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Abstract 
 
Mulugeta Lemenih 2004. Effects of Land Use Changes on Soil Quality and Native Flora 
Degradation and Restoration in the Highlands of Ethiopia: Implications for sustainable 
land management. Doctoral Dissertation. ISSN 1401-6230, ISBN 91-576-6540-0. 
 

Land degradation is threatening biological resources and agricultural productivity, the 
mainstay of the economy in Ethiopia. Ensuring sustainable food and biomass supply while 
maintaining ecological integrity in Ethiopia requires two imperative efforts: (i) the 
sustainable use of productive land resources, and (ii) effective regeneration of degraded 
ecosystems. This thesis aims to (i) identify trends in soil quality and native flora 
degradation due to deforestation and subsequent cultivation using a chronosequence of 
farm fields converted from a tropical dry Afromontane forest; and (ii) investigate the 
possibilities for restoration of soil quality and native flora on degraded sites with the help 
of reforestation. The studies were conducted near and in the Munessa-Shashamane forest, 
which is located on the eastern escarpment of the Central Ethiopian Rift Valley. 

The results showed that following deforestation and subsequent cultivation, soil organic 
carbon (SOC) and total N declined exponentially in the 0-10 cm layer of the soil. In the 
same soil layer, analysis based on 13C natural abundance revealed that SOC of forest origin 
was declining by 740 kg C ha-1 yr-1, while addition to the SOC from agricultural crops was 
about 240 kg C ha-1 yr-1. The imbalance in SOC addition from the crops and loss of SOC of 
forest origin has led to the continuous decline of SOC in the bulk soil by 500 kg C ha-1 yr-1. 
The loss of N from the surface soil of the farm fields was 66 kg N ha-1 yr-1 as compared 
with the fertilizer application rate of 35 kg N ha-1 yr-1 in the area, which, however, is 
seldom applied due to economic constraints for the farmers. Soil bulk density increased 
and pore space decreased progressively in the 0-10 and 10-20 cm soil layers with 
increasing cultivation period after deforestation. Other soil proprieties such as available P 
and K, exchangeable K, Ca and Mg, BS and CEC also changed significantly but at a slow 
rate. Most of the significant changes were limited to the top 0-10 cm layer. At the present 
level of management, the soils of the study area can be used for 25-30 years without loss of 
productivity. This 25-30 year period of sustainable use is much longer than most reports 
for tropical soils subject to similar land use changes, and this was attributed to the 
volcanic nature of the soils and the traditional low intensity tillage practice coupled with 
the parkland agroforestry used in the farming systems investigated. It was also observed 
that as tillage intensity shifts from the traditional low tillage to high intensity mechanized 
tillage the rate of soil degradation increases, which may reduce the period of sustainable 
use of the deforested sites. 

Deforestation and subsequent cultivation of the tropical dry Afromontane forest 
investigated also endangered the native forest biodiversity, not only through the outright 
loss of habitat but also by deteriorating the soil seed banks. The results showed that the 
contribution of woody species to the soil seed flora declined from 5.7% after 7 years to nil 
after 53 years of continuous cultivation. However, soil quality and native flora degradation 
are reversible through reforestation. Reforestation of abandoned farm fields with fast-
growing tree species was shown to restore soil quality. Tree plantations established on 
degraded sites also fostered the recolonization of diverse native forest flora under their 
canopies. An important result from studying the effects of reforestation is that good 
silviculture, particularly selection of appropriate tree species, can significantly affect the 
rate and magnitude of both soil quality and biodiversity restoration processes.  

 
Key words: Andosols, biodiversity, deforestation, ecological restoration, land degradation, 
Munessa-Shashamane, reforestation, regeneration, soil seed bank, 13C, 15N, soil organic 
matter, sustainability, subsequent cultivation.  
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1. Background  
 
1.1. Introduction 

Ethiopia with an area of 1,130,000 km2 and about 67 million population is the 
third largest and most populous country in Africa (MoFED, 2002; Kidanu, 2004). 
The country's major natural renewable resources consist of land, water and 
natural vegetation that comprise enormous biodiversity (African Development 
Bank, 1997). In Ethiopia, as in most developing countries, the economy is 
primarily based on agricultural production. Agriculture accounts for 52% of the 
GDP (World Bank, 2002), 90% of the total export revenue (IMF, 2002), and 
employs about 85% of the labour force in the country (CSA, 1999). The 
agriculture in Ethiopia is predominantly subsistent in nature. Smallholder farmers 
with an average holding of less than one hectare account for over 90% of the 
agricultural area under crop production (Tsegaye, 1997), and 95% of the 
agricultural outputs (Legesse, 2003). The agricultural production system is mainly 
rainfed and traditional, which is characterized by low input of fertilizer and 
pesticides.  
 

Moreover, long-term overall economic development policy in Ethiopia is 
planned as “Agricultural Development-Led Industrialization (ADLI)” (NCSS, 
1993). The goal of this strategy is to achieve rapid and sustainable economic 
growth by improving the productivity of the agricultural sector. In recent years, 
various official documents of the government of Ethiopia (e.g. ‘Sustainable 
Development and Poverty Reduction Program - also called PRSP’ (MoFED, 
2002) and ‘Rural Development Strategy’ (MoA, 2002)) all reiterate that 
agriculture is the driver of economic development and the key sector for reducing 
poverty and ensuring food security in the country. This strong reliance on 
agriculture as an economic driving force entails that natural resources of 
agricultural significance should be managed on a sustainable basis. It can only be 
sustainable management of the agricultural resources base that will enable the 
country to achieve the desired sustainable rural and economic development goals 
on the basis of its agricultural economy.  
 
1.2. Deforestation, land degradation and the challenges of 
sustainable agricultural development in Ethiopia 

It is obvious that the agricultural sector in Ethiopia is increasingly being 
confronted with the pressure from a rapidly growing population and diminishing 
natural resources; the problems that engender biophysical land degradation and 
hamper sustainable agricultural development in the country (EFAP, 1994; Bojo 
and Cassels, 1995; Herweg and Stillhardt, 1999). Land degradation is the process 
of progressive deterioration of biological (flora and fauna) and physical (soil, 
water, micro-climate, etc.) resources of the land, leading to declining productivity 
and unsustainable yields (Singh, 1995). The lag in agricultural productivity 
advancement behind population growth has caused intense land use conflicts, 
particularly between the agricultural and the forestry sectors in Ethiopia. To 
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compensate for the low agricultural productivity, deforestation for arable land 
expansion has been the principal land use change employed in Ethiopia for 
centuries. Rate of deforestation in Ethiopia, which amounts to 163,000 - 200,000 
ha yr-1, is one of the highest in tropical Africa (Reusing, 1998). As a result, the 
natural forest cover in Ethiopia has declined considerably from approximately 
40% to just less than 3% (Kuru, 1990; EFAP, 1994); a process that has further 
exacerbated land degradation in the country.   
 

The traditional shifting cultivation practice has changed due to demographic 
and economic pressures, leading to permanent agriculture being practiced on 
deforested sites. There are several repercussions of such land use changes and 
intensification, the most important in Ethiopia’s context being: (i) accelerated soil 
erosion and deterioration of soil nutrient status (FAO, 1986; Hurni, 1988, 1993; 
EFAP, 1994; Tekle, 1999); (ii) altered hydrological regimes and sedimentation of 
wetlands (Kuru, 1990; EFAP, 1994; Hawando, 1997); and (iii) loss of primary 
tropical forests and their biodiversity (NCSS, 1993; EFAP, 1994; Teketay, 1996; 
Reusing, 1998; Tekle, 1998).  
 

Deforestation and conversion to permanent cultivation is the primary cause for 
dwindling tropical biodiversity and in Ethiopia the practice has already 
threatened a number of plant species, including the gene pool of wild populations 
of Coffee arabica L. (Tewolde, 1989, 1990; Kelbessa et al., 1992; Tadesse et al., 
2001, 2002). Moreover, deforestation coupled with improper crop production 
practice on the mountainous topography that dominates the highlands of Ethiopia 
is considered to be the root cause of the excessive soil erosion in the country 
(Hurni, 1993; Janssen and Willkens, 1994; Tekle, 1999). An estimated 1.9 billion 
tons of soil, on average 42 tons ha-1, are eroded annually from the highlands of 
Ethiopia (SCRP, 1984 – 1991; EFAP, 1994). This removal of surface soil by 
erosion results in soil organic matter (SOM) loss in the range of 1.17 to 78 
million tons yr-1 (15 to 1000 kg ha-1 yr-1), soil nitrogen loss from 0.39 to 5.07 
million tons yr-1 and that of phosphorus from 1.17 to 11.7 million tons yr-1 
(Hawando, 1997). Available reports (e.g. EFAP, 1994; Hawando, 1997) indicate 
that over 50% of the agricultural land in the highlands of Ethiopia is already 
severely affected by soil erosion.  
 

Land degradation in Ethiopia is also exacerbated by soil nutrient depletion 
arising from continuous cropping together with removal of crop residues, low 
external inputs and absence of adequate soil nutrient saving and recycling 
technologies (Bojo and Cassels, 1995; Sahlemedhin, 1999). A continental study 
commissioned by the FAO in 38 sub-Saharan Africa (SSA) countries, including 
Ethiopia, showed that Ethiopia is one of the countries with the highest rates of 
nutrient depletion. The aggregated national scale nutrient imbalances were -41 kg 
ha-1 yr-1 for N, -6 kg for P and -26 kg for K (Stoorvogel and Smaling, 1990). It 
has long been known that SOM and other soil properties decline rapidly following 
tropical forest clearance, burning and subsequent cultivation (e.g. Nye and 
Greenland, 1960; Lal, 1976). However, the rates and magnitudes of the declines 
are highly variable depending on several factors such as soil type, climatic factors 
and land use intensity (e.g. Tiessen et al., 1994; Tinker et al., 1994; Parfitt et al., 
1997). Nevertheless, in Ethiopia, one of the tropical countries with considerable 
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deforestation experience (Kuru, 1990), few scientific studies have been made on 
soil quality and biodiversity changes following deforestation and land use 
intensification.  
 
1.3. Ecological restoration to harness sustainable development in 
Ethiopia 

In a country like Ethiopia where a rapidly growing human population is inducing 
overexploitation of the available productive natural resources, restoration of the 
vast degraded landscapes that exist in the country will have a valid and important 
role in harnessing sustainable development. According to Tekle (1998) reversal of 
land degradation and restoration of the productive capacity of the degraded land 
is a necessity and not an option in Ethiopia, especially if most of the livelihood 
and economic development are to continue to emerge from the agricultural 
economy. 
 

In fact, restoration/rehabilitation of degraded lands is a subject that is receiving 
considerable attention in many parts of the world (Montagnini, 2001; Perrow and 
Davy, 2002; Bradshaw, 2002), especially in SSA (Chamshama and Nduwayezu, 
2003). Underlying reasons for global interest in restoration include: (i) dwindling 
forest cover and forest products; (ii) environmental problems such as climate 
change, loss of biodiversity, pollution, desertification, etc. associated with natural 
forest cover reduction and conversion to intensive land use; (iii) decreasing land 
productivity owing to large areas of potentially productive lands languishing in a 
highly degraded state due to soil and water erosion, declining soil fertility and 
loss of soil organic matter; (iv) decreased infiltration and water retention capacity, 
increased runoff and disrupted hydrological cycles (floods and water shortages); 
and (v) increased sediment transport and water pollution (e.g. Rocheleau et al., 
1988; Lundgren and Taylor, 1993; Rowe et al., 1994; Ayoub, 1998; Salami, 
1998; Cairns, 2002; Chamshama and Nduwayezu, 2003). 
 

There are diverse approaches and techniques to land and vegetation restoration 
(Brown and Lugo, 1994; Perrow and Davy, 2002). Past efforts to restore degraded 
agricultural lands in Ethiopia were predominantly characterized by an 
engineering approach or import and distribution of chemical fertilizers. 
Unfortunately, neither engineering solutions nor imports of chemical fertilizers 
proved satisfactory in solving the problem of land degradation in Ethiopia (Eyasu, 
2002). For many reasons the engineering solutions were neither effective nor 
sustainable in Ethiopia (EFAP, 1994; Eyasu, 2002; Bekele, 2003), just as in many 
other African countries (Jaiyeoba, 2001). Similarly, large-scale adoption of 
chemical fertilizers to enhance crop productivity was not possible mainly due to 
economic constraints to the smallholder farmers.  
 

The rationale for ecological restoration in Ethiopia must be broader to 
encompass other areas of rural development besides soil erosion or soil fertility. 
At present, the country is increasingly facing an acute shortage of forest product 
supply, alarming biodiversity crises and deteriorating socio-economic status in 
rural areas. A modest estimate for the current national scale wood deficit, mainly 
fuelwood, is over 33 million m3 per annum; the very problem that triggered the 
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turning of crop residues and cow dung to fuelwood substitutes (EFAP, 1994; 
Tekle, 1999). According to the FAO (1993a), at the current rates of utilization, 
demand for fuelwood will outstrip current vegetation resources in Ethiopia by the 
year 2010. Therefore, a sustainable supply of wood products is equally crucial to 
food supply and both must be considered components of sustainable economic and 
rural development in Ethiopia.  
 

In order to address the problems of soil degradation, biomass scarcity and loss 
of biodiversity, reforestation/afforestation of degraded lands is often seen as the 
most sound rehabilitation technique in the tropics (e.g. Parrotta et al., 1997), and 
particularly in Africa including Ethiopia (Chatterson et al., 1989; Jaiyeoba, 2001; 
Lemenih and Teketay, 2004). There is now ample empirical evidence from wide 
geographical areas that substantiates the potential of reforestation or afforestation 
in restoration of the biophysical resources of degraded tropical lands (e.g. Lugo, 
1997; Parrotta et al., 1997; Lamb, 1998; Harrington, 1999; Cannell, 1999), while 
providing diverse socio-economic and ecological services including wood supply 
(e.g. Lamb, 1998; Montagnini, 2001; Otsamo, 2000).  
 

Reforestation activities have over a century of history in Ethiopia but despite 
this relatively long history, the total area of plantations in Ethiopia does not 
exceed more than 200,000 ha (Bekele, 2003). This is only equivalent to the area 
of natural forest deforested in a single year in Ethiopia. Furthermore, past 
reforestation activities have focused mainly on wood supply, particularly 
fuelwood, and little effort has been made to connect the reforestation programme 
to ecological restoration.  
 

1.4. The rationale for the study and the research problem 

The keys to sustainable economic development that depend on agriculture in 
Ethiopia are (i) the development, use and management of essential agricultural 
resources such as land, soil, water and forest on a sustainable basis; and (ii) 
successful restoration of the vast degraded landscapes in the country. However, 
despite the general recognition of the problem of land degradation and its impact 
on agricultural productivity at aggregate national scale, few scientific studies have 
been conducted at a small spatial scale such as the farm level to provide precise 
quantitative information on the extent of soil degradation problems in Ethiopia 
(Eyasu, 2002; Bekele, 2003). Due to the limited scientific studies at a small 
spatial scale, the accuracies and scales of the available aggregate soil degradation 
statistics in Ethiopia have been questioned (Eyasu et al., 1998; Eyasu and Soones, 
1999; Eyasu, 2002). Moreover, the measurements of land degradation in Ethiopia 
have focused on soil erosion, and this has been treated in isolation from other 
aspects of soil management such as ensuring adequate fertility, SOM, vegetation 
cover and biodiversity (Eyasu, 2002).  
 

Although erosion is one of the most production-limiting factors in the 
highlands of Ethiopia, a single factor-based generalization of land productivity 
constraints may be misleading for several reasons. Firstly, the magnitude of soil 
erosion differs significantly from site to site within the range 0-300 metric tons 
ha-1 yr-1 depending on the climatic conditions, soil type, land use/land cover, 
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farming system, etc. (SCRP, 1984-1991; Omiti et al., 1999). Secondly, there is 
currently increasing awareness that soil nutrient depletion from the 
agroecosystem is a very widespread problem and that it is an immediate crop 
production constraint in Ethiopia (Stoorvogel and Smaling, 1990; Stoorvogel et 
al., 1993; Bojo and Cassels, 1995; Eyasu, 2002). In fact, physical land 
degradation such as soil erosion often emanates from overexploitation of the soil 
and inappropriate cropping systems. Therefore, physical degradation such as 
erosion is a secondary feature emerging primarily from the loss of SOM, plant 
nutrients and vegetation cover (Eyasu, 2002). Yet the problem of soil nutrient loss 
has not been well linked to land degradation in Ethiopia to the same degree as 
drought and soil erosion (Eyasu, 2002). This is probably because soil fertility 
decline is a gradual process (Stoorvogel et al., 1993). Thirdly, proper 
understanding of soil quality degradation, for instance, as caused by continuous 
cropping at farm/field level, is generally limited in Ethiopia and the aggregate 
scale reports provide little practical guidance to design local conditions-dependent 
sustainable soil management technologies. To meet the increasing demands for 
food and to sustain environmental integrity in Ethiopia, soil quality must be 
maintained. Therefore, studies are needed for understanding and predicting the 
trends, magnitudes and rates of soil quality changes for the purposes of (i) 
monitoring effects of current land use changes and intensification; and (ii) 
designing appropriate management options that maintain soil quality for 
sustainable agricultural productivity in Ethiopia.  
 

Another important area of research to ensure sustainable development in 
agriculture-dominated landscapes like that in Ethiopia is to assess the relationship 
between the practice of agriculture and other ecosystem components, particularly 
biodiversity. The term ‘biodiversity’ is usually used by conservation biologists to 
refer to the number of native plant species in a given system (species richness) 
(Simberloff, 1999). Technically, it refers to the variability in genetic structure, 
species composition (flora and fauna) and/or habitat properties of an ecosystem 
(Kellomäki et al., 2001). In this thesis, ‘biodiversity’ is used to refer to plant 
species richness in an ecosystem. The most obvious and major losses in 
biodiversity in Ethiopia occur through the destruction of habitat owing to the 
extensive deforestation and conversion of forests to agricultural land (Kelbessa et 
al., 1992; Tadesse et al., 2001, 2002). However, biodiversity loss is also taking 
place in a more subtle way, manifesting itself through the effects of progressive 
fragmentation and subsequent isolation of forest communities and depletion of 
resources needed for secondary forest succession such as soil seed banks, soil 
fertility and other habitat qualities following deforestation (Teketay, 1996; 
Kumar, 1999; Lemenih and Teketay, 2004). Habitat loss is usually accompanied 
by habitat degradation and fragmentation, which together accelerate biodiversity 
losses (Kumar, 1999). Nonetheless, the effect of deforestation followed by 
subsequent cultivation of different intensity on soil seed banks and the future of 
the forest flora are little documented in Ethiopia. Such knowledge on soil seed 
bank dynamics is particularly crucial in ensuring the conservation of biological 
resources in human-influenced ecosystems and also for planning successful 
restoration mechanisms for degraded land in the future.  
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Furthermore, in Ethiopia biophysical resources essential for rural and 
agricultural development have already been severely degraded from vast areas of 
land. Sustainable rural and agricultural development must reverse this trend and 
rebuild and augment the productive capacity of the diminishing agricultural 
resources base. The consideration of the socio-economic and ecological 
constraints of the rural areas in Ethiopia dictates that approaches to combat land 
degradation must emphasize strategies that will make sustainable (productive) use 
of the degraded lands while restoring soil fertility (Tekle, 1998). 
Reforestation/afforestation approaches for ecological restoration, which are 
receiving considerable attention in recent years, have been suggested as potential 
strategies for restoring degraded tropical lands and their biodiversity (e.g. Lugo, 
1997; Parrotta et al., 1997; Otsamo, 2000; Montagnini, 2001) including Ethiopia 
(Lemenih and Teketay, 2004). However, scientific studies that evaluate the 
potential of plantation forests in ecological restoration in Ethiopia are limited. 
Poor capacity, institutional instability and ignorance of the forestry sector (Teklu, 
2003) hamper scientific studies on the potential of reforestation/afforestation in 
ecological rehabilitation in Ethiopia.  
 
1.5. Objectives of the study 

The objectives of the present study were to:  
1. Assess the rate and magnitude of changes in soil chemical and physical 

properties following deforestation and conversion into farmland of a tropical 
dry Afromontane natural forest, and to use these changes as indicators to 
assess the sustainability of the farming system (Paper I); 

2. Investigate soil organic matter (SOM) dynamics based on natural 13C and 15N 

abundances on farmlands converted from a tropical dry Afromontane forest 
(Paper II); 

3. Describe the impact on native flora of deforestation and subsequent 
cultivation of a tropical dry Afromontane forest through investigating 
changes in the species composition and density of soil seed banks (Paper III); 

4. Examine soil attributes of fast-growing exotic plantations (Cupressus 
lusitanica (Mill.) and Eucalyptus saligna (Sm.)) established on abandoned 
farmland to evaluate the potential of plantation forestry for restoration of 
degraded soils (Paper IV); and 

5. Investigate the role of plantation forests in fostering the recolonization of 
native flora, and how the canopy characteristics of the plantation species 
affect the process of native woody species recolonization (Paper V).   

 
 
2. Theoretical Perspective  
 
2.1. Sustainable land management and the tropical smallholder  

Approach to the management and use of land resource is changing rapidly and 
dramatically towards sustainability at the global scale. The concept of sustainable 
management emerged essentially from the growing understanding of (i) limits to 



 7 

the availability and carrying capacity of land resources; and (ii) environmental, 
economic and social impacts of their improper uses (Dumanski et al., 1991; FAO, 
1993b; Bell and Morse, 1999).  

Concerning sustainable land management, greater international emphasis has 
been given to the tropical regions where poverty coupled with growing human 
population is triggering overexploitation of the limited natural resources base 
(Hartemink, 1998; Islam and Weil, 2000). Because of mounting demand for food 
crops, timber, pastureland and firewood, tropical forests are being degraded, 
cleared and converted to croplands at an alarming rate (Hall et al., 1993; Islam 
and Weil, 2000). The high rate of tropical deforestation and land use 
intensification are causing impacts that range from local to global scale, and the 
impacts are affecting processes that sustain the interacting systems of the global 
biogeosphere (Tinker et al., 1994). These impacts of tropical deforestation and 
land use intensification are imperative reasons to increase efforts to halt tropical 
deforestation and find a sustainable solution to it (Brady, 1994; Lal, 1996; 
Hartemink, 1997).  
 

Countries in sub-Saharan Africa are specifically facing the greatest dilemma of 
rapidly degrading essential biophysical resources such as land, forest, water and 
energy, and the lack of appropriate technology necessary for increasing food 
production (Smaling et al., 1996). The situation in sub-Saharan Africa is further 
exacerbated by the high population growth in the region. Indeed, a special article 
in Agenda 21 (Chapter 14, Program area J) of the 1992 UN Conference on 
Environment and Development in Rio de Janeiro singled out the sub-continent as 
an area with a special focus for sustainable development.  
 

Agriculture is the mainstay of the economy in most tropical countries and 
particularly in sub-Saharan Africa. Therefore, sustainable economic/rural 
development in these countries must inevitably deal with sustainable agriculture1 
(Smaling et al., 1996; Kassa, 2003). According to Smaling et al. (1996) only 
sustainable agriculture is likely to provide the long-term benefits required for 
achieving development, environmental health, biodiversity conservation and 
poverty alleviation in this region.  
 

On the other hand, despite the growing volumes about sustainability or 
sustainable land management, defining the term ‘sustainability’ remains 
problematic (Pretty, 1995). Following the Brundtland report of 1987 on ‘Our 
Common Future’ and the ‘Earth Summit’, there has been considerable debate 
about sustainability, much of which has centred around definitions. Since the 
Brundtland Commission’s definition2 of sustainable development, there have been 
at least 70 more definitions constructed (Pretty, 1995). Bell and Morse (1999) 
remark that people differ in their concept of sustainability, and so do their visions 
of sustainable land management or sustainable agriculture. Indeed, major 
                                                        
1 Sustainability, sustainable land management and sustainable agriculture, though different in the strict 
sense of the terms, are also used synonymously in a general sense. In this thesis they are used in a 
general sense to refer to sustainable agriculture.  
 
2 Sustainable development is the management and conservation of basic natural resources, and the 
orientation of technological and institutional changes in such ways that the continued supply and 
satisfaction of human needs for present and future generations are ensured (Brundtland, 1987). 
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departures are because of the various groups and interests who are currently 
promoting different philosophies to guide agriculture (Francis and Youngberg, 
1990). For instance, agronomists are interested in sustainable yield and 
pedologists may be concerned about soil quality or fertility, while agro-economists 
focus on farm income and equity. Furthermore, the definition of sustainability 
becomes too broad when spatial and temporal dimensions are included (Kassa, 
2003). Consequently, some argue the relevance or need of defining sustainability 
to actually practise it (e.g. Gibbon et al., 1995; Pretty, 1995). Pretty (1995) 
suggests that it is easier to agree to describe goals for a more sustainable land use 
such as agriculture than to define sustainable agriculture. According to Pretty 
(1995), it would be more important to describe what is being sustained, to whose 
benefit, at what scale and how it is measured or monitored than to try to define it. 
On the other hand, Young (1997) and Hartemink (1998) are convinced that 
despite the various attempts at defining sustainability, the basic essence in all the 
cases remains the same and refers to the combination of productive use and 
maintenance/conservation of the productive capacity of a site on which the 
production depends.  
 

The fact that sustainability is a concept that cannot be measured directly, 
coupled with the difficulty in defining it, makes monitoring land management 
progresses complex from a sustainability point of view (Kassa, 2003). 
Nevertheless, evaluation of land management practices, whether they are 
progressing towards or away from sustainability, can be made based on the 
performance of different components of sustainability (Dumanski and Smyth, 
1993; Herrick, 2000; Nambiar et al., 2001). Certain attributes or components of 
land management may prove especially helpful in evaluating the sustainability of 
a particular system of land use because their status is highly relevant to 
performance and their instability in relation to known environmental pressures is 
highly predictable (FAO, 1993b; Pretty, 1995). Such attributes have been 
described as ‘Indicators’ of sustainability.  
 

With respect to agricultural sustainability, different sets of indicators have been 
proposed. For instance, Gomez et al. (1996) proposed a framework for evaluating 
sustainability at farm level in the Philippines based on field indicators that take 
into account both the farmers’ satisfaction and resource conservation. High yield, 
low labour requirement, low input cost, high profit and stability are some of the 
features that are likely to enhance farmer satisfaction. Natural resource 
conservation is usually associated with soil depth, nutrient balance, organic 
matter content and biological diversity. Several others have also proposed and 
used similar indicators such as soil quality, nutrient budget, resource use 
efficiency, yield trend and variability, ecological impacts and so forth (e.g. FAO, 
1993b; Vance, 2000; Nambiar et al., 2001; Arshad and Martin, 2002). Among 
the multitudes of possible indicators, many evaluators opt for objectively 
verifiable indicators, which are sensitive, specific, measurable, simple, usable and 
cost effective (Bell and Morse, 1999). The first task in assessing sustainability is, 
therefore, to define the indicators by which it is to be evaluated. In this study, the 
concept of sustainability was used both as an objective (measurable) and as a 
process (temporal), and the discussion was limited to the level of smallholder 
farming systems. The indicators used were classical soil attributes assumed to 
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affect crop productivity and measurable with standard laboratory soil analytical 
procedures.       
 
 
2.1.1. Soil fertility and sustainable agriculture 

Soil is the foundation for nearly all land uses (Herrick, 2000). Together with 
water, soil constitutes the most important natural resource of our physical 
environment (Arshad and Martin, 2002). The wise use of this vital resource is 
essential to promote sustainable development, feed the growing world population 
and maintain environmental health (Wang and Gong, 1998; Hartemink, 1998; 
Arshad and Martin, 2002). The manner in which soils are managed has a major 
impact on agricultural productivity and sustainability (Scholes et al., 1994). In 
the past few decades alone, the global grain production growth rate has dropped 
from 3% in the 1970s to 1.3% in the early 1990s, which is one of the key 
indicators of declining soil quality on a global scale (Steer, 1998). Many agree 
that no agricultural system can be claimed to be sustainable without ensuring the 
sustainability of soil quality (fertility) (King, 1990; Arshad and Martin, 2002). 
Indeed, the maintenance or enhancement of soil quality is considered a key 
indicator of sustainable agricultural systems (Swift and Woomer, 1993; Bouma, 
1994; Scholes et al., 1994).  
 

Soil quality has been defined by many authors in recent years (e.g. Karlen et 
al., 1992; Doran and Parkin, 1994; Herrick, 2000; Arshad and Martin, 2002). 
Although the definitions are slightly different, all refer to the functions of the soil 
to supply plant nutrients and other physico-chemical conditions to plant growth, 
promote and sustain crop production, provide habitats to soil organisms, 
ameliorate environmental pollution, resist degradation and maintain or improve 
human and animal health (Wang and Gong, 1998). Generally, soil quality 
encompasses three basic components: physical, chemical and biological attributes 
of the soil (Ouedraogo, 2004). These chemical, physical and biological soil 
attributes determine the sustainable nutrient supply capacity of the soil for plant 
growth. Soil physical properties determine the capacity of the soil to provide 
plants with a foothold, moisture and air; and soil chemical conditions determine 
the capacity of the soil to provide plants with nutrition. 
 

The term sustainable soil nutrition implies that plant nutrients and the soil 
physical environment suitable for plant growth remain at a steady state for the 
long-term. One way to insure sustainable soil nutrition is to make sure that all 
nutrients taken up by plants during growth are returned to the soil so that they 
can be used again by plants of the next production cycle. In this manner, a 
nutrient cycling is established (Fig. 1). In real agro-ecosystems, however, the 
cycle never closes because of losses and/or gains (Fig. 1). Managing the cycle to 
minimize losses plus supplying necessary inputs to compensate for inevitable 
losses is the key to soil fertility management and thus sustainable agriculture 
(King, 1990). The magnitude of nutrient losses and the extent of input 
substitutions vary considerably depending on the socio-economic and cultural 
setting of the agricultural system. Poor farmers in the tropics seldom lack the 
resources to sufficiently compensate for nutrient losses from the agroecosystem 
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during production cycles. The maintenance or enhancement of soil fertility is 
even more difficult in cases such as the smallholders’ cropping system in the 
highlands of Ethiopia, where crop residues and cow dung are considered 
important components of the harvest and removed from the crop fields. The 
removal of crop residues and cow dung not only interrupts recycling of plant 
nutrients but also contributes to a considerable depletion of the SOM, which 
exacerbates the decline in plant nutrient levels and soil productivity (Murage et 
al., 2000). 

 
   

 

 

 

 

 

 

 

 

 

Fig. 1. System of nutrient flow on a farm (modified from King, 1990). 
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management (Roming et al., 1995; Vance, 2000; Doran, 2002). Moreover, SOM 
is a soil property that is generally most sensitive to crop management (van 
Noordwijk et al., 1997; Vance, 2000). Indeed, SOM management is envisaged to 
maintain soil fertility, crop productivity and promote sustainable agriculture 
(Ouedraogo, 2004), particularly in low input tropical agricultural systems 
(Sanchez et al., 1989; Kapkiyai et al., 1998). Soil organic matter is a relatively 
simple property to measure but may be characterised in many different ways. 
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Bolinder et al. (1999) suggest that it may be appropriate to measure the SOM 
content of the bulk soil, but in addition a number of other related properties of the 
SOM might prove to be more closely linked to changes in soil quality. These 
properties include C/N ratio, soil organic carbon, total nitrogen, light fraction and 
particulate organic matter, mineralizable carbon and nitrogen, microbial biomass, 
soil carbohydrates and soil enzymes. On the other hand, Sojka and Upchurch 
(1999) suggest a cautious approach towards the adoption of SOM as a more or 
less universal index of soil quality. According to Sojka and Upchurch (1999), 
even though there is evidence in many soils that an increase in SOM levels tends 
to improve the quality of the soil, there are many frequently negative 
environmental and crop production impacts, for instance an increased 
requirement of pesticide addition for efficacy, increased P solubility, etc. in soils 
with high SOM. 
 
2.1.3. Using indicators to evaluate sustainability 

Sustainability always refers to a temporal scale (FAO, 1993b) and implies 
equilibrium or steady state conditions in the states of the indicator variables over 
time (Hartemink, 1998). An agricultural system that continues to be productive 
for a long period of time without degrading its resource base can be claimed to be 
sustainable (Gliessman, 2001). Evaluation of sustainable agriculture, therefore, 
needs the assessment of how indicator variables are changing over time. Are the 
ecological foundations of the agricultural system being maintained or enhanced, 
or are they being degraded in some way? An agroecosystem that will someday 
become unproductive gives numerous hints of its future condition. These hints 
could be revealed by the direction of change (positive or negative, increase or 
decrease), magnitude of changes (percentage over a baseline value or rates of 
change), and/or duration of changes (Hartemink, 1998; Wang and Gong, 1998; 
Arshad and Martin, 2002) for the soil quality indicators. Measurement and 
comparison of selected indicators with desired values (critical limits or threshold 
levels) can be used to assess changes. Present values can also be compared with 
values at the commencement of the monitoring period (Arshad and Martin, 2002) 
or with historical data when available (Hartemink, 1998) or with soil quality 
attributes under reference ecosystems (Veldkamp, 1994; Feigl et al., 1995; Wang 
and Gong, 1998). By these measurements, it could be possible to identify whether 
an agricultural system is heading towards or away from sustainability. If the 
indicator variables are not showing signs of decline, the agriculture can be said to 
be sustainable, while if the indicator variables are showing signs of decline over 
time, the agricultural system is unsustainable (Gliessman, 2001). 
 

2.2. Implication of tropical land use changes for biodiversity 

In the aspiration to develop a sustainable society on the basis of agriculture and 
other biological resources, particularly forests, one must recognize that 
degradation of any biological resource or its habitat is not a sustainable practice. 
This is because biodiversity (i) is the foundation for sustainable development 
(Kumar, 1999); (ii) constitutes the basis for environmental health and determines 
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the biogeochemical processes that regulate the Earth’s system (Loreau et al., 
2001); and (iii) is the basis for global and national economic and ecological 
security for the present and the future generations (Mugabe, 1998). In fact, it is 
biodiversity that enables many poor people, particularly those living in vulnerable 
ecosystems, to avert risks and insecurities today by diversifying their sources of 
livelihood. At present, rural people in the developing countries derive an 
estimated 90% of their daily needs directly from the biological resources (Kumar, 
1999), and over 80% of the people in the developing countries depend on 
traditional herbal medicines obtained from the forests for primary health care 
(Farnsworth and Soejarto, 1991). Climatic and ecological changes that influence 
agricultural activities, economic development and human health are all regulated 
by biological diversity, particularly the forests. Consequently, the depletion of 
biodiversity will inevitably hamper sustainable development and endanger 
humanity’s own future (Mugabe, 1998).  
 

Tropical forests are storehouses of biodiversity (Brady, 1994). They are 
phenomenally rich in flora and fauna. According to Wilson (1988), over half the 
global number of species, which is estimated to be in the millions, is found in 
tropical forests. Tropical forests account for 52% of the total forest area of the 
world, of which 42% is dry forest, 33% is moist forest and 25% is wet and 
rainforest (Murphy and Lugo, 1986). Dry forests are next to rainforests in 
ecological complexity, which arises from the strong seasonal and inter-annual 
variability in rainfall, which permits the occurrence of very diverse flora and 
fauna (Khurana and Singh, 2001).  
 

The largest proportion of tropical dry forests is found in Africa, where it 
accounts for 70–80% of the forested area (Murphy and Lugo, 1986; Teketay, 
1996). Africa’s rich biodiversity is estimated to comprise about 25% of global 
biodiversity in terms of ecosystems, species composition and genetic variety 
(Mugabe, 1998). Ethiopia hosts the fifth largest flora diversity, which is estimated 
to be between 6,500 and 7,000 species of higher plants, in tropical Africa (Sayer 
et al., 1992), the richest avifauna in mainland Africa (Teketay, 2000), and is one 
of the 12 Vavilov Centres of crop diversity (Tedla and Gebre, 1998). Contrasting 
geo-climatic variations have induced rich floral and faunal diversity in Ethiopia. 
The highlands of Ethiopia alone contribute more than 50% of the tropical 
Afromontane vegetation in Africa (Yalden, 1983; Tamrat, 1993), of which 
tropical dry Afromontane forests cover the largest part (Teketay, 1996).  
 

However, economic and demographic pressures are increasingly imposing non-
sustainable development, which is driving greater proportions of tropical forests 
and their biodiversity to be either modified into more open and species-poor 
secondary forests or to be lost completely. Loss in biodiversity takes place in a 
variety of processes - direct and indirect (Fig. 2). In recent years, losses in 
biodiversity are proceeding largely due to the widespread loss and transformation 
of natural landscapes, for example such as occurs when forestland is converted to 
agricultural uses (e.g. Kumar, 1999; Laurance et al., 1998, 2002; Tole, 2001). 
Moreover, the transformation of natural landscapes accelerates biodiversity losses 
indirectly through the anthropogenic activities that degrade the self-repairing 
capacity of an ecosystem such as soil seed banks, soil fertility, etc. (Garwood, 
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1989; Brown and Lugo, 1990, 1994; Teketay, 1996). To protect biodiversity 
against the impact of these factors, it is necessary to have early warning of 
changes; hence the need for monitoring (Noss, 1990). In this thesis, the focus is 
on the soil seed bank aspects of biodiversity threats from land use changes that 
involve deforestation and subsequent cultivation.   
 

Secondary succession on deforested and/or degraded sites begins from different 
regeneration pathways, namely soil seed bank, seed rain, seedling bank and 
coppices from damaged trees (Brokaw, 1985; Garwood, 1989; Teketay, 1996). 
Soil seed banks (SSB) are aggregations of viable seeds accumulated in or on the 
soil over several years and potentially capable of replacing adult plants (Bakker, 
1989). Soil seed banks play a critical role in vegetation maintenance, succession, 
ecosystem restoration, differential species management and conservation of 
biological and genetic diversity (van der Valk and Pederson, 1989; Hills and 
Morris, 1992). The soil seed bank is one of those biophysical key factors that will 
determine the success of ecosystem recovery from disturbances (Bakker et al., 
1996; Teketay, 1996; Tekle, 1998). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Processes of human impacts that lead to biodiversity loss (Modified from Kumar, 
1999). 
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Most plant communities include populations of viable seeds buried in the soil 
(Leck et al., 1989). Considerable proportions of such seeds are capable of 
germinating as soon as they are exposed to suitable conditions. Some of the seeds 
may exhibit a variety of dormancy types and persist in the soil for considerable 
periods of time. Persistence of seeds in the soil bank differs for various species 
depending on the nature of the seed (longevity), the environmental factors 
including seed predation, and anthropogenic factors such as land use (Bakker et 
al., 1996; Teketay, 1996). Some seed types are transient (Thompson et al., 1996), 
and they cannot persist over a year in the seed bank. These types of seeds easily 
vanish from the soil and their contribution to vegetation succession is probably 
low in landscapes affected by prolonged human use. The long-term persistent 
SSB (over 5 years) may often be available for use in restoration, and the more 
persistent they are, the more likely they are to be usable (Davy, 2002). 
 

Disturbance or damage to an ecosystem is likely to affect all aspects of its 
successional status including soil seed banks. In particular, human land uses 
following deforestation are increasingly recognized as an important determinant 
of vegetation succession after abandonment (Compton et al., 1998), and persistent 
effects of prior land use have been reported in plant community assembly in 
temperate (Foster, 1992; Motzkin et al., 1996; Keersmaeker et al., 2004) and 
tropical (Foster et al., 1999) forests. Several studies have indicated that more 
heavily degraded sites due to human land uses start succession with lower recruit 
(seed bank) availability than do less degraded sites (Brown and Lugo, 1990, 1994; 
Teketay, 1996, 1997a & b, 1998; Lemenih and Teketay, 2004). The strength of 
the human land use effect in slowing or hampering forest succession is strongly 
related to the nature, duration and intensity of the land use (Brown and Lugo, 
1990; Teketay, 1997a, 1998; Honnay et al., 1999). For instance, Davy (2002) 
indicates that conversion of natural ecosystem to plantation forestry allows good 
persistence of native soil seeds, while repeated cultivation of land leads to the 
destruction of the indigenous soil seed banks.  
 

Obviously, agricultural land expansion is the major driver of tropical 
deforestation (Sanchez and Garduno, 1994) including Ethiopia (EFAP, 1994). 
Under the traditional shifting cultivation practice, both the small plot size slash 
and the short cropping duration might not significantly hamper vegetation 
recovery either from seed banks and/or from seed dispersal, also referred to as 
“seed rain”, from the nearby natural stands. However as the intensity of use and 
the scale of clearance increase, fragmentation, depletion of SSB and the general 
deterioration of the growth condition of a site will hamper the recovery of the 
vegetation (Brown and Lugo, 1990, 1994; Teketay, 1997a, 1998). 
 

2.3. Restoration ecology and sustainable development  

Ecological restoration is a necessity where the basic needs of a society for survival 
are threatened due to biophysical land degradation. It provides theory and 
techniques to restore various types of degraded ecosystems (Kumar, 1999), and 
helps in reducing the length of time for which habitat remains in the degraded 
state (Dobson et al., 1997; Lamb, 1998). Ecological restoration also assists as a 
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management tool for reversing the continuous loss of biodiversity (Dobson et al., 
1997; MacMahon, 1997; Kumar, 1999). 
 
2.3.1. Ecological restoration: definitions 

Human inputs to the recovery of productive function and structure of degraded 
ecosystems differ according to the nature, degree, extent of degradation and the 
availability of resources. There are different words ascribed to human activities to 
recover land from degradation. Some of the common terms include: (i) 
restoration; (ii) rehabilitation; (iii) reclamation; and (iv) remediation (Bradshaw, 
1997, 2002; Harrington, 1999). Restoration is defined as the return of an 
ecosystem (both the structure and the function) to a close approximation of its 
condition prior to disturbance (Miller et al., 1995; Bakker et al., 1996). The 
definition of ecological restoration has been broadened by the Society for 
Ecological Restoration to “Ecological restoration is the process of assisting the 
recovery and management of ecological integrity. Ecological integrity includes a 
critical range of variability in biodiversity, ecological processes and structures, 
regional and historical context, and sustainable cultural practices” (Society of 
Ecological Restoration, 1996). The attempt in restoration is to recreate, direct and 
accelerate natural succession to bring a ‘full recovery’ of the species composition, 
structure and function of the original ecosystem (Miller et al., 1995; Bradshaw, 
2002). Apparently, complete restoration is rarely a realistic goal, because many of 
the ecosystems are so severely degraded that determining and reproducing the 
pre-disturbance state is difficult or even impossible (Otsamo, 2000). However, the 
important aspect of restoration is the intent to recreate an ecosystem based on 
biological models (Bradshaw, 1987; Harrington, 1999).  
 

Rehabilitation is a broader term that refers to any attempt at repairing or 
restoring a damaged ecosystem, without necessarily attempting a complete 
restoration to any specific prior conditions or status (Harrington, 1999; Kumar, 
1999; Bradshaw, 2002). In essence both restoration and rehabilitation are similar, 
but unlike restoration, rehabilitation contains little or no implication of recreating 
the original ecosystem (Bradshaw, 2002). The word ‘rehabilitation’ is used to 
indicate any act of improvement from a degraded state (Wali, 1992; Miller et al., 
1995). Reclamation denotes rehabilitative work carried out on severely degraded 
sites, such as sites disturbed by open-cast mining, large-scale construction or in a 
sense of reclaiming land from the sea. The term has also been used in connection 
with conversion of degraded Imperata grasslands to fast growing forest 
plantations in Asia (Lamb and Tomlinson, 1994). Remediation is ‘the act of 
remedying’, i.e. rectifying or making good, and is often used in connection with 
cleaning of a site from toxic wastes. The emphasis in remediation is on the 
process rather than the end-point reached (Bradshaw, 2002). 
 

Recently, the term restoration has been used widely in most ecosystem 
management activities aiming at re-establishing the functional and/or structural 
components of ecosystems. The use of tree plantations as foster ecosystems to re-
establish native woody species, native fauna and soil fertility has been described 
as restoration (e.g. Lamb, 1998; Harrington, 1999; Ashton et al., 2001; Yirdaw, 
2002; Duncan and Chapman, 2003). In this thesis the term ‘restoration’ is 
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adopted to refer to the use of tree plantations in the recovery of soil attributes and 
native vegetation on degraded sites. 
 
2.3.2. Restoration strategies  

There are many theories and methods for accelerated restoration of degraded land 
and their biodiversity. Actions to restore degraded lands may comprise the 
fostering of beneficial factors and the removal of inimical ones (MacDonald et al., 
2002). Available ecological restoration strategies can be grouped into two classes, 
as  ‘passive’ or ‘active’ depending on the degree of human involvement (Allen, 
1995; Laycock, 1995; McInvar and Starr, 2001). A passive approach seeks to 
restore the ecosystem by leaving the system alone, hoping that it will regain 
desirable structure and function through natural succession, i.e. by relying on the 
self-regenerating potential of ecosystems following the removal of degrading 
agents. An example of a passive technique is area closure (e.g. Tekle, 1998). 
Conversely, an active restoration approach involves active human intervention to 
complement and reinforce the self-regenerating potential of an ecosystem. An 
example of this kind of restoration is tree planting. Passive approaches are less 
effective for restoring highly degraded ecosystems (Laycock, 1995) and thus 
active restoration methods are often necessary (McIver and Starr, 2001). The 
choice of methods for restoration may depend on a wide variety of social, 
economic, cultural, biological and environmental factors (Miller et al., 1995; 
MacDonald et al., 2002). Nonetheless, the choice of method will significantly 
affect the speed with which the restoration process proceeds. For instance, most 
degraded landscapes in the highlands of Ethiopia have been remarked to be 
extremely poor in many aspects of self-regenerating potential such as soil status, 
SSB and seed dispersal (Lemenih and Teketay, 2004). Indeed, the very limited 
self-regenerating potential of severely degraded sites is rarely enough to initiate 
and expedite the restoration processes using a passive approach alone and thus 
calls for strategies that could augment and expedite the restoration processes.  
 
2.3.3. Plantation forests in ecological restoration 

Recently, several studies from the tropics have reported that both soil fertility and 
diverse native flora and fauna can be restored under fast growing timber 
plantations established on degraded tropical sites (e.g. Lugo, 1992, 1997; Fisher, 
1995; Lugo et al., 1993; Parrotta et al., 1997; Fang and Peng, 1997; Datta, 1998; 
Hayes and Samad, 1998; Decher and Bahain, 1999; Sullivan et al., 1999; Senbeta 
and Teketay, 2001; Yirdaw, 2001; Zanne et al., 2001; Yirdaw, 2002; Senbeta et 
al., 2002; Chen et al., 2003; Jenkins et al., 2003). This phenomenon has led 
several ecologists to propose fast-growing plantation species as an ecological 
management tool for the restoration of degraded lands in the tropics (e.g. Lugo, 
1997; Parrotta et al., 1997; Lamb, 1998; Harrington, 1999).  
 

According to Harrington (1999), although the phrase “planting for ecosystem 
restoration” is of recent origin, many of the earliest large-scale plantings were 
made for what is now referred to as restoration. Furthermore, restoration by 
revegetation is just a modification of the long-standing tradition of folk wisdom 
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that utilizes the soil ameliorating function of trees, while making productive gain 
from the forest crop. The long-known practices of swidden agriculture or shifting 
cultivation, for instance, take advantage of the soil improving potential of forest 
fallows (Nye and Greenland, 1960; Ewel, 1985; Sanchez, 1976; Jordan, 1985). 
This implies that the approach may have a higher probability of acceptability by 
the rural people than other approaches such as engineering techniques.  
 

There are several mechanisms behind soil fertility enhancement and native 
species recolonization under plantation forests. Some of the mechanisms involved 
in soil influence by trees include: (i) enhanced mineral weathering, (ii) input of 
organic matter, (iii) nutrient pumping and recycling, (iv) symbiotic N-fixation, 
(v) interception of particles and dusts (e.g. aerosols) in the air, and (vi) improved 
soil structure through root action. There are also indirect beneficial effects of 
plantation forests through changed microclimatic conditions under the stand 
canopy, e.g. a decrease in soil erosion and fostering effects for the recolonization 
of diverse flora and fauna (e.g. Fisher, 1995; Kelly et al., 1998; Raulund-
Rasmussen et al., 1998; Olsson, 2001).  
 

Similarly, some of the mechanisms by which planted trees foster recolonization 
of native flora and fauna include: (i) provision of perches for visiting birds and a 
corridor for wildlife, which are major seed and fruit dispersal agents  (Parrotta et 
al., 1997; Wunderle, 1997); (ii) canopy shading, which improves the 
microclimatic conditions of the forest floor through a variety of functions 
(moderating soil moisture, reducing wind desiccation, moderating air humidity, 
protecting the emerging seedlings against strong direct sun radiation) (Keenan et 
al., 1997); (iii) improvement of the impoverished and often nutrient-poor soils of 
degraded lands by reducing bulk density, increasing the availability of nutrients, 
and accumulating more organic material through litter fall and root turn-over 
(Lugo, 1992; Parrotta, 1992, 1999; Fisher, 1995); and (iv) suppressing potentially 
competitive grasses that are common to degraded open lands and increasing the 
probability of native shade-demanding species emerging (Guariguata et al., 1995; 
Otsamo, 2000). Therefore, establishment of plantation forests not only reverses 
degradation of a site (e.g. Lugo, 1992; Parrotta, 1992; Fisher, 1995) but also 
creates a refuge for incoming seeds and emerging seedlings of native woody flora. 
Eventually, if the planted species are gradually and carefully removed without 
damaging the woody understory regeneration, a secondary forest could develop 
quickly (Parrotta et al., 1997).  
 
 
3. Materials and methods 
 
3.1. Location  

The study was conducted near and in the Munessa-Shashamane forest, which is 
located on the eastern escarpment of the Central Ethiopian Rift Valley. The 
Munessa-Shashamane forest lies within latitudes 7o12’N and 7o32’N, and 
longitudes 38o45’E and 38o56’E at about 240 km south of Addis Ababa (Fig. 3). 
The Munessa-Shashamane forest is managed by a government enterprise called 
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Shashamane Forest Industry Enterprise (SFIE). Four of the studies were carried 
out in the Gambo district area of the SFIE, while the fifth study was conducted in 
the Degaga district area. The forest comprises approx. 25,000 ha of disturbed 
natural forest and 6,791 ha of plantation forests (Teshome and Petty, 2000). 
Geologically, the area is largely associated with the Wonji fault belt and carters. 
The main topographical feature is that the escarpment that is aligned North-
Northeast to South-Southwest. This escarpment extends to over 4000 m above sea 
level at the Arsi-Bale massif and descends gradually to the plain beneath to the 
Central Rift Valley lakes at about 1500 m above sea level.  
 
3.2. Soils 

The soils of the area are closely related to their parent materials and their degree 
of weathering. The main parent materials are basalt, ignimbrites, lava, gneiss, 
volcanic ash and pumice (Makin et al., 1975). The large volcanoes within the 
southern Rift Valley of Ethiopia belong to the late Tertiary origin (Anonymous, 
1988). The highland areas bordering the Rift Valley are characterized by deep, 
moderately weathered dark reddish brown soils of clay loams, which are all 
associates of the Rift Valley volcanic soils. Based on soil physical descriptions 
and chemical analysis, the soils around the lower elevation range of the Gambo 
district, where the major part of the study was carried out, are classified as Mollic 
Andosols (FAO, 1998) or Humic Haplustands (Soil Survey Staff, 1999). The soils 
around Degaga district are Typic Palehumults (Soil Survey Staff, 1999; Solomon 
et al., 2002). In Africa, Andosols occur in Ethiopia, Kenya, Tanzania, Rwanda, 
Cameroon and Madagascar. In the montane highlands of eastern Africa in 
general (Lundgren, 1978), and in the productive zones of the highlands and Rift 
Valley of Ethiopia in particular, Andosols cover large areas of land and support 
many subsistence-farming systems with large human and animal populations. 
 
3.3. Climate 

Climatic conditions in the highlands of Ethiopia are generally largely a result of 
differences in altitude. There are decreases in mean annual temperature and 
increases in mean annual rainfall with increasing elevation. The climate of the 
eastern escarpment of the Central Ethiopian Rift Valley, where the Munessa-
Shashamane forest lies, falls into four eco-climatic zones that include semi-arid, 
warm sub-humid, humid, and cold-humid eco-climatic zones (Makin et al., 
1975). However, the studies were mainly confined to the warm sub-humid and 
humid eco-climatic zones of the elevation gradient. The rainfall in the area is 
bimodal, with the main rainy season in the period from July to October and the 
short rainy season between March and May. Average annual rainfall amounts to 
1200 mm at the warm sub-humid zone and 1370 mm at the humid zone 
(Anonymous, 1990). Temperature varies between the mean annual maximum of 
25 oC and mean annual minimum of 10 oC across the elevation gradient covered 
by the Munessa-Shashamane forest (Teshome and Petty, 2000). 
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Fig. 3. Munessa-Shashamane forest on the eastern escarpment of the Central Ethiopian Rift Valley (Left: top and bottom), and a map of Ethiopia with location of the study area 
(Right).  
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3.4. Vegetation 

The vegetation of Munessa-Shashamane forest is one of the conspicuous remnants 
of the once dense tropical dry Afromontane vegetation that covered the highlands 
of Ethiopia (Fig. 3). The main forest blocks of the Munessa-Shashamane forest 
are located on the westerly aspect of the eastern escarpment of the Central 
Ethiopian Rift Valley. The vegetation covers the altitudinal range from 1500 m 
above sea level at its bottom in the Rift Valley to over 4000 m above sea level in 
the Arsi-Bale Mountains and the associated plateau. The Munessa-Shashamane 
forest, just like other east African vegetation as a whole, can be divided into 
vegetation zones according to altitude and humidity (Lundgren, 1971). At the Rift 
Valley plain, open Acacia woodland dominates, and this gradually turns into dry 
open deciduous woodland of a transitional vegetation type (Eriksson et al., 2003). 
At mid-altitude along the escarpment, i.e. between 2100-2600 m above sea level 
which is also the altitudinal range of the study sites, tropical dry evergreen 
montane forest dominates. Different plant communities comprise this section. At 
the lower sub-humid part a Podocarpus falcatus - Croton macrostachyus mixed 
forest exists, which gradually converts into the humid zone dominated by 
Podocarpus falcatus forest. These vegetation communities along the elevation 
transect are all referred to as ‘Montane forests’ in many classification systems 
(von Breitenbach, 1961, 1963; Brown and Cocheme, 1969; Chapman and White, 
1970; White, 1983; Friis, 1992; Tamrat, 1993). In the sub-humid and humid 
section of the escarpment, Podocarpus falcatus makes up the dominant upper tree 
story. Other major co-dominant tree species include Croton macrostachyus, 
Ekebergia capensis, Celtis africana and Prunus africana. 
 

3.5. Deforestation and agricultural land expansion in the area 

The Munessa-Shashamane forest has been under continuous pressure from 
deforestation for a long period, a process that is still ongoing. Early reports 
concerning deforestation of Munessa-Shashamane forests date back to the 1940s 
and 1950s (Russ, 1946; Mooney, 1954). According to Russ (1946) and Mooney 
(1954), commercial logging as well as agricultural land expansion were important 
agents of deforestation at that time. In recent decades, human influxes to the area 
from the central and southern highlands have intensified the pressure on the 
Munessa-Shashamane forest (Anonymous, 1990; Tolera, 1996). Consequently, 
forest clearance in search of crop and grazing lands has increased (Seifu, 1998; 
see also Fig. 4). The pressure from increasing human population and unplanned 
utilization has decreased the area and productivity of the forest (Anonymous, 
1990). According to Seifu (1998), cropland is increasing at the rate of 2.8% per 
annum in the area, while natural forests and woodlands are declining at estimated 
rates of 1.7% and 2.6% per annum, respectively. To improve the productivity of 
the forest, plantation forest has been introduced to the Munessa-Shashamane 
forest since the late 1960s. 
 

Beside the increased pressure from the growing population, an unstable 
political system has aggravated the rapid decline of the Munessa-Shashamane 
forest, particularly since the 1970s (Seifu, 1998). The period after 1970 marked 
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the most politically unstable time in the modern history of Ethiopia. This 
instability significantly impacted on the natural forest resources of Ethiopia 
(Bekele, 2003), including the Munessa-Shashamane forest (Seifu, 1998). 
Nevertheless, the Munessa-Shashamane forest is still one of the prominent 
remnants of the tropical dry evergreen montane forests found in the highlands of 
Ethiopia. Today, the Munessa-Shashamane forest is one of the forests in Ethiopia 
designated as High Priority Forest Areas (HPFA) for protection by the Ethiopian 
government. 

 

 

Fig. 4. Deforested and cultivated forestland in the Munessa-Shashamane forest area, 
Ethiopia. Scattered on-farm trees are remnants from the natural forest. The trees form the 
traditional parkland agroforestry system of the farming system in the area.  

 
3.6. Plantation development  

Starting from the late 1960s, plantation development has been carried out in the 
Munessa-Shashamane forest (Lundgren, 1971). The plantations are established 
predominantly on freshly cleared but previously degraded parts of the natural 
forest, while some stands were also established on abandoned farm fields. The 
natural forest sites were manually cleared including cutting of bushes, climbers 
and other ground vegetation (Teshome and Petty, 2000). Plantation forests are 
increasing over time at an annual planting rate of 6% in the Munessa-
Shashamane forest (Seifu, 1998). At present, plantation forest covers some 6,791 
ha of land in the area (Teshome and Petty, 2000).  
 

The bulk of the plantations in the Munessa-Shashamane forest comprise 
monocultures of Cupressus lusitanica, Eucalyptus spp. and Pinus patula. C. 
lusitanica and P. patula are planted mainly for sawn timber, while Eucalyptus 
spp. are planted mainly for pole production. The plantations are established from 
seedlings, which is a common plantation establishment practice in Ethiopia. The 
stands are characterized by wide spacing, commonly at 2.5 x 2.5 m (1600 
tree/ha). Most stands, except Eucalyptus spp., are often clear-cut between the ages 
of 25-30 years. Most of the stands, other than Eucalyptus, are also thinned two to 
three times before the final clear-cut harvest. Eucalyptus stands are often 
harvested on a short rotation basis, usually 10-15 years (Lemenih and Bekele, 
2004).   
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3.7. Farming system and cropping practices in Munessa  

The farming system of the area is predominantly subsistence farming based on 
mixed crop-livestock production. Cattle provide inexpensive and easily accessible 
inputs required for crop production such as draught and threshing power in the 
agricultural production system, while crop production supports the livestock by 
providing crop residues that supplement the feeds required by the livestock. After 
crop harvest, cattle are allowed to graze on the weeds and remaining crop stalks 
on the croplands. However, most of the main grazing is carried out in the forest 
and on communal grazing lands. Manure from the cattle is mainly used for 
homestead gardens, while those farm fields away from the home garden, which 
are the focus of the present study, often receive little or no manure. Tillage 
involves a simple oxen-plough that cultivates the soils to a shallow depth (oral 
communication with the farmers). Major crops grown in the area are maize, 
sorghum, wheat and barley, mainly with one harvest per year. Fertilizer 
application is very limited. Whenever applied, the type of fertilizer used in the 
area is diammonium phosphate (DAP) in combination with urea. According to 
the farmers in the study area, the rate of fertilizer application is 50 kg ha-1 yr-1 of 
each type. However, most farmers sometimes use half the amounts recommended 
or often even none due to economic constraints. The farming system is a 
traditional parkland agroforestry system with scattered trees on farms (Fig. 4). 
The trees are preserved from the original forest during clearance. The species and 
density of the trees vary across the eco-climatic zones. Some of the trees preserved 
on-farm in the area have been recognized as soil improvers (Jiru, 1989; Gindaba, 
1997).  
 
3.8. The study approach 

Two approaches are often used in studying ecosystem dynamics. The first and 
ideal type of approach is ‘temporal monitoring’, where the dynamics of ecosystem 
components (e.g. soil, plant, etc.) are examined over time at a single site. This is 
feasible where long-term data are available and changes in ecosystem components 
over time can be directly measured. Unfortunately, such long-term data are rarely 
available in the tropics (Sanchez et al., 1985; McDonagh et al., 2001) and this is 
also the case in Ethiopia. Furthermore even if available, such data usually come 
from on-station experiments that do not reflect the environment and management 
conditions of the farmers’ fields (McDonagh et al., 2001). Therefore, it is rarely 
possible to follow this approach (Bhojvaid and Timmer, 1998; Hartemink, 1998), 
and there are few such studies (Sanchez et al., 1985). An alternative approach is 
to use the spatial analogue and chronosequence methods (Young, 1991; Bhojvaid 
and Timmer, 1998). The spatial analogue method involves spatial sampling on 
sites that are subject to different land uses but operating within a similar 
environment and on similar soil types. The chronosequence method is a 
synchronized spatial sampling from neighbouring sites of different ages managed 
on similar soils, and under similar climatic conditions and management practices 
(Young, 1991; Hartemink, 1997). These approaches have been widely used in 
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several contexts such as to: (i) assess long-term effects of global climate change 
(Tate, 1992); (ii) long-term changes in soil productivity (Martin et al., 1990; 
Arrouays et al., 1995); (iii) evaluate effects of deforestation and subsequent 
cultivation (Sanchez et al., 1985; McDonagh et al., 2001); (iv) assess soil C 
dynamics due to long-term land uses (Balesdent et al., 1988; Dominy et al., 
2002); and (v) study nutrient dynamics and carbon storage changes (Marques and 
Ranger, 1997; Garten, 2002). 
     

Chronosequence or spatial analogue methods have the danger of confounding 
time with possible spatial variability, and assume that all measured differences 
reflect the effects of time or management and not inherent spatial variability. 
Although the limitations of using such approaches are well acknowledged (e.g. 
Sanchez et al., 1985; Bhojvaid and Timmer, 1998), they have been and still are 
widely used in studying different aspects of ecosystem dynamics (e.g. Vernberg, 
1988; Greenland and Swift, 1991; Marques and Ranger, 1997; Bhojvaid and 
Timmer, 1998; McDonagh et al., 2001). A major advantage of these techniques is 
that they provide data on long-term changes in soil, plant or other ecosystem 
components within a reasonable time. In situations like Ethiopia in particular, 
where data on long-term experiment are very rare, the chronosequence and spatial 
sampling approaches are valuable alternatives to study ecosystem dynamics in a 
temporal perspective. According to Young (1991) the analysis of soil fertility 
gradients using soil survey data along a chronosequence or spatial sampling 
under different land use/management regimes could yield important information 
on where, and to what extent, a soil fertility decline is taking place and a position 
could be reached from which to take action to arrest or reverse the problem.   
 

In this thesis, for some of the studies (Papers I, II and III) the chronosequence 
approach was adopted, while for the rest (Papers IV & V) a spatial analogue 
approach was employed. A necessary assumption made in these research 
approaches is that soil conditions or other parameters of interest for all the sites 
studied should be similar before changes in the land use have been introduced. 
This is because observed differences in present soil conditions or other parameters 
can be interpreted as being caused by the present land–use practices only if the 
conditions were assumed to be comparable prior to the introduction of the new 
land management. Similarities between sites in soil properties that are known to 
be little influenced by land use and time can be used to justify comparability for 
soil studies in a chronosequence or spatial analogue system. Soil type and 
particle-size distribution are properties that are frequently used as indicators of 
comparability of two or more spatially sampled soils (Sanchez et al., 1985; 
Lilienfein et al., 2000).  
 

Soil types at the study sites were similar and particle size also showed a fairly 
similar distribution with soil depth (Papers I and IV). The sensitivity of soils 
derived from volcanic parent materials to land use changes is a problem here. 
Land use changes that involve deforestation and subsequent cultivation have been 
shown to affect soil processes in soils of volcanic origin so drastically that even 
characteristics that are considered permanent, such as soil type and particle size 
distribution, can be significantly affected (Wielemaker and Lansu, 1991). 
Therefore, differences can be observed in particle size distribution, which can be  
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Fig. 5. Clips of aerial photographs taken during three different periods showing part of the study area and changes in forest cover over time. 
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attributed to the impact from deforestation and farming practices such as repeated 
tillage. In this thesis, the similarity in all particle size distributions in the sub-
surfaces (those parts of the soils that are little affected by the changing 
landmanagement), and particularly similarity in the clay fraction of all depths 
(Sanchez et al., 1985), supports the assumption that soil conditions prior to the 
shifts in land management were more or less similar (Papers I, IV).  
 

Whenever spatial sampling is used, a precise understanding of the historical 
land use changes is another prerequisite to guide the sampling and interpretation 
of the results. However, construction of historical land use changes and 
determination of the time of their introduction is often problematic. Remote 
sensing, satellite imagery, aerial photographs and radar images can be invaluable 
in getting information on the time of land-use introduction whenever available. 
Images and photographs can be used to detect and map historical land cover/land 
use changes and to determine their ages.  
 

Availability and/or cost may limit the use of remote sensing and thus gaps in 
time are inevitable between two or more sets of remote sensing data. To 
compensate for the gaps in information from remote sensing data, interviews with 
local people are a valuable complement. Besides filling the gaps in information, 
interviewing also clarifies any ambiguities in the interpretation of remote sensing 
data. In this study, information on the historical land cover/land use and the 
respective ages of the sites was obtained from aerial photographs taken during 
three different periods (Fig. 5) complemented with informal interviews with the 
local farmers and institutions in the surroundings of the study area. 
 

3.9. Soil and vegetation sampling 

3.9.1. Studies of soil attributes on the farm fields (Papers I and II) 

A chronosequence of closely located farm fields with 7, 10, 26, 34 and 53 years 
since conversion from natural forest and the adjacent natural forest were selected. 
One criterion in the selection of the fields was that they had been cultivated only 
with C4 crops (maize and sorghum in this case) since clearance. Soil samples 
were then collected in five replicates from a square 20 x 20 m2 plot established in 
the natural forest and at each farm field site. Pits were dug at the four corners and 
in the centre of the square plots and samples were removed from 0-10, 10-20 and 
20-40 cm increments with a hand trowel uniformly along each depth. 
 

Two additional samples from 60-70 and 90-100 cm depths were taken from the 
pits dug at the centre of the square plot. The soil profiles in each pit at the centre 
of the square plots were also described according to FAO guidelines for soil 
profile description (FAO, 1990). The soil samples were air-dried, mixed well and 
passed through a 2 mm sieve for chemical analysis. Separate soil core samples 
from the 0-10, 10-20 and 20-40 cm depths were taken with a sharp-edged steel   
cylinder of 5 cm height and 7.2 cm diameter forced manually into the soil for 
bulk density determination.  
 

The major part of the soil analysis was carried out in Addis Ababa (Ethiopia) at 
the National Soil Research Laboratory. Analyses of soil C, total N and stable 
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isotopes were made in Sweden at the Swedish University of Agricultural Sciences, 
Uppsala (Sweden). Soil pH was measured in water and 1M KCl suspension of 
1:2.5 (soil: liquid ratio) potentiometrically using glass-calomel combination 
electrodes. Organic C and total N were determined using a LECO-1000 CHN 
analyser and the results were reported on an oven-dry basis. Testing with HCl in 
all the soil pits did not show signs of carbonate, so we assumed that the total C 
obtained in the analysis closely estimates the organic C contents of the soils. For 
13C and 15N analyses, a few grams of the sieved mineral soil from each sample 
were drawn after thorough mixing and grinding into a fine powder. The C and N 
contents and the natural abundance of 13C and 15N were measured on the 
powdered samples on an automated on-line C and N analyser coupled with an 
isotope ratio mass spectrometer. Stable isotope abundances are expressed using δ 
notation in per mil (‰), as the deviation of the isotopic ratio of the sample from 
that of an arbitrary standard as shown in Paper II. Available P (Olsen) was 
analysed according to standard methods (Olsen et al., 1954), exchangeable bases 
(Ca, Mg, K and Na) were analysed after extraction using 1M ammonium acetate 
at pH 7.0. Ca and Mg in the extracts were analysed using an atomic absorption 
spectrophotometer, while Na and K were analysed by flame photometer (Black et 
al., 1965). 
 

After displacement of the exchangeable base-forming cations using 1M 
ammonium acetate, the samples were washed using ethanol and the ammonium 
on the saturated exchange sites was subsequently replaced by the addition of Na. 
Cation exchangeable capacity (CEC) was thereafter estimated titrimetrically by 
distillation of ammonium that was displaced by sodium (Chapman, 1965).  
Percentage Base Saturation (BS) was calculated by dividing the sum of the charge 
equivalents of the base-forming cations (Ca, Mg, Na and K) by the CEC of the 
soil and multiplying by 100. Particle size analysis was performed using the 
Boycous hydrometric method, after destroying organic matter using hydrogen 
peroxide and dispersing the soils with sodium hexameta phosphate (Black et al., 
1965). The USDA particle size classes, viz. Sand (2.0-0.05 mm), Silt (0.05-0.002 
mm) and Clay (<0.002 mm), were followed when assigning textural classes. Bulk 
density was determined after drying the core samples in an oven at 105 oC, and 
ethanol displacement was used for particle density determination. Percentage pore 
space was computed from the bulk and particle densities determined (Brady and 
Weil, 2002).  
 
3.9.2. Study on soil seed banks (Paper III) 

The same chronosequence of farm fields and the natural forest used for the studies 
in sub-section 3.9.1. above were used for the SSB study as well. Five random 
plots, one square metre each, were selected at each site. Three subplots of 15 cm x 
15 cm were marked in a triangular shape at the centre of each plot. Soil samples 
were removed from 0-3, 3-6 and 6-9 cm soil layers of each subplot using a sharp 
knife and spoon. Soil samples of the corresponding soil layers from the three sub-
plots of each plot were mixed in a plastic bag and later divided into three equal 
parts of which one was randomly chosen as the working sample for incubation in 
a glasshouse. The rationale for taking sub-plots was to capture spatial 
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heterogeneity of soil seed distribution. From the natural forest, a fourth layer 
containing litter was also sampled. The soil samples were then transported to the 
Ethiopian Agricultural Research Organization (EARO) Headquarters in Addis 
Ababa where the germination trial was conducted in a glasshouse. Soil samples 
were spread to a thickness of about two centimetres on plastic trays lined with 
cotton cloth and kept continuously moist. A seedling emergence method was used 
to assess the composition of the SSB over a period of one year. Emerging 
seedlings that were readily identifiable were counted, recorded and discarded. 
Seedlings that were difficult to identify were first counted, labelled and 
transplanted and grown separately until they could be identified. Each month, the 
soil samples were stirred to stimulate seed germination. For a comparison of soil 
seed bank flora with the above-ground vegetation in the adjacent natural forest, 
10 sample plots of 314 m2 area each were randomly selected in the natural forest. 
All woody species found in these plots were first identified. Thereafter, sub-plots 
of 2.5 m x 2.5 m, marked at the centre of each plot, were used to identify all 
herbaceous species including grasses and sedges. 
 
3.9.3. Study on soil attributes under plantation forests (Paper IV)  

To study the effect of reforestation of abandoned farm field on soil attributes, soil 
samples were collected from E. saligna and C. lusitanica stands, farm fields 
subject to traditional farming (TF) and mechanized farming (MF) and from the 
adjacent natural forest. The plantations were established on an abandoned part of 
the MF site. The adjacent natural forest was used as a reference site in the 
investigation. Five replicate soil samples were taken from 0-10, 10-20 and 20-40 
cm increments from all the sites. Soil analyses followed the same procedure as in 
Paper I.    
 
3.9.4. Study on regeneration of native forest flora (Paper V)  

Five stands were selected to encompass exotic and indigenous species as well as 
broadleaved (open canopy) and coniferous (dense canopy) species from the 
plantations in the Degaga district of SFIE. The plantation species involved were 
Cordia africana (broadleaved & indigenous), Eucalyptus saligna (broadleaved & 
exotic), Pinus patula (coniferous & exotic), and Cupressus lusitanica (coniferous 
& exotic). In each stand, canopy closure percentage (CCP) and leaf area index 
(LAI) of the plantation, air and soil temperatures and soil moisture at the forest 
floor were measured in 10 plots. Canopy closure percentage was measured at the 
centre of each plot using a convex model spherical densiometer held at chest 
height (Lemmon, 1956) and LAI was measured using a Li-Cor LAI-2000 Plant 
Canopy Analyser. Air temperature (at 0.30 m height above the ground) and soil 
temperature (at 5 cm soil depth) of the forest floor were monitored for 15 days 
under the canopies of the plantation species and in the natural forest using air and 
soil thermometers. Soil moisture content of the forest floor was determined from 
five composite soil samples taken from the upper 0-5 cm soil layer of each plot 
using a core sampler of 204 cm3 volume.  

In each of the 10 randomly selected plots, the identities and number of 
individuals of naturally regenerating woody species were assessed and diameter at 
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breast height (DBH) and heights of all regenerates with a DBH greater than 1.0 
cm were measured and recorded under the plantation forests. For the 
seedling/sapling populations in the natural forest, height and DBH measurements 
were restricted to individuals within 1.0 to 10.0 cm DBH ranges.  
 
3.10. Data analyses 

3.10.1. Soil attributes 

The data obtained from the soil analyses were subjected to one-way Analysis of 
Variance (ANOVA) for each sample depth separately to detect whether  
differences in the soil attributes studied differed significantly between the land 
uses. Least significant difference (LSD) was used for mean separation for those 
properties that were found to be significantly different. The level of significance 
used was 0.05. In Papers I and II, the soil C of the bulk soil (g kg-1), the total N (g 
kg-1), δ13C, δ15N, the fraction of soil organic carbon (SOC) (g kg-1) derived from 
forest origin (Cf), and the fraction of SOC (g kg-1) derived from agricultural crop 
(CC) in the surface 0-10 cm layer were related to cultivation period and also to 
each other using exponential and linear regression functions. In cases where soil 
C stocks were reported in g m-2 calculations were performed using the equation:  

 

czC bρ=                    (1) 

 
where:  

C = carbon stock (g m-2) of a sample soil layer 
z  = thickness (m) of a sample soil layer,  
ñb = bulk density (kg m-3) of a sample soil layer,   
c = carbon content (g kg-1 soil) of a sample soil layer.  

 

Total N (g m-2) stocks were also computed using a similar equation. Differences 
in soil bulk density between sites affect comparisons of SOC stocks between 
different land uses/land covers by influencing the amount of soils that are 
sampled from a fixed soil depth (Solomon et al., 2002; Mendham et al., 2003). 
Such differences in soil bulk density between the natural forest and other sites 
(the farm fields and the plantations) in the present study were accounted for by 
adjusting the thickness of sampled layers from each site with respect to equivalent 
weights of soils under the natural forest applying the equation:  

 

zz
LU

forest
corr ρ

ρ
=        (2) 

 
where:  
zcorr = adjusted thickness of sample soil layers under plantations or on farm  fields,  
ñforest = bulk density of the sampled soil layers under the natural forest,  
ñLU     = bulk density of the sampled soil layers under plantations or on farm fields,  

 z  =  thickness of soil layers used during field sampling (Solomon et al., 2002).  
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3.10.2. Degradation index 

Commonly, when evaluating the impact of land use change on soils, the soil 
status under a new land use is compared with a pre-existing steady-state base line, 
ideally the native vegetation, which can then be expressed as degradation (also 
called deterioration) index (DI) (Adejuwon and Ekanade, 1988; Islam and Weil, 
2000). To compute DI in the present study, the difference between mean values of 
individual soil properties from the farm fields or the plantations and the baseline 
values of similar soil properties under natural forest were computed and expressed 
as a percentage of the values under the natural forest. These percentage changes 
were summed across all soil properties to compute the soil DI for each site, which 
was used as an index of soil degradation or improvement. Values of pH, C/N ratio 
and exchangeable Na were not included in this calculation because the criterion 
of ‘more is better’ is uncertain over the range of values in this study for these soil 
properties. 
 
3.10.3. Threshold levels 

Changes in the soil properties are indicators of the way the soils are managed, i.e. 
whether the soil management is sustainable or not. However, whether the changes 
observed have reached the level that affects sustainable crop production, also 
known as threshold/critical level, cannot be determined from the analysis of soil 
attributes alone. This assessment is comparable to the qualitative land evaluation 
procedures in which soil qualities are matched with crop requirements (FAO, 
1976; Hartemink, 1998). FAO’s qualitative land evaluation procedure was used to 
evaluate whether threshold levels had been reached for the observed soil changes 
in this study. Maize, one of the dominant crops grown in the area, was selected 
for the evaluation. Requirements of maize for pH, CEC, BS%, P, K and N levels 
were obtained from Landon (1991) and Stahr (2000), both of which refer to 
tropical environments. In particular the latter, which was the main source of the 
information, is from Africa.   
 
3.10.4. Fractionation of soil organic carbon based on 13C abundance 

The fraction of organic C derived from the natural forest (Cf) and the agricultural 
crops (Cc) along the chronosequence was calculated based on the δ13C values of 
the soil samples taken from the forest (δfs) and the agricultural fields (δas), as well 
as average δ13C values of the forest vegetation (δf) and the samples of agricultural 
crops (δc). The average δ13C value of the agricultural crop materials (maize & 
sorghum) collected from the study sites was -10.59‰ ± 0.023. We did not sample 
the vegetation in the natural forest, but used a value from a recent study made in 
the same forest (Solomon et al., 2002), which reported δ13C value of -26.5‰ ± 
0.9. The organic C derived from the agricultural crop (Cc) and the natural forest 
(Cf) was calculated and expressed as a percentage of the total SOC from the farm 
fields by the following equation:  
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where: 
Cc  = organic C fraction derived from the agricultural crop (C4 plants),  
δas = δ13C value of the soils taken from the farm fields, 
δfs = δ13C value of the soils taken under the natural forest (C3 plants, 
δC = average δ13C value of the agricultural crops,   
δf  = average δ13C value of the forest vegetation,   
Cf = organic C fraction derived from the natural forest. 

 
3.10.5. Estimating loss of soil organic carbon of forest origin 

The loss of forest-derived SOC denoted as Loss (Cf)[%] as a result of 
deforestation and subsequent cultivation along the chronosequence was calculated 
as follows: 
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where Cas and Cfs denote SOC of the bulk soils in the farm fields and the forest 
soils respectively.  
 

3.10.6. Soil seed banks  

To compare whether the variations in species composition and viable seed 
densities of the SSB from the different study sites were significantly different, 
one-way analyses of variance (ANOVA) were performed. The mean number of 
species per plot was used as an index of species richness, and the mean seed 
density per plot was used as a measure of abundance during the ANOVA. Least 
significant difference (LSD) was used for mean separation for those properties 
that were found to be significantly different. Jaccard’s Similarity Coefficient 
(JSC) (Krebs, 1985) was also calculated to assess the similarity in the species 
composition between the SSB and the standing vegetation in the adjacent natural 
forest. The coefficient, which is expressed in equation 5, was calculated based on 
the presence-absence relationship between the number of species common to the 
two sites and the total number of species from the two sites. This means that the 
coefficient expresses the ratio of the common species to all species found on the 
two sites:  

( )jba

j
JSC

−+
=               (5)  

 
where j is the number of species common to both sites, and a and b are the 
number of species found on sites a and b, respectively.  The coefficient has a value 
from 1 to 0, where 1 demonstrates complete similarity and zero complete 
dissimilarity.  
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3.10.7. Regeneration of native forest flora 

To facilitate interpretation of the results, simple metrics of quantifying the 
diversity, abundance and growth were employed. The average number of observed 
species per plot was used as an index of species richness, while the average stem 
density of the naturally regenerating woody species was used as a measure of 
abundance. Growth was characterized by computing mean DBH and mean height 
of all regenerating woody species with DBH of more than 1.00 cm combined, and 
by sorting the naturally regenerating woody species into shrub and tree life forms 
per plot and stand. The means of thickest DBH and tallest heights were also 
computed by averaging the DBH and heights of individuals with the dominant 
diameter and height per plot and stand. The data sets on CCP, LAI, air 
temperature, soil temperature, composition, density, mean DBH and mean height 
were subjected to separate statistical analyses using one-way ANOVA. For those 
parameters found to be significantly different, LSD (5%) was run to separate 
between overstory species with statistically significant differences. 
 
 
4. Results and discussion 
 
4.1. Soil physical and chemical property responses  

Soil bulk density has increased in the 0-10 and 10-20 cm layers relative to the 
length of time the soils were subjected to cultivation. Along with the increase in 
soil bulk density, soil porosity showed marked declines in both soil layers with 
increasing period under cultivation (Paper I). Levels of SOC and total N in the 
surface soil (0-10 cm) were significantly lower, and declined increasingly with 
cultivation time on the farm fields, compared to the soil under the natural forest. 
The changes in the physical soil attributes on the farm fields can be attributed to 
the impacts of frequent tillage and the decline in SOM content of the soils. The 
decline in SOC and total N, although commonly expected following deforestation 
and conversion to farm fields, might have been exacerbated by the insufficient 
inputs of organic substrate from the farming system due to residue removal and 
burning on the farm fields.  
 

Despite the significant declines in soil bulk density, soil porosity, SOM and 
some other soil attributes, the overall rate of change in soil properties due to the 
land use change was not as rapid as first anticipated for such a low input, tropical 
farming system as the one studied (Paper I). Some of the soil nutrients on the 
farm fields had higher concentrations for quite some time compared to the soil 
under the adjacent natural forest (Fig. 6). The levels of some of the soil nutrients 
did not fall below their values in the soil of the adjacent natural forest even after 
53 years of subsequent cultivation following deforestation (Fig. 6). 
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Fig. 6. Changes in mean values of CEC, BS, available P, available K, Exchangeable K, 
Mg and Ca of Andosols along a chronosequence of farm fields converted from a tropical 
dry Afromontane forest, Ethiopia (the value 0 along the x-axis denotes the natural forest).  
 

In contrast to the continuous decline in the 0 -10 cm layer, SOC contents in the 
10-20 and 20-40 cm soil layers on the farm fields were higher than the 
corresponding depths under the natural forest. Consequently, the SOC stocks in 
the upper 40 cm soil did not differ significantly between the farm fields and the 
natural forest until after 26 years of continuous cultivation (Fig. 7). The higher 
SOC contents in the sub-soil layers of the farm fields might probably have 
emerged from SOM incorporation from surface layers to sub-soil layers as a result 
of the mixing effect of tillage. Furthermore, the substantial amount of organic 
materials added from root biomass after the slash and burn (Vitousek and 
Sanford, 1986; van Noordwijk et al., 1997) coupled with the strong organic 
matter stabilizing nature of Andosols may explain the higher SOM stocks in the 
sub-soils of the farm fields (Parfitt et al., 1997; van Noordwijk et al., 1997). 
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Partriculraly, the woody roots left in the below ground after slashing decompose 
gradually (van Noordwijk et al., 1997) and continue enriching the SOM for some 
time after the forest clearance (Fig. 7).   
 

The overall slow degradation response to deforestation and subsequent 
cultivation of the soils of the study confirms the results from several other studies 
carried out on Andosols (e.g. Cotching et al., 1979; Saggar et al., 1994; Parfitt et 
al., 1997). The cited studies reported good resistance of Andosols to degradation 
when subject to land use changes that involve deforestation and subsequent 
cultivation. For instance, Popenoe, (1960) found a slight reduction of SOC and 
total N contents following clearing, burning of natural forest and subsequent 
cultivation, and an increased fertility on the cleared site than natural forest in 
Guatemala. Krebs et al. (1974) and Krebs (1975) also could not find any evidence 
on Andosol deterioration after comparing soils under natural forest, sugar cane, 
coffee and pasture following 20 years of cultivation in Costa Rica. Parfitt et al., 
(1997) reported greater stability of organic matter as well as less degradation 
response of Andosols after 100 years of continuous cropping and pasture land use 
compared with an Inceptisol exposed to only 20 years of similar uses. 
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Fig. 7. Changes in soil C and total N stocks (g m-2) in the top 0- 40 cm depth of Andosols 
along a chronosequence of farm fields converted from a tropical dry Afromontane forest, 
Ethiopia (the value 0 along the x-axis denotes the natural forest).  
 

The resistance of Andosols to changes in their soil chemical properties is 
attributed to the resilience of the soil fertility through rapid weathering of poorly 
crystallised phases in the volcanic ash (Lundgren, 1978), and the nature of the 
clay particles and amorphous minerals that make up volcanic Andosols. The 
allophane, imogolite and ferrihydrite clay particles, and the large amorphous 
Al/Fe oxides that make up volcanic Andosols have substantial exchange surface 
areas, and therefore adsorb and stabilize organic matter and soil nutrients (Zunino 
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et al., 1982; Boudot et al., 1989; Mizota and van Reeuwijk, 1989; Saggar et al., 
1994; Saggar et al., 1996). These properties render Andosols the capacity to 
accumulate, stabilize or protect and gradually mineralise the organic matter and 
plant nutrients that are accumulated in the soils during the forested period as well 
as from the slash and burn, thus displaying high fertility for a relatively prolonged 
period (Paper I). 
 

However, the continuous deterioration of the physical soil attributes could affect 
the productivity of the soils by altering the hydrological regimes (e.g. infiltration 
& water-holding capacity), crop rooting depth and soil susceptibility to erosion in 
the long-term. Despite the initial increases in SOC, the lack of sufficient organic 
substrate inputs from the farming system is well reflected in the gradual decrease 
in soil C and total N stocks in the long run (Fig. 7). Similarly, the impacts of 
continuous nutrient mining owing to restricted external inputs is clearly reflected 
in the gradual decline of soil properties such as available P and K after their 
peaks at 10 years (Fig. 6). Therefore, the overall direction of change in the soil 
condition with span of time under cultivation was degradation, albeit slowly 
(Paper I). This degradation trend is also reflected in the DIs of the farm fields 
(Fig. 8). Therefore, to sustain crop production in the long-term in this area, 
improved soil fertility management should be introduced. 
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Fig. 8. Degradation index of Andosols along a chronosequence of farm fields with 7, 10, 
26, 34 and 53 years of continuous cultivation following conversion from a tropical dry 
Afromontane forest in Ethiopia. Each deterioration index was calculated as the sum of the 
percentage deviation of bulk density, pore space, soil C, total N, CEC, BS%, available and 
exchangeable base cations (except Na) of the upper 0-10 cm soil layer from their 
respective values under the natural forest. 
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4.2. Soil organic matter dynamics as shown by the 13C and 15N 
natural abundance  

A key component for sustaining production in low input tropical agricultural 
systems is the maintenance of a good level of SOM (Sanchez et al., 1989; 
Woomer et al., 1994; Kapkiyai et al., 1998). A better understanding of SOM 
dynamics in tropical agricultural systems can give insights into processes that are 
important in the management of the SOM pool. In this study 13C and 15N natural 
abundance techniques were used to assess SOM dynamics following deforestation 

and subsequent cultivation along a chronosequence of farm fields originally 
converted from natural forest sites (Paper II). 
 

The results showed that δ13C values of the SOC in the 0-10 cm soil layer of the 
farm fields increased with the time under cultivation (Fig. 9a). On the other hand, 
during the 53 years of continuous cultivation, the SOC of the bulk soil declined by 
50.4% (equivalent to an average loss of 500 kg C ha-1 yr-1), while the SOC 
fraction of forest origin declined by 74.6% (equivalent to an average loss of 740 
kg C ha-1 yr-1). The SOC gains from the agricultural crop origin remained very 
low, only 240 kg C ha-1 yr-1, compared with the large loss of the SOC of forest 
origin. The crop-derived SOC in the surface soil showed a rapid increase during 
the first 10 years of cultivation after conversion, and remained fairly constant 
thereafter along the chronosequence (Fig. 9b). This kind of rapid increase in crop-
derived SOC during early cultivation periods after deforestation followed by 
stabilization afterwards has been reported in other similar studies (e.g. Balesdent 
et al., 1988; Collins et al., 1999). After 53 years of continuous cultivation 
following deforestation, the SOC of agricultural origin accounted for 49.5% of the 
bulk soil SOC content, i.e. slightly less than the amount of SOC contributed from 
forest origin. The lower contribution to SOC from the agricultural crop compared 
with that from forest origin even after a relatively prolonged period of time under 
cultivation is also consistent with several other similar studies (e.g. Balesdent et 
al., 1988; Vitorello et al., 1989; Collins et al., 1999; Solomon et al., 2002). For 
instance, on a Brazilian Oxisol that had been under sugarcane cultivation for 50 
years following deforestation, the amount of SOC derived from the sugarcane 
crop amounted to 36% of the SOC of the bulk soil (Vitorello et al., 1989).  
 

The low contribution of the agricultural crop to the SOC could probably be 
explained by (i) low incorporation of crop residues from the cropping system 
owing to residue removal and repeated burning; and (ii) the rapid turnover in the 
organic substrates derived from crop residue whenever added (McDonagh et al., 
2001). This low carbon input from the agricultural crop could not compensate for 
the large mineralization of the forest-derived organic matter on the farm fields. 
This phenomenon eventually resulted in a progressive decline in the SOC of the 
bulk soils along the chronosequence (Fig. 9b). The fraction of the SOC attributed 
to crop origin is mainly that contributed by crop roots and possibly some crop 
residues that escaped burning. This may imply that crop residue management in 
the farming system can potentially increase the SOC contribution from the 
cropping system (Vance, 2000), which may help to reduce the progressive decline 
in SOC in the soil. Across a range of sites, a strong and positive relationship 
between return of crop residues (including those with high lignin and/or high C/N 
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ratios) and soil organic matter has been found (e.g. Duff et al., 1995; Grace et al., 
1995), which eventually contributes to sustainable crop yields (Grace et al., 
1995). 
 

The results also showed that δ15N consistently increased with cultivation period, 
coupled with the changes in δ13C. The increased δ15N values of the SOM on the 
farm fields would indicate higher nitrogen losses from the agroecosystem 
compared to the natural forest system (Högberg, 1990; Penuelas et al., 1999). 
This is consistent with the large loss of total N, which amounted to 59%, from the 
farm field soils during the 53 years of continuous cultivation after deforestation. 
The lower δ15N value in the natural forest indicates low activities of N-losing 
processes, which is due to the relatively closed nutrient cycling and minimal 
disturbance in the natural forest system (Eshetu, 2000; Eshetu and Högberg, 
2000; Eshetu, 2004). The higher δ15N values on the farm fields could be a result 
of nitrification in combination with nitrate leaching, denitrification, ammonia 
volatization in the agricultural system as a result of tillage, aeration, residue 
burning and temporary waterlogging (Paper II). 
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Fig. 9. Effect of deforestation and subsequent cultivation of Andosols on (a) δ13C, and (b) 
SOC of the bulk soil (SOCbulksoil), forest-derived C (SOCforest) and agricultural crop-
derived C (SOCcrop) in the 0 -10 cm soil layer along a farm field chronosequence 
converted from a tropical dry Afromontane forest in Ethiopia (the year zero along the x-
axis denotes natural forest).  

 
The SOC of the bulk soil, the SOC fraction derived from the forest and total N 

of the 0-10 cm soil layer declined exponentially and attained new apparent 
equilibria after 20-25 years (Papers I & II). This concurs with results from other 
studies on cultivation of virgin pastureland (e.g. Grace et al., 1995) and natural 
forest sites (e.g. Dominy et al., 2002). The initial rapid loss of large SOC and 
total N demonstrates the presence of an easily mineralizable organic substrate 
(labile pool) of forest origin that was exhausted in 25 to 30 years after 
deforestation. This exhaustion is what has caused the levelling off of these 

a) b) 
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parameters. Generally, the loss of total N from the soils of farm fields was 
considerable compared with the amount added as fertilizer (Paper II). 
 

Given the parallel and relatively high irregularities along the chronosequence of 
the farm fields in SOC of the bulk soil, the C: N ratio, the SOC of forest origin 
and δ13C are probably worth noting (Paper II). Although this is not possible to 
ascertain with the data collected for this study, the phenomenon could be 
attributed to the effect from on-farm trees and their management (see for example 
Fig. 4). A study in Kenya has shown that carbon inputs from on-farm trees in a 
parkland agroforestry system can significantly alter δ13C signature of the SOC of 
soils taken close to the trees compared to the SOC taken relatively far away from 
the influence of trees (Nyberg and Högberg, 1995). Parkland tree management 
such as lopping, pruning, felling, etc. in the farming system of the study area is a 
continuous process (Fig. 4), which continuously incorporates some organic 
materials from the trees into the soil system. This is a tree-derived source of SOC 
different from the carbon originating from the natural forest. This may suggest 
that the use of natural abundance of 13C techniques to study SOM dynamics under 
traditional parkland agroforestry system should be exercised with caution.   
 

In general, the results showed that despite the characteristic low tillage and 
traditional parkland agroforestry system on soils of volcanic origin, subsequent 
cultivation of soils cleared out of a dry tropical montane natural forest caused a 
substantial reduction of SOM levels in the top plough layer. This reduction could 
probably be explained by reduced input of organic residues, a higher soil 
disturbance as a result of tillage and absence of SOM management. As soil 
organic matter is the main supplier of soil N, S and P in low input farming 
systems, a continuous decline in the SOM content of the soils is likely to affect 
the soil productivity and sustainability in the long-term.  
 
4.3. How sustainable is the farming system? 

Sustainable agriculture implies an agricultural system that can be maintained in a 
steady state over time (Hartemink, 1998; Quimby et al., 2002). Soil being a vital 
component of sustainable agriculture, by monitoring changes in important soil 
quality indicators such as soil physical and chemical properties the sustainability 
of an agricultural system can be judged (Greenland, 1975; Hartemink, 1998). 
Sections 4.1 and 4.2 present evidence of significant changes in the soil quality 
attributes of the studied soils following deforestation and subsequent cultivation. 
The overall degradation trend observed, albeit slowly, in the soil quality partly 
reflects the lack of proper soil management during the cultivation period. In fact, 
significant changes in soil attributes following deforestation and subsequent 
cultivation are probably inevitable. The question now is what these changes 
indicate for the sustainability of crop production in the area, because the observed 
changes in soil attributes as shown by soil analytical data may not necessarily 
imply a decline in crop yield, and thus may not reflect a non-sustainable farming 
system.  
 

The sustainability evaluation showed that despite significant changes, most soil 
chemical properties did not reach threshold values/critical limits for maize 
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cultivation for the time period considered in this study. Nonetheless, the 34 and 
53 year-old fields are close to marginal states for the cultivation of maize (Paper 
I). According to a classification of sustainable land management presented by 
FAO (1993b), the soils in this study may be classified as long-term sustainable, 
i.e. they can be used for at least 25 years before causing soil degradation that 
limits crop production at the present management level. 
 

However, continuous use of the farm fields for over 25-30 years as is practised 
in the study area at present does not appear to be sustainable as shown by the 
increasingly marginal status of the fields older than 30 years for maize 
production. This was consistent with the DIs computed for the soils of the farm 
fields (Fig. 8). The cumulative degradation index (DI) values of the 34 and 53 
year-old fields were negative, showing that overall soil condition in these farm 
fields is getting below the condition of the soil under the natural forest. These 
declines in soil fertility are caused by the subsequent removal of nutrients through 
crop and residue harvest and leaching coupled with low levels of fertilizer 
application, which cause negative nutrient balances. As a result of such output-
input nutrient imbalances, crop demands for nutrients have to be offset by the soil 
nutrient pool, a process that leads to degradation. Farmers in the study area, like 
other farmers in the country, practise low-input agriculture mainly due to 
economic constraints. Furthermore, the organic matter that could have helped to 
sustain soil fertility by mineralization, retention of nutrients and enhancing the 
water-holding capacity of the soils, also declined along the chronosequence due to 
continuous cropping and residue harvest. This process of declining SOM caused 
significant impacts not only on the continuous decline in plant nutrient pools such 
as the pool of total N, but also on the soil physical properties such as bulk density 
and pore space. This suggests that nutrient mining, i.e. continuous crop 
harvesting without replenishing soil nutrients, coupled with poor soil 
management have caused the declining state of the farming system.   
 

When compared to most tropical soils that could serve for agriculture only for 
few years (e.g. Tiessen et al., 1994), the soils of the study area could be claimed to 
be very resistant to degradation. On the other hand, the overall decline in 
agricultural productivity in the whole country may not be surprising given the 
sustainable use of the soils only for 25-30 years when compared with the low 
input continuous cultivation of most soils in the highlands of Ethiopia for over 
hundreds of years.  
 
4.4. Tillage intensity and rate of soil degradation 

An investigation was also made on the effects of tillage intensity by sampling 
soils from neighbouring sites subject to traditional low tillage farming (TF) and 
high intensity mechanized farming (MF) (Paper IV). The results showed a wide 
range of soil property divergences between the soils subject to the two farming 
systems. The soil under MF had significantly higher bulk density of 1.07 g cm-3 
compared to 0.85 g cm-3 under the TF and 0.66 g cm-3 under the adjacent natural 
forest in the 0-10 cm layer. In the 10-20 cm layer as well, the soil under MF had 
significantly higher bulk density of 1.11 g cm-3 compared to 0.83 g cm-3 under the 
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TF and 0.73 g cm-3 under the natural forest. The changes in bulk density were 
also associated with changes in soil pore space. The soil pore space for the 0-10 
cm layer was 49.1% under the MF and 59.7% under the TF, compared with 65% 
under the natural forest.  
 

Similarly, the soil under MF exhibited greater total C, N and base cation 
decreases compared to the soil under TF. The soil under MF had lower values for 
total C (-8.92 g kg-1), total N (-1.0 g kg-1), CEC (-7.59 cmolc kg-1), exchangeable 
Ca (-3.95 cmolc kg-1), available K (-108.60 mg kg-1) and exchangeable Na (-0.08 
cmolc kg-1) compared to the soil under TF in the 0-10 cm layer. Differences in the 
subsoil layer followed the same patterns as the surface soil, although over narrow 
ranges. The exception was the trend followed by available K. The MF site had, 
however, a higher average (but non-significant) content of available P than the 
soil under TF.     
 

The large differences in soil properties between the two tillage intensities were 
attributed to several factors. Firstly, in the MF case site-clearance was conducted 
with bulldozers that removed most of the litter and vegetation biomass as well as 
some of the topsoil layer from the site, in contrast to the traditional clearance 
method where nutrients were returned in ash from slash and burn during the 
clearance phase. This might have contributed to the initial nutrient pool 
differences, which may also be reflected in soil properties during the subsequent 
years (Sanchez et al., 1985). Moreover, in the slash and burn system, some trees 
are selectively left on-farm compared to the complete removal of vegetation by 
mechanized clearing. The contributions of on-farm trees to the soil ecosystem and 
nutrient budgets are considerable (e.g. Jiru, 1989), and might have made some 
contribution to the observed differences in the soil nutrient status between the two 
farming systems.  
 

The difference in organic matter loss between the two farming system is most 
likely related to the difference in the intensity of tillage. Tillage and annual 
ploughing are known to affect soil organic matter mineralization by stirring the 
soil, disrupting aggregates and increasing aeration. Moreover, tillage intensity 
was found to correlate well with the rate of soil organic matter turnover. Usually 
reduced tillage such as zero tillage causes a low impact on soil organic matter 
(Reicosky and Lindstrom, 1993, Balesdent et al., 1990). Similarly, big losses of 
total C and N on the MF site in the present study were probably related to the 
increased tillage intensity due to tractor ploughing, which turns over larger and 
deeper soil materials, disrupting soil aggregates and increasing aeration over a 
larger soil volume as opposed to the reduced tillage practices of the TF owing to 
the simple farm implement used. The increased loss of organic matter might also 
explain the losses of base cations on the MF site because of accelerated leaching 
and erosion accompanying organic matter losses. On the other hand, the high 
level of available P found on the MF site compared to the TF site indicated P 
accumulation due to large phosphate-containing fertilizer additions in the former 
site.  
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4.5. Impact of deforestation and subsequent cultivation on soil 
seed bank  

Soil seed banks (SSB) assessment was made to provide information on whether 
seeds from the original forest could persist after deforestation and subsequent 
cultivation of different intensities (times) and could contribute to future 
succession of native woody vegetation after abandonment. Similar to most reports 
from SSB studies in the temperate (e.g. Bossuyt and Hermy, 2001) and tropical 
(e.g. Teketay, 1996) regions, it was observed that there was a low overall 
similarity between the species recovered from SSB samples including those taken 
from natural forests with the above-ground species in the natural forest (Paper 
III). In spite of the low viable seeds in the SSB, the study also showed that 
deforestation and subsequent cultivation were obvious threats to the forest 
biodiversity not only through the clearance of forest (loss of habitat), but also by 
deteriorating the SSB of native forest flora. Contributions of woody species (trees 
and shrubs) to the soil seed flora declined from 5.7% after seven years to nil after 
53 years of continuous cultivation.  
 

A second obvious effect from repeated cultivation was that the SSB of the farm 
fields quickly accumulated seeds of weed species common to open cultivated 
fields such as Galinsoga spp., replacing seed banks of forest flora. Of the 
germinated flora from the seed bank samples, herbaceous plants accounted for 
nearly 78% on average (Paper III). Woody species, particularly the native woody 
species, were represented by less than 10% of the germinants. The density of 
germinated herbaceous plants was much higher on the farm fields than the 
natural forests. This observation was consistent with other seed bank studies from 
the highlands of Ethiopia (Teketay, 1997a & b, 1998) or outside Ethiopia (e.g. 
Davy et al., 1998; Dunsford et al., 1998). In fact, besides anthropogenic 
disturbance, a combination of factors such as the inherent properties of the seeds 
(e.g. dormancy and longevity), environmental conditions of the site where the 
seeds lie and presence of predators can determine the length of time that seeds 
remain viable in the soil (Granström, 1986; Teketay, 1996). Nevertheless, for a 
given state of natural conditions, human impacts often accelerate depletion of 
forest flora SSB, and consequently arrest or retard forest succession following 
abandonment (Davy, 2002). The strength of human disturbance to affect SSB 
appears to be related to the duration (and intensity) of land uses (Brown and 
Lugo, 1990; Teketay, 1998; Honnay et al., 1999). This was shown in the 
progressive decline of the woody species seed composition in the seed bank in this 
study (Paper III). In a similar study in the UK, 20 years of repeated cultivation 
removed all vestiges of the seed bank of lowland Calluna heath, even though the 
seeds of the dominant Calluna vulgaris can have considerable longevity in 
undisturbed heathland soils (Davy et al., 1998). 
 

Generally, conversion and subsequent cultivation of land previously covered 
with Afromontane forests not only diminishes soil seed reserves of woody species 
but also alters the composition of the seed banks. This destruction and alteration 
of SSB impose challenges in future efforts to recover native forest flora following 
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farm field abandonment. The effect is not only through the limitation of the 
availability of seeds to initiate the succession of native forest flora, but also 
through the changed composition that provides an advantage for the competitive 
weed flora to dominate a site. This ultimately hampers the succession rate of the 
less competitive native woody species, particularly when left unaided (Harrington, 
1999; Lemenih and Teketay, 2004).  
 

The aforementioned impacts of deforestation and repeated cultivation on SSB 
are worth stressing considering the regeneration ecology of the climax 
Afromontane forest species. Most climax woody species in the Afromontane 
forests of Ethiopia are shade-tolerant and also possess seeds that are recalcitrant. 
Consequently, these species predominantly employ a seedling bank strategy of 
regeneration, where they accumulate abundant seedlings under the protective 
canopy of mature forests (Pohjonen, 1989; Teketay, 1996, 1997b). This implies 
that future successes in restoring native climax species on degraded agricultural 
lands will rely on fresh seed recruitment on the one hand and a nurse species to 
become established to provide the required shade for the emerging seedlings of 
the native climax woody species on the other. Quantity and rate of seed dispersal 
are in turn affected by several factors, e.g. by the dispersal ecology of the key 
species and the degree of isolation of the degraded landscape with respect to the 
seed-donating natural forest community. Unfortunately, long distance dispersal of 
tropical woody species seeds is rare mainly due to their size and structural 
limitations (Bakker et al., 1996; Lyaruu, 1998; Cubina and Aide, 2001), 
including woody climax species in the Afromontane forests of Ethiopia (Teketay, 
1996; Lemenih and Teketay, 2004). As is the case in Ethiopia, where natural 
forests have already disappeared significantly, most agricultural landscapes have 
been increasingly isolated from remnant forest stands. Therefore, restoration of 
native woody species through natural dispersal will be an extremely slow process 
if not impossible, and active restoration strategies should be planned rather than 
relying on natural succession (Lemenih and Teketay, 2004).  
 

An active restoration technique recently receiving considerable attention is the 
use of plantation forest as a nurse crop (foster ecosystem) to catalyse the 
recolonization of native woody flora on degraded tropical sites (e.g. Lugo, 1992, 
1997; Parrotta, 1992, 1995, 1999). The establishment of plantation forest 
accelerates vegetation succession by modifying several aspects of a degraded site 
such as moderation of the microclimate and soil fertility, suppressing competitive 
grasses and providing habitats or perches for animal and avian seed dispersers 
(Keenan et al., 1997; Parrotta et al., 1997; Wunderle, 1997). 
 
4.6. Plantation forests in restoration ecology 

4.6.1. Effects on soil attributes (Paper IV) 

The results of soil assessment under the plantations of E. saligna and C. 
lusitanica showed a positive effect of reforestation of degraded lands on soil 
attributes, although considerable differences were observed based on the tree 
species involved (Paper IV). After 15 years of plantation establishment, the soil 
under the C. lusitanica stand in the 0-10 cm layer showed lower soil bulk density, 
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increased soil C, total N, CEC, base saturation (BS), available K, exchangeable 
K, Ca, and Mg compared to the soils of the MF and TF and the soil planted with 
E. saligna. On the other hand, for the soil planted with E. saligna most soil 
conditions (in the upper 0-10 cm layer) such as pH, total C, total N, BS, CEC, 
available P, available K, and exchangeable Ca were lower than in the TF 
situation. However, the overall difference of the soil planted with E. saligna with 
the soil under MF was not very evident. Mean values for some soil attributes in 
the surface 0-10 cm soil layer showed the following orders: 
Bulk density:  natural forest < Cupressus < TF < Eucalyptus < MF 
pH:      MF > Cupressus > Natural forest > TF > Eucalyptus  
Total C:    natural forest > Cupressus > TF > Eucalyptus > MF  
Total N:    natural forest >Cupressus > TF > Eucalyptus > MF 
CEC:      natural forest > Cupressus > TF >Eucalyptus > MF  
BS:      natural forest > Cupressus > MF > TF >Eucalyptus  
 

There was a marked decrease in soil pH as well as BS under Eucalyptus 
compared to the other sites. This is consistent with several other studies (e.g. 
Balagopalan et al., 1991; Parrotta, 1999). Eucalyptus growth form, specifically 
the oblong conical shape of the canopy, has been alleged to trigger high rates of 
base cation leaching underneath the canopy, which ultimately leads to low pH 
(Balagopalan et al., 1991). According to Rhoades and Binkley (1996), however, 
soil acidification results from intense base cation depletion due to storage in 
biomass by the tree species. Both intrinsic species characteristics and growth rate 
(biomass accumulation) have been shown in many instances to affect rate of soil 
nutrient (cation) uptake by trees (e.g. Eriksson, 1996; Alriksson, 1998). 
Therefore, the low pH and BS under Eucalyptus may be exacerbated by the rapid 
growth rate and large biomass productivity of the species, for instance, as 
compared with C. lusitanica (Paper IV).  
 

The relatively small accumulation of SOC under Eucalyptus is also consistent 
with several other studies (Marry and Sankaran, 1991; Lourzada et al., 1997; 
Garcia-Motiel and Binkley, 1998). Most of these studies attributed the 
phenomenon to (i) poor nutrient status (high C: N ratio, lignin and tannin 
contents), and low decomposition of eucalypt litter (e.g. Bernhard-Reversat, 1987; 
Marry and Sankaran, 1991; Jonsson et al., 1996; Lourzada et al., 1997), and (ii) 
poor decomposition-facilitating environment in Eucalyptus stands (Kardell et al., 
1986; Bi et al., 1992; Grove et al., 2001). For instance, Jonsson et al. (1996) 
reported a little contribution of litter from Eucalyptus spp. to soil C but a 
significant lowering of pH compared with several other species in Tanzania.  
 

So far, most differences in soil attributes between the sites in the present study 
are confined to the topsoil layer. Differences in soil attributes between the 
plantations, the farm fields and the natural forest in the 10-20 cm and 20-40 cm 
subsoil layers were not evident. This is also consistent with observations from 
several other studies where soil attributes have been assessed following 
reforestation/afforestation of former arable lands (e.g. Garten, 2002; Paul et al., 
2003).  
 

From the results obtained here, two important points emerged. The direction 
and magnitude of changes in soil attributes under the plantations were species-
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dependent, and reference ecosystem-dependent. The soil attributes under C. 
lusitanica showed an overall change towards the direction of the soil attributes 
under the adjacent natural forest compared to the soil attributes under the two 
farming situations. For instance, in the 0-10 cm layer the soil under C. lusitanica 
showed changes in bulk density (-0.25 g cm-3 and 0 g cm-3), soil C (+21.9 g kg-1 

and +13 g kg-1), total N (+2.02 g kg-1 and +1.02 g kg-1), CEC (+10.04 cmolc kg-1 

and +2.45 cmolc kg-1) and BS (+2.78% and +7.08 %) compared with the soils of 
the MF and TF situations respectively. On the other hand, the soil attributes 
under E. saligna diverged away from the soil attributes under the natural forest, 
and in some instances were even poorer than the soils subject to continuous 
farming. For instance, in the 0-10 cm soil layer the soil under E. saligna showed 
divergence of the magnitudes for pH (-1.1 and -0.8), BS (-16.24% and -23.32%) 
and CEC (-6.74 cmolc kg-1 and -1.28 cmolc kg-1) compared to the soils of the MF 
and TF situations respectively.  
 

Species-dependent changes in soil attributes have been reported from several 
studies (Binkely and Sollins, 1990; Parrota, 1992; Brown and Lugo, 1994; Smith, 
1994; Fisher, 1995; Garcia-Montiel and Binkley, 1998; Montagnini, 2001). 
Differential impacts on soil attributes between plantation species may emerge 
from differences in nutrient recycling capacity (i.e. different quantity and quality 
of above- and below-ground litter inputs) and nutrient use efficiency (i.e. biomass 
production and nutrient immobilization in the biomass) of the respective species 
(Cuevas and Lugo, 1998; Montagnini, 2001). Therefore, proper selection of 
plantation species on the basis of long-term knowledge about their performance, 
economic and environmental benefits is a very important element of silvicultural 
decision in restoration of degraded sites with the ehlp of 
reforestation/afforestation.    
 

Furthermore, the results from this study showed that the conclusion on whether 
soil fertility declined or improved under plantation forests differed considerably 
depending on the reference ecosystem used. For instance, the differences in 
several soil attributes between the soil planted with E. saligna and the soil of MF 
situation were not evident, while the differences with the soil of the TF situation 
were very clear (Paper IV). So E. saligna can be judged as unfit for soil 
improvement compared with the soil subject to the TF situation, where the 
reduced tillage coupled with the relatively low annual crop harvest of the farming 
system did not cause large soil degradation. Conversely, E. saligna can be neutral 
or even be accepted for restoration compared with the MF situation, where high 
intensity tillage soil disturbance and relatively large annual harvests have caused 
high soil degradation. Other reports have also shown that the direction of soil 
attribute changes under Eucalyptus spp. depends on the soil status of the starting 
ecosystem (Second Citizens Report, 1985; Hailu, 2002). When planted on 
degraded lands Eucalyptus can have positive effects, whereas when grown on 
newly cleared forest sites the effects are reported to be adverse (Second Citizens 
Report, 1985). 
 

Generally, the results from this study confirm recommendations of plantation 
forestry as a facilitator of soil fertility restoration at degraded tropical sites (e.g. 
Lugo and Brown, 1990; Fisher, 1995; Montagnini, 2001). The positive changes in 
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soil attributes under the plantation stand of C. lusitanica compared with the soils 
under continuous farming situations can be explained by (i) higher inputs of 
organic substrates from the plantations than from the cropping system; (ii) 
reduced decomposition of both newly added C and the old soil C owing to lower 
soil disturbance in the plantations than the farm fields and changed microclimate; 
and (iii) reduced frequency of harvest-related losses because of the long rotation 
periods for the plantations compared to the agricultural crops. Nevertheless, most 
soil attributes (particularly soil C and total N) under the plantations, even for C. 
lusitanica, which had a high positive impact on soil fertility, are still lower than 
their values in the soil of the adjacent natural forest. This means that 15-17 years 
are not long enough for the plantation stands to offset the soil fertility lost due to 
deforestation and cultivation in the area. In fact, several authors have stressed that 
time since reforestation/afforestation has a significant effect on the magnitude of 
soil fertility improvement (Sanchez et al., 1985; Trouve et al., 1994; Bhojvaid 
and Timmer, 1998; Paul et al., 2003). According to Sanchez et al. (1985) and 
Bhojvaid and Timmer (1998), three distinct stages of soil development can be 
recognized following plantation establishment: (i) an initial establishment phase 
(0-5 years) characterized by either nominal soil changes or even a decline in soil 
properties; (ii) a brief transitional phase (5-7 years) characterized by a canopy 
closure of the tree plantations and a rapid change in soil properties; and (iii) 
fallow enrichment phase (7-30 years) characterized by a gradual stabilization of 
soil properties. Similarly, several studies that assessed change in soil C stocks 
following afforestation and reforestation of former arable soil showed loss of soil 
C at early stages of plantation development (< 10 years) as there is relatively little 
input of C from biomass. However, this trend gradually improves as the 
plantation matures to a phase where C continues to accumulate (Trouve et al., 
1994; Post and Kwon, 2000; Paul et al., 2002). Therefore, the relatively young 
age since the establishment of the plantations studied may explain why their soil 
fertility status remained lower than that of the natural forest soil. 
 
4.6.2.Effects on recolonization of native woody flora (Paper V) 

The empirical evidence from this study showed that diverse native woody species 
recolonize underneath plantation stands (Fig. 10). About 33 woody species were 
recorded from under the plantation stands with density ranging from 3,600-6,280 
stems ha-1 (Paper V). This is consistent with several other studies from outside 
Ethiopia (e.g. Parrotta, 1995; Lugo, 1997; Parrotta et al., 1997; Loumeto and 
Huttel, 1997; Harrington and Ewel, 1997; Chen et al., 2003) and in Ethiopia (e.g. 
Yirdaw, 2001; Senbeta and Teketay, 2001; Senbeta et al., 2002; Yirdaw and 
Luukkanen, 2003). Like most other similar studies, the present study showed 
marked differences in the density, diversity and sizes of colonizing native woody 
species under the different plantation species. Difference in canopy density 
coupled with canopy-influenced variations in understory environmental factors in 
the plantation stands were found to be responsible for much of the variations in 
the regeneration parameters assessed (Paper V). Plantation species with lighter 
canopies (i.e. low CCP or LAI) had higher understory mean diurnal air and soil 
temperature and higher diurnal air and soil temperature fluctuations than those 
with heavier canopies. Those species with lighter canopies also advanced greater 
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diversity and density of naturally regenerated native woody species, as well as 
vigorous DBH and height than species with denser/heavier canopies (Fig. 10). For 
instance, the dense canopy species C. lusitanica (CCP = 94.2±1.74 or LAI = 
3.84±0.15) had the lowest density of naturally regenerated native woody species 
compared to the open canopy species C. africana (CCP= 54.0±12.95 or LAI = 
0.61±0.25). Sizes (diameter and height) of the regenerates were also larger under 
the light canopy species of C. africana followed by the E. saligna and P. patula, 
whereas no naturally regenerating native woody species were recorded with sizes 
over one cm DBH in the plots surveyed under the dense canopy stand of C. 
lusitanica (Paper V). 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Contrasting density and sizes of naturally regenerating native woody species under 
three plantation species in southern Ethiopia. Top left is C. africana, top right E. saligna 
and bottom centre C.  lusitanica plantations.  

 
These results demonstrated that the degree of shade by canopy density, rather 

than the tree species per se, is of overriding importance in determining the type, 
abundance and particularly the size of plant species that can exist in the 
understory of plantation forests. The findings confirm results from several other 
similar studies from the tropical (e.g. Ashton et al., 1998; Otsamo, 1998, 2000) 
and temperate regions (e.g. Hill, 1979, 1987; Hill and Wallace 1989; Cannell, 
1999). A study in the temperate regions showed that a ground flora of vascular 
plants is eliminated once the forests intercept 80–90% of the incoming radiation 
(Hill 1979), but if light interception is kept to 80% or less, a similar ground flora 
can develop in forests with different overstory tree species grown under similar 
soils and climate (Hill, 1979; Hill and Wallace 1989; Cannell, 1999). Coniferous 
plantations can also have ground floras similar to those of broadleaved 
plantations, provided the conifers are thinned or consist of species that cast light 
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shade (Hill, 1987; Hill and Wallace, 1989). The same effect of natural and 
artificial gaps has been witnessed in plantation forests in the tropics (Ashton et 
al., 1998; Otsamo, 1998, 2000; Yirdaw and Luukanen, 2003). 
 

Generally, broadleaved species that have open crowns can bring forth dense and 
more vigorous regenerations than conifers (Paper V). Nonetheless, there are 
sufficient plantation management options available to make most plantation 
landscapes the homes of a rich diversity of flora and fauna, regardless of their 
intrinsic nature (Cannell, 1999). Management techniques such as planting density 
(spacing), thinning and pruning (Otsamo, 1998) can help to manipulate canopy 
characteristics and modify understory light conditions in any plantation settings. 
By doing so, optimum canopy opening can be obtained for optimum possible 
penetration and absorption of light, which induces rich plant diversity at the 
plantation forest floors. 
 
 

5. Conclusions 
 
5.1. Deforestation, soil fertility degradation and sustainable 
agriculture in Ethiopia 

The results of this study showed that fertile Andosol forest soils cleared for crop 
production in the tropical dry Afromontane forest region of Ethiopia lose 
productivity within 25 to 30 years of subsequent cultivation after deforestation. 
Major declines were observed for soil organic matter, which is the principal 
source of plant nutrients such as N in low input tropical farming systems like the 
one investigated. Despite the clear decline in soil fertility within just 25 to 30 
years, farmers continue to cultivate the lands for a prolonged time under low 
input systems due to demographic and economic pressures. This process of 
prolonged use with low inputs has exacerbated soil quality decline leading to soil 
degradation, which may ultimately lead to land abandonment.  
 

The 25 to 30 years of sustainable use of the deforested sites is relatively long 
compared to most reports from similar studies in the tropics. This longer use of 
the studied soils compared to most other tropical sites is attributed to the nature of 
the studied soils, i.e., to their Andic properties and partially also to the nature of 
the farming system. In other highly weathered tropical soil groups found in the 
country, the sustainable practice of agriculture after deforestation may be expected 
to be shorter and/or the degradation process worse than that observed for 
Andosols in the present study. 
 

Furthermore, the depletion of the natural forest ecosystems in Ethiopia, as only 
less than 3% of the country’s land area is covered with natural forests today, 
implies that horizontal expansion of croplands to fertile forest sites is no longer 
an option. Therefore, strategies to feed the expanding population in the country 
will have to seek a sustainable solution that better addresses soil management. 
More research on nutrient management with indigenous (e.g. traditional 
agroforestry, composting, crop rotation, biomass transfer, etc.) improved (e.g. 
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chemical and organic fertiliers, improved fallows, etc.) techniques should be 
integrated into a strategy for sustainable agricultural development in the country. 
In addition, improvement in the management of the soil resources for sustainable 
agricultural use would be one of the most useful strategies that could help to 
protect the remnant patches of the tropical dry Afromontane forest and their 
biological diversity from agricultural land expansion related threat in Ethiopia.   
 
5.2. Impact of deforestation and repeated cultivation on soil seed 
bank: implication for biodiversity conservation 

Ethiopian forests that host rich biodiversity are rapidly disappearing due to high 
human pressure and a weaker economy, which trigger agricultural land expansion 
at the expense of forest. As shown in this study, agricultural land expansion and 
intensification threatens the native forest flora not only through the outright 
destruction of the forest but also through the impact on the soil seed bank; the 
future of the forest flora. Besides the depletion of the soil seed banks, vegetation 
recovery after intensive agricultural land use is hampered due to the depletion of 
other resources needed for natural regeneration such as soil fertility, inhospitable 
abiotic (e.g. light, temperature, water, moisture, pH, or nutrient availability) and 
biotic site conditions (dominance of competitive grasses) at degraded agricultural 
sites, and lack of sufficient seed dispersal due to increasing isolation from nearby 
natural forests. This will ultimately lead to permanent destruction of the native 
forest flora. Therefore, there is urgent need for the protection and management of 
the few remnant patches of natural forests and their biodiversity in Ethiopia from 
the threat of agricultural land expansion.  
 
5.3. Plantation forests in restoration ecology 

This study showed that restoration of soil attributes and native forest flora on 
degraded sites in Ethiopia can be fostered with the help of fast-growing tree 
plantations. However, it was also observed that considerable differences exist 
between the plantation tree species involved both in fostering the regeneration of 
native woody species and restoring soil attributes. Therefore, one of the most 
important silvicultural precautions in using plantation forestry for ecological 
restoration is the decision on which species to use. The choice of species needs 
careful consideration and should be based on knowledge of the species’ effects on 
soil attributes and local biodiversity. In terms of soil fertility, knowledge of tree 
species nutrient use efficiency and recycling capacities (litter production, root 
turnover, litter decomposition, etc) may be required. With regard to fostering 
native flora, tree characteristics such as branching habit, leaf orientation, leaf 
density, freedom from allelopathic potential and the like will be variables worth 
screening for. Unfortunately, species that may be good in terms of soil fertility 
may not necessarily be good for fostering biological diversity, as shown for C. 
lusitanica in this thesis. This calls for careful planning in species selection based 
on the target of the restoration programme. In fact, there are normally sufficient 
plantation management options available such as thinning, spacing, pruning, 
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species mixing and others to make most plantation ecosystems homes for a rich 
local flora and fauna.  
 

On the other hand, the ability to successfully restore the degraded lands in 
Ethiopia will contribute significantly to the envisaged agriculture-based 
sustainable economic and rural development. Furthermore in Ethiopia, with its 
predominantly rural structure, weak economy and very high reliance on natural 
resources for livelihood, particularly in the rural areas, but with its very limited 
forest resources, restoration activities using plantation forest may have several 
advantages. Some of these advantages may include (i) supplying forest products, 
particularly fuelwood and construction wood; (ii) augmenting rural income and 
national economy by making productive use of the degraded lands; (iii) slowing 
down the increasing pressure on the meagre natural forests that have high 
significance for their biodiversity; (iv) supplying additional goods and services 
such as fodder and forest grazing for the large livestock population in the country, 
fruits and other wild foods for the society that will contribute to food security; (v) 
reducing the erosive power of the torrential monsoon climate, regulating stream 
flows and restoring dried-up streams to secure water demands of the nation; and 
(vi) enhancing the greenness and improving the recreational values and 
panorama of the degraded landscapes and making them attractive and hospitable 
for the community.  
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