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ABSTRACT 

Forest ecosystems are th e ma in well springs of li velihoods for many people and playa 

key part in regulating climate change by capturing and sequestering carbon. However, 

forests have been altered and converted into other land uses and thus negati vely 

impacting land cover systems. The change in forest cover affects man y ecological, 

social and economic well-being. Tfiis study aimed at quantifying the effects of forest 

cover change on carbon stocks and ecosystem services values in the dry Afromontane 

forest area in northern Eth iopia. Forest cover changes were analyzed using Landsat 

images of 1985, 2000 and 2016. Vegetation parameters, litter and soil samples were 

co llected from the fie ld to quantify the carbon stock potenti al of the forest. Total area 

coverage of each land cover class was mUltipli ed by the carbon on hectare basis of 

each land cover to quantify th e change in carbon stock due to land cover change. 

Changes in ecosystem service values were estimated using land cover data of the year 

1985, 2000 and 20 16 with their ecosystem serv ice value coefficients derived from 

ecosystem serv ice database of The Economics of Ecosystem and Biodiversity. 

Household interviews and focus group discussions were used to assess community 

perceptions of forest cover change and its drivers. Results from the study indicated 

that the dense forests and open forests increased by 8.2% and 32.3% respect ively 

between 1985 and 2000 while it decreased by 10.4% and 9.8% respecti ve ly fro m 

2000 to 2016. Grasslands and cu ltivated land decreased between 1985 and 2000 by 

37.3% and 5.5% but increased between 2000 and 2016 by 89.5% and 28.5% 

respectively. The study further showed that fuelwood collection, cu ltivated land 

expansion, population growth, free grazing and drought were the major drivers of land 

cover change in the study area. So il erosion, reduction in pollinating agent li ke honey 

bee due to a reduction in flower production, fl ooding and drought were the perceived 
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major impacts of forest cover changes. Possib le so lutions to the current state of 

deforestation as indicated by respondents include strengthening of forest protection 

and monitoring-systems, improving soil and water conservation mechanisms, 

enhancing afforestation , creating awareness about the importance of forest ecosystems 

and zero grazing campaigns. The estimated mean total carbon stock was 

181.78±27.06 Mg ha-' in- the dense forest and 104.83±12.35 Mg ha-' in the open 

forest. The carbon stock for grassland , cu ltivated land and bare land were 

108.77±6.77 Mg ha-', 76.54±7.84 Mg ha-' and 83. l l±8.53 Mg ha-' respectively. Soi l 

organic carbon and above ground carbon stock contributed more to total carbon stocks 

across the land cover types compared to below ground carbon and litter carbon. There 

was a margina l increase in carbon stock between 1985 and 2000 whi le carbon stock 

between 2000 and 20 16 marginally decreased . There WaS a significant relat ionship 

between above ground vegetation properties and soil organic carbon (adj . R2 = 0.59, P 

= 0.003). The estimated total values of ecosystem services fo r the study area was US$ 

16.6, 19 and 18.1 million in 1985,2000 and 20 16, respectively. Generally, the study 

revealed that forest cover change substantiall y affected carbon stock and ecosystem 

service va lues in Wujig Mahgo Waren . forest in northern Ethiopia. The study, 

therefore, recommends that enhanced efforts at conserving the forest ecosystem by all 

stakeholders to ensure an improved forest structure and increased ecosystem services 

delivery be pursued . 
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CHAPTER ONE 

1. INTRODUCTION 

1.1. Background 

Forest ecosystems are main wellsprings of livelihoods fo r many people and playa 

crucial role in socio-economic clevelopment of many countries (Agrawa l et ai. , 20 13; 

Chao, 201 2). A fo rest ecosystem is an area which consists of plants, animals and 

micro-organisms in interaction with non-li vi ng physical features of the environment 

(Sen, 201 8). They are essential natural resources that fum ish a wide-range of 

ecosystem services such as moderating atmospheric carbon balance and thus climate 

change (Kumar et ai., 20 I 4). 

Ecosystem services are the benefits that people get from ecosystem processes for 

survival and quality life, such as food, carbon sequestration, nutrient cyc ling, air and 

water filtrati on, and fl ood amelioration (Costanza el ai. , 1997). Carbon sequestration 

is the capture and storage of carbon that would somehow be produced or stay in the 

atmosphere or terrestrial systems (Herzog & Golomb, 2004). Terrestrial systems 

especially plants represent an important carbon store, estimated globally at 638 

Gigaton, of which 44% is present in plant biomass (FAO, 20 15a). 

Ecosystem cond itions affect the fl ow of ecosystem services (de Groot et ai. , 2002; 

Styers et al., 201 0). For instance, land cover dynamics can change ecosystem services 

values by increasing the supply of some services while decreasing in others (Hu et al., 

2008; Kreuter et ai. , 2001 ; Polasky et al., 201 1). This might have an effect on the 

long-term sustainability of ecosystems. 



Degradation of forest ecosystem has an effect on the compos ition of greenhouse gases 

in the atmosphere leading to global warming (Kohl el al. , 2015). Changes in land use 

including forest c learance for agriculture, settlement and industrial expansion have 

contributed about 136 (±55) Gt carbon or one-third of total anthropogenic emiss ions 

of carbon dioxide (C02) to the atmosphere over the past 150 years (Gomez e l aI., 

2006; Watson et al. , 2000)_ Carbon emissions from deforestation and forest 

degradation are the second largest source of anthropogenic carbon emiss ions (Le 

Quere et aI. , 2009; van der Werf et aI. , 2009). Studies indicate that land cover change 

has significant effects on carbon stock. For instance, land cover change significantly 

affected carbon stock by impacting the aboveground biomass and so il organic carbon 

in Malagasy rainforest, Madagascar (Andriamananjara el aI. , 20 16). On the other 

hand, changes in land cover from non-forest to forest ecosystems through exclosure, 

afforestation and reforestation activ ities are known to increase the carbon 

sequestration potential of an area. For example, Mekuria el al. (2009a) found that the 

introduction of exc10sures on degraded free grazing lands increased carbon stocks in 

the lowlands of Tigray, Ethiopia. 

In Ethiopia, forest resources provide goods and services of significant values to the 

economy, environment and society (Moges el al., 2010). The vegetation types in 

Ethiopia are categorized into nine types including the Afromontane vegetation either 

dry or moist. The Afromontane vegetation covers more than 50% of the high lands in 

Ethiopia with a high diversi ty of plant species, therefore it is one of the prominent 

biodiversity haven in the country (Teketay, 1996). The dry Afromontane forests are 

composed of a number of indigenous tree species dominated by an association of 

Juniperus-Podocarpus or only Podocarpus species (Tesema el al., 1993; Wubet et al., 

2003). 
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The dry Afromontane forests provide a range of ecosystem services including 

provision of diverse habitats for fau na and fodder for livestock, non-timber forest 

products, watershed protection including groundwater regu lation, fl ood control and 

so il erosion prevention and contro l and carbon sequestration (Asfaw el aI., 20 13; 

Price et aI. , 2011; Solomon et al. , 2017). The dry Afromontane forest has not been 

managed sustainably and-has uQdergone gradual degradation through human activities 

over a period of time. However, the Wujig Mahgo Waren forest is one of the 

remnants of the dry Afromontane forest in northern Ethiopia which continues to 

provide essential services for livelihoods of the people. 

Forests are exposed to huge pressure due to increase in human population, widespread 

poverty, and overgrazing resulting in deforestation and degradation (F AO, 201 1). For 

instance, an estimated 129 million hectares (size of South Africa) of forests have been 

lost since 1990 (F AO, 2015a). A hundred years ago, about 40% of the landmass of 

Ethiopia was covered by forest but currently, only about 3% forest cover is left 

(Babulo, 2007). 

Generally, forest management which involves the participation of the forest fringe 

communities has been considered to yield sustainable outcomes (Bray et aI., 2009). 

However, in Ethiopia forest management practices over the last 50 years has not been 

community-based. For instance, local communities involvement in forest management 

was restricted thereby reducing access to the resources and use rights of the 

communities (Engida & Teshoma, 20 12). This approach has negatively affected the 

forest resource through illegal and indiscriminate exploitation of the resources by the 

communities. Inquests of a solution, in 1990s different interventions have been 

introduced by the government and the local communities to tackle deforestation and 

forest degradation . Establishment of exclosures, construction of soil and water 



conservation practices and afforestation were among the main activities that have 

been introduced (Giday el al. , 2013; Mekuria el al., 2009b). 

Deforestation is an environmental problem in Wujig Mahgo Waren forest. However, a 

thorough understanding of forest cover dynamics and the impact of these dynamics on 

ecosystem service and values through empirical evidence is lacking. Furthermore, the 

perception of the farmers regarding forest cover change, their drivers, and possible 

so lutions at landscape level has not been studied. Therefore, there is a need to study 

the change in forest cover, its effect on carbon stock and ecosystem serv ices values 

and the perception of the community towards forest cover change, their drivers, and 

possible so lutions in Wujig Mahgo Waren forest in the northern part of Ethiopia. 

Exploring changes in forest cover and drivers, carbon stock and valuation of 

ecosystem services is fundamental to generate awareness and add to the emerging 

knowledge on sustainable management of natural resources. It also enhances decision 

making for all otment of limited capitals and formulates policies and delivers an 

impetus to safeguard the land cover type that offers the best-valued services . 

1.2. Statement of the problem 

The concentration of carbon dioxide in the atmosphere is increasing (Keeling, 2009). 

The increase in carbon dioxide in the atmosphere has a direct impact on cl imate 

change. Forests are considered as a natural so lution for climate change through carbon 

sequestration (Kumar el aI. , 2014; SfLVA el al. , 2018). However, deforestation and 

forest degradation has affected the potential of forest to sequester carbon and produce 

other ecosystem services (Andriamananjara el al., 2016). 

The Wujig Mahgo Waren forest is one of the remnant Afromontane state forest 

patches in northern Ethiopia. Like many other parts of the country, the problem of 
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deforestation poses an environmental threat in Wujig Mahgo Waren forest. The 

deforestation might have an impact on fl ow of ecosystem services . However, studi es 

on the rate and aegree of fo rest cover change and its impact on carbon stock and 

ecosystem service values is lacking regardless of its significance on climate change 

agenda and applicabi lity for REDO+. In addition, while the community based forest 

management approach is-=Said t o be in place, its effectiveness was scantly studied. 

Empirical studies on the understanding of local community regarding forest cover 

change and its drivers were also limited to some areas. Thus, it is important to assess 

and monitor the status and drivers of forest cover change and impacts on 

communities' ecological dynamics. Further, it is important to assess the impact of 

forest cover change on ecosystem service provision and values. 

1.3. Objectives 

The main objective of this study is to assess forest cover change and its effect on the 

dynamics of carbon stock and ecosystem services values in Wujig Mahgo Waren 

fo rest in northern Ethiopia. 

Specific objectives for the study are to: 

i. quantify tbe magnitude and the percentage change of the Wuj ig Mahgo Waren 

forest. 

ii. assess species composition and vegetation structure of the different land cover 

types in the study area. 

iii . quanti fy levels of carbon stocked in different land cover types and estimate 

changes in carbon stock in the Wuj ig Mahgo Waren forest. 

iv. evaluate the functional relation between soil organic carbon stock and above 

ground vegetation properties. 



v. estimate the impact of land cover change on ecosystem servi ce values over the 

past three decades. 

vi. assess theperception of the community towards forest cover change, their 

drivers, impacts and possible so lutions. 

1.4. Research questions 

How much forest cover has changed over three decades? 

How is the species composition and vegetation structure varying across the 

different land cover types in the study area? 

What vo lume of carbon is stocked in the study area? 

Which carbon pool contributes most to the carbon stocked in the study area? 

What vo lume of the carbon stocked has changed due to forest cover change in 

the year of 1985, 2000 and 20 16? 

How do soil organic carbon and above ground vegetation properties relate 

functionally? 

To what extent have ecosystem service values of the forest changed over the 

three decades? 

How do communities perceive forest cover change, the drivers of change and 

their impacts on community livelihood? 
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CHAPTER TWO 

2. LITERATURE REVIEW 

This chapter reviews ex isting literature on forest, status of forest cover change, drivers 

of forest cover change, impact of forest cover change, climate change, carbon 

sequestration, linkages b:!ween forest and climate change, lin kages between forest 

and carbon sequestration, linkages between forest cover change and carbon 

sequestrati on, forest ecosystem services, linkages between land cover change and 

ecosystem servi ces, methodological approaches and issues. 

2.1. Forests as a resource 

Forests are sources of many ecosystem services needed for our survival (Nkonya et 

al., 2016). The Millennium Ecosystem Assessment categorized ecosystem services as 

provisioning services (food, fres hwater, and fibre), cultural services (places for 

recreation and education), supporting services (nutrient cycling and soil formation) 

and regulating services (fl ood contro l and climate regulation) (Daily, 1997; MEA, 

2005b). 

Forests are a source of livelihood fo r more than 1.6 x 109 population of the globe in 

varying degrees (CBD, 2009). Many people obtain their daily food from the forest 

(Vira et ai., 2015). Forests are the sources of commercial products such as timber, 

clothing and pharmaceuticals (CBO, 2009). They are also a source of income (Babulo 

et ai. , 2009; Shackleton et al. , 2007). For instance, Vedeld et al. (2007) revealed that 

on average, 22% of the total income in 17 countries were from forests. In Zambia, 

fo rest plays a key role in the income of people belonging to poor households (Kalaba 

et ai. , 2013). The forestry sector is known to play an important role in employment by 

way of provid ing employment for 10 x 106 people (FAO, 20 10a). The report of 
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Whiteman et al. (2015) showed that around 12.7 million individuals are working in 

the forestry sector. 

Eco logically intact forests are known to store and purify drinking water (CBD, 2009). 

They are a means to water avai lability and coo ling (Ellison et al. , 20 12; Ellison et aI. , 

20 17; Hesslerova et aI., 201 3; Syktus & McAlpine, 2016). According to Calder et al. 

(2007), both upstream and downstream areas obtain water from forest to satisfy their 

domestic, manufacturing and environmental needs. The role of providing and 

protecting water resources has been attributed to forests for generations (Liniger & 

Weingartner, 1998). Cooling of environment depends on the abili ty of trees to catch 

and redistribute the sun' s vi tality (Pokorny etal., 2010). Results from Li et al. (2015) 

reveal that cooling effect depends on the type of the forest ; strong cooling effect in 

tropical forests throughout the year, moderate cooling in temperate fo rests in summer 

and net warming in boreal forests annually. Forests being used in watershed 

management technique plays a sign ificant role in reducing the risk of pollution and 

creating and preserving healthy stream ecosystems (Escobedo & Nowak, 2009) . 

Furthermore, trees can initiate rainfall (Ellison et aI. , 2017). Forests have the capacity 

to filter precipitation resulting in purified ground and surface water for communities 

(Neary et aI., 2009). Evapotranspiration plays a great role in the process of 

precipitation. For instance, 70% of rainfall in the region comes from 

evapotranspiration of the Amazon forest (van der Ent et al. , 2010). 

Also, fo rests are the home of most plants and animals (CBD, 2009). For example, a 

comparison of species richness and frequency of occurrence between landscape types 

the Iberian Peninsula indicate that riparian woodlands are important habitats for many 

animals (Virg6s, 200 I). Moreover, the coastal forests in Tanzania are home to 50 



endemic plant species, several rare mammals, seven bird species, reptiles and 

amphibians, an invertebrate fauna and many more (Burgess et 01., 1992). In add ition, 

Duivenvoorden (1 995) also fo und 1,077 tree species which he categorized into several 

genera and fam ili es in the middle Caqueta area, Colombian Amazo nia. Wittmann et 

01. (2006) recorded more than 900 flood tolerant tree species in Amazonian varzea 

forests. Slik et 01. (201 5) -fG und,"more than 53,000 tropical tree species and 124 tree 

species across temperate Europe. Bernard and Fenton (2002) captured 3,222 bats in 

the central Amazonian fo rest, Brazi l. Beaudrot el 01. (2016) also recorded 511 

terrestrial mammals and bird population, including 244 species from 15 protected 

areas of tropical fo rest on three continents. Rovero et 01. (2014) revealed that at least 

32 mammal species exist in Udzungwa Mountains of Tanzania. 

Forests have functioned responsibly in climate change mitigation by reducing carbon 

emiss ions. After oceans, forests are the world ' s largest storehouses of carbon. Soares­

Filho et 01. (2010) predicted that all protected areas in Brazilian Amazon have the 

capacity to elude 8.0 ± 2.8 Pg of carbon releases by 2050. Using ground data and 

durable carbon research in forest, Pan et al. (201 1) estimated a total carbon sink of2.4 

± 0.4 Pg carbon yr-l globally for 1990-2007. Mangroves sequester 1,023 Mg carbon 

ha- 1 placing them .among the most carbon-rich fo rests in the tropics (Donato et 01., 

20 11). According to Bonan (2008), fo rests play an essential role in sinking 

anthropogenic carboi1 emissions by storing 45% of the terrestrial carbon in their 

biomass and soi ls. Keith et 01. (2009) found that an average of 1,867 tons of carbon 

ha-I in dead and living biomass in E. regnans forest in the O' Shannassy catchment of 

the central highlands of Australia. 

Forests contribute significantly in mitigating flood and storm damage. For example, in 

India investments in fo rest management and restoration are essential to control flood 
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damage and safeguard people and assets (Bhattacharjee & Behera, 20 17). Zhang et al. 

(20 15a) indicated that during heavy rains, tree roots playa crucial role in reducing the 

speed of the fl ow, consequently reducing soi l eros ion and materi al loss. They fo und 

that change in urban green spaces reduced runoff rate from 23% in 2000 to 17% in 

2010 in Beijing, China . Brookhuis and Hein (201 6) have also indicated that even a 

slight removal of forest "C:Can .Gause substanti al rise in fl ood risks in Trinidad. 

According to Bathurst et af. (2011 ), forest cover offers substantial mitigation benefi ts 

for moderate rainfall events in Latin American environments. 

Forests are important in so il eros ion reduction. Abandonment of cultivated land in the 

20th century improved vegetation cover resulting in a decrease of soi l loss in mountain 

areas (Garcia-Ruiz, 2010). Hartanto el af. (2003) ind icated that soil surfaces are often 

protected due to surface roughness created by sapling and dead woods, thus 

preventing soil erosion. In 201 5 about 25. 1% of total forest area was allocated for the 

protection of so il and water resources across the globe (Miura el af. , 2015). This 

implies that the role forests play in soil and water conservation has received wider 

attention across the world. 

Forests absorb a variety of airborne chemicals, such as nitrogen dioxide, carbon 

monoxide and sulfu r dioxide (Beckett et af. , 1998). A study conducted in the United 

States revealed that urban trees improved air quality by removing huge amounts of air 

pollutants. However, the removal of pollutants differed among cities with total 

removed annual ai r pollutants esti mated at 711,000 metric tons (Nowak et af., 2006). 

Similar results were observed in the study of Selmi et af. (2016) where public trees 

managed by the city removed significant amounts of pollutants between 2012 and 

201 3 in Strasbourg city, France. Similarly, Jeanjean et al. (2017) showed that trees 

trap air po llutants by up to about 7% at the Marylebone monitoring station. 
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Furthennore, Yang et al. (2005) also fou nd that trees absorbed about 1,261.4 tons of 

airborne contaminants in central part of Beij ing as at 2002. 

In addition, forests are sources of natural and artificial medicines. Tropical forests are 

composed of various plant species including those used for medici nal purposes. They 

are a source of new drugs and medicines for many people in the un industrialized 

world (Balick et al., 1996; Balick & Mendelsohn, 1992) . Many important drugs can 

be obtained from natural plants, such as codeine, morphine, quinine and digitalis 

(Abelson, 1990). Kitu la (2007) found 45 plant species used for healing about 22 

human diseases in New Dabaga Ulongambi Forest Reserve, Tanzania. 

Forests also have aesthetic values. A study in Georgia by Majumdar et al. (2011 ) 

showed that people readily volunteer to pay an average of US$ II .25 for visiting urban 

forests. Based on thei r estimation, the annual value of urban forests can be estimated 

at a low of $81 million and a hi gh of $167 million. Findings from Tanzanian also 

showed that US$ 10,000 were generated from the Amani Nature Reserve annually as 

revenue from eco-tourism (Shoo & Songorwa, 20 13). Deng et al. (2010) indicated 

that urban forests can playa significant role in city beautification and attract tourists, 

which substantially contribute to touri sm satisfaction. 

From the review, we can understand that the contributions of forests to our survival 

are infinite. Without the services from forests, it wi ll be unthinkable to consider 

human survival. However, the use of forests varies spatially. One country may use 

their forest resources for watershed protection and tourism while another may use 

theirs for paper production. Besides, it is also difficult to quantify the market price for 

some of the services provided by forests. A human being is exceptionally reliant on 

the flow of forest ecosystem services, yet this is subj ect to the way in which 
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environments are influenced by human activities (Campos & Corrales, 2005) . 

Generally, the nature and significance of these services have largely been overl ooked 

to the point that their disturbance or loss has featured their significance (Daily, 1997) . 

2.2. Status offorests in the World 

Forests currently cover around 4 billion ha (30%) of the total land of the Earth 

(MacDicken et 01., 2016). Globally, forest cover is decreasing due to the expansion of 

cu ltivated land to satisfy the continuously growing human population's food demand. 

However, a 50% reduction in the extent of forest loss has been observed (F AO, 

2015a). Between 1990 and 2015, a 0.13% annual forest loss was recorded, mak ing 

almost 129 million ha of total forest lost (Miura et 01. , 201 5). A net yearly forest loss 

of3.3 million ha was recorded between 201 0 and 201 5, which resu lted from 7.6 and 

4.3 million ha of annual forest loss and gain respectively (FAO, 2015b). 

Dynamics of forest cover and nature of fo rests vary among countries. For exam ple, 

between 1990 and 2015, in tropical countries, especially Africa and South America, 

huge losses of forest cover were observed (MacDicken et 01. , 2016). Similarly, 

Hansen et 01. (2013) found the rate of forest loss to be increasing by 2, I 0 I Km2 in the 

tropics. According to their study, Brazi l recorded a substantial reduction in 

deforestation while other tropical countries such as Indonesia, Malaysia, Paraguay, 

Bolivia, Zambia and Angola showed increasing forest loss. In Bhutan, where the total 

forest land covering of the country is 60%, Bruggeman et 01. (2016) reported that the 

country's forest cover remained unchanged. Between 1995 and 20 11 , Mayes et 01. 

(2015) observed a reducti on of 7% in forest area in Miombo Woodlands, Tanzania. 

Findings from North Ethiopian Afro-Alpine fo rest showed severe deforestation with 

63% reduction in forest cover between 1982 and 2010 (Jacob et al., 2015). Stibig et 
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ai. (2014) also indicated a reduction of 32 million ha of forest cover between 1990 

and 20 lOin Southeast Asia. However, a net increase of forest cover was recorded 

from 1985 to 20 1 2- in eastern Europe (Potapov et ai. , 2015). 

Between 1990 and 20 15, a 10% (62 million ha) reduction of primary forest area was 

observed in tropical countries (Morales-Hidalgo et al., 201 5). Globally, from 1990 to 

2015 a net reduction of 2:5% -(31 million ha) of primary forest area was detected 

(Keenan et ai. , 2015). However, an increase in forest cover was reported in temperate 

and boreal countries by 6 and 30 million ha, respectively (Keenan et ai., 2015). Since 

1990, the temperate and tropics recorded a stable or an increasing rate of afforestation 

(Payn et ai., 2015). Generally, the review shows a net decline of forest cover around 

the globe though improvements can be observed in some countries. 

2.3. Forest resources in Ethiopia 

The new forest development, conservation, and utilization policy proclamation (No. 

106512018) has defined forest as " land spanning at least 0.5 ha covered by trees 

(including bamboo) attaining a height of at least 2 m and a canopy cover of at least 

20% of trees with the potential to reach these thresholds in situ in due course" 

(MEFCC, 2016). 

Ethiopia has a total of 18 agro-ecological zones and 49 sub-zones (MoA, 2000) owing 

to vari ed elevations, landscapes, and cl imates. Due to the variation in agro-ecology, 

the country boasts of diverse vegetation types such as the tropical rain forest, cloud 

forest, mountain forest, desert scrubs and parkland agroforestry, and indigenous 

multi-strata agroforestry system (Moges & Tenkir, 2014; Negash, 2013; Teketay et 

aI., 2010). 
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The country is assessed as containing an estimated 6,500 to 7,000 higher plants 

speoies, of wh ich 780 to 840 are unique to the country representing 12% of the flora 

(Teketay, 2000). T-he country also contains two biodiversity hotspot areas, namely the 

Eastern Afromontane and horn of Africa biodiversity hotspots (Lemenih & 

Woldemariam, 2010). Officially, nine vegetation types have been recognized in the 

country such as the dry al!,d moist ..evergreen montane forest, Acacia-Commiphora 

deciduous forest, Combretum-Terminalia deciduous woodland, lowland semi­

evergreen fo rest, desert and semi-desert scrub, wetland vegetation, evergreen scrub 

and Afroalpine and subafroalpine forests (Lemenih & Woldemariam, 2010) . Later, 

the vegetation was classified into twelve comprising the desert and semi-desert 

bush land, Acacia-Commiphora woodland, wooded grass land, Combretum-Termina lia 

woodland and wooded grassland, dry and moist evergreen Afromontane forest and 

grass land complex, transitional rain forest, Ericaceous belt, Afroalpine belt, 

freshwater vegetation, riverine vegetation, and Salt-water lakes and pan vegetation 

(Friis et aI., 20 I 0) . Natural forests are dominant in the country, though some 

plantation forests also exist. 

Although no forma l study has been conducted on the actual high forest cover in the 

country, the assessments by WBISPP (2005) based on national inventory appears to 

be more dependable than the estimate of the other. For example, the estimates of 

natural high forest cover of FAO (2005b) were 3 times higher than WBISPP (2005) 

estimates. According to WBISPP (2005), natural high forests, plantations, wood lands 

and bamboo forests are considered as forest in Ethiopia which are estimated at 35.504 

million ha, of which high forest accounts for 11.5%, 83% for woodland, 3% for 

plantation and 1.4 % for bamboo forest. If we include shrub lands, the total vegetation 

cover of the country will be estimated at 61.91 million ha. FAO (20 15b) estimates 
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also showed that 40.63 and 12.5 million ha of woodland and forest land respectively, 

are avai lab le in Ethiopia. 

In Ethiopia, forests perform key roles in the production, protection and conservation 

processes. They are the most important source of income for many households (Fikir 

et al., 2016; Mamo el al., 2007; Yemiru et aI., 2010). They supply most of the forest 

products consumed in the Country (Teketay et aI. , 2010). Forests are also a source of 

energy contributing about 78% of the total domestic energy consumed (Teketay et aI., 

2010). Moreover, forests reduce runoff, so il erosion and conserve biodiversity 

(Haregeweyn et aI. , 2012; Teketay el aI. , 20 I 0). They essentially help to mitigate 

climate change by storing carbon in its above ground biomass amounting to 2.7 

billion tons (Moges et aI., 2010). They are also a source of great rivers (Teketay et aI. , 

2010). Generally, the forestry sector contributes 9.0% to the country's gross domestic 

product (Teketay et aI. , 201 0). 

2.4. Status offorest in Ethiopia 

In the 1900s, the high forest of the country was about 40% of the total area (EF AP, 

1994). This figure was decreased to 16% in the 1950s with a rate of deforestation of 

about 200,000 ha per year (Davidson, 1989). According to Reusing (1998), who used 

satellite imagery ·to monitor forest cover change, the natural high forest cover 

drastically reduced to 4.75% between 1973 and 1976, and then, lessened to 3.93% 

between 1986 and 1990 with the annual forest loss growing to about 39,000 ha. In the 

1990s, the forest cover further went down roughly to around 3% (Bishaw, 2001). The 

high rate of deforestation at the time was mostly ascribed to pulverization of state­

possessed forests in and after the 1991 change of government (Bekele, 2003). 
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Regardless of the high deforestation rate, FAO (2010b) report shows that the forest 

cover rose to approximately 11% of the country' s area. 

Deforestation, mainly in the highland areas where most of the farming activities have 

taken place over a long period of time, has been an extreme and relentless practice in 

Ethiopia (Darbyshire et aI., 2003; Dessie & Christiansson, 2008; Eshetu & Hogberg, 

2000; Teketay, 2001). Acc~din-g to Place et at. (2006), the highland areas of Ethiopia 

are suitable for agricu ltural production making them attractive for settlement over 

extended periods of time. This is believed to be the main driver of forest loss in the 

country (McCann, 1997). At the national level information regarding forest cover 

change and its causes is lacking due to the lack of assessment on regular basis. In 

Ethiopia, most of the information regarding deforestation and forest degradation is 

existent in particular forest areas. Currently, the report ·on forest reference level 

submitted by the Ethiopian government to the United Nation Framework Convention 

on Climate Change (UNFCCC) included some information regarding deforestation at 

the national level (FORE, 2016). 

The WBISPP (2005) identified population growth and the concomitant upsurge in 

agricultural land as major causes of deforestation in Ethiopia. Between 1990 and 

2014, about 1.24 million ha of natural high forest were deforested from areas like the 

Southern Nations; Nationalities, and Peoples' region (SNNP), Oromia region, and 

Gambela region for cultivated land expansion (WBISPP, 2005). 

FAO estimates showed 0.93% annual rate of forest loss between 1990 and 20 10 in 

Ethiopia (FAO, 2010b). The Afromontane forest in Ethiopia depicted a fluctuating 

trend. For instance, a study by Jacob et al. (2017) recognized an increase in forest in 

the western and eastern verge of the Semien mountain national park while the central 
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area covered by dense forest decreased. Moreover, Kidane e l al. (2012) found a stable 

Afromontane rainforest in the Sale mountains of Ethiopia whi le Hailemariam et al. 

(2016) showed a decrease in forest cover in the Bale mountain eco-region between 

1985 and 2015. 

The rate of fo rest loss and its related effects on forest cover in Ethiopia has shown a 

conflicting pattern over ti '£e. Some claim deforestation dates back to 5000 years ago 

with others contending that the biggest deforestation has been occurring within the 

past 150 years (Ayenew, 2014; Lemenih & Woldemariam, 20 10; Reusing, 1998). 

According to the MEA (2005b)'s report, Ethiopia has lost 90% of its original forest 

cover. Based on the pattern of deforestation, the nation has been classified under the 

late forest transition phase (Noriko el al., 2012). This suggests that a slowing down of 

the rate at which deforestation occurs in the little portion of the remaining forests wi ll , 

in the long run, move the country's forest into the post-transition phase (Noriko et al., 

2012). 

2.5. Drivers of deforestation 

Deforestation can be initiated by different agents for different purposes. The forces 

that propel individuals to remove forests can be called drivers (Chakravarty et al., 

2012). Deforestation has been drilled by people for many years before the 

commencement of technological advancement. Deforestation has been practised by 

humans for so many yea rs (Hance, 2008). The main objective of deforestation is to 

get open ecosystems in order to obtain suitable land for cu ltivation and grazing. This 

is done by clearing closed forests (Lanly, 2003). To save our forests, it is imperative 

to identify the direct and indirect causes of deforestation. Knowing the drivers of 

forest loss and degradation are essential for designing strategies and interventions that 
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target change in the existing trend of forest activiti es toward a more envi ronmenta lly 

sound practice. 

Many studies have categorized the causes of deforestation as direct and indirect 

causes. Direct dri vers of deforestation are relatively easy to detect but the indirect 

drivers which are commonly at the core of deforestation are challenging and difficult 

to quantify (Humphreys, 20 14; Sands, 2013). Agricultural land expansion, fue lwood 

co llection, natural and artificial fires, overgrazing, mining, urbanization and 

infrastructura l development, war and air pollution are some of the direct causes of 

deforestation (Calvas et ai. , 2013; Dewan et aI. , 20 12). However, overpopulation and 

poverty, land ownership systems, biased land sharing and resources, financial 

problems, economic programs, market proximity and demand, corruption, lack of 

strong forest management strategies and underestimation of the forests' value are 

some of the indirect causes of deforestation (Bewket, 2002; Chakravarty et ai. , 201 2) . 

According to Noriko et af. (20 12), 73% of all forest loss in lower-income countries 

are caused by agricultural expansion. Out of the total deforested land, an agricultural 

expansion for both commercial and subsistence agricultural purposes caused 40% and 

33% of deforestation respectively (Noriko et af. , 201 2). The remaining 27% loss was 

caused by other drivers such as infrastructure (10%), urban expansion (10%) and 

mining (7%) acti·vities. However, in developed countries such as Australia, Portugal, 

and Sweden, global market forces are listed as major drivers of deforestation (Beilin 

et af., 2014). 

Cultivated land expansion and unsustainable fuel wood utilisation are recorded as the 

two most prevalent drivers of defo restation and forest degradation in Ethiopia (Dessie 

& Christiansson, 2008; Dessie & Kleman, 2007; Jarno, 2016; Kindt! et af. , 2013 ; 
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Zeleke & Humi, 2001). Ensennu and Abenet (201 1) reported that agricu ltural land 

increased from 9.44 to 15.4 million ha between 2001 and 2009 in Ethi op ia. The 

change is essentialiY. attributed to the expansion of agricultural land at the expense of 

forest land. According to the Climate Resilient Green Economy strategy (CRGE) 

report, the total cropland of the country is expected to reach 27 million ha, with 

business-as-usual annual ~owth rate of 3.9%, which is needed for a crop growth 

target of 9.5% per year to ensure food security and poverty alleviation according to 

the Growth Transfonnation Plan (GTP) (CRGE, 20 11 ). These new agricultural lands 

mainly come from the forest. 

Also, deforestation and forest degradation can be aggravated as a result of 

resettlement programs and migration. Resettlement program in some regions, for the 

sake of food security, have seen the conversion of large forest lands into agricultural 

lands. For instance, in the period between 2000 and 2004, a total of 220,000 

households (1.2 million people) were resettled in Oromiya, SNNP, and Tigray main ly 

in natural forest areas where they cleared the forests for crop cultivation (Lemenih & 

Woldemariam, 2010). Furthennore, the ever-increasing population has resulted in 

increased demand for fuelwood. The total 'population of the country is predicted to 

grow to 134 million in 2030 at a growth rate of2.62% per annum. 

Other underlying-factors attributed to deforestation have also been poverty, the lack of 

a sense of ownership and lack of clear legal policy framework for forest regulation, 

conservation, and utilization (Bishaw, 200 1; Zeleke & Humi, 2001). According to 

Reddy (20 11 ) and Humi (1993), demographic factors , especially an increase in local 

population is considered an important cause of land cover change in Ethiopia. Erratic 

rainfall , land degradation, drought, plantation expansion, housing, charcoal making, 
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access to road , overgrazing and creation of market access are also described as major 

drivers of forest cover change in Ethiopia (Demiss ie et aI. , 2017; Kindu et af., 201 3) 

2.6. Impact of-deforestation 

Changes in the Earth ' s forest cover affect the capacity of ecosystems to provide 

important services and biodiversity. It also has an effect on biogeochemical cycles 

involving carbon, water ancfUther nutr ients (Foley et al., 2005). Knowledge of these 

processes is essential to managing ecosystems sustainably. In spite of the fact that 

there are a variety of vegetative lands in Ethiopia, these assets are under huge pressure 

from deforestation, forest debasement, overexploitation, overgrazing, natural 

surroundings adversity, invasive species and pollution (Moges & Tenkir, 2014). 

All over the world, the existence of human beings is being threatened by deforestation 

and forest degradation, henceforth, Ethiopia is not a special case. [n Ethiopia, 

deforestation has resulted in multifaceted antagonistic results including the loss in 

biodiversity, soil erosion and decrease in so il richness, defi ciency of forest products, 

drought and starvation, poverty, reduction in rural income, loss of wetlands, flooding, 

water scarcity, siltation of water bodies and desertification, j ust to mention a few 

(Bishaw, 2001 ; Gebre Egziabher, 1986; Teketay, 2004; Yemishaw et aI. , 2008). This 

implies that deforestation has caused environmental , social and economic problems in 

Ethiopia. 

Ethiopia is extremely susceptible to soil erosion because of the mountainous nature of 

the land. Yesuf et af. (2005) revealed that land degradation in the nation has resulted 

in serious land erosion. Therefore, crop and grass yield in the highlands of Ethiopia 

have decreased. The loss of so il fertility and land degradation prompt budgetary loss 

of around 2% of GDP in Ethiopia (EFAP, 1994). According to Zeleke and Hurni 
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(200 1), soi l erosion at the Ethiopian plateaus has a huge national and universal effect 

on water streams and sed imentation, specifically to the countries which utilize the 

Blue Ni le such as ~gypt and Sudan. 

Woody plant species have decreased due to the act of cutting. down trees and bushes 

for various purposes. Juniperus pro cera, Podocarpus falca lus, Hagenia abyssinica, 

Cordia africana, Olea eurOjJaed subsp. cuspidata, Prunus africana and Combretum 

molle are the most common highland tree species in Ethiopia. These have in recent 

times been decreased to scattered trees in mountainous zones for several reasons 

(Zegeye, 2017). The existence of Boswellia papyri/era and Boswellia commiphora, 

two most important gums and resin-bearing species are now under threat (Adefires, 

2006; Eshete et af., 2005; Gebrehiwot et af. , 2003), resulting in the loss of their 

economic value. 

Deforestation is also a major agent of climate change. This is because deforestation 

influences wind flows, water vapour streams and the assimilation of sun oriented 

vita lity which plainly affects nearby and global climates (Chomitz & Buys, 2007). For 

instance, about 20% of the global greenhouse gas emissions come from tropical 

deforestation. In Ethiopia, deforestation and forest degradation have brought about an 

emission of 65 Mt carbon dioxide (C02) equivalent, representing 40% of the 

aggregate emission from the nation (Moges & Tenkir, 20(4) . Climate change 

sequentially has adverse effects on the world. 

The shortage and eventual extinction of forest products leading to serious loss of 

income is another consequence of deforestation. The immense contribution of the 

forestry sector to the Ethiopian economy has been curtailed due to the practice of 

misusing forest resources, an act which dates many years back (Zegeye, 20 (7). 
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Hansen (1997) reported a US$ 45 billion reduction in forestry income due to 

deforestation in tropical forests. All potential future incomes and businesses depend 

on the sustainable ~e of forest resources. Enbakom et af. (2017) opined, from their 

observation of the communities around Arba Minch 2uria Woreda, southern Ethiopia, 

that deforestation affects land productivity which has negative effects on people' s 

livelihood. Tilahun and F!-yera (2012) also observed the devastating effects of 

deforestation on rural livelihood in Kuyu Woreda, central Ethiopia. 

Deforestation also interrupts the global hydro logical cycle (Bruijnzeel, 2004). 

Usually, large amounts of water is transported from plants to the atmosphere through 

the process of transpiration. In Amazonia, a less intense water cycle was expected 

following a basin-wide scenario of deforestation (D'Almeida et aI. , 2007). Werth and 

Avissar (2002) indicated that precipitation, evapotranspiration and cloudiness reduced 

due to deforestation in the Amazon. The impact of deforestation did not stop in the 

Amazon Jungle and its environs; it also reduced precipitation in other regions of the 

world. In the central Rift Valley of Ethiopia, Muluneh et al. (2017) showed that 

annual rainfall improved by 37.9 mm/decade whereas yearly precipitation on the 

highlands reduced by 29.8 mm/decade due to the decline of forest area from 44% in 

1973 to less than 15% in 2009. 

2.7. Climate change 

The scientific community first started the concept of climate change when natural 

changes were observed in the 19th century (Luterbacher & Sprinz. 2001). However, 

the issue of climate change was boldly raised in the 1980s (Luterbacher & Sprinz, 

2001) when the Intergovernmental Panel on Climate Change (IPCC) was established 

in 1988 to assess and report information on every single aspect (scientific, technical 
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and socio-economic) of climate change including its possi ble impacts and alternatives 

for adaptation and mitigation (IPCC, 20 14). Fo ll owing the establishment of the !PCC, 

the UNFCCC was ~opted in 1992 as an international environmental treaty aimed at 

reduoi ng global warming by sinking greenhouse gas concentrati ons in the atmosphere 

(UN, 1992). Since then, the IPCC has been providing timely information by issuing a 

series of assessment repo rts_reg~rding different aspects of climate change to improve 

on the understanding of the world with regards to the scientific and technical aspects 

of climate change. 

Climate change can be defined in various ways. However, for this study, the 

definition of UNFCCC and lPCC were used. According to the UNFCCC's 

comprehensive definition, climate change is the variation in climate due to 

modification in the atmosphere' s composition in addition to the natural climate 

variabi lity observed within a short period of time which is ascribed directly or 

indirectly to human action (UN, 1992). On the other hand, the IPCC which exhorts 

government's on climate change describes climate change as any variation in the 

atmosphere's composition due to human activity or natural variability (Houghton, 

1996). 

Scientists have pointed out that the rise in greenhouse gas concentration in the 

atmosphere is the ·key driver of climate change. Anthropogenic factors such as the 

consumption of petroleum derivatives, deforestation and forest debasement have also 

caused a substanti al rise in the atmospheric concentration of C02 (Sundquist et aI. , 

2008; US Global Change Research Program, 2009) . Within the course of 250 years, 

the atmospheric concentration of C02 has increased from 280 to more than 40 I parts 

per million instigating quantifiable global warming (IPCC, 2013). Likely antagonistic 
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effects of climate change comprise sea-level rise, floods, repeated occurrences of 

wildfire, droughts, tropical storms, changes in rainfall pattern, runoff and disruption 

of coastal ecosyste~nd others OPCC, 20 14; Sundquist et ai., 2008). 

However, there are individuals who insist that natural forces such as solar changes 

and changes in the Earth's orbi t are major causes of climate change (Singer, 2008). 

Furthermore, they believe-:='-that computer models showing anthropogenic-based 

climate change are wrong or that the data themselves are wrong. They claim that there 

is no scientific evidence that demonstrates that human beings are the principal cause 

of the current change in climate and further criticize the scientifi c information given 

by the IPCC. Their conclusion is that natural causes are responsible for the current 

global warming being experienced (S inger, 2008). 

2.8. Linkages between climate change and forests 

Climate change influences almost every segment of the world·s economy. It is 

unpredictab ly interlaced with other major ecological threats, such as population 

growth, desertification and land degradation, air and water contamination, loss of 

biodiversity, and deforestation. Climate change has an impact on the rates of 

photosynthesis and respiration which eventually affect forests (Kirschbaum, 2004; 

Law et at. , 2002). It also affects forest coverage by increasing the frequency of storms 

and wildfi res, herbivory, and species migration (Gunderson, 2000). The change in 

global climate lessens plant species' biological resistance as well as forest biophysical 

processes which ultimately change forest ecosystems (Kellomaki et at. , 2008; Malhi 

et ai. , 2008; Olesen et ai. , 2007). 

On the other hand, forests serve as home to and bolster the livelihood of a large 

number of poor and vulnerable individuals. They also provide imperative ecosystem 
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services, from provis ioning service to regulatory service. Forests are crucial in climate 

change adaptation as they can help prevent so il erosion and protect the coastal 

ecosystems against..:!.orm surges and hurricanes (Graham, 20 II ). The UNFCCC has 

paid special attention to the role forests play in dealing with climate change (UN, 

1992). Forests are the most essential earthbound storehouses of carbon and playa 

crucial role in regulating o..:'r climate (FAO, 2010a). By 2030, estimates show that 

global forests will sequester nearly 13,800 Mt CO2 per year (IPCC, 2007a). However, 

this figure is uncertain considering the variation in forest carbon sinks across regions 

and the high incertitude regarding the dynamics of these forest carbons in the future 

(Stinson et aI., 2011). 

The dry Afromontane forests are important ecosystems for mitigating the effects of 

climate change (Kedir et aI., 2018; Munishi & Shear, 2004; Solomon et aI., 2017). 

However, they are heavily threatened by the adverse effects of climate change. In 

northern Ethiopia, climate-induced tree dieback affects dry Afromontane forest 

structure (Ayneku lu et aI. , 2011). In Kilimanjaro forest, the composition of species 

and forest structure have been altered as a result of fires caused by climate change 

(Hemp, 2009). Though climate change is proven to affect forests, empirical evidence 

detailing the magnitude of the direct impact of climate change in the dry Afromontane 

forests is lacking. 

2.9. Forest cover change and ecosystem service values 

Changes in the type of ecosystem prevalent in an environment have an effect on 

ecosystem services. Provision of services in a given ecosystem is determined by the 

type of ecosystem found in that particular area (Costanza et al. , 2014; de Groot et aI. , 

20 12). Ecosystem dynamics, structure and functions across the world depend on land 
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cover types (Wu & Hobbs, 2002). Consequently, ecological processes and services 

might be affected remarkably by the change in environmentally significant land cover 

types. 

The ever-increasing change in land cover types, for instance, from fo rest to cultivated 

land or forest to grassland, ~ause a decline in supply of ecosystem goods and services 

to communities, alters functional processes and reduces biodiversity (Balvanera et al. , 

2006; de Groot et al., 2002; Mcintyre & Lavorel, 2007) . Various studies have 

indicated that the change in land cover, specifically from natural ecosystem to 

artificial land use has affected various ecosystem services such as nutrient cycling, 

climate regulation, geneti c resources, soil fertility, erosion control, recreation and 

water suppl y (Kreuter et aI., 2001; Li et aI., 2007; Schreter et aI. , 2005; Wang et al., 

2006; Zhao et aI. , 2004). 

Ecosystem service value can be affected by the change in land cover type as some 

ecosystem services increase while others decrease (Estoque & Murayama, 2013; 

Kindu et aI., 20 16). For instance, between 1990 and 2000, an average annual decline 

of US$ 196.37 million ecosystem service .value was recorded due to the loss of 

wetland in Chongming Island, China (Zhao et aI. , 2004). Similarly, Li et al. (2010a) 

found that a decrease in wetlands and high-cover grassland in Zoige Plateau, China 

resulted in 5% loss of ecosystem service value between 1975 and 2005. [n the 

Munessa-Shashemene landscape of the Ethiopian Highlands, Kindu et al. (2016) 

found that a reduction of US$ 19.3 million of ecosystem services between 1973 and 

2012. [n their study, they found that the ecosystem service value from croplands 

increased while va lue from forests and grasslands substantially decreased. Camacho­

Valdez et al. (2014) noted an increase in the total ecosystem service value from 2000 
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to 2010, and attributed it prima.rily to the increase in coasta l lagoon areas within the 

southern coast of Sinaloa State, northwest of Mexico. Wang el 01. (2014) revea led a 

22.7% increment in the overall ecosystem service value of the reserves in N ingxia 

between 2000 and 2010. In light of these, generalizing the outcomes of researchers to 

different areas may prompt wrong conclusions. 

2.10. Linkage between carbon sequestration and forests 

Carbon sequestration is a process of storing carbon released from different sources in 

different forms and preventing them from getting into the atmosphere. It is also the 

process of removing atmospheric carbon dioxide using different ways and storing it 

(Reichle et 01. , 1999) . Carbon can be stored in living biomass, litter., dead wood and 

so il, even though their storage capacity varies among the poo ls (Penman et ai. , 2003). 

Out of the total above ground carbon in terrestrial ecosystems, forests hold more than 

75% carbon, making it a main terrestrial reserve (Houghton, 2007; Watson, 2000). 

Vegetation stores carbon through the process of photosynthesis where plants utilize 

daylight to convert supplements into sugars and carbohydrates. Although the extent of 

carbon varies, every plant stores carbon in. their stem, branches, roots and leaves. 

Plant species type, plant age, growth pattern and density often affect the distribution 

of carbon among different plant parts (Oorte, 2009). The rate of photosynthesis affects 

carbon stock. This is because as the rate of photosynthesis increases, carbon stored in 

plant biomass also increases (Oorte, 2009). 

Apart from the carbon stored in vegetation, carbon can also be stored in the soil. 

Organic carbon in the soil can be obtained from the decay of vegetation and 

microorganisms (Oorte, 2009). Soi l carbon can increase when root biomass increases. 

The global soil carbon is estimated at 2500 Ot (Bhatti et ai., 2005). Bhatti et 01. 
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(2005) have suggested that the carbon stored in soi l poo l is 4.5 times higher than the 

carbon stored in the biotic poo l (560 Gt) and 3.3 times higher than the carbon in the 

atmosphere (760 Gr):-

Carbon is also stored in fa llen woody debris, standing dead trees and decaying wood. 

The amount of carbon in dead wood is affected by the time of disturbance, input, 

mortality rate, decay rate and management of dead wood (Spies et ai. , 1988). In 

mature forests , a carbon equivalent of 10-20% of the above ground carbon is stored in 

dead wood (Achard et aI., 2002; Harmon & Sexton, 1996; Houghton et ai. , 200 I). 

Litter carbon pool is also considered one of the main carbon pools that contribute 

significant ly to the global carbon budget. Five per cent of the. 'world 's forest 

ecosystem's carbon stocks are stored in a litter (Domke et aI. , 2016). Litter carbon can 

be affected by the annual amount of litterfall and the annual rate of decomposition 

(Fierer et aI., 2005; Prescott, 2010). Forest management practices such as bush 

burning, logging, and site clearing radically change litter properties (Binkley & 

Fisher, 2012). 

In terrestrial ecosystems, forests are the. most productive among their biotic 

components. These productive characteristics of forests make them outstanding in the 

process of mitigating climate change (Metz et aI. , 2007). Forests represent an 

important carbon store, estimated globally to contain 638 Gt of carbon, of which 283 

Gt carbon is present in above and below ground biomass alone (FAO, 2005a). The 

sequestration potential of forests varies greatly with forest type, site factors, and age 

(Wei et aI., 20 13). Hence, for specific forests, there is a need to use specific 

approaches in carbon stock assessment. 
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In Ethiopia, woodlands (45.7%) and shrublands (34.4%) sequestered the largest 

amount of carbon (WBISPP, 2005). However, these forest ecosystems are largely 

ignored in forestrY"Telated negotiations, including carbon discussions regard less of 

their great potential in sequestering carbon. [n Ethiopia, there are different values of 

carbon reported by different researchers. For example, in 2005, a total of 2.5 billion 

tons of carbon was reporred by Nune et ai. (20 10). On the other hand, Houghton 

(1999) and Gibbs and Brown (2007) reported a carbon stocks estimate of 153 million 

tons and 867 million tons respectively. Simi larly, 101 tons of carbon ha·1 was reported 

for high forests in Ethiopia (Brown, 1997). Contrary to all these, Temam (20 10) in his 

case study recorded around 200 tons of carbon ha- 1 for high forests in the Bale 

mountains. The variation in the estimates of carbon might be due to the differences in 

agroecology, the approaches and tools used, as well as the doubts related with the 

approaches applied. 

2.11. Linkages between forest cover change and carbon stock 

Forests are among the key components of the carbon cycle in the terrestrial ecosystem 

(McMahon et ai. , 2010). The change in forest cover affects the carbon cycle globally. 

Land cover change especially deforestation is the major contributor to the human-

induced greenhouse gas emissions (IPCC, 2007b). About 20% of anthropogenic 

emissions come from the transformation of forests into other domains of land use 

(FAO, 2005a; Stern et ai., 2006). However, the emission from deforestation is not 

similar across regions . For example, in Africa, deforestation is the major contributor 

to greenhouse gas emissions contributing about 70% of the total emissions (Holly et 

ai. , 2007). 



Ecosystem maturity and degradation through natural processes can cause changes in 

biomass and so il carbon stocks (Ostle et ai. , 2009) or through land cover change by 

human activities (Noble el al., 2000). Forest land transformation into cultivated land, 

fo r instance, invariab ly causes emissions of an ample amount of CO2 into the 

atmosphere and causes a prompt decrease of soi l organic carbon stocks (Salinger, 

2007). 

Various studies have estimated a 20-50% soil carbon loss due to the cultivation of 

natural so il (Gregorich et ai. , 2005; Guo & Gifford, 2002; Murty et al. , 2002; Post & 

Kwon, 2000). Similarly, Haghdoost et al. (2013) have also demonstrated that a 

change in land use had a substantial effect on carbon stock in Iran. A study by 

Kashaigili et al. (20 13) in Pugu and Kazimzumbwi forest reserves, Tanzania also 

highlighted the effect forest cover change has on above ' ground carbon stock. In 

another study conducted in Yok Don National Park in central highlands of Vietnam, a 

4.3 Megaton decline in total biomass between 2004 and 20 I 0 was reported (Luong et 

aI., 201 5). Between 2005 and 20 10, an annual reduction of 0.5 Gt of biomass carbon 

stock was recorded and this is explained by the loss of forest area globally (Dalal­

Clayton & Sadler, 2014). 

The review concludes that forest cover change and carbon stocks are highly correlated 

subjects. As forest cover increases carbon stock increases or the other way round. 

Sustainable forest management, afforestation and reforestation are recommended 

practices to increase carbon stock in forests (Dalal-Clayton & Sadler, 2014). 

2.12. Marketing forest carbon 

Since 1992, the carbon market has received greater attention in the global market for 

ecosystem service. In 1992, 192 nations worldwide signed the UNFCCC agreement 
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(Jackson, 2011 ), the first-ever treaty went for settling greenhouse gas emiss ions and 

circumventing uncontro lled cl imate change. It incorporated an arrangement of 

underlyi ng standaros, including ' polluter pays' and ' common but differentiated 

responsibil ity', which perceived matters of verifiab le obligation and equ ity in so lving 

climate change (Reddy, 2011). The Kyoto Protocol, a universal and lawfully officia l 

consent to diminish greenhPuse gas outflows globally was embraced in 1997 and 

brought into force in 2005. 

The premise of Kyoto is trading of carbon for dealing with greenhouse gas credits 

between nations. It contains various policy instruments to assist industrialised 

countries to accomplish their emissions goals. It includes the Clean Development 

Mechan ism (COM), International Emissions Trading (lET), and Joint Implementation 

(JI) (Reddy, 2011). 

As ind icated by the World Bank carbon fund unit, carbon trading has become a huge 

industry worth over US$ 144 billion as at 2009 (Alexandre & Phi lippe, 20 I 0). A total 

of $6.5 bill ion COM based proj ects were implemented in 2008, even though this 

amount reduced to US$ 2.7 billion in 2009 (Reddy, 2011). This reduction was caused 

by the decline in economic situations, together with the fears about the post-2010 

game plan when the Kyoto Protoco l was terminated. Out of the total 7,645 COM 

proj ects registered since 201 5, 2,587 projects with 1.6 bill ion of certified emission 

reduction are already in operation, of which China, India and Brazil hosted more than 

49%, 20.6% and 4.4% of total projects respectively (Alloisio et al. , 2015). Africa 

owned about 2.8% of valid COM projects registered with the UN's climate change 

secretariat (UNEP DTU, 201 5; World Bank, 2010). 
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The enthusiasm for carbon sequestration and marketing as an instrument for both 

poverty alleviation and natural security in emerging nations has expanded extensively 

in the most recent periods (Priyadarshan, 20 II). The idea hinges on improving 

ecosystem services such as carbon sequestration and reducing poverty by paying 

landowners who own plots being used for carbon sequestration projects (Smith & 

Scherr, 2002). It is anticipated tflat productivity, income and food security benefits 

could increase for producers under COM (pagiola et aI. , 2005; Tschakert, 2004; 

Tschakert et aI., 2004; Woomer el al., 2004). COM projects are also anticipated to 

boost the monetary va lue of the environmental benefits (biodiversity conservation and 

carbon sequestration) delivered by different land use types (Kremen et aI., 2000; 

Portela & Rademacher, 2001). In spite of the introduction of several proj ects on the 

carbon market, a lack of clear procedures has halted their development. 

2.13. Reducing emissions from deforestation and forest degradation 

Reducing emission from deforestation and forest degradation (REDD+) is very crucial 

in lowering the effect of climate change. The objective of REDD+ is to promote that 

increase forest cover by reducing deforestation and forest degradation at the local 

level, thereby reducing the amount of C02 that is released into the air (Baldo-Soriano 

et aI., 2012). The focus oftbe REDO+ idea is on providing financial inducements to 

support unindustrialized nations who have volunteered to decrease deforestation rates 

and related carbon releases below the baseline (Ho lly el aI. , 2007). Countries that 

ensure reductions in emissions might have the opportunity to supply carbon stock to 

the global carbon market or somewhere else. The reduction in emissions perhaps, 

instantaneously helps fight climate change, safeguard plant and animal diversity and 

eventually improves ecosystem services (Holly el aI., 2007). 
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Since the protection of forests infers inescapable incomes, emiss ion reduction from 

.deforestation has its costs (Butler et at. , 2009). The REDD+ mechanism of incentives 

to decrease deforestation and forest degradation emissions looks to advance economic 

development and growth without putting an end to va luable natural resources (Streck, 

2012). Under the REDD+ mechanism, countries also agree to improve their forest 

cover by reducing deforesfutio n. ,<,od forest degradation (Streck, 201 2) . However, 

REDD+ has several challenges on the ground. Mobilizing adequate un iversal and 

national funds to take care of the expenses of REDD+ approaches and measures, 

matching the necessities and requirements of stakeholders and different partners in 

low income nations with those of contributors or financiers in RED 0+, and 

solidify ing the institutions expected to execute policies and oversee REDD+ funds are 

some of the challenges (Streck, 2012). 

Additionally, REDD+ has faced challenges in the distribution of benefits 

(Costenbader, 201 I). Fair distribution of incentives from the REDD+ is very 

important for sustainable emission reduction by avoiding leakages which can 

negatively affect REDD+ projects (peskett, 2011). 

While the importance of emission reduction from deforestation and its related 

activities is recognized by many developing countries, clear incentives and other 

economic policies are lacking (Santilli et at. , 2005). 

In Ethiopia, REDD+ has established under a program that supports land rehabi litation 

through afforestation and reforestation (Bekele et aI. , 2015). Currently, the REDD+ 

policy appears to have been integrated with the Climate-Resilient Green Economy 

(CRGE) strategy, which cooperates with the growth and transformation plan (GTP) of 

Ethiopia. The objective of the CRGE is to provide pushy cross-sectorial strategies 
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aimed at improving the economic development of the country and developing the 

.country into a middle income one by 2025 without adding to the existing levels of 

greenhouse gas emissions. Notably, REDD+ is among the four noteworthy initiatives 

ofCRGE chosen for quick execution (FDRE, 2011). 

The REDD+ secretariat has been housed in the Environment and Forest Mi nistry 

(EFM) facility since 2013 (Bekele et ai., 2015). Ethiopia is making decent progress in 

establishing REDD+ based projects and integrating them with participatory forest 

management projects, including the Yayu & Gedo forests, Bale eco-region and Baro­

Akobo forest located in the southwest of Ethiopia (Lemenih & Woldemariam, 2010). 

Currently, activities of the REDD+ secretariat focus on REDD+'s Readiness phase II 

aimed at awareness creation regarding REDD+, organizational and individual 

capacity building at the national and regional levels in order to back REDD+; detailed 

studies of REDD+ issues (e.g. studies on identifying causes of deforestation, 

safeguards, institutional set-up, reference level, consultation and participation, 

capacity building and communication strategies), piloting REDD+ implementation 

strategies on forest/landscape, establishing regional REDD+ coordinators in 

consultation with regions, and working on developing a draft for REDD+ 's national 

strategy (Bekele et ai., 20 IS). 

2.14. Methodological approaches and issues 

2.14.1. Geographic Information System (GIS) and remote sensing 

GIS and remote sensing are currently providing new instruments for cutting-edge 

environment management practices. The use of remote sensing and GIS techniques 

allows to effectively investigate the extent of vegetation change (Lunetta, 1998). 
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Vegetation change detection is valuable in the assessment of land cover changes, rate 

of deforestation and wi ldlife extinction. 

The application of remote sensing and GIS on forest cover change analysis is in recent 

times receiving wider acceptance among experts (Hosonuma et ai., 201 2; Luong et 

ai. , 2015). Synoptic coverage, global reach and readabi lity, consistency in data, 

precision and maximum accuracy in data provision makes remotely sensed data 

preferable as compared to other methods (Hosonuma et al. , 20 12). 

The science of remote sensing and its appl ication in societies have provided 

progressively solid and consistent information (Olofsson et ai. , 2014). Remote 

sensing advancement can give objective, reasonable and financially savvy answers for 

improving REDD+ monitoring methods (Hosonuma et ai. , 20 12). The elucidation of 

Landsat images was observed to be the most advantageous, rapid appraisal system for 

surveying and assessing dynamic ecological changes and patterns (Larsson & 

Stromquist, 1991 ). Image interpretation and analysis provide accurate information on 

forest cover, forest type, forest condition, biomass and land potential for afforestation 

programs. 

The util ization of satell ite remote sensing in forest cover change identification has 

grown quickly in relation to the digital image analysis of earth resources satell ite 

information (Yuan et al., 2005). Considering the rapid changes in land cover 

universally, remote sensing technology is a fundamental instrument particularly useful 

in monitoring tropical forest conditions. The remote and unreachable nature of many 

tropical forest regions confines the practicality of ground-based data co llection and 

observation for broad regions (Hayes & Sader, 2001). Currently, all natural resource 

assessment-related activities, especially land cover change analysis, are being relayed 
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on remotel y sensed data. A range of methods are being employed to identify forest 

Gover changes from multi-temporal images (Hayes & Sader, 2001) . 

In view of this review, it can be concluded that satellite remote sensing is very useful 

in deriving quantitative data on forest cover change and presenting the results in an 

understandable form. Besides, digital image analysis appli ed to forest cover 

monitoring has the advantage of being fast and able to handle large quantities of data 

hence the increase in its use. 

2.14.2. Forest biomass and carbon stock assessment 

Biomass incorporates both above ground and below ground living masses of trees, 

shrubs, vines, and the dead mass of fine and coarse litter (Liang et aI. , 2012). The 

accurate evaluation of a forest's biomass is critical for achieving accurate forest 

carbon stocks since one is obtained from the other. Assessment of biomass and carbon 

stock is an important too l in finding a sustainable way of util izing forests and 

understand ing the contribution of forest to the global carbon cycle. Furthermore, to 

adequately realize mitigating approaches and explore the REDD+ program of the 

UNFCCC (Chaturvedi et aI. , 201 I), nations require highly validated evaluations of 

forest carbon stocks. Consequently, knowing the methods of forest biomass and 

carbon stock assessment with their advantages and drawbacks is very essential. 

Forest biomass and carbon stock can be measured using ground data from field 

inventory and remotely sensed data (Lu, 2006; Ravindranatll & Ostwald, 2008). There 

are two forest biomass fie ld measurement techniques namely destructive and non­

destructive methods. The destructive method computes biomass directly by felling 

trees and quantifying the actual weight of its components (stem, leave, branch and 

root) (Kangas & Maltamo, 2006) . The destructive method of biomass quantification is 
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known to achieve an accurate and precise quantificat ion of forest carbon stocks 

(Henry el al., 2011 ). Though this approach is comparatively precise for a small area, it 

is time-consuming;-costly, damaging, and not appl icable to large areas of land . In 

addition, a destructive method is not appropriate for dep leted forests containing 

endangered species (Montes et al., 2000). However, this method is very important in 

developing allometric equations used for estimating biomass in large areas (Navar, 

2009; Segura & Kanninen, 2005). Many scholars have used destructive methods to 

develop allometric equations based on site and species specific ity (Birhane et aI. , 

2017b; Giday et al. , 20 13; Hasen-Yusuf et al., 201 3; Solomon el aI., 201 7; Tesfaye et 

aI. , 2016b; Ubuy el aI. , 2014). 

Biomass can be measured by employing non-destructive methods using ground data. 

This method estimates tree biomass indirectly, without cutting the tree. It basically 

requires the measurement of a tree's vegetation parameters (dendrometric variab les) 

such as the diameter at breast height, tree height, crown diameter, tree vo lume and 

wood density (Rav indranath & Ostwald, 2008) and computes biomass using biomass 

equations (Hughes el al., 1999). Non-destructive methods are the most freq uently 

used techniques for assessing forest biomass. In the meantime, when picking 

allometric equations, the applicability or the appropriateness of the method should be 

considered. Allometric equations are not recommended for use beyond their range of 

validi ty (Chave et aI., 2005). This method is considered to be time efficient (Peltier el 

al.,2007). 

The all ometric relati onship is often the preferred technique for evaluating woodland 

biomass as it is non-damaging, relatively less tedious and more affordable. However, 

the degree of accuracy is lower as compared to the destructive methods. In spite of the 
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fact that fi eld inventory is the most accurate method, it is expensive and time­

consuming. Besides, it is relevant for only small-scale assessment. In this manner, 

remotely sensed data is relied upon to give an answer to the previously stated 

challenges. 

The use of remote sensing data for biomass estimation is an evolving process even 

though it is being progressively used for forest biomass assessment. In the near future, 

biomass assessment using satellite data will become more available (Gibbs et ai. , 

2007). In any case, biomass cannot be estimated directly using remote sensing data 

(Vashum & Jayakumar, 2012). It just measures tree dendrometric variables such as 

tree height, crown size, forest density, forest type, forest volume, leaf area index, and 

so on, which are associated with biomass. It is important to note that remote sensing 

data needs to be supported by field data in order to estimate biomass. The field 

estimations are normally used to establ ish biomass models and confirm the outcomes 

ofthe remotely sensed data (Vas hum & Jayakumar, 2012). 

Forest biomass has been estimated using a combination of remote sensing and 

ground-based data in many studies (Boudreal! et ai. , 2008; Drake et ai., 2003; Garcia 

et ai., 2010; Gleason & 1m, 20 12; Lefsky et aI. , 2002; Lu, 2005; Zhao et aI. , 2009; 

Zheng et ai., 2004). Boudreau et al. (2008) conducted a study to assess above ground 

dry biomass in th~ forested land of Quebec, a province in eastern Canada. In their 

study, they used a combination of data from remote sensors and ground data col lected 

using too ls such as the Landsat ETM+ land cover map, airborne and space-borne light 

detection and ranging, Shuttle Radar Topographic Mission digital elevation model, 

ground inventory plots, and vegetation zone maps. Drake et ai. (2003) examined the 

relationship between light detection, ranging metrics and forest structural 
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characteristics which inc luded above ground biomass. Two areas in central America 

were considered in the study using canopy height from airborne light detection, 

ranging data and basal area, mean stem diameter and above ground biomass from 

ongoing inventory data . They found that a strong correlation existed between light 

detection and ranging metrics and vegetation parameters such as mean stem diameter, 

basal area, and above ground..biomass. 

Some of the remote sensing data used to estimate biomass and carbon have very hi gh­

resolution aerial imagery, optical remote sensing data, light detection and ranging 

microwave or radar data (Gibbs et ai., 2007). In the coming decades, remote sensing­

based carbon monitoring, reporting, and verification will be increasingly used 

alongside a validation of ground data (Asner et aI., 201 0; Baccini et ai., 2012; Le 

Toan et aI., 2011 ; Saatchi et aI., 201 J). 

The benefit of remote sensing is that it provides data which would have usually been 

inaccess ible or difficult to obtain. Addit ionally, remote sensing can be used for 

analyzing large area even at the global level. It is also one of the most cost-effective 

methods for getting information over a substantial zone. 

2.14.3. Soil organic carbon estimation 

Soil organic carbon is characterized as the portion of non-living natural compounds in 

the top one meter of soil, (humus is an example) which is imperative to soil quality 

and plant nutrition and is replenished by the decay of plant material (FAO, 2017). Soil 

organic carbon as explained by Paustian et al. (2006) involves dead and living fine 

roots in the soil as well as organic carbon in mineral soils to a particular depth. 

Considering the increasing enthusiasm fo r the carbon cycle around the world, there is 

the need to measure soil organic carbon using various methods. Dry combustion with 
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automated anal yzers, a wet chemical oxidation technique also known as the Walkley 

and Black technique and loss-on-ignition are methods generall y used to analyze so il 

organic carbon. 

The dry combustion technique quantifies CO2 produced by the entire breakdown of 

organic material at a given (recommended) temperature of mostly 900°C or above 

(Fernandes et al. , 2015). Currently, this method is regarded as reliable in comparison 

with other methods (Lettens et aI. , 2007). Nonetheless, this method is costly, which 

restricts its appli cability (Fernandes et aI. , 2015). In addition, it applies acid 

pretreatment to remove carbonate in calcareous so ils which may reduce the organic 

matter content of the soils (Byers et al., 1978). Various studies have used dry 

combustion methods to measure soi l organic carbon (Gelaw et aI. , 2014; Li et aI. , 

20IOb; Sato et aI., 2014; Wright & Bailey, 2001) 

Alternatively, the Walkley and Black technique is considered one of the standard 

approaches to investigating soil organic carbon (Nelson & Sommers, 1996). Walkley 

and Black' s method is used to determine the dry mass of organic matter in a soil 

sample. In this reaction, carbon is oxidized b y the dichromate ion. This strategy is 

more affordable than dry ignition. However, it may prompt variable recuperation of 

so il organic carbon (Conyers et al., 20 11 ; De Vos et aI. , 2007), and pose a danger to 

chromium (Cr) because of the utilization of dichromate. The Walkley and Black 

technique is app licab le when the soi l carbonate content of the soil is high. Hence, 

when conducting a so il organic carbon analysis in carbon-poor areas, it is 

recommended to use an adjustment factor of 1.30 (Gessesse & Khamzina, 2018; 

Gi llman et al., 1986; Nelson & Sommers, 1982). Several studies have been conducted 

to measure the soil organic carbon using Walkley and Black' s oxidation method 
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(Andriamananjara et aI., 20 16; Girmay & Singh, 20 12; Mathew et aI. , 2016; Sharma 

et aI., 20 14; Tesfaye el at., 2016b). 

On the other hand, loss-on-ignition is a method which measures weight loss by 

combusting soi l organic matter at high temperature (Go ldin, 1 9.87; Wang et at. , 201 I). 

The loss-on-ignition technique is basic, more affordable relative than the dry 

combustion technique and chemical methods, as it requires simple materials (such as 

oven dry, muffle furnace, and scale) which are often readily avai lable in many 

research centres (Konen et at. , 2002). However, this technique is mostly efficient 

when applied on ferti le soils though it gives precise assessments of carbonate in 

sediments (Heiri et aI., 2001; Wang et aI. , 2011). Several studies have been carried 

out using the loss-on-ignition technique to measure soil organic carbon (Ball, 1964; 

Ben-Dor & Banin, 1989; Craft et aI., 1991 ; Howard & Howard, 1990). 

2.14.4. Valuation of ecosystem services 

Ecosystems service valuation endeavours to allocate economic value to the entire 

range of ecosystem services, including those that have no known market values. The 

main objective of ecosystem services valuation is to comprehend the various benefits 

provided by ecosystems (Guo et aI., 200 1). Having better knowledge of the ecosystem 

services ' contribution highlights natural resources as critical components of inclusive 

wealth, prosperity, and sustainability (Costanza et aI. , 2014). Supporting and 

improving human pJ;osperity requires a good balance of the majority of our assets. 

Assessing the relative value of the role of ecosystems in the wellbeing of humankind 

has been an important tool for promoting the sustainable use of natural resources. 

Since 1997 various investigations have been carried out focusing on the assessment of 

ecosystem services ' value. The state of knowledge on ecosystem services ranges from 
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studies on the value of ecosystem serv ices at the global scale (Costanza et aI., 1997; 

Costanza et aI. , 2014; de Groot el aI., 201 2) to changes in ecosystem services ' 

provision and value-in response to land use changes at the landscape scale (Hu el aI., 

2008; Kindu et aI. , 2016). Costanza el al. (1997) estimated ecosystem service values 

for 16 biomes and provided an aggregate global value expressed in monetary units. de 

Groot el al. (20 12) estimat~d thS value of ecosystem services supplied by 10 main 

biomes using published materials of ecosystem service values across the world. 

Various methods have been established to evaluate ecosystem services. Some of the 

approaches are market values, change in productivity, travel cost, hedonic price, 

avoided damage costs, replacement/substitute costs, costs of human capital, 

contingent valuation, choice modell ing, and benefits transfer (Costanza el aI., 1997; 

Kroeger & Casey, 2007; Loomis, 2005; Loomis el aI. , 2000; Perez-Verdin el aI. , 

2016). Many types of research have been done based on the above methods. For 

example, Costanza el al. (1997) valued the world 's ecosystems based on the benefits 

transfer method. Kroeger and Casey (2007) assessed ecosystem services of 

agricultural lands with a market-based approach. Loomis el al. (2000) used the 

contingent valuation method to assess the' total ecqsystem services' value in an 

impaired river basin. Wilson and Carpenter (1999) reviewed the economic value of 

freshwater ecosystem services in the United States from 1971 to 1997 based on 30 

published papers done using the hedonic pricing methods, travel cost methods and 

contingent va luation methods. Currently, many researchers have been adopting the 

value given by Costanza et al. (1997) to evaluate ecosystem service values. For 

example, Kindu et al. (2016), Kreuter et al. (200 1) and Li et al. (2007) evaluated the 

impact of land cover changes on ecosystem services value in the Munessa­

Shashemene landscape of the Ethiopian highlands, the San Antonio area of Texas and 
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Pingbian County in China, respectively. Similarly, many types of research have used 

the Economics of Ecosystems and Biodiversity (TEEB) database to evaluate the 

ecosystem service_v.alues of different ecosystems (Costanza el ai. , 201 4; de Groot et 

ai. , 2012; Kindu el ai., 2016). This database has 1,310 data poi nts co ll ected from 267 

different publ ications (Van der Ploeg & De Groot, 2010). 

2.15. Conceptual framework 

Human being and the ecosystem interacts dynamically (MEA, 2005a). Humans are 

among the key drivers of ecosystem change. This notwithstanding, there are natural 

forces that also influence ecosystems (Figure I). The changes in ecosystems in tum 

cause changes in human wellbeing. 

This research focuses on the linkages between land cover change and ecosystem 

services using carbon sequestration as a proxy. Ecosystem conditions affect the flow 

of ecosystem services (de Groot et ai. , 2002; Styers et ai. , 2010). For instance, land 

cover dynamics can change the ecosystem service values by increasing the supply of 

some services while causing a decrease in others (Hu et ai., 2008; Kreuter et ai. , 

2001 ; Polasky et ai., 2011 ). For example, changing land from forest to cultivated land 

can increase food supply. However, it can negatively affect other ecosystem services 

such as water supply, carbon sequestration, raw material production and erosion 

control. The change in land cover can be the result of various factors including 

cultivated land expansion, logging, species introduction, climate change, governance, 

demography, infrastructure and culture. 
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Figure I: Conceptual framework modified from (MEA, 2005c) 
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The ecosystem can be directly affected by drivers such as cultivated land expansion 

and logging aimed at increasing economic gain (right corner of figure 1) or indirectly 

influenced by drivers such as demography, institutions, and economic activities 

(example, market) (center of figure I). The resulting changes in the ecosystem 

(bottom of figure I) cause some changes in ecosystem services such as carbon 

sequestration (left corner of figure 1) and thus, distract human well -being (top of 

figure 1). 
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CHAPTER THREE 

3. MATERIALS AND METHODS 

3.1. Site description 

3.1.1. Location 

Wujig Mahgo Waren is a natural forest in southern Tigray in northern Ethiopia. 

Geographically, the forest is situated at 12°47'- 13°02 ' N to 39°26'-39°39' E, covering 

a total area of 17,000 ha (Figure I). It is a state forest which is found within four 

districts, namely Alaje, Endamokeni, Hintalowejerat, and Rayaazebo. The elevation 

varies from 1404 to 3924 meter above sea level. 
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Figure 2: Map ofWujig Mahgo Waren forest in Tigray, northern Ethiopia. 
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3.1.2. Climate 

The mean annual and month ly temperature of the study area ranges between 8 and 25 

°C. The area receiv..§ mean annual rainfall of 837 mm (Amanuel et aI. , 20 IS). The 

study area is characterized by semiarid climate. The area experiences two rainy 

seasons with the main season coming between June and September follows the short 

rainy season which lasts fro~ February to May. 

3.1.3. Population 

Based on the 2013 population projection of Ethiopia, southern Tigray zone had a total 

population of 1,184,208 in 2017 of which 49% were men and 51% were women; 

18% were urban inhabitants (CSA, 2013). The community in the study area practice 

rain-fed, subsistence-mixed farmi ng. About 86.4% of the population in the study area 

depends on agriculture for employment and livelihood (Abrha, 20 IS). 

3.1.4. Vegetation and soils 

The fo rest is composed of indigenous and exotic species, mainly Acacia abyssinica 

[Hochst. ex] Benth, Eucalyptus globulus Labill, Eucalyptus camaldulensis Dehnh, 

Juniperus pro cera Hochst. Ex End!, Olea europaea ssp. africana Mill, Podocarpus 

falcatus (Thunb.) Mirb, Dodonea angustif~lia L.F., Combretum molle R.Br. ex 

G.Don, Cadia purpurea (G.Piccioli) Aiton and Opuntia ficus -indica (L.) Mill. The 

types of soil are Vertisols, Fluvisols, Cambisols, Leptosols and Regosols (Amanuel et 

al., 20 15). 

3.2. Acquisition of satellite images 

Cloud-free Landsat satell ite images captured in the dry season for the years 1985, 

2000, and 20 16 were acquired from the U.S. Geological Survey' s Earth Resources 

Observation and Science (USGS) (http://earthexp lorer.usgs.govQ. The years of 
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sate ll ite images were based on major changes in political regimes in Ethiop ia. The 

details of satellite images are presented in Table I. 

Tab le I : Satellite data used in the study 
No. Satellite Sensor Date of Pixel reso lution (m) No of bands used 

acquisition 

Landsat TM 1985 30 6 

2 Landsat ETM+ "2000 30 6 

3 Landsat OLUTRIS 2016 30 6 

3.3. Ground truthing data 

The Global Positi oning System (Garmin GPS) was used to collect ground contro l 

points as was used by Hai lemariam et af. (20 16). More than 30 ground control points 

per land cover class were purposively assigned. The method for accuracy assessment 

was adopted from MacLean and Congalton (2012). Forty points per class were 

collected for accuracy assessment. 

Ground control points were collected by interaction with community elders for 

classification and accuracy assessment of 1985 and 2000 images. Majority agreement 

was used to val idate accuracy. 

3.4. Land cover classification, accuracy assessment and change 

detection 

The Earth Resources Data Analysis System (ERDAS) Imagine software (2014) was 

used for satell ite image analysis and accuracy assessment after image data 

preprocess ing. Both unsupervised and supervised image classification methods were 

employed. Unsupervised classification using the Iterative Self-Organizing Data 

Analysis Technique (ISODA TA algorithm) was first carried out to identify a potential 
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representative of the overall land cover clusters of pixels available. Max imum 

likelihood supervised classification was performed by using training samples. 

Consequently, the accuracy of the image classification was assessed by using both 

Kappa and accuracy statistics. 

Matrix analys is was adopted to determine and detect land cover change '(Lu et ai., 

2004). Areas that were converted from one class to any of the other classes were 

computed and the change directi ons were also determined. The levels of change were 

measured in hectares and percentages. The estimation of the percentage of change for 

the different covers was computed based on the fo llowing formula; 

% cover change = Areaiy~arx+l-AreaiyearX X 1000/0 
Li=l Areaj year x 

Where, 

Area year x = area of cover i at the first date, 

AreaYearX+l = area of cover i at the second date, 

2:7=1 Area; year x = total cover area at the first date. 

3.5. Household survey and focus group discussion 

Household survey using semi-structured questionnaires (Append ix A) and focus 

group discussions were conducted to understand perception of forest cover change, 

impact of deforestation on livelihood, drivers of deforestation, existing remedies and 

possible mitigating measures. 

A stratified two-stage sampling procedure was used to select kebeles (the smallest 

administrative unit of Ethiopia) and farming households. The study area was stratified 
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into the fo ll owing three agroeco logical zones, fo llowing the class ifications of the 

Ministry of Agriculture (MoA, 2000); 

Sub-humid highlands (1500 to 2300 m), 

humid hi ghlands (2300 to 3200 m), and 

Cold highlands (above 3200 m). 

The two-stage sampl ing technique was applied to select the respondents for the 

household survey. In the first stage, a purposive sampling method was employed to 

identify representative kebeles from each of the agro-ecological zones based on the ir 

distance to the forest. Two communities namely Tsigea and Ebo from the sub-humid 

highlands, one community (Hizba Teklahytl)anot) from the humid high lands, and one 

community (Ayi ba) from the co ld high lands were se lected. A total of 150 respondents 

were randomly selected from the selected Kebeles in the second stage. In addition, 

twelve group discussion sessions were held with farmers, foresters and agricultural 

extension officers. Each discussion session involved 10 to 12 individuals. 

The survey questionnaires covered issues regarding demographic characteristics of 

households, drivers of forest cover change, perception of the local people on forest 

cover change, and existing remedies and possible mitigating measures. Related 

questions were also discussed during group discussions. The consent of the 

participants was obtai ned preceding the data collection activities. 

3.6. Analysis of household survey and focus group discussion 

Descriptive statistics of simple frequency analyses were used to describe 

socioeconomic characteristics of households. Differences in perceptions among 

respondents in different kebeles concerning the forest cover change and drivers of 

forest cover change were analyzed using Pearson 's chi-square test. Drivers of fo rest 
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cover change were ranked using ranking index method adapted from Musa et al. 

(2006) . The index was computed as: 

Inaex = Rn * C1 + Rn - 1 * C2 ... + R1 * Cn 
L Rn * C1 + Rn - 1 * C2 ... + R1 * Cn 

Where, Rn = 5, Rn- I = 4, R I = I; Cn = the count of the 5th rank, and the count of the 

1st rank = CI. 

Data collected through focus group discussions and observations were analyzed 

qualitatively using content analys is. 

3.7. Vegetation and soil sampling design 

Ten paralle l line transects were laid with a distance of I km between them. Random ly 

selected sample plots of 20 m x 20 m, representing the main plots, were demarcated 

for trees and shrub assessment, and five I m x I m subplots within the main plot 

des ignated for litter and soil sampling. Sample plots along the transects were set at 

400 m intervals. There were a total of 88 sample plots. 

To determ ine the number of main plots to be sampled, Pearson et af. (2005) equation 

was used as follows; 

n= 

Where: 

n = number of sample plots 

E = allowable error computed from mean carbon stock by the desired precision (that 

is, mean carbon stock x 0.1 , for 10 per cent precision), 

t = t stati stic for the 95 per cent confidence level ; t is usually set at 2, 
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N, = Area of land cover type i di vided by plot size, 

S, = standard deviation of land cover i. 

3.7.1. Species inventory 

An inventory to determine trees and shrubs of the plots was carried out. All trees and 

shrubs were identified in the fi eld and listed. A botanist supported by the local people 

was engaged to confirm scientific names and local names of the plant species. 

3.7.2. Vegetation parameters measurement 

Height (H) and diameter at breast height (DBH) (1.3 m) of all trees and shnibs with 

DBH 2: 2 cm were measured using a 5 m pole graduated with 10 cm markings and 

measuring tape, respectively fro m each main plot. Clinometer was used to measure 

tree height for trees taller than 5 m. 

3.7.3. Litter sampling 

Litter samples were co llected from five 1 m2 subplot within the main plot. A 

composite sample of 100 grams litter was taken to the laboratory for litter carbon 

analysis. 

3.7.4. Soil sampling 

Soil samples were collected from 5 subplots within the main plot at a depth of 30 cm 

using a co re sampler. All samples were put in paper bags with proper labels. From 

each plot, a composite sample of 1 DO-gram soil was submitted to analyze bulk density 

and soi l organic carbon. 
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3.8. Carbon quantification 

3.8.1. Biomass carbon stock assessment 

Above ground biomass (AGB) was estimated using the equation of Chave et al. 

(2014) provided below. 

AGB (Kg) = 0.0673 * (pDBH 2 H) o.976 

Where, 

DBH is diameter at breast height, 

H is total tree height and 

P is wood specific gravity = 0.58 g cm·3 the arithmetic mean for tropic;t1 Africa. 

Site and species-specifi c allometric equations were also used for above ground 

biomass computation (Appendix B). 

Below ground biomass (BGB) was estimated using the fo llowing regression model 

given by Cairns et at. (1977) : 

BGB (Kg) = exp(-1.0S87 + 0.883 * In AGB) 

Where, 

AGB = above ground biomass 

For the conversion of biomass to carbon stocks, the following formula given by 

Pearson et at. (2005) . 

Carbon (Kg) = 0.5 * biomass 
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3.8.2. Litter carbon estimation 

To estimate litter carbon 100 grams of composite fresh weight of litter was collected 

from the five subplo.t sample and oven dried at 105 °e . Litter biomass was estimated 

usi ng Pearson el at. (2005) equation provided below. 

Dry mass = [ dry mass of corn po site sample 1 * X 
fresh mass of com po site sample 

Where, X is a total fresh maSs of itle whole sample. 

To estimate litter carbon stock the following formula was used. 

Litter carbon (Mg ha- 1
) = dry mass * % carbon 

% carbon is the carbon fraction of IPee with a default value of 0.37 . 

3.8.3. Soi l carbon stock assessment and texture a nalysis 

Soi l organic carbon (SOC) was calculated using Pearson et at. (2005) . 

Soil organic carbon = bulk density * depth . %carbon 

Where, 
. -3 oven dry mass (g) 

Bulk denSity (g cm ) = volume (cm3) 

%earbon = determined in the laboratory 'following Walkley and Black (1934) 

method . 

Soi l texture analysis was performed using the hydrometer method. 

3.8.4. Total Carbon Stock 

The total carbon stock (e,) was computed by adding the carbon stock values of the 

individual carbon pools of the land cover type using the fo llowing formula. 

Ct (Mg ha-1 ) = AGC + BGC + LC + SOC 
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Where, 

AOC = above ground carbon stock, 

BOC = below groun~arbon stock, 

LC = litter carbon stock and 

SOC = soi l organic carbon. 

3.8.5. Carbon Mapping -:. 

Mapping of carbon stock by exponential semivariogram model was done to estimate 

the spatial distribution of carbon values (Du et aI. , 20 I 0). 

3.9. Ecosystem service valuation 

. Ecosystem service value coefficients were obtained from ecosystem service valuation 

database (Van der Ploeg & De Oroot, 2010) to determine ecosystem service value 

from the five land cover categories. The values were modified through a benefit 

transfer method. The modified ecosystem serv ice values used in this study can be 

found in Appendix C and D. 

3.10. Estimation of ecosystem service values 

Values of ecosystem service (ESV) from each land cover type were estimated by 

using the following formula as in Kindu et af. (2016) and Gashaw et af. (2018): 

Where, 

Ak is the area (ha) for land cover type k and 

VCk the ecosystem service value coefficient (US $ ha- 1 yr-1
) for land cover type k. 
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The tota l ESV of the entire stud y area for a particular year was computed by addin g 

the ESV from each land cover type. 

Ecosystem service values of functions (ESV r) were calculated using the following 

equation : 

Where, 

Ak is the area (ha) for land cover type k and 

VC/k the value coefficient offunction f (US$ ha- I yr- I
) for land cover category k. 

Changes in ecosystem service values were obtained by computing the difference 

between the estimated values in each year and presented as percentages. 

% ESV change = ESVfinalyear - ESVinitialyear X 100 
ESVinitial year 

Where, ESV is total estimated ecosystem service value. 

The average ecosystem service value (ESVav) of the study area (US$ ha- I y{l) was 

estimated for the reference years using the following formula as in Gashaw el af. 

(2018). 

ESVt 
ESVav = A 

Where, ESV, is the total ESV in each year, and A is the area of the study site in ha. 

Coefficient of sensitiv ity (CS) was calculated to determine the percentage change in 

ecosystem service values using the fo llowing equation (Li el af., 20 1 Oa). 
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Where, 

ESV is the estimated ecosystem service value, 

VC is the value coefficient, 

i and j represent the initial and adjusted values, respectively, and 

k represents the land cover category. 
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3.11. Statistical analysis 

The SAS 9.0 was used to perfonn one-way analys is of variance (ANOVA) to test for 

mean di fferences in vegetation parameters, carbon stock means across land covers and 

carbon poo ls. Tukey HSD test was perfonned to separate means. 

The Minitab 16 statistical software was used to perform Pearson correlation and 

multiple linear regression ana lyses on the following parameters. Soil organic carbon 

stock, biomass carbon stock, average tree diameter, average tree height and tree 

density. The mUltiple regress ion was used to select predictor variables. 
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CHAPTER FOUR 

4. RESULTS 

Findings on land cover change, carbon stock and ecosystem service va lues from 

different land cover types in different periods are reported. 

4.1. Accuracy c1assiflcation 

Table 2 shows the results fo r accuracy classifi cation. The overall accuracies for the 

classi fied thematic maps ranged fro m 90% to 93% with the Kappa coefficient ranging 

from 0.87 to 0.89. Whil e the lowest user's accuracies were recorded in 20 16 for 

cultivated land which is 84%, the highest user's accuracies were recorded in 1985 fo r 

bare land which is 100%. The highest producer' s accuracies were observed in 2000 

for dense forest and the lowest was recorded in 1985 for the open forest. 

Table 2: Accurac~ assessment of classified images. 
Accuracy (%) 

Land cover types 1985 2000 2016 

Producer' s User' s Producer's User's Producer's User's 

Open forest 77 95 85 90 81 91 

Dense forest 97 91 98· 89 94 93 

Cultivated land 95 90 95 91 97 84 

Bare land 85 100 79 95 69 90 

Grass land 89 93 82 90 96 93 

Overall Accuracy 93 90 90 

Kappa Coeffi cient 0.89 0.87 0.87 
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4.2. Land cover classification and changes 

Table 3 and Figure 2 provide details of the area and land cover changes of five land 

cover types for the years 1985, 2000, and 2016. In 1985, dense forest was the 

dominant land cover followed by bare land, open forest, cu ltivated land and grassla nd, 

respectively. In 2000, dense forest constituted the largest part fo llowed by open fo rest, 

bare land, cultivated land and-grassland, respectively. Dense forest continued to be the 

dominant land cover in 20 16 followed by open forest, cultivated land, bare land and 

grassland. 

There were an increase in dense forest and open forest and a reduction in cultivated 

land, grassland and bare land between 1985 and 2000. Between 2000 and 2016, a 

decrease in dense forest and open forest and an increase in cultivated land and 

grass land were recorded. 

Table 3: Area and land cover change in Wujig Mahgo Waren forest in 1985, 2000, 
and 2016. 

Land cover distribution Land cover changes (%2 
Land 

2000 2016 1985- 2000- 1985-1985 2000 2016 20 16 cover 
types Area % Area % Area % 

(hal cover (ha2 cover (hal cover 
Dense 4469 26 4836 28 4335 25 8 -10 -3 
forest 
Open 3629 21 4802 28 4337 25 32 -10 16 
forest 
Grassland 1713 10 1074 6 2035 12 -37 90 16 
Cultivated 321 1 19 3035 18 3902 23 -6 29 18 
land 
Bare land 3999 24 3272 19 2417 14 - 18 -26 -65 
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Figure 3: Classified satell ite images showing the actual land cover change in Wujig 
Mahgo Waren forest in 1985,2000 and 20 16 

Table 4 provides change matrix of land cover types between 1985 and 2016. Out of 

3629 ha of open forest in 1985, 1320 ha remained unchanged. 2435 ha of dense forest 

remained unchanged, while 2035 ha were changed to other land cover types. 

Table 4: Change matrix of land cover types between 1985 and 2016 

Land cover 
Land cover state in 2016 (hal 

Type 
Open Dense Cultivated Bare 

Grassland Total 
Forest Forest Land Land 

Open forest 1320 834 620 476 379 3629 

Land Dense forest 1263 2435 253 2 13 304 4469 

cover state Cultivated 
572 251 1627 492 269 321 I 

in 1985 land 

(ha) Bare land 928 705 1122 766 477 3998 
Grassland 248 110 279 470 606 1713 
Total 4332 4334 3902 2417 2035 17,019 
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4.3. Perception of the community towa rds forest cover change and 

its impact 

Findings on socioeconomic characteristics of respondents, perceptions of 

communities towards forest cover change, drivers of forest cover change, impacts of 

forest cover change and possible so lutions to improve forest cover change are 

reported in this section . 

4.3.1. Socioeconomic characteristics of respondents 

Table 5 describes the socioeconomic characteristics of the respondents. Sixty-three 

per cent of the sampled households were between 20 and 49 years with a mean age of 

47 while respondents above 50 years accounted for 37%. The household size 

composition was 1-5 (5 1%),6-10 (47%) and 11-1 5 (2.6%). The minimum, mean, 

and maximum household size was I , 6, and 12 persons, respectively. Sixty-eight per 

cent of the respondents have a land size of less than 0.5 ha, with 28% owning between 

0.75 and 1.25 ha. Four per cent of the respondents do not have land for cultivation. 

The mean household income for all the interviewed households was 7377 Ethiopian 

birr, which is equ ivalent to US$ 323 per year. Seventy-five per cent of the 

respondents were male, and only 29% of the respondents were literate. Approximately 

97% were farmers and on!y 3% of the respondents depended primarily on other off-

farm income sources like wood co llection and trade. 

Table 5: Sample household characteristics in the study landscape (N = 150) 

Household attributes Value 
Gender (ma le, %) 75 
Average household age (years) 47 
Education (literate, %) 27 
Household occupation (farming, %) 97 
Mean household size (Number) 6 
Mean land holding size (ha) 0.5 
Mean household income (Birr'/year) 7377 
, Ethiopian currency: at the time of the study, 1 US$ 22.8 Birr 

61 



4.3.2. Perception of farmers towards forest cover change 

The respondents indicated that there were differences regarding forest cover change. 

Seventy-three per cent of respondents perceived that the forest cover was decreas ing. 

In contrast, 24% indicated that the forest was increasing in cover and 3% of the 

respondents stated that there had been no change in forest cover (Table 6). Significant 

differences were also found in pet'ceptions among respondents in different kebeles 

concerning the forest cover change (Table 6). While 89% of the respondents from 

Hiziba Teklehimanot kebele perceived that the forest was declining; 50% from Tsgea 

kebele indicated the fo rest was increasing. This might be due to the location of 

communities and spatial differences of forest conditions within the study area. During 

the reconnaissance survey, it was observed that the forest cover in Tsgea Kebele was 

better compared to that of Hiziba Teklehimanot kebele. 

Table 6: Farmer' s perception of forest cover changes. 
Response by kebele 

Hiziba Tsgea (N = Ebo (N = 

T/himanot (N 30) 46) 
Forest cover change = 36) 

-I~~2--~3~~~2~~3~~~2~~3~~~2~~3~---

Ayiba (N = X2 
38) 

% of respondents II 89 0 50 40 10 II 87 2 32 68 0 *** 
**'Significant at P < 0.001 , indicating that there is a significant difference in perception 
about the forest cover change between kebeles. 1 = increased, 2 = decreased and 3 = no 
change 

4.3.3 . Drivers of forest cover change 

Table 7 presents the drivers of forest cover change as ranked by respondents. The 

respondents identified seven important factors responsible for land cover changes in 

the studied landscape. Fuelwood collection (7 1 %) and the expansion of cultivated 

land (63%) were the most important drivers. In addition, some of the respondents 

reported house construction (51%), population growth (38%), pastoral use (35%), 
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1 
2 
3 
4 
5 
6 
7 

logging for income generation (34%) and drought (12%) as important causes for the 

observed land cover changes. 

The focus group discussions in the different kebeles have indicated that; 

i. Population pressure had a great impact on the forest dynamics. 

ii . They depend on the sJ!.le of. fuelwood as a source of income during decline or 

failure of crop production in drought years. 

iii. Livestoek grazing was also viewed as one of the important drivers for land 

cover changes. 

Table 7: Drivers offorest cover change rankings by respondents. 
Drivers Rank Weigh Percentag Rank 

2 3 4 5 t e(%) 
Cultivated land expansion 70 3 8 2 11 401 26.1 2 
Fuel wood collection 35 66 4 1 0 453 29.5 1 
Free grazing 0 18 32 2 0 172 11.2 4 
Housing 4 12 46 14 1 235 15.3 3 
Drought 4 8 5 1 0 69 4.5 7 
Income generation 0 0 9 32 10 101 6.5 6 
POEulation srowth 1 1 0 38 17 102 6.6 5 

Differences between respondent's perceptions of drivers of forest cover changes are 

presented in Table 8. Differences were found in perception among respondents in 

different kebeles regarding free grazing and income generation driving factors. While 

all of the respondents in Hiziba Teklehimanot perceived free grazing as a major driver 

of forest cover change, most farmers in Ayiba kebele did not consider it as a key 

driver of the change. Instead, the majority of the respondents from Ayiba kebele 

perceived income generation as a major driver of the observed changes. 
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Table 8: Farmer's EerceEtions of drivers of forest cover changes. 

ResEonse b~ Kebe le 

Forest cover Change 
Hiziba 

Tsgea Tfhimanot Ebo Ayiba (N = X' Dri vers 
(N = 32) (N = 12) (N = 40) 26) 

~es no ~es no ~es no ~es no 
Cu ltivated land 

100 0 100 
expans ion 0 100 0 100 0 

Fuelwood co ll ection 100 0 100 0 100 0 100 0 
Free grazing 100 0 92 8 100 0 56 44 *** 
Housing 100 0 100 0 100 0 100 0 
Drought 94 6 100 0 95 5 94 4 
Income generation 97 3 83 17 98 2 100 0 ••• 
Population growth 97 3 100 0 98 2 100 0 
Wildfire 0 100 0 100 0 100 0 100 
Civi I war and confl ict 0 100 0 100 0 100 0 100 
Land tenure 0 100 0 100 0 100 0 100 
"'Significant at P < 0.00 I , indicating that the location of households had a significant effect 
on the perception of farmers towards the drivers of land cover change. 

4.3.4. Perception of farmers on impacts of deforestntion 

Figure 3 provides the perception of farmers regarding impacts of deforestation . 

Seventy-eight (78) out of a total of 150 respondents representing 52% indicated that 

soil erosion was a major impact of deforestation in the study area. Flooding and 

shortage of wood for fuel , housing and agricultural implements were each indicated 

by 35% of respondents as being caused by -deforestation, whiles 11 % and 12% of 

respondents respectively indicated drought and loss of honey bees were the impacts of 

deforestation. 
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• Causes soil erosion 

• Causes drought 

• Shortage of wood for fuel) 
housing and agricultural 
implements 

• Affects water cycle 

• Causes fl ooding 

• Reduction in asthetic value 

• Loss of honey bee 

Figure 4: Impacts of deforestation as perceived by respondents. 

4.3.5. Existing remedies and potential solutions for improving forest cover 

The establishment of exclosures, formulation of bylaws, enrichment plantation and 

soil and water conservation structures were among the main activities that have been 

implemented. Respondents viewed that a portion of the forest land has been given to a 

church to be strongly preserved as a solution for the current deforestation. 

Possible solutions including strengthening forest protection, improving soil and water 

conservation structures, awareness creation, enrichment planting, financing for added 

ecosystem services and introduction of zero grazing mechanisms were indicated by 

the respondents as mitigative measures to the current deforestation (Table 9). 
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Tab le 9: Measures proposed by respondents to curb deforestation . 

Sin Measures N umber of 

Improved forest protection 
Upscale of sOIl & water conservat ion 2 
activ ities 

3 Awareness creation 
5 Afforestation 
6 Compensation 
7 Zero grazin g 

4.4. Vegetation characteristics 

4.4.1. Species identification 

respondents 
78 

58 

55 
53 
46 
22 

Percentage 
(%) 
52 

38.6 

36.6 
35.3 
30.6 
14.6 

Table 10 presents the species composition list in the study area. A to tal of 45 species 

belonging to 29 fami lies were recorded in all land cover categories from all plots. 

Cadia purpurea (26%), Dodonaea angustifolia ( 13.7%), May tenus arbutifolia (1 0.8), 

Juniperus procera (9.6%), Calpurnia aurea (5.6%), Carissa spinarum (3.2%) and 

Acacia abyssinica (3%) were the dominant species contribut ing 72% of the total 

species observed. 

Table 10: Species composition list in the study area. 
Scientific name Family 

Abutilon longicuspe Hochst.exARich 

Acacia abyssinica Hochs f. ex Benth 
Acacia etbaica Sihweinf. 

Acacia seyal Del. 
Acacia tortilis (Forssk.) Hayne 
Acokanthera schimperi (A. DC.)Schweinf 

Allophylus macrobonys Gilg 
Berberis holstii Eng!. 
Bersama abyssinica Fresen. 
Buddleja polystachya Fresen 
Cadia purpurea (Picc.)Aif 
Calpurnia aurea (Ail.) Benfh. 
Carissa spinarum L 

Celtis africana Burm f 
Clerodendron myricoides (Hochst.) Valke 
Clufia abyssinica Jaub. & Spach. ~ 

Malvaceae 

Fabaceae 
Fabaceae 

Fabaceae 
Fabaceae 

Apocynaceae 

Sapindaceae 
Berberidaceae 
Melianthaceae 

Loganiaceae 

Fabaceae 
Fabaceae 
Apocynaceae 

Ulmaceae 
Verbenaceae 

Euphorb iaceae 

Lifefonn 

Shrub 

Density 
(stems 
hal) 
3.6 

Tree 35.6 
Tree 4.6 

Tree 0.7 

Tree 1.4 
Shrub & tree 2.5 

Tree 1.05 
Shrub 2. 1 
Shrub & tree I. 8 

Shrub 1.05 

Shrub 299.6 
Shrub & tree 65 .1 
Shrub 37.7 

Tree 2. 1 
Shrub 1.8 
Shrub 2. 1 



Cupressus lusitanica Miller Cupressaceae Tree 10.9 
Discopodium penninerviwn Hochst. Solanaceae Tree 2.5 
Dodonaea angustifolia L.f. Sapindaceae Shrub 158.8 
Dovyalis abyssinica.(.A.Rich.)Warb. Flacourtiaceae Shrub & tree 4.6 
Dovyalis verrucosa (Hochst.) Warb. Flacourtiaceae Shrub & tree 11.6 
Ekebergia capensis Sparrm. Meliaceae Tree 15.1 
Erica arborea L. Ericaceae Shrub & tree 13.0 
Eucalyptus camaldulensis Dehnh Myrtaceae Tree 23.9 
Eucalyptus globlus Myrtaceae Tree 18.7 
Euclea racemosa Mlirr. subsp: Sck·mperi Ebenaceae Shrub 1.8 
Juniperus pro cera Hochst.ex.Endl Cupressaceae Tree 112.3 
May tenus arbutifolia (A.Rich.)Wilczek Celastraceae Shrub 125.7 
May tenus undata (Fhunb.) Blakelock Celastraceae Shrub & tree 11.6 
Myrsine ajricana L. Myrsinaceae Shrub 8.5 
Nuxia congesta R.Br. ex. Fresen Loganiaceae Tree 5.6 
Olea ellropaea L. Subsp. Cuspidate Oleaceae Tree 52.5 
Osyris quadripartita Decn. Santalaceae Shrub 15.1 
Otostegia integrifolia Benth. Lamiaceae Shrub 0.7 
Pittosporum viridijlorum Sims Pittosporaceae Shrub & tree 15.1 
Podocarpus (Ajrocarpus) Jalcatus (Fhun) Mirb. Podocarpaceae Tree 12.7 
Psydrax schimperiana (A. Rich.)Bridson Rubia~eae Shrub & tree 3.9 
Pterolobium stellatum (Forssk.) Fabaceae Shrub 12.3 
Rhus glutinosa A.Rich. Anacardiaceae Tree 20.4 
Rhus natalensis Bernh. ex Krauss Anacardiaceae Tree 9.5 
Rosa abyssinica Lindely Rosaceae Shrub 2.5 
Rumex nervosus Steud.ex A.Rich. Polygonaceae Shrub 4.6 
Solanum schimperianum Hochst Solanaceae Shrub 12.3 
Teclea simplicijolia (Engl.) Verdoorn Rutaceae Shrub & tree 8.5 
Toddalia asiatica (L.) Lam. Rutaceae Climber l.l 

4.4.2. Vegetation parameters 

Table II indicates woody plant dendrometric variables and average number of stems 

under diffe rent land cover types. Stem density ranged from 196 to 1618, with the 

highest value recorded in dense forest and lowest in grassland . The mean stem 

diameter of dense forest was significantly higher than the diameter of open forest and 

grass land. Dense forest recorded highest average woody plant height followed by 

open forest and grassland. 
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Table I I : Mean values of woody plant dendra metric variables under different land 
cover types. 

Land cover types Dendrometric variables 

DBH (cm) H (m) No of stems ha- ' 
Dense forest 7.2 1±0.SI ' 4.3±0.44' 1618.3±93.4' 
Open fo rest S.S6±0.47b 3.03±0.21 b 9S9.1±64.9b 
Grass land 2.96±0.1 7' 1.89±0.lOb 196.9± 19.7' 
p-va lue 0.0003 0.00 I <0.000 I 
OBH diameter at breast height, H - height. Values within a column with same letters are 
not signi fi cantly different (p > 0.05) according to Tukey's HSO test. 

4.5. Soil characteristics 

Soil physical properties and so il organic carbon in different land cover types are 

shown in Table 12. Percentage organic carbon concentration ranged between 2.0 to 

3. 1, with the hi ghest occurring in dense forest, and lowest on bare land. In the dense 

forest, soil s were higher in clay content than in the open forest, and the mean value for 

bulk density varied from 1.11 to 1.37 g cm·J, with the highest content in bare land and 

lowest in dense forest. 

Table 12: Mean values of three soil properties in different land cover types. 
Land cover Particle size distribution OC (%) BD (g cm") 

types Sand (%) Silt (%) Clay (%) 
Dense forest 33.1±3.3,b 34.S±2.9' 32.3±2.3' 
Open forest 27.2±2.6'b 43 .8±2.2' 28.0±1.6' 
Grass land 29.2±8.I'b 42.S±7.1' 28.3±2.6' 
Cultivated 19.7±3.6b 48.4±4.4' 31.8±3.2' 
land 

3. 1±0.17' 
2.7±0.16' 
2.8±0.27' 
2.2±0.33' 

1.l1±0.OS' 
1.1 7±0.04' 
1.28±0.07' 
1.31±0.04' 

Bare land SO.2±I LI ' 27.8±8.0' 22.0±6.0' 2.0±0.2S' 1.37±0.OSa 
p-value 0.023 0.02 0.23 0.06 O.03S 
OC = Soil organic carbon, BO = Bulk density. Values within a column with same letters are 
not significantly different (p > 0.05) according to Tukey's HSO test. 

4.6. Effect of land cover change on carbon stock 

Carbon stocks, the contribution of carbon pools to total carbon stock, changes in 

carbon stocks are presented in thi s section. 

4.6.1. Carbon stocks 

Mean estimated values of carbon stock across the land cover types are presented in Table 13. 

Mean above ground biomass carbon stock ranged from 3.43 Mg ha' in grassland to 65.8 in 
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dense forest. Highest below ground biomass carbon stock was recorded in dense fo rest with a 

mean value of 11 .4 Mg ha-\ while lowest was recorded in grassland with a mean value of 

L02 Mg ha-
I
. The carbon content of litter biomass varied from 1.17 to 2.25 Mg hal, with the 

highest value in dense forest and lowest in grassland. The carbon content of litter biomass 

was significantly higher under dense forest than grassland_ Grassland recorded highest soil 

organic carbon with a mean value of 103.1 Mg hal_ The lowest soi l organic carbon stock was 

recorded in cultivated land (76_54 Mg hal)_ Total carbon stock ranged from 76.54±7.84 Mg 

hal to 18L78±27.06 Mg hal, with the highest value recorded in dense forest and lowest in 

cultivated land. 

Table 13 : Estimated carbon stocks (Mg hal) across the land cover tyPes. 

Land cover types p-value 
Dense forest Open forest Grassland Cultivated Bare land 

Carbon land 
pools 
AGC 
BGC 
LC 

SOC 
Total 

6S.81±18.50' 
1 l.38±2.61 , 
2.2S±0.27' 
102.33±13.19' 
181.78±27.06' 

12.67±2.22' 
2.92±OAl b 

1.68±0.20,b 
87.5S±12.73' 
1 04.83± 12.3Sb 

3A3±0.33' 
1.02±0.08b 

1.17±0.09b 

103.13±6.7Sa 

108.77±6.77b 

<0.001 
<0.0002 
<0.0048 

76.S4±7.84' 83 .13±8.S3' 0.2712 
76.S4±7.84b 83.ll±8.S3b <0.000 1 

AGC - above ground carbon, BGC - below ground carbon, LC Litter carbon, SOC soil 
organic carbon. Values within a row with same letters are not significantly different (p > 0.05) 
according to Tukey's HSD test. 

Figure 4 shows the spatial distribution of carbon stocks in the study area. The highest 

carbon stock was found in the southwestern part of the study area with a value of 

167.6-187.1 Mg hal; 
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Figure 5: Spatial clistribution of carbon stock in the study area for 2016. 

4.6.2. Contribution of carbon pools 

Figure 5 shows the percentage carbon contribution of four carbon pools in the five land 

cover types. Soil organic carbon contributed the highest (56%) to total carbon stock of 

dense forest, followed by above ground biomass carbon (36%). In the dense forest, 

the lowest carbon stock was recorded in litter carbon pool (1.2%). In open forest 

highest carbon stock was stored in soil (83.6%) followed by above ground carbon 

(12.1%), below ground carbon (2.7%) and litter carbon (1.6%). In Grassland 94.8% of 

the total carbon stock was recorded from soil organic carbon, followed by above 

ground biomass carbon (3 .1%). Soil organic carbon accounted for 100% of total 

carbon stocks for cultivated land and bare land. 
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Figure 6: Percentage carbon contribution of four carbon pools in the five land cover 
types. 

4.6.3. Changes in carbon stock 

Table 14 presents total carbon stock and changes in carbon stock for the year 1985, 

2000 and 2016. Carbon stock was 1951 Gg carbon, 1999.8 Gg carbon and 1955.6 Gg 

carbon in 1985, 2000 and 2016 respectively. In 1985, 2000 and 2016 highest carbon 

stock was recorded in dense forest followed by open forest. Dense forest recorded 

highest carbon stock (879.2 Gg) in 2000. Cultivated land recorded highest carbon 

stock (298.6 Gg) in 2016. 

While carbon stock 'increased by 48.8 Gg between 1985 and 2000, decreased by 44.2 

Gg between 2000 and 2016. Between 1985 and 2016 an increase of 4.6 Gg carbon 

was observed. 
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Table 14: Total carbon stock and changes in carbon stock for the year 1985. 2000 and 
20 16. . 

Land cover Carbon stock (Gg) Carbon stock changes (Gg) 
types 12.?5 2000 2016 1985- 2000- 1985-

Dense forest 81232 879.15 
Oren forest 380.42 503.44 
Grassland 180.20 11 2.97 
Cultivated 245.74 232.29 
land 
Bare land 332.32 T7 1.96' 
Total 1951.00 1999.81 

787.95 
454.09 
2 14.10 
298.62 

200.87 
1955.63 

2000 20 16 20 16 
66.83 -9 1.2 -2437 

123.02 -49.35 73.67 
-67.23 IOLl 3 33.9 
-13.45 66.33 52.88 

-60.36 
48.81 

-7L09 
-44.18 

-131.45 
4.63 

4.7. Relationship between soil organic carbon stock and above 

ground vegetation properties 

4.7.1. Correlations between soil organic car bon stock and Vegetation 

Parameters 

Table 15 r resents the Pearson correlation values between vegetation parameters and 

soi l organic carbon stock. Highest statistically significant correlations were found 

between above ground biomass and DBH (pearson correlation 0.719, p<O.OI), 

followed by above ground biomass and soil organic carbon stock (Pearson correlation 

0.699, P<O.OI). The lowest correlation was found between tree density and DBH 

(Pearson correlation -0.042, P>0.05). 

Table 15: Pearson correlation coeffi cient values of soil organic carbon, DBH, height 
and biomass. 

SOC DBH H Tree density agB 
SOC 
DBH 0.627** 
H 0.502' 0.107 
Tree density 00437 -0.042 00457 
AGB 0.699** 0.719** 0.560* 0.382 
(*: P<0.05; *' : P<O.OI 
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4.7.2. Regression models of soil organic carbon stock 

Tab le 16 shows resu lts fo r simple and mUltiple regression model of soi l organic 

carbon. The coefficleilt of determination ranged from 0.13 to 0.59. The combination 

of tree density, DBH and height were recorded highest determination coefficient with 

0.59 adj. R2 Lowest determination coefficient was recorded for tree density with 0.13 

adj. R2. 

Table 16: Regression model of soil organic carbon stock. 
Dependent Predictor variables Adj . R2 P-value 
variable 
SOC Tree density 0.13 0.091 
SOC DBH 0.35 0.009 
SOC Height 0.19 0.047 
SOC agB 0.45 0.003 
SOC Tree density * DBH 0.55 0.002 
SOC Tree density * Height 0.20 0.093 
SOC Tree density * agB 0.45 0.008 
SOC DBH * Height 0.52 0.003 
SOC DBH * agB 0.49 0.008 
SOC Height * agB 0.43 0.0 10 
SOC Tree density * DBH * Height 0.59 0.003 
SOC Tree density * DBH * agB 0.52 0.007 
SOC Tree density * Height * agB 0.41 0.025 
SOC DBH * Height * agB 0.49 0.011 
SOC Tree density * DBH * Height * agB 0.56 0.010 
SOC = Soil organic carbon, DBH - Diameter at breast height, agB - Above ground biomass, 

4.8. Effects of land cover change on 'ecosystem service values 

Changes in ecosystem service values in response to land cover change and coefficient 

of sensitivity were presented in this section. 

4.8.1. Changes in ecosystem service values 

The changes in the value of ecosystem service from 1985 to 20 16 periods for each 

land cover type and total ecosystem service value were estimated and presented in 

Table 17. The total ecosystem service values of the who le study landscape were about 

US$ 16.6, 19.0 and 18.1 million in 1985,2000 and 2016, respectively. In 1985, of the 
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total ecosystem serv ice values in the study area, dense forest, open forest, grass land 

and cu ltivated land recorded US$ 7.9 mill ion (47.7%), 6.4 mi ll ion (38.8%), 0.77 

mill ion (4 .6%), and 1.5 mi ll ion (8.9%), respectively, of the total ecosystem service 

values. 1n 2000, dense forest and open fo rest recorded the highest va lue, i.e. US$ 8.6 

mil lion (45.2%), 8.5 million (44.9%) whi le cultivated land and grassland contri buted 

US$ 1.4 mi ll ion (7.4%), 0.48-:miJ!.ivn (2.5%), respectively. Dense forest, open forest, 

grassland and culti vated land recorded for about US$ 7.7 million, 7.7 million, 0.9 

mi ll ion, and 1.8 mi ll ion, respectively in 2016. 

While total ecosystem service value increased by 15.7% between 1985 and 2000, it 

decreased by 5.2% decrease between 2000 and 2016. Between 1985 and 2016, total 

ecosystem service values increased by 9.6%. 

The change in ecosystem service values differed among the land cover types as 

observed in the contributions of ecosystem service values over the study periods 

(Tab le 17). For example, between 1985 and 2000, ecosystem service value of the 

dense forest and open forest increased by 8.2% and 32.3%, while grassland and 

cultivated land decreased by 37.3% and 5.5%, respectively. However, between 2000 

and 2016, the value of ecosystem service of dense forest and open forest decreased by 

10.4% and 9.8%, while grassland and cultivated land increased by 89.5% and 28.9%, 

respectively. 
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Table 17: Estimated ecosystem service values and dynamics for each land cover type 
of the three reference years and eeriods in US$ mill ion. 

Land cover Ecosystem service values Ecosystem service value 
types changes (%) 

1985 2000 2016 1985- 2000- 1985-
2000 20 16 20 16 

US$ % US$ % US$ % 
Dense forest 7.9 47.7 8.6 45.2 7.7 42.5 8.2 -10.4 -3.0 
Open forest 6.4 38.8 8.5 44.9 7.7 42.5 32.3 -9.8 19.3 
Grassland 0.77 4.6 0.48 2.5 0.9 5.0 -37.3 89.5 18.8 
Cultivated 1.49 8.9 r:-4 7.4 1.8 10.0 -5.5 28.6 2 1.5 
land 
Bare land 0 0 0 0 0 0 0 0 0 
Total 16.6 100 19.0 100 18.1 100 15.7 -5.2 9.6 

The average ecosystem service values of the land increased from 976.47 US$ ha- I yr"1 

in 1985 to 1117.64 US$ in 2000 and decreased to 1064.7 in 2016 (F igure 6). 
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Figure 7: The average ecosystem service value of the study area for 1985, 2000 and 

2016. 

4.8.2. Estimated services of specific ecosystem functions and their changes 

Tab le 18 indicates estimates of ecosystem service va lues and their changes for 

specifi c ecosystem services. In 1985, specific ecosystem service value ranged from 

US$ 0.1 to 4.1 million, with the highest recorded in climate regulation service, and 
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lowest on water regulation, gas regulation and cultural services. In 2000, the 

ecosystem service value varied between US$ 0.1 and 4.8 million, with the highest 

recorded in climateregulation service, and lowest in gas regulation and cu ltural 

serv ice. In 2016, the ecosystem service value varied between US$ 0. 1 to 4.4 mi ll ion, 

with the highest recorded in climate regulation service, and lowest in water regulation 

and cu ltural service. 

Between 1985 and 2000 highest change was observed in water regulation with 100% 

increase. Followed by water regulation, disturbance regulation, recreation and erosion 

control which recorded 25%, 20.7% and 19.2% increase in value in the same period 

respectivel y. Between 2000 and 2016 values of water regulation, recreation, climate 

regu lation, genetic resources and erosion control decreased. However, pollination and 

food production showed an increased value in the same period. Between 1985 and 

2016 highest change was observed in gas regulation service with 100% increase. 

Disturbance regulation and food production showed 25% and 17.6% increase in 

ecosystem service value in the same period, respectively. 
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Table 18: Estimated va lue of ecosystem service for specific service for 1985 2000 
and 20 16 reference years and their changes. ' 

Ecosystem services 

Provisioning services 
Water supply 
Food production 
Raw material 
Genetic resources 
Regu lating services 
Water regulation 
Water treatment 
Erosion control 
Climate regulation 
Biological control 
Gas regulation 
Disturbance regulation 
Cu ltural services 
Cultural 
Recreation 
Total 

Ecosystem service values 
(ESV) 

US$ mill ion year- 1 

ESV 1985 ESV2000 ESV20 16 

0.5 0.5 0.5 
1.7 1.7 2.0 
1.1- 1.2 1.2 
1.0 1.2 1.1 

0.1 0.2 0.1 
1.7 2.0 1.8 
2.6 3.1 2.8 
4.1 4.8 4.4 
0.2 0.2 0.2 
0.1 0.1 0.2 
0.4 0.5 0.5 

0.1 0. 1 0. 1 
2.9 3.5 3.2 
16.5 19.1 18.1 

Ecosystem 
change (%) 

1985-
2000 

0 
0 
9 

20 

100 
17.6 
19.2 
17.2 

0 
0 

25 

0 
20.7 
15.7 

4.8.3. Ecosystem service sensitivi ty to land cover change 

service 

2000-
20 16 

0 
17.6 
0 

-8.3 

-50 
-10 
-9.6 
-8.3 

0 
1 
0 

0 
-8.5 
-5.2 

value 

1985-
2016 

0.0 
17.6 
9.0 
10.0 

0.0 
5.9 
7.7 
7.3 
0.0 
100 
25 

0.0 
10.3 
9.6 

Table 19 shows ecosystem service sensitivity values obtained from the change in 

ecosystem service valuation coefficient. 

Table 19: Change in total ecosystem service value (ESV) and coeffi cient of sensit ivity 
(CS) resulting from a 50% change in the ecosystem value coeffi cients (VC) . 

The effect of changing CV from the original 
Change in valuation coefficient (VC) _v.:.;a:::I"'u.:.e_--,-,,-,--_ _____ ...,...,...,..., _ __ _ 

1985 2016 

% CS % CS 

Dense forest VC±50% ±23.8 0.48 ±21.3 0.43 

Open forest VC±50% ± I9.3 0.40 ±21.2 0.42 

Grass land VC±50% ±2.3 0.05 ±2.5 0.05 

Cu ltivated land VC±50% ±4.4 0.09 ±4.9 0.1 

The coefficient of sensitivity was less than one in all cases. The estimated value of the 

ecosystem service value for the study area increased from a low of 0.05 for grassland 

to a high of 0.48 for a dense forest when the ecosystem value coefficients for these 
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land cover types were changed by 50%. Changing the ecosystem service value 

coefficient of the dense forest by 50% affected the esti mated 1985 and 20 16 

ecosystem service value by ±23.8% and ±21.3 % respectively. Similarly, changing the 

open forest coeffi cient by 50% affected the est imated 1985 and 2016 ecosystem 

serv ice va lue by ± 19.3% and ±21.2% respectively. Adjusting the grassland coefficient 

by 50% affected the estimated 198-5 and 2016 ecosystem service value by ±2.3% and 

±2.5% respectively. Adj usting the cultivated land coefficient by 50% affected the 

estimated 1985 ecosystem service value by ±4.4% and the 2016 value by ±4.9%. 
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CHAPTER FIVE 

5. DISCUSSION 

The magnitude and the percentage change of land cover types and their drivers, the 

impact of the change on communities, the changes in vegetation composition and 

structure of the study area, l~els of carbon stocked in different land cover types and 

their changes, the relationship between soil organic carbon stock and above ground 

vegetation properties and changes in ecosystem service values were discussed. 

5.1. Land cover change, their drivers and impacts 

In this study, results of change analysis over 30 years showed the magnitude of 

change that occurred in fi ve land cover types. The results reflected the substantial land 

cover change that took place in the Wujig Mahgo Waren forest within the last 30 

years. Between 1985 and 2000, the area of dense forests and open forest recovered by 

8% and 32% respectively while grassland, cultivated land and the bare land declined 

by 37%, 6% and 18% respectively. Forest management interventions such as 

intensive soil and water conservation and exclosure establ ishment cou ld be 

responsible for the improvement in dense forest cover between 1985 and 2000. In 

fact, they allowed the fo rest some period of time to recover for which some 

improvements have been observed. 

Between 2000 and 2016, the area of dense forests , open forest and bare land degraded 

by 10%, 10% and 26% respectively while grassland and cultivated land improved by 

90% and 29%, respectively. The key causes of the loss in both dense and open forest 

between 2000 and 201 6 were fuel wood collection for household use and income 

generation, cul tivated land expansion, population growth, free grazing and drought. 

These resul ts compare favourably with previous findings in different parts of the 
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country (Demissie el aI., 20 17; Fetene et aI., 2016; Hai lemariam el aI. , 20 16; Kindu el 

aI., 20 13). For example, a study by Demissie el al. (2017) on land use land cover 

change and their causes in the Libokemkem district of South Gonder, Ethiopia found 

that, forest land degraded by 82% between 1973 and 2015 as a result of population 

pressure, cultivated lands expansions, increasing wood co llection for fuel, coll ection 

of farm implement and COTIstrue tien wood, charcoal production, regime changes, 

livestock grazing, the introduction of area closures and government programs such as 

mi li tary camp construction, villagization, land redistribution, and land compensation. 

Similarly, Fetene e l al. (20 16) revealed that the 38% loss of forest area in Nech Sar 

national park, Ethiopia between 1985 and 201 1 were due to changes in anthropogenic 

land use and variation in precipitation. A significant loss of forest cover was also 

reported by Hailemariam et af. (2016) in the Bale mountains between 1985 and 2015 

wh ich was reportedly caused by cropland and urban expansion. In a similar study by 

Dessie and Christiansson (2008), a decline in forest area from about 40% at the turn 

of the 19th century to less than 3% in the year 2000 was observed in the south-central 

Rift Valley of Ethiopia. In Girmay el af. (2010),s study on change in land use and its 

associated impacts on soil degradation and surface runoff, an expansion of cultivated 

land and a decrease in forest and woodland in northern Ethiopia from 1964 to 2006 

was observed. Such changes of forest cover are also evident in different parts of the 

world. For example, Maimaitiaili et al. (2018) stated that the 62.5% forest loss 

observed between 1972 and 2014 in Kashgar region, northwest China was the 

consequence of population growth, changes in land tenure and socioeconomic 

development. 

The current expansion of farmland and grassland at the expense of forests in the 

current study area might be a manifestation of the weak or inappropriate institutional 
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arrangements in the study area as seen in other parts of Ethiopia. For example, a 

study by Hailemariam e/ al. (2016) on institutional arrangements and management of 

environmental resources found that limited institutional capacity constrained the 

management of environmental resources in three eco-regions of Ethiopia. 

In the current study, respondents pointed out fuelwood collection as a dominant driver 

of deforestation. In the study area, the main source of energy for the majority of the 

people is wood due to the lack of alternative energy sources. Similarly, Noriko el al. 

(201 2) indicated that fuelwood collection was the main degradation drivers fo r the 

African continent. Also, the cu ltivation of new agricu ltural lands to feed the ever 

growing population was identified as significantly contributing to the current 

deforestation process in the study area. Similar results were recorded by Noriko et al. 

(2012) ind icating that agriculture alone caused 73% of all deforestation in developing 

countries. DeFries et al. (20 I 0) and Fisher (2010) also stated that the existing rate of 

deforestation in Africa is largely driven by small-scale subsistence agriculture. In the 

present study, the construction of houses construction was also mentioned as one of 

the prime drivers of forest loss. Kindu et al. (2015) drew similar conclusions from 

their research as they stated housing as the main cause of land use land cover change 

in the Munessa-Shashemene landscape of the south-central highlands of Ethiopia. As 

observed, the communities in the present study mainly depend on the forest for the 

construction of their homes. The species Cadia purpura is the preferred species for 

housing projects in the community. 

Population pressure also featured as an indirect driver of forest loss. Previous studies 

in other parts of the country reported population pressure as a major driver of land 

cover changes (Dessie & Kleman, 2007; Hurni et aI. , 2005; Kidane el al. , 2012). 
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Respondents also pointed out that they depend on the sell ing of fue lwood for 

subsistence, a re liable source of income during decl ine or fa ilure of crop production in 

periods of drought. Tn most of these cases, farmers living in the study area and their 

neighbouring areas are forced to depend on the remaining forests either to create 

additional croplands or to provide a source of income to help sustain them. This is a 

common survival strategy of-J ural popt,)jations in the events of degradation, drought, 

and rainfall variability across Africa as perceived by Campbell (1990). 

Livestock grazing was also suggested as one of the key drivers of deforestation. 

Kindu et al. (2013) and Demissie et at. (2017)'s researches showed that livestock 

ranching was one of the drivers of land use land cover change in Ethiopia. In the 

study area, cattle grazed on crop residues in cropland and grasslands. However, due to 

the inadequate feed in the cropland and grasslands, farmers sent their cattle into the 

forest. Th is practice inhibits natural regeneration by suppressing seedlings which can 

eventually cause forest degradation. 

The effect of the current level of deforestation on communities ' ecological dynamics 

has been reaffirmed by respondents. Soil erosion, reduction in pollinating agents like 

honey bees as a result of reduction in flower production, flooding and drought were 

the perceived major impacts of the changes. A study on restoration ecology by Hobbs 

and Harris (2001) indicated that deforestation globally increases the rates of soil 

erosion since the amount of runoff is increased and the soil is no longer protected 

from tree litter. A study on the impact of tropical deforestation on hydro logical 

functions by Bru ijnzeel (2004) states that deforestation affects water cycle by 

reducing rai nfa ll infiltration opportunities, with a substantial reduction in dry season 

flows in southeast Asia. Similarly, David and Roni (2002) concluded that 
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deforestation in the Amazon forest brought about a redu ction in precipitation, 

evapotranspiration, and cloudiness in Amazon and severa l other regions of th e world. 

[n contradict ion to this present study's analys is, Bruijnzeel (2004) ment ioned that the 

total rainfa ll increase with the percentage of forest biomass removed, alongside 

maximum gains in water yield upon total clearing of forests in southeast Asia . 

Therefore the impact of lano':cov·er change on drought depends on the differences in 

rainfall and degree of surface disturbance. 

Respondents in the present study stated a reduction in pollinating agents like honey 

bees due to the production of fewer fl owers as a resu lt of forest degradation. Ejigu et 

af. (2009)'s findings were compatible with this notion of shortage in bee forage hence 

posing it as a major constraint of bee-keeping in the Amhara region, Ethiopia. 

The ongo ing land cover changes in the Wujig Mahgo Waren forest have different 

implications. If the depletion of dense forest cover continues, it can negatively change 

the potential use of the study area and may ultimately lead to the loss of productivity. 

Previous assessments by Lemenih et ai. (2005) on soil chemical and physical 

properties fo llowi ng deforestation and subsequent cultivation of land by smallholder 

farmers in Ethiopia revealed an overall declining trend in almost all soil quality. This 

can affect the local people by reducing the means of their livelihood, especially for 

those who depend on the land. Other implications associated with the increasing loss 

of the forest resource is the decline in biodiversity. Furthermore, the ongoing 

deforestation supports expectations of Ciais et af. (2009) who predicted that the 

African forest carbon stocks would remain vulnerable due to deforestation. Houghton 

et ai. (201 2) also revea led that land use and land cover change can cause a change in 
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carbon stocks and release substantial amounts of carbon from the forest to the 

atmosphere. 

5.2. Existing remedies, potential solutions and challenges 

To mollifY the existing practice and effects of deforestation, several interventions 

have been implemented by the community and the government. The estab lishment of 

exclosures, formulation of bylilws, afforestation and so il and water conservation 

structures are among the main activities that have been implemented to reduce 

deforestation in the study area. 

In the present study, the forest area was made inaccessible to humans and animals to 

promote natural regeneration of plants on formerly degraded communal grazing lands. 

The establishment of exclosures have been one of the strategies for rehabilitating 

degraded hillsides within catchments delineated for the rehabilitation and soil and 

water conservation programs. In line with the present study, Kassa et al. (2017) and 

Birhane et al. (2017a) have stated that since the 1980s, area exclosure has been 

introduced to manage degraded lands and increase productivity in northern Ethiopia. 

In addition, community members work to enrich the forest land by planting seedlings 

which provide ecological and economic benefits. This result is supported by Birhane 

et al. (2017a), who discovered that community members in Tigray region, northern 

Ethiopia had participated in enrichment planting programs to improve their forest 

cover. Inside the forest, different soi l and water conservation activities have been 

carried out to reduce soil erosion and to increase the moisture content of the land so 

that seed banks easi ly regenerate, eventually increasing the forest cover. This was 

common practice in different areas of the country. For instance, Birhane et al. 

(2017a), who studied exclosures as a forest restoration tool indicated that the 

construction of soi l and water conservation structures is one of the measures practised 
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by the community to rehabilitate degraded lands in northern Ethiopia. Seyoum et at. 

.(2015) also reported that massive soil and water conservation programs were carried 

out to restore degraded lands in northern Ethiopia. 

In addition to the establishment of exclosure, vi l1age bylaws were formulated by the 

community to manage the forest resources in the study area. The bylaws constituted a 

set of understandings and princip}es that were designed by the community and to 

oversee public assets. Bylaws are used as mechanisms to manage communal grazing 

lands and exclosures, among others, in northern Ethiopia. For example, Yohannes and 

Waters-Bayer (2007), who studied integrated watershed management found that 

communities developed bylaws to manage ex closure in Geregra watershed, northern 

Ethiopia. Similarly, Yami et at. (2013) who studied the effectiveness of vil1age 

bylaws in the sustainable management of community-managed exclosures found that 

bylaws developed by communities were used to manage exclosures in Tigray, 

northern Ethiopia, although they questioned its effectiveness. According to their 

bylaws, nobody had the right to cut live plants for fuel or construction unless 

pennission was granted. Dead and dried wood could be col1ected for household use. 

Animals were also not allowed to graze in the forest. However, beekeeping was 

allowed, especial1y for youth association activities. 

In this current study, it has been ascertained that farmers are of the view that a portion 

of the forest land was given to the church in order to strongly preserve it- a solution 

for the present deforestation problem. The church was considered an important place 

for forest conservation by many scholars. For instance, a study by Bongers et at. 

(2006) on ecological restoration and church forests in northern Ethiopia stated that 

churches are secure habitats for plants, animals, and green spaces for people. 

Moreover, they stated that church compounds served as conservation sites and 
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hotspots of biodiversity, mainly indigenous trees and shrubs of Ethi opia. Also, Wassie 

et al. (2005) who studied church forest in Gondar, northern Ethiopia found that 

churches comprised plants and animals that have disappeared in most parts of 

northern Ethiopia indicating that churches could hence be an open door for forest 

ecosystem preservation and reclamation. Aerts et at. (20 16) who studied conservation 

of the Ethiopian church for~ts St-ated that the churches have high conservation value 

with most of the native forests and forest biodiversity confined in the church. In 

Ethiopia, no individual can touch a tree if it is under the ownership of a church as they 

consider it to be holy. There is a belief that if you cut a tree inside a church, it is 

considered a sin. Thus, this provides an important opportunity for conserving the 

dwindling forest resources in the country. 

Even though the aforementioned remedies are in place, it has been clearly shown that 

there is ongoing forest degradation in the study area. Respondents thereby suggested 

some extra measures to solve the ongoing deforestation problem in the study area. 

Possible solutions to the current state of deforestation from respondents' perspective 

include strengthening of forest protection and monitoring systems, improving soil and 

water conservation mechanisms, enhancing ' afforestation, creating awareness about 

the importance of forest ecosystems and pursuing zero grazing campaigns. 

In Wujig Mahgo ' Waren, the forest area was protected by guards who had been 

appointed by the community and were being paid by the government. This practice 

was taking place in different parts of the country. For example, Yohannes and Waters­

Bayer (2007) reported that communal fo rests were being protected by five guards and 

a success story was recorded in Gergera watershed of northern Ethiopia. In the same 

report, Yohannes and Waters-Bayer (2007) indicated that pasture land was being 

protected by paid guards in Sangade pasture, northern Ethiopia. Birhane et at. (2017a) 
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also highlighted the fact that restoration areas were under the protection of guards 

who had been ass igned by villagers in Tigray, northern Ethiopia. In the present study, 

the guards were receiving an equivalent of US$ 25 per month . However, since this 

salary is not enough, the guards are quitting their jobs to find better income sources. 

Therefore, the respondents suggested that the guards should be paid more than what 

they are receiving so they furtify attempts at protecting the fo rest. 

Moreover, education (awareness creation) was also viewed as an essential 

management tool for acquiring sustainable forest management skills. In line with this 

study, Yismaw et al. (2014) found that 23% of the respondents in Banja district, 

Amhara region, Ethiopia suggested education as a so lution for deforestation. Kebede 

et al. (20 14) who studied natural resources use and conflict in Bale mountains 

mentioned that stockholders suggested awareness creation for local communities in 

order to reduce conflict on natural resources management. A review by Abebe and 

Bekele (2018) also suggested awareness creation and development as strategies for 

solving challenges of natural resources management in Ethiopia. 

However, the participants of the focus group discussions expressed their views that 

there are challenges that hinder the application of the suggested solutions. They 

accused the government was not committed to supporting the forest management 

activities already outl ined. They further drew attention to the high turnovers of 

development agents and government staff, and the absence of clarity and transparency 

in arrangements which are thought to influence forest management. They said that the 

government was not strongly committed to allocating ample resources to monitor and 

improve the management of the forests. They also opined that the support from the 

government was unsatisfactory as more help is needed by way of providing legal 

assistance for fo rest users against encroachers and offenders. Illegal timber producers 
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caught and sent to court for prosecutions are often released in a few days without 

penalty. Upon their return, they harass local admin istrators and other people who 

handed them over to the authorities. Due to the weak law enforcement strategies, 

there is a continuous clash between guards and offenders. A similar case was also 

reported by Gobeze et al. (2009) who stated that weak government support threatened 

participatory forest management program in Bonga forest, Eth iopia. 

The need to sustain livelihoods is paramount to everyone. In this study, farmers 

asserted that though they are not allowed to cut live trees, they do illegal cutting for 

different purposes. In the study area, the species Cadia purpura is highly exposed to 

illegal cutting as it is the main sources of construction material in the community. 

Overall, it was observed that with diminishing legitimate access to the state forests , 

the illicit activities of cutting down trees is likely to increase because of the lack of 

alternative forest resources to be used by the community. 

The unemployment rate of the local people is another main challenge in the study 

area. To satisfy their essential needs and prerequisites, the jobless individuals within 

the zone utilize these forests as a wellspring for earning money through illegitimate 

means. Simi larly, Vajpeyi (2001) reported that economic conditions and 

unemployment caused deforestation in Kenya. Tariq and Aziz (2015) investigated the 

assertion that unemployment was the main cause of deforestation in Khyber 

Pukhtunkhwa, Pakistan. In agreement with the present study, Hussaini (2014) 

demonstrated that unemployment contributed to deforestation in Bauchi State. Geist 

and Lambin (2001) also stated that high unemployment rates and a lack of alternative 

non-agrarian income are among the main drivers of deforestation in Asia and Latin 

America. 
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5.3. Woody species composition and vegetation cha racteristics 

across land cover types 

Woody species composition and vegetation characteristics affect soi l characteristics 

and carbon stocks. In the current study, a total of 45 species belonging to 29 families 

were recorded in all land cover categories from all plots. In line with this study, Aerts 

et af. (2006) found 40 total species in a small Afromontane forest fragments in 

northern Ethiopia. Contrary to the present study, however, Mengistu et al. (2005) 

found lower numbers of species with 31 woody species belonging to 19 families at 

Tiya enclosure site, northern Ethiopia. Findings with a lower number of species than 

the present study were also made by Abebe et al. (2006) who observed 18 woody 

species in closed areas of Wukro district, northern Ethiopia. Despite these statistics, 

the number of species at Wuj ig Mahgo Waren was lower compared to other tropical 

and subtropical dry forests. For example, Aynekulu (201 I) observed 79 species 

belonging to 51 fam il ies in the Hugumburda forest of northern Ethiopia. Mengistu et 

af. (2005) also recorded higher numbers of species with 58 woody species belonging 

to 30 plant families at Biyo--Kelala enclosure site, central Ethiopia. A study by Giday 

et af. (2018) also found 63 woody plant species in Dessa'a forest , northern Ethiopia. 

The variation in woody species' richness might be due to the difference in area, level 

of degradation and variation in precipitation (dos Santos et ai. , 2007; Hill, 1973 ; 

Linder, 200 1). 

In Wujig Mahgo Waren, 1,618 average tree density per ha was recorded in the dense 

forest. A similar pattern of results was observed in Mengistu et af. (2005)'s research 

who found 1,746 stems/ha in Biyo--Kelala closed area, central Ethiopia. Conversely, 

Aynekulu (201 1) recorded lower tree stem density in Desa'a forest, northern Ethiopia. 
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Again, Aynekulu (2011) found a higher stem density in Hugumburda Afromontane 

forests as compared to the present study. Senbeta and Denich (2006) conducted a 

similar study in the southwest highlands of Ethiopia. They indicated that Harenna and 

Berhane-Kontir forest had higher stem densities as compared to those of the present 

study. The difference in the number of trees per ha across the various sites might be 

due to the difference in the Ievel·of diSturbance and management of the forest. 

5.4. Effects of land cover change on carbon stock 

The study showed how carbon stocks in vegetation, litter and soi ls vary across land 

cover types and different periods. With this study, higher biomass carbon stock was 

recorded in dense forests compared to open forests and that of the grassland. In light 

of this present study, Rajput et al. (2017) and Solomon et al. (2017) found higher 

biomass carbons in forest ecosystems as compared to other land cover types in 

northwestern Himalaya and northern Ethiopia, respectively. The substantial variation 

in biomass carbon across the land cover types might be due to the variation in the 

number of stems and the size of the trees in each land cover type. This is in line with 

the result of research of Solomon et al. (2017) which stated that tree density and 

diameter have an effect on biomass carbon in northern Ethiopia. Moreover, this 

present study concludes that the low biomass carbon recorded in grasslands was an 

effect of overgraiing practices and human intrusion which influenced recovery and 

growth of herbaceous plant species adversely and smothers tree and shrub growth. 

This assertion is supported by the study conducted by Mekuria and Yami (2013) who 

suggested that free grazing affects vegetation composition and growth of herbaceous 

plant species in the lowlands of northern Ethiopia. 
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The biomass carbon estimates of the dense forests were within the global estimates 

range, from 20 to 150 Mg ha- 1 for semiarid tropics as reported by Tiessen et af. 

(1998). Furthermore, the resu lts were also within the range of tropical dry forests ' 

carbon stock, with regards to the report of Cavanaugh el af. (20 14), which was 

between 50 and 350 t ha- 1
• However, the average biomass carbon stock of Wujig 

Mahgo Waren forest was Tower than that observed for Egdu forest as reported by 

Feyissa et al. (20 13) which was 337 t ha- 1
• The biomass carbon stock of the present 

study was fairly small compared to the biomass carbon stocks in the moist Bale fo rest 

in Ethiopia, an observation made by Watson et af. (2013). On the other hand, the 

biomass carbon stock in the current study was fairly hi gher compared to Solomon et 

af. (2017) who reported 58.11 Mg ha- 1 in the managed forest of Tigray, northern 

Ethiopia. As compared to the present study, Chinnsho et af. (2015) found lower 

carbon stock with 45 .23 t ha-1 in woody plants of Humbo forest, southern Ethiopia. 

The difference in biomass carbon stock across the different forests might be attributed 

to the variability in biophysical characteristics such as climate, soil and vegetation 

type. 

Furthermore, the carbon content of litter biomass in this study was significantly 

higher under dense forests than grasslands . The difference in litter carbon among the 

land cover types might be due to the variations in vegetation cover. This was 

confirmed by the study of Descheemaeker et af. (2006) who stated that litter 

accumulation rely upon vegetation cover and is affected by so il fertil ity in exclosures 

of the Tigray highlands, Ethiopia. The estimated litter carbon of the present study is in 

accordance with findings reported by Ord6nez et af. (2008), who found between 0.6 

and 4.1 Mg ha-1 of litter carbon in montane forests of central and southern Mexico. 

However, the estimated value of litter carbon in the present study was higher than that 
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reported by Aman (2015) who found 1.38 t ha'! litter carbon in dry evergreen 

montane fo rests of the Bale mountain national park, Ethiopia. Conversely, compared 

to the litter carbon stocks of Chi limo forest (9.36 Mg ha'!) per Tesfaye et at. (2016a)'s 

observation, the current result was very low. 

Furthermore, in the presen~stud¥, higher soil organic carbon stock was recorded in 

grassland and dense forest as compared to open forest, bare land and cultivated land. 

Also, the differences recorded in soil organic carbon between land cover types were 

not significant. In agreement with the present study, Haghdoost et at. (2013) showed 

that no significant difference existed in the average total soil carbon stock among land 

cover types in Noar county, Iran, though higher soil carbon was found in forests as 

compared to cultivated lands. In line with this current study, Ordonez et af. (2008) 

also found no significant difference in average total soil carbon in the central 

high lands of Michoacan, Mexico. The higher mean soil organic carbon stock in 

grassland compared with the other land uses could be due to higher annual turnover of 

organic matter from dying grassroots. This notion was supported by the report of Guo 

and Gifford (2002), who stated that grassroots decompose faster than tree roots and 

hence contribute higher organic matter to soils. The higher soil organic carbon stock 

recorded in the dense forest was mainly because of the biomass inputs and low rate of 

litter decay. In the same vein, Tesfaye et af. (20l6a) also discovered a higher mean 

carbon stock in natural forest than in all the other land cover categories in Chilimo, a 

dry Afromontane forest in Ethiopia. The lower soil organic carbon recorded in the 

cu ltivated land under this present study might be due to the low input of organic 

matter being returned to the soi l and high rates of oxidation of soil organic matter by 

tillage as reported by Dalal and Chan (2001), who studied soil organic matter in rain­

fed cropping systems of the Australian cereal belt. 
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The high carbon content of the soils in the different land cover types was consistent 

with a previous study by Lemenih and Itanna (2004) who studied soi l carbon stock fo r 

the upper 60 cm depth of soi l in southern Ethiopia. The result of this study were also 

within the ranges of values for tropical soils of 86 Mg carbon ha -1 (Brown & Lugo, 

1982), 113 Mg carbon ha- 1 (Post et aI., 1982) and 72.8 to 116.4 Mg carbon ha- 1 of 

montane forests of Central-Higl1lands of Michoacan, Mexico (Ord6nez et aI., 2008). 

Contrary to the results of this current study, Feyissa et al. (2013) recorded higher soi l 

organic carbon in Egdu Forest, Ethiopia. On the other hand, higher soil organic 

carbon stock was recorded under the present study as compared to the results reported 

by Girrnay and Singh (2012) for Maileba and Gum Selassa sites of northern Ethiopia. 

Land cover change is a major factor in soil carbon stock change. In the present study, 

the results indicated that alteration of dense forests to cultivated land brought about 

25% reductions in soil organic carbon stock. Girrnay et al. (2008) who reviewed 

carbon stock in top soils (0--10 cm) of Ethiopia, found that conversion of native forest 

into croplands and plantations reduced carbon stock by up to 63% and 83%, 

respectively, an observation that is in line with this current study. 

Generally, hi gher total carbon stock was recorded in dense forest followed by open 

forest, grassland, cultivated land and bare land under this study. The average total 

carbon stock of the dense forest in the present study was 181.8 Mg ha-
1
, which was a 

little higher than that reported by Mekuria (2013) for exclosures on communal grazing 

lands in Ethiopia. Similarly, the results were slightly higher than that reported by 

Andriamananjara et al. (2016) for the Malagasy rainforest in eastern Madagascar. On 

the other hand, the result of the present study was lower than that reported by Rajput 

et al. (2017) for northwestern Himalaya (303.39 Mg ha''), Feyissa et al. (2013) for 
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Egdu forest (614.72 ton ha· I
), Ordonez et al. (2008) fo r montane forests of central and 

southern Mexico (220.7 to 266.9 Mg ha· l) and Simegn el al. (2014) for low land area 

of Simien mountains national park (513.4 ton hal). The variations in total carbon 

stock among the different studies might be due to variati on in forest composition, soi l 

and other biophys ical factors. 

In this study, the four carbon pools contributed differently to the five land cover 

classes . Higher levels of carbon were stored in the soil pool rather than the vegetation 

biomass and litter carbon of all land cover types. Most of the carbon stocks in 

grass land, cu ltivated land and bare land were mainly found in the soil. For example, 

in grassland, a large percentage (> 90%) of the total carbon was stored in the soi l. 

This was in accordance with the investigation of Chen et at. (2003), where the total 

carbon stock of the savanna was 204 ± 53 Mg hal , with around 84% below ground 

and 16% above ground carbon stock. According to Scurlock and Hall (1 998), soil 

carbon can store over 75% of the global carbon found in terrestrial ecosystems. 

Birhane et at. (20 17b) also found more carbon being stored in soi ls of Prosopis 

juliflora invaded areas. Mekuria (20 13) also pointed to higher carbon stock in soil 

than other carbon pools for exclosures on communal grazing lands in Ethiopia. 

However, contrary to the findings of this present study, Girardin et at. (2010) and Lii 

et at. (20 I 0) found higher carbon stored in biomass followed by soil and litter in 

tropical forests. 

In the present study, the change in carbon stock caused by change in land cover type 

was al so assessed using the area of each land cover type and their corresponding 

carbon stock va lues. The study revealed an increase in carbon stock between 1985 and 

2000 and a decrease between 2000 and 2016. This can be attributed to the land cover 
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change from fo rest to cultivated land and grassland hence a reduction in total carbon 

stock between 2000 and 2016. Forest land is basically a co llection of native tree 

species that has been in ex istence fo r quite a long time with many understory 

vegetation. However, grassland is mainly composed of shrub species with low 

biomass and total carbon stock as compared to the forest. Consequently, the change 

from forest to grassland and cultivated land significantly affects total carbon stocks. 

Our study illustrated that tota l carbon stock was affected by the land cover change in 

Wujig Mahgo Waren forest. 

In agreement with the present study, previous studies have shown that land cover 

change is a key factor in carbon stock changes. For example, Shrestha et al. (2010) 

observed a net gain in carbon stock in the larger parts of the mountain watershed in 

Nepal from 1976 to 1989, while a net loss was recorded in the period between 1989 

and 2003. Kashaigi li and Majaliwa (2010) also realized a reduction in carbon stock 

from the year 1980 to 2010 in two forests of Tanzania due to forest cover change. 

Similarly, Gond et al. (2016) also reported a 30% loss in carbon stock from 1984 to 

201 2 in wood-fuel supply basin of Kinshasa. Furthermore, Gaston et al. (1998) 

showcased a loss in above ground carbon stock by 6.6 Pg due to forest degradation in 

tropical Africa between 1980 and 1990. In the same period, (Gaston et aI. , 1998) 

recorded 30 Tg 16ss of above ground carbon due to deforestation and degradation in 

Ethiopia. A study conducted in Tarkwa, a mining town in Ghana by Kumi-Boateng et 

al. (201 5) also highlighted an average loss of 412.14 Gg carbon between 1986 and 

2007 due to land cover change. A study by Zhang et al. (20 15b) in China showed that 

carbon stock reduced by 60 Tg between 1995 and 2010 due to land cover change. 

In spite of all these, Nakakaawa et al. (20 11) reported results that are contrary to 

the findings of this study. They recorded a negligible increase in forest carbon 
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stocks (3,260 t carbon yr-l
) in the period 1990-2005 when compared to the loss due 

. to deforestation and forest degradation (2.67 million ton carbon yr l ) in Uganda. 

5.5. Linkage between soil organic ca rbon stock and above ground 

vegetation properties 

Various studies have shown tkm vegetation variability determines topsoi l carbon 

variability in the Savanna and woodland ecosystems (Bird el al., 2000; Rossi el al., 

2009; Wang et aI., 2009). In the present study, so il organic carbon was positively 

linked with above ground vegetation properties, showing that vegetation parameters 

do appear to be predictors of soil organic carbon stock. Moreover, above ground 

vegetation parameters such as tree density, DBH and height explained 59% of the 

variance in so il organic carbon. In a similar study by Li el.al. (2010b) above ground 

vegetation parameters such as tree height, above ground biomass and tree density 

elucidated 74.9% of the variance in soil organic carbon in cold-temperate 

mountainous fo rests of Japan. Dar and Sundarapandian (2013) also indicated that 

above ground vegetation properties are common predictors that can be used to 

estimate so il organic carbon stock in complex mountainous forests across different 

spatial scales . Furthermore, Woollen et al. (2012) found the strongest correlation 

between soil carbon and large tree above ground carbon stocks with 24% of soil 

carbon variability explained by above ground carbon stock. A study by Kurgat et al. 

(2011) showed that vegetation cover explained 89% of the variability in soil organic 

carbon in the rangelands of northem Kenya. Similarly, a study by Liu et al. (20 12) in 

the Qinghai-Tibetan Plateau China showed a significant correlation between above 

ground biomass and soil organic carbon. Contrary to this present study, Zhang et al. 

(2011) found that plant biomass, woody plant density and tree height did not emerge 
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as significant predictor variab les for soi l organi c carbon in the subalpine coniferous 

forest in Southwest China. Mathew el ai. (20 16) also fou nd a poor correlation 

between soi l organic carbon stock and above ground carbon in Mount Kilimanjaro, 

Tanzania. The inconsistency between these studi es shows that environmenta l factors 

affecting the distributions of vegetation and soil carbon stocks are site-specific. 

Findings from this study show that vegetation parameters can be valuable when 

predicting soil organic carbon stock in the dry Afromontane forests . This discovery is 

vital for estimating soi l carbon stock, particularly in inaccessible landscapes, as above 

ground vegetation properties are moderately simple to assess and cou ld even be 

quickly surveyed through remote sensing methods. 

5.6_ Effects land cover change has on ecosystem service values 

The results of the present study show the amount of change that has occurred in the 

ecosystem service value due to land cover dynamics over the past three decades. The 

resul ts reveal that total ecosystem service values increased between 1985 and 2000. 

This is attributed to the improvement of dense forest and open forest as result of the 

introduction of different interventions such as intensive soil and water conservation, 

exclosure establishment and community participation. These gave the forest a 

recovery time for w hich some improvements have been observed between 1985 and 

2000. 

Between 2000 and 20 16, the total ecosystem service value was reduced due to 

degradation of dense forest and open forest in the study area. The loss of value of the 

ecosystem's services as a result of the loss of forest cover was also revealed in various 

studies (Gashaw el ai. , 2018; Hu el ai. , 2008; Kindu el ai. , 2016; Li el al. , 2007; 

Tolessa et ai., 20 17a; Tolessa el ai. , 20l7b). For example, Gashaw el al. (2018) 
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showed a US$ 5.83 million reduction in ecosystem service value as a result of forest 

loss between 1985 and 20 15 in Andassa watershed in the Upper Blue Nile basin of 

Ethiop ia. Similarly, a study by Kindu et al. (2016) also reported a decline in 

ecosystem service from US$ 130.5 million in 1973 to US$ 111 .1 million in 2012 due 

to the loss of natural forest in the Munessa-Shashemene landscape of the Ethiopian 

highlands. 

Between 1985 and 2016, the total estimated ecosystem service values showed a slight 

increase resulting from the increase in open forest, grassland and cultivated land. In a 

similar study by Wang et al. (2014), ecosystem service value increased from US$ 

1.82 billion to 2.24 billion between 2000 and 20 lOin Ningxia of China, which was 

ascribed to an increase in of forest and grasslands. Camacho-Valdez et al. (20 14) 

reported that total ecosystem service value increased by approximately 9% between 

2000 and 20 lOin the southern coast of Sinaloa State, Northwest of Mexico. Contrary 

to the present study, in Chongming Island, China, Zhao et al. (2004) estimated a 

decline in ecosystem service value by 62% between 1990 and 2000. Li et al. (201 0a) 

also showed around 5% decrease in ecosystem service value fro m 1975 to 2005 in 

Zoige Plateau, China. Tolessa et al. (2017a) reportedly suggested a reduction in the 

overa ll ecosystem· services value by 68% between 1973 and 2014 in the central 

highlands of Ethiopia, and this was mainly due to deforestation. 

Moreover, the contribution of each land cover type to the ecosystem service value 

differed over the study periods. In both study periods, the main ecosystem provider 

was the forest ecosystem. Kindu et al. (2016) also found higher ecosystem serv ices in 

natural forest of the Munessa-Shashemene landscape of the Ethiopian highlands. As 

98 



compared to the forest ecosystem, the contribution of grassland and cu ltivated land 

were very insignificant in the present study. 

The average ecosystem service va lue of the study area increased from 976.5 US$ ha,l 

yr,l in 1985 to 1,117.6 US$ ha,l y{1 in 2000 and decreased to 1,064.7 ha, l yr,l in 

2016. The average ecosyst~ ,ervice value recorded in the present study was similar 

to the average ecosystem service value recorded by Kindu et ai. (2016) in the 

Munessa-Shashemene landscape, Ethiopia. However, a higher average ecosystem 

service value was recorded as compared to other find ings such as in Toke Kutaye 

district (To lessa et al., 2017a), Chi llimo forest (Tolessa et ai. , 2017b), Andassa 

watershed in the Upper Blue Nile basin of Ethiopia (Gashaw et al. , 2018), Lao PDR 

(Yosh ida et ai., 20 10) and San Antonio area, Texas (Kreuter et ai. , 2001). On the 

other hand, a lower average ecosystem service value was recorded in this study in 

comparison with the values reported by Hu et al. (2008) and Wang et al. (2015) in 

Xishuangbanna, Southwest China and Nenj iang River Basin, northeast China, 

respectively. The discrepancies among these studies most likely resulted from 

differences in the size of the dominant land cover types and the ecosystem service 

coefficients used. 

Between 2000 and 2016, values of water regulation, recreation, climate regulation, 

genetic resources and erosion control services decreased as a result of the decline in 

dense fo rest and open fo rest in the study area. This was in agreement with the study 

conducted by Wang et ai. (2017), who observed a reduction in the value of gas 

regulation, climate regulation and other ecosystem services due to a decline in area of 

grasslands, woodlands and aquatic regions between 2003 and 2013 periods in Manas 

river basin, China. In a similar study by Kindu et al. (2016), water regulation, 
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recreation, climate regu lation, genetic reSOurces and erosion control services 

decreased between 1973 and 2012 because of the loss of natural forests, woodlands, 

shrubland and grasslands in the Munessa-Shashemene landscape of the Ethiopian 

highlands . Gashaw et al. (20 18) also showed a reduction in several individual 

ecosystem service values between 1985 and 2015 due to forest and shrubland 

degradation in the Andassa w atershed of Ethiopia. 

On the other hand, food production service value increased between 2000 and 2016, 

which was mainly the result of an increase in the cultivated land within the study area. 

Simi larly, Kindu et af. (20 16) in a study of the Munessa-Shashemene landscape of the 

Eth iopian highl ands, reported that food production services increased between 1973 

and 20 12 whi le other ecosystem services such as disturbance regulation, cultural and 

recreational ecosystem services decreased due to the expansion of culti vated land. 

Tolessa et af. (20 17a) also fo und an improvement in food production services while 

other ecosystem services such as raw material production, recreation, and cultural 

serv ices declined in the central highlands of Ethiopia. Gashaw et af. (20 18) also 

observed an increase in food production, biological control and pollination in the 

Andassa watershed, Ethiopia. 
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CHAPTER SIX 

6. CONCLUSION AND RECOMMENDATION 

Based on the objective set for the study, the fo llowing conclusions are drawn. 

6.1. Conclusion 

The study area underwent extensive land cover changes over the past 30 years with a 

rapid transfonnation from dense and open forest to cultivated land and grassland . 

Fuelwood co ll ection and expansion of cultivated land were ranked as the key factors 

responsible for the changes in land cover. Improving forest conservation, soi l and 

water conservation structures, community awareness, enrichment planting, financing 

for added ecosystem services and the introduction of zero grazing mechanisms are 

among possible so lutions forwarded to reverse the undesired situation in the study 

area. The carbon stock of the forest is in the range of similar ecosystems elsewhere, 

where the highest carbon stock was locked in dense forest. The study indicated that 

the dry Afromontane fo rest has the potential to sequester large amounts of carbon in 

its biomass and soi l. Carbon was significantly higher in the soil than those in biomass 

and litter carbon poo ls in all land cover types. The amount of carbon stock varied in 

the two study periods following land cover dynamics pattern. Above ground 

vegetation properti es were highly correlated to soil organic carbon indicated that soil 

organic carbon can be estimated using above ground vegetation parameters in the dry 

Afromontane fo rests. Land cover dynamics especially forest cover change dictated 

gain and loss of ecosystem service values. Generally, this study has shown that land 

cover change affects carbon sequestration potential of forests and ecosystem services 

values. Furthennore, to estimate the change in carbon stocks and ecosystem service 
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values remotely sensed data can be an important too l in developing country such as 

Eth iopia which has not a long-term data. 

6.2. Recommendation 

Based on the study the fo llowing points are recommended : 

An option of forese marfagement that addresses the needs of the community 

and avo ids pressure on the forest has to be studied critically to sustain the 

fo rest and its ecosystem services. 

Forest experts must educate local communities on sustainable uses of forest 

resources to reduce the pressure on the forest. 

Alternate energy sources must be prov ided by the government to reduce 

firewood co llection from the forest. 

Zero grazing concept to reduce the impact of grazing on the forest has to be 

introduced by the government. 

The Wuj ig-Mahgo-waren forest should be highly considered in the carbon 

trade by REDD+ as it serves a high carbon reservoir. 

Aboveground vegetation parameters can be used by researchers when 

estimating soil organic carbon stock in dry Afromontane forests. 

Policy makers should consider the importance of ecosystem services during 

policy fo rmulation and in various intervention strategies. 

Further studies should be conducted on the effect of other biophysical factors 

on carbon stock. 

It will be worthwhile to study on prediction and modelling of the change in 

ecosystem service value to determine the extent of change in the future , to 

mai ntain the provision of ecosystem goods and services. 
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APPENDICES 

Appendix A: Questionnaire on drivers of forest cover change and perception of the 

community. 

Questionnaire Number/code: ______ _ 

Name of the interviewer .............. . .. ... ... . .. ......... .. ..... . .. .. . .. .. ........ . 
Signature .. ... ............. ~ . .. . . 

Survey Area: District: _____ Kebele : ____ Vi llage: ____ Distance 
from the forest ______ _ 

Location (coordinates) X ________ --', Y _____ Elevation 

Date of interview: Day: ___ Month ____ Year: ____ _ 

I. Personal information 

1.1. Name of household head: ________ _ 

1.2. Respondent's name (if different from the head): 

1.3. Gender of head 1) M= ........... 2) F= .......... .. 

1.4. Age of respondent .................... .. 

1.5. Educational status (year of schooling) _______ _ 

If illiterate record zero; if literate record one 

1.6. House hold family size: ............... : ............ . 

1.7. Land holdiog size: _________ _ 

1.8. Mean household income:. ________ _ 

2. What are the major uses of forests in your area? 

3 .. 0 0 you think that deforestation is the major problem in your locality? 

4 . . How is today's coverage of the forest when compared to the conditions before 

1985? 

A. Declined B. Increased C. No change 

5 .. According to your knowledge is severe and rapid forest cover change observed 

today? 
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A. yes B. No 

6 . . Ift he answer to question number '4' is yes, what were/ are the major causes of 
deforestation? (Put in order) 

Drivers 
Cultivated land expansion 
Fuelwood 
Charcoa l production 
Grazing land 
Housing 
Drought 
Cutting trees to get rid of wild animals 
Wildfire 
Income generation 
Popu lation growth 
Settlement 
Road access 
Civi l war and conflict 
Market access 
Land tenure 
Rainfa ll variabil ity 
7. What is your major source of income? 

A. Sale of cash crops B, Sale of wood and charcoal C, Other ____ _ 

8. What types offuel do you use for household needs (List them in order). 

Rank 

Description Before 1985 Between 1985 to 2000 From 2000 to present 

I . Forest trees 
2. Crop residue 

3. Cow Dung 
4. Charcoal 

5. Kerosene 

9. On the basis of your knowledge, what are the impacts ofdeforestationlforest cover 

change in the area? (Put in order). 

10. Are there species of "trees" and wild animals, in danger of extinction due to forest 

cover change from the local region? Please mention if any? 

I I . What do you think about the possible solution to alleviate the current problem of 

deforestation and to use forest resources in a sustainable manner? 

12. What are the existing efforts to reduce deforestation and forest degradation in the 

study region? 

13. What are the challenges in implementing the efforts to reduce deforestation and 

forest degradation in the study regionlarea? 
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Append ix B: Land cover types and biome equivalents with the corresponding value 
coefficients. 

LULC categories 

Dense forest 
Open forest 
Grassland 
Cultivated land 
Bare iands 

Equ iva lent 
biome 
Tropical forest 
Tropical forest 
Grass/rangelands 
Cropland 
Desert 

Ecosystem service 
coefficient 

(US$ ha" y( ') 
1775 
1775 
447 
463 
o 

Source: Computed from th . Economic of Ecosystem and Biodiversity valuation 
database (TEEB) (Van der Ploeg and De Groot, 2010) and (Ki ndu et aI. , 20 16). 
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Appendix C: Detai ls of annual va lue coeffi cients for ecosystem service functions of 
each land cover t;tEe. 
Ecosystem services Ecos;tstem service values (US$ hal l' r" I) of land cover tl'Ees 

Dense forest 0Een forest Grassland Cu hi vated land 
Provisioning services 
Water supply 41 41 72 
Food production 57 57 159 310 
Raw material 11 0 110 21 43 
Genetic resources 103 103 18 51 
Regu·lating services 
Water regu lation 15 15 7 
Waste treatment 201 201 50 
Erosion control 320 320 23 5 
Climate regulation 482 482 51 20 
Biological control 5 5 30 30 
Gas regu lat ion 15 15 10 
Disturbance regulation 53 53 
Cultural services 
Cultural 11 11 
Recreation 362 362 6 4 
Total 1775 1775 447 463 
Source: Computed from the Economic of Ecosystem and Biodiversity valuation 
database (TEEB) (Van der Ploeg and De Groot, 20 I 0) and (Kindu et aI. , 20 16) . 

. -------~~:-
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Appendix D: Allometric equations used for biomass ca lculation. 
Woody species Dependent Allometric equation Unif / 

variab le 
References 

Jun iperus procera 
Acacia abyssinica 
Acacia etbaica 

Euclea shimperi 
Ofosfegia integrifolia 
Other shrub sps. -

AGB 
AGB 
TDW 

TDW 
TDW 
TDW 

AGB = 1.1 2 x DBH l54 

AGB = 0.55 x DBHl.89 
Kg 
Kg 

LntotWt=2.11+2.19 x Kg 
LnDSH 
Y = 63.07 X DSHl.78 

Y = 45.80 X DSH226 

Y = (0.3197 xDSH)+ 
- (0.0 83 x DSH2

.6) 
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g 
g 
Kg 

0.95 (So lomon ef aI. , 2017) 
0.97 (Solomon ef aI. , 2017) 
0.96 (Ubuy ef al., 20 14) 

0.95 (Cleemput ef aI. , 2004) 
0.99 (Cleemput et al., 2004) 
0.93 (WBISPP, 2000) 



Append ix E: Species identifi ed in 71 plots and average (±standard error) and their 
respective measured vegetation parameters in Wujig Mahgo Waren forest, northern 
Ethiopia 

Scientific name 

Abutilon longicuspe Hochst.exARich 
Acacia abyssinica Hochst. ex Benth 
Acacia etbaica Sihweinf. 
Acacia seyal Del. 
Acacia tortilis (Forssk.) Hayne 
Acokanthera schimperi _ (A .DC.) 
Schweinf 
Allophylus macrobotrys Gilg 
Berberis holstii Eng/. 
Bersama abyssinica Fresen. 
Buddleja polystachya Fresen 
Cadia purpurea (Picc.}Ait 
Calpurnia aurea (Ait.) Benth. 
Carissa spinarum L 

DBH (cm) 
5.39±0.73 
11.3±0.61 
7.81±0.59 
21.0±3.0 
12.65±2.76 
9.8±2.84 

11.7±5.14 
5.77±0.84 
4.01±0.81 
3.3±0.85 
3.72±0.05 
4AO±0.14 
4.55±0. 19 

Celtis aji-icana Burmj 
Clerodendron myricoides 
Valke 

8.93±3.35 
(Hochst.) 3A6±0.59 

Clulia abyssinica Jaub. & Spach. 2.65±0.35 
Cupressus lusitanica Miller 18.5±0.97 
Discopodium penninervium Hochst. 9. 95± 1.63 
Dodonaea angustifolia L.f. 4.33±0.09 
Dovyalis abyssinica (A.Rich.)Warb. 4.62±0.70 
Dovyalis verrucosa (Hochst.) Warb. 3.9±0.25 
Ekebergia capensis Sparrm. 12.38±2.38 
Erica arborea L. 5.59±0.36 
Eucalyptus camaldulensis Dehnh 8. 14±0.68 
Eucalyptus glob/us 11.4±0.85 
Euclea racemosa Murr. subsp. 5.38±0.92 
Schimperi 
Juniperus procera Hochst.ex.Endl 11 . I±OA4 
Maylenus arbutifolia (A.Rich.)Wilczek 5.07±0.1 3 
May tenus undata (Thunb.) Blakelock 9.7±0.67 
Myrs;ne afr;cana L. 3.05±0.14 
Nuxia congesta R.Br. ex. Fresen 
Olea europaea L. Subsp. Cuspidate 
Osyris quadripartita Decn. 
Otostegia integrifolia Benth. 
Pittosporum viridiflorum Sims 
Podocarpus (Afrocarpus) falcalus 
(Thun) Mirb. 
Psydrax schimperiana 
(A.Rich.)Bridson 

8.38±1.43 
9.88±1.01 
4.52±0.24 
2.00±0 
11.69±0.94 
17.32±4.67 

1 0.00±2.7 I 
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H(m) 
3.23±0.28 
4.18±0.17 
3.12±0.22 
7.20±1.20 
4.98±0.25 
3.71±OAO 

5A2±1.57 
3.66±OA5 
2.95±0.38 
2.14±0.24 
2A3±0.02 
3.39±0.08 
3.39±0. 13 
4. I 8±0.60 
2.70±0.52 

2.74±0.36 
12.63±0.5 
3.65±0.34 
2.70±0.04 
3.3 1±0.30 
3.38±0.18 
5.73±0.65 
3.39±0.15 
6.29±OA7 
11.49±0.5 
2.94±0.40 

5. 14±0. 17 
2.96±0.06 
4.67±0.23 
2.78±0.14 
4.10±0.26 
3.93±0.22 
2.66±0.13 
0.90±0.30 
5.27±0.31 
8.09±0.99 

4.18±0.52 

Biomass (kg) 
4.91±1.6 
33A7±4.3 
10.30± 1.7 
99.51±32.7 
35.86±17.9 
29.76±18.3 

40.04±33.8 
5.98±2.2 
2.91±1.4 
1.48±0.9 
2.02±0.1 
3.16±0.3 
3A5±OA 
28.16±18.5 
1.6I±0.5 

0.84±0.3 
81.58± I 0.2 
20.02±7.1 
3.27±0.3 
3.96±1.5 
2.13±0.3 
123.6±95 .9 
5.27±0.8 
20.66±4.1 
34.50±6.6 
4.57±1.6 

40.56±5.7 
4.74±OA 

19.55±3.6 
1.09±0.1 
19.64±9.7 
69.24±18.5 
3.07±0.5 
0.37±0.3 
34.96±6.2 
419.52±249A 

39.91±28.6 



Pteroiobium stellatum (Forssk.) 4.64±O.27 4.37±O.32 3.31±O.7 
Rhus gilltinasa A.Rich. 5.24±O.33 3.6 1±O. 14 5 .05±O.8 
Rhus natalensis Bernh. ex Krauss 4042±O.28 3.22±O. 17 2.86±Oo4 
Rosa abyssinica Lindely 4.35±O.78 3.74±Oo47 3.10± 1.4 
Rlimex nervosus Steud.ex A.Rich. 2 .93±O.58 1.43±O.43 1.O4±O.5 

Solanum schimperianum Hochst 3.24±O.12 2.30±O.O8 1.28±O.1 
Teclea simplicifolia (Engl.) Verdoorn 14.41±4.28 6.85±1 .83 208.5± 11 604 
Toddalia asiatica (L.) Lam. 3.33±O.98 9.33±O.33 1.60± 1.1 

158 
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