathering is remarkably high. This process has 

immense impacts on biodiversity and ultimately leads to desertification (National 

Mreteorological Agency [NMA], 2007).  Even though the original forest cover of Ethiopia is 

not well documented, and estimates are not consistent, about 420,000 square kilometers (35% 

of Ethiopia‘s land) was covered by woody plants during twentieth century. This  forest cover 

had  declined to 2.4% in 1992.The current study shows less than 14.2% of the forest of the 

entire country is covered with trees (Mesfin Sahile, 2011).  

Desertification is also one of the most pressing problems facing Ethiopia, in immediate and 

practical ways. Frequent drought, crop failure and famine are becoming common events in 

the highlands which are the indicators of desertification. As indicated by Yitebitu Moges et al. 

(2010), Ethiopian forests contain about 272 million metric tons of carbon, which is almost 

83% global annual carbon emission (333 Mega tone of carbon per year). Forest management 

activities are increasingly taking into consideration the role of forests as carbon sinks and 

there is a pressing need for more information about factors that determine carbon storage in 

forests (McEwan et al., 2011). Similarly Abiyou Tilahun (2009), states that information on 
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forest structure is very important to conserve healthy regeneration of the species 

underutilization. 

Environmental factors are known to regulate carbon storage in forest ecosystems. 

Topographic characteristics such as altitude, slope and aspect are known to drive patterns of 

tree species distribution and influence forest carbon stock (Valencia et al., 2009; McEwan et 

al., 2011).  Carbon storage in forests is also known to be related to biotic factors such as 

species diversity. Individual tree species have unique functional traits, such as specific leaf 

area and wood density that convey a particular capacity for carbon capture and sequestration. 

Thus, species rich forests may have an increased capacity for carbon storage (Brown et al., 

1999; McEwan et al., 2011). 

In Ethiopia carbon inventories and databank to monitor and enhance carbon sequestration 

potential of different forests are not available, and if they exist they are at micro level. No 

research has yet been carried out on Yerer Mountain forest to estimate its carbon 

sequestration potential. Therefore, this study was conducted to identify the influence of 

environmental factors on forest carbon stocks and to estimate the carbon stocks capacity of 

Yerer Mountain forest by analysing the potential of the different carbon pools from above and 

below ground. 

1.3 Objectives of the Study  

     1.3.1 General Objective  

The overall objective of this study was to estimate the carbon sequestration potential of 

Mount Yerer Forest along with environmental gradients by evaluating above and below 

ground biomass, dead litter, and soil carbon so as to enhance the management of forest for 

carbon sinks and forest resource conservation. 
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  1.3.2   Specific Objectives 

• To estimate carbon sequestered  in above, below ground biomass, dead litter 

and soil 

• To determine the effect of elevation, slope and aspect on carbon stock, and 

• To provide baseline information for the future management of the forest. 
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2. REVIEW OF RELATED LITERATURE 

     2.1 Emergence of Climate Change as a Global Phenomenon: Overview 

In the late 1970s scientists initiated discussions on global environmental problems, which 

exceeded the scope of national and regional government. At the beginning this was primarily 

the threat of ozone layer depletion and the danger of human exposure to excessive ultraviolet 

radiation. The next global problem is climate change and related issues. Human activity is the 

cause of both these hazards (International Panel on Climate Change [IPCC], 2007). 

Warming of the climate system is unequivocal, as is now evident from observations of 

increases in global average air and ocean temperatures, widespread melting of snow and ice 

and rising global average sea level. Changes in climate have seen exponential growth as both 

natural and man-made factors build upon one another (Waverley, 2006; IPCC, 2007b). 

Climate change refers to a change in the state of the climate that can  be identified (e.g. using 

statistical tests) by changes in the mean and/or the  variability of its properties and that 

persists for an extended period, typically decades or longer (IPCC, 2007). It refers to any 

change in climate over time, whether due to natural variability or as a result of human 

activity.  Meanwhile IPCC’s definition of climate change differs from that of the United 

Nations Framework Convention on Climate Change (UNFCCC), in that the later refers to a 

change of climate that is attributed directly or indirectly to human activity that alters the 

composition of the global atmosphere and that is in addition to natural climate variability 

observed over comparable time periods. 

Eleven of the last twelve years (1995-2006) rank among the twelve warmest years in the 

instrumental record of global surface temperature (since 1850). The 100-year linear trend 

(1906-2005) of 0.74 [0.56 to 0.92]°C is larger than the corresponding trend of  0.6 [0.4 to 

0.8]°C (1901-2000). The linear warming trend over the 50 years from 1956 to 2005 (0.13 

[0.10 to 0.16]°C per decade) is nearly twice that for the 100 years from 1906 to 2005 



 
 
                                                                               

10 
 

 (IPCC, 2006). 

The temperature increase is widespread over the globe and is greater at higher northern 

latitudes. Average Arctic temperatures have increased at almost twice the global average rate 

in the past 100 years. Land regions have warmed faster than the oceans. According to IPCC 

(2007) report observations since 1961 show that the average temperature of the global ocean 

has increased to depths of at least 3000m and that the ocean has been taking up over 80% of 

the heat being added to the climate system. New analyses of balloon borne and satellite 

measurements of lower- and mid-tropospheric temperature show warming rates similar to 

those observed in surface temperature.  

Increases in sea level are consistent with warming. Global average sea level rose at an 

average rate of 1.8 [1.3 to 2.3] mm per year over 1961 to 2003 and at an average rate of about 

3.1 [2.4 to 3.8] mm per year from 1993 to 2003 (IPCC, 2007). According to the same IPCC 

report since 1993 thermal expansion of the oceans has contributed about 57% of the sum of 

the estimated individual contributions to the sea level rise, with decreases in glaciers and ice 

caps contributing about 28% and losses from the polar ice sheets contributing the remainder. 

From 1993 to 2003 the sum of these climate contributions is consistent within uncertainties 

with the total sea level rise that is directly observed. 

Observed decreases in snow and ice extent are also consistent with warming. Satellite data 

since 1978 show that annual average Arctic sea ice extent has shrunk by 2.7 % per decade, 

with larger decreases in summer of 7.4 % per decade. Mountain glaciers and snow cover on 

average have declined in both hemispheres. The maximum areal extent of seasonally frozen 

ground has decreased by about 7% in the Northern Hemisphere since 1900, with decreases in 

spring of up to 15%. 

Temperatures at the top of the permafrost layer have generally increased since the 1980s in 

the Arctic by up to 3°C. At continental, regional and ocean basin scales, numerous long term 
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changes in other aspects of climate have also been observed. 

Trends from 1900 to 2005 have been observed in precipitation amount in many large regions. 

Over this period, precipitation increased significantly in eastern parts of North and South 

America, northern Europe and northern and central Asia whereas precipitation declined in the 

Sahel, the Mediterranean, southern Africa and parts of southern Asia. Globally, the area 

affected by drought has likely2 increased since the 1970s. 

Some extreme weather events have changed in frequency and/ or intensity over the last 50 

years: It is very likely that cold days, cold nights and frosts have become less frequent over 

most land areas, while hot days and hot nights have become more frequent.  

According to IPCC (2007) report, it is likely that heat waves have become more frequent over 

most land areas; the frequency of heavy precipitation events (or proportion of total rainfall 

from heavy falls) has increased over most areas, and the incidence of extreme high sea level 

has increased at a broad range of sites worldwide since 1975.  

The report also states the existence of observational evidence of an increase in intense 

tropical cyclone activity in the North Atlantic since about 1970, and suggestions of increased 

intense tropical cyclone activity in some other regions where concerns over data quality are 

greater. Multi-decadal variability and the quality of the tropical cyclone records prior to 

routine satellite observations in about 1970 complicate the detection of long term trends in 

tropical cyclone activity.  

Average Northern Hemisphere temperatures during the second half of the 20th century were 

very likely higher than during any other 50-year period in the last 500 years and likely the 

highest in at least the past 1300 years.  Moreover, the same IPCC evidence from all 

continents and most oceans shows that many natural systems are being affected by regional 

climate changes, particularly temperature increases. Natural systems related to snow, ice and 

frozen ground (including permafrost) are affected.  
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Based on growing evidence, there is high confidence that the following effects on 

hydrological systems are occurring: increased runoff and earlier spring peak discharge in 

many glacier- and snow fed rivers, and warming of lakes and rivers in many regions, with 

effects on thermal structure and water quality (IPCC, 2007). 

           There is very high confidence, based on more evidence from a wider range of species, that 

recent warming is strongly affecting terrestrial biological systems, including such changes as 

earlier timing of spring events, such as leaf-unfolding, bird migration and egg-laying; and 

pole ward and upward shifts in ranges in plant and animal species. Based on satellite 

observations since the early 1980s, there is high confidence that there has been a trend in 

many regions towards earlier ‘greening’ of vegetation in the spring linked to longer thermal 

growing seasons due to recent warming (IPCC, 2007).  

Based on the same report observed changes in marine and freshwater biological systems are 

associated with rising water temperatures, as well as related changes in ice cover, salinity, 

oxygen levels and circulation.  

Effects of temperature increases have been documented with medium confidence in the 

following managed and human systems: agricultural and forestry management at Northern 

Hemisphere higher latitudes, such as earlier spring planting of crops, and alterations in 

disturbances of forests due to fires and pests (IPCC, 2006). 

Some aspects of human health, such as excess heat-related mortality in Europe, changes in 

infectious disease vectors in parts of Europe, and earlier onset of and increases in seasonal 

production of allergenic pollen in Northern Hemisphere high and mid-latitudes have been 

evidenced. 

Changes in the ocean and on land, including observed decreases in snow cover and Northern 

Hemisphere sea ice extent, thinner sea ice, shorter freezing seasons of lake and river ice, 

glacier melt, decreases in permafrost extent, increases in soil temperatures and borehole 
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temperature profiles, and sea level rise, provide additional evidence that the world is 

warming.  

Global GHG emissions due to human activities have grown since pre-industrial times, with 

an increase of 70% between 1970 and 2004 (IPCC, 2007).  

The major greenhouse gases playing an important role on earth’s climate system and 

addressed in United Nation Framework Convention on Climate Change (UNFCCC) include: 

water-vapor, Carbon dioxide (CO2), Methane (CH4), Nitrous oxide (N2O), 

Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs) and Sulphur hexafluoride (SF6) 

(IPCC, 2001). 

Carbon dioxide (CO2) is the most important anthropogenic GHG. Its annual emissions have 

grown between 1970 and 2004 by about 80%, from 21 to 38 gigatonnes (Gt), and represented 

77% of total anthropogenic GHG emissions in 2004. The rate of growth of CO2 e emissions 

was much higher during the recent 10-year period of 1995-2004 (0.92 GtCO2-eq per year) 

than during the previous period of 1970-1994 (0.43 Gt CO2 e per year). 

The atmospheric concentrations of CO2 and CH4 in 2005 exceed by far the natural range over 

the last 650,000 years. Global increases in CO2 concentrations are due primarily to fossil fuel 

use, with land-use change providing another significant but smaller contribution. It is very 

likely that the observed increase in CH4 concentration is predominantly due to agriculture and 

fossil fuel use. The increase in N2O concentration is primarily due to agriculture.  

According to IPCC (2007) the global atmospheric concentration of CO2 increased from a pre-

industrial value of about 280ppm to 379ppm in 2005. The annual CO2 concentration growth 

rate was larger during the last 10 years (1995-2005 average: 1.9ppm per year) than it has been 

since the beginning of continuous direct atmospheric measurements (1960-2005 average: 

1.4ppm per year), although there is year-to-year variability in growth rates. 

The same report also shows that global atmospheric concentration of CH4 has increased from 
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a pre-industrial value of about 715ppb to 1732ppb in the early 1990s, and was 1774ppb in 

2005. Growth rates have declined since the early 1990s, consistent with total emissions (sum 

of anthropogenic and natural sources) being nearly constant during this period.  

The global atmospheric N2O concentration increased from a pre-industrial value of about 

270ppb to 319ppb in 2005. Many halocarbons (including hydrofluorocarbons) have increased 

from a near-zero pre-industrial background concentration, primarily due to human activities. 

By 2020, between 75 and 250 million of people are projected to be exposed to increased 

water stress due to climate change. By 2020, in some countries, yields from rain-fed 

agriculture could be reduced by up to 50%. Agricultural production, including access to food, 

in many African countries is projected to be severely compromised. This would further 

adversely affect food security and exacerbate malnutrition (IPCC, 2007).  

Towards the end of the 21st century, projected sea level rise will affect low-lying coastal 

areas with large populations. The cost of adaptation could amount to at least 5 to 10% of 

GDP. 

By 2080, an increase of 5 to 8% of arid and semi-arid land in Africa is projected under a 

range of climate scenarios (high confidence) (IPCC, 2007). 

2.2 Forest Ecosystems and Climate Change 

Forest ecosystems play an important role in mitigating the climate change problem because 

they can both be sources and sinks of atmospheric CO2. Carbon stored in the trees is most 

directly affected by forest management. Forests can be managed to assimilate CO2 via 

photosynthesis, and store carbon in biomass and in soil ( Brown et al., 1996).  

Trees and plants are essential for a stable climate. They help remove carbon dioxide (a heat-

trapping gas) from the air by storing it in their leaves, wood, roots and soils. But when trees 

and plants are destroyed, this stored carbon dioxide is released into the atmosphere, where it 

contributes to climate change. In fact, deforestation and land use change contributes 
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approximately 20 to 25 percent of the carbon emissions that cause climate change. Because 

the trees absorb carbon dioxide as they mature, reducing deforestation provides an important 

ecosystem service — carbon sequestration. The benefits of this are twofold: Forests not only 

contribute to a solution to climate change, but also create valuable habitat that sustains and 

protects the area's unique plants and animals. Tropical forests have the biggest long-term 

potential to sequester atmospheric carbon by protecting forested lands, reforestation, slowing 

down deforestation, and agroforestry (Brown et al., 1996).  

A DICE model (Nordhaus and Boyer, 2000) showed that forests could account for 

approximately a third of total abatement over the next century. That study, however, looked at 

only two potential policy responses. More stringent policy targets, or policies that include 

additional abatement options, such as methane abatement, could lead to different greenhouse 

gas price paths, and different implications for the ―whereǁ and ―whenǁ of accomplishing 

carbon sequestration in forests. 

2.3 GHG Emission Reduction Options and the Role of Forests  

Forest management practices can be grouped into three categories based on how they are 

viewed to curb the rate of increase in atmospheric CO2. These categories are: (1) management 

for carbon emission avoidance or conservation, (2) management for carbon storage or 

sequestration, and (3) management for carbon substitution (Brown et al., 1996). 

i. Emission avoidance: The main goal of management for carbon emission avoidance is to 

conserve existing carbon pools in forest vegetation and soil through options such as 

controlling deforestation or logging, protecting forest in reserves, changing harvesting 

regimes (reduced impact logging), and controlling other anthropogenic disturbances such as 

fire and pest outbreaks. Reducing tropical deforestation and forest degradation rates would 

require action to reduce the pressures for land and commodities while increasing the 

protection of remaining forests for the purposes of conservation and timber production. 
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Global action to mitigate carbon emissions by conserving carbon pools may lead to more 

interest and success in controlling deforestation and making agriculture more sustainable. 

ii. Substitution:  Management for carbon substitution aims at increasing the transfer of forest 

biomass carbon into products (e.g., construction materials and biofuels) rather than using 

fossil-fuel-based energy and products and cement-based products. Substitution management 

has the greatest mitigation potential in the long term.  Fossil fuel substitution with biomass 

derived from sustainably managed renewable resources such as forests, will: i) delay the 

release of carbon from fossil fuel until it is needed sometime in the future; ii) increase 

standing stock of forests; and iii) maintain their carbon sink. 

   iii. Sequestration: There are two types of carbon sequestration, namely artificial and 

natural carbon sequestration (Sundquist et al., 2008). 

 Artificial Carbon Sequestration: Artificial carbon sequestration refers to a process 

whereby carbon emissions are captured at the point of product and then, buried. Artificial 

carbon sequestration captures and stores CO2 by capturing it at its source such as power 

plants, industrial processes, and subsequently stores it in non-atmospheric reservoirs (e.g., 

depleted oil and gas reservoirs, deep saline formations, deep ocean) (Herzog, 2001; Han et 

al., 2007; Sundquist et al., 2008).  

Ocean can be used as artificial CO2 reservoir through direct injection of a relatively pure CO2 

stream to ocean depths greater than 1000 meters according to Earthwatch (2007). 

The other form of artificial carbon sequestration is what is called geologic carbon 

sequestration. The geologic carbon sequestration method involves injecting CO2 directly into 

underground geological formations. Geological sinks for CO2 include deep saline formations, 

depleted oil and gas reservoirs, and unminable coal seams. These are dispersed worldwide 

and have been suggested as storage sites (Herzog, 2001; Sundiquist et al., 2008). Together, 

these can hold 100s- 1000s GtC of carbon. As compared to the rates of terrestrial carbon 
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uptake, geologic sequestration is currently used to store only small amounts of carbon per 

year. 

There is a combination of three different mechanisms during sequestration in deep saline 

formations or in oil and gas reservoirs. These include: displacement of the in situ fluids by 

CO2, dissolution of CO2 into the fluids, and chemical reaction of CO2 with minerals present in 

the formation to form stable, solid compounds like carbonates. Displacement dominates 

initially, but dissolution and reaction become more important over timescales of decades and 

centuries (Herzog, 2001). The captured CO2 is piped 1 to 4 kms below the land surface and 

injected into porous rock formations. In addition, the permanence of geologic sequestration 

depends on the effectiveness of several CO2 trapping mechanisms whereas its capacity for 

sequestration is mostly constrained by the volume and distribution of potential storage sites 

(Sundquist et al., 2008). 

Societies can respond to climate change by adapting to its impacts and by reducing GHG 

emissions (mitigation), thereby reducing the rate and magnitude of change. This Topic 

focuses on adaptation and mitigation options that can be implemented over the next two to 

three decades, and their inter-relationship with sustainable development. 

Natural Carbon Sequestration: The natural carbon sequestration is the process by which 

nature has achieved a balance of CO2 in the atmosphere suitable for sustaining life. Nature 

provided trees, the oceans, earth and the animals themselves as carbon sinks, or sponges and 

all used as a way of removing CO2 otherwise the surface of the planet would rapidly overheat 

(Herzog, 2001; Sundquist et al., 2008). 

Terrestrial carbon, in the form of trees, soil and peat, plays a significant role in the 

sequestration of greenhouse gases ("GHGs"). The Earth's forests, peatlands and agricultural 

lands are among the planet's carbon "sinks," regulating the flow of carbon from and into the 

atmosphere. Conversely, a release of terrestrial carbon (for example, by the destruction of 
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forests or the burning of peatlands) can be a major source of emissions and a driver of 

increased concentrations of GHG's in the atmosphere  

Terrestrial ecosystems are widely recognized as a major biological sequester of CO2 (Han et 

al., 2007). Of these, plants and soils are by far the largest. Unlike the geologic and oceans, 

most of the carbon in terrestrial ecosystems exists in organic (compounds produced by living 

things, including leaves, wood, roots, dead plant material and the brown organic matter in 

soils) forms  (Herzog, 2001; Han et al., 2007). Plants exchange carbon with the atmosphere 

relatively rapidly through photosynthesis, in which CO2 is absorbed and converted into new 

plant tissues, and respiration, where some fraction of the previously captured CO2 is released 

back to the atmosphere as a product of metabolism. Of the various kinds of tissues produced 

by plants, woody stems such as those produced by trees have the greatest ability to store large 

amounts of carbon, because wood is dense and trees can be large. Collectively, the Earth’s 

plants store approximately 560 PgC (1Pg= 1015g), with the wood in trees being the largest 

fraction (Herzog, 2001; Han et al., 2007). 

Terrestrial carbon sequestration is typically accomplished through forest and soil 

conservation practices that enhance the storage of carbon (such as restoring and establishing 

new forests, wetlands, and grasslands) or reduce CO2 emissions (such as reducing agricultural 

tillage and suppressing wildfires) (Sundquist et al., 2008). There are different ways for 

enhancing the potential of terrestrial carbon sequestration  (U.S National Energy Technology 

Laboratory [USNETL], 2000; Han et al., 2007). These includes: reversing the land use 

patterns, reducing decomposition of organic matter, increasing the photosynthetic carbon 

fixation of live trees and other vegetation, and creating energy offsets using biomass for fuels 

and other products. The terrestrial biosphere is estimated to sequester large amounts of 

carbon, about 2 billion tons (2Gts) of carbon annually. The total amount of carbon stored in 

soils and vegetation throughout the world is estimated to be about 2000-2500 Gts (USNETL, 
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2000; Herzog, 2001). Soil carbon storage is the largest terrestrial sink (Han et al., 2007). 

Moreover, ocean can also serve for a natural carbon sequestration. The ocean represents a 

large potential sink for sequestration of anthropogenic CO2 emissions. It represents the largest 

active carbon sink on Earth, currently accounting for a global net uptake of about 2 Gts of 

carbon annually that humans put into the air (Sundquist et al., 2008). This uptake is not a 

result of deliberate sequestration, but occurs naturally through chemical reactions between 

seawater and CO2 in the atmosphere. While absorbing atmospheric CO2, these reactions 

cause the oceans to become more acidic. The net oceanic uptake of Corbon dioxide from the 

atmosphere can be enhanced by fertilization of phytoplankton with micro- or macronutrients. 

Management for carbon sequestration means increasing the amount of carbon stored in 

vegetation (living above and below ground biomass), dead organic matter and soil (litter, 

dead wood, and mineral soil), and durable wood products. Increasing the carbon pool in 

existing forests can be accomplished by silvicultural treatments, protecting secondary forests 

and other degraded forests whose biomass and soil carbon densities are less than their 

maximum value and allowing them to sequester carbon by natural or artificial regeneration, 

and to establish plantations on non-forested lands or increase the tree cover on agricultural 

or pasture lands (agroforestry) for environmental protection and local needs (Lugo  and 

Brown, 1993). There is need to assess the total amount of carbon that can be can be 

conserved in trees planted in farms. 

Carbon sequestration removes carbon, in the form of CO2, either directly from the 

atmosphere or at the conclusion of combustion and industrial processes. One type of 

sequestration is the long-term storage of carbon in trees and plants (the terrestrial biosphere), 

commonly referred to as terrestrial sequestration. CO2 removed from the atmosphere is either 

stored in growing plants in the form of biomass or absorbed by oceans. Sequestration 

activities can help prevent global climate change by enhancing carbon storage in trees and 
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soils, preserving existing tree and soil carbon, and by reducing emissions of GHGs 

(Earthwatch, 2007; Sundquist et al., 2008). It complements two other major approaches for 

GHG reduction, namely improving energy efficiency and increasing use of non-carbon 

energy sources.  

2.4 The Role of Tropical Forests in Carbon Cycle 

Tropical forests play a vital role in the global carbon cycle. Forests absorb carbon through 

photosynthesis and sequester it as biomass, thus creating a natural storage of carbon (Dixon 

et al., 1994; Broadmeadow and Robert, 2003). However, the quantity of carbon accumulated 

in the forest is strictly finite since the forests accumulate until the point when equilibrium is 

reached. 

On the other hand, the accumulation of carbon by a forest is reversible, with carbon being 

returned to the atmosphere through dieback, decay and burning of wood if the forest stands 

are not maintained (Broadmeadow and Robert, 2003). 

All plant material contains carbon (normally around 50% of dry weight), and burning or 

decomposition of cleared vegetation releases it to the atmosphere, mainly in the form of CO2. 

In addition, Broadmeadow and Robert (2003) indicated that, deforestation is estimated to 

have released an additional 1.6 GtC per year into the atmosphere during the 1990s, while 

terrestrial vegetation is believed to have absorbed between 2 and 3 GtC per year at the same 

time. Plants and particularly trees, because of their large biomass per unit area of land, 

continue to make an important contribution to the global carbon cycle. 

The Carbon Cycle is the movement of carbon, in its many forms, between 1) all living plants 

and animals, 2) the atmosphere, 3) water, and 4) soil and rocks whereas, carbon flux is a 

transfer of carbon from one pool to another (Luke et al., 2007). It has a large effect on the 

function and well-being of our planet. Globally, the carbon cycle plays a key role in 

regulating the Earth’s climate by controlling the concentration of CO2 in the atmosphere 
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(Luke et al., 2007). Thus, the carbon balance of a forest needs to take into account the 

exchange of carbon between the atmosphere and all the carbon pools associated with the 

forest (Broadmeadow and Robert, 2003). 

Dixon et al. (1994) indicated that tropical forests play an important role in the global carbon 

budget because they contain about as much carbon in their vegetation and soils as temperate 

zone and boreal forests combined. They store on average about 50% more carbon per unit 

area than forests outside the tropics. As a result, these forests affect both inputs and outputs to 

the global carbon budget because they can be either sinks and remove CO2 from the 

atmosphere through net primary productivity, re-growth of secondary forests, and long-term 

carbon storage, or sources of CO2 and non- CO2 GHG emissions to the atmosphere through 

the processes of deforestation, degradation, devegetation, and biomass burning (UNFCCC, 

2006). For instance, Houghton et al. (2001) explained that forest vegetation of the Amazon 

region stores about 70 Gt of carbon (amounting to between 10 and 15% of global terrestrial 

biomass). However, the period from 1970 to 1998 about 7 GtC has been released to the 

atmosphere because of deforestation.  

Similarly, the permanent conversion of forested to non-forested area in developing countries 

created a significant impact on the accumulation of GHGs in the atmosphere (UNFCCC, 

2006). 

Tropical forests have the biggest long-term potential to sequester atmospheric carbon by 

protecting forested lands, reforestation, slowing down deforestation, and agroforestry. At the 

same time at present, tropical forests are estimated to be a net source of 1.8 GtC per year 

primarily because of deforestation, harvesting and forest degradation (Watson et al., 2000). 

2.5 GHG Emission Reduction under the Framework of Kyoto Protocol 

Forests sequester and store more carbon than any other terrestrial ecosystem and are an 

important natural ‘brake’ on climate change. When forests are cleared or degraded, their 
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stored carbon is released into the atmosphere as CO2. According to Houghton (2005), 

tropical deforestation is estimated to have released of the order of 1–2 billion tons of carbon 

per year during the 1990s, roughly 15–25% of annual global GHGs emissions. The largest 

source of GHG emissions in most tropical countries is from deforestation and forest 

degradation. For instance, Food and Agriculture Organization [FAO] (2005) cited in Gibbs et 

al. (2007) report shows that deforestation in Africa accounts nearly about 70% of total 

emissions whereas global emissions from deforestation contribute between 20 and 25% of 

all GHG emissions (Plantinga and Richards, 2008). The size of the total global carbon pool 

in forest vegetation has been estimated at 359 GtC, compared to annual global carbon 

emissions from industrial sources of approximately 6.3 GtC (IPCC, 2000b). The potential 

impact on the global carbon cycle of both natural and anthropogenic changes in forests is 

enormous (Plantinga and Richards, 2008). Similarly, Hegerl et al. (2007) indicated that 

about 25% of global GHG emissions coming from tropical deforestation, realizing forest 

loss as a significant source of GHG emissions and one of the underlying drivers of climate 

change. According to Luke et al. (2007) and Michael et al. (2008), the problem is especially 

severe in developing countries where deforestation is increasing at an alarming rate. 

 Different options have been developed as an attempt to confront and begin to reverse the 

rising CO2 concentrations especially after the ratification of Kyoto Protocol of the UNFCCC. 

These includes enhancement of both the natural and deliberate way of sequestering carbon to 

decrease the net flux of CO2 to the atmosphere in different carbon pools (oceans, vegetation, 

soils, and porous rock formations) (Sundquist et al., 2008). Forests are current focus for 

action since they play an important role in mitigating climate change by naturally taking 

carbon out of the atmosphere.  

 The 1997 Kyoto Protocol, the first major international agreement on climate change, 

recognized that forests are playing an important role in mitigating climate change by 
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naturally taking carbon out of the atmosphere, thereby reducing the impact of CO2 emissions 

(IPCC, 2003; IPCC, 2007a; Perschel et al., 2007). The protocol prescribes an allowable 

quantity of greenhouse gas emissions for each industrially developed country. This amount is 

called the “fixed amount” for the “commitments validity period 2008-2012”. Commitments 

are referred to industrially developed countries listed in Annex 1 to UNFCCC, and 

commitments quantification is given in Annex 2 to the Protocol. These commitments 

represent a 5.2% reduction in emissions compared to 1990 levels. 

 Obligations under the Kyoto protocol gases from clearly defined sources; this covers almost    

all anthropogenic greenhouse gas emissions in industrially developed countries ( Global 

Environment Fund [GEF], 2008). 

Forest preservation maintains carbon storage and forest management that increases carbon 

sequestration can augment forests’ natural carbon storage capacity. 

Kyoto Protocol is an agreement on global warming made under the United Nations 

Conference on Climate Change (UNFCC) in Kyoto, Japan, in 1997. The agreement came into 

force in 2005 and a total of 163 countries have ratified the agreement (representing over 

61.6% of emissions from Annex I countries). It is a key step towards the mitigation of climate 

change due to increased GHGs accumulation in the atmosphere. It was the first international 

agreement, which legally binds, developed nation to reduce worldwide emissions of GHGs 

from signatory countries (Sada, 2007). 

The Kyoto Protocol recognizes in its Articles 3.3 and 3.4 the importance of forests (Henry, 

2010). The potential development of forest activities depends on the biophysical and 

socio‐economic context of the countries, the legal aspects of the agreement and the 

economic costs of their implementation. With this regard, on the basis of economy, the 

protocol divides the world as industrialized nations and economies in transition and 

developing countries with no binding limits. The protocol insists the parties reduce their 
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anthropogenic GHG emissions through the conservation and enhancement of the carbon 

stored in forest ecosystems. The Kyoto agreement encourages industrialized countries to 

reduce their GHG emissions by an average of 5.2% below their 1990 levels between the 

years 2008 to 2012. The requirement to effect measurements of carbon stocks is embedded 

in the Kyoto Protocol. This is in the light of scientific evidence that the parties review the 

protocol. In addition, UNFCCC requires parties to periodically report on biomass and carbon 

stock changes in their forests. Thus, parties must therefore establish their levels of carbon 

stocks so as to use the sink capacity of forests to meet their reporting requirements 

(UNFCCC, 1997). 

The Kyoto Protocol to the United Nations Framework Convention on Climate Change 

(UNFCCC, 1997) establishes the principle that carbon sequestration can be used by 

participating nations to help meet their respective net emission reduction targets for carbon 

dioxide and other greenhouse gases. After fossil-fuel combustion, deforestation is the second 

largest source of carbon dioxide emissions to the atmosphere. Estimates of annual global 

emissions from deforestation range from 0.6 to 2.8 billion tons, compared with slightly less 

than 6.0 billion tons annually from fossil-fuel combustion, cement manufacturing, and 

natural gas flaring, combined. There are three pathways along which carbon sequestration is 

of relevance for atmospheric concentrations of carbon dioxide: carbon storage in biological 

ecosystems, carbon storage in durable wood products, and substitution of biomass fuels for 

fossil fuels (Richards and Stocks, 1995). 

The Protocol attempted to reconcile the diversity of viewpoints on land use change and 

forestry. According to article 3.3 of the Protocol, land-use change and forestry activities that 

can be counted toward the emissions reduction target include afforestation, reforestation, and 

deforestation.  

A variety of ways in which emissions can be abated, include the Clean Development 
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Mechanism (CDM) (IPCC, 2000). In the CDM, emission reduction projects implemented in 

developing countries sell certificates of emissions reductions to parties with emission 

reduction targets within the Kyoto Protocol. Additionally, the CDM promotes synergism, 

both in the energy sector and the forestry sector, such as combined energy production or fuel 

switching, industrial applications and land-use change, including tree plantations and forest 

regeneration. The emergence of a global market for carbon credits, earned through 

investments in activities that quantifiably offset or reduce carbon emissions, offers a 

powerful, but not yet fully refined, tool to finance improved forest management and 

sustainable development. By 2000, well before the 2005 ratification of the Kyoto Protocol 

and its Clean Development Mechanism, over 150 bilateral carbon-trading projects had been 

developed. Model-based assessments of carbon storage in Africa‘s forests indicate that much 

of the areas that are biophysically capable of supporting carbon rich tropical forests are 

currently degraded and deforested (Brown and Gaston, 1995).  

2.6 Factors Influencing Carbon Sequestration in Forest Ecosystems 

2.6.1 Topography 

Topography is one of the most important environmental gradients that affect biomass, stem 

size, and stand density and spatial heterogeneity of stems. Topographic factors such as 

altitude, slope and aspect have also a significant effect on the carbon stock of forests. On the 

other hand, Sheikh et al. (2009) indicated that forest carbon stock can increase or decrease 

depending on a number of factors such as climate, vegetation type, nutrient availability, 

disturbance, and land use and management practice. 

2.6.2 Altitude 

  According to Luo et al.(2005); Mooser et al. (2007);  and Alves et al. (2010), altitude has a 

major impact on the diversity, biomass and carbon stock in the forest ecosystems. Altitude 

has a significant effect on species richness, which declines even with a 100m increase in 
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altitude and also affects species composition (Sheikh et al., 2009). On the other hand, the 

increase in precipitation and decrease in temperature with an increase in altitude creates 

change in climate along the altitudinal gradient influencing the composition and productivity 

of vegetation and consequently affect the quantity and turnover of SOM (de Castilho et al., 

2006). 

Similarly, Sheikh et al. (2009) stipulated that altitude affect the SOM by controlling soil 

water balance, soil erosion and geologic deposition process and this further affects the 

quantity of the whole carbon stock of the forest. For instance, the result of the study carried 

by de Castilho et al. (2006) showed that the total biomass increased with altitude. Therefore, 

emphasizing the altitudinal gradient in the forest is helpful to test the effects of environmental 

variables on forest carbon stocks. Hence, the relationship between forest carbon and altitude 

and their correlation needs to be investigated (Sheikh et al., 2009). 

    2.6.3 Slope Gradient  

Mohammed Gedefaw and Teshome Soromessa (2014) state that slope influences carbon 

stock in forest trees. A physiographic characteristic of slope gradient is known to influence 

the distribution of carbon across the landscape. Slope, like aspect, has significant 

relationship with biomass in forest areas due to the interaction between solar radiation and 

soil properties (e.g. soil moisture and soil nutrient). 

2.6.4Aspect 

It is a factor causing variation in stem density, tree biomass, soil, and C stocks according to 

Sharma et al. (2011). On the other hand, Johnson et al. (2000) investigated the ability of 

elevation, slope and aspect to determine organic matter, pH and cat-ion exchange capacity 

and they found that the correlations explained 4-25% of the variation in these soil 

properties. Considering the influence of aspect and slope in order to detect the influence of 

these physiographic features on carbon storage is important (Ganthany, 2004), and can be 
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used to manage forests to maximize their carbon storage capacity. 

 2.7 Forest Carbon Capture and Carbon Trade  
The carbon trade is an idea that came about in response to the Kyoto Protocol, aimed to 

reduce emissions as collective and thus made possible a market for carbon. Carbon would be 

given an economic value, allowing people, companies or nations to trade it. According to 

Sada (2007), the value of the carbon would be based on the ability of the country owning the 

carbon to store it or to prevent it from being released into the atmosphere. A market would 

be created to facilitate the buying and selling of the rights to emit GHGs. In this case, 

industrialized countries for which their emission reduction is a daunting task could buy the 

emission rights from other countries whose industries do not produce GHGs as much of 

industrialized one. The Kyoto protocol introduced the Clean Development Program (CDM) 

as one of the mechanism (including Joint Implementation and Emission Trading) to make 

climate change mitigation more cost-effective. 

For the industrialized countries, this CDM opens a ways through which they cut their 

emissions or enhance carbon storage more cheaply abroad than at home. For instance, by 

carrying out eligible activities like afforestation and reforestation in developing countries, the 

CDM allows them to offset a small portion of carbon emission. On the other hand, the 

investment in this form of projects creates valuable financial inflows for developing countries 

(Jindal et al., 2008). 

The idea of carbon trade seems a win-win situation as GHG emissions may be reduced while 

some countries collect economic benefits. However, critics suspect that some countries will 

exploit the trading system resulting in negative consequences (Sada, 2007). This is because 

such type of market involves finding a compromise between profit, equality and ecological 

concerns. 

Ruddell et al. (2006) described that forest carbon projects offer a practical and credible low-
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cost option to mitigate GHG emissions. Thus, forest based sinks provide an immediate 

opportunity to channel financial support for biological diversity that lead to different 

benefits such as multiple social and economic activities. In addition, the projects open up 

different international participation in the carbon market in developing countries such as 

countries in Africa, where the CO2 emission reduction opportunities are very limited due to 

low levels of fossil fuels use. There are guidelines with a set of principles to govern 

LULUCF so that the UNFCCC directed the development of good practices for LULUCF. 

Thus, it provides methods and good practices for estimating, measuring, monitoring and 

reporting on carbon stock changes and GHG emissions from forestry activities (Jindal et al, 

2008). With this regard, moving to reduce carbon emissions, for example, through the 

opportunities being offered by avoiding deforestation and degradation i.e. Reduced Emission 

from Deforestation and Degradation as well as sustainable forest management and 

enhancement of forest carbon stocks through tree planting and rehabilitation of degraded 

lands also called  REDD+ ( REDD plus)  is the major concern. 

Reduced Emissions from Deforestation and Degradation as well as sustainable forest 

management and enhancement of forest carbon stocks through tree planting and and 

rehabilitation of degraded lands,REDD+ ( REDD plus has the potential to increase incentives 

for sustainable forest management which also links to forest tourism and poverty reduction. 

In addition, REDD+ creates additional economic opportunities for the rural poor through the 

mechanism of carbon markets and thus rural communities can receive compensation for 

carbon reduction or offset programs, such as storing carbon through community forestry 

projects (Sada, 2007; Jindal et al., 2008). 

2.8 Measuring Carbon Stock in Different Carbon Pools  

     2.8.1 Measurement of Above Ground Biomass (AGB) 

The AGB pool consists of tree biomass - above stump height – including stem, bark, 
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branches, and needles, twigs (Stihl et al., 2004). The carbon stocks of trees are estimated 

through the field inventory in which all the trees in the sample plots above a minimum 

diameter (a function of the forest structure—a minimum of 5– 10 cm is commonly used) are 

measured. Biomass and carbon stock are estimated from Diameter at Breast Height (DBH) 

or a combination of DBH and total height using locally relevant allometric equations 

(Brown et al., 2004). Biomass consists of approximately 50% carbon. Brown et al. (2004) 

recommended that all the trees with in the plots should be measured at DBH of 1.3m above 

trees by tagging with the placement number. Tree biomass often is estimated from equations 

that relate biomass to DBH only. The largest cost of most of these methods is typically 

labour cost. Even though, the combination of DBH and height as the independent variables 

is often superior to DBH alone, measuring tree height can be time consuming and will 

increase the cost of a monitoring program (Brown et al., 2004; Stihl et al., 2004).  

Kanamaru et al. (2010) listed four different sources of uncertainty associated with AGB 

estimates of tropical forests: inaccurate measurements of variables, including instrument and 

calibration errors, wrong allometric models, sampling uncertainty (related to the size of the 

study sample area and the sampling design) and poor representativeness of the sampling 

network. All this lead to inaccurate result and thus should be taken into account from the 

beginning. 

 2.8.2 Measurement of Below Ground Biomass (BGB)  

The BGB carbon pool consists of all the biomass contained within living roots of trees, and 

of the biomass in tree stems below 1% height (stump height). Fine roots of less than 2 mm 

diameter (the suggested minimum) are often excluded because these often cannot be 

distinguished empirically from soil organic matter (IPCC, 2006). The measurement of BGB 

is relatively expensive and time consuming as compared to AGB which is relatively simple. 

Below ground biomass estimation is much more difficult and time consuming than 
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estimating aboveground biomass (Geider et al., 2001). This is due to the wide variability in 

the way that roots are distributed in the soil. As a result, estimation of BGB is more efficient 

and effective using a conservative ratio for shoot: root predicts root biomass based on AGB 

carbon. For example, the lowest shoot to root ratio ever reported for Species X is 

5:1(MacDicken, 1997; Watson, 2008). Although, there are different regression models (with 

less data) that are available for estimation of BGB as a function of AGB recommended by 

Cairns et al. (1997) for different regions (Pearson et al., 2007). 

In this regard, studies carried out by Cairns et al. (1997) found that the root to shoot ratios 

were constant between latitude (temperate and boreal), soil texture (fine, medium and 

coarse), and tree-type (angiosperm and gymnosperm) even though, roots are believed to 

depend on climate and soil characteristics as indicated by Brown and Lugo (1982). They have 

reviewed 160 studies covering temperate and boreal forests and found a mean root to shoot 

ratio of 0.26, ranging between 0.18 and 0.30. However, according to MacDicken (1997), for 

cases in which more accurate estimates of BGB are economically feasible using locally 

established methods is important. 

2.8.3 Measurement of Carbon in Dead Litter  

Watson (2008) defined litter as dead surface plant material that is still recognizable and is not 

decomposed to the point that identification is impossible to define and includes dead leaves, 

twigs, dead grasses, small branches (less than the minimum diameter used to define coarse 

woody debris-normally 10cm). Similarly, MacDicken (1997) indicated that the dead litter 

carbon pool consists of all non-living biomass with greater than the limit for soil organic 

matter (SOM) i.e., 2mm to 10cm diameter and contains the biomass in various states of 

decomposition prior to complete fragmentation and decomposition where it is transformed to 

SOM. As a result, litter is generally distinguished from SOM by its low degree of 

decomposition or fragmentation. 
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Many estimates of the dead litter pool in forests use quadrats to assess the litter mass per unit 

area at a given point in time (Ordóñez et al., 2008). However, this method needs 

distinguishing between the litter and SOM so that ambiguity can be avoided. According to 

IPCC (2006), the dead litter carbon pool relies on the establishment of wet-to-dry mass ratio. 

However, where this is not possible default values are available by forest type and climate 

regime from IPCC ranging from 2.1 t C ha-1 in tropical forests to 39 t C ha-1 in moist boreal 

broadleaf forest (IPCC, 2006).    

2.8.4 Measurement of Carbon in Dead Wood  

This carbon pools consists of all non-living woody biomass and includes standing and fallen 

trees, roots and stumps with diameter over 10cm and often ignored, or assumed in 

equilibrium, the dead wood carbon pools can contain 10-20% of that in the AGB pool in 

mature forest (Delaney et al., 1998). However, Pearson et al. (2007) stated that in immature 

forests and plantations both standing and fallen dead wood are likely to be insignificant in 

the first 30-60 years of establishment. Mostly, they are of particular interest in projecting 

carbon losses from decomposition and often used as an indicator of carbon losses from 

degradation due to logging (Palace et al., 2007). 

The primary method for assessing the carbon stock in the DOM wood pool is to sample and 

assess the wet-to-dry weight ratio, with large pieces of DOM measured volumetrically as 

cylinders and converted to biomass on the basis of wood density, and standing trees measured 

as live trees but adjusted for losses in branches (less 20%) and leaves (less 2-3%) 

(MacDicken, 1997). Therefore, data collection regarding standing dead trees frequently 

follow the same protocols as those for AGB inventories but ideally should also include data 

on levels of decay. 

Palace et al. (2007) indicated as woody debris is most often estimated using the line-intercept 

method which measures only debris which crosses transect or through rectangular plots 
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wherein the dimensions of each piece of debris is measured.  

2.8.5 Measurement of Soil Organic Carbon  

          The soil organic carbon pool is a mixture of dead plant and animal residues in various stages 

of decomposition, of substances synthesized microbially or chemically from the breakdown 

products and of the remains of soil microorganisms in a more or less decomposed state. Soil 

organic carbon occurs in the form of a distinct organic layer (35-45% C) on top of the 

mineral soil (O horizon) or blended with mineral matter (A or B horizons). Soil organic 

carbon is usually determined for the size fraction <2 mm (Stihl et al., 2004). 

SOM is obtained in both mineral and organic soils and is a major reserve of terrestrial carbon 

(Lal & Bruce, 1999). Even though, forest management has greater impact on organic carbon 

and so inorganic carbon impact is largely unaccounted, inorganic forms of carbon are also 

found in soil. SOM is influenced through land use and management activities that affect the 

litter input, for example how much harvested biomass is left as residue, and SOM output 

rates, like tillage intensity affecting microbial survival. This in turn affects the soil organic 

carbon of the area (Watson, 2008). 

Accounting for SOM can also be more costly as local estimation of the carbon contained in 

this pool commonly relies on laboratory analysis of field samples. At sample sites, the bulk 

density of the soil and wet weight of the sample must also be recorded so that laboratory 

results can be translated into per area carbon stock. In order to obtain an accurate inventory 

of organic carbon stocks in the soil, three variables must be measured: soil depth to which 

carbon is accounted, (commonly 30cm), soil bulk density (calculated from the oven-dry 

weight of soil from a known volume of sampled material), and concentrations of organic 

carbon (Pearson et al., 2007). 

 2.9 Role Forests in Climate Change Mitigation in Ethiopia  

 Ethiopia is still one of the least developed countries, and its economy is dependent on 
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agriculture ,=which is sensitive to   climate variability... Even though the available 

information on the country’s forest resource is scarce and inconsistent, the natural forests in 

Ethiopia are believed to have once covered 35 to 40% of the country’s land area. However, 

According to World Bank (2011),current estimates indicate the country’s forest cover is 

12.1%  .  In addition, according to the EFAP report, it is estimated that forests and woody 

vegetation are disappearing at a rate of 150,000 to 200,000 ha annually (EFAP, 1994). Forest 

cover has been declining rapidly and only remnant forests are confined to some areas 

especially in the south and south-western parts of the country, which are less populated 

(Tesfaye Bekele, 2002). 

Agricultural encroachments in the forests, livestock grazing with detrimental effects on the 

natural regeneration, and unsustainable wood harvesting are the main drivers for 

deforestation and degradation of the natural high forests and woodlands of the country  

(United Nations Environment Programme [UNEP], 2007). 

According to Demel Teketay (2001), the reduction of forests in the tropics impairs important 

atmospheric functions as carbon sinks, and the combustion of forest biomass releases 

atmospheric CO2, contributing to the buildup of GHGs and global warming. Desertification 

is also one of the most pressing problems facing Ethiopia, in immediate and practical ways. 

Frequent drought and crop failure are becoming common events in the highlands which are 

indicators of desertification.  

Estimation of GHG emissions from deforestation and forest degradation in Ethiopia which 

has been prepared in 1994 described that, the uptake of CO2 by Ethiopian forests decreased 

by about 27% while CO2 emissions increased by 240% in the period 1990-1995. Similarly, 

the report indicated that the net CO2 uptake by Ethiopian forests decreased by 67% in the 

same period. Currently, the Land-Use Change & Forestry (LUCF) sector is a significant sink 

of CO2 in Ethiopia rather than a source of emissions to atmosphere. However, this sink 
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capacity is decreasing rapidly (EPA, 2008). 

Similarly, in the study of FDRE (2001), it has been noted that there is a general increasing 

trend of GHG emissions in Ethiopia in the period of 1990-1995 and it is expected to increase 

in the future along with socio-economic development and population growth. For instance, 

the report of the study shows that the country’s stock of natural forests, woodlands, shrubs 

and plantations sequestered about 27,573 Gg of CO2 in 1994 while emission of CO2 as a 

result of deforestation was estimated to be 12,510 Gg in the same year (FDRE, 2001). On the 

other hand, the sink capacity of the country in the LUCF sector is decreasing rapidly due to 

deforestation mainly for agricultural and energy use. In contrast, the current report of 

Gumpenberger et al. (2010) indicated Ethiopia showed the largest relative increase of carbon 

stocks even under the deforestation scenario (+14.2% to +40.5%).  
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MATERIALS AND METHOD 

3.1  Description of the Study Area 

  3.1.1 Geographical Location 

The study was conducted on Yerer Mountain forest which is situated 40 km South East 

of Addis Ababa and 17 kilometer north of Bishoftu town in Oromia National Regional 

State.  

 

Fig. 1 Map of Yerer Mountain forest 
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 3.1.2 Topography  

The study area is located between latitude 80 51’20’’ to 80 55’ 00’’ North and 380 55’ 00’’ to 

390 00’ 00’’ longitude East. It has ragged shape surrounded by farms and settlements. The 

site straddles the Akaki, Ada, and Bereh woredas with the mountain at the center. The  

Mountain covers a total area of 6,000 hectares, of which, 3,500 hectare are designated as a 

forestland under the supervision of Oromia Forest and Wildlife Enterprise Finfinne Branch. 

Part of the Mountain which is designated as forest area is covered with both natural and 

plantations 

The ragged nature of the mountain and its steep slopes have made part of the natural forest 

inaccessible.   

 3.1.3 Vegetation 

The vegetation of Yerer Mountain is characterized by both natural and man-made plantations. 

The natural vegetation is dominated by tree species of Juniperus procera and diverse species 

of bushes, shrubs and herbs. Depending on different environmental gradients like soil, 

altitude and other climatic factors, the species diversity of the natural vegetation varies from 

place to place. The upper part of the mountain vegetation is dominated by bushes and shrubs. 

The most common species of shrubs are Carissa spinarum and Alophylus abyssinicus, while 

the man-made forest is dominated by Eucalyptus globulus.  

   3.1.4 Geology  

The central plateau of Ethiopia, including the study area is formed by intensively folded 

underlying basement of Pre-Cambrian rocks, overlain by Mesozoic strata and then by tertiary 

basalt traps, according to according to Westphal (1975). The central highland comprises a 

great thickness of tertiary basalts that overlie the basement complex (Mohr, 1971). 
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The topography of the study area contains a range of extinct volcanic landscapes, featured by 

hills which are separated by river valleys. Five peaks rise above 2900 meters. The highest 

point peaks at 3100 meters above sea level at the center of the mountain and the lowest point 

is 2000 meter above sea level at the south seat of the mountain  

 3.1.5 Climate  

The study area has a climate type which is classified in the Woynadega climatic zone. It 

receives bimodal rainfall with the long rainfall season from June to September and, the short 

rainy season in any month of the year, especially in January, February, and April. Generally it 

receives 1000 mm annual rainfall.  Its average temperature is 18 oC. with a maximum of 26 

oC and with a minimum of 10 oC.  

 

 

 

 

 

 

 

Fig.2 Monthly average rainfall of Yerer Mountain Forest Area (2000 to 2010) (source: 

National Meteorological Agency of Ethiopia). 
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Fig 3 Average maximum and minimum temperature of the study area (2000 to 2010). 

(Source: National Meteorological Agency of Ethiopia). 

3.2 Data Type  

In this study, both primary and secondary data were used. Primary data were collected 

through field measurements while secondary data were obtained from published materials, 

unpublished materials and web sites were also used. 

3.3 Methodology  

Standard carbon inventory principles and techniques were used to estimate carbon stocks.  

Step-by-step procedures were carried out during data collection and analysis of carbon 

captured in the above-ground biomass; below-ground biomass, leaf litter and soil carbon of 

forests using verifiable modern methods.  

3.3.1 Boundary Delineation 

Boundaries of the study area were clearly defined to facilitate accurate measuring, accounting 

and verification. In this study different tools including global positioning system (GPS), 

topographic maps and others were utilized for identifying and delineating project boundaries.  
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3.3.2 Stratification of the Study Area 

According to Pearson et al. (2005), for carbon inventory, stratified systemic  sampling 

generally yields more precise estimates than the other options. 

There are different important tools for defining strata. These includes: ground-truthed maps 

from satellite imagery, aerial photographs and maps of vegetation, soils or topography 

(Pearson et al., 2005). 

Different options can be used for  stratifying the  study area including land use, plant  species, 

slope, drainage, age of vegetation, altitude, proximity to settlement, aspect and position of hill 

slopes, as stated by Bhishma et al. ( 2010). For this study, a combination of altitude and age 

of vegetation for plantation forest were used. Age of vegetation was considered because the 

study area has both natural forest and plantation forest with different ages of vegetation. . 

Such methods were chosen for they were found to be helpful to determine the relationship 

between environmental gradient and forest carbon stock for both forest types. Therefore, the 

study site was stratified in three categories of altitude i.e., low, middle and top; and in two 

classes of vegetation types, i.e., plantation and natural. 

3.3.3 Sampling Techniques  

Sampling sites were arranged by establishing line transects from the higher altitude of the 

study area to all lower altitude covering both the plantation and natural forest types. A 

transect is set up deliberately across areas where there are rapid changes in vegetation and 

marked environmental gradients (Kent and Coker, 1992). 

Five transect lines were laid for planatation and natural forests each at an interval from the 

lower, middle and high altitude of the mountain.  Accordingly 5-7 10m x 20 m (200m2) plots 

were placed along transects  
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 Shape and Size of the Plots 

As recommended by Brown (1997), A 1mx1m sub plot  sub-was used in each rectangular plot 

For sampling soil and and litter organic carbon 

Although rectangular and circular plots can be applied in most of the forest carbon 

measurements, according to Brown (1997), rectangular samples are more advantageous 

because rectangular plots tend to include more of within-plot heterogeneity, and thus be more 

representative than the circular plots of the same area.  

Therefore, in this study rectangular plots were applied. A total of 60 plots (28 natural and 32 

plantations) were laid for sampling. Given the large size of the forest area, the total number of 

samples may not fully represent the entire  mountain forest which is still under rehabilitation. 

However, they are believed to fairly represent part of the mountain which was covered with 

relatively mature forest during the time of this study  The sampling  procedures involved 

setting out 10 m x 20 m quadrats, and then sampling woody plants  with DBH  size  of 5 cm 

at 1.3 m above the soil surface, except where trunk irregularities like plank woods, tapping or 

other wounds were found at that height, in which case) measurement at a greater height was 

necessitated. Where trees with DBH> 30 cm   existed in the sampling plot, whether or not 

they were included in transect, a larger sample of 20 m x 100 m was needed as suggested by 

Hairiah et al. (2001).  

The rectangular plots are chosen as they tend to include more of the within-plotheterogeneity, 

and thus be more representative than square or circular plots of the same area, according to 

Hairiah et al. (2001). 
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Fig. 4:  A nested plot design for sampling carbon pools. 

3.4 Field Measurements  

    3.4.1 Tree Measurement and Identification 

Pretel digital altimeter was used to determine altitude and the areas of the forests of each 

sample plots were determined from recording the latitude and longitude coordinates. 

Similarly, slope and aspect were also recorded using clinometers and compass respectively. 

Diameter was measured for every individual tree having DBH greater than 5cm using Haga 

hypsometer, diameter tape and linear tape. Woody plants with multiple stems at 1.3 m height 

were treated as a single individual and DBH of the largest stem was taken.  Woody plants  

with multiple stems or fork below 1.3 m height were treated as a single individual. Plant 

specimens were collected, pressed, dried and identified  at  the  National  Herbarium  (ETH), 

  Addis  Ababa  University  Flora of Ethiopia and Eritrea and by comparing with well-

authenticated  specimens . 

 3.4.2 Carbon Stock Measurement 

For carbon stock measurement field data collections involved above-ground tree biomass, 

below-ground biomass, leaf litter and soil organic carbon measurements.  
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i. Above Ground Tree Biomass (AGTB) 

For individual woody plants with   DBH size of  ≥5 cm, DBH (at 1.3 m) and height of all 

woody plants were measured in each 200 m2 rectangular plot using Haga hypsometer, 

diameter tape and linear tape and each tree was marked to prevent counting it twice.  Each 

woody plant was recorded individually, together with its species name and ID. 

According to MacDicken (1997), woody plants  on the border must be included if > 50% of 

their basal area falls within the plot, and excluded if < 50% of their basal area falls outside 

the plot. In addition, trees overhanging into the plot needed to be excluded, but trees with 

their trunks inside the sampling plot and branches outside are included.  

ii. Leaf Litter 

According to Pearson et al. (2005),leaf litter is includes dead organic surface material on top 

of the mineral soil.  One rectangular sub-plot of 1 m2 in size was laid at the center of each 

nested plot, and the leaf litter within the 1 m2 subplots was collected and weighed. However, 

herbs and grass (all non woody plants) were not included in this study. Hundred grams of 

evenly mixed sub-samples was brought to the laboratory placing in a sample plastic bag to 

determine moisture content, from which total dry mass can then be calculated (Bhishma et 

al., 2010). 

iii. Dead Wood 

Standing dead trees, fallen stems, and fallen branches were not found in the study area may 

be due to the reason that the study area is a relatively young forest, and hence not included in 

this study. 
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iv. Soil Organic Carbon (SOC) 

Estimation of organic carbon stocks in soil involves measuring three types of variables: (1) 

depth, (2) bulk density (calculated from the oven-dried weight of soil from a known volume 

of sampled material), and (3) the concentrations of organic carbon according to Pearson et al. 

(2005). Sampling from a constant depth of 30 cm, maintaining a constant sample volume 

rather than mass is a recommended approach for the sake of convenience and cost efficiency. 

3.5  Estimation of Carbon in Different Carbon Pools 

    3.5.1 Estimation of Carbon in the Above Ground Biomass (AGB) 

The selection of the appropriate allometric equation is crucial in estimating aboveground tree 

biomass (AGTB). Bhishma et al. (2010) defined allometric equation as a statistical 

relationship between key characteristic dimension(s) of trees that are fairly easy to measure, 

such as DBH or height, and other properties that are more difficult to assess, such as above-

ground biomass.  They permit an estimate of quantities that are difficult or costly to measure 

on the basis of a single (or at most a few) measurement. 

There are different allometric equations that have been developed by many researchers to 

estimate the above ground biomass. These equations are different depending on type of 

species, geographical locations, forest stand types, climate and others (Negi et al., 1988; 

Brown et al., 1989; Baker et al., 2004;). Therefore, the application of these equations to the 

study area is an advantageous in a view of cost and time.   

For the study area is categorized under tropical dry forests the suitable equation used to 

estimate above ground biomass was  the  model developed by Brown et al., (1989).   

Y= 34.4703 - 8.0671(DBH) + 0.6589(DBH2) ………………………… (equ.1) 

Where, Y is above ground biomass, DBH is diameter at breast height. 
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3.5.2 Estimation of Carbon in Below Ground Biomass (BGB) 

According to MacDicken (1997), standard method for estimation of below ground           

biomass can be obtained as 20% of above ground tree biomass i.e., root-to-shoot ratio value 

of 1:5 is used. Similarly, , for this study the equation developed by MacDicken (1997) was 

used. 

BGB = AGB × 0.2 ……………………………………………… (eq.2) 

Where, BGB is below ground biomass, AGB is above ground biomass, 0.2 is 

conversion factor (or 20% of AGB). 

For both AGB and BGB, the biomass stock density was attained in kg/m² by means of 

dividing the sum of all individual tree biomass (kg) in a plot by the area of the plot (m²). The 

value was converted to ton/ha by multiplying it by 10. Since the plot areas are part of tropical 

region, carbon content in the biomass was estimated by multiplying 0.47 while multiplication 

factor 3.67 was used to estimate CO2 equivalent (Pearson et al., 2005). 

   3.5.3 Estimation of Carbon in Litter Biomass (LB) 

According to Pearson et al. (2005), estimation of the amount of biomass in the leaf litter can 

be calculated by: 

LB =

( )
( )

10,000

1∗
∗

−

−

freshW

dryW
A

Wfield

sample

sample

   ………………………………   (eq.3) 

Where: LB = Litter (biomass of litter ton/ha) 

W field = weight of wet field sample of litter sampled within an area of size 1 m2 (g);                       

A = size of the area in which litter were collected (ha); 

W sub-sample, dry = weight of the oven-dry sub-sample of litter taken to the 

laboratory to determine moisture content (g), and W sub-sample, fresh = weight of the 

fresh sub-sample of litter taken to the laboratory to determine moisture content (g). 
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The percentage of organic carbon storage from the dry ashing in the litter carbon pool was 

calculated as follows (Allen et al., 1986): 

%Ash = 
Wc− Wa
Wb− Wa  * 100……………………………. (eq. 4) 

%C   = (100-Ash %)* 0.58…………………………. (eq. 5) 

Where, C= organic carbon (%) 

Wa= the weight of the crucible (g) 

Wb= the weight of oven dried grind samples and crucibles (g) 

Wc = the weight of ash and crucibles (g) 

Total Carbon stock in leaf litter biomass is estimated as: 

CL = LB × % C……………………………………….. (eq.6) 

Where, CL is total carbon stocks in the leaf litter in ton/ha, % C is carbon fraction 

determined in the laboratory (Pearson et al., 2005). 

     3.5.4 Estimation of Carbon in Soil Organic Carbon (SOC) 

The carbon stock density of soil organic carbon was calculated as recommended by Pearson 

et al. (2005) from the volume and bulk density of the soil. 

V = h x π r2 ……………………………………. (eq.7) 

Where, V is volume of the soil in the core sampler in cm3, h is the height of core sampler in 

cm, and r is the radius of core sampler in cm (Pearson et al., 2005). Moreover, the bulk 

density of a soil sample can be calculated as follows: 

BD = 
Wav,dry

V ……………………………………. (eq.8) 

Where, BD is bulk density of the soil sample per plot, Wav, dry is average air dry weight of 

soil sample per the quadrat, V is volume of the soil sample in the core sampler in cm3 

(Pearson et al., 2005). 

Then, the carbon stock in soil was calculated as follows: 
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SOC = BD * d * % C …………………………………….. (eq.9) 

Where, SOC= Soil Organic Carbon stock per unit area (ton/ha-1), 

BD = soil bulk density (g cm-3), 

D = the total depth at which the sample was taken (30 cm), and 

%C = Carbon concentration (%) determined in the laboratory 

 3.5.5 Total Carbon Stock Density 

The total carbon stock density was calculated by summing the carbon stock densities of the 

individual carbon pools using the Pearson et al. (2005) formula. 

Carbon stock density of the study area: 

C density = CAGB + CBGB + C Lit + SOC……………………….. (eq.10) 

Where: 

C density = Carbon stock density for all pools (t ha-1) 

C AGTB = Carbon in above -ground tree biomass (t C ha-1) 

CBGB = Carbon in below-ground biomass (t C ha-1) 

C Lit = Carbon in dead litter (t C ha-1) 

SOC = Soil organic carbon (t C ha-1) 

The total carbon stock was then converted to tons of CO2 equivalent by multiplying it by 

44/12, or 3.67 (Pearson et al., 2007). 

3.6 Data Analysis 

Data analysis of various carbon pools measured in the forests was accomplished by 

organizing and recording on the excel data sheet. The data obtained from DBH, diameter, 

height of each species, fresh weight and dry weight of litter and soil were analyzed using 

Statistical Package for Social Science (SPSS) software version 20. The height and diameter 

data was arranged in classes for applying appropriate model of biomass estimation equation. 

Environmental variables were divided in different classes for similar pattern analysis: 
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    • Altitude was divided into three classes (lower: 2217-2275 m; middle: 2276-2350 m; and  

higher: >2351-2457 m). • Aspect was classified in to eight classes: N (north), NE 

(northeast), S (south), SE (southeast), E (east), NW (northwest), W (west) and SW 

(southwest). 

   • Similarly slope was divided into three classes (lower: 0-20%; middle: 20.5-40%; and 

higher: >40%); One-way ANOVA) was used to determine statistically significant 

differences of carbon stocks along environmental variables for each carbon pools. 

Differences at the 0.05 level were reported as significant. 
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4. RESULTS    

4.1 Existing forest conditions 

A total of 20 species were recorded within the 60 sample plots of the study sites (Table 1). Of 

these species, 19 were encountered in the natural forest, while 3 in the plantation. Juniperus 

procera was the most dominant species of the natural forest covering 43.8 % or 357 stems ha-1. 

Table1: Stem density, relative density, frequency and relative frequency of Tree/shrub species 
encountered in the natural and plantation forests 

Forest 
type No Species Density 

per hectare 
Relative 
Density 

Frequency 
(%) 

Relative 
Frequency 

Natural 
forest 

1 Acacia albida 18 2.21 32.14 8.26 

2 Allophylus abyssinica 11 1.35 17.86 4.59 

3 Buddleja polystachya 36 4.42 17.86 4.59 

4 Carissa spinarum 64 7.85 39.29 10.09 

5 Croton macrostachyes 95 11.66 46.43 11.93 

6 Cuppressus lusitainica 7 0.86 7.14 1.83 

7 Entada abyssinica 13 1.6 14.29 3.67 

8 Erica arborea 71 8.71 28.57 7.34 

9 Grewia ferruggenia 21 2.58 7.14 1.83 

10 Grewia villosa 16 1.96 10.71 2.75 

11 Hypericum revolutum 4 0.49 3.57 0.92 

12 Juniperus procera 357 43.8 82.14 21.1 

13 Maytenus arbutifolia 32 3.93 17.86 4.59 

14 Maytenus unduta 4 0.49 3.57 0.92 

15 Myrsine africana 9 1.1 10.71 2.75 

16 Nuxia congesta 32 3.93 21.43 5.5 

17 Olinia rochetiana 2 0.25 3.57 0.92 

18 Pinus patula 7 0.86 7.14 1.83 

19 Rosa abyssinica 16 1.96 17.86 4.59 

Plantation 
forest 

20 Cupressus lusitanica 127 10.1 15.63 12.5 

21 Eucalyptus globulus 968 76.95 93.75 75 

22 Pinus patula 163 12.96 15.63 12.5 
 
4.1.1 DBH and Height Distribution of Trees 

Height and  DBHc lass distribution of the sampled woody plants was made to describe the 

forest structure of the study area. As indicated in Fig5, for natural forest,  trees with DBH  

class of  10-20 cm were found to be dominant in the study area followed by  < 10 cm and 20-

30 cm DBH classes, while trees with DBH size of >50 cm  had the lowest density followed 
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by  trees  with DBH class of 40-50cm. For the plantation forest, the dominant class of DBH 

was 30-40cm followed by DBH size of 20-30 cm. As for the natural forest, trees with DBH 

class of >50 cm were the least dominant followed by trees with DBH class of 40-50 cm in 

plantation forest. 

Meanwhile the height class distribution shows that trees with height classes of 10-15 cm and 

15-20 cm dominated the natural forest of the study area, while trees with height class of >35 

cm had the lowest  density followed by height class of 30-35 cm as indicated in Table 2. 

However, for the plantation forest the highest number of stems was recorded in the height 

class of 25-30 cm followed by height class of 20-25 cm. 

 
 

 

 

 

 

Fig.5  DBH size class distributions of trees in the study site 

 

 

 

 

 

Fig6 Height class distribution of all trees recorded in the study site 
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4.2 Carbon Stock in the Different Carbon Pools 

Descriptive statistics on the amount of carbon stored in different carbon pools in the two 

forest types is summarized in Table 1. As shown on the table, the amount of carbon in AGB 

in the natural forest ranged between 17.014 and 109.588 Mg C ha-1, with an average value of 

66.401Mg C ha-1,arying from 4.254 to 27.397 Mg C ha-1, while  BGC in natural forest was 

found to have mean of 16.6 Mg C ha-1. On the other hand, the average carbon stock in the soil 

and litter biomass of the same forest was 63.248 and 4.141 Mg C ha-1, with ranges from 

22.605 to 122.84 and 1.32 to 6.491 Mg C ha-1, respectively. Accordingly, on average, 150.391 

Mg C ha-1 was estimated to be stored in the natural forest. 

With regard to carbon in plantation forest, relatively higher carbon amount in all of the four 

carbon pools was observed here as compared to the value found in the natural forest. This is 

attributed to the presence of   higher number of stems  with higher DBH and height  

compared to  the natural forest, which makes plantation forest higher in totalplant biomass 

and carbon stock. With minimum and maximum of 91.91 and 345.801 Mg C ha-1, 

respectively, the mean carbon stock in AGC of the plantation forest was 214.8 Mg C ha-1, 

which is three fold of the value estimated for natural forest. Likewise, BGC in the former one 

was on average 53.7 Mg C ha-1, which similarly is three fold of the value estimated for the 

latter. With a minimum of 59.292 and maximum of 129.766 Mg C ha-1, the average SOC in 

plantation forest was 93.403 Mg C ha-1. 

Most important observation in this study was with regard to the contribution of each carbon 

pool to the total carbon stock: in both of the two forest types, carbon pools in increasing order 

of carbon amount were: AGC > SOC > BGC > LC. For instance, as shown in Fig 7 AGC 

accounted for 44.15 % of the total carbon stock in natural forest. 
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Table 2. Summary of Carbon stock (Mg C ha-1) in different carbon pools of two Forest types 

Carbon 
pools 

Forest type N Minimum Maximum Mean SD 

AGC 
Natural 28 17.014 109.588 66.401 23.303 
Plantation 32 91.91 345.801 214.8 63.219 

BGC 
Natural 28 4.254 27.397 16.6 5.826 
Plantation 32 22.978 86.45 53.7 15.805 

SOC 
Natural 28 22.605 122.84 63.248 32.648 
Plantation 32 59.292 129.766 93.403 22.46 

LC 
Natural 28 1.32 6.491 4.141 0.98 
Plantation 32 3.771 7.702 5.792 1.259 

Total 
Natural 28 79.518 238.349 150.391 38.929 
Plantation 32 233.205 562.749 367.695 81.241 

AGC= Above Ground Carbon; BGC= Below Ground Carbon; SOC= Soil Organic 
Carbon; LC= Litter Carbon 
 

With the second highest carbon pool, SOC comprised 42.05 % of the total in the same forest 

type, while carbon in BGC and LC was 11.038 and 2.75 %. Similarly, 58.42 % of the total 

carbon in plantation forest was contributed by AGC pool, while the remaining 25.4, 14.6 and 

1.57 % were from SOC, BGC and LC, respectively. 

4.3 Variation in Carbon stock across environmental gradients 

There are different factors that affect the storage of carbon in forests. Among the many 

factors, altitude, slope and aspect have a pronounced effect on carbon concentration. For the 

current study, each of these three environmental factors was classified into a certain number 

of classes. Accordingly, three classes for altitude (lower: 2217-2275 m; middle: 2276-2350 

m; and higher: >2351-2457 m); three for slope (lower: 0-20%; middle: 20.1-40%; and higher: 

>40%); and eight for aspect (N (North), NE (Northeast), S (South), SE (Southeast), E (East), 

NW (Northwest), W (West) and SW (Southwest)) were assigned. The variation in carbon 

stock among these classes was examined for each carbon pool using ANOVA. The overall 

summary of ANOVA result is summarized in Table 4.3. According to ANOVA test, significant 

variation in carbon stock due to altitude as well as slope was found for AGC, BGC & SOC in 

Natural forest, and for AGC & BGC in Plantation forest, all with 5% level of significance.  
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Table 3.One-way ANOVA results of the three environmental factors  

 
 Natural Plantation 

F-Value P-Value F-Value P-Value 

Altitude 

AGC 36.232 .000 26.454 .000 
BGC 36.232 .000 26.454 .000 
LC 1.564 .229 1.180 .322 
SOC 4.005 .031 1.215 .311 

Slope 

AGC 37.386 .000 61.755 .000 
BGC 37.386 .000 61.755 .000 
LC 2.325 .119 .233 .794 
SOC 7.663 .003 .005 .995 

Aspect 

AGC 1.443 .243 41.480 .000 
BGC 1.443 .243 41.480 .000 
LC 1.667 .174 .841 .565 
SOC 4.158 .006 1.640 .172 

AGC= Above Ground Carbon; BGC= Below Ground Carbon; SOC= Soil Organic Carbon; LC= Litter 
Carbon 

On the other hand, the variation due to aspect was found significant only for SOC in natural 

forest, and AGC & BGC in plantation forest. Comparison of carbon stocks among these 

altitude, slope and aspect classes is described below. 

4.3.1. Carbon Stock and Altitudinal Gradient 

The carbon stock of different components of the forest carbon pools (above ground and 

below ground, litter and soil) responded differently along altitudinal gradient. 

i. Above Ground Carbon (AGC) 

As shown in Table 4.4, the upper altitude parts of the vegetation in the natural forest, is high 

in AGC while the lower and middle altitude parts have low to moderate amount of AGC. 

Mean AGC for upper, middle and lower altitude was 89.66±4.99, 70.14±2.371 and 

42.09±4.67 Mg C ha-1, respectively. Such variation was confirmed by ANOVA (F=36.232, p 

< 0.000), and mean comparison tests also revealed the presence of statistically significant 

difference in mean AGC between upper and lower, upper and middle, and middle and lower 

altitude classes, all with p < 0.00. In contrast to the trend observed in natural forest, it was the 
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middle class which had relatively higher AGC in plantation forest. This class was found to 

have mean AGC of 274.76±13.371 Mg C ha-1, while the upper and lower classes had AGC 

value of 212.64±10.958 and 151.21±11.051 Mg C ha-1, respectively. The observed difference 

in AGC among altitude classes in plantation forest was found statistically significant 

(F=26.454, p<0.000. 

ii. Below Ground Carbon (BGC) 

The pattern of variation in BGC among altitude classes was similar to that of AGC for both of 

the two forest types. As shown in Table 4.3, in natural forest, an increasing trend in BGC was 

observed with increasing altitude: highest BGC was found in upper altitude (22.41±1.1 Mg C 

ha-1) followed by middle (17.53±0.593 Mg C ha-1) and lower (10.52±1.167 Mg C ha-1). In 

plantation forest, highest BGC was found in middle altitude (68.69±3.343 Mg C ha-1) 

followed by upper (53.16±2.739 Mg C ha-1) and lower (37.804±2.763 Mg C ha-1). This 

difference was statistically significant for both forest types.  
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Table4. Post-hoc multiple comparison results of altitude classes for four carbon pools. Means 

with the same letter within forest type are not significantly different at p<0.05.  

  
AGC (Mg C 
ha-1) 

BGC (Mg 
C ha-1) 

LC (Mg C 
ha-1) 

SOC (Mg 
C ha-1) 

Total 
(Mg 
C ha-

1) 

Natural 

Lower 
(N=10) 

42.099 (4.67)a 
10.525 

(1.167)a 
3.911 

(0.38)a 
79.838 

(12.632)a 
136.3

72 

Middle 
(N=9) 

70.143 
(2.371)b 

17.536 
(0.593)b 

3.932 
(0.246)a 

41.779 
(7.598)b 

133.3
9 

Upper 
(N=9) 

89.66 (4.399)c 
22.415 
(1.1)c 

4.608 
(0.282)a 

66.285 
(6.746)ab 

182.9
68 

Plantation 

Lower 
(N=10) 

151.214 
(11.051)a 

37.804 
(2.763)a 

5.292 
(0.283)a 

98.276 
(7.481)a 

292.5
86 

Middle 
(N=11) 

274.76 
(13.371)b 

68.69 
(3.343)b 

6.077 
(0.425)a 

97.455 
(6.18)a 

446.9
82 

Upper 
(N=11) 

212.645 
(10.958)c 

53.161 
(2.739)c 

5.96 
(0.409)a 

84.922 
(6.87)a 

356.6
89 

Values in parenthesis are Standard Error of the mean. Means with the same 
letter within forest type are not significantly different at p<0.05.AGC= Above 
Ground Carbon; BGC= Below Ground Carbon; SOC= Soil Organic Carbon; 
LC= Litter Carbon 

iii. Litter Carbon (LC) 

Similar to the trend found for AGC and BGC, relatively high LC was found in the upper 

altitude of natural forest, and in the middle of planation forest. Mean LC was 4.608±0.28, 

3.93± 0.246 and 3.91±0.38 Mg C ha-1 at the upper, middle and lower altitude, respectively; in 

the natural forest (Table 3). On the other hand, mean LC in the plantation forest was 

6.07±0.425, 5.96±0.409 and 5.29±0.283 Mg C ha-1 at the middle, upper and lower altitude, 

respectively (Table3). However, the variation for both forest types was not statistically 

significant (F=1.564, p=0.229 for natural; and F=1.18, p=0.322 for plantation). 
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iv. Soil Organic Carbon (SOC) 

Variation in SOC across altitudinal gradient was observed both in the natural and plantation 

forests. For natural forest, the SOC was lower in the middle altitude (41.77 ± 7.6 Mg ha-1) 

compared to the lower and upper altitudes (Table3). Lower altitude had stored the highest 

SOC with mean carbon value of 79.83±12.6 Mg C ha-1, followed by upper altitude with mean 

carbon value of 66.28±6.74 Mg C ha-1. With F value of 4.005 and p of 0.31, such variation in 

SOC was found statistically significant. However, according to the mean comparison test 

result, it was only between the lower and middle altitude that the difference was significant. 

For planation forest, lowest and highest SOC was recorded in the upper and lower altitude 

classes, while moderate amount of SOC was found in the middle class. The mean SOC in Mg 

C ha was estimated to be 98.27±7.48, 97.45±6.18 and 84.92±6.87 Mg C ha-1 at the lower, 

middle and upper altitude, respectively (Table3). However, this variation in SOC was not 

statistically significant (F=1.215, p=0.311). 

4.3.2. Carbon Stock and Slope Gradient 

The slope gradient was also a second factor which affects the carbon stocks of different pools 

in the studied forests.  

i. Above Ground Carbon (AGC) 

The difference in mean AGC across slope classes was observed in both of the two forest 

types. As shown in table 4, it is at the middle slope that higher AGC value was found, while 

lower AGC was found at the upper slope class in both natural and plantation forests. The 

middle, lower and upper slopes in the natural forest had on average 88.27±4.17, 68.27±2.54 

and 40.21±4.77 Mg C ha-1 of AGC, respectively (Table 4.5). In plantation forest, mean AGC 
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was 283.87±10.31 Mg C ha-1 at the middle, 211.268±6.12 Mg C ha-1 at the lower and 

148.93±8.77 Mg C ha-1 at the upper slope classes (Table 4.5). The observed variation in mean 

AGC for both forest types was confirmed by ANOVA (F= 37.38, p= 0.000 for natural; and F= 

61.75, p= 0.000 for plantation). Likewise, mean comparison tests also revealed the presence 

of statistically significant difference in mean AGC between upper and lower, upper and 

middle, and middle and lower slope classes, all with p < 0.00. 

Table 5. Post-hoc multiple comparison results of slope classes for four carbon pools 

  AGC (Mg C 
ha-1) 

BGC 
(Mg C 
ha-1) 

LC (Mg 
C ha-1) 

SOC (Mg C 
ha-1) 

Total 
(Mg C 
ha-1) 

Natural 

Lower 
(N=9) 

68.279 
(2.54)a 

17.07 
(0.635)a 

3.75 
(0.222)a 

37.174 (7.301)a 126.272 

Middle 
(N=10) 

88.277 
(4.171)b 

22.069 
(1.043)b 

4.637 
(0.254)a 

66.062(6.038)b 181.045 

Upper 
(N=9) 

40.216 
(4.778)c 

10.054 
(1.194)c 

3.982 
(0.417)a 

86.197 
(12.203)b 

140.449 

Plantation 

Lower 
(N=10) 

211.268 
(6.125)a 

52.817 
(1.531)a 

5.826 
(0.254)a 

93.367 (7.376)a 363.277 

Middle 
(N=11) 

283.878 
(10.316)b 

70.97 
(2.579)b 

5.962 
(0.461)a 

92.903 (6.94)a 453.712 

Upper 
(N=11) 

148.934 
(8.778)c 

37.233 
(2.194)c 

5.59 
(0.418)a 

93.937 (7.031)a 285.694 

Values in parenthesis are Standard Error of the mean. Means with the same 
letter within forest type are not significantly different at p<0.05. 
AGC= Above Ground Carbon; BGC= Below Ground Carbon; SOC= Soil 
Organic Carbon; LC= Litter Carbon 

 

ii. Below Ground Carbon (BGC) 

In both forest types, BGC was found to be varied among slope classes, and its variation was 

as similar as AGC:  the highest mean BGC at the middle slope, moderate at the lower and 

lowest at the upper slope class. The mean BGC at the middle, lower and upper slope classes 

were 22.069±1.043, 17.07± 0.635 and 10.054±1.194 Mg C ha-1 in natural forest, and 

70.97±2.57,  52.817±1.531 and 37.23±2.194 Mg C ha-1 in plantation forest, respectively 
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(Table4). The statistical analysis results (ANOVA and mean comparison) for BGC were 

similar to the AGC indicated above. 

iii. Litter Carbon (LC) 

The difference in mean LC across slope classes was observed in both of the two forest types; 

however, the pattern of variation was not similar between the forest types. For instance, while 

the highest mean LC was found at the middle class in both forest types, the lowest LC value 

was at the lower class in natural forest and at the upper class in plantation forest. In natural 

forest, the highest mean LC, which was at the middle class, was 4.637±0.254 Mg C ha-1. The 

upper and lower slopes in the same forest had mean LC of 3.98±0.417 and 3.75±0.22 Mg C 

ha-1, respectively (Table 4.4). On the other hand, the mean LC in plantation forest was 

5.96±0.46 Mg C ha-1 at the middle, 5.82±0.254 Mg C ha-1 at the lower and 5.59±0.418 Mg C 

ha-1 at the upper slope class (Table 5). However, the variation for both forest types was not 

statistically significant (F=2.325, p= 0.119 for natural; and F= 0.233 p= 0.794 for plantation). 

iv. Soil Organic Carbon (SOC) 

Like the other carbon pools, SOC was also found to be differed among slope classes. SOC in 

natural forest was found to be high at the upper slope class (86.19±12.203Mg C ha-1), 

followed by middle (66.062±6.038Mg C ha-1) and lower (37.174±7.301Mg C ha-1) slope 

classes, indicating an increasing trend of SOC with an increase in slope (Table4. 4). This 

variation was confirmed by ANOVA test (F= 7.663, p=0.003). However, according to the 

multiple comparison test result, statistically significant variation in mean SOC was only 

found between the upper and lower slope classes. On the other hand, SOC in plantation forest 

did show neither statistical nor mathematical variation across slope classes: mean SOC at the 

upper, lower and middle slope classes was 93.937±7.031 Mg C ha-1, 93.367±7.376 Mg C ha-1 

and 92.903±6.94Mg C ha-1, respectively (Table 5).  
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Table 6. Post-hoc multiple comparison results of aspects for four carbon pools 

Values in parenthesis are Standard Error of the mean. Means with the same letter 
within forest type are not significantly different at p<0.05. 
AGC= Above Ground Carbon; BGC= Below Ground Carbon; SOC= Soil Organic 
Carbon; LC= Litter Carbon 

 

4.3.3. Carbon Stock and Aspect 

Aspect was also a second factor which affects the carbon stocks of different pools in the 

studied forests. 

i. Above Ground Carbon (AGC) 

The study revealed that the average AGC differed among different topographic aspects. In 

natural forest, the highest AGC was found in the Western (W) aspect (86.997±14.844 Mg C 

 Aspect N 
AGC (Mg C 
ha-1) 

BGC (Mg C 
ha-1) 

LC (Mg C 
ha-1) 

SOC (Mg C 
ha-1) 

Total (Mg C 
ha-1) 

Natural 

E 3 70.161 (5.688)a 17.54 (1.422)a 
4.772 

(0.246)a 
58.485 

(4.969)ab 
150.959 

N 2 71.592 (4.189)a 
17.898 

(1.047)a 
2.936 

(0.187)a 
31.821 

(5.667)a 
124.247 

NE 6 49.116 (9.53)a 
12.279 

(2.382)a 
4.275 

(0.228)a 
46.058 

(11.386)a 
111.728 

NW 2 50.615 (8.428)a 
12.654 

(2.107)a 
3.433 

(0.166)a 
22.895 (0.29)a 89.597 

S 3 70.359 (5.519)a 17.59 (1.38)a 
4.357 

(0.332)a 
43.945 

(3.159)a 
136.252 

SE 4 58.844 (14.83)a 
14.711 

(3.707)a 
4.615 

(0.775)a 
86.303 

(20.086)b 
164.474 

SW 5 
80.436 

(11.184)a 
20.109 

(2.796)a 
3.486 

(0.552)a 
86.704 

(10.447)b 
190.735 

W 3 
86.997 

(14.844)a 
21.749 
(3.711)a 

4.764 
(0.25)a 

99.717 
(9.439)b 

213.227 

Plantation 

E 3 
207.421 
(5.573)f 

51.855 
(1.393)f 

6.409 
(0.156)a 

73.152 
(3.933)a 

338.837 

N 4 183.21 (8.655)a 
45.802 

(2.164)a 
4.659 

(0.349)a 
106.71 

(11.682)a 
340.381 

NE 5 
171.223 

(4.199)ab 
42.806 

(1.05)ab 
5.884 

(0.724)a 
83.337 

(10.007)a 
303.251 

NW 5 
125.897 

(13.173)b 
31.474 

(3.293)b 
5.658 

(0.501)a 
97.348 

(12.052)a 
260.377 

S 2 
215.048 

(12.547)e 
53.762 

(3.137)e 
5.697 

(0.424)a 
112.168 
(4.355)a 

386.676 

SE 3 
241.36 

(2.565)ac 
60.34 

(0.641)ac 
5.898 

(0.623)a 
103.631 

(10.989)a 
411.228 

SW 6 
307.461 

(10.878)cd 
76.865 

(2.719)cd 
6.473 

(0.632)a 
100.151 
(9.246)a 

490.951 

W 4 
258.489 
(7.339)d 

64.622 
(1.835)d 

5.459 
(0.801)a 

75.762 
(7.151)a 

404.332 
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ha-1), followed by SW (80.436±11.184 Mg C ha-1). With mean value of 49.116 ±9.53 and 

50.615±8.428 Mg C ha-1, NE and NW were aspects where the lowest AGC was found in the 

same forest (Table 5). On the other hand, mean AGC in plantation forest was the highest in 

the SW (307.461±10.878 Mg C ha-1) and W (258.489±7.339 Mg C ha-1) aspects, whereas, it 

was the lowest in NW (125.897±13.173 Mg C ha-1). ANOVA test revealed that the variation 

in the mean AGC among different aspects in natural forest was not statistically significant 

(F= 1.443, p= 0.243). In contrast, the variation in the case of plantation forest was found 

significant (F= 41.48, p= 0.000) 

ii. Below Ground Carbon (BGC) 

In both forest types, BGC was found to be varied among different aspects, and its variation 

was as similar as AGC: the highest mean BGC in the W & SW aspect and the lowest in the 

NE & NW aspects. The mean BGC in these aspects, W, SW, NE & NW, were respectively, 

21.749±3.711 , 20.109±2.796, 12.279±2.382 and 12.654±2.107 Mg C ha-1 in natural forest, 

and 64.622±1.835, 76.865±2.719, 42.806±1.05 and 31.474±3.293 Mg C ha-1 in plantation 

forest (Table5). The statistical analysis results (ANOVA and mean comparison) for BGC were 

similar to the AGC indicated above.  

iii. Litter Carbon (LC) 

The highest and lowest LC was found in the Eastern (4.772±0.246 Mg C ha-1) and Northern 

(2.936±0.187 Mg C ha-1) aspect of the natural forest, and in the Southwest (6.473±0.632 Mg 

C ha-1) and Northern (4.659±0.349 Mg C ha-1) aspects of plantation forest, respectively 

(Table 5). However, the variation in mean LC across aspect of both forests was not 

statistically significant (F= 1.667, p= 0.174 for natural; and F= 0.841, p= 0.565 for 

plantation). 
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iv. Soil Organic Carbon (SOC) 

 
The study found that mean SOC in both forest types varied with aspect. With mean value of 

99.717±9.439 Mg C ha-1, Western (W) aspect had the highest SOC in the natural forest (Table 

5). The aspect with the highest mean SOC (112.168±4.355 Mg C ha-1) in the plantation forest 

was the Southern (S) one. On the other hand, the lowest SOC was found in the North West 

(NW, 22.89±0.29 Mg C ha-1) and Eastern (E, 73.152±3.933 Mg C ha-1) aspect of the natural 

and plantation forests, respectively (Table5). The variation in mean SOC among the eight 

aspects was statistically significant for the natural forest (F= 4.158, p= 0.006), but not for the 

plantation forest (F= 1.640, p= 0.172). 
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5. DISCUSSION 

       5.1. Carbon stock in different pools 

Above Ground Carbon (AGC) and Below Ground Carbon (BGC) 

About 44 % of the total carbon stocks of natural forest was stored in the above ground woody 

plants biomass. With minimum value of 17.01 Mg C ha-1 and maximum of 109.58 Mg C ha-1, 

the average AGC of the natural forest was 66.401 Mg C ha-1. Such average AGC found in this 

study is far below the value reported by several previous studies conducted in different forest 

areas in Ethiopia: 278.08 Mg C ha-1 in Egdu Forest (Adugna Feyissa et al., 2013), 133 Mg C 

ha-1 in Menagasha Forest (Mesfin Sahle, 2011) and 306.36 Mg C ha-1 in Tara Gedam Forest 

(Mohammed Gedefaw and Teshome Soromessa, 2014).  This is due to due to  relatively 

young  age of the plantation forest (less than 10 years), and high level of disturbance in the 

natural forest before it was protected by the Oromiya Forestry and Wildlife Bureau. However, 

it is within the range reported for tropical dry forests, 30-275 ton/ha indicated by Murphy and 

Lugo (1986). 

On the other hand, varying from 4.254 to 27.397 Mg C ha-1, BGC in natural forest was found 

to have mean of 16.6 Mg C ha. As BGC is proportional reflection of AGC, its mean value 

recorded in this study is lower than that reported by studies conducted in other natural forests 

in Ethiopia and other countries. For instance, Adugna Feyisa (2012) found mean BGC of 

55.62 ±5.14 in Egdu Forest, and Mesfin Sahle (2011) reported mean AGC of 133 Mg C h-1  

and  mean BGC of  26.6 Mg C ha-1 in Menagasha Forest, Ethiopia while 90 Mg C ha-1 was 

found to be stored in below ground biomass in the high elevation forested areas of the Taita 

Hills in south-eastern Kenya (Omoro et al., 2013). 

Plantation forest of the study area had mean AGC and BGC of 214.18 and 53.7 Mg ha, 

respectively, and hence, a total of 267.88 Mg C ha-1 was found to be stored in the biomass of 
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woody plants in plantation forest. Plantation forest of the current study area is Eucalyptus 

globulus  plantation though few individuals of two other species (Pinus patula and Juniperus 

procera) were encountered during the field survey. Though biomass carbon density may vary 

with species, plantation age, management (harvesting) and environmental factors, the AGC 

and BGC value found in this study was comparable to other studies with more or less 

comparable attributes. For instance, Glenday (2006) in her study of the Kakamega Forest, a 

relic Guineo-Congolian rainforest in western Kenya, reported a mean tree biomass carbon of 

290 to 370 Mg C ha–1 for old (20–50 years) plantations of exotics and of 210 to 240 Mg C ha–

1 for young (< 20 years) plantations. In the Taita Hills, Kenya, mean AGC and BGC of 221 

and 72, 158 and 39, and 195 and 47 Mg C ha-1 were reported for plantations of eucalypt 

(about 50-years-old), cypress (about 30-years-old) and pine (about 30-years-old) (Omoro et 

al., 2013).  

Litter Carbon (LC) and Soil Organic Carbon (SOC) 

The average carbon stock in litter biomass of the natural forest was 4.14 Mg C ha-1, with 

ranges from 1.32 to 6.49 Mg C ha-1. The mean carbon stock in litter pool of the present study 

was greater than values recorded on other tropical forests (2.6-3.8 ton/ha) as reported by 

Brown and Lugo (1982), as well as the IPCC’s (2006) report for tropical dry forests, 2.1 t ha-

1. On the other hand, the litter carbon content found in this study was also relatively greater 

than that recorded in some other studies conducted in Ethiopia. For instance, it was found that 

average carbon stock in the litter biomass was 3.4 Mg C ha-1 in Egdu Forest (Adugna Feyissa 

et al., 2013), 0.9 Mg C ha-1 in Tara Gedam Forest (Mohammed Gedefaw et al., 2014) and 

0.019 Mg C ha in forests of Semien Mountain National Park (Tibebu Yelemfrhat et al., 2014). 

However, AGC in these forests were 278.08 Mg C ha in the former, 306.36 Mg C ha-1 in the 

middle and 270.89 Mg C ha in the latter forest, all of which had values greater than the AGC 
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value found in the current study. Hence, the higher LC in this study, in spite of lower AGC, 

implies that the litter fallen from the above ground plants had experienced lower rate of 

decomposition and/or high rate of litter fall.  

The average value of soil organic carbon in the natural forest of the study area was 63.248 

Mg/ha, which was less compared to values recorded for other natural forests: 277.56 Mg C 

ha-1 in Egdu Forest (Adugna Feyissa et al., 2013), 121.28 Mg C ha-1 in Menagasha Forest 

(Mesfin Sahle, 2011), 274.32 Mg C ha-1 in Tara Gedam Forest (Mohammed Gedefaw et al., 

2014), and 158 Mg C ha in the high elevation forested areas of the Taita Hills in south-eastern 

Kenya (Omoro et al., 2013). The lower carbon stock in the soil could probably be due to the 

low decomposition rate, which can be manifested by the presence of relatively high litter 

biomass indicated previously. Besides, the big difference in SOC among these previous 

studies and the current study may partly be related to differences in tree species, soil nutrient 

availability, climate, topography and disturbance regime as distribution of carbon stocks in 

forests is known to vary with these factors. 

In this study, the average carbon content in the litter biomass of plantation forest was 5.79 Mg 

C ha-1. The plantation forest had relatively modest biomasses and this would be expected to 

result in greater litter production. On the other hand, mean SOC to a depth of 30 cm in the 

plantation forest of the study was 93.4 Mg C ha. Kraenzel et al. (2001) reported the carbon 

content to a soil depth of 100 cm in a teak plantation in Panama was 225 Mg C ha-1. In 

Ratchasima, Japan, the soil carbon content (to 30 cm depth) in a plantation ranged from 37.2 

to 48.9 Mg C ha-1 (Nualngam, 2002), which is lower than the current study’s finding. 

Meunpong et al. (2010) found that in forest plantations in Thailand, soil carbon pool 

throughout the 50-cm depth ranged from 44.49 Mg C ha-1  in Mangifera plantation to 62.64 

Mg C ha-1 for Schefflera plantation. The soil under Eucalyptus plantation (about 50-years-
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old) in the Taita Hills, Kenya, was found to have mean carbon content of 94, 116 and 209 Mg 

C ha in the 0-20, 20-50 and 0-50 cm soil depth (Omoro et al., 2013).  

5.2 Effect of environmental factors on Carbon stock 

   5.2.1. Carbon Stock and Altitudinal Gradient 

In many previous works (Luo et al., 2005; Mooser et al., 2007; Alves et al., 2010), altitude is 

known to have a major impact on the diversity, biomass and carbon stock in the forest 

ecosystems.  Similarly, Luo et al. (2005), Leuschner  et al. (2007), Mooser  et al. (2007) and  

Zhu  et al. (2011) reported citing previous studies that above and below ground tree biomass 

and its carbon stock decline with an increase in altitude.  

In the present study area, it was observed that the mean AGC and BGC in the natural forest 

had showed relatively an increasing trend with increasing altitude, whereas, these carbon 

pools in plantation forest showed no clear pattern with altitude; the highest in the middle and 

lowest in the lower class. With regard to the finding in the natural forest of the study, similar 

results were reported in tropical Atlantic moist forest in Brazil by Alves et al. (2010), in 

central Amazonian forest (de Castilho et al., 2006), in moist temperate valley slopes of the 

Garhwal Himalaya of India (Gairola et al., 2011) and in Mt Changbai of China (Zhu et al., 

2011). 

The increasing biomass carbon with altitude in the current study may be attributed to 

disturbance on the one hand, and diameter class distribution on the other. The lower areas of 

the study forest is highly influenced by the local people as it is more accessible for cultivable 

land expansion and procuring essential forest products which probably be the cause for lower 

biomass at lower elevations. On the other hand, the presence of species characterized by large 

individuals occurring on higher altitude could have an effect on AGC, because few large 

individuals can account for large proportion of the plots above and below ground carbon 
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(Brown and Lugo, 1982). This could probably be the case in the present study area, where 

bigger trees with maximum DBH were more frequent in higher altitude areas. 

Similar to the trend found for AGC and BGC, relatively high LC was found in the upper 

altitude of natural forest, and in the middle of planation forest. However, the variation for 

both forest types was not statistically significant. On the other hand, the SOC stocks in the 

soils studied showed significant variations with altitude in the natural forest. Various studies 

indicate that soil carbon stocks increase with elevation in mountainous areas (e.g. Bolstad, 

Vose & McNulty, 2001). It can also be attributed to the slower conversion of  soil organic 

matter into  mineral soil  Soils in cooler climates usually contain more organic matter due to 

slower mineralization rates. Soil organic matter (SOM) accumulation increases with 

increasing precipitation and decreases with increasing temperature. Differences along 

vegetation gradients reflect a changing balance of soil carbon inputs and soil carbon losses 

that are potentially related to changes in both abiotic (e.g. temperature, precipitation, potential 

evapotranspiration) and biotic (e.g. litter quality) factors (Lal, 2005; Garten & Hanson, 2006).  

5.2.2. Carbon Stock and Slope Gradient 

Slope was found to have significant influence on AGC and BGC of the two forest types, and 

on SOC of the natural forest. In both forests, the carbon stock of the middle slope gradient 

was highest in both AGC and BGC and lowest in the lower and higher slope gradients. This 

may be due to the absence of dense and tallest trees at both end of the forest site and possibly 

also due to the favorable conditions for tree growth in the middle part. Similar findings were 

reported in previous studies (Mohammed Gedefaw et al., 2014).  

SOC in the natural forest increased with increasing slope. Positive influence of slope on SOC 

was also observed in some previous studies (Omoro et al., 2013; Mohammed Gedefaw et al., 
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2014). Omoro et al. (2013) reported that in the high elevation forested areas of the Taita Hills 

in south-eastern Kenya, mean SOC was significantly increased as the slope increased.  

5.2.3. Carbon Stock and Aspect 

Aspect can be used as a useful variable to predict the forest carbon stock in different carbon 

pools. Aspects in diverse forest type’s shows variation in stem density, tree biomass, soil, and 

C stocks (Sharma et al., 2011). In fact, similar trend were pragmatic for this study. Results of 

the present study for the natural forests revealed that higher mean values of above and 

belowground biomass and carbon stocks on W and SW aspects compared to the other aspects 

whereas, the lowest mean values were recorded on the NE and NW aspect. Similarly, in the 

forest carbon stock study of Arbaminch Forest by Belay Melese et al. (2014) a similar result 

was found with the present study. And the variation in the mean AGC among different aspects 

in natural forest was not statistically significant. 

For the plantation forest, higher mean values of above and belowground biomass and carbon 

stocks was found on SW and W aspects compared to the other aspects whereas, the lowest 

mean values were recorded on the NE aspect. More or less similar to that of the natural 

forests, but statically the result was significant (p=0.000). In general, the western and 

southwestern aspects of the study area had higher standards of above and belowground 

biomass and carbon stocks as compared to northern aspects. This can be due to the incidence 

of moist and favorable environment on the western and southern aspects of the study area.  

Although, the litter biomass and carbon stocks in these study was recorded statistically higher 

values on the southern aspects than the northern aspects for both the natural as well as for the 

plantation forests. This difference is attributed to the difference in litter fall amount and its 

decomposition rate. Moreover, the absence of high decomposition rate of a litter on southern 

aspects may contribute for the presence of high litter biomass and carbon than the northern 
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aspects.  According to Sharma et al. (2011), the forest growing on the southern aspects are 

generally exposed to various natural disturbances like wind fall. Thus, the presence of high 

wind fall on the southern aspects could probably be the cause for higher values of litter 

biomass and carbon on the southern aspects.  

In the natural forest of the study area the values of soil organic carbon was found to be higher 

on the western aspects, which may possibly be due to the presence of cooler and moist 

climate on the western aspect for the region.  This may be due to greater soil water content 

and lower soil temperature and high litter production, contributing  to lower organic carbon 

turnover rate and favoring accumulation of considerably high amount of organic matter in 

these in these vegetation communities. A study by Sharma et al. (2011) also revealed that 

higher amounts of SOC are available on cooler and moister northern aspects. Furthermore in 

the present study for the plantation forests the SOC was found to be higher on northern 

aspects, which could be accredited to the occurrence of drier conditions on southern aspects 

as compared with northern aspects. Higher amounts of SOC are available on cooler and 

moister northern aspects, thus SOC showed elevated value on the north east aspect, but the 

lowest value was found on the southern aspect specifically for the plantation forests due to 

the fact that harsh climatic condition in the southern aspect (Abel Girma et al,. 2013). 
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 6. CONCLUSION AND RECOMMENDATIONS 

           6.1 Conclusion 

In both the natural and plantation forests of this study, significant proportion of the total 

carbon stock is that stored in the above ground biomass and in the soil, followed by below 

ground biomass and litter biomass. For the natural forest, carbon stored in the above ground 

biomass, below ground biomass, litter biomass and in the soil is 66.401, 16.6, 4.14 and 63.25 

Mg ha-1, respectively. Plantation forest is relatively higher in the amount of carbon stock 

stored in all of the four carbon pools as compared to natural forest. It has a carbon content of 

214.18 Mg ha-1 in the above ground biomass, 53.7 Mg ha-1 in the below ground biomass, 5.79 

Mg ha-1 in the litter biomass and 93.4 Mg ha-1 in the soil.  

Environmental factors have profound effect on carbon stocks, but, the effect is not similar 

among the four carbon pools. Altitude influences the amount of carbon stored in above and 

below ground biomass of both forests, and carbon stored in the soil under natural forest. Both 

above and below ground carbon stock are higher in the upper altitude parts of the natural 

forest, and in the middle altitude of plantation forest. This may be attributed to the presence 

of high dbh woody plants  in the higher  altitude due to influence of the local people in  the 

lower  and easily accessible altitudes, as the forest remained unprotected for long On the 

other hand, the soil carbon content of the natural forest is relatively higher in the lower 

altitude than the upper and middle one. 

Slope has a significant effect on carbon stocks of three carbon pools: above and below 

ground biomass for both forests, and soil for natural forest. Higher carbon in the above and 

below ground biomass is found in moderate slope positions in both the natural and plantation 

forests. On the other hand, relatively higher soil organic carbon in natural forest is found in 

the upper slope position. 
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The effect of aspect is significant only for above and below ground carbon stocks of the 

plantation forest, and for soil organic carbon stock of the natural forest. The southern and 

southwestern aspects of the plantation forest store relatively higher above and belowground 

carbon stocks. In the natural forest higher soil organic carbon is found on the western aspect. 

6.2 Recommendation  

Based on the findings of this study, the following recommendations were forwarded.   

• Although the study area is conserved, protecting the forest fully from human 

interference is necessary to continue with this capacity for carbon stock. 

• The study areas are highly dominated by exotic tree species. Therefore the 

area has to be replanted with  indigenous trees which best fits with the study 

area. 

• Fostering cooperation between communities and government, to promote 

knowledge and understanding of forest conservation and to find methods for 

rehabilitation of the degraded forests will help increase the potentiality of 

forests as a carbon sink to meet the challenge of global climate change and to 

get benefit from the preserved forests. 

• 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 
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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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LIST OF APPENDICES 

Appendix 1: Altitude, Slope and Aspect of Sample plots in the plantation and natural 
forest 

Plantation Forest Natural Forest 
Plot no Alt Slop Aspect Plot no Alt Slop Aspect 

1 2424 25 SW 1 2392 21 SW 

2 2433 20 SW 2 2370 41 SW 

3 2452 26 SW 3 2413 25 SW 

4 2224 18 SW 4 2403 29 SW 

5 2260 24 SW 5 2380 38 S 

6 2274 17 SE 6 2268 24 SE 

7 2270 18 E 7 2439 30 SE 

8 2439 21 W 8 2235 32 S 

9 2451 17 W 9 2217 42 SW 

10 2443 18 W 10 2225 45 W 

11 2247 22 NW 11 2247 25 E 

12 2265 22 NW 12 2453 26 E 

13 2234 14 N 13 2456 24 NE 

14 2225 19 NE 14 2342 41 NE 

15 2276 18 NE 15 2230 26 NE 

16 2357 15 NE 16 2450 30 NE 

17 2221 16 N 17 2279 25 NE 

18 2310 17 NW 18 2310 28 N 

19 2279 19 N 19 2250 31 N 

20 2268 18 NW 20 2330 38 NE 

21 2400 19 NE 21 2283 29 NW 

22 2424 25 N 22 2350 39 NW 

23 2296 18 NE 23 2275 22 S 

24 2443 23 NW 24 2259 31 SE 

25 2325 17 S 25 2324 22 SE 

26 2439 21 S 26 2347 26 E 

27 2318 24 SE 27 2235 31 W 

28 2280 26 SE 28 2348 27 W 

29 2340 18 SW     

30 2287 17 E     

31 2300 15 E     

32 2347 18 W     
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Appendix2. Summary of biomass and carbon stock (Mg/ha) in each carbon pools and 
total carbon stock per plots of plantation forest 

Plot no AGB AGC BGB BGC LC SOC TOTAL 
1 284.8554 142.4277 56.9711 28.4855 14.0821 67.344 252.3393 

2 334.8482 167.4241 66.9696 33.4848 15.3868 91.392 307.6877 

3 403.6566 201.8283 80.7313 40.3657 13.3337 81 336.5277 

4 519.9204 259.9602 103.9841 51.992 7.5419 96.996 416.4901 

5 605.476 302.738 121.0952 60.5476 15.3561 85.632 464.2737 

6 556.6368 278.3184 111.3274 55.6637 15.0338 71.511 420.5269 

7 472.4601 236.2301 94.492 47.246 14.0972 82.038 379.6113 

8 588.8003 294.4001 117.7601 58.88 15.4031 98.175 466.8583 

9 607.5444 303.7722 121.5089 60.7544 13.3494 86.688 464.5641 

10 336.4336 168.2168 67.2867 33.6434 7.557 72.468 281.8851 

11 656.8972 328.4486 131.3794 65.6897 15.3727 74.91 484.421 

12 353.1873 176.5937 70.6375 35.3187 15.0507 59.292 286.2551 

13 220.4881 110.244 44.0976 22.0488 10.6688 97.647 240.6086 

14 337.4601 168.73 67.492 33.746 10.3097 117.852 330.6377 

15 83.8202 41.9101 16.764 8.382 8.2912 119.316 177.8994 

16 403.6547 201.8273 80.7309 40.3655 10.5599 112.167 364.9197 

17 335.7998 167.8999 67.16 33.58 9.8327 109.08 320.3926 

18 502.6155 251.3078 100.5231 50.2616 16.586 67.725 385.8804 

19 437.1354 218.5677 87.4271 43.7135 12.2582 69.696 344.2354 

20 691.6016 345.8008 138.3203 69.1602 9.5231 125.736 550.2201 

21 134.92 67.46 26.984 13.492 12.8793 163.53 257.3613 

22 334.8874 167.4437 66.9775 33.4887 10.6543 73.902 285.4888 

23 368.5603 184.2801 73.7121 36.856 10.294 58.443 289.8731 

24 319.8375 159.9187 63.9675 31.9837 8.2778 96.48 296.6603 

25 405.0023 202.5011 81.0005 40.5002 10.5462 116.523 370.0706 

26 487.868 243.934 97.5736 48.7868 9.8196 117.975 420.5154 

27 487.8306 243.9153 97.5661 48.7831 16.5696 110.88 420.1479 

28 455.1895 227.5947 91.0379 45.5189 12.2434 107.814 393.1711 

29 488.7414 244.3707 97.7483 48.8741 9.5087 66.816 369.5695 

30 403.7336 201.8668 80.7467 40.3734 12.8635 68.76 323.8637 

31 388.1284 194.0642 77.6257 38.8128 8.8453 124.353 366.0753 

32 539.2157 269.6078 107.8431 53.9216 8.6702 161.766 493.9656 
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Appendix 3. Summary of biomass and carbon stock (Mg/ha) in each carbon pools and 
total carbon stock per plots of Natural forest 

Plot no AGB AGC BGB BGC LC SOC TOTAL 
1 34.0286 17.0143 6.8057 3.4029 8.7389 91.512 120.668 

2 100.9408 50.4704 20.1882 10.0941 9.9469 49.32 119.8314 

3 151.8769 75.9384 30.3754 15.1877 8.4942 45.387 145.0073 

4 168.5147 84.2574 33.7029 16.8515 7.5665 87.048 195.7234 

5 84.3748 42.1874 16.875 8.4375 7.1995 23.184 81.0084 

6 50.6255 25.3127 10.1251 5.0625 9.7967 64.05 104.2219 

7 67.6584 33.8292 13.5317 6.7658 8.6517 141.84 191.0867 

8 219.1769 109.5885 43.8354 21.9177 8.2577 55.944 195.7079 

9 134.8051 67.4026 26.961 13.4805 5.4995 37.488 123.8706 

10 117.5507 58.7754 23.5101 11.7551 10.3918 130.32 211.2423 

11 183.9113 91.9557 36.7823 18.3911 23.9817 41.022 175.3505 

12 182.5745 91.2873 36.5149 18.2575 7.6421 79.254 196.4408 

13 186.2618 93.1309 37.2524 18.6262 9.5351 88.2 209.4922 

14 117.5704 58.7852 23.5141 11.757 8.8315 68.265 147.6388 

15 218.1706 109.0853 43.6341 21.8171 8.6567 92.52 232.0791 

16 150.4894 75.2447 30.0979 15.0489 8.7517 90.405 189.4503 

17 118.6418 59.3209 23.7284 11.8642 9.9604 48.552 129.6975 

18 118.245 59.1225 23.649 11.8245 8.5061 44.652 124.1051 

19 151.719 75.8595 30.3438 15.1719 7.5805 85.956 184.5678 

20 118.086 59.043 23.6172 11.8086 7.2125 22.605 100.6691 

21 67.5394 33.7697 13.5079 6.7539 9.8105 63.162 113.4961 

22 134.6033 67.3016 26.9207 13.4603 8.6654 140.301 229.7284 

23 83.602 41.801 16.7204 8.3602 8.2705 55.125 113.5568 

24 151.6787 75.8393 30.3357 15.1679 5.5138 36.801 133.322 

25 150.9489 75.4745 30.1898 15.0949 10.4067 128.877 229.8531 

26 151.6363 75.8182 30.3273 15.1636 24.0019 40.32 155.3037 

27 151.5609 75.7805 30.3122 15.1561 7.6543 78.234 176.8248 

28 151.6454 75.8227 30.3291 15.1645 9.5496 87.108 187.6448 
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Appendix 4. Results of ONE WAY ANOVA relating different carbon pools to ecological 
gradients (altitude, aspect and slope) in plantation forest 

A. Altitude 
  Sum of Squares df Mean Square F Sig. 

AGC 

Between Groups 80030.044 2 40015.022 26.454 .000 

Within Groups 43865.371 29 1512.599   

Total 123895.415 31    

BGC 

Between Groups 5001.878 2 2500.939 26.454 .000 

Within Groups 2741.586 29 94.537   

Total 7743.463 31    

SOC 

Between Groups 1209.245 2 604.622 1.215 .311 

Within Groups 14428.805 29 497.545   

Total 15638.050 31    

LC 

Between Groups 3.699 2 1.849 1.180 .322 

Within Groups 45.469 29 1.568   

Total 49.168 31    

Total 

Between Groups 126895.901 2 63447.950 23.679 .000 

Within Groups 77707.040 29 2679.553   

Total 204602.940 31    

 
B. Slope 

  Sum of Squares df Mean Square F Sig. 

AGC 

Between Groups 100336.660 2 50168.330 61.755 .000 

Within Groups 23558.755 29 812.371   

Total 123895.415 31    

BGC 

Between Groups 6271.041 2 3135.520 61.755 .000 

Within Groups 1472.422 29 50.773   

Total 7743.463 31    

SOC 

Between Groups 5.898 2 2.949 .005 .995 

Within Groups 15632.152 29 539.040   

Total 15638.050 31    

LC 

Between Groups .776 2 .388 .233 .794 

Within Groups 48.392 29 1.669   

Total 49.168 31    

Total 

Between Groups 155549.719 2 77774.859 45.980 .000 

Within Groups 49053.222 29 1691.490   

Total 204602.940 31    

C. Aspect 
  Sum of Squares df Mean Square F Sig. 

AGC 
Between Groups 114436.495 7 16348.071 41.480 .000 

Within Groups 9458.920 24 394.122   
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Total 123895.415 31    

BGC 

Between Groups 7152.281 7 1021.754 41.480 .000 

Within Groups 591.183 24 24.633   

Total 7743.463 31    

SOC 

Between Groups 5059.173 7 722.739 1.640 .172 

Within Groups 10578.877 24 440.787   

Total 15638.050 31    

LC 

Between Groups 9.688 7 1.384 .841 .565 

Within Groups 39.480 24 1.645   

Total 49.168 31    

Total 

Between Groups 186760.770 7 26680.110 35.888 .000 

Within Groups 17842.170 24 743.424   

Total 204602.940 31    

 

Appendix 5. Results of ONE WAY ANOVA relating different carbon pools to ecological 
gradients (altitude, aspect and slope) in Natural forest 

A. Altitude 
  Sum of Squares df Mean Square F Sig. 

AGC 

Between Groups 10900.921 2 5450.461 36.232 .000 

Within Groups 3760.833 25 150.433   

Total 14661.754 27    

BGC 

Between Groups 681.308 2 340.654 36.232 .000 

Within Groups 235.052 25 9.402   

Total 916.360 27    

SOC 

Between Groups 6983.372 2 3491.686 4.005 .031 

Within Groups 21794.830 25 871.793   

Total 28778.202 27    

LC 

Between Groups 2.885 2 1.443 1.564 .229 

Within Groups 23.060 25 .922   

Total 25.945 27    

Total 

Between Groups 14118.114 2 7059.057 6.585 .005 

Within Groups 26799.970 25 1071.999   

Total 40918.083 27    
B. Slope 

  Sum of Squares df Mean Square F Sig. 

AGC 

Between Groups 10987.926 2 5493.963 37.386 .000 

Within Groups 3673.828 25 146.953   

Total 14661.754 27    

BGC 
Between Groups 686.745 2 343.373 37.386 .000 

Within Groups 229.614 25 9.185   
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Total 916.360 27    

SOC 

Between Groups 10937.602 2 5468.801 7.663 .003 

Within Groups 17840.599 25 713.624   

Total 28778.202 27    

LC 

Between Groups 4.069 2 2.035 2.325 .119 

Within Groups 21.875 25 .875   

Total 25.945 27    
 

C. Aspect 
  Sum of Squares df Mean Square F Sig. 

AGC 

Between Groups 4920.210 7 702.887 1.443 .243 

Within Groups 9741.545 20 487.077   

Total 14661.754 27    

BGC 

Between Groups 307.513 7 43.930 1.443 .243 

Within Groups 608.847 20 30.442   

Total 916.360 27    

SOC 

Between Groups 17057.931 7 2436.847 4.158 .006 

Within Groups 11720.270 20 586.014   

Total 28778.202 27    

LC 

Between Groups 9.558 7 1.365 1.667 .174 

Within Groups 16.387 20 .819   

Total 25.945 27    

Total 

Between Groups 39105.248 7 5586.464 61.632 .000 

Within Groups 1812.835 20 90.642   

Total 40918.083 27    
 

 

 

 


