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ABSTRACT  

Pathways of Litter Decomposition, Nutrient Dynamics and Carbon Stock Mapping 

in Asabot Dry Afromontane Forest: Implications for Sustainable Management of 

Ecosystem Functions and Services 

Tulu Tolla Tura 

Addis Ababa University, 2018 

This study was aimed at assessing and understanding the dry Afromontane forest ecosystem functioning by analyzing 

the pathways of biomass decomposition, plant community formations and nutrient dynamics in the mountainous 

landscape of the Asabot forest in the eastern highlands of Ethiopia. The plant community groups were studied using 

a systematic sampling method. For the biomass decomposition study, litter bag experimental plots were established 

along the altitudinal gradient of the upper, middle and lower elevations of the landscape. A total of 660 litterbags 

were buried in ten experimental plots (66 in each plot) in the top soil of the forest floor. Every five of the bags were 

collected in each month in order to examine the weight loss, decay rate, decay constant and the nutrient dynamics. 

The microbial communities in the litter bag experimental plots were studied by collecting soil samples from each plot 

during the wet seasons. The soil microbial community biomass was estimated using ester linked fatty acid methyl ester 

(EL-FAME) and the respiration rate was estimated by trapping the carbon released with the CO2 and the soil 

microbial activity was estimated by measuring the β-glucosidase enzyme activity in the soil samples. The study 

identified about 97 plant species distributed among 90 genera and 52 families in the Asabot dry Afromontane forest. 

Three plant community groups were identified according to hierarchical dendrogram analysis. Moreover, eight 

specific and three general trends of population structure are observed along with trees and shrub dominance. The 

microbial analysis identified 57 EL-FAMEs biomarkers associated with soil microbial community. The identified 

biomarkers biomass abundance (nmole g-1 soil) related with hydrocarbons in descending order are saturated 

(278.37)>unsaturated (187.77)> cyclic and OH (20.82)>branched (14.69), respectively. The microbial community 

biomass abundance was negatively correlated with altitude gradients; as altitude increases microbial community 

biomass abundance decreases. The biotic and abiotic environmental factors correlation with soil microbial 

community abundance is found to be significant (p<0.05). Moreover, the correlation of the soil microbial community 

respiration and β –Glucosidase enzyme activity with that of biotic and abiotic environmental factors is found to be 

significant (p = 2x10-16). Averages of the monthly and yearly decay constant (k) are found to be 0.081 and 0,97, 

respectively. Fifty percent (50%), ninety-five percent (95%), ninety-nine percent (99%), of the time of the initial leaf 

litter mass loss of the decay constant (k) range from 0.59 to 0.84 year, 2.55 to 3.62 years and 4.22 to 6.04 years, 

respectively. The litter residues nutrient dynamics linearly decreases as experimental days increases with the 

exception of nitrogen, which showed increasing trends. Litter nutrient shows change of 44.1 % on average during the 

first 120 to 360 days of the experiment with noticeable variation between altitude gradients and within altitude 

gradients. The soil nutrient dynamics was observed to generally exhibit an exponential trend. Correlation of the 

microbial biomass abundance and activity with litter decomposition and nutrient dynamics is found to be significant 

(p<0.05). The study has revealed that, the litter decomposition and nutrient dynamics of dry Afromontane forest are 

significantly influenced by biotic and abiotic environmental factors variability along altitude gradient. Moreover, the 

study showed that the potential candidacy of dry Afromontane forest in climate change mitigation and carbon trade 

negotiation. In conclusion, a well-maintained plant community interaction with soil microbial community, microbial 

community response for biotic and abiotic environmental factors, and litter decomposition and nutrient dynamics 

response for biotic and abiotic environmental factors observed to positively influence dry Afromontane forest 

ecosystem functions and services in a changing climate. 

 

Key Words: Dry Afromontane forest, plant and microbial community, litter decomposition, nutrient dynamics, ecology 

functioning 
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CHAPTER ONE 

1. INTRODUCTION  

1.1. Background  

Photosynthesis and decomposition are the major role players of biological and chemical processes 

in an ecosystem (Berg and McClaugherty, 2014). In balance of photosynthesis process; 

decomposition assigned to the transformation of humus that maintain soil fertility and carbon cycle 

(Berg and Tamm, 1991) are input-outputs nutrients in the ecosystem, and they maintain diversity 

and stability of biological community and entire food webs (Olson, 1963, Onyekwelu et al., 2006, 

Pandey et al., 2007a). The decomposition of litter is primarily influenced by environmental factors 

such as quality of litter, plant diversity, and decomposing community structure and activity (Van 

Geffen et al., 2010, Boddy and Watkinson, 1995, Polyakova and Billor, 2007, Progar et al., 2000, 

Cornwell and Ackerly, 2010, Weedon et al., 2009). The nutrient release during litter 

decomposition plays an important role in nutrient cycling in the ecosystem (Gill and Jackson, 

2000, Sayer, 2006) as source of soil nutrient (MacLean and Wein, 1978), in improving soil quality 

(Moore et al., 2006a, Li et al., 2014), and in buffering soil temperature and compaction change 

(Mo et al., 2006).  

Nutrients released from plant litter usually have two phases, rapid initial phase via leaching and 

structural disintegration and decomposition due to fungal and bacterial community activity (Qiu 

et al., 2012, Berg and McClaugherty, 2003), which maintain the natural ecosystem processes 

(Hättenschwiler et al., 2005) and ecosystem services (Cornwell et al., 2008). The biogeochemical 

process of an ecosystem is used as a tool for understanding ecosystem functioning that shows 

appropriate management option to improve ecosystem productivity (Maestre et al., 2012). 

Moreover, litter being a major component of net primary productivity of an ecosystem may provide 
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important information since it is a phenological indicator of climate change effects on forests 

ecosystem (Hansen et al., 2009). 

The remarkable feature of litter decomposition and nutrient dynamics is the variability of 

decomposition rate, decay constant (k) and nutrient release pattern within ecosystems and biotic 

and abiotic environmental factors (Zhang et al., 2008, Berg, 2000, O'neill et al., 2003). Apart from 

its time dependency, the main factors controlling litter decomposition and nutrient dynamics are 

litter structure and its chemical composition (Hättenschwiler, 2005), site microclimate condition 

and microbial community structure and activity (Tate et al., 2000). 

Temperate (k= 0.9) and tropical (k=1.8) forests annual decomposition rate constants have been 

estimated (Torreta and Takeda, 1999). Within the tropics, there are some pieces of evidence of 

regionality in decay rates coefficient of k > 2 (high) for most African forests and k = 1-2 (medium 

to high) for forests in Southeast Asia and Neotropics (Perotti et al., 1983). Decay rate coefficient 

can be low (k < 1) in tropical areas depending on litter type, season and altitude (Krishna and 

Mohan, 2017). Higher decomposition rates facilitate rapid nutrient cycling in ecosystems (Nyberg 

et al., 2012, Sariyildiz et al., 2005b). Regardless of the nutrient content, decomposition and nutrient 

dynamics of decomposing litter depends on various factors, and its process has a significant 

contribution to tropical ecosystems characterized by highly weathered soil and typically low 

nutrient holding capacity (Kimetu et al., 2008). Though, human activity and climatic factors alter 

and threaten tropical forest ecosystems; they are considered as high in-situ and ex-situ priority for 

conservation and ecological restoration area valued on high diversity (Miles et al., 2006, Ceccon 

et al., 2011). 

According to the food and Agriculture Organization of the United Nations the global forest and 

other woodland estimated to be 31% of the total land areas (Keenan et al., 2015). Percentages of 

open and closed tropical and subtropical forests are 40%; of which 42% is covered by dry forest, 

33% by moist forest and 25% by wet and rain forest (Murphy and Lugo, 1986). Africa’s dry forest 



3 
 

ecosystems cover 70–80% of the world’s proportion of dry forested area (Murphy & Lugo, 1986). 

The Ethiopian’s dry Afromontane forest is situated at an altitude range of 1500-3400 m above sea 

level; gets 700-1100 mm mean annual rainfall; and has 14-25 oC average annual temperature 

(Teketay, 1996, Ib et al., 2010, Aerts et al., 2006). This ecology is suitable for human inhabitation 

accompanied by sedentary agriculture, extensive cattle herding activities and socio-political 

instability. The forest and woodland are the most threatened and least protected ecosystem (Brink 

and Eva, 2009, Mertz et al., 2007); because of factors distributed to population increment, climate 

change, poor environmental governance and absence of proper designed policy frameworks (Fao 

and Isric, 2010).  

Deforestation and forest degradation affect the amount of biomass and carbon stored in vegetation 

(Pearson et al., 2014, Zomer et al., 2016). Land use change due to deforestation and forest 

degradation contributes 0.3 to 3.0 Pg C yr-1 of the total fossil fuel emissions of the globe, which is 

to be about 0.6 to 6 proportions of the Kyoto protocol target set for 2012 (Houghton, 2003, 

Houghton, 2007, Sohngen and Brown, 2008), and that represents the most significant proportion 

of the total emissions released from many of the developing countries. Forest degradation is known 

to alter microclimate because of a higher insolation and wind penetration, which increases 

temperature and decreases humidity along forest edges (Kapos, 1997). Moreover, forest 

degradation elevates rates of tree mortality, which affect forest biodiversity and species 

composition (Laurance et al., 1998). Altering the ecosystem structure, forest degradation can lead 

to changes in ecological processes such as litter production and nutrient cycling (Laurance, 1999). 

Above-ground live biomass increases because of succession in forest fragments (Vitousek and 

Reiners, 1975), recruitment of old growth species characterized by a larger diameter and height 

(Clark, 2002), and canopy development. Thus, litter production is expected to increase along with 

forest development (Songwe et al., 1988).  
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According to IPCC (2003), African forests contain large C stocks in biomass, that is estimated to 

be up to 255 Mg C ha‐1 in tropical rainforests. Compared to other continents, Africa contributes less 

than 4% of the global anthropogenic fossil fuel emissions (Canadell et al., 2009). However, about 

40% of fire emissions have been attributed to the African continent that significantly affects 

atmospheric chemistry (Kituyi et al., 2005, van der Werf et al., 2006). About 50% of the inter-

annual variability of global atmospheric CO2 are attributed to the variability of the African C 

balance (Baker et al., 2004, Ogle et al., 2010). In Africa, forestry and agriculture sectors, including 

conversion of croplands and shifting cultivation, account for 75% of the total emissions from the 

continent (Canadell et al., 2009). Similarly, land clearing and degradation change the valuable 

carbon sink to a major source of greenhouse gas emissions.  

Consequently, Africa lost about five million hectares of forest annually from 2005 to 2015, 

releasing nearly 2 billion tons of CO2eq each year, or releasing 13% of the annual global emissions 

from forestry and agriculture (Sohngen and Brown, 2008). There are 316 billion tons of CO2eq 

stored in the topsoil of Africa. The major (two-thirds) of Sub-Saharan Africa’s cropland, 

rangeland, and woodland has already been degraded storing carbon that is being returned to the 

atmosphere. Due to the climate change effect, 2020, 75 to 250 million people across Africa could 

face shortages of water and rain-fed agricultural yields by 2020. That could drop by 50% in some 

of the African countries. However, the Ethiopian dry Afromontane forest is considered as water 

tower and livelihood of the community. Therefore, analyzing forest change and conversion is very 

important to study and indicate possible ways forward in order to increase ecosystem service of 

the country.  
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1.2. Statement of the Problem and Justifications 

The estimated 37 % of coverage of the Ethiopian natural forest in the Afromontane region has 

declined to 4.4% in the 1960s (Lemenih, 2004). Deforestation rate of the remnant forests of the 

country is estimated to be 150,000 to 200,000 ha per year (Reusing, 2000). Ethiopia’s deforestation 

rate from 1990 to 2010 was estimated to 140,900 ha or 0.93% per year leaving only the forest 

coverage of 2.91 million ha (Bodart et al., 2013, Keenan et al., 2015). Ethiopia is an agrarian 

country where traditional crop and livestock production are produced by over 85% of the 

population (Ethiopian, 2007, Authority, 2012). Greater than 70% is dryland that is characterized 

by low and unpredictable rainfall patterns (Viljoen, 2013). The dry mountain is considered as the 

prominent Non-Timber Forest Product (NTFPs) of the country (Lemenih, 2005). NTFPs play 

substantial roles in food security and poverty alleviation for a large number of the country’s 

communities (Vivero-Pol, 2001, Pol et al., 2002). In order to alleviate the above-stated problem 

and improve the management and productivity of dry Afromontane forest, understanding the 

natural process under climate change scenario is very important.  

Though, similar studies are lacking in Asabot dry Afromontane forest, the Ethiopian forest 

vegetation have been studied very well particularly in relation to classification, floristic 

composition and species diversity (Ib et al., 2010, Demissew et al., 1996, Friis, 1992, 

Woldemariam, 2003, Soromessa et al., 2004, Kelbessa and Soromessa, 2008) considering various 

proximate and underlying causes of deforestation and forest degradation. It has been indicated that 

soil microbial community structure and activity, litter decomposition, nutrient dynamics and the 

interactions or relationships are very important in determining functional processes of the forest 

ecosystem and henceforth are indicators of ecosystem stability (homeostasis or self-regulating 

process of the ecosystem). Even if very important in the determining of functioning processes of 

an ecosystem and the forest health status, there are very limited studies conducted on the natural 

forests of the country, in general, and on the dry Afromontane, in particular. The very few studies 
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conducted to focus on forest microbial community coexistence, litter decomposition and nutrient 

dynamics of some plantation and natural forest tree species in Ethiopia.  

Same of the studies conducted on microbial community of the Ethiopian forest ecology include: 

the arbuscular mycorrhizal fungal communities of conifer species in the dry Afromontane forest 

of Ethiopia (Wubet et al., 2006); the molecular diversity of arbuscular mycorrhizal fungi in Prunus 

africana in dry Afromontane forests of Ethiopia (Wubet et al., 2004); the mycorrhizal status of 

indigenous trees in dry Afromontane forests of Ethiopia (Wubet et al., 2003); the ddistribution of 

arbuscular mycorrhizal fungi spores in soils of smallholder agroforestry, and monocultural coffee 

systems in southwestern Ethiopia (Muleta et al., 2008) and the changing soil characteristics alter 

the arbuscular mycorrhizal fungi communities of Arabica coffee (Coffee arabica) in Ethiopia 

across a management intensity gradient (De Beenhouwer et al., 2015). These studies specifically 

focus on the relationship between specified root colonizing fungi community of selected tree 

species. Therefore, understanding the microbial community structure and activity along 

environmental gradients focusing on selected environmental factors is very important in order to 

predict the dry Afromontane forest ecosystem function in the changing climate.  

There are few species-based studies conducted on the litter decomposition and nutrient dynamics 

of Ethiopian forests. These are the study conducted on the Belete Forest soil organic carbon and 

litter input study located at the southwestern highlands of Ethiopia(Lemma et al., 2007a),  the 

decomposition rate study of Pinus patula and Eucalyptus Gambo District, Southern Ethiopia 

(Lemma et al., 2007b); the Menagesha State Forest litter decomposition study of exotic tree species 

in the central highlands of Ethiopia(Lisanework and Michelsen, 1994), the nutrient dynamics of 

Croton macrostachyus and Milletia ferruginea leaves at Wondo Genet forest, Southern-East 

Ethiopia (Gindaba et al., 2004) and Leaf Litter Decomposition of two Selected Afromontane 

Forests in the Western Escarpment of Central Rift Valley and the Gibe Watershed (moist 

Afromontane Boter-Becho forest), Ethiopia (Shanka, 2017). These studies have tried to determine 
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variations in litterfall production, decomposition rates and nutrient release patterns of some of the 

species in plantation and natural forests of the country to explain partly the nutrient dynamics in 

forest ecosystems. The study conducted on litter decomposition of the moist Afromontane Boter-

Becho forest is the only mixed stand litter decomposition study in Ethiopia. As these studies focus 

on species level and moist Afromontane forest that don’t consider main environmental factors, 

there is a need to carry out farther studies on litter decomposition and nutrient of the dry 

Afromontane forest at the mixed stand level. This is because of the fact that the remarkable feature 

of litter decomposition and nutrient dynamics is the variability among ecosystems and under 

different climatic conditions (Aerts, 2006, Shiels, 2006). An accurate prediction of nutrient 

dynamics in a particular ecosystem needs adequate data on litter decomposition rate, and 

identifying the factors that govern litter decomposition and nutrient dynamics (Schweitzer et al., 

2005, Liski et al., 2005, Liski et al., 2003). So far, it is not clearly known ways in which decay rate 

(k) values distribute at a larger spatial scale and specific crucial factors that control litter 

decomposition rate at the global level. 

Therefore, it is imperative to investigate plant community and structure, soil microbial community 

structure and activity, litter decomposition and nutrient dynamics and their interactions 

considering selected environmental factors attributed to in the dry Afromontane forest. To this end, 

plant community and structure, soil microbial community structure and activity and litter 

decomposition and nutrient dynamics of the Asabot dry Afromontane forest were selected for 

investigation by considering selected attributed environmental factors. Justifications given above 

show the importance of conducting a study to predict the natural ecosystem process of the dry 

Afromontane forest and formulate sustainable ecosystem management strategies. In order to 

maintain a dry Afromontane forest ecosystem functioning in a changing climate under natural 

conditions, it is very important to conduct a study introduced to design reliable management 

development and community livelihood enhancement strategies. Thus, the present study analyzed 
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litter decomposition and nutrient dynamics and carbon stock estimation and mapping of the Asabot 

dry Afromontane forest by considering biotic and abiotic environmental factors in order to fill this 

research gap and identify mechanisms in which litter decomposition and nutrient dynamics of the 

dry Afromontane forest ecosystem modulate in a changing climate.  

1.3. Objectives 

1.3.1. General Objective 

The general objective of the study was to examine dry Afromontane forest ecosystem functioning 

through the analysis of litter decomposition, nutrient dynamics, and carbon stock in the forest 

landscape using selected biotic and abiotic environmental factors. 

1.3.2. Specific Objectives 

Specific objectives of the study are:  

❖ To examine plant community and structure of the dry Afromontane forest along altitude 

gradient; 

❖ To identify soil microbial community structure and activity of the dry Afromontane forest 

along altitude gradient; 

❖ To describe litter decomposition rate and nutrient dynamics of the dry Afromontane forest 

along altitude gradient; 

❖ To estimate and map carbon stock of dry Afromontane forest under different land cover 

scenario  

❖ To forward pertinent recommendations for the sustainable management of the dry 

Afromontane forest of the region; 
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1.4. Research Questions  

The study tries to address the following research questions for each specific objective; 

Specific objective 1: To examine plant community and structure of the dry Afromontane forest 

along altitude gradient; 

❖ How does environmental gradient affect dry Afromontane forest plant community? 

❖ What are the plant species categorized under class 1 and class 2 conservation 

priority and what are the conservation strategies required? 

Specific objective 2: To identify soil microbial community structure and activity of the dry 

Afromontane forest along altitude gradient; 

❖ What are the dominant microbial taxonomy groups in the dry Afromontane forest 

along altitude gradients? 

❖ What is the relationship between microbial structure and microbial Activity in the 

dry Afromontane forest? 

❖ What are biotic and abiotic factors that affect soil microbial community structure and 

activity in the dry Afromontane forest? 

Specific objective 3: To describe litter decomposition rate and nutrient dynamics of the dry 

Afromontane forest along altitude gradient; 

❖ How do litter weight loss and decay rate vary along altitude gradient? 

❖ What are the biotic and abiotic factors that inhibit or enhance litter decomposition 

rate in the dry Afromontane forest?  

❖ What is the relationship between litter decomposition, litter and soil nutrient 

dynamics in the dry Afromontane forest? 

❖ What are the biotic and abiotic factors that inhibited and enhance litter nutrient and 

soil nutrient dynamics in Asabot dry Afromontane forest?  
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❖ What is the relationship between litter decomposition and litter nutrient dynamics in 

dry Afromontane forest? 

❖ What is the relationship between litter nutrient and soil nutrient dynamics in the dry 

Afromontane forest? 

Specific objective 4: To estimate and map carbon stock of dry Afromontane forest under different 

land cover scenario; 

❖ How does the dry Afromontane forest ecosystem land use land cover modulate in 

carbon sequestration in responding to a changing climate? 

❖ How does the dry Afromontane forest ecosystem modulate in a changing climate 

with regards to microbial community structure and activity?  

❖ How does the dry Afromontane forest ecosystem modulate in natural microbial 

respiration carbon emission and the natural forest carbon sequestration in a changing 

climate? 

1.5. Significance of the Study  

The functionality of forest ecosystem is mainly predicted by nutrient cycling process. That 

determined by decomposition rate of detritus in the forest surface. Detritus in forest surface 

decomposition process is governed by decomposer community structure and activity. Decomposer 

community structure and activity are governed by biotic and abiotic environmental factors in a 

particular ecosystem. Conducting a study on litter decomposition and nutrient dynamics in the dry 

Afromontane forest by considering biotic and abiotic environmental factors is very important for 

three significant main reasons. Firstly, contributes to scientific knowledge on ways in dry 

Afromontane forest ecosystem functioning on litter decomposition and nutrient dynamics. 

Secondly, it establishes baseline data for future studies to be conducted on dry Afromontane forest 

ecosystem functioning. Thirdly, it indicates possible strategy options to be designed to maintain 

sustainable management and enhance climate mitigation potential of the dry Afromontane forest.  
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1.6. Definition of Conceptual Terms 

Ethiopian vegetation and dry Afromontane ecosystem: The broadly divided nine major types of 

Ethiopian vegetation are the Afroalpine and sub Afroalpine, the dry evergreen montane forest and 

grassland, moist evergreen montane forest, evergreen scrub, Combretum Terminalia (broad-

leaved) deciduous woodland, Acacia Commiphora (small-leaved) deciduous woodland, lowland 

semi-evergreen forest, the desert and semi-desert scrubland, and riparian and swamp vegetation 

(Demissew, 1998). The high-altitude forests of Ethiopia form part of the Afromontane forest zone 

(Schmitt et al., 2010) which covers most of the highlands of Africa. More than half of the African 

highlands are found in Ethiopia (Messerli and Winiger, 1992). Forests of the Ethiopian highlands 

can be broadly divided into dry and moist montane forests. The common names refers to the 

Ethiopia dry Afromontane forests, which include highland Juniperus-Podocarpus forest(Pohjonen 

and Pukkala, 1990), tropical high montane conifer forest (Logan, 1946), dry montane forest 

(Coetzee and Muller, 1984), montane dry evergreen forest (PICHI-SERMOLLI, 1957), upland dry 

evergreen forests (Friis, 1986, Yeshitela and Bekele, 2002), upland dry evergreen forest and mixed 

upland evergreen forest (Friis and Tadesse, 1990), coniferous forest (Pukkala and Pohjonen, 1990) 

and undifferentiated forest (Friis, 1992). They are situated in the Northwest and Southeast 

Highlands, especially on the plateau of Shewa, Welo, Sidamo, Bale and Harerge at altitudes 1500-

2700 m being characterized by an average annual temperature that varies between 14 and 20°C 

and received the annual rainfall of  700 to 1100 mm (Friis, 1992). These forests constitute part of 

the Eastern Afromontane Biodiversity Hotspots and are considered as one of the globally important 

biodiversity conservation forests. The Ethiopian Afromontane forest is among the least protected 

and hosts spot eco-regions in Africa (Küper et al., 2004, Burgess et al., 2010, Woldemariam and 

Senbeta, 2008). However, this ecosystem has been recognized as one of the global biodiversity 

conservation priority areas and centers of plant diversity in Ethiopia (Barthlott et al., 1999, Davis, 

1994).  
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Ecosystem functioning: The interrelated collections of living and non-living components 

organized in self-regulating units are called ecosystems functioning (Hatcher, 1990). 

These biotic and abiotic components are linked together through nutrient cycles and energy flows 

(Odum et al., 1971). The ecosystem is defined as a network of interactions among organisms, and 

between organisms and their environment (Scherer-Lorenzen and Schulze, 2005). That has any 

size that encompasses specific and limited spaces (Chapin et al., 2002, Willis, 1997).  

Studying of the ecosystem as units of nature provides us with important pieces of information 

about functions of the ecosystem and environmental problems (Likens, 2004). Energy and 

chemical cycles are the two important components of an ecosystem and having a unit boundary 

that can be distinguished from its surroundings (Laurance and Williamson, 2001, Yuan et al., 

2005). The food chains and webs transfer or flow ecosystem energy, whereas the chemical cycle 

through water, soil and air (France and Peters, 1997). This characteristic exchange within an 

ecosystem is called ecosystem function that involves decomposition and production of biomass 

(Olson, 1963, De Groot et al., 2010, Gessner et al., 2010, Harfoot et al., 2014). An ecosystem 

functioning is generally defined as groups of ecosystems or patches the land surface that share 

similar dynamics of matter and energy exchanges between biota and physical environment 

(Schwartz et al., 2000, De Groot et al., 2010, Paruelo et al., 2001, Alcaraz et al., 2006). 

Soil microbial structure and function: Soil microbial community structure and function play 

important roles in mediating ecosystem response to anthropogenic environmental change (Zak et 

al., 2011, Talbot et al., 2008). The first well-documented truism is the soil microorganisms 

transform nitrogen (Schimel and Bennett, 2004) that consume, and produces critical trace gasses 

(Conrad, 1996), and contribute to the carbon (C) storage capacity of ecosystems(Van Der Heijden 

et al., 2008, Schimel and Schaeffer, 2012). This study examines the idea that stated ‘biotic and 

abiotic factors; such as plant composition, soil moisture and temperature, which are influenced 

microbial-mediated processes either by directly affecting the activity of the resident 

https://en.wikipedia.org/wiki/Biotic_component
https://en.wikipedia.org/wiki/Abiotic_component
https://en.wikipedia.org/wiki/Ecosystems
https://en.wikipedia.org/wiki/Environment_(biophysical)
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microorganisms or by selecting compositionally and functionally distinct microbial communities’ 

(Bissett et al., 2013). Soil microbial structure (composition and diversity) often shifts in response 

to changes in biotic and abiotic variables (Philippot et al., 2013).  

Fatty acid methyl ester (FAMEs): The fatty acid methyl ester (FAMEs) profiles extracted from 

soils is a rapid and inexpensive procedure that greatly describes soil microbial community structure 

without traditional reliance on selective culturing, severely underestimates community diversity. 

‘Interpretation of FAME profiles from environmental samples can be difficult since many fatty 

acids are common among different microorganisms and many fatty acids are extracted from ever 

soil sample’ (Schutter and Dick, 2000). This technique identifies microbial functional groups 

(biomarkers) based on the type of fatty acids they consist present. Ester-linked lipids are extracted 

from soil (cells are lysed) and converted to methyl-esters through a one-step alkaline methanolysis. 

Then FAMEs are transferred to an organic phase and detected by GC-FID (Schutter and Dick, 

2000). 

Litter decomposition and nutrient dynamics: The term “litter” has two meanings: the layer of 

dead plant material presents on the soil surface or dead plant material that is detached from a living 

plant. The dead plant material detached from a living plant represents litter. One of the greatest 

difficulties in litter decomposition and nutrient dynamics study is the absence of consistent 

terminology among studies conducted in the area. 

 Decay rate (k) and decay constant: Decay rate is defined as the rate at which decomposing litter 

losses its original value and the decay constant refers to the regressed decay rate during the 

experimental time. 

Biotic and abiotic environmental factors: Biotic and abiotic environmental factors are living and 

non-living components of the ecosystem considered under the study. 
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CHAPTER TWO 

2. LITERATURE REVIEW 

  This chapter reviewed pertinent and relevant literature obtained from reference books, scholarly 

articles, and other sources. The reviews provide a description, summaries, and critical evaluation 

of pertinent works related to the research problem under investigation. Review of the literature 

provides an overview of issues explored and demonstrates ways in which the research fits or 

matches a broader field of the study. In general, the literature review addresses argumentative, 

integrative, historical, methodological, systematic, and theoretical aspects of the research.  

2.1. Litter Decomposition Rate  

The processes of leaching, chemical and invertebrate fragmentation, and transformation through 

the activity of microorganisms are called leaf litter decomposition, which is the complex and 

multistep process of litter breakdown (Rothenbuecher, 2016, Swift et al., 1979). Decomposition 

of plant litter is one of the most crucial processes in the ecosystems (Shahi et al., 2014). It plays 

an important role in soil fertility, the nutrient budget of forest and management of ecosystem and 

agroecosystem in terms of nutrient cycling and formation of soil organic matter where vegetation 

depends mainly on the recycling of nutrients contained in plant detritus (Bargali et al., 2015). 

Though ecologist’s awareness of plant leaf litter decomposition as a major component of 

ecosystems is about the deviation of half a century (Odum et al., 1971, Odum and de la Cruz, 

1963), adequate data of the dry Afromontane forest litter decomposition and nutrient dynamics are 

hardly available.    

Decomposition follows a sequential pattern of different organic compounds dominating 

decomposition processes as they proceed (Berg et al., 2007, Berg and McClaugherty, 2003). 

Though the mass loss of a litter type is relatively fast in the early phase due to decomposition of 

soluble compounds such as polyphenols and soluble carbohydrates and non-lignified 
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holocellulose, the litter mass loss slow in the late phase due to the exhaustion of compounds and 

the slow decomposition of lignified holocellulose and lignin (Melillo et al., 1989, Aber et al., 

1990). Mass loss rate and chemical changes during the early and late phases of leaf litter 

decomposition are influenced by the quality of litter chemical variable in different litter types 

(Cornelissen et al., 1999). Thus, the two-phase model predicts that litter mass loss in the early 

phase would be faster in litter types with higher initial content of soluble compounds and lower 

lignin content as well as higher N content, which enhance microbial hydrolysis of carbohydrates; 

whereas litter mass loss in the late phase is suppressed more in litter types with higher lignin 

content as well as higher N content that suppresses the microbial ligninolytic enzymes (Berg et al., 

2003). Several studies have consistently reported positive effects of soluble carbohydrate and 

negative effect of lignin on litter mass loss rate (Stump and Binkley, 1993, Murphy et al., 1998). 

Litterfall provides three main functions in the forest ecosystem (Bernhard-Reversat and Loumeto, 

2002, Montagnini and Jordan, 2002). These are energy input for soil microflora and fauna, nutrient 

input for plant nutrition, and material input for soil organic matter building up. The first two 

functions are completed through decomposition and mineralization, and the third through 

decomposition and humification (Figure 1). These functions are related to main soil processes such 

as biological activity, nutrient cycling, and soil structure. 
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Figure 1:Schematic representation of litterfall functions in the Ecosystem (Bernhard-Reversat and Loumeto, 2002) 

Maintenance of soil organic pool in tropical ecosystems is achieved by high and rapid circulation 

of nutrients through the fall and decomposition of litter (Ola‐Adams and Egunjobi, 1992), whereas 

the litter in the forest floor acts as an input or output system of nutrients (Das and Ramakrishnan, 

1985). The rates at which forest litter falls and, subsequently decays regulate energy flow, primary 

productivity and nutrient cycling in forest ecosystems (Waring and Schlesinger, 1985). It is 

particularly important in the nutrient budget of tropical forest ecosystems on nutrient-poor soils, 

where vegetation depends on recycling of nutrients contained in the plant detritus (Jackson et al., 

1997). Many reports indicate that density, basal area, and age structure (Stohlgren, 1988), altitude 

(Reiners and Lang, 1987), latitude (Bray and Gorham, 1964) and season are factors that influence 

strongly litterfall, decomposition and nutrient dynamics in the natural forests. However, temperate 

forest ecosystems (Bray and Gorham, 1964), and tropical forest ecosystems litterfall rates do not 

directly relate to standing basal area and density (Kumar and Deepu, 1992). In other cases, soil 
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fertility, soil-water retention, and species composition are important within the same climate range 

(Facelli and Pickett, 1991).  

The rate of litter decomposition varies with chemical composition, abiotic factors and biotic factors 

(Singh and Gupta, 1977). Linkages between plant quality, soil biota, physicochemical environment 

and decomposition processes are important (Swift et al., 1979). Literature suggests that decline of 

old-growth forest is often associated with reductions in litter decomposition rate, P release from 

litter, and biomass and activity of decomposer community (Wardle et al., 2004a, Wardle et al., 

2004b).  In this context, accurately measuring litter decomposition and its sensitivity for (biotic 

and abiotic) environmental factors is highly valuable with respect to improving prediction of 

nutrient dynamics, carbon cycling and ecosystem functioning (Sitch et al., 2003, Cornwell et al., 

2008). Even if dry tropical forests are the most altered and threatened ecosystem (Miles et al., 

2006) they have been prioritized as high in-situ and ex-situ conservation area due to having diverse 

ecosystem and species (Miles et al., 2006, Wang et al., 2008, Wang et al., 2010).  

Decomposition processes are influenced by macro and microclimate, litter quality, the activity of 

decomposing organisms and soil nutrient status (Vesterdal, 1999). Mixing leaves from species 

with differing resource quality and leaf structure changes the chemical environment and physically 

alters the total litter surface where decomposition is occurring (Purvis and Hector, 2000). These 

alterations can also affect decomposer abundance and activity (Scheu, 2003). Thus, chemical and 

physical changes in leaf mixtures can influence decomposition rates both directly (physically) and 

indirectly (through the decomposer community and its activities). The papers that focus directly 

on the decomposition of mixtures of litters assess whether decay rates in species mixtures can be 

predicted from known decay rates of the component litters decaying alone. The term 

decomposition comprises both mass loss (decay rate) and nutrient release (including nutrient 

transfers among leaves of different species) (Gartner and Cardon, 2004). Literature reveals that 

nutrient transfer among leaves of different species strikes at 76% of mixtures showing non-additive 
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dynamics of nutrient concentrations (Gartner and Cardon, 2004). Comprehensive study works 

show that non-additive effects of decomposing mixed litter are difficult to generalize (Wardle et 

al., 1997). Whether nutrient transfers within the decomposing litters are mediated by physical 

means (leaching) or biological (fungi) and, released rapidly from decaying.  

2.2. Decomposing litter Nutrient Release pattern 

Nutrient release pattern from decomposing leaves in tropical forests involves three major phases 

(Berg, 2014, Swift et al., 1979). The phases are (1) an initial phase where leaching and nutrient 

release dominate; (2) a net immobilization phase where nutrients are imported into the residues by 

microbes; and (3) a net release phase where the nutrient mass decreases. It has been reported that 

not all of these stages are seen in practical experiments. For instance, the accumulation phase could 

be missing, particularly in the litter with high N concentrations (Berg and Laskowski, 2006). 

More specifically, N and P dynamics can vary from this model is characterized by early 

immobilization (net accumulation) and followed by a net release (Vitousek and Sanford Jr, 1986). 

The initial N and P contents in leaf litter are good indicators of the decomposition rate (Wang et 

al., 2008). Moreover, P availability in many tropical sites is very low compared to N. Thus, the 

relationships between decay rates and litter P concentrations have been reported for sites where P 

availability is low due to either edaphic factors or N deposition (Vitousek et al., 1994). 

Consequently, it might be expected that variability in P supply is an important control of litter 

decomposability in the tropics (Vitousek and Sanford Jr, 1986). However, many authors (Kwabiah 

et al., 2001, Teklay, 2007, Lisanework and Michelsen, 1994) stated that significant portion of P in 

leaves are inorganic forms and leaching might explain a major part of the P release from the leaf 

residues during decomposition. 

Carbon and nitrogen dynamics are related to the relative availability of C and N to the microbial 

population. If C: N is less than 20, N will be released by enhancing the decomposition of materials. 

When C: N is higher than 20, there will be N immobilization until decomposition lowers the C: N 
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ratio, though many authors mentioned different critical values of C: N for different climate zones 

(Swift et al., 1979, Xuluc-Tolosa et al., 2003, Torreta and Takeda, 1999). Moreover, indices that 

incorporate both C chemistry and nutrient content, such as C: N or lignin:N or C:P ratios, are often 

negatively correlated with early decay rates in various studies (Moore et al., 2006b, Bradford et 

al., 2014). In addition to the above facts, the rapid mass loss was strongly correlated with the 

soluble labile C content during the early decomposition phase (Harmon et al., 1990, Berg and 

McClaugherty, 2003). This is due to the fact that the amount of carbon, and the chemical 

composition of the carbon-containing molecules (e.g. starch, cellulose, lignin), are also strong 

determinants of decomposition rate. For example, starch is easier to break down and provides a 

greater energy yield than complex lignin molecules. Litter containing high amounts of lignin 

broken down slower than litter containing a high amount of starch. However, no single parameter 

explains the C-mineralization process in litter decomposition in the soil which suggest that the 

combination of environmental and biological factors is involved in the process (Berg and 

Laskowski, 2006, Berg and McClaugherty, 2008). Potassium (K), calcium (Ca), and magnesium 

(Mg) are also essential macronutrients for energy metabolism, photosynthesis, and membrane 

transport of plants (Osono and Takeda, 2004) and rarely limit microbial processes and rapidly lost 

from the decomposing litter (Anderson and Ingram, 1993b). These nutrients are available to forest 

trees from the litterfall (Prescott, 2002). Many authors have described the dynamics of K, Ca, and 

Mg during litter decomposition: K leached out quickly from decomposing litters, Ca decreased as 

carbon loss during litter decomposition, and Mg often showed an intermediate release pattern 

(Osono and Takeda, 2004, Ranjbar and Jalali, 2012). K is not a structural material and it exists 

mainly in solution in plant cells. Mobile K thus leached out quickly from decomposing litters. The 

late phase of K dynamics was, on the other hand, characterized by seasonal changes despite the 

initial litter quality (Osono and Takeda, 2004) and K concentrations decreased rapidly throughout 
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the two years study on three tree species and the net release of K by the end of two years was 91% 

of initial inputs (Blair, 1988b). 

The ecosystem nutrient cycle is very important for the overall ecosystem functioning because 

biogeochemical cycles are determined by the transfer of matter between the environment and its 

organisms (Odum, 1968). However, the functioning of forest ecosystems (the activities, processes 

or properties of forests, such as decomposition of organic matter, soil nutrient cycling, and water 

retention), and the consequent ability of the forest to provide ecosystem services are may seriously 

jeopardize due to the loss of forest biodiversity (Duffy, 2009). Annually accumulated net 

ecosystem productivity was suggested as a measure for the carbon service flow while carbon 

storage was assumed as a proxy to estimate the capacity of ecosystems to contribute in climate 

change mitigation (Olson et al., 1985). The plant leaf litter decomposition is a key component of 

carbon and nutrient cycling in the terrestrial ecosystems that connects aboveground plant 

production to both the atmosphere and the soils (Rubino et al., 2010, Frey and McClelland, 2009). 

Carbon cycling during litter decomposition includes carbon loss to the atmosphere as CO2 

emissions and input to belowground organic pools (Rubino et al., 2010).  Hence, CO2 emissions at 

the soil-atmosphere interface play an important role in carbon loss from terrestrial carbon pools 

(Schlesinger and Andrews, 2000), (Raich et al., 2002, Cotrufo et al., 2013). A large proportion of 

carbon lost via respiration of decomposer organisms during decomposition of organic matter 

(Ekschmitt et al., 2008, Manzoni et al., 2010). It was estimated that global terrestrial heterotrophic 

respiration generates 60 Pg C y -1, which is 11 times the annual amount of CO2–C released by fossil 

fuel consumption and industrial activities (Schlesinger, 1995). The release of plant litter carbon as 

carbon monoxide (CO) through heterotrophic decomposition by soil microorganisms can 

contribute 20% or more efflux is often referred to as soil respiration (Raich and Nadelhoffer, 1989).  

Heterotrophic litter decomposition and balance between litter inputs influences the amount of 

carbon stored in the forest floor (Gaudinski et al., 2000). In the early phases of decomposition 6–
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39 % of carbon loss during leaf litter decay enters the soil in the form of dissolved organic carbon 

(DOC) (Magill et al., 2000, Don and Kalbitz, 2005). This plays a significant role in the soil organic 

matter (SOM) formation and long-term soil C sequestration (Kaiser and Kalbitz, 2012, Cotrufo et 

al., 2013). The ability to estimate the partitioning of litter mass loss between DOC: CO2 during 

decomposition would greatly improve our ability to predict aboveground litter contributions to soil 

organic matter. Plant litters with a large fraction of structural components (cellulose and lignin) 

decompose more slowly due to the low CUE of their breakdown(Amin et al., 2014), and thus lose 

more C as CO2, while litters with a large fraction of soluble, non-structural, components decompose 

quickly and lose more C as DOC due to a higher proportion of water-soluble compounds. 

2.3. Factors Affecting Litter Decomposition and Nutrient Dynamics  

 Preservation of natural systems in tropical forest ecosystems is achieved by high and rapid 

circulation of nutrients through the fall and decomposition of litter as the basis of food chains and 

a principal source of energy (Bormann and Likens, 2012, Ola‐Adams and Egunjobi, 1992). 

Decomposition is a key process in controlling nutrient cycling, the formation of soil organic 

matter, and an important component in the study of forest ecosystem (Pandey et al., 2007b). Plant 

production depends on nutrients recycling within the system, while recycling depends on the 

decomposition of organic matter and release of the nutrients it contains (Rahman et al., 2013, 

Sariyildiz et al., 2015). Main factors govern litter decomposition rates and nutrient dynamics 

include temperature, moisture, substrate quality, vegetation, and soil microbial community 

(Dechaine et al., 2005, Bohlen et al., 1997). Therefore, rates and patterns of litter decomposition 

and nutrient dynamics depend on the interaction of different factors (Swift et al., 1979). The rates 

and patterns of litter decomposition depend on the interaction of climate, soil biota and quality and 

quantity of organic matter (Wall et al., 2008, García‐Palacios et al., 2013).  
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2.3.1. Substrate Quality  

Substrate quality refers to characteristics of litter chemistry and physical attributes that influence 

the susceptibility of litter decomposition (Xiong et al., 2008). Litter quality is considered as one 

of the factors that determine decomposition and release of nutrients from organic residues as a 

food source for microbial decomposers (Gallo et al., 2005, Trofymow et al., 2002, Soong et al., 

2014). Substrate quality has been defined in different ways as the nitrogen concentration (N), as 

lignin content (LG), Polyphenol (PP) and as carbon to nitrogen ratio (C: N) (Moorhead et al., 1996).  

Researchers have been found that decomposition of leaf litter can be predicted by the C: N, LG: N, 

and PP: N ratio (Freschet et al., 2013, Palm and Sanchez, 1991, Melillo et al., 1982, Tian et al., 

1992). Basically, high-quality leaves (nutrient-rich leaves) decompose faster than low-quality 

leaves (nutrient poor leaves). Higher litter quality can stimulate decay of adjacent  recalcitrant 

litters (Sariyildiz et al., 2005a, Sariyildiz and Anderson, 2005), while low leaf litter decay is 

attributed to release of inhibitory compounds such as phenolics and tannins (Prescott et al., 2000).   

Some studies have also reported effects of N on litter mass loss rate as positive in the early phase 

and negative in the late phase, but other studies have reported no such effects (Prescott et al., 2000, 

Osono and Takeda, 2005a).  Some studies report positive effects of N on litter mass loss rate in the 

early phase and negative in the late phase. But other studies don’t report such effects (Osono and 

Takeda, 2005a). 

The rate of decomposition is highest in species with maximum ash and nitrogen contents and 

minimal C: N ratios and lignin contents (Vesterdal et al., 2008). Literature indicates a significant 

correlation between litter decomposition and excess base, water-soluble organic matter, total 

nitrogen, total ash and total calcium (Broadfoot and Pierre, 1939). Rapidity of decay and high ash 

content of hot-water-soluble materials had a positive correlation (Kucera, 1959). Litter 

decomposition and litter quality (such as water-soluble organic matter, total nitrogen, lignin 

content (LG), N, LG: N ratio, C: N ratio, hot water solubility, ethanol-toluene solubility and total 
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ash) had significant correlation (Ellis et al., 2002, Broadfoot and Pierre, 1939). Percent of litter 

decomposition and the three variables (such as total nitrogen, water-soluble organic matter, and 

ethanol-toluene solubility) had significant multiple coefficient correlation rates. Decomposing 

litter mass loss rates and the partitioning of carbon (C) losses from carbon dioxide (CO2) and 

dissolved organic carbon (DOC) are controlled by plant leaf litter chemistry, which is leach to soil 

since large changes in litter-soil C fluxes occur as a consequence of global changes (Knicker, 2011, 

Stocks et al., 1998). Pyrogenic organic matter (py-OM) is partially combusted plant material and 

generally considered as a chemically recalcitrant substance with estimated overall turnover times 

of centenary scale(Singh et al., 2014). However, py-OM has a measurable soluble component that 

can leach into the soil  (Kuzyakov et al., 2009) and partially mineralizable (Stewart et al., 2013).  

Research findings state that, besides of climate, litter chemistry is the main controlling factor of 

litter mass loss rates and CO2 efflux from litter decomposition (Hessen et al., 2004, Liew et al., 

2011). Particularly lignin and nitrogen (N) content (Melillo et al., 1983) (Berg and Matzner, 1997, 

Hobbie, 2000), as well as the lignocellulose index (LCI) (lignin: lignin-cellulose) (Osono and 

Takeda, 2005b) have been found to be good predictors of litter mass loss rates and carbon use 

efficiency (CUE) (Manzoni et al., 2012). Plant litter can be broadly categorized into soluble 

fraction, cellulose, hemicellulose, and lignin in classic models (Berg and McClaugherty, 2003, 

Chapin et al., 2002). Although lignin is known to control litter mass loss rates but it is still not 

fully understood whether lignin is selectively preserved (Berg and McClaugherty, 2003), 

continuously degraded (Preston et al., 2009), or preferentially degraded (Klotzbücher et al., 2011) 

during decomposition processes, nor how it may interact with other litter components to control 

mass losses to DOC: CO2 (Kalbitz et al., 2007, Klotzbücher et al., 2013). Beyond lignin, other 

chemical plant characteristics residues such as lignin-to-N ratio (Wickings et al., 2012) or 

functional group biochemistry (Maione et al., 2005) may affect litter decomposition and carbon 

dynamics.    
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Generally, literature suggests three hypotheses to explain how initial litter quality influences litter 

decomposition (Giardina et al., 2001). The first hypothesis suggests that litter decomposition is 

positively related to initial litter quality. In the early stages of decomposition, the ratio of C: N may 

be the best predictor of mass loss, with lignin content becoming increasingly important at later 

stages of litter decomposition. In the decay filter hypothesis, differences in initial litter quality 

(such as the ratio of 1ignin: N and 1ignin: cellulose) alter litter decomposition and release rates in 

the early stages of litter decomposition. Decreasing litter substrate quality during decomposition 

is an indication of the less influence of initial litter quality on late-stage decomposition rates. At 

this stage, litter decay rates are controlled by climate, soil texture, and exogenous sources of labile 

C and nutrients. The third hypothesis suggests that litter decomposition and rates of N release are 

negatively correlated to N based estimates of initial litter quality. Litter decomposition rate may 

retard by high litter N content in the later decomposition process, particularly if lignin levels are 

high. 

In summary, litter quality is the most important determinant of decomposition rates at a regional 

scale (Veen et al., 2015). Several studies have confirmed that decomposition in boreal as well as 

in tropical ecosystems is affected by initial nitrogen (N) and phosphorus (P) concentrations and the 

C: N ratio of litter (Townsend et al., 2007, Kaspari and Yanoviak, 2008). In addition, the 

concentrations of tannins and polyphenolics are found to be related to decomposition activity 

(Kraus et al., 2003, Hassanat and Benchaar, 2013). The available decomposition studies conducted 

in Africa on litterbag experiments reported data on C, N, P, mass loss and decay rate that show 

variable trends (Attignon et al., 2004, Goma-Tchimbakala and Bernhard-Reversat, 2006, Musvoto 

et al., 2000), (Bernhard-Reversat, 1982, BERNHARD-REVERSAT, 1993, Bernhard-Reversat and 

Schwartz, 1997, Bernhard-Reversat, 2001, Songwe et al., 1988). Mass loss of litter correlates 

negatively with initial lignin content as well as C/N and lignin/N (Songwe et al., 1988). 
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2.3.2. Vegetation 

Decay rate coefficients of tropical species are substantially greater than that of the temperate 

coniferous litter (Taylor et al., 1991, Pandey et al., 2007b). Varies studies indicate a strong 

relationship between species successional status and rate of decomposition (Kumar, 2006, 

Sundarapandian and Swamy, 1999). Decay rate coefficients of primary species (k values of 0.61 

to 1.39 yr-1) and substantially lesser than those of late secondary (k values of 1.94 yr-1) and early 

secondary species (k values of 3.21 to 2.95 yr-1). This observation is different from what others 

say about nitrogen status of litter (Singh and Gupta, 1977, Prescott et al., 2000). Differential 

decomposing rate of early secondary and primary species may confer an advantage compared to 

the former faster turnover rate of nutrients, which is important for the exploitative early secondary 

species (Cornwell et al., 2008, Fahey et al., 1998), and helps in conserving nutrients of primary 

species through gradual release (La Caro and Rudd, 1985). Therefore, primary species with 

conservation strategy utilize slowly during their slow growth phase.   

Litter mass loss and mineralization rates vary substantially among forest sites differing in tree 

species richness or composition (Chapman and Koch, 2007, Prescott et al., 2000). Tree canopy 

characteristics have great influence on decomposition and nutrient cycling through alterations in 

hydrological and temperature conditions (Prescott, 2002). Moreover, tree species composition can 

influence ecosystem nutrient cycling not only through the production of diverse litter, but also 

through plant nutrient uptake and use, rhizosphere interactions, and changes in the decomposition 

microenvironment (Hobbie, 1992). A number of studies reported accelerated litter mass loss rates 

with increasing litter diversity (Kominoski et al., 2007, Hättenschwiler et al., 2005), (Kaneko and 

Salamanca, 1999, McTiernan et al., 1997). Other studies report no effect of litter species mixtures 

on litter mass loss (Xiong and Nilsson, 1999, Prescott et al., 2000). In the same way, a reduced 

decay rate has been observed in mixtures compared to single-species litters (McTiernan et al., 

1997, Fyles and Fyles, 1993).  
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A few investigations of herbaceous species include several levels of diversity found largely 

unpredictable and idiosyncratic responses of litter mass loss in increasing species richness (Purvis 

and Hector, 2000, Wardle et al., 1997). Likewise, litter mixing has non-additive, idiosyncratic 

effects on N loss from litter material possibly correlating with changes in net N mineralization rates 

(Wardle et al., 1997). Of the 28 different tree litter combinations tested (McTiernan et al., 1997), 

17 cases show no change in N fluxes, 7 cases decreased N loss from mixtures, and 4 cases a higher 

N loss in mixtures. Small changes in net N mineralization due to non-additive litter mixture might 

have significant effects on the availability of plant N on larger spatial areas and temporal scales 

(Finzi and Canham, 1998), with considerable consequences on community dynamics and 

ecosystem functioning. Changes in the decomposition of individual species within litter mixtures 

may not be detected when the mixture is measured as a whole, particularly the mixture is composed 

of several different species and if there are opposite diversity effects within the same mixture. Such 

diversity effects, however, result in altered turnover rates of specific litter types and might have 

important implications for nutrient dynamics and soil organic matter formation.  

Species-specific differences have been observed in some species combinations in few studies 

separating decomposition among individual species within mixtures (Conn and Dighton, 2000, 

Prescott et al., 2000). Decay rates of certain litter species in mixture leads to altered temporal 

dynamics of litter layer composition, and possibly to changes in nutrient turnover. The decay rate 

in tropical plantations is lesser than those in natural forests(O'connell and Sankaran, 1997, Jenny 

et al., 1949). However, within the tropical region, leaf litter decomposition rates vary with forest 

types. Forest canopy gaps are formed either due to natural tree fall or branch fall or by human 

activities such as selective logging that can alter processes and rates of litter decomposition 

(Chandrashekara and Ramakrishnan, 1993). Naturally, canopy gap formation may lead to a more 

favorable situation in microclimate than closed-canopy area for litter decomposition. Thus, litter 

decomposing rate increases as gap size increases. However, the rate of litter decomposition 



27 
 

declines as canopy gaps are closed owing to a reduction in light and temperature. A sharp decline 

in litter decomposition rate due to selective logging (Chandrasekhara, 1997)and clear felling 

(Maheswaran and Gunatilleke, 1988) when compared to that in undisturbed forests could be 

attributed to desiccation of leaves and surface soil under more intense disturbance of vegetation. 

Lack of ground cover is the causes for the slow rate of decomposition. Ground cover can create a 

favorable microclimate and promotes abundance and activities of soil fauna and microorganisms. 

However, there are reports that indicate the presence of growing plant significantly alters 

decomposition dynamics and decreases rates of decomposition (Dormaar, 1990).  

Living plants can decrease decomposition rate because; a) some microbes preferentially use labile 

material provided by living roots rather than by a more recalcitrant litter, b) roots release 

compounds that inhibit microbial activity, c) plants compete with microbes for uptake of nutrients 

and organic compounds and/ or d) exudates stimulate predation on microbes and thus decrease 

microbial populations (Van Der Heijden et al., 2008, Kuzyakov, 2010, Dormaar, 1990). In 

contrast, growing plants can stimulate decomposition through inputs of labile carbon that increases 

activity and turnover of microbes (Cheng and Kuzyakov, 2005). Plants can also influence 

decomposition through their effects on soil temperature, moisture (De Deyn et al., 2004), (Knops 

et al., 2002) or oxygen concentration (Allen et al., 2002).     

2.3.3. Climate, Topography and Soil Property  

The main climatic variables control on litter decomposition rates and nutrient dynamics are 

temperature and moisture (Liski et al., 2003, Brinson, 1977). As temperature increases, soil 

moisture plays an increasingly important role in maintaining high rates of microbial activity 

(Curiel Yuste et al., 2007). As a result, fresh litter decomposition rates increase as both temperature 

and precipitation increase (Karberg et al., 2008). Influences of climatic variables on fresh litter 

decomposition have been well documented (Baldrian et al., 2013, Jansson and Berg, 1985, 

Couteaux et al., 1995). Because climate markedly modifies the nature and rapidity of litter 
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decomposition, where the decomposition of very dry soils is inhibited due to bacteria and fungi 

dry out and slow in very wet soils because anaerobic conditions develop in saturated soils. 

Specifically, studies show that temperature is often the primary factor that determines rates of litter 

decomposition (Fierer et al., 2005a, Frey et al., 2013, Bothwell et al., 2014). Thus, the balance 

between ecosystem C fixation and decomposition may be altered in a warmer climate, potentially 

causing a dramatic increase in the flux of CO2 from soils to the atmosphere (Cox et al., 2000). For 

each 10 oC increase in temperature between 20 and 40 oC, the rate of CO2 production increases by 

two-fold (Rogelj et al., 2013, Wiant, 1967). Though, CO2 production detected at 10 oC and 50 oC or 

above declines markedly. The highest intensity of organic matter decomposition is observed under 

moderate temperature condition (about 30 oC) (Wildung et al., 1975). Increase or decrease in 

temperature beyond the optimal levels brings about a decline in the rate of organic matter 

decomposition. Moreover, litter decomposition rate various with altitudes due to variation in 

temperature (Salinas et al., 2011). The compared litter decay beneath natural stands at various 

elevations indicates an average decrease in the breakdown of nearly 2% for each 10 oC drop in 

mean temperature (Shanks and Olson, 1961). Lignin decomposition influenced by temperature 

marked as especial, which is lignin decomposes rapidly at 37 oC, with 50-60% disappearance within 

9 months (Waksman and Gerretsen, 1931). In general, several studies conclude that the highest 

intensity of organic matter decomposition is observed when soil moisture content is about 60-80% 

of its maximum water holding capacity (Kononova, 1975, Smith, 2005).   

A number of studies have shown that small-scale topographical landforms (especially different 

aspects and slope positions) can create different environmental conditions which can retard or 

accelerate litter decomposition having negative or positive effects on the activity of organisms 

(Scowcroft et al., 2000, Mudrick et al., 1994, Zhu et al., 2013). In the northern Temperate Zone, 

slope and aspect are an important topographic factor that influence local site microclimate as it 

determines the amount of solar radiation received,  which is the amount of insolation governs air 
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and soil temperature, and soil water availability, which in turn affect the establishment and growth 

of plants (Barnes et al., 2012), (Taylor and Chauvet, 2014). South-facing slopes, which receive the 

greatest amount of solar radiation, are typically hot, dry and subject to rapid changes in seasonal 

and diurnal microclimate. In contrast, north-facing slopes, which receive the least amount of 

insolation, are cool, moist, and subject to slow changes in seasonal and daily microclimate. Slope 

steepness influences microclimate affecting insolation and water drainage. Another topographic 

factor that influences microclimate is slope position (Sarıyıldız et al., 2004, Sariyildiz et al., 

2005a). Ridge tops or upper convex slope surfaces are exposed to intense solar radiation, 

experience high wind speeds, and are subject to erosion and soil movement (McNab, 1993). 

Therefore, they tend to be drier than the average for the region. At the other extreme, lower slopes 

with concave surface tend to be sheltered from strong winds, subject accumulation of organic 

matter and soil rather than to erosion and cold-air drainage, and moister than average for the region 

(Sarıyıldız et al., 2004, Sariyildiz et al., 2005a). Mid-slopes are generally intermediate in their 

characteristics. The slope position, slope aspect, and inclination can also affect soil depth, profile 

development, soil chemical characteristics, and the texture and structure of the soil surface. 

 In spite of similar parent materials, the soil of north-facing sites has a higher pH, soil organic 

matter, extractable nitrogen concentrations, and base saturation than those of south-facing sites 

(Boerner, 1984). Study on southern Appalachian watershed that soil pH and nutrient availability 

are the highest in the north-facing site, intermediate in the south-facing sites, and the lowest on 

ridge tops (Losche et al., 1970). Beech, oak and chestnut trees environmental conditions created 

are by tree canopy structure such as light intensity, wind, physical stress (mainly availability of 

water) cause considerable intraspecific variations in litter quality and decomposition rates of leaf 

litters (Sariyildiz and Anderson, 2003). Another study shows that soil fertility is significantly 

affected by the quality and decomposition rates of beech and oak litters (Sariyildiz and Anderson, 

2003).The study indicates that litter along a topographical gradient of upslope affect soil nutrient 
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availability decreases in nitrogen concentration, and increases nitrogen-use efficiency as a 

phenotypic response to P (Enoki and Kawaguchi, 2000).  

The decomposition rate of rainfall in rich forests is faster than the decomposition rate of areas that 

receives lesser rainfalls (Austin, 2002). Studies showed that rapid decomposition rate in summer 

than winter (Gholz et al., 2000, Thaiutsa and Granger, 1979), which is decay rate of 3.75 

gm/m2/day during the autumn months and 0.80 gm/m2/day during the remainder of the year (Lang 

et al., 2009). Like that of Lang’s findings, Chandrasekhara study reveals that the highest 

decomposition rate of hill evergreen forest litter occurs in the late rainy season and early winter 

(0.36 t /ha/month) and the lowest rate in summer (0.14 t/ha/month) (Chandrasekhara, 1997). 

Climate has a dominant effect on litter decomposition rates at a regional level, while litter quality 

dominates at a local level (Meentemeyer, 1984). Thus, one should expect differences in mass-loss 

rates of litters to be related primarily to their chemical and physical properties at a given site and 

climate (Cotrufo et al., 2013), (García‐Palacios et al., 2013, Fogel and Cromack Jr, 1977, Dyer et 

al., 1990). As decay of litter progresses through time, constituents that regulate the rate of mass 

loss changes. Berg and Staaf have developed a schematic model litter decay stages that are later 

modified by  Berg and Matzner (Berg and Matzner, 1997, Berg and Staaf, 1980). Decomposition 

at early-stage is primarily controlled by climate and concentrations of main nutrients, especially N 

and P, whereas lignin decomposition exerts dominant control in later stages. Heat and moisture 

control phases of decay rate phases postulated (Björn Berg and Staaf, 1980). Therefore, findings 

of studies on litter decay should not be compared unless temperature regimes are the same.    

Local topography, notably hillslopes, can influence the accumulation of litter on forest floor having 

effects on microclimate and bringing differences in transporting litter materials (Berg and 

McClaugherty, 2003). Litter decomposition is generally faster at hillslope bottoms and slower at 

upper-slope positions because of moderate environmental conditions at the bottom. However, 

movement of litter materials at downslope is faster than that of at the offsets because of enhanced 
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decomposition that increases accumulation of litter materials t the at the bottom (Chapin III et al., 

2009). Soil warming experiments (Lükewille and Wright, 1997) and measurements along 

altitudinal and latitudinal gradients (Garten et al., 1999) predict effects of climatic change on soil 

properties. Increasing soil temperature increases decomposition rates resulting in increased CO2 

production (Griffiths et al., 2009). This effect is especially strong at a cooler temperature where 

enzyme activity indicator values are greater than a higher temperature (Kirschbaum, 1995). 

pH is the major factor in terrestrial ecosystems (Sinsabaugh et al., 2008). Literature reveals that 

pH has bacterial impacts, but not on the fungal community, as there is a strong negative correlation 

between pH and fungi: bacteria ratio. Bacterial abundance is higher at more basic pH values (Fierer 

and Jackson, 2006, Högberg et al., 2007). Lower impacts of pH on fungal diversity might be 

attributed to the fact that fungi can grow over a wide pH range (Peñalva et al., 2008), whereas 

bacterial growth is restricted to a smaller pH range with isolates from natural soils (Bååth and 

Anderson, 2003).  

Generally,  studies summarized that climatic conditions are drives the rate of litter decomposition 

at a global scale and observed very fast in humid tropical forests and has a remarkable influence 

on the annual variability of C fluxes (Meentemeyer, 1978, Aerts, 1997b). Although tropical forests 

are a critical component of the global C cycle (Pan et al., 2011). The three primary functions of 

most ecosystems (production, accumulation, and decomposition of organic matter) altered by 

climatic factors (Jacobson et al., 2011). 

2.3.4. Decomposing Community  

Soil faunal community structure and activity are increasingly recognized as important factors that 

have impacts on litter decomposition and nutrient dynamics (Dechaine et al., 2005), (Bohlen et al., 

2002). Soil biota, primarily at a functional group level, is known as a regulator of ecosystem 

processes such as decomposition, carbon sequestration and nutrient cycling (Paustian et al., 2000). 

Pieces of evidence about deserts since the 1980’s (Whitford et al., 1988) and about subalpine, wet 
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and dry tropical ecosystems (Gonzalez and Seastedt, 2001) indicates that soil fauna are a key 

factors for litter decomposition. The seasonal variation in the rate of decomposition could be 

attributed to variation in abundance of soil fauna and fauna during the wet season compared to that 

of the dry season,  and the faster rate of decomposition former season (Madge, 1965). The same 

investigators reported that earthworms increase litter decomposition three times faster than smaller 

invertebrates such as springtails, enchytraeids, and dipterous larvae. A common carbamate 

insecticide (carbofuran), when applied at the recommended dosage, reduces 0.99 and 1.26 gm m-

2 day-1decomposition rate of red maple. This is chiefly because of the fact that such insecticides 

highly toxic to earthworm (Weary and Merriam, 1978). Similarly, according to Heneghan and 

Gonzalez and Seastedt found that excluding micro invertebrates slower decomposition rate of leaf 

litter in humid tropical forests (Heneghan et al., 1999, Gonzalez and Seastedt, 2001).   

Soil microbial communities play an important role in critical ecosystem processes (Liu et al., 2010, 

Jackson and Vallaire, 2007), in nutrient cycling (Zak et al., 2003), homeostasis (Carney and 

Matson, 2005), decomposition of organic matter (Wardle et al., 2004a), and promoting plant health 

and growth as bio-fertilization (Karlidag et al., 2007). Leaf litter consists mainly of cellulose and 

others such as lignin, hemicellulose, pectin and proteins (Yadav and Malanson, 2007) that require 

numerous enzymes for degradation. Extracellular enzymes link availability of environmental 

nutrient to demand of microbial nutrient (Sterner and Elser, 2002, Sinsabaugh et al., 2008). In 

microbial biomass, phylogenetic groups such as fungi and bacteria exhibit different nutrient 

demands and influence decomposition and efficiency of the carbon use of the ecosystem  (Sterner 

and Elser, 2002, Sinsabaugh et al., 2008). 

Ascomycota and Basidiomycota are commonly regarded as predominant fungal phyla in the soil-

litter interface (Osono and Takeda, 2006). These fungi have limited ability to degrade lignin and 

are mainly regarded as cellulose decomposers or sugar fungi (Osono, 2007). The Basidiomycota, 

with their ability to degrade recalcitrant lignin-containing litter material, appear only later in the 



33 
 

decomposition process (Lundell et al., 2010). Successional analysis of fungal community shows a 

decrease of Mucoromycotina and Ascomycota and increase of Basidiomycota (Torres and Dangl, 

2005). Bacterial succession increases in the proportion of Proteobacteria at the early stage of litter 

decomposition, whereas that of Actinobacteria and Verrucumicrobia decreases. Reduction in 

Actinobacteria is unexpected because they are known to be involved in decomposition of organic 

materials, and important for organic matter turnover and C cycle (Kirby and Potvin, 2007). In other 

studies shows abundance increment of Actinobacteria at later stages of litter decomposition 

(Šnajdr et al., 2013), but the absence of Acidobacteria that its bacterial phylum can degrade various 

polysaccharides such as cellulose and xylan (Baldrian et al., 2012). However, RNA sequencing 

such as Acidobacteria is the main bacterial group that is enriched in active litter inhabiting 

community (Štursová et al., 2012).  

Litter quality affects the decomposing community and ecosystem processes (Prescott, 2010, 

Strickland and Rousk, 2010). Ecosystem processes are often controlled by the availability of N or 

P (Elser et al., 2007). Phosphorous is the major factor that influences abundances of all major 

fungal and bacterial groups, which was greater abundances at higher P. Phosphorous is needed for 

DNA replication and transcription that a faster growth of bacteria is particularly affected by P-

limiting conditions (Elser et al., 2000b). Higher fungi: bacteria ratios at nutrient P poor sites 

(Hieber and Gessner, 2002, van der Wal et al., 2006). Fungi communities play a key role in litter 

decomposition because of their capacity to degrade recalcitrant compounds such as lignin and 

dominant role in the cellulose and hemicellulose decomposition process (Boer et al., 2005, 

Meidute et al., 2008). Moreover, analysis of a forest-soil meta-transcriptome indicates that active 

microbial community of the identified RNA sequencing is dominated by Ascomycota that is 

significantly different from that of the total community identified by DNA-based sequencing 

(Baldrian et al., 2012).  



34 
 

Different models have developed for carbon acquisition that shows sequential decomposition of 

polysaccharides, starting with hemicellulose and cellulose degradation followed by the removal of 

lignin (Berg, 2014, Šnajdr et al., 2011). Recently, Klotzbucher and coworkers state that lignin is 

degraded preferentially in the early phases of litter decomposition(Klotzbücher et al., 2011). Other 

studies indicate that enzyme production might be regarded as the bottleneck of carbon degradation 

or mineralization from litter and postulate similar hypotheses for soil organic-matter 

decomposition (Schimel and Weintraub, 2003, Kuzyakov et al., 2009). The organism of C: N ratio 

shows the amount of N in relation to that of C that is necessary for biomass production. Carbon 

has used a source of energy, and thereby lost as CO2, to produce biomass. Substrate C: N ratio must 

be higher than that of the organism in order to balance the need. Saprotrophic fungi C: N ratio 

commonly assumed to be 10-15 (Cotrufo et al., 2013). Stating such a narrow range is certainly an 

oversimplification of C: N ratio that implies decomposer fungi heavily depends on available N of 

the utilized substrate. Several wood decomposing fungi can adapt their C: N ratio depending on 

the availability of different compound (Levi and Cowling, 1969). Polyporus versicolor species can 

alter percent of mycelial N content that range from 0.1- 8% that corresponds C: N ratio that ranges 

from 6 to 500 (assuming 50% soil of C content). Boddy and Watkinson suggest a mycelial C: N 

ratio of 35 for a typical wood decomposing fungus (Boddy and Watkinson, 1995), and estimate 

mycorrhizal fungi C: N ratio to be around 20 (Wallander et al., 2003).  

Generally, assimilated distribution of C of biomass production and energy consumption may be 

described as the C-use efficiency and is specifically defined as the total assimilated proportion of 

C allocated for biomass production. The proportion of C that leaves soil system as CO2 in relation 

to the amount retained in the soil organic matter pool is an implication of decomposer organisms 

C-use efficiency and C-turnover. Chitin analysis made to estimate fungal biomass production 

indicates percentages of the C-use efficiency of the litter decomposing fungus Mycena galopus 

that large from 26 to 34% in the decomposing deciduous litter (Frankland et al., 1978). An altered 
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C-use efficiency may be attributed to shifts in the composition of microbial species (Ågren et al., 

2001), and changes within single species (O’Boyle et al., 1998). Increased C-use efficiency has 

been observed in a wood decomposing fungus where the addition of complex N sources increases 

fungal growth without changing wood mass loss (Boberg et al., 2014). A decreased C-use 

efficiency may be observed when respiration increases without a parallel increment in 20 

biomasses. This has been observed in yeast when C is in excess and catabolism is decoupled from 

anabolism, leading to overflowing (Spadiut et al., 2013). 

The issue of whether saprotrophic soil microorganisms are C or N limited has been undebated for 

over a long time. Growth and activities of soil microorganisms have generally been assumed to be 

limited by the availability of carbohydrates (Smith et al., 1990), since the addition of readily 

assailable C sources (such as glucose or Acetate) results in enhanced CO2 production (Vance and 

Chapin Iii, 2001, Ekblad and Nordgren, 2002). The effect of N additions is contradictory to the 

decreased and increased responses of decomposition rates and the microbial growth observed 

(Treseder, 2008, Knorr et al., 2005).  Ågren and Coworkers, and Schimel and Weintraub suggest 

that the contradictory responses may be due to changes in soil microbial C-use efficiency (Ågren 

et al., 2001). Schimel and Weintraub hypothesized that lack of respiratory response or even 

decrease in respiration after N addition could be explained by an increased C-use efficiency state 

that the assimilated C is being used for microbial growth rather than being respired (Schimel and 

Weintraub, 2003). Increase in respiration after C addition could be due to the decreased C use 

efficiency. Potential changes in fungal C-use efficiency in response to supply and demand of C 

and N could possibly elucidate contradictory responses observed earlier. 

Generally, soil microbial communities are responsible for cycling of carbon (C) and nutrients in 

ecosystems, and their activities are regulated by biotic and abiotic factors such as the quantity and 

quality of litter inputs, temperature, and moisture. Atmospheric and climatic changes are abiotic 

and biotic drivers in ecosystems and that of the ecosystems responses to the changes. Feedbacks 



36 
 

of the ecosystem to the atmosphere may be regulated by soil microbial communities (Bardgett et 

al., 2008). Although microbial communities regulate important ecosystem processes, it is often 

unclear how the abundance and composition of microbial community correlate to climatic 

perturbations and interact with the effect of ecosystem processes. Many of the researchers 

conducted on ecosystem climate change research to date have focused on macroscale responses to 

climatic changes in plant growth (Norby et al., 2002, Ledford and Niyogi, 2005), plant community 

composition (Bakkenes et al., 2002), and coarse scale soil processes (Kaiser et al., 2010, Garten et 

al., 2009), of which many may indirectly interact with effect of microbial processes. Studies that 

have addressed the role of microbial communities and processes target gross parameters, such as 

microbial biomass, enzymatic activity, or basic microbial community profiles in response to single 

climate change factors (Kandeler et al., 2006, Zak et al., 2000). 

Hence, small changes in soil respiration rates could have a large effect on the concentration of CO2 

in the atmosphere (Schlesinger and Andrews, 2000). In forests, roughly half of the soil respiration 

is autotrophic (mainly root respiration) while the remainder is heterotrophic, originating from the 

decomposition of soil organic matter (Epron et al., 2001, Bhupinderpal-Singh). Above grounds of 

plants consumed organic compounds supplied and CO2 lost from root and rhizosphere activity. 

Hence, the fraction derived from live roots is independent of soil C pools. The faster nutrient 

cycling and enhanced productivity of a broadleaf component is the result of rapid decomposition 

(Prescott et al., 2000). Consequently, the target of increasing decomposition rates (mobilizing the 

forest floor) may be in conflict with the objective of C sequestration (Jandl et al., 2007). 

2.4. Litter Decomposition and Nutrient Dynamics Studying Models  

Litter decomposition investigation mechanisms follows three approaches, that include microcosm 

tests (Taylor and Parkinson, 1988, Taylor et al., 1989), field experiments involving simulated soil 

warming (Shaw and Harte, 2001, McHale et al., 1998), and long-term inter-site decomposition 

experiments (Gholz et al., 2000). Long-term inter-site decomposition experiments are useful for 
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examining the influence of substrate quality and macroclimate variables as they effectively allow 

comparisons among many study variables and pay a growing attention to litter decomposition 

study. Most researchers categorize litter decomposition in two phases (Berg, 2000, Currie and 

Aber, 1997). The first phase occurs very fast within the first year, and the second and later phases 

occur slowly over many years (Zhang et al., 2005, Berg, 2000). The assumption is that 

decomposing organic matter gradually changes its chemical composition from one phase to the 

other (from originating litter to fermented litter and then to hummus) due to the fact that organic 

matter consists a mixture of chemical components that decompose at different rates 

Accordingly, SOMM and ROMUL (Chertov and Komarov, 1997), CANDY models (Smith et al., 

1997) and CENTURY models have been developed based mainly on the first assumption (Gholz et 

al., 2000), while DOCMOD, MBL-GEN, and GEN-DEC (Moorhead et al., 1999) models based on 

the second assumption.  N and lignin contents of litter and climatic factors such as temperature and 

precipitation (soil moisture and temperature conditions) are part of the rate of decay formulation 

in all of these models (Chertov and Komarov, 1997, Preston et al., 2000). However, models differ 

in terms of the number of organic matter pools under consideration and their definitions. In all of 

the decomposition study models, forest leaf litter decomposition study models have been proposed 

from the very simple assumption that non-changing environmental conditions and substrate 

content to the very elaborated and mechanistic assumption. Regardless of the underlying 

mechanisms, periodic measurements of leaf litter decomposition using standard techniques have 

been suggested as tools that generate considerably needed pieces of information on C and nutrient 

cycles in forests. Accordingly, four main leaf litter study models have been revised in depth to 

meet the main objectives of this study.  
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2.4.1. Mass Balance  

Litter decomposition of the whole ecosystems and has often been employed mass balance 

technique when direct measurement is expensive. The mass balance approach suggests that annual 

litter decomposition should be equal to the annual input of fresh litter as long as the mass of detrital 

litter stored in the ecosystem remains constant (Schlesinger and Andrews, 2000, Olson, 1963). 

This approach assumes that a constant fraction (k) of the detrital litter mass decomposes; 

litterfall =  k (detrital litter mass), or k =
Litter fall

detrital litter mass
, from the equation, the method 

requires the collection of two variables (litterfall and detrital litter mass). Litterfall is measured 

using litter traps that are randomly spaced as appropriate as throughout the study site (Bubb et al., 

1998, Xu and Hirata, 2002).  

The mass balance approach can be used independently to estimate litter decomposition or to check 

model predictions (Gerber et al., 2010). Providing a robust estimation of litter decomposition at 

the stand level, though assumption about steady-state stand conditions and constant forest floor 

decomposition dynamics complicates interpretation of calculated litter decay rates. Mass balance-

based estimates of litter decomposition are not clear and where short-term (annual) estimates are 

needed but forest floor mass is not considered. This method may not be appropriate in young stands 

where the forest floor is rapidly aggrading. In this case, the method would over-estimate 

decomposition rates as it relies on native litterfall that its approach cannot be used to clearly 

elucidate the role of other factors such as temperature and moisture.  

2.4.2. Litterbag  

 Litter decomposition study at the soil surface level widely used litterbag approach. A given 

quantity of fresh dry leaf litter enclosed in mesh bags is placed on the forest floor and collected 

periodically for measurement of the remaining mass. Later a subset of the collected litter is oven 

dried to establish conversions from wet to dry conversion in comparisons. Mesh size is generally 

chosen to optimize access of all organisms to litter minimizing excessive particle loss, though 
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mesh size can also be manipulated to exclude functional groups of litter decomposers. A very small 

mesh size excludes not only certain organisms, but also hinders particle loss that mineral soil as 

well. Light intensive sites preferred fiberglass mesh where UV light degrades nylon and other 

materials (Gholz et al., 2000). Though 1-2 mm mesh is the most common in litterbag studies 

(Robertson and Paul, 2000), litterbag mesh size should be greater than 2 mm if the goal is to allow 

entry of macrofauna. Specific procedures to be followed in assessing contributions of 

macroinvertebrates to decomposition is described in Heneghan (Heneghan et al., 1999). Size and 

content of litterbags are important components of litterbag studies. Overall bag size should be 

appropriate to litter-specific ecosystem under consideration, where 20 x 20 cm bags of 5-20 g (dry 

weight) samples are common(Robertson and Paul, 2000, Anderson and Ingram, 1993b) diverse 

plant communities or large leaf sizes may call for a larger litterbag.  

Litterbags are typically constructed with only one species. Litterbags is made by mixing 

proportionally representative of litter species with a small amount of woody debris or reproductive 

structures if a more realistic experiment is desired. The number of litterbags deployed at a study 

site depends on the variability of the site, the number of collected per year, and duration of the 

study years. Forests with heterogeneous microclimate and stand characteristics require greater 

number of litterbags than an even-aged plantation to calculate k accurately. However, depending 

on the length of an experiment samples of five or more replicate litterbags are collected intervalley 

during the first year of a study, and collecting two to four samples in the subsequent years. This is 

allowed in a more robust characterization of the decay curve study. Variability in stand micro-

environment and overstory or understory diversity associated litter quality should be considered 

before making decisions about the number of required replicates. Collected litterbags are oven 

dried in order to compare pre-and post-decomposition sample mass. If the substrate-specific 

chemistry is analyzed, separate samples may need to be freeze-dried. In forest floor samples, 
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mineral soil often contaminates litterbag samples, that corrections should be by measuring the ash 

content of the litter before and during decomposition. 

 The litter bag technique has advantages and disadvantages (Lousier and Parkinson, 1976, Woods 

and Raison, 1982). The advantage is that the technique allows registering litter weight loss is filed 

and subsequently examination chemical and biological material involved (Weber, 1987).  The 

decomposition rate constant k can be calculated from the decay curve using the following 

equation:  
𝑋𝑡

𝑋0
= 𝑒−𝑘𝑡, where, Xt/Xo is the proportion of original mass remaining at time t, and k is 

the decomposition rate constant. The decomposition rate constant k can be calculated by fitting the 

exponential decay model to a scatter plot of t vs. X1/Xo (Moorhead et al., 1999). Model for constant 

potential weight loss (Olson, 1963) is represented by the equation Half-lives (t 0.5) of decomposing 

litter samples estimated from the values as follows:   t0.5 = 
0.693

𝑘
. Similarly, the time taken for 95% 

decay can be estimated as t0.95=  
2.9957

k
. Finally, the time taken for 99% decay can be estimated as 

t0.99=  
4.605

𝑘
.  Nutrient content of the decomposing leaf is derived from % nutrient remaining = 

(
C

𝐶0
) (

𝐷𝑀 

𝐷𝑀0
) 𝑥1002 (Meentemeyer and Berg, 1986). Where 𝐶 is the concentration of elements in 

the leaf litter at the time of sampling, 𝐶0 is the concentration of the initial leaf litter kept for 

decomposition, DM is the dry matter at the time of sampling, and DM0 is the initial dry matter of 

the litter sample kept for decomposition (Bockheim et al., 1991), percent of the nutrient released 

= 100 − % of original nutrient remaining  (Oguntadea et al., 2012, Sangha et al., 2006).  

 Litterbag represent a classic approach for estimating decomposition rates in the field, because of 

the fact that they can be used experimentally to quantify rates at various time scales and 

contributions of different factors (temperature, moisture content). There are many published 

studies conducted on litterbag providing the rich database for comparing results (Vitousek et al., 

1994).  
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2.4.3. Tethered Leaves  

The tethered leaf approach is similar to that of the litterbag approach, with the exceptions that 

individual leaves are tied together in bundles rather than being placed in litterbags. Either a single 

leaf or groups of leaves, are tied together by nylon thread or monofilament fishing line. The line 

is tied to leaf petiole for durability. The line is usually anchored to a reference point for the 

collection, having an identifying bag. A wheel spoke approach developed by Vitousek and 

Coworkers (Vitousek et al., 1994) is often employed in terrestrial studies. The air-dried in the 

laboratory representative group of individual senescent leaves were tied by their petioles in a single 

line. One end of the line is tied to the identifying tag and the other end to a flanged washer. Several 

groups of strings are tied to each washer that the washer provides hub, and then individual lines 

spokes. At each collection interval, one or more lines are snipped from a hub, and the measured 

for decomposition. Subsamples of each line of senescent leaves are then oven dried to determine 

air or oven dry ratios. Leaves on each line are usually weighed to examine individual mass loss 

and elemental concentrations to a determined group that accounts for the whole leaves loss.  

Tethered leaf studies are most useful in studies conducting on the early decomposition stages, thus 

the duration of a study is not important as a study that follows litterbag approaches. As leaves 

begin to fragment (a common occurrence early in the decomposition process) the technique will 

over-estimates decomposition rates compared to the litterbag approach. Because of the large 

influence of comminution on estimated decomposition rates for thin or easily fragmented leaves, 

this method may yield best insights of leaf litter quality of thicker leaves. Studies have shown that 

small, litter-feeding invertebrates have ready access to litter in litterbags with mesh sizes as low as 

1.5 mm (Scowcroft et al., 2000). However, the tethered leaf approach allows for leaf consumption 

by macroinvertebrates such as crabs and snails, whose access would otherwise be restricted by 

mesh bags (McKee and Faulkner, 2000). Litter is also indirect contact with forest floor, removing 

methodological artifacts such as changes in forest floor temperature and moisture status. 
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2.4.4. Cohort Layered Screen  

Cohort layered window screen method or litter sandwich method is a fourth approach to estimate 

aboveground leaf litter decomposition. In method, layers of mesh screen are used to separate 

successive layers of litter on the forest floor; leaf litter then decomposes in-situ. The cohort layered 

screen method is applied in long-term decomposition studies, typically in studies that take three or 

more years in duration, and are described in detail elsewhere (Binkley, 2002). Following a major 

annual litterfall, a layer of the window screen is placed over the forest floor. Typically, 1 x 1 m 

fiberglass or aluminum window screening with a mesh size of 2-3 mm is used. The screen size 

depends on the size of the stand sampled, and mesh size varies in the specific ecosystem under 

study. Fiberglass screen is recommended over aluminum, if any chemical or constituent properties 

is analyzed. Following each subsequent annual litterfall in the duration of study, another layer of 

screen is placed directly over the screen starting from the previous year. The subsamples of the 

original screen are cut from the original after a given sampling period to obtain data while allowing 

the experiment to continue. Subsamples are collected, weighed, and oven-dried. These are 

compared with stand-level estimates of litterfall of the study year. Cohort method applies a realistic 

input of litter species and components, providing the entire litter input for decomposition while 

the litterbag and tethered leaf methods raise concerns about representative leaf quality. It is 

relatively easy to monitor, as monetary and material resources for preparation and collection are 

both low and has been found to represent litter dynamics in the forest floor better than litterbag 

studies. Such litter sandwiches integrate a large portion of the forest floor, especially in long-term 

studies. However, the cohort layered screen method also excludes certain macrofaunal that are 

blocked from accessing to leaf litter by the mesh screen to alter the forest floor microclimate. 
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2.5. Forests Carbon stock  

There are very few but fragmented studies on the carbon storage of Afromontane forests of 

Ethiopia with a great variation in estimating mainly AGB. Estimates have shown that these forests 

sequester nearly 27,579 Gg of CO2 per year from the atmosphere (Million and Leykun, 2001) and 

at present Ethiopia is a net sinker of GHG owing to its natural forest resources. The carbon density 

of 101 tons ha‐1 for high forests in Ethiopia (containing both DAF and MAF) was underestimated 

(Brown, 2002). However, some case studies show even higher carbon density values of close to 

200 tons ha‐1 than the estimates based on WBISPP for high forests in Bale Mountains (Ameha and 

Tadesse, 2000, Tsegaye Tadesse, 2010). Study showed that the largest store of carbon in the 

country is found in the woodlands (45.7%) and the shrublands (34.4%) due to the higher land area 

they contain. High forests contain a large amount of biomass but smaller land area so that they 

contain aboveground carbon density smaller than woodland and shrubland (Hailemariam et al., 

2015). There are also some fragmented carbon stock estimates done in different forest types of the 

country using different methods, particularly for the above ground-biomass estimation. The mean 

total carbon density of Adaba-Dodola community forest in Oromia regional state was 507.29 Mt 

ha-1 with the biomass carbon density of 319.43 Mt ha-1, soil organic carbon of up to 30 cm depth 

layer was 186.40 Mt ha-1, undergrowth shrubs was 0.4 t ha-1, litter, herb and grasses carbon density 

accounts for 1.06 Mt ha-1(Nega et al., 2014). The allometric equation used for those study was 

AGB = Exp (-2.187+0.916 ln (D2Hρ) for trees greater than 5 cm diameter (Chave et al., 2005). The 

mean total carbon stock of the lowland area of Siemen Mountains National Park was estimated 

568.314 Mt ha-1 in (Simegn et al., 2014). The mean above and belowground biomass carbon stocks 

were 270.89 ± 154.50 and 54.18 ± 30.81 Mt ha-1 respectively. The mean carbon in dead wood, 

litter, herb and grasses and soil carbon were 0.7258±1.0479, 0.019±0.008 and 242.51±46.42 Mt 

ha-1, respectively. The allometric equation used for this study was allometric equation; AGB= 
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34.4703 - 8.0671 (DBH) + 0.6589 (DBH2) to estimate the tree AGB with a DBH ≥5 cm (Brown 

et al., 1989). 

Furthermore, the woody plants of Mount Zequalla monastery forest east of Addis Ababa mean 

total carbon stock was estimated for AGB (237.2 Mt ha-1), below-ground biomass (47.6 Mt ha-1), 

litter biomass (6.5 Mt ha-1) and soil (57.6 Mt ha-1) (Girma et al., 2014). The mean total carbon 

stock of the selected church forests in Addis Ababa was estimated for aboveground (129.86 Mt ha-

1), belowground (25.97 Mt ha-1), and the soil organic carbon of (135.94 Mt ha-1) (Tullu Tolla, 

2011). The allometric equation used for these studies was AGB = 34.4703-8.0671 (DBH) + 0.6589 

(DBH2) (Brown et al., 1989). The Gedo forest total mean carbon stock was estimated AGB (281 

± 23.34 Mt C ha-1) and belowground biomass 56.1 ± 4.66 Mt C ha-1), litter biomass (0.41 ± 0.008 

Mt C ha-1), deadwood biomass (2.37 ± 1.33 Mt C ha-1) and soil organic carbon (183.69 ± 6.17 Mt 

C ha-1) (Yohannes et al., 2015). 
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CHAPTER THREE 

3. METHODS OF THE STUDY  

As shown in the conceptual and methodological framework below (Figure 2), the study was focused 

on examining the main biotic and abiotic components in determining the process of litter 

decomposition and associated nutrient dynamics, and how these processes influence the forest 

ecosystem functions and services in a dry Afromontane forest ecosystem. The determinant biotic 

factors in this process are the plant communities and the microbial communities whereas the 

abiotic factors are the soil physicochemical properties and the topographical elements such as 

elevation.    

 

 

Figure 2: Conceptual and methodological framework of the study 

The research design was structured into analysis of four major components. These were plant 

community groups and structural analysis, soil microbial community groups and structural 
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analysis, litter decomposition and nutrient dynamics analysis and estimation and mapping carbon 

stock. The plant community groups and structure are influenced by abiotic variables such as soil 

physicochemical properties, altitude and slope. The soil microbial community structure and 

activity are influenced by abiotic and biotic factors such as soil physicochemical properties, 

altitude, temperature and plant community groups. The litter decomposition and nutrient dynamics 

processes is, however, determined by wide range of abiotic and biotic factors such as plant 

community groups (litter quality), microbial community groups (decomposers), soil 

physicochemical properties (soil quality), elevation, slope and surface temperature.  

The plant community group and structural study was conducted using a systematic transect quadrat 

plot method along an altitudinal gradient of the forest landscape. The litter decomposition and 

nutrient dynamics was studied by applying litterbag experiment in the different plant community 

groups along the altitudinal gradient. The soil microbial communities were studied alongside with 

litterbag experimental plots distributed over the altitudinal gradient. The sampling design for the 

vegetation study, the experimental design and sample collection protocols are described in the 

sections below. 

3.1. Location and Description of the Study Area 

Asabot mountain forest is located at Mieso district of West Hararghe zones, Oromia Regional 

State, Ethiopia (Figure 3). Geographically, the study site is located at 400 31’30 to 400 42’0E and 

9012’0 to 9021’0N.  The altitude of the Asabot Mountain ranges from 1087 to 2474 meters above sea 

level (see Table 1).  

http://en.wikipedia.org/wiki/Oromia_Region
http://en.wikipedia.org/wiki/Ethiopia
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Figure 3: Map of Asabot dry Afromontane forest 

3.1.1. Climate  

Asabot mountain forest was part of evergreen dry Afromontane ecology characterized by average 

minimum (451.2 ml) and maximum (1055.5 ml) annual precipitation, mean minimum (11.9 oC) and 

maximum (31.9 oC) temperature, respectively (Figure 4).  

 

Figure 4: Mean annual precipitation (a) and mean annual maximum temperature (b) trends of study site, 

2004 – 2015 

a b 
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3.1.2. Topography  

The topography of the study site was rugged mountains characterized by flat (1577 hectare) to 

rolling (803 hectares) (Table 1 and Figure 5). Asabot mountain situated at 1080 - 2447 meters above 

sea level subjected to immediate changes in facing or aspect. Sample vegetation was collected 

from the altitude that ranges from 1778 to 2404 meter above sea level in order to diminish edge 

effects and scope of the study. 

Table 1: Topographic description of Asabot mountain forest 

Altitude Area in ha Slope Area in ha Aspect Area in ha 

1087 - 1200 494 0 - 2 1577 North 4617 

1201 - 1400 3688 3 - 8 6644 East 4697 

1401 - 1600 7726 9 - 15 2781 South 3417 

1601 - 1800 2360 16 - 32 4710 West 3776 

1801 - 2000 1270 33 - 59 803 North 4617 

2001 - 2200 676     

2201 - 2474 297     
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                                        Figure 5: Altitude (a), slope (b) and aspect (c) description of Asabot mountain forest

      a 
   b     c 
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3.2. Altitudinal Gradient (Stratification of the Site)   

Vegetation, litter and soil sampling plots were selected based on altitude gradients. The study site 

had three altitude classes (lower, middle and upper) (Figure 6), from which vegetation and soil 

samples were collected. Experiments on decomposition and nutrient dynamics were conducted in 

all of the three altitude classes (upper, middle and lower altitude gradients). The upper, middle and 

lower altitude gradient classification was based on distinctive vegetation stratum observed in study 

site.  

 

Figure 6: Sampling design based on altitude 

3.2.1. Vegetation Sampling   

The mixed spatial stratified-systematic sampling method was used for vegetation sampling in order 

to ensure full coverage of environmental variation and habitat heterogeneity of the altitude 

gradients (Kent and Coker, 1992) and (Mueller-Dombois and Ellenberg, 1974). The strict 

procedure was not used in selecting the direction of sampling quadrats due to the complexity of 

the mountain. The quadrats covered clustered altitude of the study sites (lower, middle and upper), 

but aspect and slope were not strictly followed.  Data on woody vegetation were collected from 20 

m × 20 m (400 m2) size sampling quadrats of 150 m and 100 m distance of transect and quadrat. 
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Subplots were established for shrubs sampling inside 20 m × 20 m quadrat, five (5 m × 5 m), one 

at each corner and the other at the center. Data on seedling and sapling were collected from five 

(2 m x 2 m) subplots, one at each corner and the other at the center of the main quadrates. The 

diameter of all the woody plants was recorded using diameter tape and height was measured using 

Hagan hypsometer and Clinometer. The diameter of normal individual trees was measured at 

breast height using diameter tape. DBH measured at normal if the trees branched at breast height; 

but it was measured separately if the trees were multi-stemmed. Individual tree DBH was measured 

and recorded above or below the breast height if the tree buttressed at breast height. The angled or 

sloped tree diameter was measured above the location where the trunk touches the ground on the 

uphill side. Visual estimation was used, where topographic features were difficult to measure trees 

and shrubs, and their heights. Environmental variables such as altitude, slope, and geographical 

coordinates of each plot were measured using Garmin global position system and satellite image 

(Kent and Coker, 1992). Specimens of all the woody plant were pressed, dried and taken to the 

National Herbarium of Addis Ababa University for identification and storage. Wood plant 

identification and naming was made using the description of Flora of Ethiopia and Eritrea 

published book (FEE) (Friis and Demissew, 2001). 



 
 

 

Figure 7: Sample plot distribution 

3.2.2. Litterbag Preparation, Litter Sampling and Experimental Layout 

 Ten fixed experimental plots were established according to the clustered altitude (lower, middle, 

and upper altitude) of Asabot dry Afromontane forest. Using standard litterbag technique (Falconer 

et al., 1933), matured fresh leaf litter samples were collected from the mixed stand plant with 

respect to the established experimental plot since August 2015. The collected leaf litter was 

uniformly mixed, air dried and oven dried at 80 oC to constant weight for 24 hours. During the 

litterbag preparation, main attention was paid to the mesh size, type of bag material and proportion 

of leaf litter. The mesh size assumed small enough to limit the physical loss of fresh litter from the 

bag, reduce possible intervention of invertebrates, and allow microorganism activity (Berg et al., 
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1993, Trofymow et al., 2002, Cusack et al., 2009). The total of 660 (20 x 20 cm size) bags were 

prepared from polyester net having 2 mm mesh size (Stewart and Davies, 1989). Twenty grams 

(20-gm) of composite and dried for constant weight leaf litter was placed inside the prepared 20 cm 

x 20 cm polyester bags. Each of the ten experimental plots surface areas was designed for 66 

litterbags, at the distance 10 cm x 20 cm between bags and rows, respectively. The prepared 

litterbags were buried in the top soil of the forest floor according to their original plots beginning 

from September 30, 2015. The bags were attached to the top soil of forest floor by timber pins to 

prevent movement and ensure contact between the bag and the forest floor topsoil.  

 

                                                   

 

 

 

Figure 8: Litterbag experiment layout on forest floor   

From each experimental plot, five bags were collected from the buried litter bags each month for 

12 months beginning from October 30, 2015 to September 30, 2016 consecutively from the rows; 

one month from the first row, the second month from the second row and so on till the last month 

of the experiment (September 30, 2016). Only samples that ready to be collected were collected 

keeping others intact to avoid disruption of the decomposition process. Foreign materials such as 

soil, roots, and fauna were carefully brushed off and cleaned from the collected bags and the 

remaining litter in the bag was dried in open-air and then oven-dried at 80 °C to constant weight 

before being weighed to determine mass loss. The assumption was that drying leaf at the moderate 

              10 cm 

20 cm 
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temperature would minimize loss of material from the volatile organic compounds. That would 

likely occur at high temperature (Gilbert and Bocock, 1960). Since chemical analyses were not 

done on the same day of the mass loss measurement; the remaining litter was kept in a freezed 

plastic bag until the chemical analysis was conducted.  

Table 2: Litterbag experiment description 

Number of experimental Plots litterbags buried per plot Bag collected per month 

Three for upper altitude 66 bags X 3 plots 5 litterbags X 3 plots per month for 12 months 

Four for middle altitude 66 bags X 4 plots  5 litterbags X 3 plots per month for 12 months 

Three for lower altitude 66 bags X 3 plots 5 litterbags X 3 plots per month for 12 months 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Litterbag experiment schematic order 

Leaf Litter collected from pre-determined experimental 

plots 

Air and oven-dried for constant weight  

Litter quality analyzed for each experimental plot 

leaf litter 

Composite 20-gram leaf litter placed on 20 cm x 20 bag 

 

Buried at predetermined experimental plots in respective 

to their original plots 

Buried bags were collected monthly (5 bag for each 

month from each experimental plots) 

Air and oven dried for constant weight 

Weight loss measured 

Laboratory analyzed for nutrient dynamics study 
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3.2.3. Soil Sampling  

Three composite soil samples were collected from each litterbag experimental plot forest floor 

surface soil from the beginning of the experiment at the intervals of four-months (on 120 days of 

the experiment in January, on the 240 days of the experiment in May and on 360 days of the 

experiment in September). A soil sample was collected from the depth of 0-20 cm. Undisturbed 

soil samples for bulk density measurement were taken from the same depth using a soil-sampling 

cylinder that had a volume of 25 cm2 ×5 cm or 125 cm3. The soil samples were collected exactly 

from the place where litterbags were collected. After visible roots and organic residues were 

removed, the sample was air dried, grained and stored in plastic bags for analysis. The analysis 

was conducted at Center for Environmental Science laboratory, Addis Ababa University and 

Walikite Regional Soil Laboratory, Southern Nations, Nationalities, and Peoples' Region, 

Ethiopia. Triplicate composite soil samples were collected separately from each litterbag 

experimental plots for microbial analysis in October 2016 and stored at 4 oC prior to the analysis. 

The soil samples were collected from the depth of 0-20 cm depth and analyzed at Ohio State 

University Soil Microbial Laboratory.  

3.3. Vegetation Analysis  

3.3.1. Plant Community Analysis  

Dendrogram of the woody plant community cluster was analyzed according to the abundance data 

of species composition in their hierarchical classification. Plant community types were named after 

two or three dominant species were selected using the relative magnitude of mean cover abundance 

values. Index of similarity (𝑆) =
2𝐶 

𝐴+𝐵 
; where, A= Number of species in the community A, B = 

Number of species in the community B, C = Number of common species in both communities, 

whereas Index of dissimilarity  = 1 − 𝑆 (Sørensen, 1948). 
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Shannon Wiener (1949) index of species diversity was applied to quantify species diversity and 

richness. Diversity and evenness were often calculated using Shannon diversity index (Kent and 

Coker, 1992). Species diversity was analysed to know clustered altitude environmental factors 

impact on the stability of vegetation and vegetation diversity then to identify there effect on soil 

microbial community, litter decomposition, and nutrient dynamics. Evenness or equitability (E) 

was measured to quantify the unique representation of a given species against the clustered 

altitude, where all species were equally common that all of them had equal abundance in the 

clustered altitude to maintain maximum evenness. One of the simplest means of analyzing floristic 

vegetation data was to look at the degree of association between species and degree of similarity 

among the samples (Kent and Coker, 1992). Value of the evenness index fell between 0 and 1. The 

higher the value of evenness index, the more even distribution of the species within the given area 

(Kent and Coker, 1992). 

 Importance value indices (IVI) were computed for dominant woody species based on their relative 

density (RD), relative dominance (RDO) and relative frequency (RF) (Kenta and Coker cited in (Kent 

and Coker, 1992). Importance value index (IVI) = Relative density (RD) + Relative dominance (RDO) 

+ Relative frequency (RF). The synoptic table was produced from the summation of Relative density 

(RD) + Relative dominance (RDO) + Relative frequency (RF) in percent. This index was used to 

determine the overall importance of each species in the community structure. In calculating the 

index, percentage values of the relative frequency, relative density, and relative dominance were 

added and designated as the Importance Value Index (IVI) of the species (Curtis, 1959). 
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3.3.2. Structural Analysis    

Diameter at Breast Height (DBH) classes were analyzed based on intervals that were classified as 

class 1(1.0−2.50 cm DBH), class 2 (2.51−10.0 cm DBH), class 3 (10.01−15.0 cm DBH), class 4 

(15.01−20.0 cm DBH), class 5 (20.01−25 cm DBH), class 6 (25.01−30.0 cm DBH), and class 7 

(DBH>30.0 cm). In a similar way, height classes were analysed based on intervals that were 

classified as class1 (2–5 m Hight), class 2 (5.01–8 m Hight), class 3 (8.01–12 m Hight), class 4 

(12.01–15 m Hight), class 5 (15.01–20 m Hight) and class 6 (Hight >20.00 m). The lliterature 

states that basal area is providing a better measurement of the relative importance of the species 

than stem count (Cain et al., 1998).  Basal area (BA) was analysed using a standard equation based 

on diameter at breast height (DBH). BA = d π2/4, where, BA was a basal area, π = 3.14; d is DBH 

(m). The density of trees or shrubs and basal area values were computed using a number of 

individuals per hectare and m2 per hectare, respectively. Furthermore, the vertical structure of the 

woody species was analyzed using the IUFRO classification scheme (Wagner et al., 2011). That 

categorized vertical structure of vegetation into upper, middle and lower story.  

Population structures of some selected species were analyzed for possible interpretations of 

patterns of population dynamics in the forest. Species richness, diversity and dominance indices 

were quantified using Margalef’s index, Shannon–Weaver index (H’) and Simpson dominance 

index, respectively. These indexes took into consideration species abundance, and were species 

richness into account and the most commonly used (Kent and Coker, 1992, Heuserr, 1998). 

Species richness of the vascular plants was calculated using ‘Margalef’s index of richness’ (Dmg) 

(Magurran, 1988); Dmg =
S−1

lnN 
;  where, S = a total number of species and N = a total number of 

individuals. Species diversity was calculated using Shannon and Weaver mathematical formula 

(Shannon and Weaver, 1963) index:   H’ = − ∑ pilnpis
i=1 ; where, H’ = Shannon index of diversity, 
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pi   = the proportion of important value of the ith   species, (pi  =
ni

N 
 , ni was the important value 

index of ith species and N was the important value index of all the species); where, S equals the 

number of species and p i is the relative cover of ith species (Whittaker, 1972, Pielou, 1975). The 

species richness was calculated by Simpson mathematical formula (Simpson, 1949) index of 

Dominance:  D = Σ (pi)2 ; where, D = Simpson index of dominance, pi = the proportion of 

important value of the ith species, (pi  =
ni

N 
 , ni is the important value index of ith species and N was 

the important value index of all the species). As D increases, diversity decreases, therefore, to get 

a clear picture of species dominance Simpson’s index was expressed as 

 D′ =  1 − D or 
1

D 
  (Magurran, 1988).   

Species evenness index was calculated using Simpson’s evenness index (E) (Magurran, 1988):  

E =  
H

Hmax  
= − ∑

pi ln pi

lns

s

i=1
;  where, E was defined as the evenness index, Hmax was the natural 

logarithm of the total number of species. Density was seen as an expression of the numerical 

strength of a species where the total number of individuals of each species in all the quadrats was 

divided by the total number of quadrats studied. 

Density =
Total number of individuals of a species in all quadrats

Total number of quadrats studied 
  ,  

Relative density was the study of the numerical strength of species in relation to the total number 

of the individuals of all species.  

 Relative density =
Number of individual of the species X 100

Number of individual of all the species 
 

 Frequency referred to the degree of dispersion of individual species in an area and usually 

expressed in terms of percentage occurrence. 



59 
 

 Frequency (%) =
Number of quadrats in which the species occured X 100 

Total number of quadrats studied
    

Relative frequency referred to the degree of dispersion of individual species in an area in relation 

to the number of all the species occurred. 

 Relative frequency  =
Number of occurrence of the species  X 100 

Number of occurrence of all the species
 , Abundance referred to the number 

of individuals of each species summed up for all the quadrats divided by the total number of 

quadrats in which the species occurred.  

Abundance  =
Total number of individuals of a species in all quadrats 

Total number of quadrats in which the species occurred 
 

 Relative dominance was the coverage value of species with respect to the total sum of coverage 

of rest of the species in the area. 

 Relative dominance  =
Total basal area of the species X 100 

Total basal area of all the species 
 

3.4. Laboratory Analysis  

3.4.1. Soil Physicochemical Analysis 

Soil samples were air dried, and their roots and bigger litter were removed, grounded and sieved 

through a 2-mm sieve before they were analyzed. Physicochemical parameters such as texture, pH-

H2O, electrical conductivity (EC), cation exchange capacity (CEC), moisture content (%MC), 

percent organic carbon (%OC), percent organic matter (%OM), total nitrogen (TN), and available 

phosphorous (Av. P) were analyzed. Soil %OC and %OM were analyzed at Center for Environmental 

Science laboratory, Addis Ababa University. Other parameters were analyzed at the Specialized 

Regional Soil laboratory of Walikite, Gurage Zone, Southern Nations, Nationalities, and Peoples' 

Region, Ethiopia. Soil texture was measured using hydrometer method (Bouyoucos, 1962); pH in 
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a 1:5 (v/v) soil: water suspension and electrical conductivity in a 1:5 (v/v) soil: water suspension 

(Houba et al., 1996). Soil water field water holding capacity was measured using Klute method 

(Klute, 1986), soil bulk density was determined using core method (Blake, 1965). Bulk density 

was measured using Anderson and Ingram method (Anderson and Ingram, 1993a) and soil cation 

exchange capacity using Rhoades method (Rhoades, 1982). The total organic carbon content was 

determined using potassium dichromate oxidation method (Walkley and Black, 1934, Nelson and 

Sommers, 1996). Total nitrogen (TN) was determined using semi-micro-Kjeldahl method 

(Kjeldahl, 1883, Jackson, 1958). The available phosphorous (Av.P) was measured using 

calorimetrically (Allen et al., 1974).  

3.4.2. Soil Microbial Biomass Analysis   

Ester-linked fatty acid methyl ester (EL-FAMEs) was used to identify soil microbial biomass 

(Schutter and Dick, 2000). This technique identified types of fatty acids in microbial functional 

groups (biomarkers). Ester-linked lipids were extracted from soil (cells are lysed) and converted 

to methyl-esters by alkaline methanolysis. Then, FAMEs were transferred to an organic phase and 

detected by GC-FID (Schutter and Dick, 2000).  First lipids were extracted from environmental soil 

sub-sample; a 15 ml 0.2M KOH of methanol (15% w/v KOH in 50% v/v methanol), 2.5 ml and 3 ml 

of 1M acetic acid (for sample and blank, respectively), and 10ml hexane extractant using modified 

Schutter and Dick (2000) to extract fatty acids from lipid samples. Finally, a master mixture of 

200 ul (192 ul Hexane/MTBE (1:1): 8ul internal standard of 19:0) was added to each EL-FAMEs 

sample after evaporation under nitrogen turnoff. Samples were analyzed using gas 

chromatography (GC), at Ohio State University of Richard P. Dick Soil Microbial Laboratory.   

EL-FAME peaks were automatically integrated to Hewlett-Packard 3365 ChemStation software and 

identified using MIDI Microbial Identification System (Sherlock TSBA Library version 3.80; Microbial 
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ID, Inc., Newark, DE, USA). In order to minimize the fatty acids derived from plant and animal 

sources, fatty acids with chain lengths exceeding 20 carbons were not included in the statistical 

analysis due to the fact that they were more characterized by eukaryotic organisms than 

prokaryotes (Fang et al., 2000, Cavigelli et al., 1995). The EL-FAMEs concertation was calculated 

as follows : c =
Ffm.Cis .1000

EW.Fis .MGfm
, where, Ffm was area of  phospholipid methyl ester, MGfm was 

molecular weight of the phospholipid methyl ester in g/mol, CIS was concentration of the internal 

standard in g (25.0024 g), FIS was area of the internal standard (19:0), EW was soil in g, 1000 is 

factor to obtain nmol, c was concentration of the FAME in nmol/g soil (Zelles, 1999). Relative 

abundance of EL-FAMEs biomarkers microbial biomass was calculated using  % mole = (
c

∑ci
) ∗

100. Diversity was conducted as a function of species richness, or species abundance and species 

evenness or species equitability. Evenness index that was mostly used in the Shannon-Weaver 

evenness recently, was used to measure relative distribution or degree of dominance of microbial 

groups in the microbial FAMEs. The more even the distribution of FAMEs was the greater the 

microbial diversity. The Shannon-Weaver diversity index and Pieloul’s evenness index were used 

microbial EL-FAMEs as a measure of relative distribution, or degree of dominance of microbial 

groups. The more even the distribution of FAMEs was the greater the diversity. 

 Shanon′s diversity index(H’)  = − ∑ pilnpis
i=1 , where, pi is the peak area of the ith peaks overall 

peaks. Pieloul’s evenness index (J) =
H’

H’max
 , where, H’ was the number derived from the 

Shannon diversity index and H’max was the maximum value of H’ or H’max calculated as:H’max =

lnR, where, R was FAMEs richness, the species richness of EL-FAMEs calculated as:  

Species richness’ (R) =
S−1

lnN 
  , where, S was the total number of EL-FAMEs, N was the total 

number of individuals in EL-FAMEs biomarkers.  
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3.4.3. Soil Microbial Respiration Analysis  

Soil microbial respiration rate was measured during the 10-day incubation of environmental soil 

and trapping CO2-C released following the procedures developed by Ohio State University Soil 

Microbial Laboratory. According to the method, CO2 released through respiration of 

microorganisms do metabolically in normal life processes. Soil samples from plots (15 g) were 

incubated in a closed container for 10 days in the presence of 2 ml 1.0 M NaOH that trapped CO2 

released through microbial respiration. After 10 days, 2 ml BaCl2 solution was added in NaOH 

solution traps and titrated with 0.1 M HCl. The amount of CO2-C evolved during the incubation was 

calculated from the volume of acid needed to attain pH = 7 from the blank minus that was required 

for the samples. Alternatively, CO2 accumulated in the headspace of the Mason jar was be 

measured using gas chromatography (GC) or with an infrared gas analyzer. Soil microbial 

respiration rate was measured in Ohio State University Soil Microbial Laboratory, USA.  Soil 

microbial respiration data were analyzed using the formula: Amount of Acid in titration =

 M HCl × Vol.  HCl used in titration, where, M HCl is mole of HCl used (0.1 in our case). 

Amount of Base in blank =  M HCl × Vol. HCl used in blank titration, where, M HCl is mole of HCl 

used (0.1 in our case). Base nuetralization =  Amount of Acid in titration.  

Base combined with CO2(me) = Base nuetralization ×  Amount of Base in blank, where, me is mole 

equivalent of CO2. 

 CO2 produced by respiration (me) = Base combined with CO2 (me)/2, where, me is mole 

equivalent of CO2.  
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Weight of CO2 produced in resparation (mg) = CO2 produced by respiration(me)  ×  44, where, mg 

is milligram of CO2. 

CO2 − C weight produced in respiration (mg)(Weight of CO2 produced in resparation (mg) × 12)/

 44, where, mg is milligram of CO2–C. 

 (CO2 − C )/g dry soil in (
g

g
)  

CO2−C weight produced in respiration (mg)

weight of dry soil in gm
× 1000 , where, g is microgram 

of CO2-C.  

Respiration rate (g −
𝑐 𝑔⁄

day
) =

CO2−C weight produced in respiration (mg)

weight of dry soil in gm
× 1000, where, g is 

microgram of respiration and mg is milligram of CO2-C. 

 Amount of Acid in titration =  M HCl × Vol. HCl used in titration, where, M HCl is mole of HCl used 

(0.1 in our case). 

 Amount of Base in blank =  M HCl × Vol. HCl used in blank titration, where, M HCl is mole of HCl used (0.1 in 

our case).  

Base nuetralization =  Amount of Acid in titration. 

Base combined with CO2 (me) = Base nuetralization ×  Amount of Base in blank, where, me is mole 

equivalent of CO2.  

CO2 produced by respiration (me) = Base combined with CO2 (me)/2, where, me is mole equivalent of 

CO2.  

Weight of CO2 produced in resparation (mg) =  CO2 produced by respiration(me) ×  44, where, mg 

is milligram of CO2.  

CO2 − C weight produced in respiration (mg) = (Weight of CO2  produced in resparation (mg) × 12)/ 44, 

where, mg is milligram of CO2 –C.  
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(CO2 − C )/g dry soil in (
g

g
)      =

CO2 − C weight produced in respiration (mg)

weight of dry soil in gm
× 1000,  

where, g is microgram of CO2-C.  

Respiration rate (g −
CO2−C g⁄

day
) =

CO2−C weight produced in respiration (mg)

weight of dry soil in gm
× 1000,  

where, g is microgram of respiration and mg is milligram of CO2-C. The amount gm C g-1 dry weight soil 

multiplied by 100/40 (only 40 % of biomass carbon is mineralized to CO2). 

3.4.4. Soil Microbial β−glucosidase Enzyme Activity Analysis  

Method of assay β-glucosidases enzyme activities in the soil involved the extraction and 

calorimetric determination of p-nitrophenol released when 1 g soil incubated. The 1 g 

environmental soil sample in a 50-ml Erlenmeyer flask was treated with 4 ml of buffer MUB (pH = 

6.0) and 1 ml 0.05 p-nitrophenyl-β-D-glucoside, swirled, stoppered and incubated at 37 oC for 1 h. 

Two blank reactions were prepared without soil following the same procedure, but the substrate 

(1 ml 0.05 p-nitrophenyl-β-D-glucoside) was added to one blank after termination of the 

incubation. After 1 h, the stopper was removed, retreated with 4 ml of 0. 1 M THAM (pH = 12) and 

1 ml of 0.05 M CaCl2 and swirled. Soil suspension was filtered through a Whatman 2 folded filter 

paper. A calibration curve was developed with standards containing 0, 100, 200, 300, 400 and 500 

nmol of p-nitrophenol. Calibration curve solution preparation was made by taking 1 ml of 10 mM 

standard (p-nitrophenol) to the 100 ml volumetric flask and filling with distilled water. Then 

pipettes 0, 1, 2, 3, 4 and 5 ml of the diluted standard solution (0.1mM p-nitrophenol) was filled into 

50 ml Erlenmeyer flasks and adjusted to 5 ml by adding distilled water. Finally, 1 ml CaCl2 and 4 

ml THAM were added as described for enzyme assays of the soil sample. The absorbance of colored 

solution was measured at 415 nm using the calorimeter, When the color intensity of the filtrate 

exceeded that of the highest PNP standard, an aliquot of the filtrate was diluted with a 1:1 mixture 
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of the correct buffer and 0.1 M THAM (pH =12) until the absorbance readings fell within the limits 

of the calibration curve (in our case the calibration curve was 0 to 0.8 limit). Effects were made 

during each soil analysis to control yellow color not derived from the PNP, which released by 

glucosidase activity. The β-glucosidases enzyme activities were analyzed at Ohio State University 

Soil Microbial Laboratory, USA.  

PNP (nmol) =
Absorbation ×Dalution  

Slope
 , 

where, PNP was  β –glucosidases enzyme activities, nmol was nano mole. 

PNP(µmol) =
 PNP (nmol)of sample−PNP (µmol) of control  

1000
, 

where, PNP was  β –glucosidases enzyme activities, µmol was micromole.   

PNP(µmol /g/ha) =
 PNP (nmol)of sample − PNP (µmol)of control  

1000
, 

where, PNP was  β –glucosidases enzyme activities in micromole per gram per hector (µmol g-1 h-1) 

(Browman and Tabatabai, 1978). The detection of β-glucosidase enzyme activity is related to 

cellulose decomposition which is synthesized by fungi, bacteria and other soil organisms. 

3.4.5. Litter Nutrient Content Analysis  

Oven dried litter samples were milled and sieved for chemical analysis at the beginning of the 

experiment of 120 days in January, 240 days in May and 360 days in September. Main parameters 

analyzed for initial leaf litter were alcohol-toluene solubility, hot and cold-water solubility, organic 

carbon, organic matter, total nitrogen, available phosphorous, and kalson lignin. The parameters 

analyzed for 120 days in January, 240 days in May and 360 days in September were organic carbon, 

organic matter, total nitrogen, available phosphorus, and kalson lignin. The kalson lignin, alcohol-

toluene solubility, hot and cold-water solubility were analyzed at the Ethiopian Environment, 



66 
 

Forest and the Climate Research Institute, Wood Research Center. Organic carbon, organic matter, 

total nitrogen, and available phosphorous were analyzed at Center for Environmental Science 

laboratory, Addis Ababa University. Organic carbon was analyzed employing the dry combustion 

method (Walkley and Black, 1934, Nelson and Sommers, 1996), and total nitrogen (TN) was 

analyzed using the semi-micro-Kjeldahl method (Kjeldahl, 1883, Jackson, 1958). Phosphorus (P) 

was analyzed employed a calorimetric method (Fiske and Subbarow, 1925, Allen et al., 1974), and 

estimation of  lignin content was made digesting 0.5 gm powder litter samples in hot sulphuric 

acid and the insoluble residues filtrated, oven dried and weighed (Dence, 1992).  The C: N ratio 

and Klason lignin: N ration was estimated based on the measured litter carbon, nitrogen, and 

Klason lignin. Alcohol-toluene solubility was determined by drying litter specimens in fritted-

glass crucibles and extracting ethanol-toluene solution (Prayitno et al., 2017), and hot water 

solubility was determined using Constantinides and Fowners method (Constantinides and Fownes, 

1994). Calculation of ethanol-toluene soluble matter was done as following; Alcohol −

toluene soluble (%) =  
W2

W1
∗ 100; where: w2 was the weight of dried extract and w1 was the 

weight of test specimen. Hot water solubility was calculated using the formula; 

Hot water solubles  (%) =  
w1−w2

W1
∗ 100; where w1 was the weight of oven dry test specimen 

(grams), w2 was the weight of oven dry specimen after extraction with hot water (grams). 

3.4.6. Litter Weight Loss and Nutrient Dynamics Estimation  

Litter weight loss was estimated employing the equation developed based on initial litter weight 

and weight of the litter residues.  weight loss % =  
Initial wt.−final wt.

Final wt.
 x 100, where, initial wt. was 

weight at time t0 and final wt. was weight at time t. Litter decomposition rate was estimated using 

single negative exponential decay model (Olson, 1963). Annual decomposition rate k was 
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calculated from the decay curve using  
Xt

X0
= e−kt equation; where, Xt /Xo was the proportion of 

mass remaining and original mass, Xt is mass remaining at time t, Xo is original litter mass at time 

t0 and k was the decomposition rate. The decay constant k was calculated fitting the single negative 

exponential decay model to a scatter plot of time (t) (k = t vs−ln (
Xt

X0
) (Harmon et al., 2000). The 

time of 50 % litter weight loss (half-lives or t 0.5) was estimated as t0.5 = 
0.693

k
, the time of 95 % 

litter weight loss (95% decay time) was estimated as t0.95=  
2.9957

𝑘
, and the time of 99 % litter 

weight loss (99% decay time) was estimated as t0.99=  
4.605

k
 . Where, 0.693, 2.995 and 4.605 were 

constant factors for 50%, 95%, and 99% weight loss, respectively and k was annual decay rate. 

Litter nutrient content was estimated using the derived model; % nutrient remaining = 

(
C

C0
) (

DM 

DM0
) x102 (Meentemeyer and Berg, 1986). Concentration of elements in the leaf litter residues 

at the time of sampling, C0 was the concentration of the initial leaf litter kept for decomposition; 

DM was the dry matter of litter residues at the time of sampling, and DM0 was the initial dry matter 

of the litter sample kept for decomposition (Bockheim et al., 1991). Litter nutrient release was 

estimated using the derived model of % nutrient released =100 − % of the original nutrient 

remaining (Bockheim et al., 1991, Blair, 1988a).   

3.4.7. Land Use and Land Cover Assessment 

Land use land cover analysis was conducted based on Landsat images of 1986 (TM), 2000 (ETM) 

and 2017 (TIROS). The analysis was done by employing digital image processing operations 

(image restoration, image enhancement and unsupervised and supervised image classification) and 

using ERDAS 2011 imagine image processing software. An unsupervised classification was done 

before the field work. Representative points believed to represent various land use land cover 
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classes were selected and GPS was used to check accuracy of the ground points marked during the 

field survey. These points were used to verify the classified LULC and the accuracy assessment.  

Supervised LULC classification analysis was done using ERDAS Imagine software for each 

Landsat satellite image. Maximum likelihood method was utilized in supervising classifications. 

Four major LUCs of the study site was considered. Forest land referred to natural or planted trees 

in areas that covered a minimum size of 0.5 ha; woodlands land was referred to open stands of 

trees in areas that mainly dominated Acacia Spp; shrubland referred to small trees mixed with 

grasses and less dense than forests; grazing land referred to all areas covered by grasses and built 

up referred to urban fabric of residential, commercial, industrial, transportation, and other lands. 

Classified LULC was checked employing overlaying collected ground control points. Classified 

images were compared from two periods, 1986–2000 and 2000–2017.  

3.4.8. LULC Future Scenario Analysis 

Future LULC REDD strategy for resource management on climate change mitigation scenarios was 

developed for the forthcoming three decades (2017 to 2047 period) using the 80 ground points. 

The scenarios were developed based on business as usual land use land cover and InVEST model. 

Business as the usual land use land cover scenario was developed employing land use change 

modular (LCM) for ArcGIS.  LCM is an innovative land planning and decision support software, 

which allows rapid analysis of land cover change and simulate future land change scenarios 

(Malczewski, 2006, Odindi et al., 2012). Invest scenario generator model was used for other land 

use land cover change to predict suitable land use land cover for the intended plan. A simple 

scenario generation method was developed for checking land suitability. Major input components 

of the InVEST scenario generator model were (a) transition likelihood, (b) physical and 

environmental factors that influence change and (c) quantity of anticipated change under a given 
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scenario. Quantity of change was determined based on some assumptions. Change value was set 

as the goal and the tool converted all suitable pixels to achieve suitability of the goal (until all the 

available pixels were converted). Detailed of the scenario generator description was described in 

the model documentation (He et al., 2016), Sharp et al., 2016).  

Future LULC scenario trend was developed after the three-consecutive decay (1986 to 2017). 

LULC trends were analyzed based on forest expansion of the all land use types except built up and 

road; woodland expansion of the forest and shrubland; shrubland expansion of the grassland and 

no grassland expansion. Forest expansion scenario was based on the assumption that forest 

increased from the baseline taken in 2017 by 50 % in the year 2047. This would be the expense of 

75 % of the woodland and 25 % of the shrubland of the study area as the proxy forest conversion 

of the woodland was observed to be very high. In the transition of the likelihood table, a high value 

was given to woodland, and the expansion would cover 1000 m proxy from the baseline forest 

location. The woodland expansion scenario was developed by considering the trend of woodland 

expansion at the expense of forest and shrubland. Therefore, to understand the effect of woodland 

expansion on carbon stock map two scenarios were developed for the year 2047. The two scenarios 

were developed based on the assumption that woodland would increase from forest and shrubland 

by 50% separately in the area of 1000 m proxy from the baseline woodland location. The past 

trends show an increment of shrubland across woodland areas. Shrubland expansion scenario of 

2047 was developed taking the assumption of 50 % increment across the woodland in the area of 

1000 m proxy from the baseline shrubland location. The land use land cover analysis of the 

grassland showed decreasing trends that implied the coverage area of the grassland would be 

replaced by coverage of other vegetation types. Considering this assumption, it was postulated that 

there would be no grassland in the study site by 2047. The assumption of the 50 % forest expansion 
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scenario was based on the Ethiopian Wildlife Conservation Authority plan of the Asabot dry 

Afromontane forest. Recently, authority demarcated the Asabot dry Afromontane forest as a 

national park for the wildlife protection sanctuary, which would likely enhance forest management 

and regeneration status of the mountain.  

3.4.9. Accuracy Assessment 

Accuracy assessments were made for each classified image of the years 1986, 2000, and 2017). 

Corresponding reference class of each LULC type was collected during the field visit of the study 

site using GPS and interpreting visual raw high-resolution images such as Google Earth, SPOT, 

and Sentinel 2 based on personal study area knowledge. Due to the dynamics of LULC changes in 

the study area, for each year classification reference points were made: reference point of 70 for 

the year 1986, and reference point of 80 for the year 2000, and reference point of 80 for the year 

2017 images. 

3.5. Carbon Stock Estimation  

3.5.1. Aboveground and Belowground Biomass Estimation  

Diameters at breast height of woody plants having DBH greater than five were measured and 

recorded. The 20 m × 20 m (400 m2) size sampling quadrats were used for trees sampling. Inside the 

20 m × 20 m quadrat, five (1 m × 1 m size) subplots, one at each corner and the other at the center 

were used for herbs and litter sampling. The diameter of all woody plants was recorded using 

diameter tape, while the height was measured using Hagan hypsometer and Clinometer.  

The total biomass and the biomass per hectare were calculated using the biomass of different 

vegetation types (trees, shrubs, and herbaceous layers). Before calculating the total biomass, 

different layers were converted to the same unit (Mg ha-1). The total biomass was calculated as the 

sum of all biomass layers for each plot and averaged over all plots. Total aboveground biomass 
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was the sum of tree biomass, shrub biomass, and herb biomass. The allometric equation developed 

by Brown were used to estimate above ground biomass (Brown, 2002, Navar, 2009).   

Y= 34.4703 - 8.0671 (DBH) + 0.6589 (DBH2); where, Y was aboveground biomass (ABG) (kg), DBH (cm) 

was diameter at breast height. Belowground biomass (BGB) was estimated from AGB using the relationship 

derived for tropical forest by Cairns and coworkers (Cairns et al., 1997):  BGB = Exp (-1.0587 + 0.8836 ln 

(AGB) or root biomass was estimated from root-shoot ratios (R/S) as 25% of above ground biomass (Cairns 

et al., 1997).  The shrubs, herbaceous layers and litter biomass was estimated according to Pearson and 

coworkers(Pearson et al., 2005). 

SHLB =  
wt.  field 

A
∗  

wt.  (Subsample,   dry)

wt.  (Subsample,   fresh) 
∗ 

1

10,000
 ; 

where, SHLB was shrubs, herbaceous layers and litter biomass, (t ha-1), wt. field was weight of wet field 

sample, A is size of the area in which sample was collected (ha); wt. (subsample, fresh) was weight of the 

fresh sub-sample taken to the laboratory for moisture content determination (100g), wt. (subsample, dry) 

was weight of the oven-dry sub-sample of litter taken to the laboratory (g).  

3.5.2. Biomass Carbon Stock Estimation 

Tree biomass conversions to carbon stocks were considered using a common proxy based on the 

assumption that 50 % of the dry biomass is carbon (Malhi et al., 2004). In this study estimation of 

carbon was made by multiplying biomass by  0.47, and taking into consideration the multiplication 

factor 3.67 to convert to CO2 equivalent (Pearson et al., 2005). The unity of carbon stock was 

estimated to be metric ton per hector (Mt C ha−1).   

3.5.3. Soil Carbon Stock Estimation  

Composite soil samples (20 cm depth) were collected from sampling quadrat. Soil carbon 

concentration was determined using Potassium Dichromate method (Walkley and Black, 1934). 

Bulk density was determined by weighing 105 oC dried soil sample of known volume (125 cm3). 
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The bulk density of soil (BD) was calculated using the formula: BD = 
S

V
, where S is the oven-dry 

weight of the soil sample, and V is the sample volume. The soil organic carbon density for a 

sampling plot was estimated using the formula developed by  (Yu et al., 2009): SOC (ton/ha) = 

% OC∗BD∗D

100
*10000 m2 ha-1; where, OC (%) is the percent of organic carbon, BD (in Mg m-3) is the 

bulk density of soil sample, D (in m) is the given soil depth. The unit metric tons per hectare was 

used for measuring soil organic carbon due to the fact that megagram (Mg) was equal to metric 

tons. The carbon stock density was converted into tons of CO2 equivalent by multiplying it by 

44/12 or 3.67, which was the molecular ratio of CO2 to carbon to understand the climate change 

mitigation potential of the study area (Pearson et al., 2005). 

3.5.4. Carbon Stock Mapping  

Carbon stock was quantified and mapped using InVEST carbon storage and sequestration model 

(He et al., 2016). The InVEST model used maps of land use land cover and ground survey-based 

carbon stock estimated for the four carbon pools (aboveground biomass, belowground biomass, 

soil and dead organic matter). The model estimated the amount of carbon then stored in a landscape 

or the amount of carbon sequestered overtime. The model also summarizes results into raster 

outputs of storage, value, as well as aggregate totals. The net change in carbon storage over time 

(sequestration and loss) can be produced by providing current and future LULC map. To estimate 

this change in carbon sequestration over time, the model was simply applied to the then land cover 

and a projected future land cover, and the difference in storage was calculated map unit by map 

unit. In this study, through the developed multiple future scenarios, differences between the then 

and forthcoming alternate future landscape carbon stocks were compared. 
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3.5.5.  Ecosystem Carbon Exchange  

Net ecosystem carbon exchange with the atmosphere is the difference between gross primary 

production, and total respiration (heterotrophic + autotrophic) (Grace et al., 1995, Fan et al., 1990). 

However, due to the limitation of technology and scope of the study, the study site carbon exchange 

was estimated for microbial respiration and carbon sequestration on carbon pool. Microbial 

respired carbon was estimated; kg C-CO2 day-1 ha-1 = kg C - CO2 kg-1 soil of microbial respiration x 

black density in kg soil m-3 x soil volume in m3 ha-1 of 20 cm depth. The result converted to Mg 

C-CO2 day-1 ha-1, Mg C-CO2 year-1 ha-1, total Mg C-CO2 day-1 of the study site and total Mg C-CO2 year-

1 of the study site. The study site carbon exchange was estimated by the difference of microbial 

respiration and carbon pool sequestration: carbon sequestrated in the carbon pool – microbial 

respiration.  

3.5.6. Carbon Market Estimation  

The current price estimated by Invest carbon model was 43 USD per metric ton of carbon. The model 

estimated +7 USD discount rate of carbon per metric ton on 1986, 2000 and 2047 InVEST carbon 

model which is 36 USD. Therefore, the Asabot dry Afromontane forest carbon stock change price 

was estimated for 1986 to 2000, 1986 to 2017, 2000 to 2017, 2047 using the rates stated above.  

3.6. Statistical Analysis   

Plant community class were named after two or three dominant species which were selected using 

the relative magnitude of their mean cover abundance values. Statistical computing tool R was 

used to analyze classification of plant community and importance value index of each particular 

cluster, plant community structure and regeneration conservation priority (Hall et al., 2009). Soil 

microbial biomass analysis was done to identify biomarkers in 30 soil samples. Descriptive 

statistical tool was used to cluster biomarkers into four distinct classes; saturated, unsaturated, 
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branched, cyclic and OH group. Statistical computing tool R was used to identify the Euclidian 

distance clustered matrix of the biomarkers produced (Hall et al., 2009), based on the total EL-

FAMEs abundance and relative abundance in respective to their sample plots. Pearson correlation 

coefficients were determined from the relation of altitude, soil variables, slope, soil nutrient, and 

plant community with a soil microbial structure and activity. Diversity indices were compared 

using one-way ANOVA. The mean 95% confidence Tukey multiple family-wise comparisons were 

tested for significant differences in the total EL-FAMEs microbial biomass, soil microbial 

respiration, and soil microbial β−glucosidase enzyme activity among sample plots and along 

altitude gradients. All multivariate analysis was carried out on EL-FAMEs of known biomarkers 

for microbial taxonomic groups. Microbial biomarkers biomass abundance and relative abundance 

difference were analyzed using principal component analysis (PCA). Relationship between 

microbial community structure and soil characteristics was analyzed using canonical 

correspondence analysis (CCA). CCA permits direct identification of microbial biomass in relation 

to measured environmental variables at r2 > 0.7 (Ter Braak, 1986). Relation and direction of 

strength or association of soil microbial community structure and activity with macro and micro-

environmental factors were analyzed using the R statistical tool.  

Single negative exponential decay model of Olson (1963) that was widely applied in 

decomposition studies (Aerts, 1997a, Gallardo and Merino, 1993, Stewart and Davies, 1989) was 

fitted to the observations using the statistical computing tool R (Hall et al., 2009) as follow:  Xt = 

X0 × e–kt;  
where k was decay rate, Xt was remaining mass at time t, X0 was initial mass at t = 0. 

Accuracy of the decay model was evaluated using the regression value r2 and p (regression value 

of time (t) vs − ln  (
Xt

X0
)). The models were evaluated based on standard error and the significance 

of k value, the coefficient of determination and the residual standard error of the model derived 
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using R statistical computing software. As proposed by Olson (1963), the time required for 50%, 

95% and 99% mass loss and nutrient release was calculated as t 50% = 0.693/k, t 95% = 3/k and t 

99% = 5/k. Descriptive statistics were used for the mean and graphical representation of the study 

result and, ANOVA and T-test were used for comparing the mean. The dependent decay constant 

(k) was regressed against independent variables (litter quality, altitude, slope, soil physicochemical 

parameters, vegetation diversity and soil microbial structure and activity). The relation and 

direction of strength or association of litter decomposition, litter quality, soil microbial community 

structure and activity, and plant community were analyzed using statistical computing software R 

(Hall et al., 2009). Based on the result, parameters that affected litter decay rate of Asabot dry 

Afromontane forest were evaluated.   

Decomposing litter nutrient release and nutrient remain pattern were presented using descriptive 

statistics (mean and graphical). Anova and T-test were used for comparing the mean of nutrient 

loss trends across the clustered altitude, and between experimental plots. Litter and soil nutrient 

dynamics were regressed against experimental period. Relation and direction of strength or 

association of litter and soil nutrient with soil microbial community structure and activity, litter 

nutrient with soil nutrient, plant community with litter and soil nutrient were analyzed using  

statistical computing software R (Hall et al., 2009). To determine parameters that affected litter 

and soil nutrient dynamics in the dry Afromontane forest. Regressions were assessed based on 

standard errors and the significance of regression parameters, and the adjusted coefficient of 

determination (adj. R2) and P values. In all analyses, p < 0.05 was the criterion for indicating a 

significant difference. 
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CHAPTER FOUR 

4. RESULTS AND DISCUSSION 

4.1. Plant Community Groups, Species Composition and Structure 

4.1.1. Plant Community 

Plant community cluster analysis was conducted based on relative abundance of individuals in the 

three clusters of the sample size (Figure 10). Clustering Euclidean distance was done according to 

naming two dominant species of the Whittaker method (Whittaker, 1972). Abundance value of 

each species indicated the given community dominant species and the three distinctive classes. 

Community 1 constituted 54.14 %; community 2 constituted 31.43 %; and community 3 

constituted 11.43 % of the sample plots. A majority of the sample plots had similar plant 

community abundance were classified under community 1. Synoptic table classification of the 

plant community was an indicator of species in each cluster. Olea europea and Dodonea 

angustifolia community 1, Jasminum abyssinicum, and Cuppuresses lusitanica community 2 and 

Teclea simplicifolia and Podocarpus falcatus were community 3 indicator species (Table 3). These 

were indicators and representatives of species in the dry Afromontane forest ecology plant 

community provided that if the microscale environmental variables variability were not triggered.  
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Figure 10: Dendrogram representation of plant community in Asabot dry Afromontane forest 
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Table 3: Synoptic table cover-abundance values of species having higher value 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Refer Appendix 2 for the entire species) 

4.1.2. Plant Community Along Altitude Gradient  

 Dendrogram of woody plant community cluster was analyzed based on the abundance of species 

composition in their respective hierarchical classifications. Effect of altitude on plant community 

strictly illustrated on the upper altitude. All plant samples collected from the upper altitude were 

clustered under plant community Class 2 according to the abundance of the species composition 

in their hierarchical classification. However, plant community abundance was not strictly 

determined by lower and middle altitude class distributions. This implies that plants collected from 

Species Cluster 1 Cluster 2 Cluster 3 

Olea europaea  4.67 2.38 0.25 

Dodonaea angustifolia 3.56 3.46 0.00 

Pterolobium stellatum  3.34 1.46 0.25 

Euclea racemosa  2.72 1.69 1.25 

Jasminum abyssinicum  0.23 5.45 1.50 

Cuppuresses lusitanica  0.78 4.85 0.25 

Maesa Lanceolata 0.17 3.31 0.00 

Rumex nepalensis  0.06 3.23 0.00 

Terminalia catappa 1.00 2.85 0.00 

Teclea simplicifolia 0.06 1.54 16.25 

Podocarpus falcatus  0.61 1.15 1.50 

Grewia.sp 0.00 1.46 1.50 

Myrsine africana  0.44 1.00 1.50 

Acokanthera schimperi  1.11 0.69 1.25 
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the samples of middle altitude plots were clustered under plants collected from the sample of lower 

altitude plots. There were abundant plant species more than one altitude gradient classes; plant 

community under cluster three and cluster one. In other words, cluster 1 plant community 

represented plant species in middle and lower altitudes with regards to the abundance of species 

composition in their hierarchical classifications. There were two main reasons suggested for the 

abundance plant of species in middle and lower altitudes: First impacts of the anthropogenic on 

the lower altitude (grazing, selective thinning and logging) might have been factors for the 

abundance of some plant species of middle and lower altitudes. This implies that some plant 

species might have naturally abundant at lower altitude, while the abundance of others at middle 

altitudes might be attributed to anthropogenic impacts. Premises means natural factors at the 

middle altitude and anthropogenic impacts at the lower altitude might have contributed to the 

abundance of some species at both altitudes. Secondly, some plant species were naturally abundant 

in a wider range of altitudes.  

The soil physicochemical property and disturbance difference along altitude class were assumed 

to be the main factor of the distinct difference of plant community of the upper altitude class. 

Similarities of plant community of the lower and middle altitudes might be attributed to the effect 

of the soil moisture of the two altitudes. However, soil moisture of the upper altitude was greater 

than that of the middle and lower altitudes, which might be attributed to differences of the plant 

community at higher altitude. Differences of plant community at high altitude might be also 

attributed to differences in soil organic carbon, soil organic matter, total nitrogen (Tot N), 

availability of phosphorus (Av. P) and cation exchange capacity (CEC) of the soil at the upper 

altitude. 
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4.1.3. Species Composition and Structure  

4.1.3.1. Species Composition 

The forest study site was characterised by 103 species of 91 genera and 54 families. There were 

26 tree species, 36 shrubs species, 6 lianas species and 35 herbaceous species. Poaceae, Oleaceae 

and Anacardiaceae were the most dominant families, contributing 12, 5 and 5 species, 

respectively. It had four species each of the Euphorbiaceae, Fabaceae and Malvaceae families 

and while 46 families that contributed only three and less species. Achyranthus aspera, Allium sp., 

Teclea simplicifolia, Celtis toka, Jasminum abyssinicum, Myrsine africana, Pittosporum 

veridiflorum, Grewia sp. and Podocarpus falcatus were the most abundant species, that accounted 

25.24% for the total density. Olea europaea, Teclea simplicifolia, Achyranthes aspera, Euclea 

racemosa, Psydrax schimperiana, Acokanthera schimperi and Pterolobium were recorded highest 

frequency whereas Podocarpus falcatus, Cuppuresses lusitanica and Olea europaea were the most 

dominant. Olea europaea subsp. cuspidata, Cuppuresses lusitanica and Dodonaea angustifolia 

were relatively more frequent and dominant species, whereas Podocarpus falcatus and 

Achyranthus aspera were relatively abundant and dominant species. Teclea simplicifolia was 

relatively the more abundant and frequent plant species in the study site. The upper and middle 

altitude classes were relatively dominated long trees than the lower altitude, which was dominated 

by shrubs and shorter trees.  

In the Asabot dry Afromontane forest plant community, there were species like Olea europea, 

Dodonaea angustifolia, Pterolobium stellatum, Euclea racemosa, Jasminum abyssinicum, 

Cuppuresses lusitanica, Maesa lanceolata, Rumex nepalensis, Terminalia sp, Teclea simplicifolia, 

Podocarpus falcatus, Grewia sp., Myrsine africana and Acokanthera schimperi were high 



81 
 

importance value index. Cuppuresses lusitanica, Olea europaea and Podocarpus falcatus species 

had the highest importance value index (IVI) when compared with other species.  

4.1.3.2. Importance Value Index (IVI) 

Cuppuresses lusitanica, Olea europaea, and Podocarpus falcatus species had the highest 

importance value index (Table 4). This might be due to the protection of the high economic and 

cultural value of species by the endowed monastery community from local intruders was 

demanded timber and other construction material. These three-species had about 30.05 % of the 

total importance value whereas the remaining woody species together had the importance value 

(IVI) of about 69.95% (Table 4). The lower IVI species needed more conservation efforts, while the 

higher importance value (IVI) species required monitoring and management. The plant community 

importance value index classes for each species showed an inverted J-shaped curve, which implied 

that a greater number of species were in the first IVI class and a fewer number of the species in the 

last IVI class. The study showed that most species belonged to lower IVI classes, whereas a fewer 

species to higher IVI classes (Figure 11). 
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Table 4:  Top ten species with high Importance Value Index 

Species RA RF RDO IVI 

Podocarpus falcatus  2.91 2.77 44.67 50.35 

Cuppuresses lusitanica  1.05 2.65 25.38 33.35 

Olea europaea  1.25 4.94 10.86 18.94 

Jasminum abyssinicum     5.09 4.05 0.94 8.12 

Teclea simplicifolia  2.97 4.97 0.07 8.01 

Euclea racemosa  1.60 4.27 0.82 6.69 

Achyranthes aspera 3.17 1.08 1.76 6.01 

Psydrax schimperiana  1.74 4.21 0.04 5.99 

Olea welwitschii  1.32 1.92 2.54 5.79 

Acokanthera schimperi  1.99 3.60 0.184 5.77 

Dodonaea angustifolia  1.64 2.78 1.28 5.56 

(Refer Appendix 3 for the entire species) 

 

(IVI classes 1 stands for 1−5, class 2 stands for 5.1−10.0, class 3 stands for 10.1−15.0, class 4 stands for 15.1−20.0, class 5 stands for >20.0) 

Figure 11: Number of species in the importance value index class 
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4.1.3.3.Tree and Shrub Density 

The number of trees and shrubs that had DBH greater than 1 cm was 876 individuals’ ha-1. The 

density of trees and shrubs with DBH 10−20 cm was 137.5 individual’s ha-1. The number of trees 

and shrubs that had DBH greater than 20 cm was 71.16 individuals·ha-1 (Table 5). The ratio 

described as c /d, was taken to measure size class distribution. Accordingly, the ratio of individuals 

that had DBH 10.01−20 cm (c) to DBH > 20 cm (d) was 1.93.  

Table 5:  Density of trees and shrubs by diameter at breast height class 

DBH (cm) No. of individuals (ha-1) Percentage (%) 

1.00 – 2.50 17.31 2.00 

2.51 – 10.00 650.00 74.20 

10.10 – 20.00 137.50 15.70 

             >20.00 71.16 8.10 

Total 875.97 100.00 

 

Comparisons were made tree and shrub densities in DBH class 10.01−20 cm (c), DBH class greater 

than 20 cm (d) and C/D ratio of the Asabot mountain forest and other eleven forests in Ethiopia. 

The ratio of DBH 10−20 cm to DBH > 20 cm of the Asabot mountain forest was lower than that of 

the Chilimo, Dindin, and Masha Andaracha, Menegasha Suba, and Mena Angetu forests, but 

higher than that of the Alata-Bolale, Wof-Washa, Kamtok, Gura-Ferda, Denkoru, and Dodola 

Forests (Table 6).  
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Table 6: Comparisons of number of trees and shrubs density with DBH 10−20 cm (c) and tree density 

with DBH > 20 cm (d) from Asabot mountain Forest with 11 other forests in Ethiopia 

 

Forests 

Density ratio  

(c) (d) (c/d) Source 

Wof-Washa 329.00 215.00 1.53 Tamrat Bekele, 1993 

Menegasha Suba 484.00 208. 20 2.33 Tamrat Bekele, 1993 

Kamtok 330.00 215.00 1.53  Gurmessa et al., 2012 

Dodola  521.00 351.00 1.48 Hundera et al., 2007 

Denkoru 526.00 285.00 1.85  Ayalew et al., 2006 

Gura Ferda 500.00 263.00 1.90 Dereje Denu, 2006 

Masha Andaracha 385.70 160.50 2.40 Yeshitela et al., 2003 

Dindin 437.00 219.00 2.00 Shibru and Balcha, 2004 

Mena Angetu 292.00 139.00 2.10 Lulekal et al., 2008 

Alata-Bolale 365.00 219.00 1.67 Woldeyohannes Enkossa, 2008 

Chilimo 638.00 250.00 2.55 Tamrat Bekele, 1994 

Asabot 137.50 71.16 1.93 Current study 

 

4.1.3.4. DBH Class Distribution    

Irregular relationship was observed between DBH class and wood species density. As DBH 

increased from first class to second class, the number of individual species increased significantly 

from 17.31 stems ha-1 to 650 stems ha-1; then decreased and finally increased relatively. The curve 

showed irregular distribution of individual species across the DBH classes (Figure 11). 
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Figure 12: DBH class versus the number of individuals per hectare 

Tree species were classified according to their differences in DBH classes: as 1 represented trees 

that had 1.0−2.50 cm, 2 that had 2.51−10.0 cm, 3 that had 10.01−15.0 cm, 4 that had 15.01−20.0 

cm, 5 that had 20.01−25 cm, 6 that had 25.01−30.0 cm, and 7 that had DBH>30.0 cm. The DBH 

class distribution showed that more than 76 % of the individual trees had DBH of less than 10.01 

cm (Table 7).  

4.1.3.5. Basal Area  

The total mean basal area of the Asabot mountain forest was 22.45 m2 ha-1. DBH class 7 (DBH>30.0 

cm) covered the highest percentage (74.98%) of the basal area, while DBH class of the rest 

individual tree density covered only 25.02 % of the basal area. Conversely, individuals in the DBH 

classes less than 30 cm had the density of about 95 % of the total but covered 25.02 % of the total 

basal area of the forest (Table 7).   
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Figure 13: Basal Area distribution in percent across DBH class 

The structural analysis indicated that the majority of plant community found in the DBH class 10 

cm to 20 cm. But ratios of the medium (DBH class 10 to 20 cm) and the larger (DBH class >20 cm) 

was greater than that of the Wof-Washa (Bekele, 1993), Kamtok (Gurmessa et al., 2012), Dodola 

(Hundera et al., 2007), Denkoro (Ayalew et al., 2006), Gura Freda (Denu, 2007), and Alata-Bolale 

(Woldeyohannes, 2008) forests. Ratios of the medium and the larger classes were lower than that 

of the Menagesha Suba (Bekele, 1993), Chilimo (Bekele, 1994) and Masha Anderacha (Yeshitela 

and Bekele, 2003), Mana Angetu (Lulekal et al., 2008) and Dindin (Shibru and Balcha, 2004). The 

largest species in the basal area was the most important woody species in the forest. Accordingly, 

the descending order of some of the top tree species that most covered basal area in Asabot 

mountain forest was Podocarpus falcatus, Juniperus procera, Olea europaea, Olea welwitschii, 

Nicandra physaloides, Acacia abyssinica, Dodonaea angustifolia, and Teclea nobilis. 
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Table 7: DBH class, Density and Basal Area of tree and shrub of Asabot mountain evergreen natural 

forest 

 

               DBH Class 

                                  Density                    Basal Area 

Number of Stems 

per ha 

Percent (%) Area (m2) Percent (%) 

Class 1 1.0 0–2.5 17.31 2.00 0.01 0.02 

Class 2   2.50–10 650.00 74.20 1.96 8.71 

Class 3 10.01–15 90.38 10.30 1.11 4.95 

Class 4 15.01–20 47.12 5.40 1.06 4.74 

Class 5 20.01–25 15.39 1.80 0.63 2.79 

Class 6 25.01–30 13.46 1.50 0.87 3.81 

Class 7 >30 42.31 4.80 16.83 74.98 

Total  875.97 100.00 22.45 100.00 

 

Total basal area of the Asabot mountain forest was less than that of the Wotagisho forest (Kebebew 

and Demissie, 2017), Alata-Bolale Forest (Woldeyohannes, 2008), Menagesha Suba, Chilimo, and 

Denkoro Forests (Ayalew et al., 2006), Dindin Forest (Shibru and Balcha, 2004), Gendo Forest, 

Masha-Anderacha Forest (Yeshitela and Bekele, 2003), Jibat (Bekele, 1993)  and Wof-Washa 

Forest (Bekele, 1993).  

4.1.3.6. Height Class Distributions  

Density of individual trees and shrubs distribution along height classes of the Asabot mountain 

forest decreased as height increased (Figure 14).  
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Figure 14: Tree and shrub individual density distribution along height class 

More than 88 % of trees and shrubs had the height of less than 8.01 m (Height classes 1 and 2). 

Only a small proportion, (3.6 %) had the height of 20.01 m and above. The study showed that 

shorter plants dominated the plant community (Table 8). 

Table 8: Height class, density and percent of trees and shrubs in the study site 

                      Height Class (m) Density (number of trees) Percent (%) 

Class 1                  2.00 – 5.00 512.50 58.50 

Class 2                5.01 – 8.00 260.58 29.70 

Class 3                8.01 – 12.00 53.85 6.10 

Class 4                12.01 – 15.00 8.65 1.00 

Class 5               15.01 – 20.00 8.65 1.00 

Class 6                more than 20.00 31.73 3.60 

Total 875.97 100.00 
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4.1.3.7. Vertical Structure  

Vertical structure story of the Asabot mountain forest was classified using IUFRO classification 

scheme (Zanella et al., 2011). The study showed the maximum recorded tree height in the Asabot 

mountain forest was 40 m, which was comparable to the height of trees in others forest in Ethiopia. 

Main tree species that were classified under upper story were Juniperus procera, Nicandra 

physaloides, Podocarpus falcatus, Euclea racemosa and Cassipourea malosana. When we 

compare each story based on the number of individual trees, the lower story was higher than that 

of the upper story (Table 9). 

Table 9: The vertical structure story of trees in the Asabot mountain forest 

 

Story 

Height (m) 

Class 

Stems Species Ratio of individuals to 

species 
Density Percentage 

(%) 

No. Percentage 

(%) 

Lower 2–13.33 826.93 94.4 45 76.27 18.38 

Middle 13.33<H<26.66 33.04 3.77 9 15.25 3.67 

Upper >26.66 16.00 1.83 5 8.48 3.20 

 

(The story of trees classified into upper, where the tree height is greater than 2/3 of the top height; middle, where the tree height is in between 1/3 and 2/3 of the top 

height; and the lower story, where the tree height is less than 1/3 of the top height) 

The middle layer vertical structure of the Asabot mountain forest was occupied by different species 

that included Capparis tomentosa, Cuppresus lustanica, Podocarpus falcatus, Olea welwitschii, 

Bersama abyssinica, Ficus Sur, and Olea europaea. However, the lower story was largely 

dominated by Acacia abyssinica, Acokanthera schimperi, Capparis tomentosa, Clerodendrum 

myricoides, Dodonaea angustifolia, Euclea racemosa, Pavetta abyssinica, Ozoroa insignis, 

Protea gaguedi, Psydrax schimperiana, Rhus retinorrhoea, Schefflera abyssinica and Terminalia 
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sp. A larger majority of the species concentrated in the lower story (76.27 %); while 15.25 % and 

very 8.48 % concentered in the middle and upper stories, respectively (Table 9), which showed a 

similar trend with Kamtok Afromontane moist forest (Gurmessa et al., 2012) and Bonga Forest 

(Kelbessa and Soromessa, 2008).  

4.1.3.8. Plant Diversity  

Plant diversity indicated healthiness and survival capacity of the ecology in spite of the unexpected 

environmental disturbance happened. Species richness was found to be the highest in community 

1 (41.91%) and the lowest in community 3 (18.38%). Shannon diversity, Simpson diversity, 

Shannon Evenness and Simpson Evenness were found to be the highest in community 2 and the 

lowest in community 3 (Table 10). However, the study revealed that high species richness was not 

an indication of diversity and evenness. The lower altitude class was rich in plant species and the 

middle altitude class was poor in plant richness. The upper altitude class was characterized by high 

diversity and high evenly distributed species, whereas the middle altitude was described by low 

diversity and evenness. Findings showed that was difference in significant forest management 

along altitude classes. There was good forest management in the upper altitude class, but poor 

forest management in the middle and lower altitudes.  

Table 10: Species richness, Shannon diversity index (H), Simpson diversity index, Shannon Evenness 

index (j) and Simpson Evenness index of each cluster 

Cluster Richness Shannon diversity Simpson diversity Shannon Evenness Simpson Evenness 

Community 1 57.00 3.37 20.37 0.83 0.36 

Community 2 54.00 3.86 42.79 0.97 0.79 

Community 3 25.00 2.30 4.32 0.71 0.17 
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4.1.3.9. Relative Abundance, Relative Frequency and Relative Dominance  

Achyranthes aspera, Allium sp., Teclea simplicifolia, Celtis toka, Jasminum abyssinicum, Myrsine 

africana, Pittosporum Veridiflorum, Grewia sp. and Podocarpus falcatus were the abundant tree 

species that accounted for the 25.24% of total density. Olea europaea, Teclea simplicifolia, 

Achyranthes aspera, Euclea racemosa, Psydrax schimperiana, Acokanthera schimperi and 

Pterolobium were recorded the higher frequency, whereas Podocarpus falcatus, Cuppuresses 

lusitanica and Olea europaea recorded the higher relative dominance. Olea europaea, 

Cuppuresses lusitanica and Dodonaea angustifolia had relatively higher frequency and 

dominance, whereas Podocarpus falcatus and Achyranthus aspera had relatively higher abundance 

and dominance in the forest. Indeed, Teclea simplicifolia was the only plant species that had a 

relatively high abundance and frequency in the study site (Table 11). 

Table 11: Selected high relatively abundant, relatively dominant and relatively frequent species 

Species RA Species RF Species RDO 

Achyranthus aspera 5.81 Teclea simplicifolia  4.97 Podocarpus falcatus  44.67 

Allium spalhaceum 3.18 Olea europaea  4.94 Cuppuresses lusitanica  25.38 

Teclea simplicifolia  2.97 Euclea racemosa  4.27 Olea europaea  10.86 

Celtis toka 2.64 Psydrax schimperiana  4.21 Olea welwitschii  2.54 

Jasminum abyssinicum  2.37 Acokanthera schimperi    3.60 Achyranthes aspera 1.76 

Myrsine africana  2.12 Pavetta abyssinica  3.01 Acacia abyssinica  1.59 

Pittosporum viridiflorum 2.08 Dodonaea angustifolia  2.78 Protea gaguedi  1.38 

Grewia-sp 2.05 Juniperus procera  2.71 Dodonea angustifolia  1.28 

Podocarpus falcatus  2.02 Cuppresus lusitanica  2.65  Nicandra physaloides  1.20 

4.1.4. Population Structure  

Patterns of diameter class distribution indicated general trends of population dynamics and 

recruitment processes of each specie. Population structure analysis of 27 species revealed that eight 

specific and three general patterns (Figure 15). The total seedling, sapling, and mature woody tree 
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densities of the 27-selected species were about 1268, 231, and 911 individual trees per hectare, 

respectively (Table 12). DBH and height class distribution indicated an inverted J-shaped curve with 

the most individuals in the lower size classes (Figure 15).  However, the basal area class distribution 

of individuals showed J-shape. The DBH and height class distribution demonstrated a high rate of 

regeneration, but the minimum number of tree density in the higher DBH and height class 

distribution might be due to the high rate of selective tinning. This agreed with studies conducted 

in different parts of the country (Gurmessa et al., 2012, Kitessa and Young, 2008). The total basal 

area of the woody plant community in the sample plots of the Asabot forest was 22.44 m2 ha-1. 

The greatest basal area was covered by Podocarpus falcatus, Juniperus procera, Olea welwitschii 

and Olea europaea. The predominance of these species in the forest was probably because of their 

spiritual significance and the protection of the Asabot monastery community of the forest from 

external intruders. Most of these species was not dominated in other forest because of the high 

demand they had in market (Gurmessa et al., 2012, Kitessa and Young, 2008). The study showed 

few plants covered larger basal area which agreed with the findings of others (Hundera et al., 2007; 

Yeshitela and Bekele, 2003). 

Of the total selected tree species 27 species were showed eight more specific and three general 

patterns according to their DBH class abundance (Figure 15). Plant species represented their 

populations in particular pattern were Olea europaea, Dodonaea angustifolia, Protea gaguedi, 

Acacia abyssinica, Juniperus procera, Podocarpus falcatus, Olea welwitschii and Conyza 

hypoleuca.  Most of the patterns showed a higher density in the lower DBH classes, which suggested 

good reproduction and healthy regeneration potentials. The other pattern showed the lowest 

density in the lower classes, which was the sign of poor reproduction and recruitment trends. Other 

populations had irregular patterns, which agreed with the findings of other studies in Ethiopia 
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(Senbeta et al., 2007; Woldeyohannes, 2008; Gurmessa et al., 2012). Most of the plant population 

in the Asabot mountain forest was in a deficient intermediate DBH classes, which might be due to 

selective tinning of the medium-sized wood plants. This might be due to the fact that the Asabot 

mountain forest was the only intact natural forest remained in the vicinity in spite of the frequent 

effects of the local intruders. Absence of medium DBH classes in the forest was mainly attributed 

to selective tinning for construction, timber and firewood.



 
 

 

Figure 15:  Population structure of selected tree species (Tree species were classified according to different 

DBH classes, such as, 1 stands for 2.6−12.0 cm DBH, 2 stands for 12.1−22.0 cm DBH, 3 stands for 

22.1−32.0 cm DBH, 4 stands for 32.1−42.0 cm DBH, 5 stands for 42.1−52.0 cm DBH, 6 stands for 

52.1−62.0 cm DBH, 7 stands for >62.0 cm DBH) 
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4.1.5. Regeneration Status of Asabot Mountain Forest  

Composition, distribution and density of seedlings and saplings are an indicator for the future 

habitat conditions, geographical distribution, composition, successful regeneration and survival 

and growth of forests within space and time (Khumbongmayum et al., 2005, Henle et al., 2004, 

Grubb, 1977). Distribution of seedlings, saplings and mature trees/shrubs showed three general 

patterns and eight distinct patterns and (Figure16).  

Seven species that amounted 19.44 % did not have sufficient seedlings and saplings representatives 

as there were few matured trees of these species. Likewise, five species that constituted 13.88 % 

of the total samples did not have saplings (Table 12). Accordingly, plant species were grouped into 

three conservation priority classes; Class 1 represented species that did not have seedlings or 

saplings, Class 2 represented species that had seedlings, but not saplings, and Class 3 represented   

species that had greater than 1 individual’s ha-1 seedlings and saplings (Table 13).   



 
 

 

Figure 16: Trees/shrubs, saplings and seedlings distribution of some selected species of Asabot forest



 
 

Table 12: Selected tree species with their seedling, sapling and mature tree density per hectare 

Scientific name Trees and shrubs Saplings Seedling Sum of densities 

Olea europaea  102 12 91 205 

Acokanthera schimperi  25 6 16 47 

Euclea racemosa  73 6 51 130 

Psydrax schimperiana   8 17 43 68 

Dodonaea angustifolia 88 59 272 419 

Carissa spinarum  24 30 88 142 

Rhus retinorrhoea  49 7 73 129 

Protea gaguedi  16 0 3 19 

Acacia abyssinica  16 0 6 22 

Maytenus spp. 13 4 24 41 

Ozoroa insignis  2 0 90 92 

Juniperus procera 70 22 30 122 

Terminalia catappa  23 8 17 48 

Bersama abyssinica  2 0 4 6 

Capparis tomentosa  3 4 2 9 

Myrsine africana  13 39 436 488 

Clerodendrum myricoides  1 0 2 3 

Acacia sp.  9 0 2 11 

Sideroxylon oxyacanthum 1 0 3 4 

Cassipourea malosana  2 1 3 6 

Podocarpus falcatus  21 0 1 22 

Croton macrostachyus  1 0 0 1 

Calpurnia aurea  7 2 14 23 

Schefflera abyssinica  10 8 13 31 

Euphorbia tirucalli  4 3 2 9 

Ficus Sur 3 0 0 3 

 

Class 1 and 2 plant species under conservation might have been affected by human and cattle 

activities, grazing and browsing, seed predation, and need of dormancy period of the seeds of 

certain trees, which caused insufficient seedlings and saplings. According to, Facade and 

Coworker, litter accumulation, pathogens, moisture stress, and possession of alternative 
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adaptations for propagation other than seed germination could be the cause for lack of sufficient 

seedlings (Shibru and Balcha, 2004; Danu; 2006; Gurmessa et al., 2012). Findings of this study 

showed that plant species under conservation priority 1 and 2 were under threat and extinction 

from the locality that they needed due attention and the design of appropriate strategy to save them 

from the danger of extinction. 

Table 13:  Species conservation priority classes 

Class 1 Class 2 Class 3 

Croton macrostachyus Podocarpus falcatus Calpurnia aurea 

Ficus Sur Sideroxylon oxyacanthum Schefflera abyssinica 

- Clerodendrum myricoides Cassipourea malosana 

- Acacia sp. Capparis tomentosa 

- Bersama abyssinica Fresen. Myrsine africana 

- Ozoroa insignis Acokanthera schimperi 

- Protea gaguedi. Juniperus procera 

- Acacia abyssinica Terminalia catappa 

- - Maytenus spp. 

- - Rhus retinorrhoea 

- - Olea europaea 

- - Acokanthera schimperi 

- - Euclea racemosa 

- - Psydrax schimperiana 

- - Dodonea angustifolia 

- - Carissa spinarum 

- - Rhus retinorrhoea 
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4.2. Soil Microbial Community Structure and Activity  

4.2.1. Soil Physicochemical Properties  

Soil types of the study site were Leptsosols, Cambisols and Vertisols at upper, middle and lower 

altitude, respectively. The dominant soil textural class of the study site was sandy loam though the 

lower altitude had both sandy loam and loamy soils types. There were significant variabilities of 

the percentages among sand, silt and clay at each altitude gradients of the sample plots. Silt/clay 

ratio ranged from 0.57 to 0.64 at the upper altitude; 0.44 to 0.66 at the middle altitude, and 0.58 to 

0.64 at the lower altitude, respectively. Silt/clay ration variation within soil samples were higher 

at the middle altitude. The calculated mean of average bulk density of the surface soil was 1.25 kg 

/m3 that indicated the presence of weatherable minerals in the soil. Soil reaction of the middle 

altitude ranged from week acid (pH = 6.95) to slightly basic (pH = 7.43), and that of the lower and 

upper altitudes ranged from week base (pH = 7.27) to a slightly basic (pH = 7.4). The calculated 

mean electrical conductivity (0.22+0.03 dS/m) of the soil at the middle altitude had higher salinity 

than the soil at lower and upper altitude gradients. Organic carbon, soil organic matter, total 

nitrogen, and moisture of the soil of the study site increased as altitude increased. Percentages of 

organic carbon in the soil at the upper altitude class ranged from 20.83-23.56%, at the middle 

altitude from 6.23 - 21.06 % and at the lower altitude from 9.49-10.32 % (Table 14). Variability of 

soil organic carbon in the soil at altitude classes and between altitudes classes were found to be 

significant (p<0.05). Disturbance of forest at the study site decreased as altitude increased; that 

indicated the decreases of forest ecology disturbance and increases quality of the soil.  Therefore, 

soil organic carbon, soil organic matter, total nitrogen, and moisture in the upper altitude increased 

while CEC decreased were an indication of CEC influence on soil quality. This findings in agreed 

with the study conducted on the Britain montane ecosystem, which stated soil organic carbon 
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increased as altitude increased due to the release of high decomposition nutrients and interactions 

of the soil biota (Bardgett and Leemans, 1996, Bonito et al., 2003, Liang et al., 2006). Furthermore, 

cation exchange capacity of the types of soil in the study site showed similar trend with that of the 

organic carbon and organic matter in the soil; higher (42.43-58.83 cmolc (+)/kg) at upper altitude, 

medium (33.9-45.9 cmolc (+)/kg) at the middle altitude, and lower (28.40-42.08 cmolc (+)/kg) at 

the lower altitude. This similarity trend between soil organic carbon and soil cation exchange 

capacity along altitudinal was in agreement with the established knowledge, which stated that 

percent of organic matter and clay increased soil cation exchange capacity (Mengel, 1993). 

However, the least amount of phosphorus (12.73+3.98 ppm) was recorded at the middle altitude 

gradients, and the highest amount (20.13+2.39 ppm) at the upper altitude gradients. This allied 

with the literature value illustrated available phosphorus along altitude gradients (Kitayama et al., 

2000, Silver et al., 1999, Kitayama and Aiba, 2002).  Field capacity and permanent wilting points 

of the soil in the study site had similarity in all the altitude (Table 14).  

Table 14: Selected physicochemical properties of soils in the study site 

 Altitude 

Class 

pH-H2o EC 

 (dS/m) 

SOC 

 (%) 

SOM 

 (%) 

Tot N 

 (%) 

CEC 

(cmolc 

(+)/kg) 

Av.P 

(ppm) 

MC  

(%) 

Higher 

Altitude  

7.35+0.23 0.21+0.01 12.63+1.12 22.49+2.00 1.13+0.16 50.79+3.55 20.13+2.39 8.10+0.56 

Middle 

Altitude  

7.23+0.24 0.22+0.03 7.41+1.34 13.19+2.16 0.65+0.14 38.08+2.45 12.73+3.98 5.58+0.41 

Lower 

Altitude 

7.33+0.23 0.16+0.01 5.55+0.55 9.89+0.98 0.48+0.05 35.26+4.60 13.13+4.23 4.79+0.32 

 

Altitude 

Class 

Surface T 

(C0) 

Sand 

 (%) 

Silt 

 (%) 

Clay 

 (%) 

Texture Soil type FC 

(33kPa) 

PWP 

(1500kPa) 

Higher 

Altitude  

26.3+3.30 60.22+15.67 14.77+50.00 25.00+10.67 Sandy loam Leptsosols 0.23+0.05 0.09+0.01 

Middle 

Altitude  

26.28+2.80 59.25+9.67 14.41+50.00 26.33+8.67 Sandy loam Cambisols 0.23+0.05 0.09+0.02 

Lower 

Altitude 

30.70+7.40 53.33+5.66 17.66+50.00 29.00+4.66 Sandy loam & 

Loam 

Vertisols 0.25+0.01 0.09+0.01 
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4.2.2. Ester-Linked Fatty Acid Methyl Ester (EL-FAMEs) Soil Microbial Community 

 Fatty acid biomarkers have been the most often used signature components to determine 

microorganisms community composition in ecological studies (Tunlid, 1992, Hill et al., 2000). 

Fatty acid biomarkers C2-C24 has been widely applied to assist microbial characterization 

(Banowetz et al., 2006, Zelles et al., 1992). Thus, fatty acid biomarkers C12-C24 used in this study 

for microbial community biomass analysis and taxonomic classification. In the study site, 57 fatty 

acid biomarkers associated with known 13 taxonomic microbial community groups were 

identified. The calculated mean showed the Total EL-FAMEs microbial biomass abundance (nmole 

g-1 soil and %) descending order was saturated (278.37 nmole g-1 soil and 46.39 in percent) > 

unsaturated (187.77 nmole g-1 soil and 31.29 in percent)> branched (113.06 nmole g-1 soil and 

18.84 in percent)>cyclic and OH (20.82 nmole g-1 soil and 3.47 in percent), respectively. Relative 

abundance of microbial biomass was represented by saturated (52.9 % mole), unsaturated (40.58 

% mole), branched (25.28 % mole), and cyclic and OH (4.32 % mole). The microbial community 

accounted for the saturated hydrocarbon biomarkers was found to be the dominant group as the 

calculated in mean total EL-FAMEs showed abundance and relative abundance of biomass which 

was observed in the most of the fungi community. Fungi community dominance at forest soil 

environment postulated as an indication of sustainable plant-microbial relation through accessing 

scarce or immobile soil minerals, particular phosphorus to plants and thereby increase plant growth 

rates (Lumley et al., 2001, Nordén and Paltto, 2001). The least survived microbial communities 

were Cyclic and OH hydrocarbon groups, which represented mostly the bacterial community. The 

sequential order of abundance and the relative abundance of the microbial biomass (saturated, 

unsaturated, branched, and cyclic and OH) in the upper, middle and lower altitudes was not 
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affected.  

The highest (16:0, 18.33+2.57 % mole and 18:1 w9c, 11.31+2.71 % mole) biomarkers with 

microbial biomass relative abundance (% mole) were gram-negative bacteria and fungi 

community, respectively. The least (20:1 w9c, 0.02+NA % mole and 10:0 3OH, 0.03+NA % mole) 

biomarkers with microbial biomass relative abundance (% mole) were fungi and gram-positive 

bacteria, respectively (Table 15). The higher relative abundance of gram-negative bacteria 

community was an indication of healthy ecosystem functioning. Because bacteria communities are 

responsible for nutrient transformations in the ecosystem functioning (Pace, 1997, Schimel et al., 

2007) and abundance depends on organic materials viability (Axelrood et al., 2002, Zhou et al., 

2002). However, the increasing relative abundance of fungi community significant role in 

ecosystem functioning, including nutrient acquisition, water transfer and carbon and nutrient 

cycling (Claridge et al., 2009). The total soil microbial biomass abundance declined substantially 

as altitude and slope increased, which showed negative relationships in linear regression. The 

reason stated for microbial biomass abundance decline as altitude increased is changing climatic 

factor and soil chemicals (Shen et al., 2013).  

The branched dimethyl (16:1 w7c DMA and 18:2 DMA), branched iso and anteiso (17:1 anteiso, 

19:0 iso and 20:0 iso), unsaturated (20:1 w9c and 19:4 w6c) and OH (10:0 3OH) fatty acid 

biomarkers represented anaerobic bacteria, gram-positive bacteria, fungi and gram-negative 

bacteria taxonomic microbial community, respectively, were detected only in one sample plots of 

the study site, which at the middle altitude class (Table 15). The result showed that there were some 

species had week competence in environmental factors variability which agreed with similar 

studies (Berg and Smalla, 2009, Jousset, 2012).  Therefore, microbial community of the stated 
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biomarkers might be used as monitoring tools of ecosystem perturbation and impacts of inducing 

management plan. 

Table 15: The mean + sd total EL-FAMEs and relative abundance fatty acid biomarkers detected in 30 

soil samples and used for microbial structure analysis 

*Correlation is significant at the 0.05 level, **Correlation is significant at the 0.01 level 

Branched group Unsaturated group Cyclic and OH group 

Biomarkers C (mole g-1) %mole Biomarkers C (mole g-1) %mole Biomarkers C (mole g-1)           %mole 

13:0 iso* 1.06+0.43 0.22+0.06 15:1 w8c 0.14+0.05 0.03+0.02 17:0 cyclo w7c ** 4.84+2.23 0.99+0.20 

14:0 anteiso 0.15+0.06 0.03+0.01 16:1 w5c* 27.77+12.82 6.10+1.47 19:0 cyclo w7c** 12.33+5.93 2.53+0.81 

14:0 iso 2.74+1.25 0.59+0.18 16:1 w7c ** 15.62+7.63 3.23+0.96 19:0 cyclo w9c 2.45+0.60 0.53+0.12 

15:1 iso w6c ** 2.20+0.76 0.44+0.09 17:1 w8c * 6.23+2.57 1.28+0.33 16:0 N alcohol 1.09+0.41 0.24+0.08 

15:0 anteiso ** 10.34+3.56 2.18+0.34 18:1 w9c 54.87+23.63 11.31+2.71 10:0 3OH 0.11+ NA 0.03+NA 

15:0 iso** 19.14+7.65 3.96+0.54 20:1 w4c 1.92+NA 0.45+NA Saturated group 

16:0 10-methyl ** 18.44+6.85 3.92+0.83 20:1 w9c * 0.12+NA 0.02+NA Biomarkers C (mole g-1) %mole 

16:0 anteiso 0.80+0.19 0.19+0.04 20:3 w6c 3.00+1.42 0.63+0.21 12:0* 4.46+3.14 0.93+0.59 

16:0 iso 15.36+6.62 3.16+0.54 20:4 w6c 1.47+0.60 0.29+0.07 13:0 1.11+ 0.46 0.26+0.02 

16:1 w7c DMA 0.23+NA 0.04+NA 20:5 w3c 3.14+1.63 0.62+0.18 14:0 17.97+9.83 3.60+1.07 

17:0 10-methyl ** 3.76+1.93 0.77+0.17 18:1 w5c 10.35+5.2533 2.09+0.71 15:0 4.15+1.80 0.84+0.12 

17:1 w7c 10-methyl** 5.16+2.10 1.22+0.66 18:1 w7c 23.57+11.55 4.95+0.80 16:0* 89.08+36.18 18.33+2.57 

18:0 10-methyl** 4.93+2.35 1.02+0.21 18:3 w6c** 2.53+1.24 0.53+0.20 17:0 3.75+1.77 0.77+0.14 

18:0 iso 1.54+1.55 0.34+0.14 19:4 w6c 8.32+NA 3.24+NA 18:0 18.62+7.72 3.78+0.51 

18:2 DMA 0.44+NA 0.08+NA 18:2 w6c* 27.90+12.81 5.59+1.33 19:0 26.79+1.82 6.40+3.03 

19:0 iso 0.37+NA 0.12+NA 15:1 w6c 0.82+0.38 0.22+0.09 20:0 ** 12.25+9.52 2.38+0.97 

20:0 10-methyl 0.33+0.07 0.08+0.02  21:0 58.18+4.21 7.36+0.32 

20:0 iso 1.92+NA 0.45+NA ‘The fatty acid nomenclature denotes the number of carbons, 

number of double bonds, followed by the double bond locations 

from alphabetic (w) end of the molecule. The suffixes ‘c’ and ‘t’ 

indicates cis and trans geometric isomers. The prefixes ‘a’ and ‘i’ 

refers to anteso and iso branching, Me, DMA and OH specific 

methyl, dimethyl and hydroxyl groups respectively.’ 

 

22:0 17.35+10.63 3.40+1.11 

17:0 anteiso 6.52+2.53 1.36+0.21 23:0 13.67+7.31 2.68+0.95 

17:0 iso 6.01+2.29 1.26+0.23 24:0** 10.99+7.53 2.17+0.91 

17:1 anteiso w7c 0.28+NA 0.10+NA    

17:1 anteiso w9c 4.99+2.20 2.51+0.05 

17:1 iso w9c * 6.35+3.11 1.24+0.32 
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Biomass abundance of the microbial biomarkers was evidenced by the existence of bacteria (16:0, 

20:0, 24:0, 13:0 iso, 15:0 iso, 15:0 anteiso, 16:1 w7c, 17:0 cyclo w7c, 19:0 cyclo w7c, 16:0 10-

methyl, 17:0 10-methyl, 17:1 w8c, 18:0 10-methyl, 17:1 iso w9c), common fungi (18:3 w6c, 18:2 

w6c & 20:1 w9c, 16:1 w5c), actinomycetes (17:1 w7c 10-methyl), eukaryotes (12:0) and 

eubacteria (15:1 iso w6c), which showed significant differences acroases the sample plots within 

altitude classes and between the altitude classes (p<0.05). The abundance of the biomarkers 

biomass clearly indicated that there were microscale environmental factors that had significant 

impacts on some microbial community and indicate the microbial community interaction with 

environmental factors at Asabot dry Afromontane. Variations of the microbial biomass abundance 

of the biomarkers of the other community showed that there was insignificant difference along 

altitude gradient within altitude classes (p>0.05) (Table 15). O’Donnell et al stated that “the mutual 

interrelationship between microbes with their microscale physical and chemical environments are 

particularly important for the explanation of microbial communities” role on ecological 

functioning’ (O'Donnell et al., 2007). 

Biomarkers dendrogram hierarchical classification of the microbial biomass abundance and 

relative abundance were clustered into four primary classes, four secondary classes, and fourteen 

tertiary classes. The dendrogram diagram illustrated that the majority of the microbial biomarkers 

showed similar trends of the biomass abundance and relative abundance (Figure 17). Principal 

component analysis (PCA) of the biomarkers showed biomass abundance of the microbial 

community (nmole g-1 soil) and relative abundance (% mole), which showed concentration in 

similar range, except 13:0 iso, 17:1 iso w9c, 10-methyl, 20:3 w6c, 18:0 iso and 20:0 iso, 20:5 w3c, 

which showed unique abundance and relative abundance of the domain (Figure 18).  
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Figure 17: Microbial biomarkers biomass abundance (nmole g-1) and relative abundance (% mole) cluster  

 

Figure 18: Microbial biomarkers biomass abundance (nmole g-1) and relative abundance (% mole) principal 

component analysis (PCA)  

a 



 
 

Canonical correspondence analysis (CCA) showed that environmental factors influence microbial 

biomarkers biomass abundance (nmole g-1 soil) and relative abundance (% mole). The microbial 

community biomass abundance and relative abundance response in most selected environmental 

factors (CEC, %MC, OC, TotN, pH and Av. P, slope and altitude) were similar (Figure 19).  

Figure 19: Canonical correspondence analysis (CCA) of biomarkers microbial biomass abundance and 

relative abundance with selective soil physicochemical parameters (a), altitude and slope (b)  

4.2.3. Total Ester-Linked Fatty Acid Methyl Ester (EL-FAMEs) Microbial Biomass 

Abundance and Relative Abundance Along Altitude Gradient 

The clustered mean of the study site Total EL-FAMEs microbial biomass abundance was 13.38 + 

17.31 nmol g-1 soil with the lowest record of 6.18+7.19 nmol g-1 soil in the sample soils collected 

from the upper altitude class, and the highest record of 22.66+25.81 nmol g-1 soil in the sample 

soil collected from the middle altitude. However, the general trends of study site microbial biomass 

a 
b 
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abundance showed decreased as altitude gradient increased. Difference of the Total EL-FAMEs 

microbial biomass abundance between altitude classes and within some altitude classes were found 

to be significant (p<0.001), which agreed with the findings of varies studies that stated macro and 

micro-environmental factors influenced soil microbial abundance (Zak et al., 2006, Jackson et al., 

2007). The mean relative abundance microbial biomass of the study site was 2.74 + 3.50 % mole, 

with the lowest record of 2.50+3.32% mole, and the highest record of 3.09+3.51% mole biomass 

abundance in the sample soils collected from the plots of the middle altitude class. This relative 

difference of the abundance of microbial biomass within sample plots of the altitude classes and 

between the altitude classes was found to be insignificant (Figure 20).  

This indicated that an insignificant impact of the environmental variability factors on the relative 

abundance of biomass in the altitudes of the dry Afromontane forest soil of the microbial 

community. The study illustrated microbial biomass abundance significantly governed by 

environmental factors variability, whereas the microbial relative abundance not significantly 

governed at the dry Afromontane forest. A relative abundance and evenness index microbial 

community biomass of the study site was increased as altitude increased, which might be attributed 

to the decreased forest ecosystem disturbance as altitude increased. However, the Shannon 

Diversity Index soil microbial biomass in the study site was showed unpredictable trends along 

altitude gradients (Table 16), which was agreed with some other studies (Bardgett et al., 2001, 

McCann, 2000). 
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Table 16:The  mean Total EL-FAMEs soil microbial biomass abundance, relative Abundance, Shannon 

Diversity Index and Pieloul’s Evenness Index 

Altitude Abundance in  

C (nmol g-1 soil) 

(Mean + SD) 

Relative Abundance in 

mol % 

(Mean +SD) 

Shannon Diversity 

Index 

(Mean + SD) 

Pieloul’s Evenness 

Index 

(Mean + SD) 

Lower Altitude 15.65+18.17 2.73+3.45 4.23+1.23 0.56+0.17 

Middle Altitude 14.04+20.30 2.70+3.6 4.30+1.26 0.58+0.18 

Higher Altitude 10.22+12.44 2.8+3.42 4.13+1.12 0.62+0.17 

 

 

Figure 20: The mean Total EL-FAMEs microbial biomass abundance (mole g-1 soil) and biomass relative 

abundance (% mole) along altitude gradient  

The 95% confidence interval Tukey multiple family-wise comparisons showed that there was the 

significant difference of microbial biomass abundance among the soil samples collected from 

paired of altitude gradients at altitudes at adjusted p<0.05. Samples of the soil collected from 

different altitude classes were showed a significant difference in microbial biomass abundance 

with the exception of two pairs of middle altitude classes. Significant microbial biomass 
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abundance difference showed in samples of the soil that had larger differences in EC, phosphorus 

and soil moisture, which illustrated that EC, availability of phosphorus and soil moisture were the 

main factors that influenced soil microbial biomass abundance of the dry Afromontane forest 

(Table 17).  Altitude gradient, soil physicochemical and plant community were the environmental 

factors for the difference of the soil microbial biomass abundance of the altitude gradients of 2133 

m and 2370 m, 1970 m and 2370 m, 2133 m and 1850 m, 1778 m and 2370 m, 2133 m and 2404 

m, 2133 m and 2320 m, and 1970m and 2219m above sea-level. However, soil physicochemical 

was the main environmental factors for the differences of the soil microbial biomass abundance of 

the altitude gradients of 2133 m and 2185 m, and 2133m and 2219 m above sea-level (Table 17). 

The study revealed that altitude gradients, soil physicochemical property, and plant community 

were the main factors of significant difference in soil microbial community biomass abundance at 

the dry Afromontane forest.  

Table 17: The Mean 95 % Tukey Multiple Family-Wise Confidence Comparisons of Soil Microbial 

Community Abundance Significant Difference Between Altitude Gradients  

Altitude gradient with significant microbial community biomass 

abundance (P<0.05) 

Environmental factors showed high difference between  

altitude gradient 

2133 (middle altitude class) and 2370 (upper altitude class) Av. P, MC, plant community 

2133 (middle altitude class) and 2185 (middle altitude class) SOC, SOM, Tot N, CEC, Av. P, MC 

1970 (lower altitude class) and 2370 (upper altitude class) EC, SOC, SOM, Tot N, CEC, Av. P, MC, and Plant 

community  

2133 (middle altitude class) and 1850 (lower altitude class) SOC, SOM, Tot N, CEC, Av. P, MC, and plant community 

1778 (lower altitude class) and 2370 (upper altitude class) EC, SOC, SOM, Tot N, Av. P, MC, and plant community  

2133 (middle altitude class) and 2320 (upper altitude class) pH, EC, CEC, Av. P, MC, and plant community  

2133 (middle altitude class) and 2403 (upper altitude class) CEC, Av. P, MC, and plant community  

1970m (lower altitude class) and 2219m (middle altitude class) EC, SOC, SOM, Tot N, CEC, Av. P, MC, and plant 

community 

2133m (middle altitude class) and 2219 (middle altitude class) pH, EC, SOC, SOM, Tot N, CEC, Av. P and MC 
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4.2.4. Soil Microbial Community Structure Along Altitude Gradient 

Study site mean microbial biomass Shannon Diversity index was 4.22+1.21, the highest record 

being 4.49+1.49 and the lowest 4.03+1.18 for the soil samples collected from the middle altitude 

class. The study site soil microbial biomass Shannon Diversity index was strongly determined by 

the salinity of the soil and availability of phosphorus, which attributed highest microbial diversity 

of sample soil of lowest salinity and highest available phosphorus. This finding agreed with the 

earlier study that concluded that there was decreased trend of fatty acids biomarker as soil salinity 

increased (Pankhurst et al., 2001). However, there were insignificant microbial biomass diversity 

index variations between altitude classes and within altitude classes. The mean study site microbial 

biomass Pieloul’s Evenness index was 0.58+0.17, the highest being 0.63+0.17 in the soil samples 

collected from the upper altitude class and the lowest 0.54+0.16 at soil samples collected from the 

lower altitude class (Figure 21). The difference of soil microbial biomass Pieloul’s Evenness index 

between altitude classes was found to be significant (p<0.05), whereas the difference was 

insignificant within altitude class (p>0.05). This was in agreement the study that illustrated 

significant differences of soil microbial community distribution along altitude gradient (Xu et al., 

2015).  
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Figure 21: The total EL-FAMEs microbial community Shannon diversity index and Pieloul’s Evenness 

Index along the altitude gradient  

The study site means total microbial taxonomy group diversity index according to descending 

order was found to be protozoa or nematode (44.81+0.08) > eubacteria (43.54+0.65) > 

actinomycetes (39.96+0.74) > eukaryotes (38.53+0.65) > gram-positive bacteria (38.17+0.95) > 

bacteria (36.12+0.90) > gram-negative bacteria (35.89+0.95) > fungi (33.79+1.32) > methano 

bacteria (32.8+0.32) > all organism (31.36+0.92) > arbuscular mycorrhizal fungi (21.08+0.04) > 

anaerobes bacteria (14.83), respectively. Protozoa functional group were the highest diversified, 

whereas anaerobes bacteria functional group were the list diversified in the study site, which 

illustrated the survivable capability difference in environmental perturbation.  
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The decreasing order of the study site total microbial taxonomy group evenness index was 

protozoa or nematode (6.25+0.07) > actinomycetes (5.49+0.1) > eukaryotes (5.33+0.13) and 

eubacteria (5.33+0.13) > gram positive bacteria (5.3+0.15) > bacteria (5.05+0.14) > gram negative 

bacteria (4.98+0.16) > fungi (4.7+0.19) > methano bacteria (4.53+0.09) > all organism (4.37+0.14) 

> Arbuscular mycorrhizal fungi (2.9+0.01) > anaerobes bacteria (1.78). The evenly distributed 

microbial community taxonomy group in the study site was protozoa and nematode, whereas 

unevenly distributed microbial community taxonomy group was anaerobes bacteria, which 

illustrated in agreement with previews study stated that “the even distribution of Total EL-FAMEs 

microbial biomass is an indication of high microbial community diversity” (Bardgett et al., 1997). 

Diversity and evenly distribution of the microbial community was an indication of a coping ability 

of environmental perturbation (Woodd-Walker et al., 2002).  The highest mean (4.48+0.08 and 

0.63+0.07) and the lowest mean (1.48+0.00 and 0.18+0.00) of the diversified and evenly 

distributed microbial community of the study site were that of the protozoa, nematode, and 

anaerobes bacteria functional group, respectively (Table 18).  
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Table 18: Soil microbial community Shannon diversity index and Pieloul’s Evenness Index in the study 

site 

Functional Groups Shannon Diversity Index Evenness Index 

Bacteria 3.61+0.90 0.51+0.14 

Gram negative Bacteria  3.59+1.01 0.50+0.16 

Gram positive Bacteria  3.82+0.95 0.53+0.15 

Fungi 3.38+1.32 0.47+0.19 

Protozoa 4.48+0.08 0.63+0.07 

All organism 3.14+0.92 0.44+0.14 

Methano bacteria 3.28+0.32 0.45+0.09 

Eukaryotes 3.85+0.77 0.53+0.13 

Eubacteria 4.35+0.65 0.53+0.13 

Actinomycete 4.00+0.74 0.55+0.12 

Arbuscular mycorrhizal fungi 2.11+0.04 0.29+0.01 

Anaerobes bacteria 1.48+0.00 0.18+0.00 

 

According to the study site mean total there were significant differences of the abundance of 

bacteria and gram-positive bacteria taxonomic group microbial biomass between altitude gradients 

(p = 4.47x10-6 and p = 0.04), respectively, whereas dissimilarity of gram-negative bacteria 

taxonomic group microbial biomass abundance between altitude gradients were found to be hardly 

insignificant (p = 0.0504). This illustrated that the dry Afromontane forest macro and 

microenvironmental factors had less impact on gram-negative bacteria taxonomic group compared 

to the gram-positive bacteria taxonomic group. The 95 % confidence Tukey multiple family-wise 

comparisons at adjusted p<0.05 indicated that there were significant differences of bacteria 

community biomass abundance between the altitude gradients. Altitude gradient, soil 
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physicochemical parameters, and plant community were the main environmental factors for the 

significant difference of the bacteria community biomass abundance between the altitude gradients 

of 1965 m and 2370 m, 2133 m and 2370 m, 2133 m and 1850 m above sea-level. However, soil 

physicochemical property was the main environmental factors that attributed to the significant 

difference of the altitudes gradients of 1778 m and 1850 m, 2133 m and 2185 m, and 2133 m and 

2219 m above sea-level (Table 19). Findings of the study showed that soil physicochemical 

property, plant community, and altitude gradients were the main factor for the significant 

differences of bacteria community biomass abundance in the dry Afromontane forest. 

Table 19: The Mean 95% Tukey Multiple Family-Wise Confidence Comparisons of Bacteria Community 

Abundance Significant Difference Between Altitude Gradient and environmental factors 

Altitude gradient with significant microbial community 

 biomass abundance (P<0.05) 

Environmental factors showed high difference 

between altitude gradient 

1965m (lower altitude class) and 2370m (upper altitude class) Av. P, MC, plant community  

2133m (middle altitude class) and 2370 (upper altitude class) SOC, SOM, Tot N, CEC, Av. P, MC, plant community 

1778m (lower altitude class) and 1850m (lower altitude class) EC, SOC, SOM, Tot N, CEC, Av. P and MC 

2133m (middle altitude class) and 2185m middle altitude class) SOC, SOM, Tot N, CEC, Av. P and MC  

2133m (middle altitude class) and 1850m (lower altitude class) EC, SOC, SOM, Tot N, Av. P and MC, plant community  

2133m (middle altitude class) and 2219m (middle altitude class) pH, EC, CEC, Av. P and MC 

 

The mean fungi, protozoa and nematode taxonomic microbial functional group biomass abundance 

(mole g-1 soil) indicated the existence of significant variations along altitude gradients (p = 

0.00586, p = 2.87x10-5, and p = 2.87x10-5). The Tukey multiple 95 % family-wise confidence 

interval comparisons illustrated significant differences of the fungi community abundance between 

middle altitude class that was located at 2133 m above sea-level and the upper altitude class that 

was located at 2370 m above sea-level (adjusted p<0.05). This indicated that the fungi community 

taxonomic groups were less influenced by the dry Afromontane forest ecology biotic and abiotic 
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environmental variability factors.  Significant differences of the protozoa and nematode microbial 

taxonomic group biomass abundance were mainly observed among altitude classes located at 2133 

m above sea-level and characterized by high salinity (EC) and availability of phosphorus, lower 

altitude class that located at 1970m above sea-level and characterized by low salinity (EC) and 

loam soil textural class, and the upper altitude class that located at 2370 m above sea-level and  

characterized by high salinity (EC) and other altitudes classes. This illustrated that protozoa and 

nematode microbial taxonomic group abundance were strictly depended on soil salinity, 

availability of phosphorus and soil texture of the dry Afromontane forest ecosystem. However, 

fungi community survival rate was found to be relatively uniform in spite of the variability of the 

macro and micro environmental factors.  

The 95% Tukey multiple family-wise confidence interval comparisons at adjusted p<0.05 

indicated that there was a significant difference of the abundance of protozoa and nematode 

taxonomic group biomass between the majority of the samples of the altitude gradient. The middle 

altitude gradient class of 2133 m above sea-level and characterized by high salinity (EC) and 

available phosphorus, the lower altitude gradient class of 1970 m above sea-level and characterized 

by low salinity (EC) and loam soil textural class, and the upper altitude gradient class of 2370m 

above sea-level and characterized by high salinity (EC) were significant differences of protozoa 

and nematode taxonomic functional groups with other altitudes gradients (Table 20). Altitude 

gradient, soil physicochemical and plant community were the main environmental factors 

attributed for the significant difference of protozoa and nematode community biomass abundance 

of the altitude gradients of 2133 m and 2370 m, 1970 m and 2370 m, 2133 m and 1850 m, 2133 m 

and 2320 m, 2133 m and 2404 m, 1970 m and 2219 m, 2133 m and 1850 m, 2133 m and 1970 m 

above sea-level. However, soil physicochemical properties were the main environmental factor for 
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the significant differences of the protozoa and nematode community biomass abundance among 

the altitude gradients of 2133 m and 2219 m, 2133 m and 2185 m, 2404 m and 2370 m, and 1970 

m and 1850 m above sea-level (Table 20). Generally, the result of this study showed that soil 

physicochemical property, plant community and altitude gradients were the main factors for the 

significant difference of the protozoa and nematode microbial community biomass abundance in 

the dry Afromontane forest.  

Mineralization of nutrients and availability for plants and other soil organism uses the protozoa 

and nematode role in the ecology is very important (Hoorman, 2011). Therefore, the protozoa and 

nematode functional taxonomic group abundance was an indication of the way that particular 

ecosystem functioning. The study showed that there were significant variations of biomass 

abundance of the microbial biomarkers for all the organisms, methano bacteria, and eukaryotes 

taxonomic groups of altitude gradients of p = 0.0018, p = 0.0154 and p = 0.002. However, no 

eubacteria and actinomycetes taxonomic groups were observed at lower altitude class situated at 

1778 m above sea-level. Similarly, there were no noticed arbuscular mycorrhizal fungi taxonomic 

groups at the upper altitude class located at 2370 m and 2404 m above sea-level, and the lower 

altitude class located at 1778 m above sea-level. The result of this study illustrated that site-specific 

environmental factors at the upper and the lower altitude classes had a strong influence on the 

survivable capacity of eubacteria, actinomycetes and arbuscular mycorrhizal fungi taxonomic 

groups. Anaerobes bacteria taxonomic group was observed only at the lower altitude class located 

at 1970 m above sea-level and the middle altitude class situated at 2219 m above sea-level, which 

illustrated that anaerobes bacteria was the only list survived microbial community taxonomic 

group in the study site. Eubacteria, actinomycetes and arbuscular mycorrhizal fungi community 
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taxonomic groups were highly influenced by macro and microenvironmental factors of the dry 

Afromontane forest. 

Table 20: The Mean 95% Tukey Multiple Family-Wise Confidence Comparisons of protozoa and 

nematode taxonomic group biomass Abundance Significant Difference Between Altitude Gradient 

Altitude gradient with significant microbial community 

biomass abundance (P<0.05) 

Environmental factors showed high difference between 

altitude gradient 

2133 (middle altitude class) and 2370 (upper altitude class) Av. P, MC, plant community 

1970 (lower altitude class) and 2370 (upper altitude class) EC, SOC, SOM, Tot N, CEC, Av. P and MC, Plant community  

2133 (middle altitude class) and 1850 (lower altitude class) SOC, SOM, Tot N, CEC, Av. P and MC, plant community 

2133 (middle altitude class) and 2320 (upper altitude class) pH, EC, CEC, Av. P and MC, plant community  

2133 (middle altitude class) and 2403 (upper altitude class) CEC, Av. P and MC, plant community  

1970m (lower altitude class) and 2219m (middle altitude class) EC, SOC, SOM, Tot N, CEC, Av. P and MC, plant community 

2133m (middle altitude class) and 2219 (middle altitude class) pH, EC, SOC, SOM, Tot N, CEC, Av. P and MC 

2133m (middle altitude class) and 2185m middle altitude class) SOC, SOM, Tot N, CEC, Av. P and MC  

2133m (middle altitude class) and 1850m (lower altitude class) EC, SOC, SOM, Tot N, Av. P and MC, plant community  

2404m (upper altitude class) and 2370m (upper altitude class) EC, SOC, SOM, Tot N, Av. P, CEC 

1970m (lower altitude class) and 1850m (lower altitude class) EC, CEC and Av. P 

2133m (middle altitude class) and 1970m (lower altitude class) EC, %SOC, % SOM, Tot N, Av. P and CEC, plant community 

 

Arbuscular mycorrhizal fungi taxonomic group biomass abundance in c (nmole g-1 soil) has 

differed greatly along altitude gradients (p=0.006). The Tukey multiple 95% family-wise 

confidence comparisons of the altitude gradients had significant differences of arbuscular 

mycorrhizal fungi taxonomic group biomass abundance adjusted at p<0.05.  Altitude gradients, 

soil physicochemical properties, and plant community were the main environmental factors for the 

significant differences of the arbuscular mycorrhizal fungi taxonomic group biomass abundance 

of the altitude gradients of 2133 m and 2320 m, and 2133 m and 1850 m above sea-level. However, 

soil physiochemical properties were the main environmental factors for the significant difference 

of arbuscular mycorrhizal fungi taxonomic group biomass abundance of the altitude gradients of 
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2133 m and 2219 m, 2133 m and 2228 m, and 2133 m and 2185 m above sea-level. Soil 

physicochemical property, plant community and altitude gradients were found to be the main 

factor for the significant differences of arbuscular mycorrhizal fungi taxonomic group biomass 

abundance of the dry Afromontane forest. Generally, in agreement with this study literature 

illustrated the negative correlation of microbial biomass with soil salinity (Wong et al., 2008, 

Wichern et al., 2006). 

Shannon diversity index general trends for bacteria, gram-negative bacteria, gram-positive 

bacteria, methano bacteria, eukaryotes, eubacteria, actinomycetes, and arbuscular mycorrhizal 

fungi microbial taxonomy group along altitude gradients were showed inverted U-shape, which 

was the lowest diversity of the lower and the upper altitude gradient and higher diversity of the 

middle altitude gradient. However, fungi, protozoa, nematode and all organism microbial 

taxonomy group Shannon diversity index along altitude gradients were showed U-shape. Highest 

Shannon diversity index of the lower and the upper altitude gradients and lowest Shannon diversity 

index of the middle altitude gradients. Microbial biomass Pieloul’s Evenness Index for bacteria, 

gram-negative bacteria, gram-positive bacteria and actinomycetes taxonomic groups were 

increased as altitude increased. Microbial biomass Pieloul’s Evenness Index for methano bacteria, 

eukaryotes and actinomycetes were showed inverted U-shaped trends as latitude gradients 

increased. This means low biomass Evenness Index of the lower and the upper altitude gradients 

and high biomass abundance at middle altitude gradients. Microbial biomass Pieloul’s Evenness 

Index for fungi, protozoa, nematode and all organism microbial taxonomy group were showed U-

shaped as altitude gradients increased, which was high of the lower and the upper altitude gradients 

and low of the middle altitude gradients (Table 21).  
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Table 21: Soil microbial community Shannon diversity index and Pieloul’s Evenness Index in the altitude 

class 

Microbial community  Community Structure  Altitude Class  

Diversity and Evenness Index  Lower Altitude Middle Altitude Upper Altitude 

Bacteria Shannon diversity index (Mean + sd) 3.59+0.94 3.62+0.93 3.62+0.83 

 Evenness index (Mean + sd)  0.48+0.14 0.49+0.14 0.55+0.14 

Gram negative bacteria 

 

Shannon diversity index (Mean + sd) 3.57+0.15 3.62+1.05 3.56+1.00 

Evenness index (Mean + sd)  0.48+0.15 0.49+0.15 0.53+0.17 

Gram positive bacteria 

 

Shannon diversity index (Mean + sd) 3.82+0.89 3.84+0.95 3.79+1.00 

Evenness index (Mean + sd)  0.51+0.14 0.52+0.14 0.57+0.16 

Fungi Shannon diversity index (Mean + sd) 3.46+1.40 3.19+1.27 3.56+1.30 

Evenness index (Mean + sd)  0.47+0.20 0.42+0.17 0.53+0.22 

Protozoa Shannon diversity index (Mean + sd) 5.14+0.14 3.66+0.06 4.91+0.04 

Evenness index (Mean + sd)  0.69+0.12 0.49+0.03 0.74+0.07 

Nematode Shannon diversity index (Mean + sd) 5.14+0.14 3.66+0.06 4.91+0.04 

Evenness index (Mean + sd)  0.69+0.12 0.49+0.03 0.74+0.07 

All organism Shannon diversity index (Mean + sd) 3.39+1.02 2.66+0.81 3.51+0.99 

Evenness index (Mean + sd)  0.45+0.15 0.36+0.11 0.53+0.16 

Methano bacteria Shannon diversity index (Mean + sd) 3.93+0.06 3.93+0.64 3.27+0.14 

Evenness index (Mean + sd)  0.31+0.06 0.53+0.11 0.49+0.10 

Eukaryotes Shannon diversity index (Mean + sd) 3.09+0.50 4.39+1.12 3.91+0.59 

Evenness index (Mean + sd)  0.40+0.09 0.60+0.16 0.59+0.13 

Eubacteria  Shannon diversity index (Mean + sd) 3.23+0.44 4.92+0.65 4.73+0.85 

Evenness index (Mean + sd)  0.40+0.09 0.60+0.16 0.59+0.13 

 

Actinomycetes 

Shannon diversity index (Mean + sd) 2.83+0.43 4.59+0.90 4.37+0.83 

Evenness index (Mean + sd)  0.36+0.08 0.62+0.13 0.64+0.15 

Arbuscular mycorrhizal 

fungi 

Shannon diversity index (Mean + sd) 1.94+0.07 3.02+0.04 1.07+0.00 

Evenness index (Mean + sd)  0.27+0.01 0.43+0.01 0.13+0.00 

 

Anaerobes bacteria 

Shannon diversity index (Mean + sd) 2.36+0.00 1.94+0.00 0.00+0.00 

Evenness index (Mean + sd)  0.28+0.00 0.23+0.00 0.00+0.00 



 
 

 

Figure 22: The Shannon diversity index and Pieloul’s Evenness Index of total Bacteria, Gram-negative bacteria, Gram-positive bacteria, Fungi, Protozoa, 

Nematode, Anaerobes bacteria, Arbuscular, Methano bacteria, Eukaryotes bacteria, Actinomycetes, Eubacteria and All organism microbial community, 

respectively



 
 

4.2.5. Soil Microbial Activity  

The study site mean soil microbial community respiration was 71.62 µg C g-1 soil day-1 that showed 

significant differences along the altitude gradients (p = 2x10-16). The highest (116.37+8.00 µg C 

g-1 soil day-1) and the lowest (50.91+4.97 µg C g-1 day-1) soil microbial respiration was recorded 

at the lower altitude class (Figure 23). Analysis of sample soil showed that the highest microbial 

respiration rate was characterized by loam soil textural class and low salinity (EC), while the 

lowest soil microbial respiration rate was characterized by sandy loam soil textural class and high 

salinity (EC) (Table 22). Findings of the study showed that the dry Afromontane forest soil particle 

size and salinity had a significant influence on soil microbial respiration, which was agreed with 

literature stated: “high soil microbial respiration at the soil with intermediate size particles and low 

salinity” (Olsson, 1999, Wong et al., 2008). The natural process of the Asabot dry Afromontane 

forest emits mean was found to be 716.20+65.31 µg g-1 CO2-C g-1 dry soil through soil microbial 

community respiration. The highest being 1116.37+8.00 µg g-1 CO2-C g-1 dry soil and the lowest 

509.09+49.72 µg g-1 CO2-C g-1 dry soil (Table 22). Mean of the microbial respiration rate did not 

show predictable trends along the altitude classes, which decreased from the lower altitude class 

to the middle altitude classes and then increased from middle altitude class to upper altitude class. 

Microbial activity is the most important for biological and biochemical soil processes, and directly 

influences the transformation of nutrients and organic matter of the ecosystem (Nannipieri et al., 

2002). It is also qualitatively and quantitatively associated with the presence of extracellular 

hydrolytic enzymes that in the process of decomposition and mineralization of organic matter 

(Nakas et al., 1987, Kennedy and Smith, 1995). Therefore, microbial respiration rate is an 

indication of the way ecosystem function in litter decomposition and nutrient dynamics.  
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Figure 23: Soil microbial respiration rate (g C g-1 day-1) and β –Glucosidase enzyme activity PNP (µmol 

g-1 h-1)  

Soil microbial extracellular hydrolytic enzymes related to phosphatase and β−glucosidase activity 

were involved in the nutrient cycling and attributed the measurement of ecological functioning 

(Gil-Sotres et al., 2005). Evaluation of biological and biochemical soil properties and β-

glucosidase enzyme activity had a signature the soil C cycle and indicators changes resulting from 

agricultural management practices (Dick and Tabatabai, 1993, Lagomarsino et al., 2009). The 

mean microbial respiration rate highest at lower altitude class and lowest at middle altitude class 

(Table 22). The mean soil microbial respiration rate did not show predictable trend along the altitude 

gradients, which is decreased from lower altitude class to middle class then increased from middle 

altitude class to upper altitude class.  
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Table 22: The (Mean + sd) soil microbial respiration rate in µg C g-1 day-1    along altitude gradient 

Altitude 

Classes 

Respiration 

base 

Combined 

with CO2 me  

me CO2 

produced by 

respiration  

mg CO2 

produced in 

respiration  

CO2-C weight 

produced in 

respiration mg  

CO2.C g-1 

dry soil (g 

g-1) 

 

Respiration 

rate (g C g-1 

day-1) 

 

Lower Altitude 1.40+0.06 0.70+0.03 30.74+1.67 8.39+0.36 790.87+55.83 79.09+5.58 

Middle Altitude 1.18+0.13 0.60+0.06 26.08+2.73 7.12+0.74 646.91+74.04 64.69+7.41 

Higher Altitude 1.38+0.13 0.68+0.06 29.83+2.73 8.14+0.74 733.9+63.15 73.39+6.32 

 

Mean of the β –Glucosidase enzyme activity significantly differed along the altitude gradients (p= 

2x10-16), the highest being 10.28+0.53 µmol g-1 h-1 and the lowest being 1.59+ 0.16 53 µmol g-1 h-

1 β –Glucosidase enzyme activity was recorded in the middle altitude gradient at elevations of 

2133 m and 2219 m above sea-level (Figure 23).  Mean of the β –Glucosidase enzyme activity 

decreased significantly as altitude increased (P<0.05), which indicated the response of the dry 

Afromontane forest microbial community response to climate change (Table 23). Literature 

indicated that differences in soil microbial community activity were an early indication of soil 

quality changes (Harris, 2009, Banning et al., 2011) that was reputedly used to assess 

ecosystem responses to environmental perturbations (Lewis et al., 2010, van Dijk et al., 

2009). Soil microbial community quality responded to anthropogenic disturbances related 

to soil biogeochemical properties. Their responses were assessed using soil biological 

indicators (Iovieno et al., 2010) and soil enzyme activities (Rivas et al., 2001) that reflected 

the structure of soil microbial community and functional capacity in relation to ecological 

functioning. Existence and activity of the extracellular enzymes were linked to environmental 

nutrient availability that the microbial nutrient demanded (Sinsabaugh et al., 2008). This mean 
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high microbial nutrient demand at lower altitude gradients, which attributed high decomposition 

rate difference between altitude gradients.   

Table 23: The mean + Sd soil microbial Mean β -Glucosidase PNP (nmol), β -Glucosidase PNP (mµmol), 

β -Glucosidase PNP (µmol g-1 h-1) 

4.2.6. Soil Microbial Community Structure and Activity Relationship with Selected Biotic 

and Abiotic Environmental Factors 

Environmental factors such as altitude, slope, electrical conductivity (EC), organic carbon (%SOC), 

pH, organic matter (%SOM), total nitrogen (%Tot N), cation exchange capacity (CEC), available 

phosphorus (Av. P) and soil moisture content (%MC) showed an inverse relationship with the soil 

microbial community according to Shannon diversity index, and direct relationship according 

Pieloul’s evenness index, with the exception of slope and soil pH (Appendix 9). Negative correlation 

of the microbial community Shannon diversity index of %OC and %Tot N was found to be 

significant (r2= -0.682 and p=0.03, r2= -0.639 and p=0.047), that explained geochemical 

parameters and available organic matter controlled soil microbial diversity and activity (Bardgett 

et al., 1999, Wardle et al., 2004a, Liao et al., 2005). Specifically, electrical conductivity, pH, 

temperature, and organic carbon had strong influences on the differences of the phylogenetic 

among microbial assemblages (Liu et al., 2014, Lear et al., 2009, Purcell et al., 2007). Increasing 

pH towards a neutral decreased stress on increased nutrient availability (Ste-Marie and Paré, 1999, 

Lee and Jose, 2003). A study conducted on diverse habitat types revealed environmental variables 

had significant impacts on microbial community composition (Wakelin et al., 2012), whereas well-

Altitude Classes Mean β -Glucosidase PNP 

(nmol) 

Mean β -Glucosidase PNP 

(mµmol) 

β -Glucosidase PNP (µmol g-1 

h-1) 

Lower Altitude 3957.29+313.36 3.66+0.30 5.13+0.14 

Middle Altitude 3856.89+171.53 14.36+0.20 4.99+0.28 

Higher Altitude 2479.34+153.00 2.29+0.15 2.91+0.18 
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organized communities that had a certain level of diversity were found to be stable (Yannarell and 

Triplett, 2005), that illustrated that stresses imposed on a community negatively affected stability 

and diversity of that community. Therefore, soil microbial diversity could be used as a monitoring 

tool of ecological successions and as an early signal of perturbation effect. 

Correlation of the total nitrogen (p>0.05) and the available phosphorus (p<0. 0000) was showed 

the negative to soil microbial biomass relative abundance. Moreover, correlation of the available 

phosphorus to the microbial diversity was negatively (p<0. 01), that agreed with the speculations 

that the availability of P after controlled processes of ecosystem  (Elser et al., 2007); soil pH was 

one of the factors that affected terrestrial ecosystem, and there was significant negative correlation 

ration between fungi to bacteria (Sinsabaugh et al., 2008).  Generally, abiotic and biotic factors 

influenced greater the structure and activity of the soil microbial communities that indicated a 

particular in which ecology functioned (Zhao and Jones, 2012).  

There was negative correlation between the microbial biomass abundance and environmental 

variables such as altitude, slope, electrical conductivity (EC), cation exchange capacity (CEC) and 

soil moisture content (MC); and there was negative correlation between the abundance of bacteria 

and fungi community and the variables such as altitude, slope, EC, %SOC, SOM, TotN, CEC, and MC 

negative; whereas there was positive correlation between pH, C: N ratio and Av.P. This illustrated 

that abundance of the soil microbial community decreased as altitude, slope, soil electrical 

conductivity, soil cation exchange capacity and soil moisture content increased in the dry 

Afromontane forest. The reason behind this was that of high EC reduces rate of microbial growth 

(Rietz and Haynes, 2003, Crump et al., 2004) and changed microbial community composition 

(Palmero et al., 2008, Rousk et al., 2011), whereas a greater abundance of bacteria was observed 

at the more basic pH values (Fierer and Jackson, 2006, Högberg et al., 2007). The less impact pH 
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had on fungal diversity might be due to the fact that fungi could grow over a wide range of pH 

(Peñalva et al., 2008); whereas the bacterial growth restricted to a smaller pH range (Bååth and 

Anderson, 2003). It was obvious that land management significantly affected ratio of fungi to 

bacteria (Pankhurst et al., 2002, Spedding et al., 2004, Helgason et al., 2009), which is soil 

moisture controlled by land management can maintain fungal to bacterial ratio (Elser et al., 2003, 

Elser et al., 2000a).  Literature indicated a greater availability of P was the main factor  for  the 

abundance of the major fungal and bacterial groups:- the hypothesis stated that DNA replication 

and transcription needed phosphorus, and that there was a high ratio of fungi to bacteria in the sites 

that had poor nutrient (Hieber and Gessner, 2002, van der Wal et al., 2006, Ding et al., 2013). 

Findings of this study indicated that there was a significant negative correlation (p>0.05) between 

fungi to bacteria ratio and the macro and environmental factors.   

The abundance of the microbial biomass was positively correlated with plant community diversity, 

evenness, dominance, individuals’ species and equitability; while there was a negative correlation 

between the relative microbial abundance and evenness of the plant community and individual 

species. This illustrated that evenness of the plant community and induvial species of the study 

site enhanced abundance of soil microbial community and inhibited its relative abundance. On the 

other hand, diversity and dominance of the plant community negatively correlated to the soil 

microbial Shannon diversity index; whereas evenness and equitability of the plant community 

negatively correlated to the soil microbial community Pieloul’s Evenness Index. This illustrated 

that diversity and abundances of the plants of the dry Afromontane forest hindered soil microbial 

community Shannon diversity index but enhanced soil microbial community evenness index. This 

agreed with the study that concluded that growth and activities of soil microorganisms were 

generally depended on the availability of carbohydrates (Smith et al., 1990).  
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The study site soil microbial β–Glucosidase enzyme activities positively correlated to evenness 

and diversity of plant community, but negatively correlated to individual species. The fungi to 

bacteria ration had a positive relation with plant community, exception the evenness. Pieces of 

evidence showed that growth and changes of the plant community (Rustad et al., 2001), 

composition of the plant community (Bakkenes et al., 2002), and soil processes (Emmett et al., 

2004, Hungate et al., 2006, Garten et al., 2009) had significant impacts on the diversity and 

processes of the soil microbial community. Generally, coniferous trees had a stronger influence on 

microbial community composition than the influences that the deciduous trees had since their 

number increased in densely rooted soil because of the fact that plant roots released easily 

decomposable root exudates (Singh and Tripathi, 2000, White et al., 2006). 

Relationship of microbial community structure and activity to environmental factors was described 

in varies ways. Microbial phylogenetic groups such as fungi and bacteria exhibited different 

nutrient demands and influenced decomposition and carbon use efficiency of the ecosystem 

(Keiblinger et al., 2010), and actinobacteria involved in the decomposition of the organic materials 

and the carbon cycle (Kirby and Keasling, 2008, Kirkby et al., 2013). Studies revealed that effect 

of N additions was contradictory as it was found that there were decreased and increased responses 

to the decomposition rates and microbial growth (Treseder, 2008). The nitrogen concentration of 

the study site soil negatively correlated to microbial diversity, but positively correlated to 

microbial abundance. There was a negative correlation between soil microbial respiration and 

structure of the plant community. However, there was a positive correlation between the soil 

microbial community microbial β–Glucosidase enzyme activity and the plant community 

structure.   
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The overall literature knowledge that growth and activities of soil microorganisms greatly 

defended on the availability of carbohydrates and the addition of readily accessible carbon results 

enhanced by CO2 production (Flanagan and Cleve, 1983, Aerts and de Caluwe, 1999, Vance and 

Chapin Iii, 2001). Increasing N decreased respiration due to the fact the increased C-use efficiency 

due to the assimilated C used for microbial growth rather than by respiration (Schimel and 

Weintraub, 2003). The other hypothesis stated that fungi had 40–55% carbon use efficiency, and 

stored and recycled compared to bacteria (Paul et al., 1989). The main functional role of fungi in 

ecology was to decompose soil food web and convert it to liable to digest organic material in easily 

usable forms; however, bacteria was found to less efficient in retaining carbon and release more 

carbon dioxide (Romaní et al., 2006). The other advantage of the more fungi community in the 

ecosystem was due to recycling N and P to plants in advantage smaller size and greater surface 

area and efficiently scavenge of N and P better than plant root hairs and greatly increase the plant 

root nutrient extraction efficiency. Therefore, the higher fungi community biomass abundance than 

bacteria in the study was an indication of the important role of dry Afromontane forest played in 

carbon sequestration, rehabilitating in degraded ecology, and maintaining healthy ecosystem 

functioning. 
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4.3. Litter Decomposition and Nutrient Dynamics  

4.3.1. Litter Decomposition 

4.3.1.1. Litter Quality  

There were significant differences in the quality of the leaf litter along altitude gradients (p<0.011). 

Mean of the leaf litter alcohol toluene solubility of the study site was 25.70 + 9.21, p =1.16x10-8; 

mean of the water solubility was 23.23 + 22.92, p = 0.008; mean of the kalson lignin content was 

37.10 + 9.35, p = 2.25x10-8; mean of the organic carbon content was 4.81 + 2.27%, p = 0.0000; 

mean of the organic matter content was 8.30 + 3.75 %, p = 0.0000; mean of the total nitrogen 

content was 1.11+0.5, p = 0.0000; mean of dry ash content was 8.63 + 8.77, p = 0.0000; mean of 

the lignin to nitrogen ratio was 34.42+21.80, p = 6.65x10-15;  mean of the carbon to nitrogen ratio 

was 4.45 + 2.27, p = 0.0000; mean of the available potassium content was 5.60 + 3, p = 0.0000 

and mean of the available phosphorous content was  5.76 + 5.00, p = 0.0000. There was the greatest 

difference in water solubility and Kalson lignin content, while the least difference in organic 

carbon content, total nitrogen content and the ratio of carbon to nitrogen (Figure 24). Results of 

the study showed that litter quality of the dry Afromontane forest had significant differences 

because of the microscale spatial factors. 

Litter nitrogen content showed a similar result in Nyando floodplain of Kenyan (4.63 % to 0.68%) 

(Rongoei et al., 2015). Literature illustrated that tropical forest litter had a higher nitrogen content 

than that of the temperate forest (Nye, 1961), and deciduous leaves had a higher nitrogen than that 

of the conifers leaves (Alway et al., 1933). This illustrated that geographically affiliated 

environmental factors had a significant impact on the variability of the leaf litter quality and might 

have caused variation of the decay rate between geographical location and microscale spatial. 
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Remark: The experimental plots represented an altitude gradient in meter above sea-level (Exp1=2370, exp2=1850, exp3=2404, exp4=2219, 

exp5=2228, exp6=1778, exp7=1970, exp8=2185, exp9=2133 & exp10=2320) 

Figure 24: Experimental plots litter quality comparison 

4.3.1.2. The Weight Loss Trends of Decomposing Litter 

The mean of the weight of the decomposed leaf litter of the study site decreased from 87.72+2.72 

% (the first month of the experiment) to 35.9+3.13 % (the last month of the experiment). The 

weight loss showed reverse trends; increased from 12.28+2.72 % ( the first month of the 

experiment) to 64.1+3.13 % (the last month of the experiment). The estimated weight loss was 

0.53 to 2.22 g month-1, that implied the estimation of 0.97 g month-1 and 0.03 g day-1, on average. 

There were different trends of weight loss in consecutive months, the fastest was being from  

February to March, and from July to August (Figure 25 and 26). However, there were similar trends 

of weight loss in other consecutive months (Table 24). There was a direct relationship between the 

duration of the experiment and weight loss, and an inverse relationship with weight remained. 

There were similar trends in the clustered months according to the similarties of the climatic factors 

such as temperature and rainfall;  November to March,  April to July and August to October (Figure 

24 and Table 24). This illustrated that the attribution of temperature and moisture in litter 

decomposition and nutrient dynamics of the dry Afromontane forest. 



131 
 

Unlike the findings of other studies, this study showed that the daily and monthly weight losses of 

the decomposed litter of the dry Afromontane forest were found to be slow; for examples, the 

findings of the studies of the upland vegetation of USA (0.097 gram per day and 2.91 gram per 

month), Swale vegetation decomposition weight loss of USA (0.154 gram per day and 4.62 gram 

per month), Cornfield decomposition weight loss of USA (0.085 gram per day and 2.54 gram per 

month), Broomsedge field decomposition weight loss of USA (0.083 gram per day and 2.50 gram 

per month), and Lespedeza field decomposition weight loss of USA (0.078 gram per day and 2.346 

gram per month weight loss) (Wiegert and McGinnis, 1975, Wiegert and Evans, 1964). 

Table 24: Mean weight loss ( %),  mean weight remained (%), daily and monthly decomposition rate of 

litter 

Month % Weight loss % Weight remaining Daily  Decomposition Rate Monthly Decomposition Rate 

1 (October) 12.28+2.72 87.72+2.72 0.41+0.09 1.62+0.38 

2 (November 17.89+2.42 82.11+2.42 0.30+0.04 1.21+0.18 

3 (December) 20.64+3.62 79.36+3.62 0.23+0.04 0.95+0.19 

4 (January) 23.28+4.2 76.72+4.2 0.19+0.04 0.82+0.17 

5 (February) 26.13+2.67 73.87+2.67 0.17+0.02 0.74+0.09 

6 (March) 33.30+4.09 66.70+4.09 0.19+0.01 0.83+0.13 

7 (April) 36.95+2.77 63.05+2.77 0.18+0.01 0.81+0.08 

8 (May) 40.67+2.72 59.33+2.72 0.17+0.01 0.80+0.07 

9 (June) 44.43+2.80 55.57+2.80 0.16+0.01 0.80+0.07 

10 (July) 48.98+3.63 51.02+3.63 0.16+0.01 0.82+0.09 

11 (August) 60.04+2.96 39.96+2.96 0.18+0.01 1.02+0.08 

12 (September) 64.10+3.13 35.90+3.13 0.18+0.01 1.05+0.09 
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Figure 25: The study site experimental period litter weight  loss and weight remained trend  

Leaching was the most important factor for weight loss of the decomposed litter in the first 

consecutive months (Kärenlampi, 1971). However, rapid speed of weight losses in the first 

consecutive month of varied from species to species (Gosz et al., 1973).  

There was a speedy weight loss at the initial stages, but a gradual weight loss trend at the later 

stages because of the high content of water-soluble materials at the initial stages and simple 

breakdown substrates by decomposers and the removal of leaf litter particles by soil animals 

(Osono and Takeda, 2005b, Yamashita et al., 2010). Furthermore,  similar studies stated that there 

was a greater weight loss during the rainy seasons because of high moisture and soil temperature, 

and smaller weight loss during winter because of cool temperature and moisture (Kärenlampi, 

1971, Austin and Vitousek, 2000, Moretto et al., 2001). Literature estimated that the weight loss 

of the decomposed litter was 25 % in dry and 45 % in rainy seasons (Edwards and Heath, 1963), 

which showed a positive correlation between the rate of litter weight loss and soil moisture and 

temperature as the findings of this study revealed.  
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According to decay constant (k) of the study site, 50%, 95% and 99% initial leaf litter weight loss 

was estimated 0.59 to 0.84 in a year, 2.55 to 3.62 in years, and 4.22 to 6.04 in years, respectively. 

The 50%, 95%, and 99% initial leaf litter weigh loss time significantly varied along the altitude 

gradients (p<0.05), the highest being at the upper altitude class and the lowest at the lower altitude 

class (Table 25). This illustrated that as altitude gradients increased decomposition rate of the dry 

Afromontane forest decreased. The initial estimated weight loss of the mean 50% the leaf litter 

was 0.721 years, the estimated initial weight loss of the 95% of leaf litter was 3.121 years, and the 

estimated initial weight loss of the 99% of leaf litter was d 5.20 years. It was comparable with the 

estimated 99% of weight loss of the leaf litter in the coniferous forests within 3 to 5 years in Britain 

(Ovington, 1962); but different from the estimated weight loss in moist semi-deciduous, moist 

evergreen, and humid forests at tropical environment (0.1 to 0.6 years) (Jenny et al., 1949, 

Hopkins, 1966), <1 in temperate deciduous forests (Ovington, 1962), and that of the 1.6 years in 

subtropical forests (Jenny, Gessel, and Bingham, 1949). However, time of the 99% of the initial 

weight loss was by far less than that of the high mountain oak and pine forests of California (28 to 

60 years) (Jenny, Gessel, and Bingham, 1949). In general, studies confirmed that tropical forest 

biomes were characterized by rapid decomposition rates (Adair et al., 2008, Parton et al., 2007). 

Table 25: Time of 50%, 95% and 99% leaf litter initial weight loss at lower, middle and upper altitude class 

 Altitude Classes T50 (year) T95 (years) T99 (years) 

Lower Altitude 0.65 2.92 4.86 

Middle Altitude 0.70 3.04 5.07 

Upper Altitude 0.79 3.43 5.71 



 
 

 

 

Figure 26: The experimental period litter weight loss (a) and weight remained (b) trend along altitude gradient 

a 

b 



 
 

4.3.1.3. Litter Decay Rate and Decay Constant (k) 

The maximum daily (0.41+0.09) and monthly (1.62+0.38) decomposition rates were recorded in 

the first consecutive months of the experiment. The minimum daily (0.16+0.01) and monthly 

(0.74+0.09) decomposition rates were recorded in the ninth (June), tenth (July) and in the fifth 

(February) months of the experiment (Table 26). However, the average daily and monthly litter 

decomposition rates were 0.21+0.03 and 0.96+0.14, respectively. Findings showed high decay rate 

in the high temperature and moist weather conditions of the tropical climate, and low decay rate 

in the low temperature of the Mountain environment (Jenny et al., 1949, Jenny et al., 2006). This 

implied that microbial activities favored high moisture and temperature of the summer season 

causing high decomposition rate (Witkamp and Van der Drift, 1961, Knorr et al., 2005). Findings 

of this confirmed findings of other studies that concluded that variability of monthly litter 

decomposition rate depended on temperature and rainfall trends, which illustrated that sensitivity 

of the dry Afromontane ecosystems climate change induced climate variability (Figure 26). The 

decomposition process had a rapid initial breakdow and a longer period of a slow decomposition 

rate resulting in a mass loss curve that resembled an exponential decay curve (Currie and Aber, 

1997, Berg, 2000). Accordingly, in the first 0 to 3 months there was a fast decomposition rate of 

the soluble molecule and a slow decomposition rate of recalcitrant molecules like lignin (Berg and 

Staaf, 1980, McClaugherty and Berg, 1987, Fioretto et al., 2007). In a similar way, the average 

mean of the daily litter decomposition rate of the experimental site was faster in the first 

consecutive month but decreased in the consecutive months, and then gradually remained constant 

and slightly increased at the end of the experiment (Figure 27). This was found to be a similar trend 

with the other findings of other studies conducted on tropical and sub-tropical forest litter 

decomposition (Parton et al., 2007, Adair et al., 2008). Generally, the study confirmed rapid 
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decomposition rate was recorded during the first 100 days of the experiment (de la Cruz and 

Gabriel, 1974).  

 

Figure 27: Mean daily and monthly litter decomposition rate of study site and daily decomposition rate of 

experimental plots 

Mean of the study site daily decay constant (k) varied from 0.002 to 0.003, which was similar to 

the findings other studies that reported the variation of  k=0.002 to 0.004 per day (Bothwell et al., 

2014). Variation of monthly decay constant was 0.069 to 0.098 and that of the annual decay 

constant was 0.828 to 1.176 (Table 27 and Figure 28). The study indicated that leaf litter decay 

constant was significantly affected by microscale environmental factor variability of the study site 

(p<0.05). An average leaf litter decay constant was estimated to be 0.081 per month and 0.97 per 

annual. 
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Table 26: The Decay constant Along  clastured altitude gradient 

Altitude Classes Mean -ln(Xt/X0) 

with SD 

Monthly Decay 

Constant (k) 

Annual decay 

Constant (k) 

r2 P-Value 

Lower Altitude Class 0.46+0.28 0.09+0.01 1.04+0.11 0.88 0.000 

Middle Altitude Class 0.47+0.29 0.08+0.01 1.00+0.01 0.88 0.000 

Upper Altitude Class 0.51+0.28 0.07+0.12 0.88+0.08 0.86 0.000 

 

Findings of this study had similarity with the annual decay constant estimated for tropical dry 

deciduous forest (k=1.11) (Kumar et al., 2010) and comparable with species-based estimated to be 

k= 0.826 to 2.49 but lower than the estimated decay constant of the mixed leaf litter (k=1.28 to 

1.99) (Rai et al., 2016). The daily decay constant of the study site showed a peak in the first 

consecutive months but decreased in the consecutive months, and the gradually remained constant 

at the middle of the experiment showing slight increase trend at the end of the experimental (Figure 

27). This indicated the importance of a long-term fixed experiment for accurate estimation of dry 

Afromontane forest leaf litter decay constant (Rai et al., 2016, Fioretto et al., 2000). 



 
 

 

Figure 28: Mean daily leaf litter decay constant of experimental plots 



 
 

Table 27: Mean ration of –ln (Xt/Xo), monthly decay constant (k), annual decay constant (k), and time 

(year) of 50% (T50), 95% (T95) and 99% (T99) initial weight loss of experimental plots 

Altitude Mean -ln(Xt/X0) 

with SD 

Monthly Decay 

Constant (k) 

Annual decay 

Constant (k) 

r2 P-Value 

 

T50 T95 T99 

1778 0.442+0.305 0.082 0.984 0.870 <0.0000 0.704 3.049 5.081 

1850 0.503+0.295 0.080 0.960 0.894 <0.0000 0.722 3.125 5.208 

1970 0.435+0.245 0.097 1.164 0.874 <0.0000 0.595 2.577 4.296 

2133 0.448+0.281 0.098 1.176 0.904 <0.0000 0.589 2.551 4.252 

2185 0.506+0.299 0.081 0.972 0.883 <0.0000 0.713 3.086 5.144 

2219 0.472+0.288 0.075 0.900 0.831 <0.0000 0.770 3.333 5.556 

2228 0.460+0.286 0.078 0.936 0.900 <0.0000 0.740 3.205 5.342 

2320 0.534+0.255 0.069 0.828 0.811 <0.0000 0.837 3.623 6.039 

2370 0.471+0.329 0.081 0.972 0.850 <0.0000 0.713 3.086 5.144 

2404 0.526+0.256 0.070 0.840 0.922 <0.0000 0.825 3.571 5.952 

 0.480+0.287 0.081 0.973 0.874 <0.0000 0.721 3.121 5.201 

NB: Xt- Weight at time t and X0- Initial weight 

4.3.1.4. Litter Decomposition Rate Relationship with Selected Soil Physicochemical 

Properties and Plant Community 

Plant community structure of the study site positively correlated with litter decomposition rate and 

decay constant (k), which agreed with the findings of some studies that concluded that a greater 

plant diversity reduced decay rates variability compared to the monospecific litters (Schädler et 

al., 2005, Lecerf et al., 2007). The altitude gradient induced plant community class showed 

variations of decay constant, which confirmed the findings that recorded a higher decomposition 

of the swale vegetation than that of the upland vegetation (Wiegert and Evans, 1964),  and a higher 

decay rates of the mesic and bottomland plots than that of the upland and glade (Rochow, 1974). 



140 
 

There were two postulated theories  about the impact of plant diversity on litter decomposition: 

plant diversity induced litter quality that stimulated litter decay rate of the adjacent plant (Sariyildiz 

et al., 2005a),  and plant diversity induced litter decay rate released inhibitory compounds such as 

phenolic and tannins (Fyles and Fyles, 1993, Prescott et al., 2000). Leaf litter nitrogen (Tot N), 

phosphorus (Av. P), alcohol toluene solubility, kalson lignin, organic carbon, organic matter, 

lignin to nitrogen ratio, and carbon to nitrogen ratio content were a positively correlated with the 

decomposition rate. This agreed with the findings that stated a greater litter in N and P enhanced 

more decomposition rate than a lower litter in nitrogen and phosphorus (Chimney and Pietro, 

2006); (Alongi, 2011, Alongi, 2009). However, the solubility of leaf litter water, dry ash and 

potassium content of the study site showed a negative correlation with a decay constant, which 

agreed with the conclusion that water-soluble organic matter influenced decomposition rates only 

in  the first few months (Melin, 1930). Though some studies stated that as litter decomposition rate 

related more to litter quality than environmental conditions (Facelli and Pickett, 1991) (Muoghalu 

and Awokunle, 1994, Scott and Binkley, 1997); findings of this study did not the impact of 

illustrating of litter quality on litter decomposition rate. The findings of this study strongly agreed 

with the hypothesis that climate was the main factors for litter decomposition in the tropical system 

(Abelho, 2001, Mathuriau and Chauvet, 2002). In general, there were no agreements on the role 

of that the scientific finding on litter lignin content played in the processes of litter decomposition 

as some findings stated a low decomposition rate of litter connected to a higher initial lignin 

content (Ribeiro et al., 2002), whereas some findings  stated that litter in a higher initial lignin 

content resulted in a higher decomposition rate  (Laishram and Yadava, 1988, Koukoura et al., 

2003). This might be due to the fact that microbial community preference varied in attacking litter 

chemical component of particular ecosystems.  
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Soil moisture (%MC), electrical conductivity (EC), cation exchange capacity (CEC), Tot N, Av. 

P, pH, %SOC and altitude of the study site positively correlated with leaf litter decomposition rate 

(Table 28), which agreed with the conclusion that  temperature, moisture, and pH were found to be 

the main abiotic factors that controlled decomposition rate of under natural conditions (Witkamp, 

1963, Sinsabaugh et al., 2008). However, soil clay and silt content, C: N ratio content, and slope 

of the study site showed negatively correlated with the litter decomposition rate. Numerous 

experimental studies concluded on cool temperate to humid tropical weather conditions showed 

that decomposition rate decreased as altitude increased and litter lignin content of increased as 

temperature, precipitation, and nutrient contents increased (Aerts, 1997a, Gholz et al., 2000, Zhang 

et al., 2008). It was observed that there was a positive correlation between litter decomposition 

rate and altitude that might be attributed to the decreases of disturbance level of the forest and 

increase of soil moisture as altitude increased at this particular ecology. Findings of this study was 

in agreement with the postulation that showed a combination of various factors (climate, initial 

litter chemistry, soil microbial community, plant community, soil physical and chemical 

properties) accounted for the variation of litter decomposition rate (Zhang et al., 2008, Parton et 

al., 2007, Adair et al., 2008). 
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Table 28: Plant community, litter quality and environmental variables correlation with daily 

decomposition rate and decay constant 

Parameters  Daily decomposition rate Decay constant (k) 

Altitude  0.321 0.35 

Slope -0.084 -0.102 

pH 0.092 0.108 

EC (ms/cm) 0.253 0.278 

%OC 0.315 0.349 

%OM 0.315 0.349 

%TN 0.391 0.422 

C: N ratio -0.797 -0.786 

CEC (meq100g soil) 0.385 0.438 

P (PPM) 0.236 0.251 

%M.C 0.27 0.314 

Sand  0.40 0.37 

Clay  -0.34 -0.21 

Temperature  0.25 0.12 

Silt  -0.39 -0.37 

Plant diversity  0.05 0.07 

Evenness 0.19  0.14    

Equitability  

Dominance 

0.31 

0.11 

0.26 

0.11         

Individuals 0.11   0.13   
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4.3.1.5. Litter Decomposition Rate Relationship with Soil Microbial Community 

Structure 

Total EL-FAMEs microbial biomass abundance and relative abundance of the study site were 

positively correlated with monthly and annual decay rates. There was a significant positive 

correlation between microbial biomass abundance and the litter decomposition rate (p<0.05). 

Microbial biomass Shannon diversity and Evenness index of the study site were negatively 

correlated with monthly and annual decay rates (Table 29). According to literature microbial 

succession was mainly influenced the quality of leaf litter, which was the main determinant of the 

ecosystem processes (Prescott, 2010, Strickland and Rousk, 2010) and considered a sequence that 

reflected a succession of microorganisms with different saprotrophic abilities (McClaugherty and 

Berg, 1987). The heterogeneous groups of microorganisms preferential invade with the initial litter 

quality which decomposes the cellulose and hemicellulose as energy sources, and finally complex 

of interwoven holocellulose and lignin attacked by cellulolytic and lignolytic fungi (Cox et al., 

2001, Frankland, 1992). This illustrated that leaf litter decomposition of the dry Afromontane 

forest was enhanced by soil microbial community abundance or relative abundance rather than by 

the diversity and evenness of the soil microbial community. 

 

 

 

 

 



144 
 

Table 29:The Correlation of soil microbial community structure with litter decomposition rate (monthly 

and annual decay rate) 

Taxonomic group Microbial structure   Monthly decay rate Annual decay rate 

 

Total EL-FAMEs 

nmole g-1 soil 0.706* 0.713* 

%mole 0.372 0.414 

Shannon diversity index -0.269 -0.357 

Evenness index  -0.274 -0.320 

 

Bacteria 

nmole g-1 soil 0.709* 0.703* 

%mole 0.407 0.341 

 Shannon diversity index -0.51 -0.51 

Fungus  nmole g-1 soil 0.613* 0.617* 

%mole 0.132 0.114 

 Shannon diversity index -0.15 -0.15 

(Note: * indicates the correlation was significant at p<0.05) 

Microbial biomass abundance and relative abundance of the site negatively correlated with the 

time (year or years) of the 50%, 95% and 99% initial weight loss. This implied that increment of 

the soil microbial biomass abundance and relative abundance reduced the time (year or years) of 

the 50%, 95%, and 99% initial leaf litter weight loss. However, the microbial Shannon diversity 

index and Pieloul’s evenness index were showed a positive correlation with the time (year or years) 

of the 50%, 95%, and 99% initial leaf litter weight loss. The microbial taxonomic group biomass 

abundance and relative abundance showed a positive correlation with monthly and annual decay 

rates. However, the Shannon diversity index and Pieloul’s evenness index of the arbuscular 

mycorrhizal fungi, eukaryotes, and eubacteria taxonomic groups positively correlated with 

monthly and annually decay rates; whereas bacteria, fungi, and protozoa Shannon diversity and 

Pieloul’s evenness index negatively correlated with monthly and annually decay rates. In general, 
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the relationship between the microbial taxonomic groups' diversity and evenness index and the 

litter decomposition rates of the study site was not uniform.  

The microbial community composition and diversity response variation of the litter decomposition 

rates indicated multiple ecosystem processes (Zak et al., 2003, Reed et al., 2010), and the explicit 

role of the decomposer community composition and physiology on nutrient dynamics of the study 

site (Allison et al., 2010, McGuire and Treseder, 2010, Hu et al., 2012). On the other hand, many 

studies revealed the strong correlations between the influence of microbial community structure 

and environmental factors and litter decomposition rates (Fierer and Jackson, 2006, Nemergut et 

al., 2010).  

There was an inverse relationship between bacteria and fungi community biomass abundance and 

relative abundance of the study site, and the time of (year or years) the 50%, 95% and 99% initial 

leaf litter weight loss (Figure 29). This implied that increasing bacteria and fungi biomass 

abundance reduced the time of the initial leaf litter weight loss, which agreed with the research 

finding that stated decomposer community accounted for the 80% of terrestrial ecosystem energy 

flow (Citernesi et al., 1977) and for the 99% caloric input to forest (Reichle et al., 1975). Recent 

experiments findings showed key ecosystem processes of litter decomposition of various  forests 

across the world (Fierer et al., 2005b, Liu et al., 2009, Hoorens et al., 2010). Therefore, soil 

microbial community was found to be the most important factor for the annual turnover of energy 

captured through photosynthesis, and the most determining factor for nutrient cycles and humus 

formation. 
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Remark: The experimental plots represented altitude in meter above sea-level (Exp1=2370, exp2=1850, exp3=2404, exp4=2219, exp5=2228, exp6=1778, exp7=1970, exp8=2185, exp9=2133 & 

exp10=2320) 

Figure 29: The relationship of total EL-FAMES microbial biomass abundance, relative abundance, Shannon diversity index and Pieloul’s evenness 

index with leaf litter decomposition rate and time (year) of initial mass along altitude gradient 
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Remark: The experimental plots represented altitude in meter above sea-level (Exp1=2370, exp2=1850, exp3=2404, exp4=2219, exp5=2228, exp6=1778, exp7=1970, exp8=2185, exp9=2133 & 

exp10=2320) 

Figure 30: Mean total EL-FAMEs Fungi and bacteria biomass abundance and relative abundance relationship with decomposition rate and time of 

% 50 initial weight loss along altitude gradient
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4.3.1.6. Litter Decomposition Rate Relationship with Soil Microbial Activity  

Soil microbial community respiration and β-glucosidases enzyme activity of the study site 

positively correlated with litter decomposition rates (Figure 31). There was a significant correlation 

between β-glucosidases enzyme activity and litter decomposition rate (p<0.001) (Appendix 5), 

which confirmed the finding of the study that concluded high decomposition rate connected to 

high soil microbial enzyme activity (Keeler et al., 2009, Casciello, 2016).  Literature also 

elaborated that litter decomposition rate strongly correlated with microbial community structure 

and activity (microbial biomass, enzyme activity, and basic microbial community profiles) (Zak et 

al., 1996, Zak et al., 2003, Haase et al., 2008). Hypotheses suggested a positive correlation between 

microbial activity (extracellular enzyme activities and microbial biomass stoichiometry) and litter 

decomposition rate under the condition that microbial relationship to hydrolytic enzymes ratios of 

C, N, and P acquisition activities (Sinsabaugh et al., 2008). This indicated that microbial enzyme 

production and affinity of nutrients increased decomposition rate, which was evidenced by the 

characterization of the  entire protein complement of the diverse microbial community’s functions 

in the soil (Schultz, 2005, Wang et al., 2011), lake and groundwater (Baldrian and López-

Mondéjar, 2014, Liers et al., 2010), and leaf phyllosphere (Delmotte et al., 2009). Studies 

illustrated there was a strong positive correlation between microbial enzyme activity, microbial 

diversity and litter decomposition rate, where there were bacterial abundance and abundance of 

fungal enzymes (Velicer and Yuen-Tsu, 2003). This relationship explained the fact that bacteria 

(Actinobacteria) might be attributed to the production of extracellular degrading enzymes later in 

the decomposition process because of its ability to utilize lignin-derived compounds (Andersson 

et al., 2004, Schneider et al., 2012).  According to literature climate was the main factor for the 

decomposition of litter. According to Olson (1963) temperature of the northern and subalpine 
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forests retarded biological activity that lowered the decomposition rate. Other research findings 

stated that the combined effect of temperature and moisture was found to be more prominent than 

that of the effect of temperature (Torsvik et al., 1990). The negative Pearson correlation coefficient 

between the time (year or years) of the 50 %, 95 % and 99 % initial leaf litter weight loss and soil 

microbial community respiration was found to be insignificant (P>0.05). However, there was 

significant (p<0.05) negative Pearson correlation coefficient between the time (year or years) of 

the 50 %, 95 % and 99 % initial leaf litter weight loss and the soil microbial community β-

glucosidases enzyme activity (Figure 31). This was in agreement with the finding that stated soil 

fauna mainly affected decomposition through the combination of substrates, and thus influenced 

microbial activity (Tian et al., 1998). This confirmed the hypothesis that stated extracellular 

enzymes linked environmental nutrient availability to microbial nutrient needed (Sterner and Elser, 

2002, Sinsabaugh et al., 2008). 

 

Remark: The experimental plots represented altitude in meter above sea-level (Exp1=2370, exp2=1850, exp3=2404, exp4=2219, exp5=2228, 

exp6=1778, exp7=1970, exp8=2185, exp9=2133 & exp10=2320) 

Figure 31: Soil microbial respiration and β-glucosidases enzyme activity relationship with annual decay 

constant and time (year) of 50% initial litter weight loss along altitude gradient  
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4.3.2. Nutrient Dynamics 

4.3.2.1.  Litter Residue Nutrient Content  

Litter residue nutrient content of the study site in the first 120 days, 240 days and 360 days of the 

experimental period differed significantly along the altitude gradient (p<0.05) (Figure 32 and 33). 

Content of the litter residue organic carbon and organic matter was 4.81% and 8.57 % at beginning 

of the experiment; 4.51 % and 8.02 % in the 120 days of the experiment; 4.29 % and 7.63 % in the 

240 days of the experiment, and 3.91 % and 6.99 % in the 360 days of the experiment. Ration of 

the litter residue lignin, lignin/N, and C/N were 37.19, 34.53, and 4.46 a beginning of the 

experiment; 35.23, 30.04 and 3.86 in the 120 days of the experiment; 29.23, 22.48 and 3.36 in the 

240 days of the experiment; and 21.45, 14.99 and 2.75 in the 360 days of the experiment, which 

showed a decreasing trend as experimental day increased (Figure 34). At the beginning of the 

experiment the total nitrogen content of the litter residue was 1.1 %; 1.19 in the 120 days of the 

experiment; 1.3 % in the 240 days of the experiment, and 1.45 % in the 360 days of the experiment, 

which showed increasing trends as experimental days increased (Figure 34). At the beginning of 

the experiment litter residue phosphorus content was 380.03 ppm; 343.25 ppm in the 120 days of 

the experiment; 294.29 ppm in the 240 days of the experiment, and 243.03 ppm in the 360 days of 

the experiment, which showed decreasing trends as the experimental days increased (Figure 33). 

Litter residue nitrogen increment indicated microbial immobilization and loss of carbon (Anderson 

et al., 1983) and nutrient input through fall and atmospheric precipitation (Bocock, 1964).  

However, there was no concrete agreement on the increment of the litter residue phosphorus 

content as experimental days increased (Anderson at al., Huish, 1983, Bocock, 1964). Findings of 

this study were in agreement with the findings of other studies that stated macro and micro-

environmental factors had impacts on litter residues nutrient content (Aerts, 1997a). 
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Content changes of the litter residue organic carbon, organic matter and total phosphorus of the 

study site during the experimental period were the highest at the lower altitude class and the lowest 

at the upper altitude class. The litter residue total nitrogen content change during the experimental 

period was the highest at the middle altitude class and the lowest at the lower altitude class, 

whereas kalson lignin content change was the highest at the lower altitude class and the lowest at 

the middle altitude class. The litter residue carbon to nitrogen ratio and lignin to nitrogen ratio 

change were the highest at the upper altitude class and the lowest at lower altitude class (Table 30, 

Figure 32 and 33). This indicated litter nutrient decomposing rate was not similar with all the 

nutrients of the dry Afromontane forest.  

Table 30: Study site selected litter residues nutrient dynamics along altitude gradient at 120, 240 and 360 

days of the experiment in percent 

 

Litter Residues Nutrient 

Content  

Altitude class Litter Residues Nutrient Content Altitude class 

Lower 

Altitude 

Middle 

Altitude 

Upper 

Altitude 

Lower 

Altitude 

Middle 

Altitude 

Upper 

Altitude 

Initial %OC 4.57 4.78 5.1 Initial %OM 8.13 8.51 9.08 

%OC at 120days 4.37 4.38 4.82 %OM at 120days 7.78 7.79 8.77 

%OC at 240days 4.21 4.15 4.55 %OM at 240days 7.50 7.38 8.08 

%OC at 360days 3.82 3.73 4.24 %OM at 360days 6.92 6.63 7.55 

Initial %Tot N 1.24 1.06 1.01 Initial TP (PPM) 360.54 385.63 392.03 

%Tot N at 120days 1.27 1.20 1.10 TP at 120 days (PPM) 323.38 350.68 353.21 

%Tot N at 240days 1.33 1.36 1.20 TP at 240 days (PPM) 276.44 294.68 311.42 

%Tot N at 360days 1.43 1.54 1.36 TP at 360 days (PPM) 213.61 251.07 261.72 

Initial % Kalson Lignin 39.16 34.65 38.61 Initial Lignin/N ratio 31.77 33.20 39.05 

% Kalson lignin at 20days 37.31 32.78 36.42  Lignin/N ratio at 120 days 29.40 27.51 34.91 

%Kalson lignin at 240 days 31.29 28.01 28.01 % Lignin/N ratio at 240 days 23.63 20.68 24.93 

Kalson lignin at 360 days 21.89 20.02 22.90 % Lignin/N ratio at 360 days 15.31 13.01 17.33 

Initial C/N ratio 3.70 4.38 5.32 C/N ratio at 240 days 2.98 3.08 4.11 

C/N ratio at 120 days 3.24 3.66 4.69 C/N ratio at 360 days 2.49 2.48 3.35 
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Figure 32:Litter residues selected nutrient content at beginning, 120days, 240days and 360days of the 

experimental along altitude gradients 
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Figure 33: Litter residues total Nitrogen (Tot N), Organic carbon (%OC), Organic matter(%OM), total phosphorus (TP ppm), Kalson lignin, 

Lignin to Nitrogen ratio (LG/N) and Carbon to Nitrogen ratio (C/N) content trends graphical representation as experimental days increased 
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4.3.2.2. Litter Nutrient Dynamics  

Decomposition and litter nutrient dynamics was estimated based on time series of the litter nutrient 

content analysis. On average, litter residue total nitrogen content showed a change of 35.41 % in 

the duration of 120 to 360 days of the experimental period, the highest being in the middle altitude 

classes and the lowest being in the lower altitude classes. On average, litter residue phosphorus 

content showed a change of 46.19 % during the 120 days to 360 days of the experimental period, 

the highest being at the lower altitude classes and the lowest at the upper altitude classes. Total 

phosphorus dynamics was found to greater than that of the total nitrogen dynamics. Litter residues 

kalson lignin and organic carbon content of the study site showed a change of 51.84 % and 42.60 

% in the 120 to 360 days of the experimental period. The highest being at the lower altitude classes 

and the lowest at the upper altitude classes (Table 31). Similarly, the highest and lowest litter 

residues organic carbon and organic matter dynamics were recorded at middle and upper altitude 

classes, respectively (Table 31). This indicated that as altitude increased litter nutrient dynamics of 

the dry Afromontane forest decreased, which showed ways in which the dry Afromontane forest 

ecosystem responded to climate change. Differences of litter residues nutrient dynamics along the 

altitude gradients were found to significant (p<0.05). There was a direct relationship between the 

general trends of the litter residue nutrient released and the experimental days since it increased as 

the experimental days increased. There was an inverse relationship between remained litter 

residues nutrient and the experimental days since it decreased as the experimental days increased 

(Figure 34 & 35). This findings agreed with the finding of other studies that concluded macro and 

micro-environmental factors determined decomposition of litter nutrient dynamics (Laiho, 2006, 

Kochsiek, 2010). 
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Table 31: Study site selected litter residues nutrient dynamics along altitude gradient at 120, 240 and 360 

days of the experiment in percent  

Nutrient Dynamics Altitude class Nutrient Dynamics  Altitude class 

Lower 

Altitude 

Middle 

Altitude 

Upper 

Altitude 

Lower 

Altitude 

Middle 

Altitude 

Upper 

Altitude 

% C and % OM Remained 120 days 71.00 74.52 68.82 % C and % OM Released 

120 days  

29.00 25.48 31.18 

% C and % OM Remained 240 days 52.41 53.02 53.08 %C and % OM Released 

240 days 

47.59 46.98 46.92 

% C and % OM Remained 360 days 29.03 29.38 28.95 %C and % OM Released 

360 days 

70.97 70.62 71.05 

% Tot N Remained 120 days 77.32 76.79 76.49 % Tot N Released 120 days 19.08 10.71 21.80 

% Tot N Remained 240 days 64.75 76.47 69.46 % Tot N Released 240 days 35.24 23.54 30.54 

% Tot N Remained 360 days 43.07 52.83 46.61 % Tot N Released 360 days 56.93 47.17 53.38 

% TP Remained 120 days 70.90 71.31 65.11 % TP Released 120 day 28.03 28.69 34.89 

% TP Remained 240 days 46.64 45.09 47.01 % TP Released 240 days 53.36 54.91 52.99 

% TP Remained 360 days 22.68 23.21 23.51 % TP Released 360 days 77.32 76.79 76.49 

% Lignin Remained 120days 75.17 74.45 67.77 % Lignin Released 120 

days 

24.83 25.55 31.56 

%Lignin Remained 240 days 48.48 47.98 43.74 % Lignin Released 240 

days 

51.52 51.90 56.26 

%Lignin Remained 360 days 20.74 21.00 20.66 % Lignin Released 360 

days 

79.26 79.00 79.66 
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Remark: The experimental plots represented altitude in meter above sea-level (Exp1=2370, exp2=1850, exp3=2404, exp4=2219, exp5=2228, 

exp6=1778, exp7=1970, exp8=2185, exp9=2133 & exp10=2320) 

Figure 34:The litter residues selected nutrient remained and released in percent at 120, 240 and 360 days 

of the experiment along altitude gradient 
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Figure 35:The litter residues select nutrient dynamics in percent at 120, 240 and 360 days of the experiment along altitude gradient
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4.3.2.3. Soil Nutrient Dynamics  

Soil nutrient dynamics of the study site showed decreasing trends in the first 120 days of the 

experimental period but showed increasing trends from 120 days to the 240 days of the experiment. 

Finally, there was the soil nutrient concentration beginning of from the 240 days to 360 days of the 

experimental period (Figure 36). However, there were no uniform soil nutrients dynamics trends 

for all the nutrients of the study site. Mean averages of the soil carbon and organic matters at the 

beginning were 8.57 + 0.74 % and 15.26 + 1.32 % in the beginning; 4.57 + 1.18 % and 8.13 + 2.09 % 

in the 120 days; 7.64 + 1.38 % and 13.16 + 2.38% in the 240 days, and 8.75 + 1.23 % and 14.96 + 2.00 

% in the 360 days. Means of the total nitrogen and total phosphorus dynamics of the study site 

showed similar trends as experimental days increased: there were 0.76 + 0.08 % and 15.26 + 1.32 

ppm at the beginning of the experiment that increased to 0.4 + 0.1 % and 12.87 + 4.40 ppm in the 120 

days of the experimental period to 0.66 + 0.13 % and 13.98 + 5.53 ppm in the 240 days of the 

experimental period to 0.72 + 0.15 % and 17.91 + 7.26 ppm in the 360 days of the experimental 

period. Soil cation exchange capacity (CEC) and electrical conductivity (EC) was showed inverted 

U-shape as the experimental days increased (Figure 37). Means of the soil cation exchange capacity 

and electrical conductivity were found to be 41.32 + 4.98 and 0.19 + 0.01, 42.40 + 5.71 and 0.24 + 

0.04, 54.23 + 12.27 and 0.57 + 0.17, 48.55 + 7.81 and 0.24 + 0.08 at the beginning, in the 120, 240 

and 360 days of the experimental period, respectively with the record of meq/100g soil and ms/m. 

However, there was a significant difference in soil nutrient dynamics along the altitude gradient 

(p<0.05). Forest soil nutrient dynamics was defined as the exchange of elements between the living 

and nonliving components of an ecosystem (Jacobson et al., 2011, Bosatta and Ågren, 1996). This 

nutrient exchange was governed by macro and micro-environment factors (Foster and Bhatti, 

2006, Kang et al., 2010, Prescott, 2010) which clearly coincided with the findings of this study.  
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Soil cation-exchange capacity was a measure of cations that could be retained on the surface of 

soil particle (Holdsworth et al., 2008) and was one of the important soil property that influenced 

soil structural stability, nutrient availability, soil pH and other soil ameliorants (Hazelton and 

Murphy, 2007). Furthermore, soil electrical conductivity (EC) could indicate soil salinity, clay 

content, cation exchange capacity (CEC), clay mineralogy, soil pore size and distribution, and soil 

moisture content (Rhoades et al., 1989, Williams and Baker, 1982, Rhoades and Chanduvi, 1999). 

Therefore, soil EC and CEC dynamics of the study site were indications of mechanism in which 

dry Afromontane forest ecosystem function in the changing climate along the altitude gradients.   

In general, good quality of soils had a large quantity of negative charge since it retained more 

cations (base cations) (McKenzie et al., 2004, Rayment and Higginson, 1992). The soil of the study 

site was considered as high CEC (Table 32) since the soil had high levels of humus that amounted 

30 meq/100g soil or more CEC, and soil greater than 10 meq/100g soil CEC was suitable for normal 

plant growth. The positive correlation between soil cation exchange capacities and soil organic C 

of in the study site was an indication of the climate mitigation capacity of the dry Afromontane 

forest (Wang and Wang, 2007). Findings of this study showed that soil nutrient dynamics of the 

dry Afromontane forest variability was governed by the seasonal environmental factors with self-

maintained natural processes. Soil pH could also affect nutrient availability, soil cation-exchange 

capacity, nutrient adsorption and solubility, soil microbial activities, and root uptake process 

(Marschner et al., 1996, Zhang et al., 2010). However, several studies reported that high soil pH 

was usually associated with low the availability of soil nutrient (Gough et al., 2000, Eskelinen et 

al., 2009). Average soil pH of the study site was 7.29, which showed insignificant (p>0.05) 

differences along the altitude gradients (Figure 37). Soil moisture and surface temperature showed 

https://en.wikipedia.org/wiki/Cation
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significant differences along the altitude gradients (p<0.05). Soil nutrient dynamics indicated ways 

in which the dry Afromontane forest ecosystem modulated in the changing climate. 

Table 32: Soil nutrient dynamics as experimental days increased 

Soil Nutrient Dynamics Altitude Class Soil Nutrient 

Dynamics 

Altitude Class 

Lower 

Altitude 

Middle 

Altitude 

Upper 

Altitude 

Lower 

Altitude 

Middle 

Altitude 

Upper 

Altitude 

% SOC Initial 5.72 7.73 12.55 % SOM Initial 22.34 13.75 10.18 

%SOC 120 days 3.74 4.41 5.60 % SOM 120 days 9.97 7.85 6.66 

%SOC 240 days 5.83 9.01 7.62 % SOM 240 days 13.13 15.52 10.04 

%SOC 360 days 9.22 7.97 9.34 % SOM 360 days 16.10 13.73 15.48 

% Tot N Initial 0.493 0.673 1.13 TP (PPM) Initial 14.01 13.28 20.12 

% Tot N 120 days 0.33 0.38 0.49 TP (PPM) 120 days 10.74 11.77 16.47 

% Tot N 240 days 0.50 0.75 0.71 TP (PPM) 240 days 9.13 17.14 14.61 

% Tot N 360 days 0.67 0.64 0.87 TP (PPM) 360 days 20.94 13.19 21.19 

CEC (meq/ 100g soil) Initial 35.91 38.28 50.79 EC   ds/m Initial 0.11 0.19 0.27 

CEC (meq/ 100g soil) 120 days 37.82 39.40 50.96 EC   ds/m 120 days 0.18 0.23 0.30 

CEC (meq/ 100g soil) 240 days 52.46 58.47 50.33 EC   ds/cm 240 days 0.37 0.70 0.60 

CEC (meq/ 100g soil) 360 days 50.51 47.29 48.27 EC   ds/m 360 days 0.23 0.24 0.26 
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Remark: The experimental plots represented altitude in meter above sea-level (Exp1=2370, exp2=1850, exp3=2404, exp4=2219, exp5=2228, exp6=1778, exp7=1970, exp8=2185, exp9=2133 & 

exp10=2320) 

Figure 36: Experimental plots soil organic carbon (SOC), soil organic matter (SOM), nitrogen (N), phosphorus (P), cation exchange capacity 

(CEC) and electrical conductivity (EC) dynamics during experimental period
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Figure 37: The Selected Soil nutrient dynamics during the experimental period along altitude gradient 



163 
 

4.3.2.4.The Relationship Between Litter Nutrient Release and Soil Nutrient 

Dynamics 

There was a positive relationship between the releases of the decomposing litter nutrient and soil 

nutrient dynamics, which implied that litter nutrient release increased as soil nutrient increased, 

except organic carbon which showed neutral correlation (Appendix 7). Correlation of litter nutrient 

and soil nutrient change was not uniform throughout the experimental periods. Correlation of soil 

carbon and organic matter was negative at the 120, 240 and 360 days of the experiment. However, 

correlation of litter and soil nitrogen change was positive except at the 360 days of the experiment. 

There was a positive correlation between litter and soil phosphorus change throughout the 

experimental period. Generally, correlation of soil and litter nutrient change of the study site was 

not significant. Natural litter nutrient dynamics correlation with soil nutrient dynamics played on 

important role in material cycling process, maintaining soil fertility, nutrient balance and ensuring 

nutrient availability of plant growth, since nutrient inputs to soil affected soil functions (Han et al., 

2012, Rumble and Gange, 2013, Song et al., 2010). The decomposing litter also controlled carbon 

cycle of the terrestrial forest ecosystems (Austin and Ballaré, 2010). Graphical representations 

of litter nutrient vs soil nutrient of the study site showed an inverse relationship, except 

nitrogen that increased as experimental days increased (Figure 38). This implied that litter 

residue nutrient decreased as soil nutrient increased, which indicated the role of litter 

decomposition in balancing soil nutrient. The positive relationship between litter carbon (C) 

input and annual carbon dioxide (CO2) flux suggested that litter dynamics had a major impact on 

the overall carbon dynamics of the system and the annual net ecosystem production (Jacinthe et 

al., 2004). This showed the balance between plant CO2 uptake minus plant respiration, litter 

decomposition, and the balance between soil organic matter decomposition and formation. 
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Figure 38: Litter residues nutrient vs soil nutrient trends as experimental days increased
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4.3.2.5. Soil Microbial and Plant Community Relationship with Nutrient Dynamics 

There were significant correlations between Total EL-FAMEs soil microbial community 

abundance and litter residue carbon and organic matter content and between soil microbial 

community relative abundance and Shannon diversity and litter residue lignin content (p<0.05). 

There were significant correlations between bacterial community abundance and relative 

abundance and litter residue carbon and organic matter and between the fungi community 

abundance and evenness index and litter residue organic carbon and organic matter and the fungi 

community Shannon diversity index and evenness index and litter residue total nitrogen (p<0.05). 

The general trend of microbial community structure positively correlated with litter nutrient 

released, which agreed the hypothesis that stated soil microorganisms were responsible for the 

decomposing organic matter and regulated availability and turnover of the nutrient (IPPC, 2007, 

Zhang et al., 2007, Kuzyakov, 2010) .Varies studies illustrated the existence of strong correlation 

between soil microbial community structure and activities of litter nutrient dynamics since 

microbial affinity was responsible for breaking down of the complex compounds in order to satisfy 

their energy demands (Sinsabaugh et al., 1994, Sylvia et al., 2005).  

The microbial community respiration negatively correlated with litter residues lignin, organic 

carbon, organic matter and total phosphorus released and total nitrogen remained. However, the 

microbial community β –Glucosidase enzyme activity negatively correlated with organic carbon, 

organic matter, total nitrogen and total phosphorus released and lignin remained. Correlation of 

soil microbial community β –Glucosidase enzyme activity with litter residue organic carbon and 

organic matter released and remained was found to be  significant (p<0.05), which agreed with the 

study findings that stated increasing in temperature could increase microbial activity, processing 

and nutrient turnover (Bradford et al., 2008, Xue and ZHANG, 2005). The 65-75 % of gross 
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ecosystem primary production was emitted as ecosystem respiration (Verma et al., 2005, Archer 

et al., 1995). Microbial community interaction with litter decomposition was a natural system of 

soil microbial community composition, activity, and efficiency of nutrient cycling and ecosystem 

functioning (Yao et al., 2000). Approximately 80-90 % of the soil processes was mediated by soil 

microbial community (Nannipieri and Badalucco, 2003).  

The Total EL-FAMEs soil microbial community abundance and relative abundance of the study 

site positively correlated with soil nutrient, except with nitrogen, which agreed with the established 

knowledge that stated plant residues were the main carbon sources for soil microbial community 

and the major route of soil organic carbon input (Zibilske and Materon, 2005). The Total EL-

FAMEs soil microbial community Shannon diversity index negatively correlated with soil nutrient. 

Similarly, the Total EL-FAMEs soil microbial community evenness index negatively correlated 

with soil pH, C: N ratio, CEC, and temperature. This showed increases of temperatures affected 

various processes of belowground (Litton and Giardina, 2008, Pendall et al., 2008), affected soil 

moisture changes on soil microbial activity, and influenced nutrient cycling processes (Zhang and 

Zak, 1995, Campo et al., 2001, Schwendenmann and Veldkamp, 2006). There were significant 

correlations between the Total EL-FAMEs soil microbial abundance and soil phosphorus, C: N ratio, 

CEC and EC; between the relative abundance and soil phosphorus, CEC, EC and moisture content; 

between the Shannon diversity and soil phosphorus, CEC, EC and moisture content, and between 

the evenness index and soil nitrogen (p<0.05). A number of studies frequently indicated a 

significant correlation between soil microbial community and soil organic matter or organic carbon 

(Yao et al., 2000, Cookson et al., 2007), Cookson et al., 2007). However, this study did not show 

a significant correlation between microbial community and soil organic matter or carbon.  
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There were significant correlations between bacteria community relative abundance and Shannon 

diversity index and nitrogen; between the bacteria community evenness index and nitrogen and 

soil moisture (p<0.05). Similarly, there were significant correlations between fungi community 

abundance and phosphorus, C: N ratio, CEC, and EC; between fungi community relative abundance 

and nitrogen, phosphorus, C: N ratio and EC; between fungi community Shannon diversity and 

phosphorus and C: N ratio, and between a fungi community evenness index and nitrogen and soil 

moisture (p<0.05). Even though the availability of macro and microenvironmental factors in 

literature, some previous studies showed as abundance, distribution, activity and community 

structure of soil microbial community were affected by environmental conditions (Wertz et al., 

2007, Wu et al., 2016). These environmental factors were determined  by the availability of N 

(Clark et al., 2007, Shen et al., 2008), temperature (Tourna et al., 2008, Avrahami and Conrad, 

2003), moisture (Horz et al., 2004, Gleeson et al., 2010, Gleeson et al., 2010), salinity (Santoro et 

al., 2008, Bernhard et al., 2010), pH (Clark et al., 2007, Nicol et al., 2008), amount of soil organic 

matter (Leininger et al., 2006) and plant species (Herrmann et al., 2009).  

Correlation between soil nutrient and soil microbial community respiration and soil microbial β–

Glucoside enzyme activity was found to be significant, except that of the soil nitrogen (P<0.05), 

which was in agreement with the established knowledge that stated soil enzyme’s played active 

roles in the processes of the ecosystem and soil which influenced soil quality and function (Berg 

and Smalla, 2009, Lagomarsino et al., 2011). A study also indicated that availability of P and other 

nutrients greatly influence soil microbial activity and function (Wright and Reddy, 2001), which 

clearly indicated the role of microbial community in the natural processes of the dry Afromontane 

forest ecosystem. 
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Decomposition converted liable litter nutrient to the available form of vegetation uptake and 

controlled plant productivity (Fennessy et al., 2008). This study showed a negative correlation 

between plant Shannon diversity, dominance, and individual species and litter nutrient release; 

between vegetation evenness and litter carbon, organic matter and phosphorus, but positive 

correlation between litter lignin and nitrogen released. The correlation between litter nutrient 

released and plant community found to be insignificant.  Plant dominance was positively correlated 

with soil carbon, organic matter, and nitrogen, but negatively correlated with soil phosphorus. 

There was a negative correlation between plant diversity and soil carbon, soil organic matter and 

soil nitrogen; positive correlation between plant evenness and soil phosphorus, soil carbon, organic 

matter, nitrogen, phosphorus. There was a positive correlation between plant equitability and soil 

carbon, organic matter, and phosphorus, but negatively correlated with soil nitrogen. This finding 

agreed with various studies that revealed phosphorus was an essential nutrient that limited plant 

productivity, especially in tropical regions (Elser et al., 2007, Wardle et al., 2004a), and ultimately 

limited soil nutrient in the terrestrial ecosystems (Walker and Syers, 1976). Findings of this study 

also agreed with the literature that stated an increase in available N due to increased N deposition 

led to short-term increases in plant productivity and litter inputs and hindering long-term plant 

productivity (Clark et al., 2007, Knops et al., 2007). Plant community general relationship with 

litter and soil nutrient dynamics did not show any concrete platform and thus found to be inefficient 

to explain tangible trends, though it was a positive correlation with some nutrients and a negative 

correlation with the others.  
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4.4. Carbon Stock Mapping and Carbon Exchange  

4.4.1. Land Use Land Cover Change of Three Consecutive Decades  

According to the 2017 satellite image analysis land use land cover type of the study site was 

classified into forest (17.55 %), woodland (33.87 %), shrubland (43.5 %) grassland (4.71 %) and 

built up (0.37 %). The shrubland and woodland covered 77.37 % of the study site, while the rest 

covered only 22.63 %. The 1986 and 2000 satellite image analysis indicated that the land use land 

cover was 22.69 % and 20.38 % forest, 28.37 % and 31.62 % woodland, 41.91 % and 42.98 % 

shrubland, 6.98 % and 4.86 % grassland and 0.06 % and 0.15 % built up, respectively (Figure 39 

and 40).  

 

Figure 39: 1986, 2000 and 2017 LULC in hectare and percent 
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Figure 40: 1986, 2000 and 2017 LULC map 

The coverage of forest and grassland decreased significantly from1986 - 2017 by 22.67 % and 

32.46 %, respectively, whereas, that of the woodland, shrubland and built up area increased by 

19.42 %, 3.8 %, and 500 %, respectively. The grassland was converted to shrubland due to high 

shrubland expansion in the vicinity. Conversion of land use land cover rate from 1986 - 2000, 1986 

- 2017, and 2000 - 2017 was significant. The forest conversion rate of the year 2000 - 2017 was 

greater than that of the years 1986 - 2000, whereas conversion of land use land cover from the 

years 2000 - 2017 was less than that of the years from 1986 - 2000 (Figure 41). This indicates, 

compared to other cover periods, conversion of the Asabot dry Afromontane forest was very high 

in the last16 consecutive years. 
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Figure 41: 1986 - 2000, 1986 - 2017, 2000 - 2017 period LULC change  

The land use land cover accuracy was assessed using 70, 80, 80 and 80 points of the classified 

images of the years 1986 (85 %), 2000 (85 %), 2017 (91.2 %) and 2047 (85 %). The kappa 

coefficient, showed a high level of agreement as it was 0.81 in 1986, 0.81 in 2000, 0.91 in 2017 

and 0.81 in 2047. Producer’s accuracy of individual classes of the four classified maps ranged 

from 73 % (grassland of 2047 image analysis) to 100 % (built up of 2017 image analysis).  

For each of the classified images, the producer accuracy was the lowest in grassland (78 %, 78 %, 

83 % and 73 % for the years 1986, 2000, and 2047, respectively. This was because of the fact that 

reflectance of the grassland associated with the forest, woodland and shrubland was similar to the 

reflectance of the shrublands and forests. According to the statistics, there were errors of omissions 

and commission resulted from grouping grassland and shrubland together because of confusion of 

reflectance. However, a morphological difference of the land use and shrubs and forests were 

correctly classified. The second lowest accuracy has associated the shrubland because of the 
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existence of grass and residues in the study sites. In some places grazing land was barren and the 

reflectance was similar to the shrubland. Built up LULC classes had a higher user and producer 

accuracy since the area was masked and replaced correctly into classified shapefiles before the 

accuracy assessment was done. 

Table 33: Accuracy assessment matrix for the classified images 1986 (a), 2000 (b), 2017 (c) and 2047 (d) 

              a) 

LULC Forest Woodland Shrubland Grassland User accuracy Built up 

Forest 17 1 2 0 85 0 

Woodland 0 18 1 1 90 0 

Shrubland 0 0 18 1 95 0 

Grass land 1 1 1 7 70 0 

Built up 0 0 0 0 0 0 

Producer accuracy 94 90 82 78 60 0 

Over all accuracy = 85%      Kappa coefficient = 0.80 

             b) 

LULC Forest Woodland Shrubland Grassland Built up User accuracy 

Forest 18 1 1 0 0 90 

Woodland 0 18 1 1 0 90 

Shrubland 1 1 16 1 1 80 

Grass land 1 1 1 7 0 70 

Road 0 0 0 0 0 100 

Built up 0 0 1 0 5 80 

Producer accuracy  90 86 80 78 90 68 

Over all accuracy = 85%      Kappa coefficient = 0.809 

                c) 

LULC Forest Woodland Shrubland Grassland Built up User accuracy 

Forest 18 2 0 0 0 90% 

Woodland 0 18 2 0 0 90% 

Shrubland 0 0 19 1 0 95% 

Grass land 1 0 0 9 0 90% 

Road 0 0 0 0 0 100% 

Built up 0 0 0 0 4 80% 

Producer accuracy 95% 90% 90% 90% 100% 
 

Over all accuracy = 91.2%      Kappa coefficient = 0.911 

 

 



173 
 

            d) 

LULC Forest Woodland Shrubland Grassland Built up User accuracy 

Forest 18 1 1 0 0 90% 

Woodland 2 17 1 0 0 85% 

Shrubland 0 1 17 1 1 85% 

Grass land 0 1 1 8 0 80% 

Road 0 0 0 1 0 80% 

Built up 0 0 0 1 4 80% 

Producer accuracy  90% 85% 85% 73% 80% 68 

Over all accuracy = 85%      Kappa coefficient = 0.809 

4.4.2. Land Use Land Cover Conversion Scenario 

For the years 1986 and 2017 LULC, the probability of land use conversion varied, while the 

probability of the change of grassland the location was less. However, conversions of woodland 

and shrubland were very dynamic, and probabilities of their resistances were found to be 69 % and 

74 %, respectively. Only 77 % of the forest area was stagnant, and the remaining 23 % could be 

converted to woodland. To predict future conditions of the LULC, against from the changing of 

probabilities the land uses, significant factors that would determine the suitability of the location 

of each land use types were considered. The logistic regression analysis revealed that the location 

of the land uses was affected by physical (elevation and slope) and social (distance to build up 

areas and road) factors. All the LULCs exhibited positive correlation with distance to road 

indicating that the land use changes depended on accessibility to roads. Similarly, LULCs 

exhibited positive correlation with slope; slope areas had high resistance to changes and vis verse.  

The land use land cover change indicated that forest cover would decrease from 17.55 %  - 11.12 

% from the years 2017 - 2047 G.C if businesses as usual scenario, whereas woodland and 

shrubland would increase from 33.87 % - 40.59 %, and 43.50 % - 44.43 %, respectively. Grassland 

would decrease from 4.71 % - 3.44 %, whereas built-up area would increase from 0.37 % - 0.41 

% (Figure 42). Trends indicated that Asabot dry Afromontane forest would be disappeared under 

existing management system. The increment of forest expansion by 50 % would suggest that the 
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total forest coverage would increase from 1147 ha - 1721 ha by 33.3 5 % from the years 2017 - 

2047. The 50 % woodland expansion from shrubland would be maintained the same forest 

coverage area in the year 2017 range, whereas the 50 % woodland expansion from forest reduced 

forest coverage from the area 147 ha in the year 2017 and 34 ha in the year 2047.  The 50 % 

grassland conversion scenario would convert all grassland in the year 2047 and would increase 

forest coverage, woodland and shrubland because of businesses as usual scenario. The 50 % of 

expansion of shrubland from woodland decreased woodland and kept other lands intact (Figure 43). 

 

Figure 42: Land use land cover type at 1986, 2000, 2017 and 2047 estimated based on business as usual 

scenario in ha 

 

Figure 43: The scenario-based land use land cover change estimated for 2047 in ha 
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Figure 44: Land use land cover change and scenario 

4.4.3. Carbon Stock and Carbon Sequestration of Three Consecutive Decades 

According to pieces of evidence and predictions of future trends, the carbon stock of the Asabot 

dry Afromontane forest land cover result of the past three consecutive decades or in 1986, 2000, 

and 2017 were 1407568.20 Mt, 1414159.31Mt, and 1385423.90 Mt, respectively and would be 

1332108.30 Mg in the year 2047. Change of carbon stock in the three consecutive decades showed 

decreasing trends from the year 1986 - 2047, except the trend of the years 1986 - 2000 (Figure 45). 

This decreasing trend of carbon stock was attributed to conversion of forest and woodland cover 

to other land cover types that evidenced how deforestation and forest degradation influenced the 

amount of biomass and carbon stored in vegetation (Araújo et al., 2005, Meehl et al., 2007, 

Smithson, 2002). The land use change due to deforestation and forest degradation contributed 0.3 

to 3.0 Pg C yr-1 of the total fossil fuel emissions of the globe which was about 0.6 to 6 times of the 

Kyoto protocol target for 2012 (Houghton, 2003, Houghton, 2007, Sohngen and Brown, 2008). 
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The carbon stock increment from 1986 - 2000 period was due to very small forest land cover 

change, and large woodland and shrubland increment (Figure 46). The 2017 land cover type mean 

carbon stock was 355.62 Mt ha-1 for forest land, 225.9 Mt ha-1 for woodland, 153 Mt ha-1 for 

shrubland and 128.99 Mt ha-1 for grassland. The 2017 land cover type mean biomass carbon 

density was 232.12 Mt ha-1 for forest land, 109.65 Mt ha-1 for woodland, 54 Mt ha-1 for shrubland, 

42.24 Mt ha-1 for grassland, which was in the rage of global carbon stock estimated for similar 

ecology and cover types (Glenday, 2006, Swetnam et al., 2011). The total carbon stocks estimated 

in the woody plants of the dry evergreen Afromontane forest of Mount Zequalla monastery forest 

was 348.8 Mt ha-1 (Girma et al., 2014), and that of the estimated carbon stocks of some selected 

church forest in  Addis Ababa was 291.77 Mt ha-1 (Tolla, 2011). 

 

Figure 45: Carbon stock and carbon stock change of Asabot dry Afromontane forest under business usual 

scenario trend 
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Carbon stock change projection of the year 2047, based on 1986 and 2017 baseline data of various 

land cover conversion scenario showed different trends (Figure 47). Forest cover expansion and 

shrubland conversion to woodland promoted the Asabot dry Afromontane forest carbon 

sequestration potential, whereas conversion of the other land cover inhibited the dry Afromontane 

forest carbon sequestration potential.  

 

NB: WL_WL-woodland to shrubland conversion, SL_WL-shrubland to woodland conversion, F_WL-forest to woodland conversion, No 

GL-no grassland cover 

Figure 46: Carbon stock of Asabot dry Afromontane forest under various land cover conversion 

scenario 
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Figure 47: Carbon stock change prediction of Asabot dry Afromontane forest between 2017 to 2047 

under various land cover conversion scenario 
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4.4.4. Carbon Stock Mapping and Change Detection   

Land use land cover type and carbon stock map of Asabot dry Afromontane forest showed visible 

differences in the years 1986, 2000, 2017 and 2047 (Figure 48). The green color repressing the high 

carbon stock decreased from 1986 to 2047, whereas the Yellow color representing the small carbon 

stock Mt ha-1 increased. The green color shows highest carbon stock, whereas the pink color 

indicates the absence of carbon stock (built-up area). Land use land cover scenario of the Asabot 

dry Afromontane forest showed dramatical of decrease carbon in the year 2047.   

 

Figure 48: Business as Usual Carbon Stock Map of Land Use Land Cover Type on 1986, 2000, 2017 and 

2047 

The carbon stock map developed based on different land cover scenario showed the difference in 

visual map view, whereas the 2047 map would indicate carbon stock that would be developed 

based on the concept of business as usual scenario (Figure 49). According to the land cover scenario 
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map highest carbon stock (50 %) were attributed to forest expansion, whereas the lowest carbon 

stock was the cause for the grassland cover conversion scenario map. The carbon stock map 

indicated that land cover trends, grassland conversion, and shrubland expansion scenario and land 

cover conversion dramatically reduced the climate mitigation potential of the Asabot dry 

Afromontane forest. However, forest and woodland expansion scenarios promoted the climate 

mitigation potential of the Asabot dry Afromontane forest. 

 

Figure 49: Different land cover scenario carbon stock map at 2047 
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4.4.5. Ecosystem Carbon Exchange  

The mean soil microbial respiration estimated was 2.84 x 10-5 + 2.85 x 10-6 Mt C-CO2 ha-1 day-1 

and 0.01 + 0.001 Mg C-CO2 ha-1 year-1, however, the study site total microbial respiration was 

0.185 + 0.019 Mt C-CO2 day-1 and 67.533 + 6.763 Mt C-CO2 year-1. The carbon balance of the 

forest estimated: Sequestration - deforestation emission – microbial respiration – cumulative 

respiration of steam, leaf and hard wood. The study site carbon sequestration in the carbon pools 

was estimated 2873.54 Mt year-1. The study site net carbon sequestration in carbon pool and 

microbial respiration was 2806.08 Mt year-1. Thus, dry Afromontane forest ecosystem has a 

significant role in climate mitigation through carbon sequestration, which was positive net carbon 

exchange between the atmosphere through carbon pool sequestration and microbial respiration.  

4.4.6. Carbon Market  

The study site carbon stock trade value estimation in dollar was increased from 1986 to 2000 due 

to low forest cover decrease and high woodland and shrubland cover increase (Figure 6). The trade 

amount decreased from 2000 to 2047 similar with the carbon stock trend (Figure 10, Table 3). The 

trade lost amount of 1986 to 2017, 2000 to 2017, 2000 to 2047, 2017 to 2047 and 1986 to 2047 

were showed significance variation due to difference in carbon stock in the period (Table 34). The 

land use land cover scenario of forest expansion and shrubland to woodland conversion increases 

study site carbon trade, whereas forest to woodland and no grass scenario reduces carbon stock 

trade amount. Therefore, the forest and woodland expansion is very important to increase Asabot 

dry Afromontane forest carbon stock trade amount increments.  
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Table 34: The 1986 to 2047 carbon stock trade change and Scenario carbon stock trade estimation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LULC Change Period Business as usual LULC change carbon stock market 

value in USD  

LULC Scenario 2047 LULC Scenario carbon stock market value in USD 

1986 -2000 234157.32 Forest expansion 62, 773, 668.25 

1986-2017 -810,140.4 WL_SL 56,154, 515.71 

2000-2017 -103,8693.6 SL_WL 63,053,800.78 

2000-2047 -295,7848.2 F_WL 53,340,744.06 

2017-2047 -191,9358.72 No GL 55,180,943.68 

1986-2047 -272,8852.2 Scenario aligned 57,280, 656.9 
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CHAPTER FIVE  

5. CONCLUSION AND RECOMMENDATIONS 

5.1. Conclusion  

Litter decomposition plays a major role in determining the structure and function of an ecosystem 

since it is the source of energy for heterotrophic organisms and it is a pool of inter-system nutrient 

and carbon cycling. Rates of leaf litter decomposition and nutrient release pattern in a dry 

Afromontane forest vary because of a number of factors such as: plant community, litter chemistry, 

climate, soil physicochemical properties and soil microbial community structure and activity. 

Based on the established knowledge of litter decomposition process in an ecosystem structure and 

function, this study was designed to examine plant community and structure, soil microbial 

community structure and activity, litter decomposition and nutrient dynamics, of the dry 

Afromontane forest and forward pertinent recommendations for the sustainable management, 

functioning and utilization of the dry Afromontane forest in a changing future climate.   

Functioning of the ecosystem was predicted by evaluating the interaction of main biotic and abiotic 

factors in order to answer basic and pertinent questions related to plant community changes along 

altitude gradients. The study was aimed at analyzing to interlink relationship between plant 

community and soil microbial community, and litter decomposition and nutrient cycling of the dry 

Afromontane forest.  Species of such divergent growth forms might differ in their effects on litter 

decomposition and nutrient dynamics because of the interspecific changes in the litter quality. 

These interspecific difference rates of litter decomposition and pattern of nutrient dynamics were 

supposed to be explanations for the natural soil processes. 

Findings of the study revealed that the dry Afromontane forest plant community was clearly 

demarcated by altitude gradients. There were abundances of three higher plant species at the upper 

altitude gradients: Jasminum abyssinicum, Cuppuresses lusitanica, and Maesa Lanceolata. These 
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were plant species that had a high ecological value. There were abundances of three plant species 

at the middle altitude gradients: Olea europea, Dodonaea angustifolia, and Pterolobium stellatum. 

These were also plant species that had a high ecological value. There were three plant species at 

the lower altitude gradients that had a high ecological value: Teclea simplicifolia, Podocarpus 

falcatus and Grewia sp. The three most importance value index species of the Asabot dry 

Afromontane forest were Olea europaea, Podocarpus falcatus, and Jasminum abyssinicum, that had 

high leaf litter nutrient, high-affinity plant generation, and high capacity of creating conducive 

microecology for soil community and fauna.  

Some samples collected from the lower altitude class were clustered under plant community of the 

middle altitude class. From the viewpoint of ecological theory, there were two interesting 

identified distributional categories of the plant species. The first was plant species that were 

common in one habitat but had few specific species in one or more of the other habitats. Some of 

these likely represented cases of mass effect, the situation in which occasionally individuals 

survived without not reproducing itself outside its normal ecological range. The second was plant 

species that grew in poor soil forest that were common only in one of the two sample plots, but 

not somewhere else. These were examples of ecological equivalents, where a given species occurs 

at one site but not somewhere else where it would have been equally well adapted.  

Human interference was the main reason for the increase of diversity, evenness, and change of the 

floristic composition of the Asabot dry Afromontane forest as altitude gradient increased. As 

research work showed the most maximum plant community diversity was observed at the lower 

altitude gradient; the pattern is often taken as a piece of evidence for niche and community 

equilibrium disturbance. Such trends indicated a very strong anthropogenic impact on the dry 

Afromontane forest ecology that resulted in phenomenally stress fully survived species and 

ecological function.  
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A very abundance of the fungi community in all collected samples along altitudinal gradients was 

an indication of the dry Afromontane forest ecosystem capacity to mitigate climate change and the 

rehabilitation of the dry degraded land under natural circumstances. This is because of the fact that 

fungi community sink more carbon than bacteria and facilitates nitrogen and phosphorus nutrient 

accesses for plant community. 

The inherent feature of microbial community heterogeneity of soils is that the correlation it had 

with environmental factors such as biotic and abiotic factors. Altitudinal gradients affect species 

abundance of the soil microbial community that temperature and moisture are found to be the most 

driving factor of microbial community structure and activity. These climatic factors together with 

host plant community and ecology disturbance level are some of the microbial communities that 

are highly susceptible to climate change. Particularly, rarer members of the community are 

severely affected because of strong dispersal limitation in fragmented landscapes and sensitivity 

of other environmental stressors, such as soil physicochemical properties and soil nutrients.  

Some microbial communities such as fungi and some bacteria taxonomic groups are found to be 

dominants in the study site because of their strong survivable capacity under wide environmental 

factors. Environmental factors such as soil electrical conductivity or salinity, availability of 

phosphorus and soil moisture significantly affect soil microbial biomass abundance. Increasing 

soil salinity decreases soil microbial community diversity while increasing amount of phosphorus 

increases soil microbial diversity. Increasing altitudinal gradients were negatively affects the 

abundance, diversity and activity of the soil microbial community.  

Respiration and activity of the soil microbial community are significantly affected by altitude 

gradients. Impact of altitudinal gradient on soil microbial community activity is manifested 

through the impacts that climate change has on soil microbial community ecosystem functioning. 

Soil texture negatively affects microbial activity, while loam textural class soil enhances microbial 

community respiration.   
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Generally, findings of these study have revealed that soil physicochemical properties, plant 

community, and altitudinal gradients are found to be the main factors that have impacts on soil 

microbial community structure and activity of the dry Afromontane forest. Moreover, microbial 

community abundance and evenness of the study site are key environmental factors that monitor 

the perturbation of the dry Afromontane environmental and indicate early warning of the 

ecological functioning of the study site.   

The decay rate of the study site decreases as altitude gradients increase. Decreasing of the decay 

rate is an indication of low nutrient dynamics as organic matter turnover rate affected the nutrient 

dynamics. Plant community diversity had positive Pearson correlation with litter decomposition 

rate that indicated a good management practice improve health ecosystem functioning of the dry 

Afromontane forest. Making big differences between species and plant functional groups in litter 

chemistry and decomposition and manipulating plant diversity that resulted in different litter 

breakdown that enhanced more changes in decomposition microenvironment than the changes that 

took place because of litter species composition.  

However, decomposition of a nested subset of litter mixtures was not accurately predicted from 

single species; as synergistic effects of litter mixing enhanced decomposition. Critical assessment 

of the litterbag experiments suggests that effects of changing plant diversity on decomposition that 

may be conservative. This study did not indicate the predictable effect of litter quality on litter 

decay rate that might be attributed to the low litter nutrient content of the study site.  

Green leaf traits were modestly modulated by a climate that remarkable variation for particular 

leaf traits was seen within individual sites. However, pronounced variations within the site along 

altitude gradients among the species might be linked to finer scale environmental heterogeneity of 

the sites (soil physiochemical properties) and time (disturbance) or tradeoffs among other 

physiological traits that produced roughly similar fitness levels coexisting among species with 

alternate physiological strategies. In addition, species diversity induced litter quality had effects 
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on litter decomposition and N released, which results in differences in the relative biomass 

production of leaf, stem, root and healthy ecosystem function. 

The result of the experiment conducted on decomposition microenvironment soil texture (clay and 

silty), C: N ratio and slope showed a negative relationship with litter decay rate, which related to 

microbial community structure and activity because of the factors that significantly affected soil 

microbial community structure and activity.  However, temperature and plant species affected litter 

decomposition and N release, which had, in turn, affected soil C and N mineralization.  Generally, 

the result illustrated the variability of litter decomposition and nutrient dynamics in the study site 

because of the attributed factors along altitude gradients. However, some soil physicochemical 

properties, plant community, and composition and activity of the decomposer community were the 

main factors responsible for the dry Afromontane forest ecology litter decomposition and nutrient 

dynamics.  

Findings of this study imply that conserving, protecting, rehabilitating and afforesting dry 

Afromontane forest is the win-win scenario in creating a unique global resource that has health 

flora and fauna, soil community and entire ecosystem functioning. The connection between 

altitude gradient and litter decomposability is crucial for both understanding ecosystem feedbacks 

for climate change and improve forecasts of the dry Afromontane forest ecosystem functioning. 

Established knowledge and findings of the study imply that organic matter decomposition has two 

important functions for the microorganisms; it provides energy for growth and supplies carbon for 

the formation of new cells. Hence, soil that is biologically active and contains a greater amount of 

active carbon recycle and releases supplies more nutrients needed for plant growth than soil that 

is biologically inactive and contains less active organic matter.  Findings of this study imply that 

abundance of fungi community creates a conducive environment for healthy functioning and high 

climate change mitigation role of the dry Afromontane forest. Hence, fungi community generally 

releases less carbon dioxide into the atmosphere and is more efficient at converting carbon to new 
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cells. Moreover, fungi community generally captures more energy from the SOM as it decomposes 

and assimilates 40 to 55 percent of the carbon. Fungi community abundance of the study site 

indicates the sustainability of the dry Afromontane forest functionality under environmental 

perturbation. Fungi are not as hard as bacteria that require a more constant source of food. Fungi 

have a larger surface area that helps in the transportation of mineral nutrients and water need for 

plant growth. Plants absorb ammonia and soil nitrate food with the help of fungi mycorrhizal 

network. However, bacteria are generally less efficient at converting organic carbon to new cells.  

Aerobic bacteria assimilate about 5 to 10 percent of carbon, while anaerobic bacteria only 

assimilate 2 to 5 percent, leaving behind many waste carbon compounds and inefficiently using 

energy stored in the SOM.  

Results of the study reveal the increasing trend of nitrogen litter residues that might be due 

attributed to the high abundance of protozoa and nematodes in the study site. Since protozoa and 

nematodes consume bacteria or other microbes (which contain a high amount of nitrogen), they 

release nitrogen in the form of ammonia. Ammonia (NH4+) and soil nitrates (NO3-) are easily 

converted back and forth in the soil.  Findings of the study imply analysis of land use land cover 

and forest management is vital for both understanding vegetation soil feedbacks and improving 

forecasts of the global carbon cycle as the dry Afromontane forest plays vital role in climate change 

mitigation and controlling overall global carbon cycle, which was clearly illustrated through the 

comparison of CO2 respired per hector by microbial community and sequestrated in aboveground, 

belowground, litter, deadwood and soil pool.  

5.2. Recommendations  

Conducting further studies on litter decomposition, nutrient dynamics and soil microbial study is 

important to understand responses of the dry Afromontane ecology functioning into climate 

changes. Long-term permanent plot carbon stock change study is very important to evaluate forest 
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growth response to climate change and formulate mechanism of dry Afromontane forest climate 

change mitigation potential and ecosystem services enhancement. Further study is also needed on 

species level microbial community role of litter decomposition and nutrient dynamics. Seasonal 

trends of soil microbial community structure and activity investigation need further studies. The 

amount of carbon released to soil and atmosphere during litter decomposition needs further 

investigations. This might be the first study conducted on the Asabot dry Afromontane forest to 

predict the dry Afromontane forest soil microbial community structure and activity in relation to 

litter decomposition and nutrient dynamics. Thus, there is a need for conducting similar studies on 

the dry Afromontane forest ecosystem function in litter decomposition, nutrient and carbon 

dynamics at a wider scope on the forests of the country and region. To arrive at a key concise 

decay constant estimation of the dry Afromontane forest litter decomposition and nutrients loss 

trends, it is necessary to conduct a study on more plots of land monitoring in a larger period of 

time. All litter nutrients considered in this study showed unseen dimensions of litter decomposition 

nutrient dynamics trend and microbial community response. Thus, in order to understand impacts 

of seasonal climatic factors on the dry Afromontane forest litter decomposition, nutrient dynamics 

and microbial community, it is necessary to conduct studies on the response of dry and wet seasons 

separately. Findings of this study indicate the need to conduct mixed stand forest litter 

decomposition study to identify a good indicator of ecology level litter decay rate estimation. 

However, conducting the species-based study is recommended for comparison and arriving at an 

accurate estimation of the dry Afromontane forest litter decomposition. Moreover, for the better 

understanding of the dry Afromontane forest ecosystem climate change mitigation farther study 

on vertical and horizontal carbon flow along soil horizon is recommended.
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APPENDICES 

Appendix  1: List of species 

Botanical name Family Name  T(Trees), SH(shrub), CL(lianas) and  

H (woody hemi-parasite) 

Acacia abyssinica Hochst. ex Benth Fabaceae T 

Acacia sp. M Tlrulin;Asfllw HWlde & M Thulin (Mimo.fQideoe~ R. J\) lhiD & M 

Thulin (Caesalpinoiclcoe) 

Fabaceae T 

Achyranthes aspera L.  Amaranthaceae H 

Acokanthera schimperi (A. DC.) Schwein Apocynaceae SH 

Actiniopteris semiflabellata Pic.Serm. Actiniopteridaceae H 

Allium spalhaceum steud. ex a. rich Amaryllidaceae H 

Anthospermum herbaceum Lf Rubiaceae H 

Asparagus flagellaris (Kunth) Baker Asparagaceae SH 

Asplenium sp. J. P. Roux Aspleniaceae H 

Bersama abyssinica Fresen. Melianthaceae SH 

Calpurnia aurea (Ait.) Benth. Fabaceae SH 

Canna K. A.Lye Cannaceae H 

Capparis tomentosa Lam. Capparidaceae SH 

Carissa spinarum L. Apocynaceae SH 

Cassipourea malosana (Baker) Alston Rhizophoraceae T 

Celtis africana Burm. f Ulmaceae T 

Celtis toka (Forssk.) Hepper& Wood Ulmaceae T 

Clerodendrum myricoides (Hochst.) Vatke Lamiaceae SH 

Clutiaabyssinica Jaub. &Spach.  Euphorbiaceae SH 

Combretum adenogonium K.VoDesen Combretaceac SH 

Commelina sp. I. Fries Commelinaceae H 

Conyza hypoleuca A. Rich. Asteraceae SH 

Cordia africana Lam. Boraginaceae T 

Croton macrostachyus Del. Euphorbiaceae T 

Cuppuresses Lusitanica I. Fries Cupressaceae T 

Cynodondactylon (L.) Pers. Poaceae H 

Cyperus macrostacbyo K.A. Lye  Cyperaceae H 

Cyphostemma  malle K. Vollescn Vitaceae CL 

Dodonea angustifolia L.f.  Sapindaceae SH 

Ehretia cymosa Thonn.   Boraginaceae SH 

Eleusine floccifolia (Forssk.) Spreng. Poaceae H 

Eleusinefloccifolia (Forssk.) Spreng. Poaceae H 

Euclea racemosaMurr.subsp. schimperi (A. DC.) White Ebenaceae SH 

Euphorbia ampliphylla Pax Euphorbiaceae T 

Euphorbia cactus Ehrenb. ex Boiss Eupborbiaceae T 

Euphorbia tirucalli L. Euphorbiaceae SH 

Exotheca abyssinica (Hochst. ex A. Rich.) Anderss. Poaceae H 

Exothecaabyssinica (Hochst. ex A. Rich.) Anderss. Poaceae H 

Ferula communis L. Apiaceae H 

Ficus sur Forsslc. Moraceae T 

Foeniculum vulgare I.Hedberg & O.Hedberg Apiaceae H 

Grewia sp.  Gilbert & Sebsebe Tiliacea SH 

Grewia sp. K. VoDesen; Sebgebe Demissew(Grewia) Tiliaceae SH 

Helichrysumschimperi (Sch. Bip. ex A. Rich.) Moeser Asteraceae H 

Helinus mystacinus (Ait.) E. Mey. Ex Steud. Rhamnaceae CL 

Hyparrhenia rufa S. Phillips Poaceae H 

Hyparrheniahirta (L.) Stapf Poaceae H 

Ipomea Carnea Var.fistulosa Sebsebe Danissew Convolvulaceae H 

http://www.newyork.plantatlas.usf.edu/Family.aspx?id=320
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Jasminum abyssinicum Hochst.ex DC. Oleaceae CL 

Jasminum grandiflorum L.subsp. floribundum (R.Br. ex Fresen.) P.S. Green Oleaceae H 

Juniperus procera Hochst. exEndl. Cupressaceae T 

Justiciaschimperiana (Hochst. ex Nees) T Anders. Acanthaceae SH 

Lippiaadoensis Hochst. exWalp.   Verbenaceae SH 

Maesa lanceolata Forssk. Myrsinaceae T 

Malva parviflora Hojer Malvaceae H 

Maytenus spp. N. K. n Robson; Scltiebe Demissew(Maytemu) Celastraceae SH 

Morus alba L. Moraceae T 

Myrsineafricana L. Myrsinaceae SH 

Nicandra physaloides (L.) Gaertn. Solanaceae H 

Olea europaeaL.subsp. cuspidata (Wall. ex G.Don) Cif Oleaceae T 

Olea welwitschii (Knobl.) Gilg& Schellenb. Oleaceae T 

Olinia rochetiana A. Juss. Oliniaceae SH 

Opuntia ficus-indica (L.) Miller Cactaceae SH 

Osyrisquadri partita Decn. Santalaceae SH 

Oxalis latifolia Kunth Oxalidaceae H 

Ozoroa insignis Del.   Anacardiaceae T 

Pavetta abyssinica Fresen. var. abyssinica Rubiaceae SH 

Pavonia urens Cav. Malvaceae H 

Pennisetum clandemstinum S. Phillips Poaceae H 

Phoenix reclinata Jacq. Arecaceae T 

Pittosporum viridiflorum Sims Pittosporaceae T 

Plumbago zeylanica L. Plumbaginaceae H 

Podocarpus falcatus (Thunb.) R. B. ex. Mirb. Podocarpaceae T 

Pouteria adolfi-friederici (Engl.) Baehni Sapotaceae T 

Premna schimperi Engl. Verbenaceae T 

Protea gaguedi J. F. Gmel. Proteaceae SH 

Psydrax schimperiana (A. Rich.) Bridson Rubiaceae SH 

Pterolobium stellatum (Forssk.) Brenan Fabaceae SH 

Rhamnus prinoides L 'Herit.  Rhamnaceae SH 

Rhoicissustridentata (L. f) Wild & Drummond Vitaceae CL 

Rhus glutinosa A. Rich. Anacardiaceae SH 

Rhus natalensis Krauss Anacardiaceae SH 

Rhus retinorrhoea Oliv. Anacardiaceae SH 

Rubusapetalus Poir. Rosaceae SH 

Rumex nepalensis Spreng. Polygonaceae H 

Schefflera abyssinica (Hochst. ex A. Rich.) Harms Araliaceae T 

Schinus molle L. Anacardiaceae T 

Scolopia theifolia Gilg Flacourtiaceae T 

Setaria megaphylla (Steud.) ThDur. &Schinz repeated  Poaceae H 

Setaria megaphylla (Steud.) ThDur.and Schinz Poaceae H 

Sida schimperiana Hochst. ex A. Rich. Malvaceae SH 

Sideroxylon oxyacanthum L. Fries Sapotaceae SH 

Solanum anguivi Lam. Solanaceae H 

Sporobolusafricanus (Poir.) Robyns&Tournay Poaceae H 

Stephania abyssinica (Dillon & A. Rich.) Walp. Menispermaceae Cl 

Teclea simplicifolia (Engl.) Verdoorn Rutaceae SH 

Terminalia catappa K.VoDesen Combretaceae T 

Themedatriandra Forssk. Poaceae H 

Toddalia asiatica (L.) Lam. Rutaceae Cl 

Verbascum sinaiticum Benth. Scrophulariaceae H 

Verbena bonariensis L. subsp. officinalis R. Fernandes and Verde. Verbenaceae H 

Verbesina encelioides (Cav.) A. Gray Asteraceae SH 

Zehneria scabra (Linn.f.) Sond. Cucurbitaceae H 

https://en.wikipedia.org/wiki/Peter_Forssk%C3%A5l
https://en.wikipedia.org/wiki/Myrsinaceae
http://www.catalogueoflife.org/col/browse/tree/id/1b9aaff8582bb6f33750bb63214f5f10
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Appendix  2: Synoptic table 

Species  Cluster 1 Cluster 2 Cluster 3 

Olea europaea  4.67 2.38 0.25 

Dodonea angustifolia  3.56 3.46 0.00 

Pittosporum viridiflorum  3.34 1.87 0.25 

Euclea racemosa  2.72 1.69 2.00 

Jasminum abyssinicum  0.23 5.45 1.50 

Cuppuresses Lusitanica 0.78 4.85 0.25 

Maesa Lanceolata 0.17 3.31 0.00 

Rumex nepalensis 0.06 3.23 0.00 

Terminalia catappa 1.00 2.85 0.00 

Podocarpus falcatus     

Teclea simplicifolia  0.06 1.54 16.25 

Grewia.sp 0.00 1.46 1.50 

Myrsine africana  0.44 1.00 1.50 

 Acokanthera schimperi  1.11 0.69 1.25 

Achyranthus aspera  0.00 0.00 1.25 

Allium spalhaceum 0.00 0.00 1.25 

Rhus retinorrhoea  2.56 1.31 0.00 

Jasminum abyssinicum  2.44 1.38 0.25 

Conyza hypoleuca  2.22 1.56 0.00 

Hyparrhenia hirta  2.00 0.00 0.00 

Protea gaguedi  1.39 1.62 0.00 

 

Psydrax schimperiana  1.28 1.49 1.00 

Carissa spinarum  1.17 1.74 0.75 

Pennisetum clandemstinum 1.78 1.56 0.00 

Maytenus spp. 0.78 1.46 0.00 

Acacia abyssinica  0.72 1.85 0.00 

  Helichrysum schimperi  0.72 1.63 0.00 

Celtis toka  0.75 1.66 0.00 

Clutia abyssinica  0.75 0.86 0.00 

Hyparrhenia  hirta 0.46 0.00 0.00 

Anthospermum herbaceum  0.39 0.00 0.75 

Acacia sp. 0.41 1.77 0.00 

Schefflera abyssinica  0.24 1.46 0.00 

Olea welwitschii  0.33 1.52 0.25 

Sporobolus africanus  0.22 1.53 0.00 

Capparis tomentosa  0.34 1.62 0.00 

Bersama abyssinica  0.11 1.69 0.00 

Ficus sur 0.11 2.00 0.00 

Ozoroa insignis  0.22 2.53 0.00 

Jasminum grandiflorum  0.11 0.99 0.00 

Cassipourea malosana  0.06 1.46 0.00 

Croton macrostachyus  0.06 1.85 0.00 

Osyris quadripartita 0.06 2.31 0.00 
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Appendix  3: Importance value index 

Species RA RF RDO IVI 

Podocarpus falcatus 2.91 2.77 44.67 50.35 

Cuppuresses lusitanica 4.23 3.73 25.40 33.35 

Olea europaea 2.18 5.85 10.91 18.94 

Jasminum abyssinicum 5.09 4.05 0.94 8.12 

Teclea simplicifolia 2.97 4.97 0.07 8.01 

Euclea racemosa 1.6 4.27 0.82 6.69 

Achyranthus aspera 3.17 1.08 1.76 6.01 

Psydrax schimperiana 1.74 4.21 0.04 5.99 

Olea welwitschii 1.32 1.92 2.54 5.79 

Acokanthera schimperi 1.99 3.60 0.184 5.77 

Dodonea angustifolia 1.64 2.78 1.28 5.56 

Myrsine africana 2.12 2.28 0.3 5.08 

Acacia sp. 1.81 2.23 0.28 4.89 

Acacia abyssinica 1.88 1.81 1.591 4.80 

Nicandra physaloides 1.73 1.80 1.2 4.78 

Celtis toka 2.64 1.83 0.54 4.75 

Pittosporum veridiflorum 1.63 3.64 0.01 4.32 

Allium spalhaceum 3.18 1.64 0.01 4.26 

Juniperus procera 1.29 2.71 0.03 4.03 

Rhusretinorrhoea 1.18 1.87 0.05 3.97 

Hyparrhenia rufa 1.99 0.75 0.07 3.91 

Hyparrhenia hirta 1.72 1.27 0.38 3.88 

Protea gaguedi. 1.69 1.89 1.39 3.87 

Conyza hypoleuca 1.18 1.39 0.33 3.86 

Terminalia catappa 1.54 2.24 0.59 3.83 

Grewia ferruginea 2.05 1.68 0.05 3.78 

Carissa spinarum 1.58 2.40 0.07 3.75 

Pavetta abyssinica 1.82 1.80 0.02 3.73 

Maytenus 1.57 1.39 0.33 3.73 

Pittosporum veridiflorum 3.32 2.59 0.43 3.7 

Calpurnia aurea 1.72 2.23 0.1 3.66 

Pennisetum clandemstinum 2.66 2.26 0.34 3.57 

Schefflera abyssinica 1.17 0.85 0.21 3.50 

Combretum adenogonium 0.89 1.26 0.59 3.46 

Premna schimperi  0.06 1.90 0.00 

Cyperus  macrostacbyo 0.12 1.36 0.75 

Grewia sp. 0.00 2.46 0.25 

Combretum adenogonium 0.00 2.38 0.00 

Nicandra physaloides  0.00 1.77 0.50 

Pavetta abyssinica  0.00 1.62 0.75 

Calpurnia aurea  0.33 2.08 0.50 

Zehneria scabra 0.33 0.43 0.00 

Euphorbia dumalis  0.28 2.51 0.00 
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Grewia sp. 0.89 0.97 0.23 3.19 

Ozoroa insignis 0.92 0.85 0.3 3.18 

Ficus sur 0.92 0.91 0.25 2.65 

Celtis toka 1.02 1.45 0.11 2.57 

Clutia abyssinica 1.66 0.24 0.07 2.44 

Themedatriandra 1.99 0.24 0.04 2.41 

Maesa lanceolata 1.13 1.24 0.15 2.40 

Euphorbia dumalis 1.16 1.12 0.21 2.37 

Cassipourea malosana 1.32 0.61 0.03 2.35 

Helichrysum schimperi 1.33 0.75 0.03 2.32 

Capparis tomentosa 1.15 0.91 0.04 2.30 

Bersama abyssinica 1.23 1.15 0.19 2.26 

Anthospermum herbaceum 1.33 0.91 0.02 2.25 

Rumex nepalensis Spreng. 0.9 0.91 0.01 2.24 

Zehneria scabra 1.66 0.36 0.03 2.15 

Osyris quadripartita 1.21 1.32 0.19 2.13 

Croton macrostachyus 1.24 0.91 0.01 2.13 

Jasminum grandiflorum 1.99 0.36 0.02 2.12 

Cyperus macrostacbyo 1.99 0.36 0.18 2.12 

Sporobolus africanus 1.33 0.57 0.18 1.87 

Premna schimperi 0.91 0.79 0.17 1.87 

Total 100 100 100 
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Appendix  4: Accuracy of regressed -ln (xt/x0) vs time (month) result in decay constant (k) of the 

experimental plots 
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Appendix  5: Total EL-FAMEs, bacteria and fungi community abundance, relative abundance, and Shannon diversity (H) and evenness index (J), 

soil microbial respiration and β –Glucosidase enzyme activity correlation with litter nutrient dynamic 

Litter nutrient 

dynamics 

Total EL-FAMEs Bacteria Fungi Microbial activity 

nmol g-1 % mol H J nmol % mole H J Cmol % mole H J Respiration β -Glucoside 

Lignin remained -0.08 -0.70 0.74 -0.06 0.00 -0.05 -0.49 -0.27 -0.13 -0.34 -0.26 -0.45 0.1 -0.25 

Lignin released 0.08 0.70 -0.74 0.06 0.00 0.05 0.49 0.268 0.13 0.34 0.26 0.46 -0.1 0.25 

C Remained -0.53 -0.15 0.39 -0.36 -0.6 -0.48 -0.27 -0.49 -0.57 -0.4 -0.36 -0.52 0.25 0.5 

C Released  -0.53 0.15 -0.39 0.36 0.6 0.48 0.27 0.49 0.57 0.4 0.36 0.52 -0.25 -0.5 

OM Remained 0.61 -0.02 0.29 -0.38 -0.67 -0.54 -0.36 -0.48 -0.66 -0.46 -0.43 -0.54 0.19 0.58 

OM Released  -0.61 0.02 -0.29 0.38 0.67 0.54 0.36 0.48 0.66 0.47 0.43 0.54 -0.19 -0.58 

N Remaining   0.02 -0.16 0.30 -0.29 -0.03 -0.05 -0.07 -0.30 -0.25 -0.45 -0.64 -0.61 -0.25 0.24 

N Released -0.02 0.16 -0.30 0.29 0.03 0.05 0.07 0.30 0.25 0.45 0.64 0.61 0.25 -0.24 

P Remained 0.05 0.16 -0.09 0.11 -0.05 -0.20 -0.44 -0.04 -0.03 -0.11 -0.15 -0.05 0.24 0.39 

P Released -0.05 -0.16 0.09 -0.11 0.05 0.20 0.44 0.04 0.03 0.11 0.15 0.05 -0.24 -0.39 

Temperature 0.29 -0.10 -0.01 -0.36 0.32 0.098 0.04 -0.28 0.27 0.09 0.09 -0.14 0.09 -0.04 
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Appendix  6: Total EL-FAMEs, bacteria and fungi community abundance, relative abundance, and Shannon diversity (H) and evenness index (J), 

soil microbial respiration and β –Glucosidase enzyme activity correlation with soil nutrient 

 Total EL-FAMEs Bacteria Fungi Respiration β -Glucoside 

Soil nutrients cmol nmol Shannon Evenness cmol nmol Shannon Evenness cmol nmol Shannon Evenness ug.C.g.day PNP (mol g-1 h-1) 

O.C 0.38 0.40 -0.48 0.38 0.11 -0.27 0.20 0.47 0.36 0.21 -0.31 0.41 0.59 0.73 

O.M 0.38 0.40 -0.48 0.41 0.12 -0.27 0.22 0.49 0.36 0.21 -0.31 0.43 0.60 0.75 

N -0.33 0.08 -0.39 0.75 -0.45 -0.53 0.56 0.81 -0.38 -0.55 0.40 0.81 -0.19 0.44 

P 0.59 0.66 -0.63 0.21 0.31 -0.11 0.03 0.33 0.56 0.50 -0.62 0.28 0.75 0.55 

C: N.ratio 0.62 0.36 -0.28 -0.10 0.40 -0.03 -0.08 0.02 0.63 0.51 -0.65 -0.10 0.78 0.58 

CEC 0.59 0.57 -0.53 -0.08 0.37 0.01 -0.11 0.07 0.56 0.45 -0.49 0.05 0.83 0.38 

EC 0.59 0.72 -0.54 0.40 0.46 0.24 -0.29 0.17 0.56 0.64 -0.49 0.44 0.61 0.32 

M.C 0.33 0.66 -0.79 0.40 0.05 -0.40 0.28 0.64 0.27 0.12 -0.48 0.53 0.57 0.59 

pH -0.14 0.13 -0.25 -0.25 -0.09 -0.05 0.12 0.01 -0.19 -0.35 0.27 -0.02 -0.19 -0.42 

Temperature 0.38 0.04 -0.03 -0.35 0.33 0.19 0.05 -0.18 0.41 0.28 -0.01 -0.29 0.00 -0.04 
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Appendix  7: The correlation between litter nutrient dynamics and soil nutrient dynamics 

           Correlation       Overall experiment 120 days of the experiment  

Soil Carbon Soil Organic Matter Soil Nitrogen Soil Phosphorus Soil Carbon Soil Organic Matter Soil Nitrogen Soil Phosphorus 

Litter Carbon    0.00 0.03 0.06 0.07 -0.05 -0.05 -0.05 0.36 

Litter Organic Matter 0.00 0.03 0.06 0.07 -0.05 -0.05 -0.05 0.36 

Litter Nitrogen   0.08 0.05 0.00 0.11 0.26 0.26 0.26 -0.08 

Litter Phosphorus   0.15 0.18 0.17 0.19 0.35 0.35 0.35 0.32 

 Correlation  

                  

240 days of the experiment  360 days of the experiment  

Soil Carbon Soil Organic Matter Soil Nitrogen Soil Phosphorus Soil Carbon Soil Organic Matter Soil Nitrogen Soil Phosphorus 

Litter Carbon         -0.07 -0.07 -0.07 -0.10 -0.05 -0.01 0.16 0.08 

Litter Organic Matter -0.07 -0.07 -0.07 -0.10 -0.06 -0.02 0.13 0.09 

Litter Nitrogen       0.19 0.19 0.17 0.21 -0.08 -0.08 -0.32 0.05 

Litter Phosphorus 0.40 0.40 0.39 0.12 0.40 0.40 0.09 0.50 
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Appendix  8: Litter and soil nutrient correlation with plan community 

Litter nutrient  

Plant diversity Lignin 

remained 

Lignin 

released 

Carbon 

released 

Carbon 

remained 

Organic Matter 

released 

Organic Matter 

remained 

Nitrogen 

remained 

Nitrogen 

released 

Total 

Phosphorus 

remained 

Total 

Phosphorus 

released 

Shannon 0.13 -0.13 -0.14 0.14 -0.23 0.23 0.40 -0.40 0.20 -0.20 

Simpson 0.21 -0.21 -0.19 0.19 -0.25 0.25 0.38 -0.38 0.19 -0.19 

Individuals 0.47 -0.47 -0.01 0.01 0.00 0.00 0.23 -0.23 0.06 -0.06 

Dominance -0.21 0.21 0.19 -0.19 0.25 -0.25 -0.38 0.38 -0.19 0.19 

Equitability -0.10 0.10 -0.47 0.47 -0.50 0.50 0.17 -0.17 0.28 -0.28 

Evenness index -0.25 0.25 -0.25 0.25 -0.22 0.22 -0.13 0.13 0.11 -0.11 

Soil nutrient 

Plant diversity Organic Carbon Organic Matter Nitrogen Phosphorus C: N ratio EC CEC M.C pH Temperature 

Dominance 0.17 0.12 0.31 -0.04 0.31 -0.30 0.09 0.17 0.31 -0.04 

Equitability 0.31 0.32 -0.37 0.64 -0.37 0.33 0.50 0.15 -0.21 0.48 

Evenness index  0.46 0.43 0.03 0.54 0.03 0.00 0.49 0.29 0.09 0.37 

Individuals -0.20 -0.16 -0.05 -0.29 -0.05 0.21 -0.29 -0.29 -0.40 -0.17 

Shannon -0.19 -0.13 -0.30 0.03 -0.30 0.33 -0.09 -0.12 -0.26 0.05 

Simpson -0.17 -0.12 -0.31 0.04 -0.31 0.30 -0.09 -0.17 -0.31 0.04 
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Appendix  9: ANOVA analysis for microbial taxonomic group correlation with environmental variables 

*Correlation is significant at the 0.05 level, **. Correlation is significant at the 0.01 level, C (nmol g-1) –total EL-FAMEs biomass abundance, % mol-microbial biomass relative abundance; NB: F: B –

means fungi to bacteria ration 

 

 

 

Microbial structure Altitude Slope pH EC OC %OM TN C: N CEC Avp P %MC 

C (nmol g-1) -0.347 -0.100 0.101 -0.104 -0.063 -0.063 -0.073 0.119 -0.047 0.341 -0.305 

% mol 0.058 -0.149 0.474 0.455 0.617 0.616* 0.599 -0.073 0.522 0.909** 0.419 

Shannon diversity index -0.136 -0.067 -0.559 -0.368 -0.682* -0.682* -0.639* -0.083 -0.536 -0.848** -0.545 

Pieloul’s Evenness index 0.687* -0.010 -0.390 0.536 0.466 0.466 0.474 -0.204 0.252 0.189 0.553 

Bacteria -0.384 -0.094 0.037 -0.157 -0.159 -0.159 -0.165 0.126 -0.122 0.248 -0.3895 

Gram-negative bacteria -0.421 -0.080 0.016 -0.206 -0.194 -0.194 -0.198 0.127 -0.114 0.214 -0.424 

Gram-positive bacteria -0.420 -0.128 -0.072 -0.211 -0.215 -0.215 -0.215 0.110 -0.100 0.163 -0.4337 

Fungi -0.301 -0.169 -0.1201 -0.107 -0.132 -0.132 -0.149 0.202 -0.088 0.242 -0.379 

Protozoa -0.033 -0.210 0.217 0.361 0.222 0.222 0.202 0.152 0.207 0.584 0.099 

Nematode -0.033 -0.210 0.217 0.361 0.222 0.222 0.202 0.152 0.207 0.584 0.099 

All organism -0.397 -0.068 0.003 -0.172 -0.168 -0.168 -0.173 0.126 -0.130 0.246 -0.405 

Methano bacteria -0.112 -0.174 0.457 0.128 0.191 0.191 0.166 0.849* -0.114 -0.150 0.827* 

Eukaryotes -0.145 0.080 0.290 -0.003 0.058 0.058 0.041 0.090 -0.131 0.381 -0.126 

Eubacteria -0.189 -0.050 0.144 0.070 0.207 0.207 0.211 -0.115 0.054 0.564 -0.080 

Actinomycetes -0.491 -0.287 0.032 0.032 -0.052 -0.052 -0.055 0.129 0.019 0.325 -0.205 

Arbuscular mycorrhizal fungi -0.246 0.168 0.257 -0.173 -0.092 -0.092 -0.092 -0.001 -0.314 0.248 -0.330 

Anaerobes bacteria -0.466 -0.465 -0.164 -0.123 -0.464 -0.465 -0.461 0.249 -0.096 -0.431 -0.292 

F: B ratio -0.066 -0.146 -0.45 -0.175 -0.246 -0.246 -0.262 0.208 -0.095 -0.097 -0.412 



264 
 

Appendix  10: Correlation of soil microbial structure and activity with plant community 

Microbial Biomass Equitability Evenness. S Individuals Shannon H Simpson D 

C (nmolg-1) 0.559 0.085 0.015 0.410 0.394 

% mole 0.264 -0.094 -0.022 0.392 0.305 

Shannon Diversity Index 0.025 0.057 0.155 -0.091 -0.001 

Evenness index -0.516 -0.414 0.452 0.025 0.004 

F/B c (nmole) 0.054 -0.516 0.604* 0.635* 0.617* 

Respiration rate -0.072 0.275 -0.154 -0.373 -0.345 

PNP 0.688* 0.363 -0.220 0.289 0.275 

NB: F: B means fungi to bacteria ratio, PNP means microbial β –Glucosidase enzyme activity 

 

 


