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Abstract
Plant Diversity and Carbon Storage Potential in Coffee Agroecosystems of Western Ethiopia

Ebisa Likassa Jirata, PhD Dissertation, Addis Ababa University, 2019
Human mismanagement of natural habitats caused the great loss of biodiversity and ecosystem because of their conversion into agricultural landscape. An approach to conserve biodiversity only in protected areas was found to be ineffective. The agricultural matrix also plays great complementary roles for conserving biodiversity. The main objective of this study was to assess the diversity of woody species, vascular epiphytes, and carbon stocks in three coffee management systems across an increasing farmers’ management intensity in selected research areas of Western Wollega, Ethiopia. A total of 72 samples (24 per each management systems) were purposively selected for collecting data on woody species, vascular epiphytes, and soil parameters. Plants were collected following standard herbarium technique and identified in the field and at national herbarium. Diameter at breast height, height, crown diameter and soil data were measured by using different devices. Socio-economic data were collected using a semi-structured questionnaire. Descriptive statistics such as mean, percentage, and standard deviation were used to present the results. A total of 50 woody species and 10 true vascular epiphytes were identified. Cordia africana was found as the most abundant shade tree in coffee agroecosystems. Diversity of woody species was significantly different among the coffee management systems (P <.0001) and altitude ranges (P <.0001), while the pattern was insignificant among the age groups (P=0.7154). Density, basal area, and shade significantly reduced along the increased coffee management intensity. Total carbon stored in garden coffee system was significantly lowest (P=0.036). Carbon stocks stored in soil varied significantly across the increased management and altitude ranges. Stored carbon decreased downward in soil depth. The study found evidence that the intensification of coffee management was not always the source of biodiversity loss; rather, it is an opportunity for conservation of the endangered higher plants and host specific epiphytes. Carbon stock is not always higher in soil, but also in plant biomass of less intensively managed coffee system. Coffee agroecosystems have an intermediate carbon storage potential based on farmers management strategies as long as the preservation of large canopy trees and soil management practices. Therefore, the national and regional governments should recognize the coffee agroecosystems in the design of climate change adaptation and mitigation strategies.
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CHAPTER ONE

1. INTRODUCTION 

1.1. Background 

Forest resources provide the ecological and economic services spanning from local to the global, such as ecosystem functioning, biological diversity, carbon dynamics, and climate change mitigation (Duguma et al., 2019). However, as forest fragmentations continue, the provision of valuable goods and ecosystem services from forest resources are highly declining in the world, particularly in the developing nations (Aerts et al., 2011; Hundera et al., 2013; Tadesse et al., 2014a). On the other hand, in the context of forest resource depletion and global climate change, the alternative land use system has been recommended for the role of biodiversity conservation, food subsistence, income generation, and the delivery of ecosystem services in the tropical landscapes. 
Current studies of biodiversity and ecosystem services in most parts of the world, particularly in tropical countries have been focusing on the agroecological matrix due to that managed agricultural landscape can contribute to the conservation of plant diversity and carbon sequestration. Agroforestry is emerging as an affordable solution that will help smallholders protect natural resources, mainly biodiversity conservation in tropical and temperate regions (Jose, 2009; Oke & Jamala, 2013), increase food management and reduce greenhouse gas emissions (Agidie et al., 2013). 
Previous studies of biodiversity were mainly on undisturbed ecosystems, with less attention given to biodiversity in managed or agroecosystems (Moguel & Toledo, 1999). The protected area model remains the chief strategy for biodiversity conservation worldwide (Persha et al., 2010). However, biodiversity conservation will not only be effective in protected areas alone (Moguel & Toledo, 1999) but also in the surrounding agricultural matrix with specific efforts to increase its ecological value (Chazdon et al., 2009; Lopez-del-Toro, 2009; Tejeda-Cruz et al., 2010). More recently, human-altered landscapes like of traditional agroforestry have increasingly gained attention for their potential to conserve the biodiversity of variety taxa (Bawa et al., 2004; McNeely & Schroth, 2006; Hylander & Nemomissa, 2009; Perfecto et al., 2014; Tadesse et al., 2014a). However, increasingly intensive management of the agroforestry system causes structural complexity reduction (Beer et al., 1998) including shade tree diversity (Boreux et al., 2016). 
Coffee production has attracted considerable attention globally due to its economic, social, and ecological importance (Gordon et al., 2007; Philpott et al., 2008). Coffee agroecosystems are widely seen as the means that can reduce the impacts of deforestation through by providing eco-agricultural solutions (Ambinakudige & Sathish, 2009; Perfecto et al., 1996; Schmitt et al., 2009; Gobena et al., 2013; Tadesse et al., 2014a). Particularly, it plays a significant role in harboring various tree species, especially those locally threatened from natural habitats.  

Coffee is the leading international agricultural trade commodities which represent a significant income source of several countries who mainly earn their foreign currency from coffee (Kufa et al., 2011; Gole, 2015). Coffee ranks among the five most valuable agricultural exports from developing nations (Ricketts et al., 2004; Gove et al., 2008). Highland coffee (Coffea arabica L.) is the most cherished and widely consumed cash crop in the world (Gole et al., 2008; Reichhuber & Requate, 2012; Karanja et al., 2013). Despite its’ importance, the value of coffee exported from Africa, including Ethiopia declined considerably over the years due to lack of sustainability and poor competitiveness at the market (DaMatta et al., 2007; Kufa et al., 2011). The majority of coffee production in Ethiopia predominated by small scale farming activity (Tesfaye, 2006; Schmitt et al., 2009; Gole, 2015) on which 25% of the total population is relying on (Senbeta, 2006; ADB, 2010). Coffee shares 41% of total export revenues before 2006 (FAO and WFP, 2006), 26% in 2009 (ADB, 2010) and 24% in 2012/13 (UNDP, 2014) in Ethiopia with decreasing pattern.

Deforestation, land degradation, global warming, declining agricultural productivity, rising hunger, poverty, malnutrition, and loss of biodiversity are among the major challenges facing the developing countries (Oke & Jamala, 2013). Deforestation is the main cause of forest resource loss in Ethiopia. Afromontane forest in Ethiopia is negatively affecting over the last half a century due to the restricted access and ownership to the local dwellers. Conversion of natural forest to widespread commercial crop production resulted in a high loss of biodiversity due to a lack of sustainable management approaches (Abebe et al., 2006; Lopez-del-Toro et al., 2009; Maitima et al., 2009; Agidie et al., 2013). The expansion of coffee cultivation results in the dramatic loss of Afromontane rain forest species in Ethiopia along with the increasing intensive management (Ambinakudige & Sathish, 2009; Schmitt et al., 2009). Therefore, it has been shown that decreasing shade to increase coffee production causes losses of biodiversity (Perfecto et al., 2005).  

The weather abnormality experienced around the world indicates climate change caused by global warming from greenhouse gases (GHG) in the atmosphere (Labata et al., 2012). Changes in land use have contributed substantially to climate change through the conversion of carbon in standing biomass into atmospheric carbon dioxide (Haggar et al., 2013). Increase in GHG in general, carbon dioxide, in particular, has the potential of raising the atmospheric temperature; within the three years from 2010 to 2012, CO2 emission increased at an alarming rate of 2 ppm year-1 or 4.4 Pg C year-1 (Jose & Bardhan, 2012). Carbon dioxide (CO2) concentration is mainly affected by human-induced factors such as the burning of fossil fuel and the degradation of forest resources (Takimoto et al., 2009). 
Carbon storage in the plant biomass and soil under vegetation is among the approaches to reduce global warming (Krishnamurthy et al., 2012). The natural forest plays a significant role in addressing the objective of REDD+ (reduce emission from deforestation and degradation of the forest) or reducing global warming (Takimoto et al., 2009; Labata et al., 2012). On the other hand, modified land use systems that contain sufficient woody plants have also a great carbon stock storage potential. The traditional agroforestry system has gained increased attention as a strategy to mitigate global climate change (Jose & Bardhan, 2012). However, its’ potential varies depending on the productivity, the management objective, the physical components, and the environmental conditions (Krishnamurthy et al., 2012). Accordingly, the coffee agroecosystem has been recommended for the potential to sequester atmospheric CO2 concentrations via carbon storage (Negash et al., 2013; Richards & Mendez, 2013) under the clean development mechanism (Schmitt-Harsh et al., 2012). Coffee production systems in Ethiopia led to the implementation of approaches that increase carbon stocks through improved agronomic practices and shade tree planting. However, the sequestration rate was not always significantly correlated with species richness, rather with a change in plant height and diameter when density is possibly controlled (Krishnamurthy et al., 2012; Richards & Mendez, 2013).
1.2. Statement of the problem 

Climate change is the most challenging problem facing our current world. Consequently, global warming and biodiversity loss are burgeoning and changing dramatically because of the increased human interruption in the natural ecosystem destruction. Most of the earlier studies were magnified the ecological role of the natural ecosystem, but less emphasis on agroecosystems like of coffee-based agroforestry systems, where plant biodiversity and carbon storage co-benefit achieved. 
Despite the information on the ecosystem services of coffee agroecosystems, there have been very few studies conducted on diversity and structure of plants and the carbon storage potential across a gradient of increasing farmers’ management intensity in East Africa, mainly in Ethiopia. In addition, the relationship among carbon stocks, shade tree species diversity, and population structures in coffee agroecosystems is not properly identified and discussed in most of the earlier researches. Likewise, there is a lack of information on the effect of intensive silviculture and agronomic management practices on the plant diversity and associated carbon stocks stored in coffee agroecosystems in Western Ethiopia. Therefore, still, there is a knowledge gap on the ecological importance of human-induced land use systems or modified natural ecosystems in general, traditional coffee production systems of East Africa or Ethiopia in particular. Lack of ecological importance knowledge would result in loss of the locally threatened indigenous higher plant species in the natural habitats and reduced carbon storage in coffee farms following the increasing management intensity to satisfy the market coffee demands. 
1.3. Hypothesis 

The following research hypotheses were set to promote the study. 
· As coffee management intensity increases, diversity of woody species and vascular epiphytes decreases
· The structure of woody species found in the intensively managed coffee system is more disturbed than the traditionally managed coffee system

· Coffee system with active regular management practices has a more negative impact on plant biomass carbon stock than the traditional coffee management systems

· Carbon stock storage potential of biomass and soil pool is significantly different within the coffee agroecosystems 

· Coffee farmers’ education, age, and sex would positively influence management practices, tree preference, and tree selection criteria
1.4. Objectives of the research 

1.4.1. General objective
The main objective of this study was to assess the diversity of woody species, vascular epiphytes, and carbon stocks in three coffee management systems across an increasing farmers’ management intensity in selected research areas of Western Wollega, Ethiopia. 
1.4.2. Specific objectives
The specific objectives of the study were to:

· Assess the diversity of woody species and vascular epiphytes in coffee farms across the increasing management intensity, altitude ranges, and farm age groups
· Evaluate the structure of woody species among the three coffee management systems and farm age groups  
· Estimate and compare the aboveground and belowground biomass and carbon stocks among the three coffee management systems, altitude ranges, and farm age groups    

· Compare the soil carbon stocks stored in coffee agroecosystems among the three management systems, altitude ranges, and farm age groups  
· Document farmers’ management practices and shade tree preferences in coffee farms
1.5. Significance of the study


This study is intended to identify some ecosystem services provided by coffee agroecosystems of Western Oromia, Ethiopia. Plant species intentionally retained in the traditional coffee production systems are identified. The potential of traditional coffee production systems for carbon storage in plant biomass and soil system is investigated as part of a clean development mechanism to reduce the current global warming. Therefore, it is believed that this research will fill the knowledge gap on the contribution of coffee agroecosystems across the management gradients for carbon storage in Western Oromia, Ethiopia. 
The study helps to conceptualize the effect of woody species composition, vegetation structure and management practice on the carbon storage potential. It also addresses the impact of altitude and farm establishment age on the associated plant biodiversity and carbon stock storage in coffee agroecosystems. This research provides information about the effect of farmers background and management strategies on the plant biodiversity and carbon storage potential of coffee farms. 

The findings of the study will encourage ecological certifying society to recognize smallholder coffee farms for the alternative plant biodiversity conservation role and carbon storage potential, which contribute to reducing global warming. It also generates information for future researchers’ in line with the ecological services of shade coffee systems in addition to the interaction between plant biodiversity and carbon storage. 
CHAPTER TWO
2. REVIEW OF RELATED LITERATURES 
2.1. Plant diversity loss and conservation approaches 
Biodiversity is the full range of variability among living organisms in a particular area or region including inter alia, terrestrial, marine, and other aquatic ecosystems with their ecological complexes. This also includes the diversity within species (genetic diversity), between species diversity and at ecosystem level in all its forms from plants, vertebrates and invertebrate animals, fungi, bacteria, and other microorganisms (CBC, 2008; Rawat & Agarwal, 2015). Genetic diversity is the variation of genetic information contained within the population of species of any plant, animal or microorganisms in the functional units of heredity. It is the combination of different genes found within a population of a single species and the pattern of variation found within different populations of the same species. Species diversity refers to the variety of species within a geographical area, which become central in the evaluation of diversity. It can be illustrated by species richness, species abundance and taxonomic or phylogenetic diversity. Finally, ecosystem diversity refers to the variety of life forms in habitats and biotic communities with all its functional ecological processes in the biosphere, which is often evaluated based on the diversity of all of its components (CBC, 2008; Rawat & Agarwal, 2015).

Biodiversity loss can refer to the decline of all or part of the community. On the other hand, biodiversity loss can also refer to the loss of regional diversity if some species (losers) are systematically replaced by winners (Filippi-Codaccioni et al., 2010). Threats to species and ecosystems are caused by both natural and human mismanagement of biological resources. Worldwide, the greatest threat to biodiversity is the conversion of more or less undisturbed habitat into agroecosystems and its expansion for human uses (Lopez-del-Toro et al., 2009); industrial and urban expansion (Pimentel et al., 1992). Similarly, commercialization and access to the market also cause a decline in the species diversity since farmers tend to produce commercial crops (Abebe et al., 2006). Particularly, forest ecosystem, which plays the major role in the conservation of the terrestrial biodiversity, has been degrading from agricultural land expansion, unrestrained exploitation of forest resources, overgrazing, and establishment of new settlements coupled with increasing population pressure (Senbeta & Denich, 2006; Gole et al., 2008). Due to the current high rates of deforestation in the world, the associated biodiversity is reducing, even in that many species may be lost before known to science or locally extinct (Lopez-del-Toro et al., 2009). 
There are two recognized fundamental conservation approaches: in-situ and ex-situ conservation approaches carried out within and outside of the natural habitat, but in practice, no single techniques can effectively conserve the full range of target species diversity (Brutting et al., 1990). The general suggested an alternative option for biodiversity conservation is the sustainable use of resource to provide a balanced utilization and conservation (Atta-Krah et al., 2004). Biodiversity conservation constitutes an essential aspect of sustainable development for the proper functioning of ecosystems and environmental services (Lopez-del-Toro et al., 2009). 
2.2. Agroforestry fosters biodiversity conservation

2.2.1. Role of traditional agroforestry in biodiversity conservation 
Indigenous people are often very knowledgeable about their environment, including plant and animal species (Senbeta et al., 2013). Smallholder farmers deliberately maintain trees and shrubs on land that is used for cropping and/or grazing (Tefera et al., 2014) and mainly in tropics (McNeely & Schroth, 2006). Traditional agroforestry systems that have developed around coffee growing areas countries like Ethiopia indicate the fact that farmers’ ingenuity in getting the most output from their land while trying to protect their soils and the valuable indigenous shade trees they used (Tessema, 1997). Farmers protect and plant woody species within and around their homegardens, fields, and communal pasturelands (Soto-Pinto et al., 2001; McNeely & Schroth, 2006; Negash, 2007; Tefera et al., 2014) to sustain their livelihood. 

Agroforestry often increases biodiversity through the integration of trees, shrubs, crops and/or animals into the system. Agroforestry contributes to biodiversity conservation through different ways. These are (i) the provision of supplementary habitats for species that tolerate lower levels of disturbance, (ii) conservation of remnant native species and their gene pools; (iii) erosion control and water recharge thereby preventing the degradation and loss of surrounding habitat; (iv) buffering the pressure on deforestation of the surrounding natural habitat; (v) provision of corridors and stepping stones for persistence and movement of area-sensitive floral and faunal species through linking fragmented habitats in the landscape (Perfecto et al., 1996; McNeely & Schroth, 2006; Jose, 2009). Particularly, traditional agroforestry practices have a huge potential in supporting biodiversity conservation. However, the need to meet the increasing needs of the burgeoning population has led to the development of modern agroforestry practices with simplified ecosystem structure and less biodiversity (Oke & Jamala, 2013). 

Traditional agroforestry practices recognized and appreciated from plant biodiversity conservation potential. Accordingly, the traditional bush fallow system and scattered trees on grazing land systems harbor a large number of woody species in the savanna ecosystem of Nigeria (Oke & Jamala, 2013). Similarly, traditional shaded cacao (McNeely & Schroth, 2006) and shaded coffee plantations (Moguel & Toledo, 1999; Bandeira et al., 2005; Mendez et al., 2007; Lopez-Gomez et al., 2008; Hundera et al., 2013; Tadesse et al., 2014) have many forest species those either retained or planted. Traditional complex agroforestry systems are supportive of biodiversity than monocropping systems, even though they are no substitutes for natural habitat on whose proximity they may often depend for high levels of wild biodiversity (McNeely & Schroth, 2006). 

Reviews show that the highest numbers of plant species are in traditional agroforestry systems, followed by shaded coffee plantation systems, tree-crop systems and shaded cacao plantation systems, suggesting that traditional agroforestry systems are better for conservation of species than nontraditional systems (Perfecto et al., 1996; Moguel & Toledo, 1999; McNeely & Schroth, 2006; Jose, 2009). This difference in species richness is mainly due to management practices. Therefore, agroforestry systems are compliant with the convention on biological diversity (McNeely & Schroth, 2006). 

2.2.2. Coffee based agroforestry and biodiversity conservation
Coffee is a woody shrub or tree naturally growing in tropical and subtropical Africa. It is native to moist evergreen Afromontane forest of Ethiopia (Gole et al., 2008; Schmitt et al., 2009; Muleta et al., 2011) representing the genetic base for coffee plants growing on plantations all over the world (Reichhuber & Requate, 2012). Coffee is grown in natural forests, under agroforestry systems (Muleta et al., 2007) and in monoculture plantation (Perfecto et al., 1996; Moguel & Toledo, 1999). Generally, the multistrata and intensified coffee-based agroforestry systems have been proposed as a means for continuing coffee production (Franzel et al., 2004).           
Shade coffee systems have favorable characteristics of agroforestry practices with different tree species, which are very promising to generate income (Morais et al., 2006) with minimal environmental degradation (Beer et al., 1998). One of the most significant features of coffee agroecosystems from the standpoint of biodiversity conservation is its tremendous variation in vegetation structure and species diversity (Gordon et al., 2007). It was believed that coffee grown under shaded conditions and organically cultivated is the most environmentally sound approach to coffee production and benefited for biodiversity conservation (Perfecto et al., 1996; Martinez-Sanchez, 2008). In Ethiopia, there are several indigenous tree species harboring under the coffee agroforestry system (Tessema, 1997). 
2.3. Coffee production systems in Ethiopia 
Coffee cultivation falls along a continuum, ranging from traditional to modern (Perfecto et al., 1996). There are five main coffee production systems recognized in most coffee growing countries. These systems are traditional rustic or mountain coffee system, traditional polyculture, commercial polyculture, shaded monoculture and unshaded monoculture coffee system (Perfecto et al., 1996; Moguel & Toledo, 1999). In Ethiopia, based on forest management intensity, coffee shrubs density, woody species diversity, structural complexity, and product diversity, five coffee production systems have been recognized and identified. These are forest coffee, semi-forest coffee, semi-plantation coffee, garden coffee and plantation coffee system (Tessema, 1997; Senbeta & Denich, 2006; Labouisse et al., 2008; Schmitt et al., 2009; Aerts et al., 2011; Hundera et al., 2013; Gole, 2015; Worku et al., 2015; De Beenhouwer et al., 2016). Coffee management falls along a continuum, ranging from traditional to the modern system or generally can be characterized as sun and shade systems. 

Ethiopia is among the fifth leading coffee producing countries following Brazil, Vietnam, Colombia and Indonesia in the world and the 1st in Africa (ADB, 2010; Gole, 2015). Local communities of Ethiopia traditionally manage the Afromontane rainforests where wild Coffea arabica occurs naturally as an understorey plant (Senbeta et al., 2007; Gole et al., 2008). Thoroughgoing they have developed different forest-based coffee management systems. These traditional forest-based coffee management systems vary from undisturbed forest coffee to a highly disturbed garden coffee system (Senbeta & Denich, 2006). Nowadays, coffee almost cultivated under permanent shade in largely traditional systems across humid and subhumid climates of Ethiopia due to its commercial importance (Muleta et al., 2007). On the other hand, a small proportion of coffee production has been also performing in the intensively practiced system (plantation) in South and Southwest Ethiopia (Tadesse et al., 2014a; Labouisse et al., 2008; De beenhouwer et al., 2016). 
Among coffee production systems of Ethiopia, forest coffee, semi-forest coffee and garden coffee (Tessema, 1997; Senbeta & Denich, 2006; Labouisse et al., 2008; Schmitt et al., 2009; Aerts et al., 2011) and semi-plantation coffee system (Hundera et al., 2013; Worku et al., 2015; De Beenhouwer et al., 2016) are considered as traditional coffee management systems.
i) Forest coffee system 

In forest coffee system (Figure 1), coffee is harvested directly from natural forest without any management to improve coffee production or simply pick the cherries when it is ripe, with very little management for access during harvesting by farmers (Senbeta & Denich, 2006; Senbeta et al., 2007; Labouisse et al., 2008; Schmitt et al., 2009; Hundera et al., 2013). Specifically, this production system is well known in the Afromontane rainforest of West, Southwest, and Southeast of Ethiopia, which is estimated to cover about 10% of the national coffee production, and probably has a great genetic diversity of wild coffee plants (Senbeta et al., 2007). 
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Figure 1 Coffee forest near Gera in Limu (a); Forest coffee in Keffa (b) (Source: Labouisse et al., 2008)
ii) Semi-forest Coffee System 

The semi-forest coffee production system (Figure 2) referred as semi wild-coffee evolved from forest coffee production with human intervention to improve productivity of wild coffee by removing competing understorey trees, shrubs, lianas and large canopy trees regularly from the system (Senbeta & Danich, 2006; Senbeta et al., 2007; Labouisse et al., 2008; Aerts et al., 2011; Hundera et al., 2013). Therefore, semi-forest coffee represents a system in which the forest is managed or manipulated mainly for coffee production. Semi-forest production system occupies nearly 33% of total land given for coffee production and contributes 35% of the total coffee production in Ethiopia (Senbeta et al., 2007).
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Figure 2 Semi-forest coffee in Limu (Source: Labouisse et al., 2008)

iii) Garden Coffee System 

Garden coffee system (Figure 3) is planting coffee shrubs and other understorey plants with diverse canopy tree species in the area surrounding the farmers’ home and managed sophistically (Moguel & Toledo, 1999; Negash, 2007; Hundera et al., 2013). Garden coffee system predominates in the southern, southwestern, western and eastern parts of Ethiopia. The contribution of the garden coffee system is estimated to about 15% of the total production of the country (Senbeta et al., 2007) 
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Figure 3 Garden coffee in Harerge (d); garden coffee in Sidamo (e) (Source: Labouisse et al., 2008)
iv) Semi-plantation coffee System

The semi-plantation coffee system represents the systematic modification of the forest or semi-forest coffee system and including the systematic planting coffee seedling under the naturally existing overstorey plants (Hundera et al., 2013; Worku et al., 2015). There is a high anthropogenic disturbance resulting in a relatively species-poor canopy. Mulching and organic fertilizer applications are used locally as the management strategy (De Beenhouwer et al., 2016).

v) Shaded Plantation Coffee System 

The plantation coffee system (Figure 4) is regarded as an intensively technified system. This production system is largely based on new varieties that are resistant to coffee berry disease and improved agronomic practices where coffee is planted after seedling preparation, land clearing and systematic soil preparation with continuous management for higher production and productivity (Labouisse et al., 2008, Tadesse et al., 2014a). In Ethiopia, the plantation coffee production system is mainly observed in the southwestern part of the country under the heavy shade and practiced on a large scale by investor coffee farmers, many smallholder farmers, and government enterprises (Tadesse et al., 2014a). 
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Figure 4 Plantation coffee in Tepi (Source: Labouisse et al., 2008)
2.4. Relationship of coffee production systems and tree species 
Coffee landscapes may have greater conservation potential in hyper-fragmented landscapes with long histories of human use and disturbance since much of the original forest vegetation is lost and modified (Philpott et al., 2008; Tadesse et al., 2014a). Such a forest like agroecosystems is characterized by high tree diversity and complex vegetation structure resembling natural forests (Lozada et al., 2007). For instance, shade-grown coffee systems in Latin America, Africa, and Asia have all been found to harbor a high diversity of shade trees (Table 1). Traditional coffee systems under indigenous management present a complex vegetation structure formed by herbs, shrubs, three strata of trees and epiphytes (Moguel & Toledo, 1999). Particularly, trees in traditionally planted coffee farms are commonly higher because of planted or conserved purposefully (Perfecto et al., 1996). 
Coffee management is an important driver of woody species density and diversity (Kumsa et al., 2016) that decline similar sized trees, while increase coffee cover and shade trees density in Ethiopian forests (Senbeta & Denich, 2006; Hundera et al., 2013; Tadesse et al., 2014a; Worku et al., 2015; Denu et al., 2016; Nigatu et al., 2017). There is a broad range variation in shade coffee systems, from shaded monocultures to highly diverse rustic and traditional shaded polyculture systems in terms of woody species conserving level (Perfecto et al., 1996; Moguel & Toledo, 1999). Shaded coffee systems; especially, coffee gardens are also notable reservoirs of utilization biodiversity by housing useful or potentially useful species of plants (Moguel & Toledo, 1999). The plant diversity of coffee lands resulted from the percentage of the forest canopy or understorey clearance and deliberate planting (Perfecto et al., 1996).   
Table 1 Tree species richness in various coffee production systems

	Coffee system 
	Richness
	Place
	Reference 

	Rustic coffee plantations
	45
	Mexico
	Bandeira et al., 2005

	Multistrata coffee systems
	74
	Mexico
	Soto-Pinto et l., 2007

	Shade plantation coffee
	169
	El Salvador
	Méndez et al., 2007

	Shade plantation coffee
	48-93
	El Salvador
	Méndez et al., 2009

	Coffee agroecosystems
	105
	Indonesia
	Philpott et al., 2008

	Coffee agroforestry system
	87
	Brazil
	Souza et al., 2012

	Coffee agroforests
	94
	Guinea
	Correia et al., 2010

	Ensete-coffee agroforestry
	32
	Ethiopia
	Molla and Asfaw, 2014

	Semi-forest coffee
	28
	Ethiopia
	Aerts et al., 2011

	Coffee agroforest
	16
	Ethiopia
	Gobena et al., 2013

	Coffee agroforest
	21
	Guatemala
	Haggar et al., 2013

	Shade plantation coffee 
	61
	Mexico
	Soto-Pinto et al., 2000

	Shade plantation coffee 
	59
	India
	Ambinakudige & Sathish, 2009

	Shade plantation coffee 
	36
	Indonesia
	Evizal et al., 2016

	Forest coffee
	71
	Ethiopia
	Gole et al., 2008


Simple monoculture coffee/single shade tree system offers reduced opportunities for the maintenance of biodiversity in a coffee plantation and can represent a catastrophic reduction in plant diversity (Moguel & Toledo, 1999). The high structural complexity of the traditional coffee plantation is a result of the various vegetative layers in the agroecosystems. The canopy of plantations can support secondary structures comprised of epiphytes, parasites, mosses, and lichens. It is common to find fruit trees, some fuelwood, and timber producing trees in diverse coffee farms or multistrata systems in which coffee forms the shrub layer (Perfecto et al., 1996).  
Conversion of forests to traditional coffee agroforests resulted in a loss of at least 34% of forest-based woody species, while further intensification to the large-scale coffee plantations resulted in a 37% loss (Tadesse et al., 2014a). Although coffee farms capture only subsets of remnant forest diversity, they maintain important components of woody biodiversity compared to monoculture farms like tea and palm oil plantations (Hylander et al., 2013). One of the main differences between smallholder farms and state-owned plantations is that smallholder farms use relatively diverse canopies while such a pattern is not observing in the plantation use (Tadesse et al., 2014a). Single coffee plantation does not contribute significantly to plant conservation. Rather, it is the sum of the heterogeneous patches in the fragmented landscape, which makes this agroforestry system valuable for wild tree diversity conservation more intensive methods including more introduced and fewer native shade species (Bandeira et al., 2005). 
Native species are less conserved in some African coffee farms (Degrande et al., 2006) when compared with coffee production systems in Mexico and other Latin America countries which exhibited a surprisingly high and consistent proportion of native species in coffee farms (Soto-Pinto et al., 2001; Bandeira et al., 2005; Mendez et al., 2007; Lopez-Gomez et al., 2008). There is a decrease in tree species composition from diverse polyculture to simple polyculture to shade monoculture coffee systems in Mexico (Perfecto et al., 2005; Lopez-Gomez et al., 2008). The difference in species composition may be discussed from the farm management intensity and the objective of the farming.

The forest coffee system contributed a lot to biodiversity conservation by encompassing higher species richness (Senbeta & Denich, 2006; Labouisse et al., 2008; Hundera et al., 2013). The floristic composition, diversity, and structure of the forest in this system are less affected or modified by human influences (Senbeta et al., 2007). Intensification of forest coffee cultivation to maximize coffee production in moist evergreen Afromontane forests of Ethiopia results in structural degradation and causes the tree species composition to be reduced and finally reduces the diversity of the forest ecosystem (Senbeta & Denich, 2006; Aerts et al., 2011; Labouisse et al., 2008; Hundera et al., 2013). This conversion resulted in the modification of vegetation structure due to the clearance of understorey trees and shrubs (Senbeta & Denich, 2006; Senbeta et al., 2007). The structural modification of the forest leads to the formation of a tall canopy tree or other desirable shade tree species and coffee canopy layers without any intermediate canopy layer (Senbeta et al., 2007). 

The dominance of species-rich families ranks also changes when the forest coffee is converted into a semi-forest coffee system, reflecting the targeted removal of species. For instance, the family Rubiaceae predominantly consists of shrubs and small trees in the Forest coffee system. However, the Moraceae family, with medium to tall trees, takes over the dominance in the semi-forest coffee system, which is indicative of the deliberate removal of small stature plants from the semi-forest coffee system (Senbeta & Denich, 2006). Therefore, the semi-forest coffee production system suppresses tree regeneration, reduces tree density and eventually leads to the disappearance of some forest species due to repeated removal of non-coffee plants (Senbeta & Denich, 2006; Aerts et al., 2011). As a result, the density of shade trees is reduced to less than 25% individuals per hectare as compared to the forest coffee system (Senbeta et al., 2007). 

In garden coffee systems, much of the original forest canopy and other forest flora remains in-situ in fields, producing an agroecosystem that supports much more biodiversity than another less diverse shaded coffee system (Perfecto et al., 1996, Perfecto et al., 2003; Moguel & Toledo, 1999). However, in Ethiopia, since traditional garden coffee farms are managed intensively; consequently, the diversity and density of non-coffee species significantly reduced, thus, shade trees densities are further reduced to less than ten individuals per hectare (Senbeta et al., 2007).

2.5. Factors that influence diversity of woody species 
Some environmental and socioeconomic conditions and cultural factors determine the structure and diversity of woody species in the coffee producing areas (Abebe et al., 2006; Asteggiano, 2008). Increased access to a resource, altitude, climate, changes in the cost and/or availability of inputs such as fertilizer, landholding size, and labor were also found to be associated with a decrease or increase of the species diversity (Abebe et al., 2006). Similarly, Williams-Linera and Lorea (2009) reported that as regional (precipitation, temperature, solar radiation) and local environmental variables (elevation, slope, aspect, water proximity) with anthropogenic disturbances (trails, cattle, fire, wood extraction) have linked to spatial changes in tree species diversity in tropical dry forests. Similarly, total nitrogen and slope were the important factors for overstorey individuals and dominant species, while aspect, altitude, available phosphorus, and total potassium were the important factors in determining species assembly for the understorey and midstorey of entire stands (Zhao et al., 2015). 
The characteristics of shade stratum which determined by the botanical composition, number of vertical layers, degree of canopy closure, tree crown characteristics, and shade tree management (pruning, thinning and/or replanting) vary greatly between major ecological zones and between farms within each zone in response to both biophysical and socioeconomic factors (Beer et al., 1998). In general, human activities cause fragmentation and habitat loss, which affects the structure, composition, and diversity of the remnant forests, as well as deplete the ecosystem goods and services (Trejo & Dirzo, 2002). 
2.1.2. Vascular epiphyte diversity and its’ importance 
Epiphytes are plants that live on host plants, usually in the treetops. They include a wide variety of growth forms, ranging from woody structure to herbs. Epiphytes are not a parasite but simply rely on their host trees for support (Lowman, 2001). Likewise, vascular epiphytes are plants that germinate and live upon another plant without parasitic-roots on the host plants and at least for a part of their life cycle do not take nutrients from the soil (Zotz, 2012) but dedicated transport system for water and nutrients in addition of collecting enough light to manufacture energy (Lowman, 2001). They are not only restricted to living objects, particularly the surface of plant but also anchored on the nonliving bodies by developing roots (Gravendeel et al., 2004). However, they are mostly found in the tree crowns, these plants are part of the canopy community where the full diversity of organisms remains to be mapped (Reinert & Fontoura, 2008). About 30, 000 species, which accounted for about 10% of the entire total vascular flora (Benzing, 1987) or 25-30% of plant species richness in tropical forests, are epiphytes (Benzing, 2004).
Vascular epiphyte is a key component of ecosystem; that they contribute to the biodiversity and structural complexity and provide a wider range of habitats for associated small animals (Lowman, 2001; Cruz-Angon et al., 2009), thus, decrease in species richness and abundance may have cascading effects in agroecosystems (Diaz et al., 2010; Moorhead et al., 2010; Mendez-Castro & Rao, 2014). Therefore, the contribution of epiphytes to biodiversity in the ecosystem is not broadly investigated in most part of the world (Zotz, 2005).
Epiphytes often show strikingly different patterns of species richness along elevation and latitudinal gradients (Kessler, 2001). Accordingly, species richness patterns of epiphytic along the elevation gradients indicate that in the tropics, the areas at mid elevations (2000 to 3000 m) are found with the highest epiphytic richness, while declines sharply towards higher latitudes and lower elevations. Low moisture availability limits the development of epiphytism more than any other environmental factor; similarly, low temperatures that cause long-lasting frost are likely to constitute a major limiting factor for most tropical taxa (Zotz, 2016). Diversity of the vascular epiphytes in temperate rainforests different from northern hemisphere temperate rainforests, as they are generally dominated by broad-leaved evergreen trees comprising a multilayer canopy with scattered emergent trees which are covered with vascular vines and epiphytes (Diaz et al., 2010). 
On the other hand, epiphyte diversity is negatively affected by anthropogenic activities by modifying the habitat (Einzmann & Zotz, 2017). Epiphytes naturally grow abundantly in tropical forests, but with loss of suitable habitat due to agriculture, abundance and diversity may be altered (Hylander & Nemomissa, 2008). However, forest fragmentation reduces plant species diversity and abundance, which might have caused vulnerable species to extinction as the result of changing climatic condition. Following the deforestation and change in structure generally leading to a loss in epiphyte diversity (Koster et al., 2009). Particularly, the fragmented remnant evergreen Afromontane forest of Southwest Ethiopia has become intensively managed for coffee caused loss of epiphytes associated with naturally existing shade trees and understorey vegetation including coffee shrubs (De Beenhouwer et al., 2015). 

Coffee-based agroforestry in general, coffee shade trees in particular harbored many vascular epiphyte species in Southern Ethiopia (Ayele & Awas, 2018). Epiphyte diversity and abundance is lower in traditional shade coffee farms and homegardens than in nearby forests and is positively correlated with increased tree size (Hylander & Nemomissa, 2008). The diversity of epiphytes shows a decreasing pattern along the intensified management gradients from native forests to traditional coffee production and monoculture coffee farms (Moorhead et al., 2010). Epiphyte richness was greater in the forest fragment than in either coffee farm, but richness did not differ between the polyculture and monoculture farms. Additionally, there were very significant differences in epiphyte species composition in the three habitat types. Stand basal area and richness of epiphytes were significantly correlated, which demonstrates that plots with larger trees likely support higher richness and abundance (Moorhead et al., 2010). On the other hand, the surpass reason for the low epiphyte diversity in modified agroecosystems might be the occasional removal and spraying of chemicals on epiphytes by farm workers who commonly assume that epiphytes reduce yields by parasitizing on the trees. However, the risk of epiphytes to harm trees is minor unless the epiphyte cover becomes so dense that it competes with the tree for light or that trees have to invest more into the wood for structural support (Bohnert et al., 2016). To date the effects of epiphyte removal on the performance of coffee plants have not been evaluated (Toledo-Aceves et al., 2013).
2.6. Carbon stocks in agroecosystems 
Changes in land use have different impacts on climate change, biodiversity and ecosystem services (Maitima et al., 2009; Kianian et al., 2015). Agroforestry systems have the potential of providing ecosystem services and environmental benefits (Prawoto & Yuliasmara, 2011); the four major services are carbon sequestration, biodiversity conservation, soil enrichment (soil fertility and erosion control), improve water and air quality (Perfecto & Vandermeer, 2008; Jose, 2009; Nair et al., 2009). Concerns about carbon emissions in the atmosphere and its’ effects on the environment were increasing every day (Kianian et al., 2015). The role of agroforestry in protecting the environment and providing a number of ecosystem services in general, carbon sequestration, in particular, is widely recognized throughout the world as a key benefit of integrating trees into farming systems (Kitila, 2015). Carbon-rich system such as agroforestry was perceived as significant alternative land uses than monoculture agricultural system since it has a surplus potential to sequester carbon (Jose, 2009). 

Global climate change caused by rising levels of carbon dioxide (CO2) and other greenhouse gases is recognized as a serious environmental issue of the twenty-first century (Luedeling  et al., 2011). Carbon sequestration involves the removal and storage of carbon from the atmosphere in carbon sinks (such as oceans, vegetation, or soils) through physical or biological processes (Jose, 2009). The potential of agroforestry systems to sequester carbon varies depending upon the type of the system, species composition, age of component species, geographic location, environmental factors, and management practices (Jose, 2009; Saha & Pramod, 2012). The agroforestry system will have a great impact on the flux and long-term storage of carbon in the terrestrial biosphere (Dixon, 1995) as the agroforestry land use system has been kept increasing. Particularly, tropical agroforestry has an enormous potential to sequester carbon while simultaneously producing agricultural yields and tree products (Hombegowda et al., 2016). In agroecosystems approximately 12% of terrestrial carbon stored as like most of the agroforestry systems (Saha and Pramod, 2012). Dixon et al (1994) estimated agroforestry practices sequestration potential of about 1 Pg C year-1, corresponding to about 3.7 Pg CO2 of annual global emissions. Likewise, native shade tree species managed in the traditional agroforestry system of Ethiopia stored an almost similar amount of aboveground carbon with moist Afromontane forests (Seta & Demissew, 2014).

2.6.1. Biomass carbon stock in agroecosystems  
Land use change has a significant impact on biomass carbon stocks. Conversion of land with densely populated plant communities to agricultural lands depletes terrestrial carbon stocks by drastically reducing the vegetation carbon and soil organic carbon pools (Sileshi et al., 2007). Agricultural practices where biomass crops are cultivated can influence CO2 levels not only by sequestering carbon but also by replacing fossil fuel with the biomass produced (Jose & Bardhan, 2012). The most significant increases in carbon storage can be achieved by moving from lower biomass land-use systems (e.g., grasslands, agricultural fallows, and permanent shrub lands) to tree-based systems like afforestation and agroforestry system (Seta & Demissew, 2014). 

Carbon sequestration in different in any agroecosystems occurs both in belowground, in the form of enhancement of soil organic matter (SOM) plus root biomass and aboveground in standing biomass, dead wood and litter (Murthy et al., 2013). Plants store carbon for as long as they live, in terms of the live biomass (Patil et al., 2016). As more photosynthesis occurs, more CO2 is converted into biomass, reducing carbon in the atmosphere and sequestering it in plant tissue above and belowground resulting in the growth of different parts (Chavan & Rasal, 2010). The agroforestry system, like many other land use systems, offers great potential for sequestering carbon and producing biomass (Jose & Bardhan, 2012). The system mitigates the climate change by absorbing excess CO2, which is used in the process of photosynthesis by the trees and storing it in both aboveground and belowground biomass as well as in soil (Labata et al., 2012).
Most terrestrial carbon storage is in tree trunks, branches, foliage, and roots that are often called biomass. Trees act as a sink for CO2 by fixing carbon during photosynthesis and storing excess carbon as biomass. Trees are carbon reservoir on earth (Henry et al., 2009; Patil et al., 2016). In the earlier time, the carbon storage potential of agroforestry was estimated to be between 0.2 and 4.6 Mg C ha-1 year-1 over a 50 year rotation (Dixon et al., 1994). Likewise, Kuersten and Burschel (1993) provide estimates of the amounts of carbon sequestered by fuelwood production in agroforestry systems of 0.5-2.0 Mg C ha-1 year-1 for shade trees in coffee (Coffea spp.) and cacao (Theobroma cacao L.). 
Carbon storage in plant biomass is only feasible in some agroforestry systems like perennial-crop combinations, agroforests and windbreaks, which allow the growth of the tree to their full potential and where the woody component represents an important part of the total biomass (Saha & Pramod, 2012). Carbon sequestration in different agroforestry systems occurs both in belowground, in the form of enhancement of soil carbon plus root biomass and aboveground as carbon stored in standing biomass (Murthy et al., 2013). 

The average aboveground carbon storage potential of agroforestry systems in humid tropics has been estimated to be 70 Mg C ha-1 (Mutuo et al., 2005). Most of the old literature indicated that agroforestry systems have the potential to store carbon in a range of 0.98-6.7 Mg C ha-1 year-1 in the aboveground biomass (Jarecki & Lal, 2003). A decade later, the review of literature raised the carbon storage potential of agroforestry in aboveground biomass to be between 0.29 and 15.21 Mg C ha-1 year-1 (Nair et al., 2009; Nair et al., 2010). Even though most of the studies result failed in the above stated range, specific finding from Western Kenya homegarden was reported with greater aboveground biomass carbon storage (17.3 Mg C ha-1) due to the significant availability of trees and perennial crops having better carbon storage potential (Henry et al., 2009). The highest aboveground biomass carbon stock (81.6 Mg C ha-1) was recorded in traditional agroforest (Kirby and Potvin, 2007), 73.2 Mg C ha-1 in coffee agroforest (Henry et al., 2009). 
2.6.2. Soil carbon storage in agroecosystems 
The introduction of trees in agroforestry arrangements has the potential to increase soil organic matter and store significant amounts of carbon in woody biomass (Sileshi et al., 2007). In terrestrial ecosystems, the amount of carbon in soil is usually greater than the amount of living vegetation (Post & Kwon, 2015). Studies concluded that soil organic matter is the largest carbon pool in agroecosystems such as shade coffee systems, which more than 50% of total carbon stored in the soil system (Hergoualc’h et al., 2012; Mohammed & Bekele, 2014; Negash & Starr, 2015; Soto Pinto & Aguirre-Davila, 2015; Vanderhaegen et al., 2015; De Beenhouwer et al., 2016; Ehrenbergerova et al., 2016; Hombegowda et al., 2016). A well-managed agroforestry system has greater amounts of carbon sequestration potential in and out of the soil (Saha & Pramod, 2012) compared to treeless agricultural systems (Munishamappa et al., 2012). Most of the reviewed literature indicted that agroforestry systems have the potential to store carbon in the soil between 0.25-1.58 Mg C ha-1 year-1 (Jarecki & Lal, 2003). Soil carbon stored in one meter depth was estimated ranging between 30 and 300 Mg C ha-1 (Nair et al., 2010).  
According to Hombegowda et al (2016), out of the natural forest, among soil organic carbon (SOC) stocks in topsoil 1 m depth is relatively highest in coffee agroforestry (156 Mg C ha-1) followed by homegarden (151 Mg C ha-1), coconut (98 Mg C ha-1) and lowest in mango agroforestry system (76 Mg C ha-1). This highest soil carbon stock is from the amount of litter added to the soil and its carbon content as the case of native shade trees do (Munishamappa et al., 2012). The amount of SOC in agroforestry systems differs with the region, agroforestry system, and soil depth. Litterfall also contributes to carbon stock accumulation in soil (Negash & Starr, 2013).
2.6.3. Carbon storage in coffee agroforestry 
Agroforestry systems in general and shade coffee agroecosystems, in particular, have been recognizing as for the significant potential of providing ecosystem services similar to the natural forests (Soto-Pinto & Aguirre-Davila, 2015). Coffee agroforestry system is one of the most potent land use systems that contribute immensely to carbon sequestration and thus helps mitigation of climate change as similar to natural forests (Perfecto & Vandermeer, 2008; Munishamappa et al., 2012). It is basically able to suppress carbon emissions and the greenhouse gas effect since coffee shrubs and shade trees are good carbon sinks (Prawoto & Yuliasmara, 2011). Shade tree structures in coffee farms increased gradually in thickness and height over years in a way that increased aboveground biomass and consequently, carbon storage (Noponen et al., 2013; Richards & Mendez, 2013). Therefore, densely shaded coffee agroforests have demonstrable carbon benefits from plant biomass and soil reservoir in addition to provide other ecosystem services (Schmitt-Harsh et al., 2012).
A number of studies have recognized coffee-based agroforestry on the carbon storage potential out of the natural forests (Hergoualc’h et al., 2012; Munishamappa et al., 2012; Schmitt-Harsh et al., 2012; Noponen et al., 2013; Mohammed & Bekele, 2014; Kitila, 2015; Soto-Pinto et al., 2010; Soto-Pinto & Aguirre-Davila, 2015; Denu et al., 2016) since the system is more perennial (Table 2). The total carbon storage in the semi-forest coffee system is comparable to total carbon storage in forest coffee system and significantly higher than in the intensified semi-plantation and shade plantation coffee systems, for example, carbon stock in natural forest reduced by 38-48% in semi-plantation coffee system (Vanderhaegen et al., 2015; De Beenhouwer et al., 2016). Likewise, organic farms stored 43% higher carbon compared to conventional coffee farms, although statistical differences were not found between individual carbon pools for aboveground and belowground carbon, respectively in Costa Rica (Haeger, 2012). 
Table 2 Total carbon stocks storage potential of coffee agroforestry
	No
	Carbon stock storage 
	 Source 

	1
	120.9 - 195 Mg C ha-1
	Avila et al., 2001

	2
	82 Mg C ha-1
	van Noordwijk et al., 2002

	3
	81 Mg C ha-1
	Dossa et al., 2008

	4
	167.4 - 213.8 Mg C ha-1
	Soto-Pinto et al., 2010

	5
	32.4 Mg C ha-1
	Hergovalc’h et al., 2012

	6
	74 - 259 Mg C ha-1
	Schmitt-Harsh et al., 2012

	7
	58.27 Mg C ha-1
	Mohammed and Bekele, 2014

	8
	134.5 - 194.7 Mg C ha-1
	Soto-Pinto and Aguirre-Davila, 2015

	9
	61.5 Mg C ha-1
	Denu et al., 2016

	10
	258 - 387 Mg C ha-1
	De Beenhouwer et al., 2016

	11
	119 - 135.6 Mg C ha-1
	Negash et al., 2013


The coffee-based agroforestry systems captured on average 110 Mg C ha-1, being perennial systems with proper management. As long as the residues are incorporated into the soil, these carbon stock levels are assured (Espinoza-Dominguez et al., 2012). Studies from El Salvador indicated that 12.4-19.39 Mg C ha-1 (Mendez et al., 2009) and 24.4 Mg C ha-1 (Richards & Mendez, 2013) were stored in the coffee agroforestry system. Similarly, about 82 Mg C ha-1 (van Noordwijk et al., 2002), 82 Mg C ha-1 (Dossa et al., 2008), 127.6 Mg C ha-1 (Schmitt-Harsh et al., 2012), 134.5-194.7 Mg C ha-1 (Soto-Pinto & Aguirre-Davila, 2015), 167.4-213.8 Mg C ha-1 (Soto-Pinto et al., 2010), and 119-135.6 Mg C ha-1 (Negash et al., 2013) were  also stored in coffee agroecosystems. The greater share of the total carbon storage was covered by aboveground biomass of coffee farm (Haeger, 2012; Schmitt-Harsh et al., 2012; Richards & Mendez, 2013; Negash et al., 2013) depending on the population on plant species and type of vegetation encompassed (Prawoto & Yuliasmara, 2011). On the other hand, soil organic matter was also reported as the highest reservoir, contributing between 56 and 70% of the total carbon stock in the coffee shaded polyculture system (Soto-Pinto & Aguirre-Davila, 2015). The recent study from Ethiopia showed that the net soil carbon sequestration is 3.44 and 3.43 Mg C ha-1 year-1 in Enset-coffee-tree and Tree-coffee systems, respectively (Negash & Kanninen, 2015).  
Coffee agroforests store substantially more carbon than sun-grown coffee or other traditional agricultural systems (van Noordwijk et al., 2002; Soto-Pinto et al., 2010; Schmitt-Harsh et al., 2012). Shaded garden coffee has accumulated higher carbon stock (92 Mg C ha-1) than monoculture sun coffee (52 Mg C ha-1) or about 20 Mg C ha-1 of aboveground carbon stock difference in Indonesia (van Noordwijk et al., 2002). A decade later another study also confirmed that shade coffee (32.4 Mg C ha-1) has stored higher carbon than sun coffee systems (14.1 Mg C ha-1) in Costa Rica (Hergovalc’h et al., 2012). All shaded coffee systems have a net positive effect on carbon stock storage in above and belowground biomass than full sun coffee across the intensified coffee production system (Noponen et al., 2013). This decreasing trend of carbon stocks in coffee systems is most likely due to the decreasing tree densities following the management intensity (Goodall et al., 2014). Contrarily, according to Mendez et al (2009) concludes that carbon sequestration potential of shade coffee system will not be affected by the difference in management practices, particularly tree densities and sizes (horizontal and vertical). 

Coffee agroforestry stored substantial amounts of carbon in aboveground biomass and soil, but lower storage in belowground biomass. For instance, from total carbon stock (127.6 Mg C ha-1) stored in coffee agroforestry, the greatest amount is stored in the aboveground biomass (47%) followed by 10 cm depth topsoil (30%), and belowground biomass (13%) in Guatemala (Schmitt-Harsh et al., 2012) and another countries (De Beenhouwer et al., 2016). Contrarily, the most recent finding from Mexico (Soto-Pinto and Aguirre-Davila, 2015), Ethiopia (Mohammed & Bekele, 2014; Negash & Kanninen, 2015) and Hergovalc’h et al (2012) indicated that greater carbon stock was stored in soil pool than in aboveground biomass. Similar results were also reported from Costa Rica, Indonesia, Togo, and Mexico shade-grown coffee systems (van Noordwijk et al., 2002; Dossa et al., 2008; Soto-Pinto et al., 2010). 
A study from south Ethiopia shows that an average simulated total biomass carbon stock at the age of 50 years for the Enset-coffee-tree and Tree-coffee systems were found 114 and 122 Mg C ha-1, respectively. In coffee agroforestry, a substantial proportion of biomass carbon was allocated to the aboveground (71-74%) and the remaining allocated to the belowground (27-29%) (Negash & Kanninen, 2015). Accordingly, carbon stock in tree biomass contained 47%, soil up to 10 cm depth contained 30%, coarse roots contained 13%, and coffee shrub biomass contained 10% (Schmitt-Harsh et al., 2012). Tree accounted for 89% for the Enset-coffee-tree and 96% for the Tree-coffee system of the total biomass carbon stock in southeastern Rift Valley escarpment of Ethiopia (Negash & Kanninen, 2015). 
Shade coffee systems with different tree species resulted in variation in carbon stored (Prawoto & Yuliasmara, 2011; Hergoualc’h et al., 2012; Noponen et al., 2013). For example, among the shade trees used within coffee farms, Paraserianthes falcataria stored the highest carbon than another tree species like Melia azedarach, Hibiscus macrophyllus and Leucaena species (Prawoto & Yuliasmara, 2011). However, according to Richards and Mendez (2013), an increase in species richness does not affect the carbon stock stored by shade trees, rather increase in the volume of the trees as the result of growth in height and diameter at breast height (DBH) and change in management practices affect the storage significantly. It is commonly assumed that increasing aboveground carbon stocks by planting trees or perennial crops will result in an automatic proportional increase in SOC (Noponen et al., 2013). 
Carbon storage in the coffee shrub is also affected due to the management intensity. Accordingly, coffee managed under monoculture stored a greater amount of carbon than coffee managed under specific shade tree species under shade system. A study from Costa Rica indicates that 8.5 Mg C ha-1 was stored in sun coffee compared to 6.3 Mg C ha-1 coffee under the shade of Erythrina poeppigiana, 3.3 Mg C ha-1 coffee under Inga species and 4.8 Mg C ha-1 coffee under timber species (Hergoualc’h et al., 2012). In Ethiopia, Negash and Kanninen (2015) reported that the share of coffee cohort contribution is estimated to be 4-6% under the Enset-coffee-tree and Tree-coffee systems. 

Several shaded coffee systems have different capacity to store carbon (Table 3). Inga-shaded organic coffee maintains more carbon in the SOM than less intensive shaded plantations (organic and non-organic traditional polycultures) in Mexico (Soto-Pinto et al., 2010). Study in Costa Rica indicated that a shade coffee system with single timber tree species (Chloroleucon eurycyclum or Terminalia amazonia) stored higher carbon than a coffee system with mixed shade tree species or leguminous tree species and sun coffee (Noponen et al., 2013). In Brazil, it was found that simple shaded coffee systems (1-3 tree species) sequestered an additional 53-55 tons of carbon per hectare in aboveground biomass than in unshaded coffee monocultures (Palm et al., 2005). Similarly, studies in Togo indicated that shaded coffee plantations sequestered 53 additional tons of carbon in aboveground biomass compared to unshaded plantation (Dossa et al., 2008). Likewise, another study showed that Inga-shaded organic coffee maintained carbon in aboveground (56.9 tons C ha-1) and in the soil (166 tons C ha-1), while the multistrata coffee agroforests make important contributions for reducing emissions caused by deforestation and degradation (Soto-Pinto et al., 2010).
Table 3 Carbon stock (Mg C ha-1) store in biomass and soil of coffee agroecosystems
	No
	Biomass carbon
	Soil 
	Total 
	Source

	
	AGC
	BGC
	Total
	
	
	

	1
	69
	23
	-
	-
	92
	van Noordwijk et al., 2002

	2
	73.18 
	16.21
	-
	38.24
	127.60
	Schmitt-Harsh et al., 2012

	3
	25.20
	7.20
	-
	111.29
	143.69
	Hergovalc’h et al., 2012

	4
	81.22
	33.18
	-
	171.60
	286
	Negash & Kanninen, 2015

	5
	233
	53
	-
	101
	387
	De Beenhouwer et al., 2016

	6
	
	
	62.5
	131.1
	194.7
	Soto-Pinto & Aguirre-Davila,2015

	7
	
	
	54.46
	90.65
	-
	Mohammed & Bekele, 2014

	8
	
	
	41.17
	-
	-
	Goodall et al., 2014

	9
	
	
	24.4
	-
	-
	Richards & Mendez, 2013

	10
	
	
	16.53
	-
	-
	Mendez  et al., 2009

	11
	
	
	-
	156
	-
	Hombegowda et al., 2016

	12
	
	
	-
	282.2
	-
	Munishamappa et al.,2012


Where: AGC = Aboveground biomass carbon; BGC= Belowground biomass carbon 

2.7. Effect of coffee management on carbon sequestration
Coffee farmers have experience in management practices, mainly tending operations on the shade tree species including thinning, pruning, pollarding, and coppice reduction (Emire & Asfaw, 2018). There are also other management practices, which commonly applied in the coffee farms like hoeing, slashing, and watering in addition to the tending practices on the shade trees (Likassa & Gure, 2017; Tazebew &Asfaw, 2018). A greater percent (88%) of the coffee growers manage their coffee farms by the removal of big trees, retaining selected and preferred trees, and once or twice a year slashing of the competing herbs and shrubs (Hundera, 2016).  In order to create physical space for coffee shrubs to grow, farmers decided on the number and location of trees that would be removed, weeding and shade management practice applied regularly (Beer et al., 1998; Soto-Pinto et al., 2000; Valencia et al., 2015).     
Land use change is the second largest global cause of CO2 emission or the cause of high loss of aboveground biomass carbon or soil carbon by 50-75% in most developing countries of the tropical region as the result of deforestation, land clearing, and conversion of natural forests to Agriculture (Power, 2010). Coffee agroforestry system managed through conventional, organic and inorganic practices including the use of chemical fertilizers, fungicides, and pesticides at high or medium management level in association with single shade tree species (Rossi et al., 2011). 
The coffee system structure and soil management were factors determining carbon stocks (Mendez et al., 2009; Soto-Pinto & Aguirre-Davila, 2015). Agrosilvicultural management, in particular, to shade tree management plays an integral role in determining the carbon sequestration potential of coffee agroforests (Schmitt-Harsh et al., 2012). Changes in carbon stocks are associated with changing from full sun system of lower carbon sequestration to shaded system of higher net carbon sequestration systems. Accordingly, the amount of carbon stored in coffee agroecosystems varies depending on management intensity from coffee forest to semi-forest coffee system in Southwest Ethiopia (Tadesse et al., 2014a, b; De Beenhouwer et al., 2016; Denu et al., 2016). 
Management intensification has a positive effect on the net carbon balance during the first 9 years of shade tree growth through increased biomass accumulation (Noponen et al., 2013). On the contrary, according to Mendez et al (2009) concludes carbon sequestration potential of shade coffee system will not be affected by the difference in management practices, particularly tree densities and sizes (horizontal and vertical). On the other hand, the presence of diverse woody plants across the coffee farm types caused carbon storage to be increased, due to complementary relationship and presence of functional groups that potentially enhance the accumulation of biomass and soil organic matter. The incorporation of diverse species richness, farm type, and slope significantly affects the total carbon storage in coffee farms (Haeger, 2012). 
The repeated removal of seedlings and saplings of canopy shade trees during coffee management through slashing has a huge impact on forest biodiversity and consequently on ecosystem services generated from the forest (Hundera, 2016). Prevention of erosion through the incorporated higher density of live fence species, construction of ditches, application of manure and organic amendments under organic management appears to contribute to maintaining SOC storage (Haeger, 2012). Coffee agroforestry systems had stored greater amount of aboveground carbon up to 67 Mg ha−1 than coffee grown in full sun in most parts of the world due to their more diverse and denser shade canopies (van Noordwijk et al., 2002; Dossa et al., 2008; Soto-Pinto et al., 2010; Haggar et al., 2013; Cerda et al., 2017). The effect of management on the shade tree canopy composition and soil properties in general, management practices for weeding and pruning of coffee shrubs and shade trees did not significantly affect the level of carbon stocks stored in coffee farms (Mendez et al., 2009). 
2.8. Importance and farmers’ preference of trees characteristics in coffee farms 
The role of shade trees in coffee production is receiving renewed attention and certified under a specialty coffee label (Albertin & Nair, 2004). Shade trees have a pivotal role in creating an ambient microclimate for the coffee agroecosystem in general and for the coffee shrubs in particular (Mekonnen, 2015; Souza et al., 2012). The intension of incorporating shade trees in coffee farms is based on the advantage that the trees provide in terms of ameliorating the extreme climatic condition, soil fertility management through the improving soil organic matter as the result of leaf litter biomass from tending operations (Beer et al., 1998; Emire & Asfaw, 2018). The coffee farmers’ preference of Fabaceae family shade tree species contributes about 42% of the total aboveground biomass carbon in traditional coffee production systems (Denu et al., 2016). Shade trees help to minimize the erosive power of rainfall by acting as a physical barrier in reducing the intensity of the rain reaching the ground and enhance the deep infiltration (Mekonnen, 2015). The supply of fruits, firewood, timber products (Albertin & Nair, 2004; Mekonnen, 2015), and honey bee production (Nigussie et al., 2014) for farmers as well as local markets are also the advantage of shade trees in coffee farms at different management levels. Shade trees also protect coffee plants from extreme sunlight, frost, and surplus wind speed (Souza et al., 2012; Mekonnen, 2015; Boreux et al., 2016).
A reduced abundance of weed species and parasites is also the importance of shade trees associated with coffee shrubs in coffee agroecosystems (Albertin & Nair, 2004). Shade provides an efficient biological management tool for the control of major pests and diseases like coffee white stem borer and leaf rust in Coffea arabica (Mekonnen, 2015). Similarly, farmers deliberately incorporating the timber and fruit trees in coffee agroecosystems to compensate for the cost of management or supply of food for the family member (Albertin & Nair, 2004; Mekonnen, 2015). 
Shade coffee system has the potential of conserving animal biodiversity even though expansion of the intensively managed plantation coffee has been a contributing factor the biodiversity loss; the abundant shade tree and wider canopy cover enhances the associated biodiversity including insects, birds, mammals, herbaceous plants, and epiphytes (Perfecto et al., 1996; Moguel & Toledo, 1999; Perfecto et al., 2003; Mekonnen, 2015). Similarly, trees in shaded coffee systems often harbor epiphytes, which enhance bird diversity through hosting insects and providing food and nesting material for birds or predatory animals (Beer et al., 1998).
Traditional farmers are believed that shade trees are a prerequisite for shade coffee production (Emire & Asfaw, 2018). In addition to lowering the temperature and control light penetration, shade trees, which shed their leaves or deciduous are, preferred (Hundera, 2016). On the contrary, a greater proportion of the coffee farmers preferred evergreen trees that can provide shade throughout the year (Perfecto et al., 2003; Likassa, 2014). Farmers of Southern Ethiopia set their own selection criteria for shade trees to coexist with coffee shrubs. These criteria include the fast-growing ability of both trees and coffee plants, the fast decomposition rate of leaves litter fall (Emire & Asfaw, 2018). On the other hand, farmers of Southwest Ethiopia, shade tree selection criteria were directly associated with their knowledge on the tree phenology and structure such as leaf deciduousness, leaf size, crown width, height and shading season (Hundera, 2016). 
According to Albertin and Nair (2004), the shade tree characteristics preferred by the coffee farmers including providing light, mottled shade, have a spreading crown, incorporate organic matter to the system, and do not have spines. Farmers preferred relatively shorter trees to tall ones because they cause less erosion and easier to manage. Farmers preferred the evergreen trees to deciduous ones because of shade is most needed during the dry season. Farmers’ opinions on leaf size differed that the majority do not consider it as the criteria to select shade trees. The most preferred characteristics are compatibility with coffee, use values, pruning ability, provision of organic matter, shade quality, and evergreen nature of leave phenotypes.
The reasons for preferring shade trees associated with the coffee shrubs are the provision of goods and services they desired included tree height, crown shape, deciduous/evergreen, organic matter production, perceived effects on soil fertility, wood quality, fruit production, tree growth rate, and harmful competitive effects (Lopez-Gomez et al., 2008; Valencia et al., 2015). The socio-economic benefits of coffee shade trees in smallholder farms of Ethiopia influenced the selection criteria (Hundera, 2016; Tazebew & Asfaw, 2018). 
Considering the above parameters, the trees identified as suitable for coffee plantations are Albizia sp., Ficus sp., Acacia albida, Cordia africana, Leucena leucocephale, Citrus sinensis, Sesbania sesban, Grevilia robusta, Plerocarpus marsupium, Cedrella toona, Artocarpus integrifolia, Artocarpus hirsute, Bischofia javanica, Erythirna lithosperma, and Terminalia bellarica (Mekonnen, 2015). Farmers’ selected indigenous and multipurpose shade tree species Cordia africana, Croton macrostachyus, Albizia gummifera, and Acacia abyssinica as the most preferred in smallholder coffee farms of West Ethiopia (Denu et al., 2016; Likassa & Gure, 2017; Tazebew & Asfaw, 2018). Similarly, Ficus sur, Millettia ferruginea, Cordia africana, Albizia gummifera, Croton macrostachyus, and Vernonia amygdalina are among preferred compatible shade tree species with coffee plants in Southern Ethiopia (Hundera, 2016; Emire & Asfaw, 2018). In addition to the above-mentioned indigenous species, Grevillea robusta the exotic is also preferred to coffee farmers of South Ethiopia (Nigussie et al., 2014). However, farmers don’t practically plant the most preferred in the farm as can be depicted from the Southern and Western Ethiopia as for example, Acacia abyssinica one of the top preferred by the farmers are not abundantly compared to the less preferred species like Croton macrostachyus (Likassa, 2014; Hundera, 2016; Likassa & Gure, 2017).
CHAPTER THREE
3. MATERIAL AND METHODS 
3.1. Description of the study area 
The study was conducted in three districts, namely, Gimbi, Haru, and Lalo Asabi of West Wollega Zone, in Oromia regional national state, Western Ethiopia (Figure 5). The Zone has 21 districts. Gimbi town, which is the capital of the Zone, is located at a distance of 441 km west of Addis Ababa. The Zone is bordered with Benishangul-Gumuz Regional State in the North, East, and West; Qellem Wollega Zone in Southwest; and Illubabor and East Wollega Zones in Southeast. The land area of the Zone is estimated to be 14,160.29 km2. In general, the zone has a tropical climate with annual temperature ranging between 15 °C and 25 °C. The annual rainfall pattern in the zone decreases from East to West following the physiographic nature of the Zone; where the eastern highlands are characterized by highest ranges of rainfall from 1800-2000 mm; the central plateaus with an intermediate range of 1600-1800 mm at mid highlands and the remaining lowlands have rainfall ranging from 1200-1600 mm. The farming system in the zone is mixed (livestock production integrated with crop production). The livestock production system is usually extensive, and the most common breeds are the local zebu (Bos indicus) breeds. The locally available common grasslands provide extensive pasture for the cattle of all the study districts.  
[image: image7.emf]
Figure 5 Map of the study area

i) Gimbi District 
The district is located in Oromia National Regional State, West Wollega administrative Zone. The geographical position of the district is between 9°10'- 9°17' North latitudes and 35°50'- 35°83' East longitudes. The district is bordered with Benishangul Gumuz Regional State in the north and East directions, Lalo Asabi in the west, Homa in the southwest, Chewaka in the southeast, and Haru in the south. Gimbi district has 32 rural and 5 urban kebele administrations. According to the CSA 
(2008), the total population of the district is 83,991 rural and 51,383 urban and totally about 135,374 of which 51 per cent are females. The mean annual minimum and maximum temperature are 12.9 and 29 °C, respectively. The rainfall in the study area is characterized by a mono modal type with the mean annual of 1400-1800 mm. The elevation of the landscape ranges between 1200-2222 m a.s.l. The elevation of Gimbi town is 1970 m a.s.l (Figure 6). The district has a total area of 1,172 Km2. 
Rainfed and mixed agriculture, characterized by crop production and livestock husbandry is the predominant economic activity and the major source of livelihood in the district. The annual crops are producing to satisfy the household food subsistence. Coffee, oils crops, and horticultural crops are the important source of income. Coli Mikael is the selected peasant association to sample shade plantation coffee system from Gimbi District.
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Figure 6 Climate diagrams showing annual rainfall and temperature data from 2003-2018 (Source: NMSA, 2019)
ii) Haru District 
The district is geographically situated between 8° 52' N and 9°7' N latitude and 35° 41' E and  36°10 ' E longitudes. Guyi, the capital town of the district, is situated at 464km west of Addis Ababa. Agroecologically, 80% of the district is categorized under Weyna-Dega and the remaining 20% is Kola. The rainfall pattern in the area is uni-modal, the mean annual rainfall is 1853 mm, and the average temperature ranges from 20°C to 27°C. The rainy season is from March to September and the dry season is from October to February. The district is characterized by plain, steep and undulating landscapes, where the altitude ranges between 1500 m.a.s.l to 2050 m.a.s.l. Warababo is the most potential peasant association for the semi-plantation coffee system in Haru District.  
Mixed farming characterizes the agriculture of the area. Due to traditional agricultural practice, the most land resources are highly degraded, resulting in declining productivity of agricultural crops. Most cereals produce for household consumption. Coffee is the main income-generating cash crop. Honey and chat are also produced for income in the area. 
iii) Lalo Asabi District 
The district is located in Oromia National Regional State, West Wollega administrative Zone. The geographical position of the district is between 9°-20° North latitudes and 35°-45° East longitudes. Enango town is the capital of the district found at 23 km away from the capital of the Zone (Gimbi). It shares common boundaries with Gimbi, Guliso, Bodji and Yubdo districts, and Benishangul-Gumuz Regional State. It has an area of 43,516 ha land, 185 mm monthly average rainfall and altitudinal ranges between 1800 and 2200 m a.s.l. The district is classified into Kola (2.2%) and Woinadega (97.8%) agroclimatic zones. 80.39% of the land in Lalo Asabi district is arable land, while 5.26%, 9.08%, and 5.26% were categorized as pasture, forest, and other uses respectively. Coffee is an important cash crop of this district, which planted on over 50 km2 of farm. Based on figures published by the Central Statistical Agency in 2007, the district has a total population of 75,584 in 15,164 households, of which 37,086 are men and 38,498 are women; whereas, 10,370 (13.71% ) of the population are urban dwellers. Horda Dalati is the selected peasant association to sample garden coffee system from Lalo Asabi District.

3.2. Data collection methods
3.2.1. Sampling design
Information about the study area was collected by consulting secondary information sources and through reconnaissance survey carried out since December 2015. The purposive sampling design was used to select Districts, Peasant Association (PA), and Households. Three Districts were purposively selected based on the dominant coffee production system and the level of coffee production, which supposed to affect the diversity of tree species. Similarly, within the selected district, a potential PA was selected based on the above-set criteria for the selection of the district.

Three coffee production (here after called coffee management) systems (semi-plantation coffee, garden coffee and shade plantation coffee) were identified depending on the intensity of coffee management in the zone since the area is not the origin of coffee there is no forest coffee or semi-forest coffee systems. The semi-plantation coffee system represents the systematic modification of the forest or semi-forest coffee system and including the systematic planting coffee seedling under the naturally existing overstorey plants (Hundera et al., 2013; Worku et al., 2015). There is a high anthropogenic disturbance resulting in the species-poor canopy. Mulching and organic fertilizer applications are used locally as the management strategy (De Beenhouwer et al., 2016). Substantially, the garden coffee system refers to the practice of coffee production around homestead on a small plot of land with other crops for subsistence value (Worku et al., 2015). The introduction of both exotic and indigenous canopy trees has been implemented in addition to selectively retaining already existing natural plants. Coffee shrubs are also fully planted either transplanted from naturally regenerated under mother coffee or nursery raised deliberately. The shade plantation coffee system represents planting only a few indigenous large canopy trees and rarely incorporation of fast-growing exotic tree species (De Beenhouwer et al., 2016). The improved varieties of coffee seedlings were totally planted regularly with intensive management practices including the application of herbicides, mulching, fertilizers and silvicultural practices (Hundera et al., 2013; Worku et al., 2015; De Beenhouwer et al., 2016).
Sample plots were equally selected from all management systems. Farms were ranked based on the establishment age as young (<15 years), mature (15-30 years), and old (>30 years) along the altitudinal gradients from low (1650 - 1750 m a.s.l), middle (1750 - 1850 m a.s.l), and high (1850 - 1950 m a.s.l). The stratified random sampling procedure was used to select the representative sample plots from each age class. Accordingly, eight sample plots were selected per each age class of each coffee system. A total of 72 samples (24 samples per coffee system) were selected for the study. 
A nested sample plot comprising different area was employed to collect required data. Accordingly, 400 m2 (20 m x 20 m) sample plot with one 25 m2 (5 m x 5 m) subplot was selected following the design of Lopez-Gomez et al (2008), and Ambinakudige and Sathish (2009) to collect vegetation and soil data (Figure 7). The 25 m2 subplots were selected to measure coffee shrubs following the method of Schmitt-Harsh et al (2012). Similarly, within the 400 m2 sample plot; soil samples were collected from all corners and one from the center of the sampled plot from 0 - 15 cm and 15 - 30 cm depth. 
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              Figure 7 Sample plot layout 
3.2.2. Vegetation sampling     

An inventory of the floristic composition and structure of each sample plot was conducted in 400 m2. All woody species having a DBH ≥ 2.5 cm and height ≥ 1.5 m were measured for diameter, total height, and tree crown diameter (Plate 1). A tree is defined as a woody perennial plant, typically having a single stem or trunk growing to a considerable height and bearing lateral branches at some distance from the gound; A shrub is defined as a woody plant having several main stems growing from ground level, rather than one trunk; Liana is a woody climber that is rooted in the soil at the ground and use trees of vertical support and epiphyte is a plant that lives on the host plants without parasitic roots only for support. Seedlings are defined as woody plants having diameter of less than 2.5 cm and that do not attain a height of at least 1m.
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Plate 1 Measuring plants (A, B), soil sampling (C), and epiphyte collection (D) in sample plots (Photo taken by Ebisa Likassa, 2016)
One large phorophyte tree with DBH ≥10 cm, which contained more epiphyte species, was preferentially selected from each sample plot due to the scarcity of host plants in the coffee agroecosystems. The identity, geographical position and number of vascular epiphytes on each host trees in the sample plot were recorded. Following Johansson (1974) sampling method, epiphytes occurring in dense stands on the shade trees, but difficult to count were considered as one individual. Each host plant was divided into three modified vertical zones (Microhabitat): basal (up to dbh height), trunk (ranged between dbh and first branch) and canopy (ranged between first branch and tip of tree) following Johansson (1974) and Mohamed et al (2017).  

The height of trees and shrubs was measured by Hypsometer, whereas, seedling and saplings were measured with the use of measuring tape. Height classified into ten classes: 1.5-3,3.1-6, 6.1-9, 9.1-12, 12.1-15, 15.1-18, 18.1-21,21.1-24, 24.1-27 and 27.1-30 m. Diameter measurement was done using caliper or diameter tape and categorized into fifteen classes: 2.5-10, 10.1-20, 20.1-30, 30.1-40, 40.1-50, 50.1-60, 60.1-70, 70.1-80, 80.1- 90, 90.1-100, 100.1-110, 110.1-120, 120.1-130, 130.1-140 and 140.1-150 cm. The overstorey crown diameter was measured on the ground from perpendicular crown edges using a measuring tape. The geographical location in degrees and elevation of each sample plot was taken from the center using Garmin 72 GPS receiver. Clinometer was also used to measure the slope. 
Plant identification was carried out both in the field using local informants and in the herbarium. The specimen has enumerated and identified by referring to the Flora of Ethiopia and Eritrea (Edwards et al., 1995; Edwards et al., 1997; Edwards et al., 2000; Hedberg et al., 2003; Hedberg et al., 2004; Hedberg et al., 2006; Friis, 2009), and useful tree species of Ethiopia (Bekele, 2007).
3.2.3. Biomass estimation and soil analysis  
Aboveground and belowground biomass (Mg ha-1) of trees, shrubs including coffee shrubs, sapling, and banana was estimated from allometric equations developed for this specific purpose. The most recent and improved allometric equation developed by Chave et al (2014) was used to estimate the aboveground biomass of trees and shrubs as follow:

   AGB = 0.0673 x (ρD2H) 0.976                                                           (Eq.1) 

Where AGB = aboveground biomass, D (cm) = diameter at breast height, H (m) = total height, wood specific gravity ρ (g cm-3). 

Alternatively, the allometric equation developed by Kuyah et al (2012a) was also used to estimate the aboveground biomass due to that the equation had the highest R2 and the lowest error of predicted values. In addition, the equation was used only diameter at breast height for the estimation and developed for trees grown in agroforestry systems of Western Kenya. Besides, the study site was having similar environmental conditions (climate and soils) to the current study sites. 
The equation is as follows:             
AGB = 0.091 × dbh2.472;   R2 = 0.98,     n = 72                                     (Eq.2)

Where AGB and dbh is as defined above

To estimate the aboveground biomass (kg dry matter/plant) of the coffee plants, the equation developed by Negash et al (2013) was used due to the similarity of the site and the recent equation developed in Southeastern rift valley escarpment of Ethiopia for coffee biomass. For banana plants, the equation developed by Noordwijk et al (2002) was used. For coffee plants, the stem diameter at stump height (40 cm), d40, was measured, whereas, diameter at breast height of banana pseudostem was also measured.  

AGBcoffee = 0.147 × d402;   R2 = 0.80, n = 31                        (Eq.3)

AGB banana = 0.0303 x d 2.1345;   R2 = 0.99, n = 10                     (Eq.4)     

Where d40 (cm) = stem diameter of coffee plant at 40 cm height, d = diameter at breast height of banana.

The belowground biomass (stump plus coarse roots (>2 cm)) for trees and shrubs including coffee, was estimated using an allometric equation developed for agroforestry systems by Kuyah et al (2012b) in Western Kenya. 

BGB = 0.048 × d 2.303;   R2 = 0.96, n = 72                                    (Eq.5)

Where BGB (kg dry matter/plant) = belowground biomass, d (cm) = diameter at breast height. 

The carbon stock (Mg C ha-1) of trees and shrubs was calculated assuming a biomass carbon content of 48% determined by Kuyah et al (2012a). The carbon stock of coffee plants was calculated assuming a biomass carbon content of 43% determined by Negash et al (2013). Whereas, carbon stock of banana was calculated assuming 45% of plant biomass is carbon (Noordwijk et al., 2002).

The total aboveground biomass carbon stock is defined as the sum of the biomass carbon percent associated with tree, shrub, coffee, and banana. Total belowground biomass is defined as the sum of belowground biomasses. The total belowground biomass carbon stock is defined as the sum of the carbon stocks derived from BGB. Total biomass carbon stock is defined as the sum of total aboveground and belowground biomass carbon stocks. 

Before soil sampling, the existing ground cover vegetation and litterfall were cleared from the site and then soil samples were taken. Soil samples were collected from each sample plot, with the use of soil auger. All the 5 soil samples were mixed thoroughly and homogenized at each depth class (0-15 cm and 15-30 cm) separately. The mixed soil samples were air-dried and sieved using sieve having a 2 mm size mesh. One kilogram (Kg) of the sieved fine fraction soil was taken from the air-dried composite soil sample and packed in the plastic bags from each depth class before transported to the Nekemte soil laboratory for the determination of carbon content.
The soil samples were analyzed for bulk density and soil organic carbon. Soil carbon stock (Mg C ha-1) stored to 30 cm soil depth was determined. Carbon content in soil was determined according to the Walkey-Black method. The volumetric content of the coarse fraction was calculated from the gravimetric contents of >2 mm material in the soil samples and an assumed density of solid value of 2.65 g cm-3. Eventually, the soil carbon stock (Mg C ha-1) was calculated as the product of carbon content (%), bulk density (g cm-3) and soil sample depth (cm) following the method used by the REDD+ Methodological Module (2009) and Abdipour et al (2015).

C SOC sp = C SOC sample x BD sample x Dep sample x 100                                       (Eq.6)
Where: C SOC sp - Carbon stock in soil organic carbon for sample plot sp; Mg C ha-1
C SOC sample – Soil organic carbon of the sample in sample plot; determined in the laboratory in g C/100 g soil (fine fraction <2 mm)

BD sample - Bulk density of fine (<2 mm) fraction of mineral soil in sample plot; determined in the laboratory in gram fine fraction cm-3 total sample volume

Dep sample - Depth to which soil sample is collected in sample plot

Total carbon stocks for the coffee agroecosystems is defined as sum of the total biomass carbon and SOC (0−30 cm) stocks.
3.2.4. Questionnaire survey
Key informant selection was carried out by consulting individual farmers to name three persons who could serve as a key informant in PA following the techniques used by Den-Biggelaar (1996). Accordingly, seven persons were selected as key informants (Persons knowledgeable about shade coffee farms, coffee production systems and elderly persons who lived in the area for more than 20 years) from each PA and twenty-one in total from all the study sites. 
A questionnaire was developed and distributed to each coffee farm owners (Appendix 1). Both closed and open-ended questions were included in the questionnaire following the method used by Albertin and Nair (2004), Muleta et al (2011), Hundera (2016), and Emire and Asfaw (2018). Open-ended questions were designed considering points on the importance and disadvantages of shade trees retained or planted in coffee farms and trends of expansion with shade tree species composition and structural complexity. Whereas, closed typed questions were focused on the farmers’ interest in incorporating a number of shade trees into their farms, management practices frequency in traditional coffee management systems, the origin of the species used for shade and farm size as well as the number of coffee farms. With the collected information, analyses were done to assess the effect of management practices, intensity on the woody species composition and the associated carbon storage potential. 
3.3. Data analysis
3.3.1. Ordination and vegetation data analysis 
Nonmetric multidimensional scaling (NMDS) which relies on rank orders of distances for ordination was used to represent graphically the similarity/dissimilarity of plots based on environmental data (altitude, slope, bulk density, soil moisture content, and SOM). Sample plots were arranged with respect to poles using polar ordination according to a distance matrix (Bray & Curtis, 1957). A Monte Carlo test was used to correlate the stronger axes explaining the composition and abundance of species. The Spearman rank correlation was used to test the influence of environmental variables on species composition following Aerts et al (2006). 
Data from the vegetation survey was analyzed for species diversity and farm structure. Species richness, diversity indices (Shannon diversity index and Shannon Evenness) and similarity index (Jaccard’s similarity index) were computed and compared between coffee systems, age groups and altitude ranges. Frequency, importance value index and abundance were only computed for coffee systems. Similarly, density, basal area, percent shade cover, diameter, and height were calculated and compared between coffee systems and age groups.  
Shannon diversity index 

To quantify the diversity of tree species, the Shannon-Wiener diversity index was applied. This index is given by the following equation:
H' = -[image: image11.wmf]å
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Where: H' = Shannon diversity index
S = the number of species
ln= Log basen
Pi = the relative proportion of individuals of the ith species. 
The values of Shannon diversity index usually fall between 1.5 and 3.5 and only rarely surpass 4.5 (Magurran, 1988; Kent & Coker, 1992). 

Shannon Evenness 

Shannon Evenness a measure of the homogeneity of abundances in a sample or a community was calculated to observe the maximum even distribution of the number of species in the plot. It refers to the observed value of Shannon diversity divided by the maximum possible diversity with the same number of cover types (Nagendra, 2002) and calculated following (Magurran, 1988; Kent & Coker, 1992).   
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Eq.8)

Where: E = Shannon evenness; S = the number of species; H'max = is the natural logarithm of the total number of species
E is normal between 0 and 1, and with 1 representing a situation in which all species are equally abundant or perfect evenness. 
Similarity index

Jaccard’s similarity index was measured to determine the similarity/dissimilarity among the coffee systems using the following form:

[image: image15.png]Sc
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Where: Sa and Sb are the number of species unique to samples a and b, respectively, and Sc is the number of species common to the two samples.
Frequency 
Frequency indicates the presence or absence of a given plant species within each sample plot or it is the percentage expression of quadrats in which a given species occurred in the studied coffee system. Frequency of species grouped into five classes: A=>81% (Abundant), B= 60.1-80% (Common), C= 40.1-60% (Frequent); D=20.1-40% (Occasional); E= 1-20% (Rare). The Absolute frequency was computed following Kent and Coker (1992) as:
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Importance value index
The importance value index (IVI) was used to compare the dominance of a species in each coffee system. Accordingly, IVI was calculated for all woody species encountered in all the sample plots after pooling the data for each species from each plot following Kent and Coker (1992), as follows:  
IVI = RDe + RDo + RF                                                                                 (Eq.11)
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Basal area

Basal area, which is a measure of the relative dominance of the species, was calculated from the individual plant in the sample plot following the standard formula. [image: image22.png]DBH?

BA=n (Eq.12)






Where: BA = basal area 
DBH = diameter at breast height (at 1.3 m) 
π = 3.14 
Percent shade cover 

Percent shade cover was calculated after first calculating the crown area of each overstorey tree. Crown area (CA, m2/plant) was calculated as follows, assuming a circular crown shape:
[image: image23.png](Eq.13)




Where: CA = crown area of individual tree (m2)
L= crown length
W = crown width
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Where: CA= as defined above 

i = individual tree

Descriptive statistics such as mean, percentage, and standard deviation was used to present the results. The data were subjected to One-Way ANOVA to compare the mean difference and separated at least significant differences (p < 0.05) in terms of species richness, diversity indices and stand structure (DBH, total height, basal area, stem density and percent shade percent) among the coffee systems, age groups and altitude ranges. Pearson correlation was used to test the relationship between coffee farm establishment age and woody species diversity and between altitude and species diversity. All statistical analyses were performed using R software.
3.3.2. Carbon stocks data analysis 

The mean and standard deviation was used to present the results of biomass (Mg ha-1), biomass carbon stock (Mg C ha-1) and soil carbon stocks (Mg C ha-1). One-way ANOVA followed by post-hoc multiple comparison tests (Tukey’s test) was conducted and mean difference was separated at least significant differences (p < 0.05) between the coffee systems, age groups and altitude ranges. Stepwise linear regression was used to explore the effects of species richness, plant density, diameter, height and altitude on the biomass carbon stock. An independent sample t-test was conducted to test the significant difference between biomass and SOC stock. Similarly, the stepwise multiple linear regression analysis was used to explore the effect of shade, slashing practice, farm establishment age, altitude, plant density, and species richness on the soil carbon stocks. All statistical analyses were performed using R software (R-3.3.2).
3.3.3. Socioeconomic data analysis 

Descriptive statistics such as frequency, mean and percentage were used to present the data. All data from the questionnaire were analyzed for management practices, farm characteristics, the benefit of shade trees and farmers’ tree preference. The use of shade trees and specific shade tree characteristic preferences were analyzed using frequencies. The Chi-square Test of Indenpendence was used to test whether there is a significant association between educational status, age (<25, 25-50 and >50 years), sex, and locality and management practices, and preferred shade tree species characteristic (plant type, height, shade quality, crown shape, leaf size, the decomposition rate of leaf, association with understorey coffee shrubs and subsistence or commercial values) following the method used by Hundera (2016) and Emire and Asfaw (2018). The statistical analysis was performed using SPSS Version 20 (IBM SPSS Inc, USA).
CHAPTER FOUR

4. RESULTS 
4.1. Woody species composition 
A total of 50 woody species were recorded in the three coffee management systems, of which 45 were native and five were exotic species (Appendix 2). The highest number of woody species (37) was recorded in the semi-plantation coffee system, with a decreased composition (26) in the garden coffee system and recording only 19 species in the plantation coffee system. The numbers of the genus recorded were 33, 25 and 16 under semi-plantation coffee, garden coffee, and plantation coffee systems, respectively. The numbers of the families of the woody species identified were 22, 17 and 13 representing semi-plantation coffee, garden coffee, and plantation coffee systems, respectively (Table 4). 
Table 4 Number of woody plant species, genera, and families recorded in studied coffee agroecosystems 
	
	SPC
	GC 
	PC

	Total number of the species 
	37
	26
	19

	No of shared species 
	18
	20
	16

	No of isolated species 
	19
	6
	3

	No of genera 
	33
	25
	16

	No of families  
	22
	17
	13


Where: SPC= semi-plantation coffee; GC= garden coffee; PC=plantation coffee

Eighteen percent (9 of 50 woody species recorded in studied area) were commonly available in all the coffee management systems. The Jaccard’s similarity index showed species commonly belonged to garden coffee and plantation coffee systems was calculated to 40.6% (13 of 32 woody species recorded in both systems). The species similarity between semi-plantation coffee and garden coffee systems was 40% (16 of 40 species of both coffee systems). The lowest species similarity was observed between semi-plantation coffee and plantation coffee systems, 27.3% (12 of 44 speceis of both coffee systems) (Table 5; Appendix 3). On the other hand, nineteen (51.3%), six (23.1%) and three (15.8%) woody species were only identified from semi-plantation coffee, garden coffee, and plantation coffee systems, respectively (Table 4; Table 5). 
Table 5 Common and isolated woody species across the three coffee management systems of the study area
	No
	Species 
	SPC system
	GC system
	PC system

	1
	Acacia abyssinica 
	+
	+
	+

	2
	Albizia grandibracteata 
	+
	-
	-

	3
	Albizia gummifera 
	+
	+
	+

	4
	Allophylus abyssinicus 
	+
	-
	-

	5
	Apodytes dimidiate 
	+
	-
	-

	6
	Bersema abyssinica 
	+
	+
	-

	7
	Bridelia micrantha 
	+
	-
	-

	8
	Brucea antidysenterica 
	+
	-
	-

	9
	Buddleja polystachya 
	-
	+
	-

	10
	Capparis fascicularis 
	-
	-
	+

	11
	Catha edulis 
	-
	+
	-

	12
	Celtis africana 
	+
	-
	+

	13
	Citrus sinensis 
	-
	+
	-

	14
	Clausena anisata 
	+
	-
	-

	15
	Combretum molle 
	+
	-
	-

	16
	Cordia africana 
	+
	+
	+

	17
	Croton macrostachyus 
	+
	+
	+

	18
	Ehretia cymosa 
	+
	-
	-

	19
	Ekebergia capensis 
	+
	+
	+

	20
	Entada abyssinica 
	+
	-
	-

	21
	Erythrina abyssinica 
	+
	-
	-

	22
	Eucalyptus camaldulensis 
	-
	+
	+

	23
	Ficus sur 
	+
	-
	+

	24
	Ficus thonningii 
	+
	+
	+

	25
	Ficus vasta 
	+
	-
	+

	26
	Maesa lanceolata 
	+
	+
	-

	27
	Mangifera indica 
	-
	+
	-

	28
	Maytenus arbutifolia 
	+
	-
	-

	29
	Millettia ferruginea 
	+
	+
	-

	30
	Mimusops kummel 
	+
	-
	-

	31
	Nuxia congesta 
	+
	-
	-

	32
	Olea capensis 
	-
	+
	+

	33
	Oncoba spinosa 
	+
	-
	-

	34
	Persea americana 
	​-
	+
	-

	35
	Podocarpus falcatus 
	+
	-
	-

	36
	Premna schimperi 
	+
	+
	-

	37
	Prunus africana 
	-
	+
	+

	38
	Psychotria orophila 
	-
	+
	+

	39
	Ricinus communis 
	-
	+
	-

	40
	Salix mucronata 
	+
	-
	-

	41
	Sapium ellipticum 
	+
	+
	-

	42
	Senna petersiana 
	+
	+
	+

	43
	Sesbania sesban 
	-
	-
	+

	44
	Stereospermum kunthianum 
	+
	-
	-

	45
	Syzygium guineense 
	+
	+
	-

	46
	Teclea nobilis 
	-
	-
	+

	47
	Terminalia macroptera 
	+
	-
	-

	48
	Trichilia emetica 
	+
	-
	-

	49
	Vernonia amygdalina 
	+
	+
	+

	50
	Vernonia auriculifera 
	+
	+
	+


The woody species were not uniformly distributed along the increased coffee management gradients. A small proportion of the identified species had a higher relative frequency; while most of them were rare, and thus has a lower relative frequency (Appendix 4; Appendix 5). Coffea arabica was the most abundant woody species in the entire surveyed coffee agroecosystems. Among the shade trees, Albizia gummifera was the only common species followed by Cordia africana and Croton macrostachyus are categorized as frequent. Only three species (Acacia abyssinica, Millettia ferruginea, and Vernonia amygdalina) belonged to occasional frequency class, while the remaining 44 were rare (Appendix 4; Appendix 5). 
In semi-plantation coffee system, the most abundant tree species was Croton macrostachyus followed by Albizia gummifera and Cordia africana, which are common; Millettia ferruginea, Bersema abyssinica and Sapium ellipticum were frequently available; Acacia abyssinica, Senna petersiana and seven other species were occasionally distributed, and the rest was rarely distributed in this coffee system. There were no abundant woody species, except coffee shrub in the plantation coffee system, which was followed by Acacia abyssinica, Albizia gummifera, and Croton macrostachyus, while the rest 15 species were rarely distributed. Cordia africana was found to be the most frequently distributed tree species among those identified from the garden coffee system followed by Albizia gummifera and Persea americana (Table 6; Figure 8).
Table 6 Frequency of the four most available woody species in the coffee management systems of the study area
	SPC
	GC
	PC

	Species 
	Fr (%)
	Species 
	Fr (%)
	Species 
	Fr (%)

	C. macrostachyus
	85.3
	C. africana 
	75
	A. abyssinica
	75

	A. gummifera
	75
	A. gummifera
	45.8
	A. gummifera
	62.5

	C. africana
	75
	P. americana 
	25
	C.macrostachyus
	45.8

	M. ferruginea
	54.2
	C. macrostachyus
	25
	Ficus vasta
	20.8


 Where: Fr (%) = species percent of frequency; SPC, GC, and PC are as defined above 
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Figure 8 Frequency class of distribution of woody species at three coffee systems (A=>80%, B= 60.1-80%, C= 40.1-60%, D=20.1-40, and E= 1-20%)

The abundance of woody species in coffee agroecosystems showed the inverted J shape that most of the species were found rarely. As expected, the abundance of woody species in coffee systems was covered by a small proportion of common and highly populated shade tree species. Thus, Cordia africana was the most abundant shade tree followed by Croton macrostachyus, Albizia gummifera and Acacia abyssinica (Appendix 4) in the overall survey coffee systems of the studied area. Within the coffee system, Croton macrostachyus, Cordia africana, and Acacia abyssinica were found the most populated shade trees in semi-plantation coffee, garden coffee, and shade plantation coffee systems, respectively (Table 7). Some species were more dominant or important than those highly abundant or densely populated in coffee farms. Albizia gummifera (IVI=46), Cordia africana (IVI=37), Acacia abyssinica (IVI=28) and Croton macrostachyus (IVI=27) were found to be as the four most important species having greater than 20 IVI (Appendix 5). The dominant species were not found uniform throughout all coffee systems. Accordingly, Albizia gummifera (IVI = 38), Cordia africana (IVI=52) and Acacia abyssinica (IVI = 86) were found from semi-plantation coffee, garden coffee and plantation coffee systems, respectively (Table 7; Appendix 6). 
Table 7 The abundance and importance value index of the four most dominant woody species in the coffee management systems of the study area
	Systems 
	
	PA
	
	IVI

	SPC
	Croton  macrostachyus
	18.6
	Albizia  gummifera
	38

	
	Albizia  gummifera
	11.6
	Cordia  africana
	36

	
	Cordia  africana 
	11.6
	Croton  macrostachyus
	34

	
	Millettia ferruginea 
	6.1
	Millettia ferruginea
	20

	GC
	Cordia  africana
	25.2
	Cordia  africana
	52

	
	Albizia gummifera
	13.5
	Albizia gummifera
	30

	
	Persea americana 
	9.8
	Eucalyptus camaldulensis 
	17

	
	Mangifera indica 
	6.1
	Persea americana
	13

	PC
	Acacia abyssinica
	29.5
	Acacia abyssinica
	86

	
	Albizia gummifera
	17.3
	Albizia gummifera
	56

	
	Croton  macrostachyus
	10.1
	Ficu vasta
	34

	
	Psychotria orophila
	8.6
	Croton  macrostachyus
	27


Where: PA- percent abundance; IVI= importance value index; SPC, GC, and PC as defined above
The nonmetric multidimensional scaling (NMDS) ordination and Sorensen distance-based ordination demonstrated that coffee sites of the same coffee system were almost maintained similar species composition and abundance. On the other hand, sample plots of semi-plantation coffee and plantation coffee systems were different in terms of their species composition and respective abundance, whereas the small overlap was observed between semi-plantation coffee and garden coffee systems, and plantation coffee and garden coffee systems. Five sample plots of the semi-plantation coffee system clustered with that of the garden coffee system or five of the latter system grouped of that of the plantation coffee system (Figure 9; Figure 10). 
The NMDS ordination test depicted that species composition in NMDS axis 1 was significantly correlated to soil moisture content (r = 0.92, p = 0.001), while NMDS axis 2 was significantly correlated to slope (r = 0.74, p = 0.029) and altitude (r = 0.56, p = 0.001). Soil organic matter (p = 0.56) and bulk density (p = 0.22) were not explaining a major correlation with axis 1 or axis 2 (Figure 11). Except for soil bulk density, all other considered environmental variables (Slope, Altitude, Soil organic matter, and Soil moisture content) were found significantly influence the species composition (Table 8).  
Table  8 Anova for canonical correspondence analysis of each environmental variable on the species composition and abundance in coffee management systems 

	Environmental variables
	Df  
	Chisq  
	F.value
	N.Perm
	Pr(>r)    

	Slope
	1
	0.0503     
	1.3395     
	99  
	0.01 **

	Altitude
	1
	0.0686     
	1.8251     
	99
	0.01 **

	SOM
	1
	0.1216      
	3.2374     
	99
	0.01 **

	Bd
	1
	0.0517      
	1.3771     
	99
	0.20   

	SMC
	1
	0.0697       
	1.8554     
	99   
	0.01 **


Signif. codes:  ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05   
Where: SOM = Soil Organic Matter; Bd = Bulk density; SMC = Soil Moisture Content
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Figure 9 Dendrogram of the cluster analysis results of woody species found in 72 sample plots in three coffee management systems 
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Figure 10 Nonmeteric multidimentional scaling ordination of 72 sample sites in three coffee systems (1= semi-plantation coffee, 2=garden coffee, and 3=plantation coffee) based on species composition using Bray and Curtis method
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Figure 11 Nonmetric multidimensional scaling (isoMDS) ordination plot of woody species sampled along increasing coffee management gradients in the western Ethiopia and their correlation Slope, Altitude, SOM, SMC, and Bd in three coffee systems; numbers (1, 2, 3….72= sample sites)
4.2. Diversity of woody species
4.2.1. Species richness 
Woody species richness of coffee agroecosystems was found to be significantly different across the intensified coffee management gradients. The semi-plantation coffee system accommodated the highest mean richness (S = 7.75±2.35) compared with garden coffee and plantation coffee systems. However, the difference between the plantation coffee and garden coffee systems was insignificant (Table 9). Species richness varied from four (Albizia gummifera, Ficus sur, Premna schimperi, and Senna petersiana) to twelve (Bridelia micrantha, Celtis africana, Cordia africana, Croton macrostachyus, Dovyalis abyssinica, Allophylus abyssinicus, Ficus sur, Nuxia congesta, Sapium ellipticum, Senna petersiana, Stereospermum kunthianum, and Vernonia auriculifera) per plots of semi-plantation and two to six per plots of plantation and garden coffee systems.  
The richness of the woody species changed inconsistently across the age groups. As a result, the total species recorded declines from matured (38) to young (36) and old (34) age coffee farms. The mean species richness was not significantly different between the age groups, however, young farms harbored relatively highest (S = 5.37±2.8) followed by the old (S = 4.87±2.9) and matured (S = 4.79±2.3) (Table 9). The richness of woody species differed significantly across the altitudinal gradients, where the lowest (S = 3.38±1.58) recorded from low altitude farms, while the difference between middle and high altitude was inconsiderable (Table 9). 

Table 9 Summary of woody species diversity indices (mean ± SD) in coffee agroecosystems, age groups, and altitude ranges in the studied area
	
	Diversity among the management systems

	Management system  
	S
	H'
	E

	SPC
	7.75(±2.35)a
	1.87(±0.33)a
	0.93(±0.07)a

	GC 
	4.04(±1.27)b
	1.22(±0.38)b
	0.91(±0.08)a

	PC
	3.08(±1.35)b
	0.94(±0.37)c
	0.89(±0.10)a 

	P>F
	<.0001
	<.0001
	0.2275

	 
	Diversity among the age groups 

	Age class
	S
	H'
	E

	Young 
	5.37(±2.8)a
	1.40(±0.55)a
	0.91(±0.09)a

	Matured 
	4.79(±2.3) a
	1.28(±0.55)a
	0.90(±0.09)a

	Old 
	4.87(±2.9)a
	1.38(±0.51)a
	0.94(±0.08)a

	P>F
	0.7194
	0.7154
	0.2322

	
	Diversity among the altitude ranges 

	
	

	Altitude range
	S
	H'
	E

	low 
	3.38(±1.58)b
	1.01(±0.42)b
	0.91(±0.08)a

	Middle  
	6.13(±2.61)a
	1.61(±0.50)a
	0.93(±0.09)a

	High  
	5.54(±2.86)a
	1.45(±0.49)a
	0.90(±0.09)a

	P>F
	0.0004
	<.0001
	0.3450


Means with the same letter in the column were not significantly different at P=0.05
Where: S-richness; H'- Shannon diversity index; E- Shannon evenness, SPC, GC and PC as defined above
4.2.2. Diversity indices 

The diversity of woody species was significantly different between the coffee management systems. Mean Shannon diversity index (H') was significantly higher (H' = 1.87±0.33) in the semi-plantation coffee system than in garden coffee and plantation coffee systems along with the increased management gradients. The distribution of the species across the intensified coffee management gradients was not significant. As a result, Shannon evenness was decreased across the increased management gradients from semi-plantation coffee (E = 0.93) to garden coffee (E = 0.91) and plantation coffee (E = 0.89) systems; however, the difference was not statistically significant (Table 9). 
Woody species diversity was not significantly different among the age groups. On the other hand, there was an inconsistent change along the increased ages. Relatively, the highest mean diversity was estimated from young (H'=1.40) followed in old (H'=1.38) and matured (H'=1.28) farms. Distribution (Evenness) of species was also relatively highest in young farms (E=0.93) and followed by old and matured (Table 9). 

The diversity of woody species was not uniformly changed across the altitudinal gradients. Therefore, the estimated Shannon diversity (H'=1.01) was significantly lower in the low altitude, whereas the highest was in middle altitude (H'=1.61). However, the difference between middle and high altitude was not significant. Similarly, the difference in species distribution or evenness was not statistically significant across the altitudinal gradients, while species at middle altitude had the highest evenness (E=0.93) relatively (Table 9). 
A strong positive correlation found between woody species richness and Shannon diversity index. Altitude has a significant positive effect on the richness and diversity indices (Table 9). On the other hand, a very weak negative relationship was found between species richness and age, and between diversity index and age (Table 10). 
Table 10 Correlation relationship among diversity indices, age, and altitude 
	Variables
	S
	H'
	E
	Age
	Altitude

	S
	1
	0.94
	0.25
	-0.09
	0.2856

	
	 
	<.0001
	0.0327
	0.4516
	0.0150

	H'
	 
	1
	0.45
	-0.02
	0.2998

	
	 
	 
	<.0001
	0.867
	0.0105

	E
	 
	 
	1
	0.15
	0.0411

	
	 
	 
	 
	0.2163
	0.7320

	Age
	 
	 
	 
	1
	0.9433

	
	
	
	
	
	<.0001

	Altitude
	
	
	
	
	1


Where: S, H', and E as defined above
4.3. Diversity of vascular epiphytes among coffee management systems 
A total of ten vascular epiphytes species (holoepiphyte- true epiphytes) belonging to six families were recorded from the coffee agroecosystems in the selected study areas. On the other hand, three woody plants those are not true epiphytes (hemi-epiphytes- start their life as epiphytes, but often finish by strangling their host trees): Ileostrylus micranthus (Mistletoe) (Loranthaceae), Schefflera abyssinica (Araliaceae), and Carrisa spinarum (Apocynaceae) were recorded from Cordia africana, Acacia abyssinica, and Albizia gummifera, respectively. Drynaria volkensii was the most densely and frequently observed vascular epiphytes in most of the surveyed sample plots followed by Microcoelia globulosa; while the rest eight species were rare and sparsely populated (Table 11). 
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Figure 12 Vascular epiphytes frequency by family in the three coffee management systems (SPC, GC, and PC as defined above)  
Orchidaceae was the dominant vascular epiphyte family with three species in all the surveyed coffee management systems, while the remaining five families (Aspleniaceae, Lycopodiaceae, Piperaceae, Polypodiaceae, and Tectariaceae) contained only one species representing each genus (Table 11; Figure 12). 
Table 11 Frequency and population size of vascular epiphytes in coffee agroecosystems of the study area
	No
	Epiphyte species 
	Family
	Freq.
	Population size 

	1
	Aerangis brachycarpa
	Orchidaceae
	2
	5

	2
	Arthropteris monocarpa (Cordem.) C. Chr.
	Tectariaceae
	3
	6

	3
	Asplenium septentrionale (L.) Hoffm.
	Aspleniaceae
	1
	1

	4
	Calyptrochilum christyanum (Rchb. f.) Summerh.
	Orchidaceae
	2
	4

	5
	Drynaria volkensii Hieron.
	Polypodiaceae
	39
	641

	6
	Huperzia ophioglossoides (Lam.) Rothm.
	Lycopodiaceae
	6
	14

	7
	Microcoelia globulosa Hochst. L. Jonss.
	Orchidaceae
	33
	88

	8
	Peperomia rotundifolia (L.) Kunth
	Piperaceae
	7
	15

	9
	Polystachya bennettiana Rchb.f.
	Orchidaceae
	3
	10

	10
	Rangaeris amaniensis (Kraenzl.) Schltr.
	Orchidaceae
	1
	2


The richness of vascular epiphytes found similar to the increasing gradient of coffee management intensity. The Shannon diversity index showed that the highest (H' = 0.99; E = 0.51) diversity of vascular epiphytes was observed in the semi-plantation coffee system followed by the garden coffee system (H' = 0.86; E = 0.44) and plantation coffee system (H' = 0.65; E = 0.33) (Table 12). The number of vascular epiphytes species recorded was seven, which belonged to five families in each coffee management system (Table 12). Only three vascular epiphytes (Arthropteris monocarpa, Drynaria volkensii, and Huperzia ophioglossoides) have been found in all coffee systems, while Asplenium septentrionale and Rangaeris amanuensis were the isolated species recorded in the garden coffee system and plantation coffee system, respectively. Only one species (Calyptrochilum christyanum) was shared between semi-plantation coffee and garden coffee systems, while three species (Microcoelia globulosa, Peperomia rotundifolia, and Polystachya bennettiana) were only shared between semi-plantation coffee and plantation coffee systems (Table 13). All the recorded vascular epiphytes in coffee agroecosystems were found on the canopy microhabitat.
Table 12 Diversity indices of vascular epiphytes across the coffee management systems in the study area 
	Indices
	SPC
	GC
	PC

	Species richness
	7
	7
	7

	H'
	0.99
	0.86
	0.65

	E
	0.51
	0.44
	0.33


Where: SPC, GC and PC as defined above

In the current study, a total of fifteen species and eleven families of phorophytes (host plants) were recorded in all coffee systems. The highest abundance of vascular epiphytes found on Acacia abyssinica followed by Albizia gummifera and Cordia africana. The rest of the twelve host plant species were rarely abundant (abundance = 1 to 6) in different coffee management systems. On the other hand, Fabaceae, Meliaceae, Moraceae, and Myrtaceae families contained two species each, while the other seven families contained one species each (Table 14). In general, very few epiphytes were observed on understorey vegetation than on the canopy trees.
Table 13 Vascular epiphytes absence/presence on hosts across the coffee management systems in the study area
	No
	Epiphytes  
	SPC
	GC
	PC
	Host phorophytes 

	1
	Aerangis brachycarpa
	_
	+
	_
	Acacia abyssinica 

	2
	Arthropteris monocarpa 
	+
	+
	+
	Albizia gummmifera, Ficus vasta, Sapium ellipticum, Ekebergia capensis

	3
	Asplenium septentrionale
	_
	+
	_
	Acacia abyssinica

	4
	Calyptrochilum christyanum
	+
	+
	_
	Persea americana

	5
	Drynaria volkensii 
	+
	+
	+
	Found on all identified hosts, except Brucea antidysenterica, Croton macrostachyus, Oncoba spinosa, and Trichilia emetica

	6
	Huperzia ophioglossoides 
	+
	+
	+
	Acacia abyssinica,Cordia africana

	7
	Microcoelia globulosa 
	+
	_
	+
	Acacia abyssinica, Albizia gummifera, Cordia africana, Ficus vasta

	8
	Peperomia rotundifolia
	+
	_
	+
	Cordia africana, Ekebergia capensis, Albizia gummifera 

	9
	Polystachya bennettiana 
	+
	_
	+
	Ekebergia capensis, Prunus africana

	10
	Rangaeris amaniensis 
	_
	_
	+
	Acacia abyssinica


Where: SPC, GC and PC as defined above

Table 14 Population size of phorophytes in coffee agroecosystems of the study area 

	No
	Phorophytes 
	Family 
	Population size 

	1
	Acacia abyssinica
	Fabaceae
	47

	2
	Albizia gummifera
	Fabaceae
	41

	3
	Brucea antidysenterica
	Simaroubaceae
	2

	4
	Cordia africana
	Boraginaceae
	17

	5
	Croton macrostachyus
	Euphorbiaceae
	1

	6
	Ekebergia capensis
	Meliaceae
	5

	7
	Eucalyptus camaldulensis
	Myrtaceae
	1

	8
	Ficus vasta
	Moraceae
	6

	9
	Oncoba spinosa
	Flacourtiaceae
	1

	10
	Persea americana 
	Lauraceae
	3

	11
	Prunus africana
	Rosaceae
	4

	12
	Sapium ellipticum 
	Moraceae
	4

	13
	Syzygium guineense
	Myrtaceae
	2

	14
	Trichilia emetica
	Meliaceae
	1

	16
	Vernonia amygdalina
	Asteraceae
	3


4.4. Woody species structure 
4.4.1. Woody stem density and basal area
Mean stem density was not significantly different between the coffee management systems, where the figure gradually decreased from the semi-plantation coffee system (8683.3 stem density ha-1) to the garden coffee system (7891.7 stem density ha-1) and plantation coffee system (7806.2 stem density ha-1) across the increased management intensity. On the other hand, shade trees and other understorey woody vegetations in absence of coffee shrub were found significantly highest (350 stem density ha-1) in the semi-plantation coffee system, while the lowest (139.6 stem density ha-1) in the plantation coffee system. Similarly, coffee shrub density, reduced along with the increased management intensification from the semi-plantation coffee system (8333.3 stem density ha-1) to the garden coffee system and plantation coffee system (Table 15).  
Woody stem density declined linearly with an increase in age; the highest mean value (9034.38 stem density ha-1) was estimated in young farms compared to matured or old. Coffee shrub densities declined along with an increase in age; it was recorded 8850, 7516.7 and 7383.3 stems per hectare from young, matured and old age groups, respectively. On the contrary, shade tree stem density was increased across the increase in age; however, the difference was not found significant (Table 15). 

The mean basal area was significantly different between the coffee systems and age groups. Accordingly, the mean basal (BA = 36.25 m2 ha-1) was significantly higher in the semi-plantation coffee system compared with garden coffee and plantation coffee systems, despite that the difference was insignificant between the latter two systems. On the other hand, the basal area of shade trees was significantly highest (BA = 35.4 m2 ha-1) in the semi-plantation coffee system followed in garden coffee and plantation coffee systems. Coffee shrubs BA increased significantly along the intensified management gradients, but the difference between the garden coffee and semi-plantation systems was inconsiderable (Table 15). Among the age groups, except for coffee shrubs, the basal area of the total woody species in general and shade trees, in particular, was found insignificantly different. Relatively, the highest basal area was recorded from old age groups as expected (Table 15). 
4.4.2. Shade 

Mean shade cover over coffee farms decreased significantly among the coffee management systems across the intensified management gradients. Accordingly, the highest mean shade cover (83.88%) was that of from semi-plantation coffee system followed by 67.24% and 48.11% in garden coffee and plantation coffee systems, respectively. On the other hand, shade cover percent did not vary significantly among age groups (Table 15).  

Table 15 Woody plant structural variables (mean ± SD) at coffee management systems and age group level
	Structural variables 
	Coffee management systems 
	Coffee farm age category 

	
	SPC
	GC
	PC
	P>F
	Young
	Matured 
	Old
	P>F

	Tree density
	350.0(±113)a
	141.7(±73)b
	139.6(±30)b
	<.0001
	184.38(±86)
	220.83(±143)
	226.04(±143)
	0.471

	Coffee density
	8333.3(±2839)
	7750.0(±2448)
	7666.7(±3084)
	0.6698
	8850.0(±3357)
	7516.7(±2373)
	7383.3(±2359)
	0.129

	Total density
	8683.3(±2877)
	7891.7(±2439)
	7806.2(±3089)
	0.4961
	9034.38(±2383)
	7737.53(±3397)
	7609.4(±2375)
	0.129

	Tree BA
	35.4(±0.59)a
	17.7(±0.52)b
	12.5(±0.48)b
	<.0001
	22.51(±0.5)
	17.48(±0.6)
	27.53(±0.8)
	0.105

	Coffee BA
	1.25(±0.02)b
	1.56(±0.05)b
	2.75(±0.08)a
	<.0001
	1.02(±0.03)b
	1.75(±0.04)ab
	2.50(±0.09)a
	0.011

	Total BA
	36.25(±0.60)a
	19.75(±0.53)b
	16.26(±0.49)b
	<.0001
	23.69(±0.5)
	20.42(±0.6)
	30.22(±0.7)
	0.062

	Shade %
	83.9(±15.3)a
	67.2(±45.4)b
	48.1(±36.7)b
	0.003
	74.4(±48.2)
	60.3(±27.5)
	64.5(±33.5)
	0.410

	DBH
	34.39(±22.10)a
	29.60(±18.91)b
	28.39(±21.9)b
	0.029
	28.89(22.46)
	34.63(28.04)
	36.12(23.32)
	0.567

	Height
	12.14(±5.8)
	11.44(±4.7)
	11.18(±3.8)
	0.101
	12.73(5.95)
	13.70(5.61)
	13.59(6.36)
	0.826


Means with the same letter in the row were not significantly different at P=0.05

Where: BA = Basal area; DBH = diameter at breast height; SPC, GC and PC as defined above

4.4.3. Diameter and height class distribution of woody plants 
The highest diameter (DBH = 144 cm) was occupied by the Ficus vasta tree found in the semi-plantation coffee system. The diameter classes of woody plants in coffee agroecosystems almost created an inverted J shape as expected. About 25% of the plants had DBH range between 10.1 cm and 20 cm, comparatively the most abundant class, while only a single plant had DBH greater than >140 cm diameter. About 83% of the identified woody species had DBH of ≤ 50 cm, while the rest (17%) was found in higher diameter classes ranging from 50.1 cm to 144 cm (Figure 13a). 
The result showed that the height of woody plants found in coffee agroecosystems had height ranged between 3 m and 30 m. The most abundant height class was 6.1-9 m class with 173 stocks, whereas 27.1-30 m class had only a single tree. The measured maximum height (30 m) was offered by Eucalyptus camaldulensis found in the plantation coffee system. Three plants (Cordia africana, Croton macrostachyus, and Entada abyssinica) were identified with the lowest height (3 m). A greater proportion of woody plants (77%) had ≤15 m height, while the rest (23%) belonged to high classes ranged between 15.1 and 30 m (Figure 13b). A higher proportion of woody plants had lower to an intermediate diameter and height. Inversely, higher diameter and height classes accommodated a small number or even a single plant; this indicated that higher class was species-specific like of the buttress Ficus vasta or an exceptional tallest Eucalyptus camaldulensis than any other. 
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Figure 13 Distribution percent of woody plants along diameter (A) and height (B) classes in coffee agroecosystems 
4.5. Management practices in coffee agroecosystems 
Farmers applied different silvicultural treatments to maximize coffee production, while reducing the ecosystem services of coffee agroecosystems. On the other hand, farmers did not have planted woody species except coffee shrubs in the semi-plantation coffee system. Thinning applied regularly on the understorey plants and selective shade trees may have a negative interaction with coffee plants. The intensity of thinning and overstorey branch pruning was rarely implemented in the semi-plantation coffee system to reduce shade or to create space for coffee. The semi-plantation coffee system faced very limited hoeing frequency. On the other hand, slashing applied twice per year on the seasonal herbaceous plants and regenerated seedlings reduced competition with the targeted species mainly the coffee plants (Table 16).
Pruning of shade trees and coffee shrubs was not consistently performed. The practice was intensified in the plantation coffee system (91.7%) followed by the semi-plantation system (87.5%) and the garden coffee system (75%) for the overstorey trees (Table 16). Similarly, coffee pruning carried out intensively in the plantation coffee system (100%) and reduced in garden coffee and semi-plantation coffee systems. This activity was intended to increase light intensity in the understorey strata and enhance the growth (height and girth) of the retained coffee plants. Seedlings of the intended shade trees were planted deliberately within garden coffee and plantation coffee systems. All shade trees of the plantation coffee system were planted purposefully, unlike that of garden coffee (83.3%) which was originated from the combination of the planted and retained from the naturally existing at the time of residential building. Nursery-raised seedlings were not planted in the semi-plantation coffee system, rather self-regenerated was maintained during slashing, indeed, to upgrade the density of scarcely populated species (Table 16). 

Watering was not a task in the semi-plantation coffee system (0%) and garden coffee system (0%); rather establish farms in hill foot or valley following the waterway as the semi-plantation coffee system. Whereas, within the plantation coffee system (50%), owners purposefully irrigate the surface flow on the certain exposed sides of the farm during the long, heavy sun season even though not intensively and regularly applied (Table 16). Hence, the application of watering inline of improving productivity through facilitating the fast growth of younger coffees as well as a reproduction from flowering season to coffee cherries maturation when ideal water may proportionally demand. Farmers carried out the hoeing practice within the coffee systems at least twice per year to improve soil physical property, particularly to improve the pore space for better soil aeration and water holding capacity. The ground cultivation was focused mainly on soil mixing to bring relatively higher organic matter and other essential elements for fine roots in the rhizosphere. In addition to this, hoeing the coffee land in the off-season causes the uplifting of weed seedlings and exposing the root to death; thereby reduce the competition for belowground resources (Table 16). 
Table 16 Management practices (%) and reasons of application by coffee farmer households of the study area (N=72)
	Management Practices
	Frequency
	Coffee systems
	Reason of application

	
	
	SPC (%)
	PC (%)
	GC (%)
	

	Thinning 
	Once per 3 year
	95.8
	25.0
	83.3
	to reduce resource competition 

	Tree pruning  
	1-3 per year 
	87.5
	91.7
	75.0
	to reduce crown cover (reduce light competition)

	Coffee pruning 
	Once per 5 year
	54.2
	100.0
	70.8
	to rejuvenate coppices  

	Slashing/weeding
	Twice per year 
	79.2
	100.0
	95.8
	to reduce belowground resource competition  

	Hoeing 
	Twice per year 
	100.0
	100.0
	100.0
	to improve soil property, nutrient reshuffling 

	Watering 
	2-4 months per year  
	_
	50.0
	_
	to facilitate growth and reproduction

	Inorganic fertilizer 
	Once per year 
	_
	100.0
	_
	to improve soil fertility status 

	Organic fertilizer 
	1-5 per year
	_
	20.8
	95.8
	to improve soil physical and chemical property  

	Planting seedling
	Once per year
	_
	100.
	83.3
	for ecological and economical purpose


Where: SPC, GC and PC as defined above

Coffee farmers are aware of soil fertility enhancement through traditional or modern technical interventions. Application of inorganic chemicals and organic matter such as farmyard manure and compost were found a very common practice in the plantation coffee system. However, farms at the semi-plantation coffee system were not treated with the addition of any fertilizer except by mixing the slashed living biomass with the soil system as a source of organic matter. The farms of the garden coffee system enjoyed the application of cattle manure and compost applied regularly or randomly applied by the family labor (Table 16). 
Based on the use values, farmers planted intentionally or maintained shade trees in coffee farms considering trees’ positive association with coffee plants. Almost all canopy trees or understorey plants were retained in the semi-plantation coffee system and managed for their ecological importance in general and balanced shade provision in particular. All the early successional species were retained purposefully for shade value (Table 16). Following this trend, farmers maintained the dominant species like Albizia gummifera and Acacia abyssinica, which are evergreen and have a positive aboveground interaction (shade cover) with a coffee plant. Besides, the specified species were potential for altering the soil chemical property through biological fixation to add nutrients in the rhizosphere. On the other hand, early successional deciduous trees species like Croton macrostachyus were also maintained for their fast-growing nature and for quality leaf litter, which is easily decomposing and thereby improved soil property resulting in enhanced coffee production (Table 17). 
Table 17 Benefits, preference and characteristics of shade trees in the coffee farms as perceived by the farming HHs of the study area (n=72)

	Benefit category
	Frequency of response (%) 
	Tree characteristics 
	Preference
	Frequency of response (%)

	Shade 
	100% 
	Plant type
	Evergreen 
	69(95.8)

	
	
	
	Deciduous  
	3(4.2)

	Cash generation 
	33.3%
	Height 
	Tall>10 m 
	42(58.3)

	
	
	
	Short<10 m
	30(41.7)

	Organic matter 
	75%
	Shade quality 
	Dense 
	16(22.2)

	
	
	
	Light 
	56(77.8)

	Fuel wood 
	69.4%
	Crown shape 
	Circular 
	53(73.6)

	
	
	
	Flat 
	19(26.4)

	Fodder 
	30.5%
	Leaf size 
	Small 
	66(91.7)

	
	
	
	Large 
	6(8.3)

	Soil & water conservation
	76.4%
	Leaf  decomposition
	High 
	70(97.2)

	
	
	
	Low
	2(2.8)

	Fruit 
	31.9%
	Association 
	Positive 
	72(100)

	
	
	
	Negative 
	0(0)

	Medicinal value
	26.4%
	Commercial 
	Timber 
	35(48.6)

	Construction material 
	41.7%
	Subsistence 
	Fruit and fodder
	37(51.4)


4.6. Farmers’ preferences of coffee shade tree characteristics  
Farmers’ woody species preference criteria were not highly varied among the coffee systems. 95.8% of the coffee farmers’ selected evergreen shade tree species. 58.3% preferred trees taller than >10 m, while 41.7% preferred trees shorter than 10 m. The majority of farmers (77.8%) preferred light shade cover. A greater proportion of farm owners (73.6%) set a circular crown, which assumed a more preferred characteristic than an excessively extended flat crown. On the other hand, 91.7% and 97.2% preferred plants bearing small leaf and litter easily decomposed, respectively. All coffee growers intentionally selected shade trees associated with coffee plants. Commercial and subsistence values of trees were found equally important to the growers (Table 17). 
All woody species in the plantation coffee system were planted to regulate the better shade and quality litter, and having a sound symbiotic association and thereby producing a ample amount of quality coffee. On the other hand, the benefit of incorporating shade trees in the garden coffee system was for not only the ecosystem services but also for the subsistence value (Food and Fuelwood), commercial and construction purposes (Table 17). Fodder, medicinal value, and soil and water conservation were the major reasons for the deliberate retaining of important species in the semi-plantation coffee and the garden coffee systems. Hence, species having quality protein and fast-growing nature like Sesbania sesban were deliberately incorporated in coffee farms since assumed have a positive relationship with perennial crops. On the other hand, species like Vernonia amygdalina were planted for medicinal value in addition to provide shade; however, there was no intention of planting for this purpose in the plantation coffee system. The farmers’ preference for shade trees varied in this study area. The most preferred shade tree species was Albizia gummifera (100%) followed by Acacia abyssinica (90.3%) and Cordia africana (87.5%), while the least preferred was Sapium ellipticum (12.5%) followed by Ekebergia capensis (22.9%) and Bersema abyssinica (33.3%) (Table 18). 
Seedlings of maintained trees were sourced from natural regeneration (hereafter said self-raised), wildings, a combination of self-raised and wildings, and nursery. These sources were not used uniformly in all coffee management systems. The farmers retained self-raised and transplanted wildings in the place of natural death in the semi-plantation coffee system. The combination of wildings and nursery-raised was used in the plantation coffee and garden coffee systems. However, a greater proportion of seedlings in the plantation coffee system were deliberately raised in the nursery. An important preferred shade tree species in the garden coffee system was originated either from local or permanent nurseries mainly for edible fruits in addition to those transplanted from wild. Shade trees were categorized as self-raised (5.56%), planted (16.67%) and a combination of self-raised and planted (77.78%). There was no wild coffee in the adjacent nearby natural forest because the study zone is not at the origin of forest coffee; all coffee shrubs in the farms were planted. Therefore, among the systems, farmers planted purposefully and raised coffee in traditional or modern nurseries at different intensity levels.
	No
	Tree species 
	Degree of preference (%) 

	1
	Albizia gummifera 
	100

	2
	Acacia abyssinica
	90.3

	3
	Cordia africana
	87.5

	4
	Millettia ferruginea 
	79.2

	5
	Vernonia amygdalina
	75

	6
	Croton macrostachyus
	68.8

	7
	Sesbania sesban 
	62.5

	8
	Mangifera indica
	47.9

	9
	Prunus africana
	41.7

	10
	Bersema abyssinica
	33.3

	11
	Ekebergia capensis
	22.9

	12
	Sapium ellipticum
	12.5


Table 18 Farmers’ preferred shade tree in coffee farms of the study area (N=72)
The frequency of implementing various management practices ranged from one to three times per year. The majority of coffee farming households (63.8%) carried out different management activities twice a year, while about one third was performed three times in a year. On the other hand, only 2.78% of HHs carried out once a year, depending on the budget and level of awareness. Weeding (slashing) and hoeing operations were performed on an average of twice a year during the middle of the rainy season and just before the cherry coffee picking. In a newly established coffee farm, the density of shade trees was generally high but gradually thinned out to reduce competition. Pruning on old and less productive coffee shrubs was a common practice in plantation coffee. This practice was not often in garden coffee and semi-plantation coffee systems. 
Farmers’ of the semi-plantation coffee system faced the challenges of coffee berry disease and frequent animal trampling effect. Chemical waste from the factory (Ethiopian Commodity Exchange) and uncontrolled animal effects are perceived as a serious problem in the plantation coffee system. Except for coffee berry disease, no visible challenge was identified within the garden coffee system. Some farmers indicated that a shortage of labor and finance caused them not to adopt required management practices, which are believed as factors reducing the productivity of coffee farms.

4.7. Effect of farmers background on tree selection and management practices
There was a strong significant association between farmers’ education level and different management practices. Shade tree selection characteristics were significantly influenced by farmers’ education status, but the association between education and tree preference was positive, although not significant. On the other hand, age and sex of coffee farmers were not significantly associated with the variety of management practices, shade tree preference and selection characteristics. There was a significant association between farmers’ locality and management practices, shade tree preference, and shade tree characteristics selection (Table 19). 
Table 19 Association between farmers’ management practices or shade tree selection criteria and their education and age level, sex, and locality in the study area 
	
	X2
	p-value

	Education × management practices 
	30.52
	0.0000

	Education × tree preference
	14.58
	0.0678

	Education × selection criteria
	21.99
	0.0001

	Age × management practices
	5.71
	0.2215

	Age × tree preference
	24.62
	0.0768

	Age × selection criteria
	10.85
	0.0931

	Sex × management practices
	0.28
	0.8699

	Sex × tree preference
	4.49
	0.8102

	Sex × selection criteria
	2.76
	0.4306

	Locality × management practices
	61.82
	0.0000

	Locality × tree preference
	34.41
	0.0048

	Locality × selection criteria
	51.63
	0.0000


A greater proportion of management practices applied in coffee farms showed increasing order from the semi-plantation coffee system (70.8%) to the garden coffee system (79.8%) and the plantation coffee system (87.5%). Relatively, the intensity of the management practices inversely declined to intermediate and low levels along the increased management gradients from semi-plantation coffee, garden coffee, and plantation coffee, respectively (Table 20). Almost all of the selected tree species in the semi-plantation coffee system (95.8%) and plantation coffee system (100%) were affected by the type of plants, shade quality, crown shape, height, leaf size, the decomposition rate of litter produced and the interaction with coffee plants, while 33.3% of the selected in the garden coffee system were affected by the subsistence and commercial values surpassing the ecological importance. All the tree species available in the semi-plantation coffee system were found local indigenous plants (100%), while a combination of exotic and indigenous species was found in garden coffee and plantation coffee systems (Table 20). 
Table 20 Comparison of farmers’ management practices and preferred tree characteristics across the coffee management systems of the study area 

	Variables 

	
	SPC
	GC
	PC

	Management practices
	Thinning out old and unsuitable trees; pruning branches of canopy trees, pruning coffee shrubs, slashing on weed herbaceous plants at a different season, hoeing around the coffee shrubs roots
	17(70.8%)
	19(79.8%)
	21(87.5%)

	
	Intermediate management practices like watering, application of organic and industrial fertilizers
	5(20.8%)
	4(16.7%)
	3(12.5%)

	
	Low management practices such as only slashing understorey seasonal plants 
	2(8.3%)
	1(4.2%)
	0(0%)

	Preferred tree characteristics
	Positive association with coffee shrubs
	23(95.8%)
	16(66.7%)
	24(100%)

	
	Fodder, medicinal and commercial values of shade trees 
	1(4.2%)
	8(33.3%)
	0(0%)



Where: SPC, GC and PC as defined above
4.8. Total carbon stored in coffee agroecosystems 
In general, the total (biomass and soil) amount of carbon stocks stored was found significantly lower (294.28 Mg C ha-1) in the garden coffee system followed by semi-plantation coffee and plantation coffee systems (Table 21). The carbon stocks stored in biomass and soil pool of semi-plantation coffee systems was found significantly different (Table 22). Soil to 30 cm depth stored a greater proportion of the total carbon stock in coffee agroecosystems, except in the semi-plantation coffee system where about 56.7% (186.8 Mg C ha-1) of the total carbon (329.56 Mg C ha-1) was stored in plant biomass. About 64.16% (211.5 Mg C ha-1) and 46.2% (136.1 Mg C ha-1) of the total carbon stocks were stored in the soil reservoir of plantation coffee and garden coffee systems, respectively. The mean difference of carbon was significantly higher in plant biomass than soil carbon stocks of the semi-plantation system. 
Table 21 Potential of plant biomass and soil for carbon storage (Mg C ha-1) across the coffee management systems of the study area 
	Carbon pools
	SPC
	% total (SPC)
	GC
	% total (GC)
	PC
	% total (PC)

	Biomass carbon 
	186.8
	56.7
	158.2
	53.8
	118.13
	35.84

	AGC
	145.1
	44.03
	119.0
	40.44
	81.03
	24.58

	BGC
	41.6
	12.63
	39.2
	13.32
	37.2
	11.28

	Soil carbon 
	142.8
	43.3
	136.1
	46.2
	211.5
	64.16

	Total carbon 
	329.5±80.9a
	100
	294.28±11.7b
	100
	329.63±90.0a
	100


Where: AGC=aboveground biomass carbon; BGC= belowground biomass carbon; SPC, GC and PC as defined above
Table 22 Comparison of carbon stock between biomass and soil pools in the three coffee management systems of the study area
	Management Systems 
	Carbon pools
	N
	Mean 
	Std.dev
	T statistic
	P>t

	SPC
	Biomass 
	24
	186.75
	83.37
	2.382
	0.0129

	
	Soil 
	24
	142.80
	20.35
	
	

	GC
	Biomass 
	24
	158.18
	101.64
	-2.637
	0.9926

	
	Soil 
	24
	136.10
	23.56
	
	

	PC
	Biomass 
	24
	119.33
	81.60
	-1.033
	0.8438

	
	Soil 
	24
	211.5
	28.52
	
	


Where: SPC, GC, and PC as defined above

4.9. Biomass and carbon stocks 
Total biomass did not have a significant difference between the coffee systems. Hence the figure was slightly declined along the increased management intenisties from the semi-plantation coffee system (393.39 Mg ha-1) to the garden coffee system (337.9 ± 214.2 Mg ha-1) and plantation coffee system (266.6 ± 174.9 Mg ha-1), respectively. However, the result showed that the biomass of shade trees and coffee shrubs was found significantly different between coffee systems. The estimated biomass of the shade tree component was highest in the semi-plantation coffee system (351.9±168.1 Mg ha-1) compared with the garden coffee system (258.0±199.1 Mg ha-1) and plantation coffee system (126.9±137.9 Mg ha-1) (Table 23). Coffee shrubs’ biomass increased from less managed towards a more intensively managed system, where the significant highest biomass was estimated from the plantation coffee system compared with both semi-plantation coffee and garden coffee systems; however, there was no major variation between the last two systems (Table 23). The total biomass carbon stock was significantly highest (186.75 Mg C ha-1) in the semi-plantation coffee system followed by 158.19 Mg C ha-1 and 119.33 Mg C ha-1 from garden coffee and plantation coffee systems, respectively. In line with the total biomass, the carbon stock stored in coffee and shade tree was found significantly different between the systems (Table 24). 

Comparatively, there was higher carbon stored in aboveground biomass reservoir than in belowground from all coffee systems (Appendix 7). Results showed about 44.03%, 40.44% and 24.58% of the total carbon stock stored in aboveground plant biomass of semi-plantation coffee, garden coffee and plantation coffee systems, while 12.63% (41.6 Mg C ha-1), 13.32% (39.2 Mg C ha-1) and 11.28% (37.2 Mg C ha-1) were stored in belowground biomass of semi-plantation coffee, garden coffee and plantation coffee systems, respectively.

Table 23 Plant biomass components (Mg ha-1) in the three coffee management systems of the study area 
	Biomass components 
	Coffee systems
	Shade trees
	Coffee shrubs
	Banana
	Total

	AG biomass
	SPC
	278.6(±134.7)a
	26.5(±12.1)b
	
	305.1(±138.7)a

	
	GC
	204.7(±160.9)a
	45.9(±36.8)b
	2.4(±1.6)
	252.9(±167.9)ab

	
	PC
	100.3(±110.1)b
	81.7(±61.2)a
	
	177.3(±127.3)b

	
	F>P
	0.0008
	<.0001
	
	0.0056

	BG biomass
	SPC
	73.4(±33.5)a
	14.9(±7.7)b
	
	88.3(±36.1)a

	
	GC
	53.3(±38.2)a
	31.6(±27.7)b
	
	84.9(±49.1)a

	
	PC
	25.9(±28.3)b
	57.6(±48.9)a
	
	83.5(±55.9)a

	
	F>P
	<.0001
	<.0001
	
	0.8462

	Total biomass
	SPC
	351.9(±168.1)a
	41.4(±19.8)b
	
	393.4(±174.5)a

	
	GC
	258.0(±199.1)a
	77.5(±64.3)b
	2.4(±1.6)
	337.9(±214.2)a

	
	PC
	126.9(±137.9)b
	139.2(±109.5)a
	
	264.2(±174.9)a

	
	F>P
	<.0001
	0.0022
	
	0.9812


Means with the same letter in the column were not significantly different at P=0.05

Where: SPC, GC and PC as defined above
Across the altitude ranges, there was no significant difference in biomass, although the result showed a decreasing pattern towards the lower altitude (284.30 Mg ha-1). Similarly, there was no major variation in biomass carbon stock along the altitudinal gradients, which declined from high (170.38 Mg C ha-1) to middle (165.87 Mg C ha-1) and further to low altitude (128.02 Mg C ha-1) range (Table 25). On the other hand, shade tree biomass did not consistently change along with the increased age groups, however, the highest (299.81 Mg ha-1) biomass was significantly estimated from old age group, followed by 265.18 Mg ha-1 and 175.40 Mg ha-1 from young and matured age groups, respectively. Similarly, the least biomass carbon (112.44 Mg C ha-1) was stored in matured age group; while the highest (189.19 Mg C ha-1) was found in old age group (Table 26). 
4.9.1. Aboveground biomass and carbon stocks 
The aboveground biomass varied significantly across the intensified management gradients, where the highest (305.1 Mg ha-1) was found in the semi-plantation coffee system and followed by 252.9 and 177.3 Mg ha-1 in garden coffee and plantation coffee systems, respectively (Table 23). A greater proportion of aboveground biomass were covered by a canopy and small trees compared with the small amount estimated from understorey plants including herbaceous plants and coffee shrubs. Similarly, the aboveground biomass carbon was significantly varied across the intensified management gradients, in which carbon was stored as 145.10, 119.00 and 81.03 Mg C ha-1 in semi-plantation coffee, garden coffee, and plantation coffee systems, respectively (Table 24). The highest aboveground biomass carbon stock was stored in shade trees and followed in the coffee shrubs and in the herbaceous plants. 
Table 24 Biomass carbon stock (Mg C ha-1) in the three coffee management systems of the study area 
	Biomass Carbon  
	Coffee systems
	Shade trees 
	Coffee 
	Banana 
	Total 

	AGB carbon 
	SPC
	133.7(±64.7)a
	11.4(±5.2)b
	-
	145.1(±66.3)a

	
	GC
	89.3(±77.2)a
	19.5(±15.8)b
	1.17(±0.75)
	119.0(±80.1)ab

	
	PC
	46.8(±53.5)b
	35.1(±26.3)a
	-
	81.03(±59.7)b

	
	F>P
	0.0071
	0.0009
	-
	0.0033

	BGB carbon 
	SPC
	35.2(±16.1)a
	6.4(±3.3)b
	-
	41.6(±17.2)a  

	
	GC
	25.6(±18.3)a
	13.6(±11.9)b
	-
	39.2(±22.7)a

	
	PC
	12.4(±13.6)b
	24.7(±21.0)a
	-
	37.2(±24.7)a

	
	F>P
	0.0024
	0.0041
	-
	0.5752

	Total carbon
	SPC
	168.9(±80.7)a
	17.8(±8.5)b
	-
	186.8(±83.4)a

	
	GC
	123.8(±95.6)a
	33.1(±27.6)b
	1.17(±0.75)
	158.2(±101.6)ab

	
	PC
	60.9(±66.2)b
	59.9(±47.1)a
	-
	118.13(±81.6)b 

	
	F>P
	0.0013
	<.0001
	-
	0.0002


Means with the same letter in the column were not significantly different at P=0.05 Where: SPC, GC and PC as defined above
The biomass carbon stock was influenced by the density and characteristics of shade trees, whereas the contribution of the coffee shrubs was small. Depending on the density of shade trees, the aboveground biomass carbon stored in the plantation coffee system (46.8 Mg C ha-1) was significantly lower compared with carbon stored in semi-plantation coffee and garden coffee systems; however, the variation between semi-plantation coffee and garden coffee systems was found not major (Table 24). Inversely, the aboveground biomass carbon stored in coffee shrubs was significantly higher in the plantation coffee system (35.1 Mg C ha-1) than in garden coffee and semi-plantation coffee systems based on the density of coffee shrubs (Table 24). 
The aboveground biomass was found to increase with an increase in altitude and recorded 197.2 Mg ha-1 at low altitude range, 269.4 Mg ha-1 at a middle altitude range and 273.8 Mg ha-1 at high altitude range; however, the difference was found insignificant. A similar trend was observed in carbon stock stored in low altitude range (89.37 Mg C ha-1) and high altitude range (129.24 Mg C ha-1). Here also the difference was not significant (Table 25).
Analysis of variance indicated that aboveground biomass varied significantly between the age groups, where the highest (299.81 Mg ha-1) amount was found in old age group followed by young (265.18 Mg ha-1) and matured (175.40 Mg ha-1), even though the difference pattern was not consistently changed across the age groups. Similarly, the significant highest (138.69 Mg C ha-1) aboveground biomass carbon was stored in old age. The variation in aboveground biomass carbon was not affected consistently by a change in age, rather influenced by the DBH and the density of the plants as can be observed in old and young age groups. Shade trees stored the significantly higher proportion of aboveground biomass carbon (AGC=113.2 Mg C ha-1) in young age groups followed by old and matured. On the other hand, aboveground biomass carbon of coffee shrubs increased significantly with an increase in age. Hence, biomass, as well as carbon, were significantly lower (AGC=12.8 Mg C ha-1) in young age group, while it was higher in old age group. However, the difference between young and matured age groups was negligible (Table 26). 

Table 25 Biomass carbon stock (Mg C ha-1) in coffee agroecosystems across the altitude ranges of the study area
	Carbon reservoir
	Altitude  ranges
	Biomass       
(Mg ha-1)
	Biomass carbon 
(Mg C ha-1)

	Aboveground 
	low
	197.2(±135.6)a
	89.4(±64.8)a

	
	Middle
	269.4(±126.1)a
	127.6(±60.7)a

	
	high
	273.8(±181.7)a
	129.2(±86.7)a

	
	F>P
	0.1461
	0.0999

	Belowground 
	low
	87.1(±55.6)a
	38.2(±14.3)a 

	
	Middle
	81.7(±30.0)a
	38.6(±24.9)a

	
	high
	88.6(±52.8)a
	41.1(±24.8)a

	
	F>P
	0.8677
	0.8820

	Total 
	low
	284.3(±183.5)a
	128.0(±86.4)a

	
	Middle
	351.1(±155.1)a
	165.9(±74.6)a

	
	high
	362.4(±232.0)a
	170.4(±110.3)a

	
	F>P
	0.3227
	0.2203


Means with the same letter in the column were not significantly different at P=0.05
Table 26 Carbon stock (Mg C ha-1) stored in plant biomass among the coffee farms age groups of the study area 

	Carbon pools
	Age   
	Biomass
	Biomass carbon

	
	
	Shade tree
	Coffee 
	Total   
	Shade tree
	Coffee 
	Total   

	Aboveground pool 
	Young 
	235.5(±158.7)a
	29.7(±24.6)b
	265.18(±153.4)ab
	113.2(±76.2)a
	12.8(±10.6)b
	125.80(±72.9)ab

	
	Matured 
	126.8(±115.1)b
	48.4(±31.5)b
	175.40(±126.1)b
	60.9(±55.2)b
	20.8(±13.5)b
	81.77(±52.4)b

	
	Old 
	221.2(±164.9)ab
	78.3(±63.3)a
	299.81(±166.6)a
	106.2(±79.2)ab
	33.7(±27.2)a
	138.69(±86.7)a

	
	F>P
	0.0265
	0.0009
	0.0117
	0.0265
	0.0009
	0.0160

	Belowground pool
	Young 
	61.2(±38.8)a
	17.3(±17.1)b
	78.60(±35.7)b
	29.4(±18.6)a
	7.5(±7.4)b
	36.85(±17.1)ab

	
	Matured 
	34.8(±30.1)b
	32.5(±25.3)ab
	76.28(±31.2)b
	16.7(±14.5)b
	13.9(±10.9)ab
	30.67(±14.6)b

	
	Old 
	57.3(±40.9)ab
	54.3(±50.3)a
	111.57(±58.8)a
	27.5(±19.6)ab
	23.3(±21.6)a
	50.49(±26.8)a

	
	F>P
	0.0326
	0.0015
	0.0022
	0.0326
	0.0015
	0.0037

	Total 
	Young 
	296.7(±197.3)a
	47.1(±41.7)b
	343.7(±187.7)ab
	142.4(±94.7)a
	20.3(±17.9)b
	162.65(±89.5)ab

	
	Matured 
	161.6(±145.2)b
	80.9(±55.6)ab
	242.7(±136.0)b
	77.5(±69.7)b
	34.8(±23.9)ab
	112.43(±65.2)b

	
	Old 
	278.6(±205.7)ab
	132.6(±113.5)a
	411.4(±217.4)a
	133.7(±98.7)ab
	57.0(±48.8)a
	189.19(±104.3)a

	
	F>P
	0.0276
	0.0011
	0.0080
	0.0276
	0.0011
	0.0119


Means with the same letter in the column were not significantly different at P=0.05

4.9.2. Belowground biomass and carbon stocks 
Small carbon stock is stored in the belowground part of the plant. The total belowground biomass of coffee systems was similar and not significantly different. Accordingly, the result indicated that belowground biomass was decreased inversely along with intensified coffee management systems. About 88.3, 84.9 and 83.5 Mg ha-1 of belowground biomass were found in semi-plantation coffee, garden coffee and plantation coffee systems, respectively. Likewise, belowground biomass of semi-plantation coffee, garden coffee, and plantation coffee systems stored 41.6, 39.2 and 37.2 Mg C ha-1 carbon stock, respectively, showing a similar pattern across the increased management gradients (Table 25). Specifically, belowground biomass of shade tree components (25.9 Mg ha-1) was significantly lower in the PC system, while the difference was not significant between semi-plantation coffee (53.3 Mg ha-1) and garden coffee (73.4 Mg ha-1) systems. Similarly, carbon stock stored in belowground biomass of shade trees was decreased with the increase in coffee management intensity by recording 35.2 Mg C ha-1 in the semi-plantation coffee system, 25.6 Mg C ha-1 in the garden coffee system and 12.4 Mg C ha-1 in the plantation coffee system (Table 24).  
The belowground biomass of coffee shrubs was significantly highest (57.6 Mg ha-1) in the plantation coffee system, although the difference between the garden coffee system (31.6 Mg ha-1) and the semi-plantation coffee system (14.9 Mg ha-1) was very negligible (Table 23). As the management gradient intensity increased, belowground biomass, as well as carbon stock stored in coffee shrubs, increased. Accordingly, the carbon stock of coffee plants was found significantly higher (24.7 Mg C ha-1) in the plantation coffee system compared to garden coffee and semi-plantation coffee systems (Table 24). The difference in carbon stock stored in belowground biomass was not significant between the altitude ranges. Relatively a high carbon was stored in high altitude range (BGC=41.14 Mg C ha-1) followed by low altitude (BGC=38.65 Mg C ha-1) and middle altitude (BGC=38.22 Mg C ha-1) ranges. An increase in the altitude resulted in a positive and linear effect on belowground biomass carbon stock (Table 25).
There was a significant difference in belowground biomass and carbon stock of coffee agroecosystems among the age groups. The highest (BGB=111.60 Mg ha-1; BGC=50.50 Mg C ha-1) was stored in old age group followed by young and matured (Table 26). The stored shade trees belowground biomass carbon was significantly highest (61.2 Mg C ha-1) in young age group, while the lowest carbon stock was stored in matured coffee farms. The belowground biomass carbon of coffee shrubs increased following the age (Table 26). Biomass carbon stored in coffee agroecosystems was affected by various factors. Likewise, the effect of DBH (b=0.005, p=0.5017), Altitude (b=1.001, p<0.0001) and plant density (b=8.591, p<0.9810) on carbon stock was positive. Whereas, total height (b=-0.001, p<0.9668) and species richness (b=-0.032, p<0.4337) addressed the insignificant negative effect on carbon stocks. Specifically, the altitude had a perfect positive linear relationship with plant biomass carbon (Table 27).
Table 27 Linear regression analysis for the effect of DBH, Height species richness, and altitude on the biomass carbon stocks  
	Variable 
	Coefficient 
	Std.error
	t value
	Pr>|t|

	DBH
	0.005
	0.006
	0.68
	0.5017

	Height 
	-0.001
	0.030
	-0.04
	0.9668

	Altitude 
	1.001
	0.002
	569.36
	<.0001

	Density 
	8.591
	0.000
	0.02
	0.9810

	Richness 
	-0.032
	0.040
	-0.79
	0.4337

	R-squared 
	0.9998
	
	Mean depend. variable
	1804.18056

	Adjusted R squared 
	0.9998
	
	F statistics
	83684.3

	Root MSE
	0.9401
	
	Prob (F-statistics)
	<.0001


4.10. Soil carbon stocks 
The total soil carbon stock stored up to 30 cm depth was significantly different between the coffee management systems. The highest stock (211.5 Mg C ha-1) was stored in the plantation coffee system and followed in semi-plantation coffee and garden coffee systems, however, the difference between the latter two systems was not significant (Table 28). On the other hand, soil carbon stored in top 30 cm depth showed similar result among the age groups, where the maximum level was (169.03 Mg C ha-1) stored in old age group followed by young and matured. Analysis of variance indicated that soil carbon stock was significantly different between the altitude ranges. Therefore, the highest carbon (191.37 Mg C ha-1) was stored in high elevations, while the lowest was stored in low altitude. 
Analysis of variance showed that topsoil (0-15 cm depth) carbon stock was found significantly varied between the coffee management systems. The mean highest value of soil carbon was stored in the plantation coffee system (112.79 ±17.12 Mg C ha-1) compared with the semi-plantation coffee and the garden coffee systems. There was higher carbon stored in the semi-plantation coffee system than the garden coffee system, although the observed variation was negligible. There was no significant variation in soil carbon stored among the age groups; however, a slight high carbon stock (84.33± 28.27 Mg C ha-1) was found in old age groups. Soil carbon stored in the top 15 cm depth varied significantly between the altitude ranges. The highest mean value (96.53 Mg C ha-1) was recorded in high altitude compared to the carbon stored in middle altitude (82.13 Mg C ha-1) and low altitude (68.10 Mg C ha-1) (Table 28). 
Soil carbon stored within 15-30 cm depth varied significantly among the coffee management systems and along with altitude ranges, but it was insignificant among the age groups. Accordingly, the highest mean value (98.71±14.76 Mg C ha-1) was stored in the plantation coffee system compared to semi-plantation coffee and garden coffee systems. However, the variation between semi-plantation coffee and garden coffee systems was insignificant. Across the altitude, stored soil carbon in 15-30 cm depth showed an increased linearity and significance; thus the lowest mean carbon (67.75±10.73 Mg C ha-1) was stored in low altitude range, but an intermediate (81.06±12.64 Mg C ha-1) and a highest (94.83±20.37 Mg C ha-1) were found in the middle altitude and high altitude ranges, respectively.
Analysis of variance showed that there was no significant variation in soil carbon stock stored in 15-30 cm depth among the age groups. The results indicated a slight high carbon (84.33±28.27 Mg C ha-1) was stored in old age group compared to carbon stored in young and matured (Table 28). A similar trend on the biomass and soil carbon storage was found between the age groups. Analysis indicated that soil carbon was found lowest in matured age group, but the highest was stored in old age group. The soil carbon stock increased significantly between the altitude ranges.
Table 28 Summary of carbon stocks by soil depth classes of coffee management systems, altitude ranges, and age groups 
	Carbon pools
	
	0-15 cm 
	15-30 cm
	Total (0-30 cm)

	Coffee systems 
	SPC
	76.69(±14.76)b 
	66.12(±11.61)b
	142.80(±20.35)b

	
	GC
	68.24(±11.04)b 
	67.86(±14.12)b
	136.10(±23.56)b

	
	PC
	112.79(±17.12)a
	98.71(±14.71)a
	211.50(±28.52)a

	
	F>P
	<.0001
	<.0001
	<.0001

	Age groups 
	Young 
	83.55(±25.62)a
	81.19(±19.26) a
	164.75(±42.00) a

	
	Matured 
	78.88(±24.79) a
	77.74(±17.55) a
	156.63(±39.52) a

	
	Old 
	84.69(±19.19) a 
	84.33(±28.27) a
	169.03(±44.82) a

	
	F>P
	0.7342
	0.4354
	0.5851

	Altitude gradients 
	Low 
	68.10(±14.26)b
	67.75(±10.73)c
	135.85(±23.39)c

	
	Middle 
	82.13(±21.52)ab
	81.06(±12.64)b
	163.19(±28.65)b

	
	High 
	96.53(±31.61)a
	94.83(±20.37)a
	191.37(±49.40)a

	
	F>P
	0.0004
	<.0001
	<.0001


Means with the same letter in the column were not significantly different at P=0.05
Soil carbon decreased from the top 0-15 cm depth to 15-30 cm depth in all coffee management systems (Figure 14). A similar pattern was also observed in all age groups, except in old age group, in which no observed difference was found between the two soil depths. Soil carbon stocks decreased from the top 0-15 cm to 15-30 cm depth between the altitude ranges (Table 28). There was a strong positive relationship between altitude (b=0.430, p<0.0001) and soil carbon. Slashing practice on herbaceous plants (b=16.048, p=0.2029) had a positive effect on soil carbon storage through the deliberate combination of harvested biomass to the soil system during hoeing/ground cultivation to burgeon the soil organic matter. Plant density (b=-0.002, p=0.0684) as well as farm age (b=-1.415, p=0.7461) had a weak negative effect on soil carbon, while species richness (b=-4.391, p=0.0031) and shade (b=-0.2001, p=0.0485) addressed a significant negative impact on the soil carbon stock (Table 29).
Table 29 Linear regression analysis for the effect of richness, age, altitude, shade, density and slashing on soil carbon in coffee agroecosystems 
	Variable 
	Coefficient 
	Std.error
	t value
	Pr>|t|

	Richness
	-4.391
	1.430
	-3.07
	0.0031

	Farm age 
	-1.415
	4.351
	-0.33
	0.7461

	Altitude 
	0.430
	0.058
	7.41
	0.0001

	Density 
	-0.002
	0.001
	-1.85
	0.0684

	Shade% 
	-0.201
	0.099
	-2.01
	0.0485

	Slashing 
	16.048
	12.476
	1.29
	0.2029

	R-squared 
	0.5365
	
	Mean depend. variable
	163.47

	Adjusted R squared 
	0.4937
	
	F statistics
	29.807

	Root MSE
	12.54
	
	Prob (F-statistics)
	<.0001
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Figure 14 Soil carbon stocks from coffee sites in 0-15 cm and 15-30 cm depths along the increased management intensity  
CHAPTER FIVE

5. DISCUSSION

5.1. Diversity of woody species


Coffee agroecosystems have been rising as an alternative modified land use that contributed to the ecosystem service provision, particularly in maintaining the diversity of native plant species (Hylander et al., 2013; Tadesse et al., 2014b; Nigatu et al., 2017). However, the intensive management of the shade plant structure in the function of coffee production has had important consequences for the composition and diversity of the Afromontane rainforest (Schmitt et al., 2009). Conversion of adjacent disturbed remnant forest patches to the intensively managed coffee farms could be the source of change in species composition and dominance of very few shade trees. Accordingly, the current study depicted that Albizia gummifera was the most commonly available shade trees in coffee farms. On the other hand, earlier reports showed that, Cordia africana the second commonly available in this study was the most abundant and frequent in smallholder coffee farms of Western Ethiopia (Likassa & Gure, 2017), in Enset coffee agroforestry system of Southern Ethiopia (Molla & Asfaw, 2014) and in coffee farms of Uganda (Negawo & Beyene, 2017). According to Negash et al (2012), Millettia ferruginea was the most abundant and frequent in coffee based agroforest of Southern Ethiopia. 
There was a change of species occurrence along the increasing gradients of coffee management intensity. For example, Croton macrostachyus the successional plant and abundant in the semi-plantation was declined to frequent in plantation coffee system and occasional (infrequent) in garden coffee systems. Very few shade tree species were frequently available in each coffee system as the result of different factors. Accordingly, the most frequent shade tree species in semi-plantation coffee system could be discussed from the high natural regeneration potential characteristics, while the deliberate planting ecologically important species (e.g., N-fixation to improve soil property and balanced shade provision) influenced that of the plantation coffee system since productivity improvement is the management goal. Therefore, Acacia abyssinica deserve the right place for this goal and become the most frequent species. On the other hand, Cordia africana, the most frequent in the garden coffee system was influenced by the economic value, although ecologically less important in coffee systems (Likassa, 2014; Evizal et al., 2016).

The overall relative dominance of species in an area was indicated by the importance value index (Negawo & Beyene, 2017). Use value, the source of the seedling and the position of the coffee farms resulted in the difference in the importance of tree species (Likassa & Gure, 2017). Among the coffee shade tree species, only a few of them had high importance. Thus, the dominant species in coffee agroecosystems of the overall study sites was Albizia gummifera. The dominance of Albizia gummifera was because of the early successional nature and not having excessive shade over the coffee plant (Hundera et al., 2013). However, the result indicates the farmer preference of Cordia africana, Acacia abyssinica, and Croton macrostachyus based on the plant characteristics. These species have been reported as the most dominant in the coffee landscape of Ethiopia (Hundera et al., 2013; Likassa, 2014; Worku et al., 2015; Denu et al., 2016). Similarly, Cordia africana was reported the most dominant species in coffee farms of Southwestern Ethiopia (Denu et al., 2016; Likassa & Gure, 2017), Southern Ethiopia (Molla & Asfaw, 2014) and Uganda (Negawo & Beyene, 2017) because of the quality timber which highly demanded in the local market. 

The dominant woody species are not uniformly distributed in various coffee agroecosystems. The successional nature of the species, management intensification and farm management goals observed may be the result of changing the dominant species in each system. Thus, Albizia gummifera, Acacia abyssinica and Cordia africana were respectively the most dominant species of semi-plantation coffee, plantation coffee, and garden coffee systems. Studies from Southwest Ethiopia reported that Croton macrostachyus and Albizia gummifera were the most dominant and important species in semi-plantation coffee and plantation coffee systems (Aerts et al., 2011; Hundera et al., 2013; Worku et al., 2015). On the other hand, Cordia africana, which is now proclaimed as one of locally threatened tree species in its natural habitat, found the dominant timber tree in the garden coffee system. This species is highly retained or intentionally planted in coffee farms mainly due to the expected quality timber. Contrarily, Millettia ferruginea one of the less important species in the current study was found the most dominant tree species in different coffee based homegardens of Southern Ethiopia, which have the potential of improving soil fertility (Negash et al., 2012; Tefera et al., 2016). Conservation of woody species based on the interaction with coffee shrubs, ecosystem service provision, and the farmer’s preference are the causes for the variation of coffee farms across the increasing gradients of coffee management intensity.

The diversity of woody species in coffee agroecosystems had generated a clear variation among the coffee systems based on the management intensity. The result of the current study indicated that diversity of woody species changed, as coffee management transformed from extensive to the more intensified system. This implies that a change in management activities caused a loss of species diversity. Therefore, the coffee system with less management intervention was found with greater woody species composition, while the most intensively managed system had harbored few species and low diversity. Similarly, earlier studies suggested that increased management gradients have been observed with high change over species richness of forest coffee to smallholder coffee farms and an intensified plantation coffee system in Ethiopia, indicates the species loss (Senbeta & Denich, 2006; Aerts et al., 2011; Hundera et al., 2013; Tadesse et al., 2014b; Worku et al., 2015; Mengistu & Asfaw, 2016). Likewise, tree community composition strongly varied significantly between coffee management systems (Hundera et al., 2013; De Beenhouwer et al., 2016). 

Intensification of forest coffee cultivation to maximize coffee production in Ethiopian moist evergreen Afromontane forest resulted in degradation of tree species composition and their respective structure (Hundera et al., 2013; Tadesse et al., 2014b; Mohamed et al., 2015; De Beenhouwer et al., 2016). Accordingly, coffee agroecosystems conserved large proportions of woody species originated from the forest, however, intensification of coffee cultivation from forest coffee to semi-forest coffee and semi-plantation coffee systems bring about approximately 41% of species loss (Hundera et al., 2013) and dropped to 37% when intensified to large scale coffee plantations (Tadesse et al., 2014a). Contrarily, management interventions in semi-forest coffee systems also had a strong impact on tree species composition, especially in the upper canopy tree species richness of forest coffee and semi-forest coffee system was reported similar, but higher small trees and shrubs were found in semi-forest coffee than the naturally existing forest coffee system (Schmitt et al., 2009). 

The current study showed that almost all woody species existing in semi-plantation coffee systems are remnants of the naturally existing adjacent forests or not transplanted from other sources. The semi-plantation coffee system had a higher species richness than the plantation coffee system. Likewise, tree species observed on the semi-plantation coffee system was higher than that of plantation coffee system (Mohamed et al., 2015) and garden coffee system (Tadesse et al., 2014b). Accordingly, consecutive reduction of woody species was observed from diverse polyculture (S = 29±2.3) to simple polyculture (S = 14±1.8) and shade monoculture (S = 11±1.4) coffee agroecosystems of Mexico, based on maximum coffee cherries collection interest (Moguel & Toledo, 1999; Lopez-Gomez et al., 2008). Similarly, the most recent finding also confirmed that woody species richness declined across the coffee management intensification as for example from high diversification (S= 7±3) to low diversification (4±2) coffee agroforestry of Costa Rica (Cerda et al., 2017). Therefore, the intensity of management is mostly designed with reducing shade tree species that are less suitable for coffee shrubs or have negative Tree-Crop Interaction (aboveground or belowground resource competition).

Change in elevation addressed a major effect on the woody species richness. The change of species was observed inconsistent across the altitudinal gradients. Middle altitude coffee farms significantly accommodate a greater woody species than the low altitude. On the contrary, low altitude farms accommodate the greater woody species richness than the middle altitude farms (Tefera et al., 2016). Likewise, plant species richness in fragmented Afromontane rainforests of Southwest Ethiopia increased across the altitudinal gradients from low elevated to intermediate and high elevated areas (Schmitt et al., 2010). It is possible that species of low altitude or high altitude farms may be restricted to the specific site conditions; whereas, those are at middle altitude almost accommodate the combination of the two extreme natures. Only a few species adapted to either high or low elevations, while at middle altitude, the physicochemical properties of the site enabled more species to prefer and survive. Even though extremely low or high elevation has a negative impact on woody species richness, their variation was inconsiderable. Therefore, more of the representative species are plenty at middle altitude farms.    

Traditional forest coffee management practices to minimize the effect of woody species on the existence and productivity of coffee plants have affected the indigenous species at different management systems (Nigatu et al., 2017). Traditional coffee agroforest, which has been converted from the original forest either through the understorey clearings or through active management, may have resulted to the diversified shade tree species (Hylander et al., 2013; Senbeta & Denich, 2006; Schmitt et al., 2009; Tadesse et al., 2014a; De Beenhouwer et al., 2016). The level of intensification of coffee management depended on the availability of land to coffee growers, the scale of production, and the location of the farm in the landscape (Tadesse et al., 2014b). There was a significant variation in woody species diversity among the Ethiopian traditional coffee management systems (Hundera et al., 2013). Accordingly, diversity declined along the increased management gradients from forest coffee to semi-forest coffee, semi-plantation coffee, and plantation coffee systems, respectively (Worku et al., 2015; De Beenhouwer et al., 2016). 
The current study confirmed the earlier reports which suggest the increased coffee management or cultivation has a direct negative impact on species diversity (Senbeta & Denich, 2006; Schmitt et al., 2009; Hylander et al., 2012; Hundera et al., 2013; Tadesse et al., 2014; Worku et al., 2015; Nigatu et al., 2017). Similarly, tree species diversity decreased from coffee farms relatively closer to undisturbed or less disturbed forest to disturbed forest following the increased anthropogenic disturbance level, since most of the trees on the farms were transplanted or modified from the adjacent nearby forests (Gwali et al., 2015; Likassa & Gure, 2017).     

Studies from Ethiopian coffee agroecosystems indicated that diversity of woody species was significantly higher in forest coffee than in semi-forest coffee (Senbeta & Denich, 2006; Hundera et al., 2013; Tadesse et al., 2014a; Worku et al., 2015; De Beenhouwer et al., 2016). Similarly, higher in semi-plantation coffee than in shade plantation coffee (Worku et al., 2015; De Beenhouwer et al., 2016) and in semi-forest than shade plantation coffee systems (Hundera et al., 2013; Tadesse et al., 2014a). Thus, low diversity reflects the selective removal of certain tree species in the process of decreasing shade for coffee production (Hundera et al., 2013). The finding of this study was congruent with most of those investigated from Southeast and Southwest Ethiopia that the highest diversity in the semi-plantation coffee system mimics the complex nature of the natural forest, like forest coffee or semi-forest coffee systems. On the other hand, the careful selection criteria and tedious silvicultural practices mainly thinning and slashing reduced the species diversity in shade plantation coffee system. 

Plantation coffee system represents the most intensive management type that may be more appropriately defined as a tree bearing agricultural patches than degraded forests (Hylander et al., 2013). The coffee-based agroforestry system consisted of incorporation of the selected trees in close association with coffee on former arable land or degraded pastures, considered a shade plantation coffee system, harbored a greater diversity of woody species (15 - 40 species) (Souza et al., 2012). However, the contribution of the garden coffee system for native plant diversity conservation was not yet widely studied, except very few (Teketay and Tegineh, 1991; Hundera et al., 2013; Molla & Asfaw, 2014; Seta & Demissew, 2014; Likassa & Gure, 2017). 
Diversity of woody species was found an intermediate in garden coffee as the intensity of management, increased towards providing household subsistence values. Increased intensification in garden coffee (H' = 1.5) around homesteads and into large scale farms affected the diversity of woody species negatively compared with forest coffee (H' = 3) or semi-forest coffee (H' = 1.9) systems where less managed (Tadesse et al., 2014b). On the contrary, the garden coffee system has maximum species diversity than any traditional or modern coffee management system in Mexico (Moguel & Toledo, 1999). On the other hand, a higher diversity of woody species was observed in high diversification (H' = 1.2 ± 0.4) than low diversification (H' = 0.7 ± 0.4) coffee agroforestry of Costa Rica which is very small diversity (Cerda et al., 2017). 

As the young and old age farms did correspond to the high and low diversity of woody species, respectively, it is possible that the changing pattern observed may be the result of coffee shrubs incorporation and intensity of management activities. Similarly, Evizal et al (2016) reported an inverse relationship between coffee age and woody species diversity, indicating that farms <20 years were more diverse (H' = 1.31; D = 0.32) than farms ≥20 years (H' = 0.82; D = 0.42) from Indonesia, even though the figure is less than the finding of this study. Local farmers plant species management strategies, particularly shade trees following the age of coffee shrubs sustaining the productivity of coffee (Soto-Pinto et al., 2007; Likassa & Gure, 2014) may cause less diversity of matured farms. 

There is a fact that the distribution of many species significantly correlated with altitude and slope (Schmitt et al., 2010; Kebede et al., 2013; Tadesse et al 2014a; Gole, 2015; Worku et al., 2015). The results of this study contradict with the finding that woody plant species diversity increased from middle altitude (H' = 1.6; J = 0.5) to low altitude (H' = 2.00; J = 0.6) coffee based agroforests in Southern Ethiopia (Tefera et al., 2016).

5.2. Diversity of vascular epiphytes
Vascular epiphytes did not have a uniform distribution pattern on the host plants in coffee agroecosystems, indicating that the host preference of epiphytes is more specific. Accordingly, only three species were abundantly distributed in most of the coffee farms, while the rest are rare. Drynaria volkensii and Microcoelia globulosa, were the top abundant and densely populated vascular epiphytes; this is showing that diversity of epiphytes may not be affected from greater diversity and abundance of woody species, rather the density of preferable hosts as the result of management and geographical position. Similarly, the recent studies from Southern Ethiopia agroforestry (Ayele & Awas, 2018), Southwestern Ethiopian coffee forests (De Beenhouwer et al., 2015) and natural forest (Mohamed et al., 2017) identified few species of vascular epiphytes. Contrarily, greater or 59 species belonged to 26 families were recorded from the Gera forest coffee system in Southwest Ethiopia (Bedilu et al., 2015). The difference might be from the variation in terms of the nature of the forest structure and level of anthropogenic disturbance as the result of management intensity. The dominance of Orchidaceae is confirmed by earlier findings from a similar ecological region (Hundera et al., 2013; Bedilu et al., 2015; Mohamed et al., 2017). Whereas the most recent finding shows that Polypodiaceae is the dominant epiphytes family in agroforestry followed by Orchidaceae (Ayele & Awas, 2018). This implies that the dominance of species or family depends on the nature of the agroforestry system or ecological region considered.
Although reduction of canopy structure caused the absence of many orchid species, farmers perception of epiphytes is considered as parasites having a negative impact on coffee production resulted to remove physically (Hylander & Nemomissa, 2008; Hundera et al., 2013). The diversity of vascular epiphytes was very small across the increasing gradient of coffee management intensity in the study area. Along with the increased coffee management intensity, diversity of the epiphytes also decreased from a semi-plantation coffee system to garden coffee and plantation coffee systems, which indicates that host phorophytes those carry more epiphytes are retained and modified in agroecosystem from the remnant forest patches where epiphytes were naturally existing. This pattern indicates that there is a positive correlation between the epiphytes and woody species diversity. On the other hand, as the high diversity of vascular epiphytes did correspond with a high diversity of woody species, the difference observed may be the result of conserving of higher plants with different species compositions in coffee farms. 
Relatively, the current study found small diversity of vascular epiphytes compared with the earlier investigations, mainly due to the variation in moisture content and land use systems, whereas most of the agroforestry systems observed with less diversity compared with forest (Ayele & Awas, 2018). According to Goodall et al (2014) suggested that a shade tree densities decrease, but DBH increase encourages epiphytic plants. This indicates that increased shade tree management allows the resurgence of epiphytes species. On the contrary, the intensification of coffee management from the forest coffee system to the modified system affected the diversity of epiphytes negatively (De Beenhouwer et al., 2015) and from the shade polyculture to shade monoculture coffee systems (Moorhead et al., 2010). 
Coffee associated shade trees may have selected intentionally while removing those negatively interact with coffee shrubs in more intensified coffee systems can cause loss of very rare or host specific vascular epiphytes. Accordingly, Ayele and Awas (2018) identified the selective cutting of Ficus vasta and Erythrina brucei may eventually lead to the loss of Eulophia streptopetala and Peperomia fernandopoina respectively from agroforestry system. Likewise, cutting off some important host species may finally result in the maximum loss of epiphytic species (Mohamed et al., 2017). This study identified that a greater proportion of vascular epiphytes are existing on the overstorey canopy trees than the understorey vegetation including coffee shrubs. Similarly, greater richness and abundance recorded from the canopy trees of forest coffee and semi-forest coffee systems (De Beenhouwer et al., 2015). On the contrary, coffee shrubs hold a greater diversity of epiphyte than canopy trees in homegardens (Hylander & Nemomissa, 2008).  

5.3. Vegetation structure of coffee agroecosystems  
Intensification of coffee management systems from forest coffee in Ethiopian moist evergreen Afromontane forests results in structural degradation (Hundera et al., 2013). Accordingly, traditional coffee management systems have high structural complexity compared with the surrounding large-scale shade coffee farms and monoculture (sun) coffee plantations (Moguel & Toledo, 1999; Aerts et al., 2011; Tadesse et al., 2014). The result of this study confirms the conclusion that most of the vegetation structure shows the declined pattern across the increasing modification of traditional coffee management systems. 

Removal of understorey vegetation and selective thinning of shade trees, as the result of improving coffee management system, appears a negative effect on the density of woody species. Similarly, earlier studies suggest that the regular application of silvicultural practices to create free space for coffee plant growth and development resulted in the lower density of other woody plants in forest coffee system (Senbeta & Denich, 2006; Schmitt et al., 2009; Nigatu et al., 2017) as converted to semi-forest coffee system (Worku et al., 2015). In the southwest Ethiopia, semi-forest coffee system perceived as the strategy to maintain the forest in the region; however, the specific thinning frequency and intensity applied to maximize productivity results in the reduced number of stems (Aerts et al., 2011). 
The study result indicates that the woody species density is negatively correlated with increased coffee management intensity, congruent exactly with reports of Worku et al (2015). Local farmers believe and level of management is positively associated with a higher result of tree density in the semi-plantation coffee system, while the pattern declines following the shift of goal and technical input level, which causes garden coffee and plantation coffee system to have low tree density, implies the incorporation of trees are purposefully designed for coffee productivity. This result is congruent with which reported from Southwest Ethiopian coffee farms (Worku et al., 2015) although the figure is higher in the current study. 
The strategy of reducing shade cover makes the canopy trees to be eliminated from the plantation coffee system. For example, 60% of the surveyed semi-forest coffee system disturbed due to the slashing of the understorey vegetation for the coffee cover was found to be important predictors of density reduction (Kumsa et al., 2016). Coffee management practice is an important driver of woody species density in Ethiopia which declines the similar sized trees and shrubs (Senbeta & Denich, 2006; Schmitt et al., 2009; Aerts et al., 2011; Hundera et al., 2013; Tadesse et al., 2014 a, b; Worku et al., 2015; De Beenhouwer et al., 2016; Kumsa et al., 2016; Nigatu et al., 2017). Outside of Ethiopian coffee production systems, shade tree density declined significantly from coffee agroforestry with high diversification (695 trees ha-1) to low diversification (392 trees ha-1) and coffee monoculture full sun (van Rikxoort et al., 2014; Cerda et al., 2017). 

Management intensification for coffee production appears to be negatively affecting the coffee shrubs density. Plantation coffee is moderately improved with regular inter or intra spacing, showing regular arrangement to accommodate almost fixed amount. A very recent research finding from Costa Rica also indicates that coffee shrubs density decline respectively across the increasing coffee management intensification from coffee agroforestry with high diversification to low diversification and coffee monoculture (Cerda et al., 2017). On the contrary, high and low density of coffee shrubs corresponded to more and less management intensities. This reveals that the observed pattern is the effect of product maximization, i.e., increasing from traditional polyculture (3958 ha-1) to commercial polyculture (4636 ha-1), shade monoculture (5003 ha-1) and full sun (6557 ha-1) coffee management systems of Mexico, Guatemala, Nicaragua, El Salvador and Colombia (van Rikxoort et al., 2014). 

The density of woody plants varies among the different size classes (Kumsa et al., 2016). Plants having a lower diameter are densely populated, while inversely thickness grows up, density decreases. Thus, there is an inverse relationship between woody species, thickness and the number of available plants. It is not surprising that plants having a lower diameter to be densely populated in the coffee landscape as the result of maintaining the woody plant regeneration for the future shade over the coffee plants in case of the old canopy tree failed to substitute and for the short time forest products (mainly fuelwood and fodder) collection. Distributions of stem density across DBH size classes followed inverted J shape curves, indicative of healthy regeneration (Denu et al., 2016; Nigatu et al., 2017). On the contrary, woody species other than coffee are densely populated in higher size classes from the semi-forest coffee system, suggesting that the removal of young plants during coffee management (Senbeta & Denich, 2006).

Due to slashing of the undergrowth, tree seedling density in forest coffee system decreases by >70% and >95% when shifted to semi-forest coffee and semi-plantation coffee systems, respectively through the systematic elimination of all the regenerating plants (Hundera et al., 2013). On the contrary, the density of woody plants (DBH = 2-10 cm) in the SFC system is significantly higher than the forest coffee system due to the high availability of coffee shrubs and less retention of competing overstorey trees (Senbeta & Denich, 2006; Worku et al., 2015). 
Woody plants, which have a small diameter, are decreasing in shade plantation coffee and garden coffee systems as the result of the intensive frequency of cultivation and slashing. Within the considered coffee agroecosystems, some of the forest structures are absent. A greater proportion of woody plants have a low diameter, indicating that the buttress tree may cause competition with coffee shrubs, thereby reduces targeted production. On the other hand, intensive hoeing practice in garden coffee and plantation coffee systems perceived as the negative factors affecting the regeneration potential as can be depicted from 0-10 cm diameter class accompanying low density than 11-20 cm. Likewise, several studies suggest that as clearing of undergrowth vegetation continues, structure, as well as the regeneration capacity of coffee agroecosystems, affected negatively (Aerts et al., 2011; Hundera et al., 2013; Denu et al., 2016; Nigatu et al., 2017). The diameter class distribution skewed towards a small DBH in the semi-plantation coffee system and the highest density of trees in large size classes in plantation coffee system indicates a continuous removal of the big trees for coffee management or construction and fuelwood in the former and young plus small and medium-sized trees for coffee management in the latter (Tadesse et al., 2014a; Worku et al., 2015).  

The shade trees appear positively correspond with the coffee age. Similarly, Evizal et al (2016) reported that abundance of shade trees increased with increasing coffee shrubs age post planting; which increased from 97 per hectare in private coffee farms of less than 20 years to 160 trees of >20 years and also from 276 trees of <20 years in coffee farms on community land to 360 trees of >20 years. This variation indicates that as confidence in coffee plants to survive and bear fruits developed, there is less attention to remove overstorey vegetation, since fear for negative interaction (competition) with coffee plants reduced. On the other hand, the size of the shade trees height and DBH increased significantly, whereas tree density remained stable within nine years (Richards & Mendez, 2013).

There was an inconsistent figure on the basal area of woody plant species variation between natural forest and coffee agroecosystem. Likewise, according to Nigatu et al (2017), the greater basal area is found in forest coffee (58.85 m2 ha-1) than in natural forest (41.98 m2 ha-1), even though the significantly higher density of mature trees and saplings is estimated from the natural forest of Southeast Ethiopia. Similarly, the lower basal area was also reported from natural forest compared with shade coffee agroforestry from the same region (Mengistu & Asfaw, 2016). Further modification of the coffee management system affects the basal area of the naturally existing vegetations. For example, basal area decreased by 68% following the conversion of forest coffee to semi-forest coffee system and declined more in semi-plantation coffee system (Hundera et al., 2013). Contrarily, an earlier study from Ethiopian Afromontane indicated that an estimated basal area was significantly higher in semi-forest coffee than forest coffee due to the greater availability of plants having DBH 2-10 cm in the former system (Senbeta & Denich, 2006). Intensification of coffee cultivation led to a more homogeneous vegetation structure and basal area (Worku et al., 2015). Inline of the current study, the basal area of the coffee agroforestry vegetation decreased following the management intensity from high diversification (BA=15.7±6.7) to low diversification (BA=10.4±5.8) system as reported from Costa Rica (Cerda et al., 2017).

Due to annual slashing, the recruitment of canopy trees may only be feasible within the forest fragments (Aerts et al., 2009). There is a trade-off between retaining a sufficient amount of trees to keep the benefits of shade, and removing trees to increase the light availability to provide acceptable coffee yields (Aerts et al., 2011; Hundera et al., 2013). Shade reduced across the coffee management gradients appears that there is a negative relationship between shade cover and intensified coffee management systems. Shade percent of canopy trees declined significantly across the intensified coffee management systems. 
Shade trees naturally existing in the semi-plantation coffee system covered a greater proportion of the coffee farm while canopy or small trees are relatively less removed through thinning practice. On the other hand, an intermediate and small shade stays on the coffee stratum of garden coffee and plantation systems, suggest that the trees are intentionally planted and managed regularly to improve production. Similarly, the mean canopy cover was declined significantly from forest-based coffee production to state-owned plantations or from smallholder to state-owned plantations (Tadesse et al., 2014a). Correspondingly, shade cover declined from rustic coffee agroecosystem (71-100%) to traditional polyculture (garden) (41-70%), commercial polyculture (31-40%) and shade monoculture (10-30%) following the increased management intensification in Latin America (Moguel & Toledo, 1999; Perfecto et al., 2005). Likewise, shade cover reduced from coffee agroforestry with high diversification (29±10%) to with low diversification (14±9%) in Costa Rica (Cerda et al., 2017). On the other hand, shade cover increased from 15% in the most open coffee farms to 76% in the most shade tree sites as the result of shade trees abundance (Boreux et al., 2016). Reduction of shade through removing less preferred canopy trees creates an opportunity for coffee shrubs to be replaced in the widely opened space, as, for example, in a state-owned plantation (Hernandez-Martinez et al., 2009; Soto-pinto et al., 2010; Aerts et al., 2011). 

There is the highest shade cover in the semi-plantation coffee system because of the densely populated early successional shade tree species than other coffee systems where most of the late successional shade trees raised with an intermediate or lower cover as in the plantation system. The high shade cover did not correspond to old age; it is possible that the observed pattern will be the result of fear for the successful establishment from the excessive longevity of the dry season in the absence of regular watering in young farms, while mature coffee plants can survive in the absence of excessive shade. Likewise, conversion of forest coffee system to other coffee systems affects the vegetation structure, particularly the shade cover following the management intensity (Senbeta & Denich, 2006). Likassa and Gure (2017) investigated that the presence of dominant larger trees in coffee farms may be the cause for greater shade cover rather than a higher density of woody species. Report from El Salvador indicates that coffee farm managers were not maintaining the shade tree canopy at a homogeneous height of 10 m within nine years of considered cooperatives (Richards & Mendez, 2013).
5.4. Farmers’ shade tree selection and management practices in coffee farms  
Coffee growers’ management intensity increases in the traditional forest coffee system predominantly through slashing undergrowth vegetation, hoeing, and planting of improved coffee varieties, cutting of woody plants and thinning of shade trees to increase the productivity of coffee plants (Hundera et al., 2013; Worku et al., 2015; Valencia et al., 2015; De Beenhouwer et al., 2016; Nigatu et al., 2017; Emire & Asfaw, 2018). Retaining shade trees in complex and diverse canopies makes perfect sense for biodiversity conservation and the provision of ecosystem services (Boreux et al., 2016). Based on ecological services and economic importance, only five preferred shade trees purposefully retained and/or planted abundantly, which reveal that many species of forest origin losses as the result of intensifying management practices. Accordingly, Cordia africana, Croton macrostachyus, Albizia gummifera, and Acacia abyssinica are plants densely populated in the coffee agroecosystem confirm the previous studies from the similar region (Likassa, 2014; Denu et al., 2016; Likassa & Gure, 2017; Tazebew & Asfaw, 2018). On the other hand, at middle altitude coffee farms, Cordia africana is the dominant shade tree species in coffee agroecosystems (Negash et al., 2012; Negawo & Beyene, 2017; Emire & Asfaw, 2018).

Traditional as well as modern coffee management systems in Ethiopia are managing differently to achieve the ecosystem services or direct return (coffee yield). Intensification of various practices applied in coffee farms led to have some coffee agroecosystems and modern coffee monoculture. The variations between modern and traditional coffee plantation systems in the coffee population structure can also be associated with management level on individual coffee shrubs (Worku et al., 2015). Ethiopian coffee production systems vary with little management interventions in forest coffee system to high use of modification, including varieties, inputs and silvicultural treatments in plantation coffee system (Hundera et al., 2013; Aerts et al., 2011; Tadesse et al., 2014a; Worku et al., 2015). Thus, the intensity of cutting small trees and shrubs while retaining large canopy trees increased following the increased coffee management gradients (De Beenhouwer et al., 2016).    

Traditional coffee management referring to all practices carried out by local people, including slashing of undergrowth, hoeing under coffee plants, reducing the density of shade trees through thinning, improved coffee varieties seedling planting, woody plants cutting and tree girdling to minimize the shade and competition with the targeted coffee plants (Mendez et al., 2009; Worku et al., 2015; Nigatu et al., 2017). Intensive coffee management has an adverse effect on woody species diversity (Senbeta and Denich, 2006; Schmitt et al., 2009). Accordingly, intensification of forest coffee system to semi-forest coffee and semi-plantation coffee systems as the result of tree thinning, slashing of small trees and sapling affects the recruitment of late-successional and secondary tree species or even pioneer tree species (Hundera et al., 2013). On the other hand, weeding and pruning of coffee and shade trees are performing differently among the coffee systems, suggest that these practices given equal priority, independent of other management approaches (Mendez et al., 2009) focusing mainly on retaining mature plants as for example in th semi-plantation coffee system (Worku et al., 2015). Shade tree pruning and thinning in absence of maintaining the shade tree canopy carried out in coffee farms decreased to once per year due to the shortage of labor or fund to hire external laborers (Richards & Mendez, 2013).

In a semi-plantation coffee system, there is relatively low advanced interference, which caused poor availability of canopy tree species. Mulching and application of organic matter are the common practices in most coffee farms, implying the indigenous knowledge of local farmers to upgrade production potential through cheap management practices. On the other hand, inorganic fertilizers and herbicides are systematically applied in addition to thinning, hoeing, pruning and slashing in plantation coffee system (Hundera et al., 2013; Tadesse et al., 2014a; Boreux et al., 2016; De Beenhouwer et al., 2016) which enhance production, even though addressing the negative effect on plant biodiversity.  

Farmers’ management practices of coffee farms influenced tree species, both positively and negatively. Shade trees are planted or retained for dual purposes, such that provision of shade and economic return for coffee farming HHs through supplying different materials including edible fruits. Hence, shade trees to be treated positively than others perceived to be excluded from the system as the result of having a negative effect on productivity. This indicates that the use value attached to each species results in either abundant or rare. The study results confirmed that all the intention of growing shade trees could be perceived, as the practice is necessary to carve the negative effect of the extended dry season (Albertin & Nair, 2004, Denu et al., 2016). 

The longtime tradition in the area favors the incorporation of selected native tree species into coffee farms. Hence, most farmers maintained trees in the coffee farms not only for microclimate regulation, but also for their additional values referring cash income (sale of timber and fruits), provision of food (fruits), fodder, fuelwood, bee forage, and soil fertility management. Earlier investigations confirmed the result of this study regarding the importance of coffee shade trees (Moguel & Toledo, 1999; Soto-Pinto et al., 2000; Tadesse et al., 2014b). 

Coffee shrubs and shade trees are actively pruned in most of the plantation where this activity is carried out irregularly (Hernandez-Martinez et al., 2009). However, management approaches related to shade tree density and diversity, pruning of trees and coffee shrubs, and weeding have been shown to affect soil physicochemical properties (Mendez et al., 2009) thereby reducing the diversity of understorey plants (Senbeta & Denich, 2006; Rossi et al., 2011; Hundera et al., 2013). Self-raised and nursery raised coffee plants are the two dominant origins of most coffee shrubs in different management systems (Senbeta & Denich, 2006; Hundera et al., 2013; Tadesse et al., 2014b; Worku et al., 2015), however, some investigations are indicated only from nurseries (Negash et al., 2012; Molla & Asfaw, 2014; Mengistu & Asfaw, 2016).  

Despite the farmers’ preference of shade trees in coffee farms, although various species are available, some of them, including Albizia gummifera, Acacia abyssinica, Cordia africana, and Millettia ferruginea are highly preferred based on their economic and ecological values. Similarly, these species are among the top selected shade tree species reported from the same coffee agroecosystems of Ethiopia (Denu et al., 2016; Hundera, 2016; Likassa & Gure 2017). On the other hand, in coffee-based agroforestry of Uganda, two shade tree species (Albizia gummifera and Cordia africana) are the most preferred (Negawo & Beyene, 2017). Coffee growers of Chiapas, Mexico, also unanimously agreed that the eight genus Inga including Inga oerstediana, Inga uera, and Inga punctata are undoubtedly the most beneficial shade tree species for coffee shrubs (Valencia et al., 2015). The dominance of shade trees is not always associated with farmers preference, because of some ecologically important species are less preferred but identified as dominant in coffee agroecosystems, which can explain the difference between farmers importance attachment of the species and the successional nature of the species. 
Following the management intensity, there is a shift in farmers’ species preference. Accordingly, shade trees suitable for coffee production are the most preferred indigenous species in the semi-plantation coffee system, while the combination of ecological and economically important species is purposefully designed in plantation coffee and garden coffee systems. Likewise, according to Worku et al (2015) and Denu et al (2016), preferred shade trees within various coffee management systems are different based on their use value. Accordingly, legume species are traditionally promoted by coffee growers perceives having the potential of fixing nitrogen fixation, provide balanced shade, production of quantity and quality litter to improve soil fertility and reduce erosion. The abundance of fruit trees such as Citrus species, Mangifera indica, Musa acuminata and Persea americana are from the food security point of view (Negash et al., 2012; Gobena et al., 2013; Molla & Asfaw, 2016). On the other hand, farmers maintained and managed tree species deliberately for the conservation purpose to be certified by Rainforest Alliance’s shade-grown seal and ecotourism attraction (Mendez et al., 2007).   

A reasonable number of farmers preferred shade tree characteristics, as they believe in the positive effect on coffee growth and production. Accordingly, shade trees having evergreen leaves based on the local perception that to create a cool environment for the reason that coffee plant cannot tolerate the long period (≥4 months) of the dry season. Lack of adequate budget for watering has also led farmers to raise coffee under a relatively cooler environment created by the presence of evergreen shade trees. Similarly, a greater proportion of farmers used evergreen shade trees stating that adequate shade was necessarily for the coffee plants during the dry season (Albertin & Nair, 2004). On the contrary, farmers of Southwest Ethiopia preferred shade trees from the motivation that no competition for water with coffee shrubs (Hundera, 2016). 
Farmers of the current study area preferred taller shade plants having height >10 m, indicating the local perception that taller trees do not potentially compete for light and precipitation with understorey coffee. On the contrary, shorter trees preferred by most coffee farmers of Southwest Ethiopia (Hundera, 2016) and Costa Rica (Albertin & Nair, 2004) for the reason that droplet from shorter plants couldn’t create major erosion problem; silvicultural practices applied on the shade plants addressed very minimum or almost none damaging effect on coffee branches. The result of the current study confirmed Hundera (2016) and Albertin and Nair (2004) suggestion, stating, “Light shade is preferred”. This implies that a significant amount of light is needed to penetrate the lower strata for metabolic activities. The majority of farmers preferred trees having a circular crown. The important reason for selecting a circular crown is providing equivalent shade. Contrarily, spreading crown is a preferable characteristic in most of the studies conducted on the crown shape of coffee shade trees (Hundera, 2016; Albertin & Nair, 2004) to allow almost equal amount of light over the coffee plant. 
Plants bearing small leaf are highly preferred by the farmers due to that small leaf helps to transfer adequate light and water from precipitation to coffee plants. Easily decomposable leaf litter is another preferred criterion. The principal reason for choosing this criterion is from perceived understanding that high decomposition of litter due to low lignin content resulting in higher improvement of physicochemical properties of the soil. Generally, farmers intentionally select shade trees having positive interactions with coffee shrubs mainly through providing various inputs. 

5.5. Biomass carbon stock storage potential of coffee agroecosystems
Coffee agroecosystems with low management intensity deliver important biodiversity co-benefits of biomass carbon storage in terms of woody plant species (De Beenhouwer et al., 2016). Likewise, shade coffee systems that reduce the rates of deforestation may mitigate the effects of climate change through carbon storage in shade tree biomass (Soto-Pinto et al., 2010; Noponen et al., 2013). Therefore, the change of coffee shade tree canopy structure resulted in increased aboveground biomass and corresponded carbon storage (Richards & Mendez, 2013). 

The dynamics of carbon storage may be more complex in shade coffee systems (Kichline, 2017). Extensive coffee agroforestry has great potential for carbon storage as long as the large, late-successional and high wood density trees are considered (De Beenhouwer et al., 2016), while intensification could do the same through both increased carbon sequestration and reduced pressure on further land conversion to monoculture (Noponen et al., 2013). The current study indicates the highest total carbon in the intensively managed coffee system where greater soil carbon could be the source of variation. Likewise, soil organic carbon accounted for 69% (63.1 ± 21.4 Mg C ha-1) of total carbon stock (92.6±29.0 Mg C ha-1) compared with that stored in biomass (29.6 Mg C ha-1) (Haeger, 2012). 
Since management of plantation coffee system is more professional, variety of activities made litterfall and slashed herbaceous plants added to soil system in addition to the purposeful planting of ecologically important species those may contribute more to update soil carbon stock through biological processes, while such patterns are not prominent in semi-plantation coffee and garden coffee systems. Accordingly, the observed carbon storage potential of the garden coffee system found significantly lowest. The small total carbon stored in coffee agroforests compared with the forest is suggesting that trees contributed to the greater in Guatemala (Schmitt-Harsh et al., 2012; Mohammed & Bekele, 2014). Likewise, across the increased coffee management intensification, total carbon stock showing decrease pattern from forest to shade and sun coffee systems (Noordwijk et al., 2002) or organic farms stored about 43% higher than conventional farms as the result of farmers rely on the integration of trees on soil organic matter for the maintenance of soil fertility (Haeger, 2012). In another words, the greater storage potential of traditional management systems was due to the high availability of canopy shade trees with less intensive management intervention (Soto-Pinto et al., 2010; Hergoualc’h et al., 2012; van Rikxoort et al., 2014).

Total plant biomass carbon in coffee agroecosystems is not positively corresponded with management intensities. This implies that biomass has an inverse relationship with the total carbon stock on the contrary to the management gradients. Combination of different plant species having a varied range of thickness and height with varied density resulted in total biomass difference. Coffee agroecosystems included in this study stored the smallest amount of total biomass carbon in farms with intensive management and vice versa. Earlier studies also indicated that mean biomass carbon was significantly declined from forest coffee system to semi-plantation coffee and plantation coffee system across the increased management gradients (De Beenhouwer et al., 2016) and from Enset-coffee system to Fruit-coffee system as the result of increased abundance of higher plants (Negash & Star, 2015; Negash & Kanninen, 2015). Similarly, average biomass carbon reduced significantly from traditional polyculture to commercial polyculture coffee systems (Soto-Pinto et al., 2010), from shade coffee plantation to coffee monoculture (Hergoualc’h et al., 2012; van Rikxoort et al., 2014), from coffee systems with timber shade trees to pruned leguminous shade trees and coffee monoculture (Noponen et al., 2013) and from organic to conventional coffee farms (Haeger, 2012; Jose & Bardhan, 2012). Therefore, biomass carbon increased towards coffee management gradients or coffee agroforestry systems co-occurred with greater diversity and density of woody plants (Richards & Mendez, 2013; Mohammed & Bekele, 2014; De Beenhouwer et al., 2016; Denu et al., 2016) and denser shade canopies (Tadesse et al., 2014b; Cerda et al., 2017). Contrarily, biomass carbon decreased in coffee agroforestry system at high altitude with high diversity, while opposite in less diverse and full sun coffee (Cerda et al., 2017). On the other hand, total biomass carbon was influenced both negatively and positively by some vegetation properties and altitude. Hence, biomass carbon is not always correlated with plant species diversity and abundance in coffee agroecosystems.   

Shade trees in coffee agroecosystems dramatically improve carbon stocks. Likewise, 39-93% of biomass carbon stored in trees of coffee agroforestry systems (Negash & Star, 2015) or 47% of the total carbon in coffee agroforests (Schmitt-harsh et al., 2012). Living biomass stored an intermediate amount of biomass carbon in comparison with soil stock and dead wood biomass; hence, about 30% of the total carbon stock was stored in living biomass of coffee agroforests of Mexico (Soto-Pinto & Aguirre-Davila, 2015). Similar to this study result, Seta and Demissew (2014) and Richards and Mendez (2013) concluded that agroforestry trees have great potential for carbon storage. The mean shade tree carbon stock in this study was higher than the results revealed in the work of Haeger (2012), Mendez et al (2012), Schmitt-Harsh et al (2012), and Richards and Mendez (2013) in the area. On the other hand, the small total aboveground biomass carbon (20.2 ±10.5 Mg C ha-1) stored in coffee agroecosystems was higher than twice of that found in coffee monoculture, but the figure is very less due to the fact that few shade trees or minimum density of coffee shrubs (Cerda et al., 2017). Hence, total aboveground biomass affected as the result of the dominant species (Ehrenbergerova et al., 2016). However, higher biomass carbon is not always stored in shade trees, but also in densely populated coffee shrubs (Dossa et al., 2008). 

Improved traditional coffee management activities are addressing the negative impact on aboveground biomass carbon. Accordingly, Negash and Starr (2015) reported that the important differences in terms of biomass carbon among coffee based indigenous agroforestry systems. On the contrary, according to Denu et al (2016), similar storage potential was reported between semi-forest coffee and forest coffee systems. Eighty two percent of the overall carbon stock in the shade coffee system was covered by aboveground fractions (Dossa et al., 2008), but reduced along with the increased management intensification among the diversified shade, simple shade and full sun coffee systems (Cerda et al., 2017). Accordingly, aboveground living biomass carbon depicted that there was a descending order from organic polyculture (47.8 Mg C ha-1) to non organic polyculture (46.8 Mg C ha-1) and to species specific (38.9 Mg C ha-1) shade coffee systems (Soto-Pinto & Aguirre-Davila, 2015). Similarly, aboveground biomass carbon of both shade trees and understorey coffee plants reduced from Inga trees dominated shade system to sun coffee system (Hergoualc’h et al., 2012; Haggar et al., 2013; Ehrenbergerova et al., 2016). Aboveground biomass of the coffee agroecosystem was significantly decreased drastically through time, which can be discussed as the result of the sheer density of stems in the system (Richards & Mendez, 2012; Goodall et al., 2014). Shift from forest coffee system to coffee agroforestry (Mohammed and Bekele, 2014) or from forest coffee system to semi-forest coffee systems (Denu et al., 2016) caused a major impact on aboveground biomass, because of the reduced plant stock existing naturally based on the need to maximize coffee production. 

Coffee-based agroforestry systems dominated with a certain specific woody or herbaceous plants stored an unequal amount of carbon in aboveground biomass (Espinoza-Dominguez et al., 2012; Ehrenbergerova et al., 2016). According to Cerda et al (2017), it is more relevant that coffee agroforestry systems stored greater carbon than twice that of the coffee monoculture, due to the carbon of the fruit trees, timber trees, and service trees present in their shade canopies. 

The greater contribution of the aboveground biomass is contributed by shade trees. Coffee plants also playing a vital role in storing carbon, whereas herbaceous vegetation stored the inconsiderable amount. Within all coffee management systems, carbon stored in shade trees declined along with the management intensification as the result of their density and size variation. Therefore, the most intensively managed plantation coffee system stored less carbon in shade tree components, while the opposite is true in extensive coffee systems. Similarly, van Rikxoort et al (2014) reported that biomass carbon stored in shade trees significantly declined across the increased management intensification gradient from traditional polyculture (36.3 Mg C ha-1) to commercial polyculture (22.7 Mg C ha-1) and shade monoculture (6.3 Mg C ha-1) coffee systems. 
The biomass carbon stored in the standing trees varied considerably by different shade tree species grown in the coffee plantation (Manjunatha et al., 2017). Likewise, biomass carbon of coffee systems with densely populated trees like forest coffee and coffee-based agroforestry showed higher biomass carbon than systems where trees are scarcely distributed within the annual crop field (Mohammed & Bekele, 2014). Depending on the variation of available tree density having a higher diameter, shade coffee systems had highly variable carbon stocks 6-47 Mg C ha-1, in which the share of aboveground biomass carbon stocks ranged from 3-20 Mg C ha-1 (Haggar et al., 2013). Similarly, some dominant and frequent native coffee shade trees having higher thickness (DBH >60 cm) stored about 69.53% of the pooled aboveground biomass in Gedeo coffee-based agroforestry system (Seta & Demissew, 2014) and 42% (26.1±5.2 Mg C ha-1) of the aboveground carbon in semi-forest coffee system from Jimma highlands of Ethiopia (Denu et al., 2016), may helps great in environmental provision. Among coffee based agroforestry systems of Southern Ethiopia, aboveground biomass carbon of shade trees was slightly higher in Enset coffee (116.9±105.8 Mg C ha-1) than fruit coffee (98.3±86.4 Mg C ha-1) agroforestry systems (Negash & Star, 2015). On the other hand, a coffee agroforestry system dominated with specific shade trees species stored a moderate amount of aboveground biomass carbon in Peru (Ehrenbergerova et al., 2016).
Coffee, which can grow to over two meters, may store a significant amount of carbon even when shade canopy is sparse depending on cultivar, climate, and management, and density in plantation coffee (Kichline, 2017). As a perennial plant, coffee serves as a relatively stable carbon sink throughout the productive lifespan (DaMatta et al., 2007). The current study result shows that the aboveground biomass of coffee plants was significantly highest in the plantation coffee system and declined towards the less managed coffee systems. This result is also congruent with the report of Negash & Star (2015) that coffee shrubs stored greater aboveground biomass carbon (20.7±8.2 Mg C ha-1) in fruit coffee system than in Enset coffee system (12.6±8.2 Mg C ha-1) due to the difference in their density. Similarly, carbon stock stored in coffee plant biomass increased significantly across the change from traditional polyculture system (6.3±1.1 Mg C ha-1) to commercial polyculture (7.4±0.7 Mg C ha-1), shade monoculture (8.0±1.8 Mg C ha-1) and coffee monoculture (10.5±2.1 Mg C ha-1) following the increased management gradients to the contrary of shade trees (van Rikxoort et al., 2014). On the contrary, coffee shrubs aboveground biomass carbon stored declined from non organic polyculture (11.4 Mg C ha-1) to organic Inga shaded (11.0 Mg C ha-1) and organic polyculture (8.8 Mg C ha-1) coffee systems from Chiapas Mexico, indicating the consequence of density or thickness (Soto-Pinto & Aguirre-Davila, 2015). 
Management operations addressed the minor effect on the coffee biomass carbon of conventional and organic farms (Haeger, 2012). According to Dossa et al (2008), coffee biomass in the monoculture system was higher than in the shaded plantation system; while observed the reverse pattern between monoculture and Inga densiflora shade system (Hergoualc’h et al., 2012). Carbon stock of coffee plants biomass was affected by density, size (thickness) and age of coffee shrubs. The carbon stocks from the coffee plants were also affected following the higher density which could not compensate for the absence of shade trees as for example in the unshaded monoculture system (van Rikxoort et al., 2014). Accordingly, coffee plants in shaded systems stored 18.4 Mg ha-1 in the age of 6-40 years (Noordwijk et al., 2002). 

Coffee cultivation across the altitudinal gradients appears positively affects the plant biomass carbon, indicating that the effect of elevation on carbon storage is not major even though it slightly shows an increasing pattern. Similarly, biomass carbon is slightly increased from low to high altitude coffee farms (Mohammed & Bekele, 2014; Cerda et al., 2017). On the contrary, biomass carbon was negatively correlated to elevation (rs = -0.47, p = 0.052) from coffee-based indigenous agroforestry (Negash & Starr, 2015). Melese et al (2014) have also reported that lower altitude stored greater carbon stock followed by high and middle altitude sites, showing inconsistent change along the altitudinal gradients. The current study indicates that there is no clear relationship between change in species and carbon stock when controlling for density, this shows an inconsistent pattern in the magnitude of the changes. On the contrary, coffee plants age, tree density, canopy tree size and tree species were positively correlated with carbon in the coffee plantations (Richards & Mendez, 2013; Seta & Demissew, 2014). 

Biomass carbon offers to positively associate with changing coffee farm age, however, there is no linear relationship between carbon and age. Accordingly, matured farms stored the smallest aboveground biomass carbon, while raised in young and old farms, showing the understanding that reduced shade trees may be the source of production improvement although negatively affecting carbon storage potential in the matured farms. On the other hand, old farms are less enjoyed by tending operations, thereby causing greater carbon storage. Earlier investigates are also conveying that age of shade coffee farm has a positive effect on biomass carbon (Noordwijk et al., 2002; Richards & Mendez, 2013), however, the figure is less than that of this study, the difference could be resulted from time interval considered. Contrarily, aboveground biomass carbon stocks decreased from 97.79 to 60.23 Mg ha-1 within 10-year interval (Goodall et al., 2014). Therefore, it is possible to discuss that plant growth stage and intensity of management practices could be the reason for the difference among the age classes. In other word, biomass carbon is more influenced by shade trees density, thickness (diameter) and height than that of coffee shrubs, which linearly associated with farm age. Contrarily, according to De Beenhouwer et al (2016), tree height and total stem density were not associated with carbon storage, whereas positively influenced by tree DBH and mean woody plant density.
The study investigation depicted that biomass carbon stock declined across the intensified management gradients from semi-plantation coffee to garden coffee and plantation coffee systems where the variation is insignificant and comparable with van Rikxoort et al (2014), Negash and Star (2015) and De Beenhouwer et al (2016). Likewise, the recent study refers that belowground biomass carbon has negatively corresponded with increased coffee management intensities (Soto-Pinto & Aguirre-Davila, 2015). Similarly, higher belowground biomass carbon was reported from the shade coffee system and coffee agroforests compare with coffee monoculture or forest reservoirs (Dossa et al., 2008; Schmitt-Harsh et al., 2012). Based on the nature of the dominant trees in coffee plantations, belowground biomass carbon stock declined from Inga site to Eucalyptus site and Pinus site coffee agroforestry (Ehrenbergerova et al., 2016). Apart from shade tree coarse roots, belowground carbon was essentially contributed by fine roots from topsoil (0–20 cm) (Dossa et al., 2008). 
Herbaceous plants except banana and enset are not storing an ample amount of both aboveground and belowground biomass carbon. Likewise, most of the earlier researches are not appreciating the herbaceous biomass carbon stock since most of them do not have a lifespan of more than 4 months, while perennials stored a certain amount of biomass carbons on the gradual process following the growth performance (Negash & Star, 2015; Soto-Pinto & Aguirre-Davila, 2015). 
Following the increment of plant height, the amount of plant biomass carbon decreased. As expected, based on the plant nature, the distribution of carbon along the increased height of plants is not always linear, due to the physiological process until to finish vertical growth, hence old plants stored greater carbon. On the other hand, thickness, as well as density of woody plants, has a positive effect on biomass carbon, although not addressing the significant effect. This refers to greater carbon stored in sites dominated by big trees as expected. In fact, plants with higher diameter, but shorter, stored a small proportion of biomass compared with taller plants. The result shows the linear relationship between biomass carbon and farm altitude; indicating as altitude increased, biomass carbon also increased. Similarly, change in elevation influenced the carbon storage potential of coffee farms (Soto-Pinto et al., 2010; Schmitt-Harsh et al., 2012). Farms harbored more woody species stored less biomass carbon. This implies that a greater presence of plant species that negatively interact or highly competent for the resources may cause other vegetation to grow stunted, thereby resulted to store small biomass carbon. Contrarily, a study from Southern Ethiopia indicated that there was a strong positive correlation between species richness and aboveground biomass carbon (Seta & Demissew, 2014).
5.6. Soil carbon storage    
Although monoculture agriculture is the main driver for deforestation thereby caused climate change in most of the tropical regions, it has a mitigation potential of small (5.5-6.0 Gt year -1 CO2 – equivalent by 2030), with as much as 89% of this from soil organic carbon storage (Smith et al., 2008). Coffee-based agroforestry systems that managed organically is the very important carbon storing in plant biomass with especial potential of soil organic matter which perceived as the major component of carbon stocks (Hergoualc’h et al., 2012; Negash & Starr, 2015; Soto Pinto & Aguirre-Davila, 2015; Ehrenbergerova et al., 2016). The result of the current study depicts greater carbon stored in soil than biomass in the intensively managed plantation coffee system, while inversely biomass stored higher carbon than soil in less managed garden coffee and semi-plantation coffee systems. Accordingly, earlier studies also reported that soil carbon reservoir was higher than biomass carbon in the most intensively managed coffee system (Vanderhaegen et al., 2015) and coffee-based agroforestry system of Southwest Ethiopia (Mohammed & Bekele, 2014) due to the effect of changing land use systems from naturally existing to human modified types or active anthropogenic disturbance in addition to management intensities. Soil carbon stock stored in 0-30 cm depth was significantly different among coffee systems in that plantation coffee system stored the highest amount, whereas, the small amount in the garden coffee system because of the difference in terms of farmers soil management practices and the nature of the existing plant species. This result is congruent with De Beenhouwer et al (2016) which found the significant highest mean soil carbon stock stored in plantation coffee system than forest coffee system (P = 0.028), semi-forest coffee system (P = 0.002) and semi-plantation coffee system (P = 0.019), respectively from Southwest Ethiopia. Other studies suggest that management intensities and differences in plant diversity perceived to affect carbon stock in topsoil of coffee agroforestry systems (De Beenhouwer et al., 2016; Cerda et al., 2017; Denu et al., 2017). A change in soil carbon stock is positively corresponding with increased management intensification. Accordingly, soil carbon stock increased along with the intensified management activities from 172 Mg C ha-1 in Enset-Tree-Coffee to 179 Mg C ha-1 in Tree-Coffee system (Negash & Kanninen, 2015); which is comparable with this study result. On the contrary, soil carbon stock in top 0-30 cm depth declined across the increased management gradients from forest to coffee agroforestry system (Mohammed & Bekele, 2014) or coffee monoculture (Noordwijk et al., 2002); from organic farms to conventional farms within 25 cm depth (Haeger, 2012); from coffee shaded with certain species to the most intensified coffee monoculture in all soil depth classes (Hergoualc’h et al., 2012). The difference in soil organic carbon is primarily caused by soil bulk density, which confirmed by the positive relationship in the plantation coffee system (De Beenhouwer et al., 2016). 
The position of coffee farms has a substantial effect on the soil carbon stock. Establishment of coffee farms across the altitude offers to positively correspond with soil carbon stock, that higher carbon is stored in upland coffee farms, this can be discussed from vegetation cover or suitable environmental factors that maintain carbon stock. Similarly, studies show that soil carbon increased following the increasing coffee agroecosystems altitudinal gradients (Mohammed & Bekele 2014; Ji et al., 2017) as like in Southwest Ethiopia and China. In coffee agroforestry with a high diversity of shade trees, soil carbon stocks increased from low altitude coffee farms to high altitudes (Cerda et al., 2017). Contrarily, the carbon stock in soil pool was higher in lower altitude and lower in middle altitude with moderate carbon stocks in the upper altitude class (Melese et al., 2014), hence, that there is no clear association between mean soil organic carbon stock in one meter depth and altitude in agroecosystem from Ethiopia (Gebeyehu et al., 2017).  

Carbon stock in 15 cm as well as 15-30 cm depth is depicting that there is a major variation among the coffee systems. Accordingly, the significant highest storage in the plantation coffee system has resulted from the systematic and regular application of management approaches that enhance carbon. The intensity of ground cultivation (hoeing) to mix the recently added fresh organic matter (litter and herbaceous plants) into the soil zone with the less organic matter was relatively high in the plantation coffee system. Relatively, a greater density of ecologically important plants that have quality root exudates and litter are found in the plantation coffee system, which could have contributed to higher soil carbon storage. Additionally, regular application of both organic and inorganic fertilizer could be the reason for a greater proportion of soil carbon stock in 15 cm depth. On the other hand, although there were higher woody plant density and basal area recorded in the semi-plantation coffee system, the stored soil carbon stock in 15 cm depth is almost similar with the garden coffee system which does have an intermediate plant density or scarce availability of large trees. 

Soil carbon stock in 0-15 cm and 15-30 cm depth of coffee farms was positively corresponded with increasing altitudinal gradients. This refers that the relative cold atmospheric temperature at higher altitude coffee farms may be the reason for better vegetation growth; thereby store greater soil organic carbon. Similarly, other studies showed that soil organic carbon stock showed positive significant correlation with altitude in coffee agroforestry due to the temperature at lower site hyper aridity makes stunted growth of plants (Shedayi et al., 2016; Cerda et al., 2017). Out of the agroecosystem, soil organic carbon stock increases by 5.1 kg C m-2 per 1000 m altitude increase in forestland (Dieleman et al., 2013). In addition to the temperature influence, aboveground litterfall and root mortality are the two primary processes that contribute to soil carbon inputs across the altitude (Charan et al., 2012). 

The smallholding agroforestry system of Southern Ethiopia stored 109 to 253 Mg C ha-1 in the topsoil from 0-60 cm depth. There was a high storage of soil carbon stock in 0-30 cm depth compared with 30-60 cm depth. Specifically, although there is no major difference among agroforestry systems of Southern Ethiopia, Enset based agroforestry system stored (121.9 ± 18.0 Mg ha-1) in 0-30 cm which followed by Enset-Coffee agroforestry (119.7±42.8) and 114.8±45.4 in Fruit-Coffee agroforestry system (Negash & Starr, 2015). The relative soil carbon (RSC) values are the highest in all cases in the upper layers of soil and decrease with depth; where carbon stock in agroforestry coffee plantations with Pinus species stored highest which followed by Eucalyptus site and Inga site coffee-based agroforestry (Ehrenbergerova et al., 2016). Belowground carbon was essentially contributed by fine roots from a tree in topsoil 0-20 cm. The carbon stock stored in the soil system declined from 0-20 cm to 20-40 cm (Dossa et al., 2008). Soil carbon stock has shown a declining pattern from the top towards the increasing depth in all organic coffee systems of Mexico (Soto-Pinto & Aguirre-Davila, 2015) and in all indigenous coffee-based agroforestry systems of Southeastern rift valley escarpment of Ethiopia (Negash & Starr, 2015). Similarly, carbon stock storage declined insignificantly in both coffee monoculture and coffee agroforestry of Costa Rica from 0-10 cm to 10-20 cm, 20-30 cm, and 30-40 cm respectively (Hergoualc’h et al., 2012). 

Greater intensity of slashing caused greater carbon storage in the soil reservoir. Higher plant density resulted to lower soil carbon. Farms maintained higher species richness inversely stored lower soil carbon, which can explain the increased soil carbon stocks were mainly driven by increased carbon input, resulting from enhanced plant productivity, which surpassed enhanced carbon loss from decomposition or associated with enhanced soil nitrogen mineralization rates (Cong et al., 2014). Similarly, old age farms relatively stored highest soil carbon due to better less litter production. Higher availability of litter biomass on the ground offers soil carbon stock. Higher shade cover on coffee plants is offering a negative impact on the amount of soil carbon storage. This can be discussed as a less biological activity both in the soil system and aboveground as the result of minimum light and temperature arrived, the ground caused lower storage of soil carbon.
CHAPTER SIX

6. CONCLUSION AND RECOMMENDATIONS  
Traditional coffee management systems were found to be the most important modified land use system for plant biodiversity conservation and carbon sequestration in Western Ethiopia. Impact of deforestation can be compensated by establishing coffee agroecosystems ranging between extensively and intensively managed systems, which provide biodiversity and carbon storage co-benefit. Increased human management intensity to maximize coffee products can be perceived as the negative factor for plant biodiversity conservation and carbon storage co-benefit of coffee agroecosystems. Although conservation of plant biodiversity usually more promising in the natural ecosystem, coffee agroecosystems deserve an important role for in-situ and ex-situ conservation of woody species including the locally endangered higher plants as alternative modified land use systems. The study found evidence of Cordia africana one of the locally destructing Ethiopian higher plants from wild is abundantly conserved in traditionally managed coffee farms; it is possible to determine that traditional coffee management systems caused better plant biodiversity conservation. However, the level of agricultural products proposed to be collected has been observed as the major cause of woody species loss. Therefore, it is possible to conclude that the intensively managed coffee systems is not always the source of plant biodiversity loss, but also an opportunity to conserve some woody species and vascular epiphytes limited to specific phorophytes based on coffee growers knowledge on the compatibility with coffee shrubs and use value they have.  
The dominance of woody species in coffee agroecosystems is not uniform throughout Ethiopia based on the difference in farm management objectives and farmers indigenous knowledge for land use systems. Woody species composition has a high similarity among the coffee systems, indicating the conservation role being played as the result of farmers’ preference associated with coffee and the origin of plants maintained on the farm. Diversity of woody species was positively correlated with species richness, distribution of the species and altitude of a coffee farm, while not affected by the change in farm establishment age. There was an inverse relationship between woody species diversity and coffee management intensity; it is possible to conclude that diversity is highly influenced by the intensity of management efforts applied insight of collecting coffee cherries. Although the study investigates the effect of altitude on woody species diversity, however, there is no positive linear relationship with farm elevation, as expected, middle altitude harbored greater species due to the relatively better conducive environment availability for the plant physiological activities. 
The diversity of vascular epiphytes slightly decreased across the gradient of increased coffee management intensity as the result of farmers’ preference of shade trees and application of tending operations since this condition may affect the diversity and density of phorophytes, thereby affects host specific epiphytes. Change in species of host caused a minor effect on the diversity of vascular epiphytes species. Coffee farms closer to the adjacent remnant forest and mimic the nature of forest may have exposed to greater wind dispersal of epiphytes seeds, which may be the major source of difference for the epiphytes diversity among the coffee management systems. Intensification of coffee management gradients was not always the source of biodiversity loss; rather, it is an opportunity for host specific epiphytes diversity. Reduction of small trees or shrubs resulted to loss of understorey host dependents vascular epiphytes and restricted on the canopy shade trees. Thus, intensive thinning and pruning reduced the biomass carbon stored and diversity of vascular epiphytes. Farmers’ fear for low survival percent of seedling made young farms to have greater diversity and density of shade trees, while gradually reduced in matured farms since farmers understood coffee could produce ample cherries under the controlled shade, shade tree density, and species richness. 

Farmers’ management practices have been affecting ecosystem services. Surprisingly, Cordia africana the most abundant shade tree of coffee farms refers to the conservation role being played by coffee agroecosystems. In general, the intensification of coffee management systems resulted in the degradation of vegetation structure, particularly, the density of plant stock decreased as coffee farm management increased. As coffee management increased, plant density, shade, and basal area decreased. Most of the regenerating and small plants (low diameter and height) were removed from more intensified coffee farms. This facilitates the growth of selected ecological and economically important species including coffee shrubs. Although intensive management practices have been carried out, most of the woody plants had low thickness and height. Selective incorporation of shade trees and intensive tending operations caused high loss of indigenous species and associated structures. Plant density, basal area, and shade percentage were affected negatively due to intensive management practices like slashing and pruning carried out in plantation coffee systems. The dominance of higher shade trees would be the cause of structural diversity in general and more particularly for the character basal area and shade cover. 

The transformation from traditional to modern coffee management systems requires increased management practices, which ultimately affected farm plant biodiversity and respective structures. Early successional plants in coffee farms are purposefully conserving for their ecological importance, mainly for balanced shade provision. Late successional species are being maintained for their fast-growing property to give shade for coffee plants. All coffee management strategies are designed in line with ecological services and economic goals by achieving through the presence of target species coexisting with coffee plants. Therefore, farmers’ management strategies ranging from ecological to subsistence and/or commercial goals are the major reason for tree selection in coffee farms. 

Coffee agroecosystems have an intermediate carbon storage potential based on farmers management strategies as long as the preservation of large canopy trees, incorporation of economic and ecological important woody plant density, and soil management practices. Less managed coffee system has stored a greater proportion of carbon stock in biomass than in soil reservoir if higher woody plants are densely populated. The intensively managed coffee system stored higher carbon in soil than in biomass since garden coffee farm owners or shade plantation coffee farm managers are intentionally selecting only coffee needed shade trees beside, by managing the soil through intermixing the regularly slashed herbaceous plants and leaf litterfall with topsoil in addition to the application of organic fertilizer are reasons for greater soil carbon storage. If the intensity of management practices increased, biomass carbon stock in coffee agroecosystems is kept continuously lost. Therefore, it is possible to conclude that the carbon storage potential of coffee agroecosystems is not always higher in soil than the plant biomass reservoir depending on the type of coffee management system. Contrarily, there was a linear relationship between management intensity and coffee biomass carbon. Greater carbon is stored in the aboveground than belowground biomass components of the coffee farm. Coffee production with intensive management practices is potential for carbon storage in the soil pool. The overall carbon storage potential of coffee agroecosystems deserves an intermediate position between the less disturbed natural forest and intensively managed monoculture agriculture; it is possible to appreciate coffee agroecosystems for the climate change mitigation through the carbon sequestration as the result of shade tree presence.

The lower availability of plant species in coffee farms is associated with higher biomass carbon. This is not to point out saying that greater presence of species pulls down biomass carbon storage, rather the richness of high species with lower growth performance; fewer species having a better growth nature stored greater biomass carbon. This result is somewhat unexpected. Tree component is the major source of variation in biomass carbon stock due to the reduced abundance and growth (thickness and height) performance. Therefore, as availability of different woody species and taller shade trees decrease; biomass carbon stock stored in coffee farms increase.
The increased management gradient is directly associated with higher coffee shrubs carbon storage following the practices enhancing the basal area. The preservation of old age plants in coffee farms is related to higher biomass carbon stock storage, that higher abundance of small plants having lower diameter but taller are associated with lower biomass carbon. Plant height and diameter are not addressing a similar influence on biomass carbon. There was a strong positive linear relationship between altitude and biomass carbon, therefore as altitude increase, biomass carbon stored in coffee farms also increase. 

Carbon stored in coffee agroecosystems was more affected by the potential of soil reservoirs than biomass. A coffee system with intensive soil management practices stored greater carbon stock, while less management caused higher biomass carbon with low stock in the soil. As soil depth increased, carbon stock stored in the farm decreased across the intensified coffee management gradients. Preference of tree species and management practices which enhance organic matter production are found to be the major causes for higher soil carbon store in plantation coffee system. Whereas, less availability of plants having quality root exudates and litter causes small carbon store in the soil of garden coffee system. Soil carbon stored in coffee agroecosystems was highly affected by management intensity and altitude. Increased coffee farm age could not be a major factor for higher soil carbon. As species richness and density of woody plants increased, soil carbon decreased, it is possible to conclude that the carbon storage potential of soil is more affected by different practices carried out to improve production. Since there is an inverse relationship between shade and soil carbon stock, the absence of shade or minimum cover was not always a cause for carbon evaporation from coffee farm soil. It is possible to conclude that as woody species richness, density, and shade cover increase, inversely carbon stock stored in soil decrease.
The following recommendations are forwarded for effective ecosystem services and sustainable use of coffee agroecosystems:

1. Incorporation of coffee shrubs in the degraded lands or remnant forest patches, integrating coffee in the massive afforestation/tree planting programs, and using multipurpose trees in afforestation can be used as an alternative strategy for overstorey plant conservation and carbon sequestration. Attempt to improve coffee agroecosystems should not affect the complex nature of agroforestry. At least two strata (canopy trees and crop) of agroforestry systems criteria need to be kept shade tree species conservation. Special attention should be given to the garden and plantation coffee systems in order to conserve purposefully incorporated economical and ecologically important plant species, i.e., serving as ex-situ conservation sites of tree species like of Cordia africana.

2. Smallholder poor farmers who are unable to fund significant management costs are better to engage in the traditional coffee management systems instead of going for the modern plantation system where sophisticated agronomic and silvicultural treatments are intensively applied. Therefore, smallholders should be initiated and promoted either through incentive or ecological seal certification programs.

3. Intensive thinning and pruning to maximize coffee production goal should be  applied inline of compromising the ecosystem services that the understorey small trees or shrubs provide, i.e., climate change mitigation (carbon sequestration) and host specific vascular epiphytes species conservation. 

4. Soil management activities intended to improve the production of shade plantation coffee system are found as an opportunity for greater carbon storage. Therefore, the level of soil management intensities should be increased in less intensified (garden and semi-plantation) coffee management systems to maximize production as well as a carbon storage. 
5. The density of woody species and extended shade cover in a semi-plantation coffee system is needed to be reduced to the intermediate level in order to achieve the co-benefit goal; although higher abundance is a better source of greater biomass carbon stock store.

6. To make the ecosystem services sustainable, conservationists as well as policymakers should recognize and acknowledge the traditional coffee management systems. Improving traditional coffee management systems by reducing woody species diversity may affect the ecosystem services; rather a suitable incentive mechanism should be designed.

7. This study recommended national and regional governments to include coffee agroecosystems in the design of agricultural climate change adaptation and mitigation strategies. 

8. Chemical waste defecate from industry to plantation coffee farms, the spread of coffee berry diseases and animal trampling effect require immediate attention from policymakers since these technical factors are found as the major problem for production and ecosystem services. 

Further investigation should be conducted on:

· Regeneration potential of the indigenous plants in coffee agroecosystems  

· Litterfall biomass production and associated carbon flux across the increasing coffee management gradients
· Effect of tree-coffee interaction on cherries production and associated quality traits
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APPENDICES 

Appendix 1. General questionnaire survey administered to coffee producing HHs

General information                                                           


                                                                                       Date------/-------/---------

District--------------------------------------------------------------PA-------------------------- 
HH head: M / F


Name of respondent --------------------------------------------   Sex (M/F) --------------

HH number-------------                   Interviewer--------------------------------------------

1. What is your education status (encircle)

A. Uneducated        B) Can read only     C) Can read and write      D) primary school complete

E. Secondary school complete                  F) Joined/completed higher educations
2. Size of your farm in local unit? Type of land use, how did you obtain the land?

	No
	Land use type
	Size
	How did you obtained

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	


Key for type of land use: 1= Homestead, 2= Crop land, 3= Wood lots, 4= Waste land, 

 5= Grazing land, 6= others if any
Key for means of land possession: 1= Inherited, 2= Lease, 3= Contract, 4= Redistribution of land, 5= Others_________________________________ 

3. What are the major sources of livelihood?  How do you generate HH income? Please, prioritize both!

	No
	Farm activity
	Priority of activity
	Priority of income generation
	Objective (s)

	1
	Agricultural crop cultivation
	
	
	

	2
	Animal-rearing
	
	
	

	3
	Tree crop growing
	
	
	

	4
	Coffee production  
	
	
	

	5
	Forest product 
	
	
	

	6
	Others 1. 
	
	
	

	
	            2.
	
	
	


Key for objective: 1 = to secure food self-sufficiency, 2 = to generate cash income,

                               3 = for prestige, 4= for insurance against risk, 

                               5 = other (specify)____________________________________  

4.  Do you maintain shade trees on your coffee farm? (encircle)
             1) Yes                             2) No

5. If  your answer for Q4 is yes, which species do you maintain? what is the number of trees on  your farm? 

	No
	Tree species
	Number of  trees 
	Source  of seedling

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	


· Key for sources of seedlings: 1= Self raised, 2= Wildlings, 3= nursery, 4= others

6. Are those trees planted or naturally regenerated? (encircle)
    A) Naturally regenerated             B) planted                        C) a mixture of both
7. What are the importances of shade trees in coffee farms?

i. _______________________________________________________________

ii. _______________________________________________________________

iii. _______________________________________________________________

iv. _______________________________________________________________

v. _______________________________________________________________

vi. _______________________________________________________________
vii. _______________________________________________________________

viii. _______________________________________________________________

8. What are the potential problems coffee shade trees have in coffee farm?

i. _______________________________________________________________

ii. _______________________________________________________________

iii. _______________________________________________________________

iv. _______________________________________________________________

v. _______________________________________________________________

9. Have you ever expanded the coffee farm to the adjacent forest land? (encircle)
A) Yes                                                       B) No

10. If your answer to Q9 is “Yes”, how would you explain the change in the originality of the forest form in terms of species composition and structure?

______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

11. When you establish new coffee farm or expand the size, where were you focused on the adjacent forest land?

A) Species composition               B) Vegetation structure                  C) Both 

12. Would you like to retain or plant ample amount of shade trees in coffee farm?(encircle) 

A) Yes                               B) NO

13. If your answer to Q12 is “yes”, what is the origin of shade tree species in the coffee farms? (encircle)
A) Naturally existing                                  B) Planting                            C) Both

14. What is the size of your coffee farm and how many coffee farms you have?

A. Size in local measurement: ____________B. Number of coffee farms__________

15. What is the source of coffee shrubs on your farm? 

A) Planted                B) Naturally regenerated     C) a mixture of both. 
16. What tree species do you prefer in your coffee farm and why so?

	No
	On farm tree species preference
	Rank
	Reason

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	


· Key for reason: 1= for soil fertility, 2= for fodder, 3= for soil and water conservation, 4= for cash generation, 5= for food, 6= for shade, 7= for social purpose, 6= Others____________________________

· Codes for Ranking:     1-Most preferred        2- Preferred    3- Least preferred

17. What type of management practices do you use on coffee shade system components? 

	No
	 Species
	Management
	Reason

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	


· Key for management practices: 1=Thinning, 2= Pruning, 3= weeding, 4= fertilizing, 5= Watering, 6= hoeing, 7 = some or all of them

· Key for reason: 1= for growth, 2= to reduce competition, 3= to reduce shade, 4= for fuel wood, 5= for fodder, 6= others (specify) _____________________

18.  How many times do you manage your coffee farm per year? 

           A) 1            B) 2           C) 3          D) 4             E) more 

	No
	Problems 
	Solution

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	


19. What problems did you encounter in managing and growing shade trees and coffee shrub and how did you solve them?

Appendix 2. List of woody species recorded in the coffee farms of the study area, their origin and life form 
	No
	Species 
	Family 
	Local name
	Origin 
	Life form 

	1
	Acacia abyssinica Hochst. ex Benth
	Fabaceae
	Lafto
	I
	T

	2
	Albizia grandibracteata Taub.
	Fabaceae
	Alele
	I
	T

	3
	Albizia gummifera (J.F.Gmel.) C.A.Sim.
	Fabaceae
	Mukarba
	I
	T

	4
	Allophylus abyssinicus (Hochst.) Radlkofer
	Sapindaceae
	Malqaqqoo
	I
	T

	5
	Apodytes dimidiate E.Mey.ex Arn
	Icacinaceae
	Wondabiyo
	I
	T

	6
	Bersema abyssinica Fresen.
	Melianthaeceae
	Lolchissa
	I
	T

	7
	Bridelia micrantha (Hochst.) Baill.
	Euphorbiaceae
	Galanoo
	I
	T

	8
	Brucea antidysenterica J.F.Mill.
	Simaroubaceae
	Qomonyoo
	I
	S

	9
	Buddleja polystachya Fresen.
	Loganiaceae
	Anfaarree
	I
	T

	10
	Capparis fascicularis DC.
	Capparidaceae
	Qawwisa
	I
	T

	11
	Catha edulis (Vahl) Forssk. ex Endl
	Celastraceae 
	Chati
	I
	S

	12
	Celtis africana Burm. f.
	Ulmaceae
	Chayi
	I
	T

	13
	Citrus sinensis (L.) Osbeck.
	Rutaceae
	Burtukani 
	E
	S

	14
	Clausena anisata (Willd.) Benth.
	Rutaceae
	Ulmayi
	I
	S

	15
	Combretum molle R. Br. ex G.Don.
	Combretaceae
	Dhandhamsa
	I
	T

	16
	Cordia africana Lam.
	Boraginaceae
	Wadessa
	I
	T

	17
	Croton macrostachyus Del.
	Euphorbiaceae
	Bakkinsa
	I
	T

	18
	Ehretia cymosa Thonn.
	Boraginaceae
	Ulaga
	I
	T

	19
	Ekebergia capensis Sparrm.
	Meliaceae
	Sombo
	I
	T

	20
	Entada abyssinica Steud. ex A.Rich.
	Fabaceae
	Ambaltaa
	I
	T

	21
	Erythrina abyssinica Lam. ex DC 
	Fabaceae
	Wolensu
	I
	T

	22
	Eucalyptus camaldulensis Dehnh.
	Myrtaceae
	Bargamo dima
	E
	T

	23
	Ficus sur Forssk.
	Moraceae
	Harbu
	I
	T

	24
	Ficus thonningii Blume
	Moraceae
	Dambi
	I
	T

	25
	Ficus vasta Forssk.
	Moraceae
	Qilxu
	I
	T

	26
	Maesa lanceolata Forssk.
	Myrsinaceae
	Abayi
	I
	S

	27
	Mangifera indica L.
	Anacardiaceae
	Mango
	E
	T

	28
	Maytenus arbutifolia (A.Rich.) Wilczek
	Celastraceae
	Kombolcha
	I
	T

	29
	Millettia ferruginea (Hochst.) Bak. 
	Fabaceae
	Sotalo
	I
	T

	30
	Mimusops kummel Bruce ex A.DC.
	Sapotaceae
	Kolati
	I
	T

	31
	Nuxia congesta R.Br.ex Fresen.
	Loganiaceae
	Keyissa
	I
	T

	32
	Olea capensis L. ssp macrocarpa (C.A.Wright.) Verdc.
	Oleaceae
	Gagama
	I
	T

	33
	Oncoba spinosa Forssk.
	Flacourtiaceae
	Akuukkuu
	I
	T

	34
	Persea americana Miller
	Lauraceae
	Avocadoo
	E
	T

	35
	Podocarpus falcatus (Thumb) Mirb.
	Podocarpaceae
	Birbirsa
	I
	T

	36
	Premna schimperi Engl.
	Lamiaceae
	Urgeessaa
	I
	S

	37
	Prunus africana (Hook.f.) Kalkman
	Rosaceae
	Homi
	I
	T

	38
	Psychotria orophila Petit
	Rubiaceae
	Buna Boyyee
	I
	T

	39
	Ricinus communis L.
	Euphorbiaceae
	Qobbo
	I
	S

	40
	Salix mucronata Thunb.
	Salicaceae
	Alaltu
	I
	T

	41
	Sapium ellipticum (Krauss) Pax.
	Euphorbiaceae
	Bosoqa
	I
	T

	42
	Senna petersiana (Bolle) Lock
	Fabaceae
	Ramso
	I
	S

	43
	Sesbania sesban (L.) Merr.
	Fabaceae
	Hena
	E
	T

	44
	Stereospermum kunthianum Cham.
	Bignoniaceae
	Botoro
	I
	T

	45
	Syzygium guineense (Willd.) DC.
	Myrtaceae
	Baddeessaa
	I
	T

	46
	Teclea nobilis Del.
	Rutaceae
	Hadheessa
	I
	T

	47
	Terminalia macroptera Guill and Perr. 
	Combretaceae
	Dabaqqaa
	I
	T

	48
	Trichilia emetica Vahl
	Meliaceae
	Anunuu
	I
	T

	49
	Vernonia amygdalina Del.
	Asteraceae
	Ebicha
	I
	T

	50
	Vernonia auriculifera Hiern
	Asteraceae
	Reji
	I
	S


Where: I=indigenous; E=Exotic; T=Tree; S=shrubs

Appendix 3. List of common woody species to two and all the coffee management systems of the study area 
	No
	SPC and GC systems
	SPC and PC systems
	PC and GC systems
	Common to all systems

	1
	Acacia abyssinica
	Acacia abyssinica
	Acacia abyssinica
	Acacia abyssinica

	2
	Albizia gummifera
	Albizia gummifera
	Albizia gummifera
	Albizia gummifera

	3
	Bersema abyssinica
	Celtis africana
	Cordia africana
	Cordia africana

	4
	Cordia africana
	Cordia africana
	Croton macrostachys
	Croton macrostachyus

	5
	Croton macrostachys
	Croton macrostachys
	Ekebergia capensis
	Ekebergia capensis

	6
	Ekebergia capensis
	Ekebergia capensis
	Eucalyptus camaldulensis
	Ficus thonningii

	7
	Ficus thonningii
	Ficus sur
	Ficus thonningii
	Senna petersiana

	8
	Maesa lanceolata
	Ficus thonningii
	Olea capensis
	Vernonia amygdalina 

	9
	Maytenus arbutifolia 
	Ficus vasta
	Prunus africana
	Vernonia auriculifera 

	10
	Millettia ferruginea
	Senna petersiana
	Psychotria orophila
	

	11
	Premna schimperi
	Vernonia amygdalina
	Senna petersiana
	

	12
	Sapium ellipticum
	Vernonia auriculifera 
	Vernonia amygdalina
	

	13
	Senna petersiana
	
	Vernonia auriculifera 
	

	14
	Syzygium guineense
	
	
	

	15
	Vernonia amygdalina 
	
	
	

	16
	Vernonia auriculifera 
	
	
	


Appendix 4. Woody species Abundance, Frequency, Frequency percent and Basal area with respective class in coffee agroecosystems of the study area 

	No
	Species 
	Freq
	Freq %
	Abundance 
	Basal Area

	1
	Albizia gummifera
	44
	61.1
	84
	388.35

	2
	Cordia africana 
	38
	52.8
	88
	243.5

	3
	Croton macrostachys
	37
	51.4
	85
	61.35

	4
	Acacia abyssinica
	27
	37.5
	54
	226.55

	5
	Millettia ferruginia 
	16
	22.2
	22
	68.35

	6
	Vernonia amygdalina
	16
	22.2
	25
	36.925

	7
	Sapium ellipticum
	15
	20.8
	21
	104.45

	8
	Bersema abyssinica 
	14
	19.4
	22
	43.35

	9
	Ficus vasta
	10
	13.9
	10
	232.325

	10
	Ekebergia capensis
	9
	12.5
	14
	49.775

	11
	Senna petersiana
	9
	12.5
	13
	2.7

	12
	Syzygium guineense 
	7
	9.7
	12
	25.7

	13
	Celtis africana
	7
	9.7
	12
	25.225

	14
	Eucalyptus camaldulensis
	6
	8.3
	11
	63.55

	15
	Persea americana
	6
	8.3
	16
	15.475

	16
	Apodytes dimidiata
	6
	8.3
	8
	26.65

	17
	Psychotria orophila
	6
	8.3
	13
	6.025

	18
	Maesa lanceolata
	6
	8.3
	13
	3.275

	19
	Vernonia auriculifera 
	6
	8.3
	9
	1.825

	20
	Clausena anisata
	5
	6.9
	10
	37.725

	21
	Mangifera indica
	5
	6.9
	10
	26.325

	22
	Ficus sur 
	5
	6.9
	7
	30.125

	23
	Bridelia micrantha
	5
	6.9
	8
	4.875

	24
	Premna schimperi
	5
	6.9
	7
	2.15

	25
	Olea capensis
	4
	5.6
	4
	41.9

	26
	Prunus africana
	4
	5.6
	6
	14.35

	27
	Ficus thonningii
	3
	4.2
	4
	30.65

	28
	Catha edulis 
	3
	4.2
	7
	1.825

	29
	Maytenus arbutifolia 
	3
	4.2
	4
	1.825

	30
	Nuxia congesta 
	3
	4.2
	3
	2.875

	31
	Erythrina abyssinica
	2
	2.8
	4
	1.775

	32
	Allophylus abyssinicus 
	2
	2.8
	2
	6.1

	33
	Oncoba spinosa
	2
	2.8
	2
	1.225

	34
	Combretum molle
	1
	1.4
	1
	37.05

	35
	Trichilia emetica
	1
	1.4
	2
	15.15

	36
	Salix mucronata
	1
	1.4
	2
	6.35

	37
	Sesbania sesban 
	1
	1.4
	2
	0.675

	38
	Albizia grandibracteata 
	1
	1.4
	2
	0.475

	39
	Ehretica cymosa
	1
	1.4
	1
	2.825

	40
	Entada abyssinica
	1
	1.4
	2
	0.225

	41
	Stereospermum kunthianum
	1
	1.4
	2
	0.075

	42
	Buddleja polystachya
	1
	1.4
	1
	1.875

	43
	Mimusops kummel
	1
	1.4
	1
	1.825

	44
	Citrus sinensis
	1
	1.4
	1
	0.95

	45
	Ricinus communis 
	1
	1.4
	1
	0.95

	46
	Terminalia macroptera
	1
	1.4
	1
	0.95

	47
	Capparis fascicularis 
	1
	1.4
	1
	0.9

	48
	Podocarpus falcatus 
	1
	1.4
	1
	0.425

	49
	Teclea nobilis
	1
	1.4
	1
	0.2

	50
	Brucea antidysenterica
	1
	1.4
	1
	0.15


Appendix 5. IVI of woody species recorded in different coffee agroecosystems of the study area
	No
	Species
	Rel. freq.
	Rel. dens.
	Rel. dom.
	IVI

	1
	Albizia gummifera
	12.46459
	13.27014
	20.43854
	46

	2
	Cordia africana 
	10.76487
	13.90205
	12.81437
	37

	3
	Acacia abyssinica
	7.648725
	8.530806
	11.92236
	28

	4
	Croton macrostachys
	10.48159
	13.42812
	3.228548
	27

	5
	Ficus vasta
	2.832861
	1.579779
	12.22713
	17

	6
	Sapium ellipticum
	4.249292
	3.317536
	5.497356
	13

	7
	Millettia ferruginia 
	4.532578
	3.475513
	3.596811
	12

	8
	Vernonia amygdalina
	4.532578
	3.949447
	1.942745
	10

	9
	Bersema abyssinica 
	3.966006
	3.475513
	2.281863
	10

	10
	Ekebergia capensis
	2.549575
	2.21169
	2.619004
	7

	11
	Eucalyptus camaldulensis
	1.699717
	1.737757
	3.344366
	7

	12
	Syzygium guineense 
	1.983003
	1.895735
	1.35289
	5

	13
	Celtis africana
	1.983003
	1.895735
	1.327474
	5

	14
	Persea americana
	1.699717
	2.527646
	0.813959
	5

	15
	Clausena anisata
	1.416431
	1.579779
	1.985172
	5

	16
	Senna petersiana
	2.549575
	2.053712
	0.142308
	5

	17
	Mangifera indica
	1.416431
	1.579779
	1.3859
	4

	18
	Apodytes dimidiata
	1.699717
	1.263823
	1.402723
	4

	19
	Ficus sur 
	1.416431
	1.105845
	1.584852
	4

	20
	Psychotria orophila
	1.699717
	2.053712
	0.31758
	4

	21
	Olea capensis
	1.133144
	0.631912
	2.204905
	4

	22
	Maesa lanceolata
	1.699717
	2.053712
	0.171773
	4

	23
	Vernonia auriculifera 
	1.699717
	1.421801
	0.095529
	3

	24
	Ficus thonningii
	0.849858
	0.631912
	1.613119
	3

	25
	Bridelia micrantha
	1.416431
	1.263823
	0.256566
	3

	26
	Prunus africana
	1.133144
	0.947867
	0.755869
	3

	27
	Premna schimperi
	1.416431
	1.105845
	0.113285
	3

	28
	Combretum molle
	0.283286
	0.157978
	1.94926
	2

	29
	Catha edulis 
	0.849858
	1.105845
	0.095671
	2

	30
	Maytenus arbutifolia 
	0.849858
	0.631912
	0.096629
	2

	31
	Nuxia congesta 
	0.849858
	0.473934
	0.150663
	1

	32
	Trichilia emetica
	0.283286
	0.315956
	0.797748
	1

	33
	Erythrina abyssinica
	0.566572
	0.631912
	0.093002
	1

	34
	Allophylus abyssinicus 
	0.566572
	0.315956
	0.321682
	1

	35
	Oncoba spinosa
	0.566572
	0.315956
	0.064998
	1

	36
	Salix mucronata
	0.283286
	0.315956
	0.334083
	1

	37
	Sesbania sesban 
	0.283286
	0.315956
	0.035257
	1

	38
	Albizia grandibracteata 
	0.283286
	0.315956
	0.024703
	1

	39
	Entada abyssinica
	0.283286
	0.315956
	0.011987
	1

	40
	Stereospermum kunthianum
	0.283286
	0.315956
	0.00372
	1

	41
	Ehretica cymosa
	0.283286
	0.157978
	0.149216
	1

	42
	Buddelja polystachya
	0.283286
	0.157978
	0.099305
	1

	43
	Mimusops kummel
	0.283286
	0.157978
	0.096128
	1

	44
	Citrus sinensis
	0.283286
	0.157978
	0.050014
	0

	45
	Ricinus communis 
	0.283286
	0.157978
	0.050014
	0

	46
	Terminalia macroptera
	0.283286
	0.157978
	0.050014
	0

	47
	Capparis fascicularis 
	0.283286
	0.157978
	0.047767
	0

	48
	Podocarpus falcatus 
	0.283286
	0.157978
	0.022635
	0

	49
	Teclea nobilis
	0.283286
	0.157978
	0.010128
	0

	50
	Brucea antidysenterica
	0.283286
	0.157978
	0.00837
	0


Where: Rel.freq=Relative frequency, Rel.den=Relative abundance, Rel.dom=Relative dominance
Appendix 6. Frequency and IVI of woody species in each coffee production  system of the study area 
	
	SPC system
	
	
	GC system
	
	
	PC system
	
	

	No
	
	Freq
	IVI
	
	Freq
	IVI
	
	Freq
	IVI

	1
	Albizia gummifera
	18
	38
	Cordia africana
	18
	52
	Acacia abyssinica
	18
	86

	2
	Cordia africana 
	18
	36
	Albizia gummifera
	11
	30
	Albizia gummifera
	15
	56

	3
	Croton macrostachyus
	20
	34
	Eucalyptus camaldulensis
	5
	17
	Ficus vasta
	5
	34

	4
	Sapium ellipticum
	11
	20
	Persea americana
	6
	13
	Croton macrostachyus
	11
	27

	5
	Millettia ferruginia 
	13
	20
	Mangifera indica
	5
	13
	Psychotria orophila
	5
	16

	6
	Ficus vasta
	5
	16
	Croton macrostachyus
	6
	12
	Olea capensis
	3
	13

	7
	Bersema abyssinica
	12
	16
	Sapium ellipticum
	4
	12
	Vernonia amygdalina
	4
	12

	8
	Acacia abyssinica
	7
	11
	Vernonia amygdalina 
	6
	9
	Cordia africana
	2
	11

	9
	Clausena anisata
	5
	10
	Syzygium guineense
	1
	8
	Prunus africana
	3
	10

	10
	Tremia guineensis
	5
	9
	Ekebergia capensis
	4
	8
	Eucalyptus camaldulensis
	1
	8

	11
	Senna petersiana
	7
	8
	Catha edulis 
	3
	6
	Celtis africana
	2
	6

	12
	Ekebergia capensis
	3
	8
	Ficus thonningii
	1
	6
	Ekebergia capensis
	2
	5

	13
	Vernonia amygdalina 
	6
	7
	Millettia ferruginea
	3
	4
	Ficus sur
	1
	3

	14
	Syzygium guineense
	6
	7
	Acacia abyssinica
	2
	4
	Ficus thonningii
	1
	3

	15
	Ficus sur
	4
	7
	Bersema abyssinica
	2
	4
	Sesbania sesban 
	1
	3

	16
	Combretum molle
	1
	7
	Maesa lanceolata
	2
	4
	Vernonia auriculifera 
	1
	3

	17
	Celtis africana
	5
	7
	Maytenus arbutifolia 
	2
	3
	Capparis fascicularis 
	1
	2

	18
	Apodytes dimidiata
	6
	7
	Premna schimperi
	2
	3
	Senna petersiana
	1
	2

	19
	Bridelia micrantha
	5
	6
	Vernonia auriculifera 
	2
	3
	Teclea nobilis
	1
	2

	20
	Maesa lanceolata
	4
	5
	Buddleja polystachya
	1
	2
	
	
	

	21
	Vernonia auriculifera 
	3
	3
	Citrus sinensis
	1
	2
	
	
	

	22
	Trichilia emetica
	1
	3
	Olea capensis
	1
	2
	
	
	

	23
	Premna schimperi
	3
	3
	Prunus africana
	1
	2
	
	
	

	24
	Nuxia congesta 
	3
	3
	Psychotria orophila
	1
	2
	
	
	

	25
	Stereospermum kunthianum
	1
	2
	Ricinus communis 
	1
	2
	
	
	

	26
	Oncoba spinosa
	2
	2
	Senna petersiana
	1
	2
	
	
	

	27
	Allophylus abyssinicus 
	2
	2
	
	
	
	
	
	

	28
	Terminalia macroptera
	1
	1
	
	
	
	
	
	

	29
	Mimusops kummel
	1
	1
	
	
	
	
	
	

	30
	Maytenus arbutifolia
	1
	1
	
	
	
	
	
	

	31
	Ficus thonningii
	1
	1
	
	
	
	
	
	

	32
	Faurea speciosa
	1
	1
	
	
	
	
	
	

	33
	Entada abyssinica
	1
	1
	
	
	
	
	
	

	34
	Ehretica cymosa
	1
	1
	
	
	
	
	
	

	35
	Dovyalis abyssinica
	1
	1
	
	
	
	
	
	

	36
	Brucea antidysenterica
	1
	1
	
	
	
	
	
	

	37
	Albizia grandibracteata 
	1
	1
	
	
	
	
	
	


Appendix 7. Biomass carbon (Mg C ha-1) of woody plants in coffee farms 

	Coffee systems 
	AGBtree Carbon
	AGBcoffee Carbon
	Total AGB Carbon 
	BGBtree Carbon
	BGBcoffee Carbon
	Total BGB Carbon

	SPC
	168.06
	15.15
	183.22
	43.66
	9.39
	53.05

	SPC
	114.03
	11.42
	125.45
	29.76
	7.08
	36.84

	SPC
	251.15
	11.80
	262.95
	58.44
	6.29
	64.73

	SPC
	101.58
	9.33
	110.90
	28.04
	6.11
	34.15

	SPC
	135.74
	8.58
	144.32
	37.65
	4.47
	42.12

	SPC
	205.18
	9.62
	214.80
	52.78
	5.22
	58.00

	SPC
	207.80
	7.98
	215.78
	52.69
	4.08
	56.77

	SPC
	24.34
	5.96
	30.30
	7.12
	3.10
	10.22

	SPC
	136.98
	4.98
	141.96
	38.13
	2.78
	40.91

	SPC
	43.80
	9.86
	53.66
	13.19
	5.53
	18.72

	SPC
	184.49
	5.49
	189.98
	50.01
	2.53
	52.54

	SPC
	188.82
	8.45
	197.28
	51.02
	4.35
	55.37

	SPC
	104.51
	13.34
	117.86
	28.24
	7.17
	35.41

	SPC
	193.95
	27.64
	221.59
	49.81
	17.35
	67.17

	SPC
	54.29
	7.41
	61.70
	14.57
	3.71
	18.28

	SPC
	82.00
	5.47
	87.47
	22.52
	2.75
	25.27

	SPC
	46.47
	13.85
	60.32
	13.22
	7.55
	20.77

	SPC
	102.97
	11.38
	114.36
	25.94
	6.56
	32.50

	SPC
	177.70
	11.78
	189.48
	45.95
	6.44
	52.39

	SPC
	141.12
	8.92
	150.04
	37.68
	4.84
	42.51

	SPC
	102.31
	18.03
	120.34
	27.70
	10.85
	38.55

	SPC
	194.15
	16.20
	210.34
	51.32
	9.26
	60.59

	SPC
	38.00
	10.98
	48.99
	10.53
	6.24
	16.77

	SPC
	209.54
	19.85
	229.40
	55.46
	10.52
	65.98

	GC
	56.81
	20.85
	77.66
	15.93
	12.37
	28.30

	GC
	25.27
	127.55
	152.83
	7.20
	100.70
	107.89

	GC
	22.36
	15.83
	38.19
	6.50
	8.55
	15.05

	GC
	5.23
	23.28
	28.51
	1.68
	13.28
	14.96

	GC
	19.97
	30.10
	50.07
	1.57
	19.74
	21.31

	GC
	5.22
	26.74
	32.76
	1.57
	17.68
	19.25

	GC
	65.04
	14.95
	79.99
	18.38
	8.08
	26.47

	GC
	122.89
	9.94
	132.84
	33.60
	5.61
	39.22

	GC
	146.35
	13.15
	159.50
	37.80
	7.42
	45.22

	GC
	24.04
	62.25
	86.86
	6.59
	44.64
	51.23

	GC
	20.43
	60.58
	81.00
	6.17
	44.89
	51.07

	GC
	213.99
	76.03
	290.02
	54.19
	53.29
	107.47

	GC
	10.83
	30.78
	41.61
	3.13
	19.61
	22.74

	GC
	37.89
	30.59
	37.25
	10.48
	17.92
	19.86

	GC
	26.08
	23.41
	49.49
	7.23
	15.74
	22.97

	GC
	33.47
	20.25
	53.72
	9.56
	12.61
	22.17

	GC
	138.56
	19.39
	157.95
	33.43
	12.55
	45.98

	GC
	27.39
	51.15
	78.54
	8.23
	36.75
	44.98

	GC
	28.42
	36.59
	65.01
	7.95
	22.96
	30.91

	GC
	35.70
	44.69
	82.66
	9.94
	31.59
	41.53

	GC
	25.30
	48.17
	73.48
	7.03
	33.92
	40.94

	GC
	28.44
	17.61
	46.05
	8.09
	10.58
	18.66

	GC
	14.95
	22.21
	38.19
	4.18
	33.92
	38.10

	GC
	20.67
	16.86
	37.54
	6.39
	9.64
	16.03

	PC
	91.09
	3.87
	94.96
	23.95
	2.04
	25.98

	PC
	44.77
	33.79
	78.56
	12.35
	21.44
	33.79

	PC
	345.92
	22.19
	368.11
	83.61
	14.44
	98.05

	PC
	69.59
	43.38
	112.97
	18.16
	33.14
	51.29

	PC
	185.66
	53.91
	239.56
	46.94
	37.93
	84.87

	PC
	102.73
	61.53
	164.26
	27.29
	47.57
	74.86

	PC
	114.21
	31.32
	145.52
	29.65
	20.35
	49.99

	PC
	69.18
	23.89
	93.08
	18.82
	15.12
	33.94

	PC
	72.52
	32.42
	104.93
	20.93
	19.97
	40.90

	PC
	106.94
	23.20
	130.14
	28.02
	13.34
	41.35

	PC
	44.08
	29.87
	73.96
	12.37
	18.62
	30.99

	PC
	51.28
	14.44
	65.72
	14.21
	9.65
	23.87

	PC
	20.71
	11.42
	32.13
	6.17
	6.97
	13.14

	PC
	243.51
	12.22
	255.73
	59.22
	6.43
	65.65

	PC
	204.51
	2.73
	207.24
	49.95
	1.31
	51.27

	PC
	65.87
	3.31
	69.18
	18.35
	1.63
	19.99

	PC
	78.64
	6.89
	85.53
	21.38
	7.94
	29.32

	PC
	96.21
	4.76
	100.97
	26.57
	2.28
	28.85

	PC
	89.11
	16.23
	105.34
	24.23
	9.31
	33.53

	PC
	8.46
	6.36
	14.82
	2.66
	3.15
	5.82

	PC
	35.34
	10.74
	46.08
	10.31
	5.54
	15.85

	PC
	25.99
	21.11
	47.10
	7.47
	11.75
	19.22

	PC
	108.61
	14.06
	122.67
	29.47
	8.05
	37.52

	PC
	83.13
	14.41
	97.55
	21.92
	8.35
	30.27


Appendix 8. Woody plant protocol
	Production type:

_______________
	Woody plant protocol

	
	Plot No:

__________
	Age:

______
	GPS reading
	Farm Size: ________

	
	
	
	Altitude: _______
	Latitude: _________
	Longitude:_________
	

	No
	Plant Name
	DBH (cm)
	Height (M)
	CD (M)
	
	

	1
	
	
	
	
	
	

	2
	
	
	
	
	
	

	3
	
	
	
	
	
	

	4
	
	
	
	
	
	

	5
	
	
	
	
	
	

	6
	
	
	
	
	
	

	7
	
	
	
	
	
	

	8
	
	
	
	
	
	

	9
	
	
	
	
	
	

	10
	
	
	
	
	
	

	11
	
	
	
	
	
	

	12
	
	
	
	
	
	

	13
	
	
	
	
	
	

	14
	
	
	
	
	
	

	15
	
	
	
	
	
	


	Vascular Epiphytes Protocol

	District:_____________                                 Prouction type:_______________ 

	No
	Epiphyte Name
	Plot No:_____
	Age:_____

	
	
	Host plant

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	No
	Epiphyte Name
	Plot No:_____
	Age:_____

	
	
	Host plant

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	


Appendix 9. Protocol for vascular epiphytes sampling 
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