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Abstract 

By Kisambo, Bosco Kidake 

Assessment of Leaf Area Dynamics and Above-Ground Carbon Sequestration in Specific 

Vegetation types of a Semi-Arid Grassland of Southern Ethiopia 

 

Estimations of above-ground biomass are important in order to understand the role of 

ecosystems in CO2 extraction and carbon fixation to mitigate climate change. The 

wider objective of the research was to investigate the potential of semi-arid grasslands 

and their contribution to carbon sequestration. This was achieved through 

determination of leaf area index and above-ground biomass dynamics in different 

vegetation types using direct and indirect field approaches. A Plant Canopy Analyzer 

(LAI-2000) device was used to measure LAI within vegetation canopies during the 

season. The above-ground biomass of common species and vegetation types was 

indirectly estimated using a relationship between LAI and destructive sampling of six 

common species; and allometric equations. Seasonal dynamics in biomass for common 

species was investigated by sampling with a cubic quadrant at the beginning and end of 

growing season. Herbaceous and litter biomass were estimated using square quadrats at 

the start and peak of season. Analysis of Variance (ANOVA) followed by mean 

comparisons using Tukey tests in SAS software was used to test statistically significant 

differences of LAI and AGB dynamics in the different vegetation. Estimates of total 

above-ground biomass in the different vegetation types ranged from 0.61±0.09 

(Grassland) - 8.8±3.81 ton C/ha (Tree-grassland). Mean LAI values of between 0.21-

2.52 were determined. The relationship between LAI and AGB was also used to 

estimate and map the biomass densities of different vegetation types with  biomass gain 

over the season  of between 0.61- 2.54 ton C/ha obtained when this relationship was 

applied. The woody vegetation types sequestered the bulk of above-ground carbon. 

This study highlights the importance and potential of semi-arid grasslands with 

heterogeneous vegetation in carbon sequestration at regional and the contribution to 

climate change mitigation. 
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CHAPTER 1: INTRODUCTION 

1.1 Background Information  

The study was conducted within the framework of the project ‘Livelihood diversifying 

potential of livestock based carbon sequestration options in pastoral and agro pastoral 

systems in Africa. One of the objectives involves the estimation of the potential of 

grasslands to sequester carbon through experiments on existing livestock and rangeland 

management practices while minimizing carbon emissions. 

 

Carbon dioxide is one of the greenhouse gases that have been on the increase 

interacting with other factors resulting in climate change. The average global 

concentrations as of 2005 were 379 ppm3 (IPCC, 2007) and is still increasing with 

current concentration estimates at 393 ppm3 (www.esrl.noaa.gov/gmd/ccgg/trends). The 

amount of CO2 released into the atmosphere ranges between 1.9 to 9.9 Gt CO2 per year 

with land use changes being one of the sources (IPCC, 2007). These sources include 

changes in systems such as forestry, grasslands, and arable agriculture that still remain 

important source of emissions into the atmosphere (Sauerbeck, 2001). However, 

sustainable land use practices would potentially be important in mitigating the increase 

in CO2 through management interventions and practices aiming at carbon sequestration.  

 

Grasslands encompass terrestrial ecosystems co-dominated by herbaceous and shrub 

vegetation and maintained by fire, grazing, drought and/or freezing temperatures. On a 

wider scale, it includes savannahs, woodlands, shrublands, as well as tundra (White et 

al, 2000). They also include rangelands and pasturelands, not considered as croplands; 

and wild lands for recreational areas as well as agricultural and silvo-pastoral systems. 

In this aspect, the vegetation within grasslands systems fall below the threshold in 

forests land category (IPCC, 2003). The Savannah semi-arid grasslands are one of the 

world's major terrestrial ecosystems, comprising between 10% and 15% of the world's 

land surface (Scholes & Hall, 1996). They are located in Africa, South America and 

Australia. Sub-Saharan Africa and Asia have the largest total area of tropical grassland 

of 14.5 and 8.9 million km2 respectively. In Ethiopia, estimates by Pilot Analysis of 

Global Ecosystems (PAGE) have put the area under grassland to be up to 72.9% of the 

land area (White et al, 2000).  

http://www.esrl.noaa.gov/gmd/ccgg/trends
Jan
Hervorheben

Jan
Hervorheben
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Grasslands sustain a variety of life offering services such as production of biomass for 

ruminants, food production, habitat for wildlife and ecosystem services including 

carbon sequestration, provision of wood fuel, water catchment and in-situ protection of 

genetic resources (Carlier et al, 2009). They are in turn influenced by human activities 

and natural disturbances, including; harvesting of woody biomass, rangeland 

degradation, grazing, fires, pasture rehabilitation, and pasture management (IPCC, 

2006). Figure 1 illustrates grassland ecosystem functions with regard to goods, services 

and human needs (White et al, 2000).  

 

 

Figure 1: Goods and services provided by grasslands.  

 

In Southern Ethiopia, rural communities rely on trees and shrubs for medicine, food, 

forage, local construction, making of household implements, firewood and shade. 

Intangible properties include litter fall production, soil organic matter and associated 

improvement in nutrient condition, water retention and soil stability (Dalle et al, 

2006a). Grasses on the other hand remain the primary source of feed for livestock.   

 

Biomass plays important role in climate systems including withdrawal of CO2 from the 

atmosphere and storage, release of CO2 to the atmosphere when respired or burnt, effect 

on climatic variables such as LAI, FAPAR, land cover, albedo, and fire disturbance 
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(FAO, 2009). As facilitators of CO2 exchange, photosynthetic parts of plants which 

include leaves, stems, and roots form the major components of biomass in plants. A 

primary quantity of plants used to monitor growth and changes in vegetation is leaf area 

index (LAI). LAI has been defined as the total one-side area of photosynthetic tissue 

per unit ground surface area (Jonkheere et al, 2004). It is a measure of foliage density 

that is regarded as one of the most important variables in ecological research (Chen et 

al, 2002). It determines the size of the plant–atmosphere interface thus playing a key 

role in the exchange of energy and mass between the canopy and the atmosphere. LAI 

drives both the within-canopy and the below-canopy microclimate, determines and 

controls canopy water interception, radiation extinction, water, carbon and gas 

exchange and is, therefore, a key component of biogeochemical cycles in terrestrial 

ecosystems (Brèda, 2003) 

1.2 Statement of the Problem 

Studies on the quantification of above-ground biomass stocks and carbon sequestration 

in semi-arid grasslands have been carried out using different approaches and have faced 

challenges resulting in very little data availability. These include conventional methods 

both destructively and non-destructively, but biomass determination is generally 

difficult to undertake in these environments (Tiessen et al, 1998). High uncertainties 

prevail in carbon estimates obtained from different methods especially models and few 

estimates are available from in-situ measurements for savannah ecosystems (Ciais et al, 

2011). These variations in quantification are due to the seasonality of vegetation, 

sampling strategies and methodologies common. In semi arid grasslands, the 

applicability of available methods to estimate biomass in general makes it difficult to 

apply them when compared to other ecosystems due to the complexity and 

heterogeneity of vegetation structure, seasonal dynamics and logistical difficulties. For 

woody vegetation, the most common methods have been application of regression 

approaches such as allometry. However this is subject to limitations and has often 

resulted in differences in estimations due to choice of equations.  

In the semi-arid grasslands, above-ground biomass dynamics are therefore poorly 

understood. There is need to explore integrated approaches and understand the growth 

dynamics of the vegetation in this area. This includes a study on the different species, 

and vegetation types so as to be able to acquire high-resolution data and be able to 
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quantify their carbon sequestration potentials. Quantification of spatial-temporal 

dynamics of biomass in vegetation is also necessary in order to understand changes in 

semi-arid grassland ecosystems for effective management of resources.    

1.3 Significance of the Study 

The grasslands of Southern Ethiopia provide important survival means for the 

community living in Southern Ethiopia, majority who are livestock keepers. Grasslands 

are one of the terrestrial carbon sinks in both below and above components, a factor 

which makes them important in the mitigation of climate change through carbon 

sequestration. Determination of carbon stocks is an area that is gaining wider 

consideration in an attempt to diversify land use options and increase incomes through 

carbon accounting options. Such options include the maintaining and promoting woody 

plants in grasslands (Archer et al, 2000). The determination of LAI together with 

above-ground biomass in semi-arid grasslands is also important to estimate 

productivity in these areas and understanding vegetation dynamics. This work aims to 

contribute to filling the gap, by assessing the contribution of specific species, 

vegetation types and different carbon pools through the assessment of leaf area 

dynamics and above-ground biomass in Southern Ethiopia. 

1.4 Objectives of the Study 

The broad objective of this study was to assess the potential and contribution of semi-

arid grasslands, with different vegetation types and structure to carbon sequestration. 

With regard to Southern Ethiopian Borana semi-arid grasslands, the specific objectives 

put in place to achieve this were 

 

To 

i. Determine the leaf area index of specific vegetation types over the long rain 

season 

ii. Determine the seasonal dynamics of LAI of specific vegetation types in a 

semi-arid grassland 

iii. Estimate the above-ground biomass dynamics of different pools over the 

growing period of different vegetation types and species 
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iv. Estimate above-ground carbon densities and sequestration potentials of the 

vegetation types  

v. Estimate and map spatial variation of biomass densities of specific 

vegetation types  

1.5 Hypotheses  

The hypotheses put to test with the above objectives are  

 Above-ground biomass in semi-arid grasslands increases with increasing LAI in 

specific vegetation types over the growing season  

 There are differences in above-ground biomass density within specific species 

in semi-arid grasslands 

 There are differences in above-ground biomass density within different 

vegetation types in semi-arid grasslands of Southern Ethiopia 

1.6 Scope and Limitation of Study 

 

The study covers a small area of the semi-arid grasslands of southern Ethiopia in 

Borana rangelands. The plots used for this study are assumed representative of larger 

areas of the semi-arid grasslands in Southern Ethiopia. The research was carried out 

during the long rain season of 2013 from March to July. Despite the short period, it is 

expected that this research can form a baseline for reference. However, the results and 

findings are limited to the study site but can be extrapolated to similar environments as 

those of Southern Ethiopian semi-arid grasslands. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Leaf Area Index  

Leaf area index is a parameter, which has been applied in different applications. It is a 

parameter used in studies of canopy productivity, measurement of forest vigor, canopy 

fuel load, air pollution deposition modeling, insect defoliation studies, and remote 

sensing (LI-COR, 2013). It has been used to determine and monitor ecosystem 

productivity for natural ecosystems. Although LAI has different definitions based on 

the approach of determining it, the most common one applied in many environments 

concerns the amount of foliage area in a canopy per unit ground surface (Barclay, 

1998).  

2.1.1 LAI Determination  

 

LAI can be determined using different methods, which are broadly grouped into direct 

and indirect methods. These methods have been extensively reviewed and discussed in 

Jonkheere et al, 2004 and Weiss et al, 2004. 

Direct LAI measurement 

These methods are taken to be the most accurate in terms of determining LAI but are 

time consuming laborious and difficult for large-scale implementation. They involve:-  

a) Destructive harvesting and direct determination of one-sided leaf area, using 

squared grid paper, weighing of paper replicates, or an optical-based automatic area 

measurement system;  

b) Non-harvest method of collection and weighing of total leaf litter fall. This is 

subsequently converted to leaf area by determining specific leaf area (SLA) -the 

ratio of fresh weight to dry foliage of a plant of foliar subsamples.  

Indirect LAI measurement 

These include:-  

a) Allometry (based on simple physical dimensions such as stem diameter at breast 

height, tree height or crown height). Leaf area is derived using species-specific or 
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stand specific relationships based on detailed destructive measurement of a 

subsample of leaves, branches or whole individuals.  

b) Indirect contact methods such as plumb lines or inclined point quadrats which 

involve piercing of vegetation canopy with a long thin needle at a known elevation 

and counting the number of hits. LAI is then determined using equations based on 

radiation penetration model.  

c) Use of remote sensing with spectral methods. 

d) Indirect non-contact methods using commercial instruments such as the Decagon 

Ceptometer (Decagon Devices, Inc. Pullman, Washington, U.S.A.), DEMON 

(CSIRO, Canberra, Australia), TRAC (Chen et al, 1997), the Hybrid models, the 

LAI-2000 (LI-COR, Inc., Lincoln, Nebraska, U.S.A.), and analysis of 

hemispherical photographs.  

 

Currently, indirect methods have gained wider appeal and are applied in many 

vegetated environments due to the nature of acquiring results rapidly. For effective and 

most accurate results, many studies have preferred the use of destructive sampling 

especially in short-stature ecosystems such as grasslands and croplands. The method 

involves the harvest of plants and the same plants sub sampled for estimation of 

specific leaf area. The SLA is then used to derive LAI. Allometry and leaf litter 

measurements have been preferred in irregularly shaped canopies such as shrublands. 

Relationships are established in single woody plants between a part of the plants 

harvested such as leaf mass and independent variables of the tree  with the most 

common variable being stem diameter in woody species (Gower et al, 1999). Other 

variables include stem circumference, tree height, crown volume and crown area. 

Remote sensing has mainly been applied for expansive environments. For many 

studies, choice of method of LAI determination has been a matter of ease of use of 

methodology and its applicability (Asner, 2003). 

2.1.2 LAI in Different Vegetation Types and its Application 

LAI is a parameter that depends on different factors and changes from time to time. 

These include environmental conditions and seasonal variability. The environmental 

conditions are mainly influenced by site quality characteristics mainly soil conditions. 

Climatic variability on the other hand determines the magnitude of fluctuations in LAI 
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depending on responsiveness of species (Vose et al, 1994). In general, different 

ecosystems have different LAI values at different times of the year. A review of 

worldwide estimates from literature by Scurlock et al, 2001, outlined the different LAI 

values from published data for plant functional types. The summarized means and 

standard deviations for these plant functional types are shown in Table 1.  

Table 1: Range of LAI values around the world  

Plant functional type Mean  Plant functional type Mean LAI 

Cropland temperate 4.36 ± 3.71 Tropical savannah 1.81 ± 1.81 

Boreal forest woodland  3.11 ± 2.28 Crop tropical  3.65 ± 2.14 

Temperate wetland 6.66 ± 2.41 Plantation tropical 9.91 ± 4.31 

Temperate savannah 1.37 ± 0.83 Arid shrublands 1.88 ± 0.74 

Temperate evergreen broad leaved 
forest 

5.40 ± 2.32 Plantation temperate  9.19 ± 4.51 

Temperate mixed forest  5.26 ± 2.88 Mediterranean shrublands 1.71 ± 0.76 

Temperate deciduous forest  4.67 ± 3.08 Tropical wetland  4.95 ± 0.28 

Tall medium grassland  2.03 ± 5.79 Tropical deciduous forest 5.30 ± 1.96 

Short grassland  2.53 ± 0.32 Temperate conifer forest  6.91 ± 5.85 

Moist tundra  0.82 ± 0.47 Tropical evergreen rain 
forest  

5.23 ± 2.61 

Tropical pasture 2.85 ± 2.62 Polar desert/alpine tundra  3.85 ± 2.37 

 

Some of the dry environments including tropical savannah grasslands, shrublands have 

been noted to have lower mean LAI values as indicated in the table. 

The estimation of LAI in savannah grasslands has been carried to determine the 

interaction of vegetation with other components of the environment such as the 

atmosphere. This includes its effect on hydrological applications and canopy 

interception in South African savannahs (Bulcock, & Jewitt, 2010). Other applications  

of LAI measurement in grasslands include  determination of grazing management 

(Korte & Watkin, 1982) and relationships with climate variables (Ellis & Hatton, 

2008). Influence of vegetation LAI on regulation of different processes on both 

localized and regional scales has therefore been widely demonstrated.  

 

Indirect methods in determination of LAI have been applied for many studies. One of 

the most widely used instruments in the field is the Plant Canopy Analyzer (LAI-2000 
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device). Its importance in vegetation studies  can be cited in woodland environments of 

Namibia for validation of remotely sensed land products. The use of optical methods 

provides effective approaches to this effect have proved to be important (Privette et al, 

2004; Fensholt et al, 2004 and Huemmrich et al, 2005). While using these methods, a 

need to obtain several measurements at the same  site so as to get a representative 

spatial variability is of primary importance (Chason et al, 1991). This also helps obtain 

a true mean LAI value for areas under study. Intercomparison and review of LAI 

measurements in Sub-Saharan African grasslands from remotely sensed datasets have 

been carried out by Gessner et al, 2013. The success of applicability and reviews from 

the accuracy of values obtained make optical instruments valuable tools for estimation 

of LAI in semi-arid grassland ecosystems.  

2.1.3 Shortcoming of LAI Determination by Optical  Instruments – LAI-2000 

Determination of LAI using optical instruments has sometimes encountered limitations. 

For the widely used LAI-2000, the main undoing has been the underestimation of LAI 

values due to clumping and aggregation in canopies especially in forest ecosystems and 

tall vegetation (Chason et al, 1991: Cutini et al, 1998; and Huemmrich et al, 2005). 

Other factors that limit its application include leaf spatial distribution, leaf angle 

distribution and contribution of non-photosynthetic tissues to light attenuation (Asner, 

2003). Multiple scattering of light in canopy resulting in large errors of up to 10-30% 

while measuring leaf area index, especially at larger zenith angles is one of the 

challenges as shown by Chen & Black, 1991; and Chen et al, 2006. These errors have 

been reported to arise mostly due to assumptions made by the internal software when 

using the LAI-2000. These are:-  

(i) The foliage is considered opaque,  

(ii) The leaves are randomly distributed within the canopy,  

(iii) The leaf elements are small with respect to the surface measured by each 

detector ring and  

(iv) The leaves are oriented randomly with respect to the azimuth direction 

(LI-COR, 1992).  

However, these assumptions are not practical in natural environments especially with 

heterogeneous vegetation. With correct protocols, the instrument has bee n known to 

work well even with violations of these assumptions (LI-COR, 1992). The LAI-2000 
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thereby remains one of the most reliable optical instruments to work in different 

environments to estimate LAI (Cutini et al, 1998). 

Short stature ecosystems such as grasslands with very short canopy height are deemed 

as not feasible with the use of LAI-2000. This is because the device cannot be placed 

below the foliage - (the sensor height is 3 cm). Difficulties will therefore arise in 

determinition of below canopy readings (van Wijk & Williams, 2005).  Discrepancies 

in LAI measurements have also been noted to arise due to weather conditions, sampling 

lay out, plot size, topography; and form, structure or type of vegetation. Practical 

considerations especially while using the LAI-2000 to measure LAI are outlined in the 

LAI manual in order to deal with these challenges to obtain desirable results in the field 

(LI-COR, 1992).  

2.2 Potential of Grasslands in Carbon Sequestration  

Carbon sequestration is the process of removing carbon dioxide from the atmosphere 

and storing it in carbon pools of varying lifetimes (Abberton et al, 2010). These pools 

include the earth’s crust, oceans, terrestrial ecosystems and the atmosphere. The largest 

stocks are locates in the oceans which have about 39,000 Gt of C. These are followed 

by fossil C which accounts for 6,000 Gt while the terrestrial carbon stocks which 

encompass vegetation and soils have 2,500 Gt. The remaining large stock is the 

atmosphere which holds about 800 Gt (Kurniatun et al, 2011). Terrestrial ecosystems 

play an important role as a carbon sink due to photosynthesis and storage of carbon 

dioxide in live and dead organic matter (Lal, 2008).   

Scurlock and Hall, 1998, identify grasslands and savannahs as one of the major 

important players in the carbon cycle. They have immense potential due to the below 

ground carbon storage potentials, seasonal burning and tree-grass dynamics. Natural 

grassland ecosystems may contribute as much as 20% of total terrestrial primary 

production, to provide an annual sink of about 0.5 Pg Carbon (Scurlock, 1998). They 

sequester more carbon than previously thought with estimations of up to 70 ton C/ha 

annually. Their important role in regional and global carbon cycle and mitigation 

potential has therefore necessitated an increased attention. Only tropical, boreal and 

temperate forests store more carbon in above-ground components than tropical semi-
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arid grassland savannahs (Hall & Scurlock, 1991). 1Table 2 shows the contribution of 

different terrestrial biomes to carbon storage.  

Table 2: Global carbon stocks in vegetation and soil carbon pools down to a depth of 1 m in 

different terrestrial biomes 

Biome  Area (10
9 
ha) Global carbon stocks (pg) 

  Vegetation  Soil  Total  

Tropical forests  1.76 212 216 428 

Temperate forests  1.04 59 100 159 

Boreal forests  1.37 88 471 559 

Tropical savannahs 2.25 66 264 330 

Temperate grasslands  1.25 9 295 304 

Deserts and semi-deserts 4.55 8 191 199 

Tundra  0.95 6 121 127 

Wetlands  0.35 15 225 240 

Croplands  1.60 3 128 131 

(Hall & Scurlock, 1991) 

2.2.1 Above-Ground Carbon Pools in Grasslands  

The principal pools of organic carbon stocks in of carbon in grasslands of the savannah 

systems are  carbon in above-ground components (woody plants, grasses, litter) and 

soil organic matter (SOM)  (White et al, 2000). These pools are found mostly in 

association for tropical grassland savannahs, influencing each other while regulating 

different ecological processes.  

 

Trees and shrubs  

 

A primary feature of semi arid grasslands in the tropics and savannah in particular is 

the coexistence of trees and other vegetation life forms (Scholes & Archer, 1997). The 

amount of carbon in the savannah semi arid grasslands varies depending on the tree 

density or cover. The shoot-root ratios also influence the quantities of carbon in these 

                                                                 
1
 There is considerable ambiguity and uncertainty in the numbers by due to definitions of 

biomes but a general overview of carbon stocks is shown. (IPCC, 2000) 
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areas (Grace et al, 2006). Multi-stemmed trees form a basis of description of savannah 

grasslands through different densities and interactions with herbaceous components. 

Some of these interactions and dynamics have been reported in literature for several 

environments across the savannah grasslands in Abule et al, 2005; Belsky et al, 1989; 

Mordelet & Menaut, 1995; Mwangi & Brent, 2005; and Scholes & Archer, 1997. The 

grasslands of Eastern Africa are primarily dorminated by shrubs and scattered trees 

mainly Acacia species besides the herbaceous vegetation. However bush encroachment 

has resulted in an increase in woody plants in most tropical and subtropical conditions 

in grasslands (Suttie et al, 2005)    

 

Herbaceous vegetation  

 

This forms either a continuous layer of vegetation on the surface or in patches in most 

of the semi-arid grasslands. It is influenced by environmental conditions such as fire, 

nutrients, herbivory and season (House & Hall, 2001). This carbon pool keeps 

fluctuating though it is resilient and is able to recover even after disturbances such as 

drought (Suttie et al, 2005)     

 

Litter and dead wood 

 

Litter includes dead organic plant material which accumulates on the ground surface. 

As cited by Xiong & Nilsson, 1999, plant litter has different effects on vegetation 

dynamics. These include favoring vegetation development, addition of nutrients, and 

seedling establishment among other effects. The amount of litter is majorly determined 

by the type of vegetation type, season and climate. Fire also determines the availability 

and increase in litter biomass stocks in tropical grasslands ecosystems (House & Hall, 

2001) 

2.2.2 Grassland Carbon Dynamics 

The carbon budgets of different ecosystems rely on different factors. These include 

land area and size of biomes; physiological potentials to assimilate and respire CO 2; 

sensitivity of GPP and ecosystem respiration to environmental drivers; and size and 

perturbation status of carbon pools (Baldocchi and Valentini, 2004). As for grasslands 
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of Sub-Saharan Africa, fluxes in the carbon budgets are influenced by fire regimes and 

strong inter-annual net ecosystem productivity (Bombelli et al, 2009). One other factor, 

grazing, which is a primary feature of land use in these environments, influences the 

carbon dynamics to an extent. Due to the large numbers of livestock found in these 

areas, their impact on vegetation and carbon dynamics is immense. Herbivores which 

freely roam the semi-arid grasslands consume more carbon in terms of live vegetation 

hence reduction of photosynthetic capability of plant material and potential to fix CO 2 

(Cleverland et al, 2005). They are therefore part of the causes of changes in biomass 

and carbon dynamics in these areas. AGB dynamics as a result of grazing has been 

highlighted in Willms et al, 2002; Tessema et al, 2011 and Angasa et al, 2010 among 

other researches just to name but a few for semi arid grasslands. However, the overall 

changes rely on other factors such as soil type, climate and weather, stocking densities 

and animal species in study sites. Coupled with poor management and degradation, 

semi arid grasslands remain one of the environments with continuous changes in 

carbon storage.  

Biomass accumulation in grasslands is driven mostly by seasonality (Grace et al, 2006) 

hence the length and duration of dry and wet seasons influence the allocation in 

different parts of the vegetation and within different species. As a whole system, the 

ecology of savannahs is determined by soil moisture, nutrients, fire and herbivory 

(Kanniah et al, 2010). Soil moisture in particular is one of the major limiting factors of 

terrestrial ecosystems especially semi-arid areas. This makes semi-arid lands 

disadvantaged in reference to carbon assimilation due to the low net primary 

production. However, the plants and species with low functional leaf area in these 

ecosystems are able to utilize the little water available at onset of rain season and 

subsequent rain events for positive carbon accumulation (Huxman et al, 2004). 

However the potential for grasslands for carbon sequestration remains (FAO, 2004). 

One recommendation put forward to increase their potential is through exclusion from 

grazing and burning thus permitting them to increase in stature (Grace et al, 2006). 

However, this is subject to debate since they are the major grazing lands of livestock 

and home to many pastoralists resulting in conflict of land use. Herbivore removals on 

the carbon stock dynamics in tropical grasslands have shown significant increases in 

carbon stocks both in herbaceous and woody vegetation (Witt et al, 2011). Tanentzap 

and Coomes (2012), propose improved land management without removal sufficient to 

offset herbivore effects in some vegetation types within grasslands. On the contrary, 
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some of the interactions are complex and not all as straight forward as it sounds 

especially for rangelands, since ecosystems are dynamic entities which keep changing 

as explained by Walker & Abel, 2002. 

Several policy considerations for mitigation potential of grasslands in climate change 

issues and carbon sequestration have been outlined to make grasslands realize full 

potential. These are:- full Green House Gas accounting (GHG); measurements and 

monitoring; training and capacity building; policy measures in environmental and 

agricultural sectors; and financial options (FAO, 2009).  

2.2.3 Above-Ground Biomass and Estimation in Grasslands  

The most common methods for quantification of AGB can be summarized into in-situ 

direct biomass measurement; non-destructive methods based on tree allometry and 

conversion factors; and remote sensing. These techniques have their own advantages 

and shortcomings and are not immune to errors but application and choice relies on 

different factors. For instance, with direct sampling, the methods involved are tedious, 

tiresome and expensive as well as having ecological limitations (Catchpole & Wheeler, 

1991). An example is the sampling of important plants and where there is need to 

reduce environmental degradation. In this case, destructive sampling is not desirable 

(Gibbs et al, 2007). Consequently, results are not reproducible for large and 

heterogeneous plots either.  

The most widely applied methodology, allometric equations, is however done only 

when the need arises on case-by-case basis (Tietema, 1993). The resulting scenario is 

estimation of biomass in only specific regions thereby limiting the estimation of 

biomass to sites where the equations are developed. They are sometimes applied to 

other areas of similar environmental conditions for the specific species. A review of 

available allometric equations for estimating biomass in Sub-Saharan Africa can be 

found in Henry et al, 2011. Over 850 equations from of different species and ecological 

zones were addressed. The main disadvantage of tree allometry pertains to individual 

trees deviating from average of all trees, small sample size of parameters and 

inappropriate parameter for a specific site. Site differences may result in discrepancies 

in AGB measurements (Ketterings et al, 2001). In general, differences in biomass and 

carbon estimations are common even if the same trees and site are investigated as 
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shown in Kenzo et al, 2009. These equations remain the most widely undertaken 

approach to determine biomass in trees and shrubs.    

Remote sensing methods include the use of satellite-based data, aerial photography, as 

well as ground based remote sensing. Combinations of these ground based methods and 

remote sensing methods have been used to quantify relationships in carbon stocks 

across ecosystems with desirable success. In sub-Saharan Africa  such research  by 

Franklin & Hiernaux, 1991, Diouf & Lambin, 2001 and Prince, 2007 in estimation of 

primary production in grasslands are examples. In these studies, land cover changes in 

semi-arid grasslands of Sahelian countries have been monitored using remote sensing 

methods, a tool which enables biomass estimation to wider regions.  

 

The determination of biomass in semi arid grasslands has been undertaken using 

different approaches. However, no universal method is available for quantification of 

biomass in terrestrial ecosystems but destructive sampling methods are regarded as one 

of the ways, which give accurate results and are cost effective (Catchpole & Wheeler, 

1991). Other integrated approaches are normally taken into account and applied when 

estimating different biomass pools and greenhouse inventorying. There can be found in 

the IPCC guidelines (IPCC, 2006). Decision-making on choice of method to determine 

biomass is however made based on size of area to be assessed, accuracy required, time 

and costs, structure of vegetation involved and vegetation components of interest 

(Catchpole & Wheeler, 1991)  
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CHAPTER 3: MATERIALS AND METHODS 

3.1 General Site Characteristics of Study Area  

3.1.1 Location 

The research was carried out in Madhecho village, in Dire district; Borana zone 

Southern Ethiopia located 650 km south of Addis Ababa. The research plots are within 

a 10 by 10 km field site with the following coordinates: - NW:  N4° 

16.682/E38°15.634; NE: N4° 15.028/E38° 20.853; SW:  N4°11.491/E38° 14.058; and 

SE: N4° 9.868/E38° 19.220. The Borana rangelands lie at an altitude ranging from 

1000 – 1500 m above sea level, with peaks of up to 2000 m (Cappock, 1994). The 

selected plots were all at an altitude of about 1550 m above sea level. 

 

Figure 2: Map of the study site in Southern Ethiopia  
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3.1.2 Climate of the Area 

The Borana zone of Southern Ethiopian region has an arid to semi-arid climate with 

annual rainfall ranging on average from 110 mm in the South to 600 mm in the North. 

It falls in agro-ecological zone SA1 (Semi-Arid 1), characterized by savannah 

vegetation. The rainfall is bimodal with 59% of the total rainfall occurring from March 

to May and 27% from September to November. The variation in annual temperature is 

between 15 to 24°C. Figure 3 shows the long-term bi-modal distribution of rainfall in 

southern Ethiopia semi-arid grasslands. (Cappock, 1994), while Figure 4 shows the 

climate diagram during the study period. 

 

Figure 3: Long term annual mean rainfall and temperature of Southern Ethiopia at Arero – a 
site near the study site within the same ecological zone (FAO, 2003)  

 

Figure 4: Rainfall and daily mean temperature recorded by an automatic weather station at 
Madhecho village within the study site during the study period from March - May, 
2013 
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3.1.3 Soils and Vegetation 

Geology and Soils  

 

The Borana region in Southern Ethiopia is composed of different geological 

associations based on parent material. It is composed of Precambrian basement 

complexes comprising 38% of the parent material, sedimentary deposits (2%) 

quaternary deposits (40%), and volcanics (20%) (Cappock,1994). More information on 

soil characteristics for the study plots are found in Appendix I.  

 

Vegetation  

Ethiopia has diverse vegetation types as illustrated in Figure 5. The semi-arid zone is 

characterized by wooded or bushed grasslands with four natural vegetation 

associations. These have been categorized as: - 

(i) Evergreen and semi-evergreen bushland and thickets;  

(ii) Rangeland dominated by Acacia and Commiphora;  

(iii) Rangeland dominated by shrubby Acacia, Commiphora and allied 

genera; and 

(iv) Dwarf shrub grassland or shrub grassland        (Cappock, 1994).  

The common woody plants include Acacia species such as A. brevispica, A. bussei, A. 

drepanolobium, A. etbaica, A. mellifera, A. nilotica, A. seyal, and A. toritlis. The 

commiphora species include C. africana and C. fluviflor. Others woody species found 

in the region include Lannea floccossa, Ormocarpum mimosoides and Grewia 

tembensis (Solomon et al, 2007b). Various studies have shown encroachment of most 

of the grazing lands with some of the acacia species, thereby altering the vegetation 

dynamics of the region (Cappock, 1994).The herbaceous component is primarily 

dominated by annual and perrenial grasses as well as other herbaceous plants. The 

grasses include Chrysopogon aucheri, Cenchrus ciliaris, Leptothrium senegalensis, 

Chloris mayriostachya, Bothriochloa radicans, Eragrostis cilianensis, Sporobolus 

nervosus, S. pyramidalis and Michrochloa kunthii (Solomon et al, 2007a).  
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Figure 5: Vegetation map of Ethiopia showing the different vegetation categories 

Source: (http://mapas.owje.com/maps/3481_ethiopia-vegetation-map.html) 

3.1.4 Land Use  

The study region is occupied by the Borana community. The major land use category in 

the locality is pastoralism with part of the communal land being converted to ranching 

(Solomon et al, 2007a). Animal species domesticated are cattle, goats, sheep, donkeys, 

horses and camels. The little crop production undertaken in the area includes planting 

of crops for subsistence and sale at local markets. It is however hampered by limited 

soil moisture hence most of the crops grown are either drought tolerant or short season 

crops. These include, but not limited to vegetables, maize, beans, barley, sorghum, 

wheat, teff and millet. The wooded grasslands also provide fuel, building and 

construction materials for the community as well as medicinal value (Abate et al, 

2012). 

3.2 Research design 

3.2.1 Plot selection  

The research was conducted within a site measuring 10 x 10 km site. Four broad 

vegetation types were selected within the study site. These are: - grassland (GL), bush-

tree vegetation (BT), bushed-grassland (BGL) and tree-grassland (TGL). The grassland 

http://mapas.owje.com/maps/3481_ethiopia-vegetation-map.html
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vegetation was composed mainly grasses, short herbaceous and forbs layer, and few 

sparsely distributed woody species. A mixture of bushes and trees made up the BT 

plots. The BGL vegetation type was primarily composed of thickets of bush species, 

while the TGL vegetation type had trees dominating the landscape. The later three 

vegetation types also had a herbaceous understory. An effort was made to make for 

selection of the plots to be based on definitions by Pratt & Gwynne, 1977, of different 

vegetation types. However, in this site vegetation structure was also considered in the 

delineation of the plots. Photographic representation of the study plots at the start and 

peak of the season are found in Appendix II. Figure 6 shows a satellite photograph of 

the location of the plots. 

 

 

Figure 6: Location of the study plots. They are denoted as BT1, BT4, BT5 (bush-tree 
grassland); T2, T3, T5 (tree-grassland); B1, B2, B5 (bushed-grassland) and G1, G5 
G7 (grassland) 

Twelve (12) plots nested within the 100 km2, with each plot measuring 30 x 30 m were 

used for this study. Three (3) replicates were used for each vegetation type and each 

plot was located at least 2-8 km away from one another.  

3.3 Determination of Leaf Area Index   

A Plant Canopy Analyzer, LAI-2000 (LI-COR Inc., Lincoln, USA) was used to 

repeatedly determine the LAI of each plot in the different vegetation types. LAI 
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determination was carried out at 3 heights - ground level, 1 m and 2 m heights for the 

BT, BGL and TGL plots. For the GL plots, the LAI was measured at the ground level 

only due to the low canopy height of grass. Measurements were taken from 14th March 

to 29th June 2013 at sampling intervals of between 7 to 14 days.  

 

Measurement of LAI by Plant Canopy Analyzer (LAI-2000) 

 

The LAI-2000 device measures the plant area index (PAI), which includes branches, 

stems, leaves, needles and fruits of vegetation, rather than leaf area index (Welles & 

Cohen, 1996). Technically, the sensor on the device does not differentiate between the 

leaves twigs, flowers and branches. It relies on any obstructions above, hence the use of 

the term Plant Area Index when used in environments such as forests and shrublands. 

LAI therefore refers to PAI when no differentiation or correction is made to remove 

branches and stems (Breda, 2003). 

The device, described in Welles & Cohen (1996), is a portable instrument that is used 

to derive LAI onsite non-destructively in various vegetation canopies. It is a rapid 

method that has gained wider acceptance for measurement of LAI. The instrument 

calculates LAI and other attributes from radiation measurements made with a "fish-

eye" optical sensor (148° field-of-view) by using the data obtained and performing the 

necessary calculation. The diffuse radiation towards the sensor is measured in 5 distinct 

angular bands of 7°, 23°, 38°, 53° and 68° as shown in the schematic in Figure 7. 

Measurements made above and below the canopy are used to determine canopy light 

transmission and interception, from which LAI is computed using the Poisson 

distribution model of comparing transmittances in vegetative canopies. Measurements 

are made by positioning the optical sensor facing the sky. Data are then acquired and 

then automatically logged into the control unit for computation of LAI and storage. 

Multiple below-canopy readings and the fish-eye field-of-view assure that LAI 

calculations are based on a large sample of the foliage canopy. The LAI device has an 

inbuilt sensor that rejects incoming radiation with wavelengths over 490 nm thus 

minimizing radiation scattering by the canopy (Welles & Cohen 1996). 
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Figure 7: The different canopy view angles of LAI-2000 optical sensor when used in the field 

to take LAI readings (LI-COR, 2013) 

 

Each of the study plots was sub-divided into four quarters and further subdivided into a 

5 × 5 m grid with nine measuring points per quarter (see Figure 8). Small wooden pegs 

were used to mark the grid points where LAI was to be measured repeatedly at the 

exact point. Protocols of measuring LAI were followed as outlined in the device 

manual. The settings used on the device are found in Appendix III. One above reading 

per quarter was taken outside the plot in an open area devoid of trees, while nine below 

readings were taken at the grid points in the plots as shown in Photo 1 starting with the 

corner point in a clockwise direction. Nine (9) below readings gave a mean LAI value 

for each quarter. This was repeated at the 1 and 2 m heights for the whole plot – for 

each of the 4 quarters. The instrument was always held horizontally during operation 

while facing inwards towards the centre of the plot from each grid point (see Photo 2). 

To prevent or minimize the effects of direct sunlight, effect of operator, neighboring 

trees and resulting underestimation, a 90° view cap was used on the sensor of the 

device. This means 270° of the view of the sensor was covered by a view restrictor as 

shown in Photo 1.   
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Figure 8: Schematic diagram and outline of the plots with the grid points where LAI 

measurements were taken using the LAI-2000 device 

 

  

Photo 1: The Sensor of the LAI-2000 covered with a 270° cap taking below canopy 
measurement at a grid point on the soil surface 

 

Grid points  

30 m 

30 m 

Centre of plot 
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Photo 2: The LAI-2000 Plant canopy analyzer being used in the field  

The theory and mechanisms of LAI calculation by the internal software on the LAI-

2000 device from radiation interception is found in Welles & Norman, (1991). 

3.4 Estimation of Above-ground Biomass Dynamics  

3.4.1 Determination of Herbaceous Cover   

The percentage of soil covered by herbaceous vegetation was visually estimated by a 

50×50 cm quadrat placed at each of the 36 grid points within the grassland (GL) and 

bush-tree (BT) plots. This was done at the beginning of the season (between 24th and 

30th March), mid of the season (15th and 16th April) and peak of the season (3rd and 10th 

May 2013). No differentiation was done to separate the different species of vegetation 

within the quadrats.  

3.4.2 Determination of Herbaceous Biomass   

Biomass in herbaceous material (forbs, herbs and grasses) was determined by 

destructive harvesting. Three quadrats measuring 1 m2 were randomly placed in the 12 
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plots of the vegetation types and all herbaceous plant material within the quadrants cut 

using hand-held shears to ground level. All the fresh components were placed in green 

paper bags, labeled and oven dried continuously at 65 °C to a stable mass. The dried 

samples were then weighed to the nearest gram with an electronic balance. This activity 

was done twice - at the beginning of the season between 19th and 22nd March and at 

peak of season between 26th April and 1st May when most herbaceous material had 

started seeding.  

 

   

Photo 3: Clipping of aboveground herbaceous biomass (left) and a 1 m
2
 quadrat with herbage 

harvested in one of the grass plots (right)  

3.4.3 Estimation of Litter 

Litter material was collected from the same quadrats by sweeping the soil surface 

where the herbaceous material had been harvested and putting the collected material in 

paper bags. Prior to oven drying, they were sieved using mesh sieves to remove any 

sand, soil or inorganic components. They were then placed in the oven and dried at 65° 

C until the dry mass remained stable, and weighed  

3.4.4 Estimation of  Above-ground Woody Biomass 

Biophysical measurements 

 

To non-destructively estimate the standing biomass of woody species in the plots, 

several variables of the trees were recorded. These include species name, total tree 

height, diameter at breast height (dbh), basal circumference, and canopy dimensions 

(canopy radius in North-South and East-West directions). Other parameters taken were 

canopy height, angle and distance of tree from the nearest grid point. Heights 

measurements were measured using a long calibrated wooden pole for tall trees and a 
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tape measure for small trees. A wooden metre rule or measuring tape was used for the 

crown and canopy lengths. For dbh and basal circumference, a tree caliper was used for 

small trees and tape measure for larger stems at 1.3 m height. A list of tree species 

measured at each plot is found in Appendix IV. 

 

Above-ground woody biomass estimation   

 

Species-specific allometric equations were used to estimate individual tree biomass in 

the plots. The equations used were based on the review by Henry et al, 2011 for shrubs 

and trees of Sub-Saharan Africa and from Hasen-Yusufa et al, 2013. The  equations 

used for the different species were:-  

Acacia nilotica, Acacia tortilis and Acacia bussei  

 Y= 0.0096 ×(HT+D1+D2)3.3015 

Acacia mellifera Y=0.0548×(HT+D1+D2)2.5767 

Acacia nubica   ln(Wt) = -1.32 + 1.1084 ln(CV)  

Acacia drepanolobium   Y= 3.7704×DBH+1.168 

Understory broad leaved species  

  Y = 0.446 (CA^ 0.869) (HT^ 1.112)    (Sah et al, 2004) 

Y is the total above-ground fresh biomass (Kg) of the individual species in the case of 

Acacia mellifera, A. nilotica A. bussei, A. tortilis and A. nubica. For A. drepanolobium, 

Y - above-ground dry biomass. The parameters HT, D1 and D2 represent total height 

(m), 1st crown diameter (m) and 2nd crown diameter (m) respectively. The diameter at 

breast height (DBH) is in cm. CA - crown area which is the area covered by the tree on 

the ground surface (m2), while CV- crown volume (m3). CA was obtained from the 

mathematical formular of πr2 while the CV was obtained from the formular 

2/3πH(D1/2×D2/2), derived by Thorne et al, 2002 for shrubs. A similar equation was 

applied for A. nilotica A. bussei, A. tortilis because of similarity in tree structure.  

A mean of  0.58 was used to convert fresh biomass into dry biomass based on  the 

relationship between sampled fresh biomass and oven dry biomass 2. All individual tree 

biomass was added up to obtain plot biomass, which was then expanded to per hectare 

level.  

                                                                 
2
 The mean of ratio of dry biomass to fresh biomass, 0.58, is commonly used for trees of Africa, and is 

the fresh to dry weight relation for trees  (Brown, 1997) 
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3.4.5 Total Above-ground Biomass of Different Vegetation Types 

The total above-ground biomass (AGB) in the vegetation types was calculated by 

adding up all the above-ground components per vegetation type. These include tree and 

shrub biomass; herbaceous biomass and litter. For the litter and herbaceous biomass, 

the peak season values were used. 

 

Total AGB (ton C ha-1) = shrub and tree biomass (ton C ha-1) + herbaceous 

biomass (ton C ha-1) + litter biomass (ton Cha-1) 

 

A factor of 0.5 was used to estimate the carbon content from dry biomass in all the 

cases as per IPCC guidelines (IPCC, 2003).  

3.4.6 Estimation of Above-ground Biomass Density of Individual Woody Species 

The above-ground biomass density for components of the dominant woody species 

within the study site was determined through destructive sampling. Six species were 

purposively selected just outside the plots and sampled. We avoided sampling trees 

inside the plots as they would interfere with other measurements in the plots. The 

woody species sampled were Acacia bussei, Acacia nilotica, Acacia tortilis, Acacia 

mellifera, Acacia nubica and Achyranthes splendens.  

For each tree, biomass density was determined using a metallic cube (50 × 50 × 50 cm), 

which was placed at a selected branch, twig or part of the tree. In case it was not 

possible to harvest material while the branch was still attached to the tree, the whole 

branch component with twigs and leaves intact was cut, placed on the ground and the 

cube placed over it as shown in Photo 4. All material only within the cube were 

harvested with leaves were stripped off the branches by hand and bagged separately. 

The samples were weighed immediately using a spring scale. If present, new leafy 

shoots, flowers and fruits were also harvested and put in a separate paper bags. The 

bags were then taken for oven drying at 65 °C in the oven, to constant weight, and 

weighed again to determine the dry weight of each sample fraction.  

Six cubes per species were obtained per species (only A. nilotica, had 7 cubes obtained 

at the first sampling date). A total of thirty seven (37) cubes were obtained at the first 

sampling and thirty six (36) during the second sampling. Additional information on the 

sampled trees is found in Appendix V. Sampling was done at the beginning of the 
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season between 15th and 22nd March and repeated at peak season time between 2nd and 

8th May, 2013, when no signs of senescence in leaves were observed. The biomass 

density obtained was converted to m3 for each component (leaves and branches) per 

sampling time.   

 

Photo 4: Destructive sampling of shrubs and trees for above-ground biomass density 
estimation using a cubic quadrant  

3.4.7 Above-Ground Biomass Density and Carbon Gain Estimation Using the 

Relationship between AGB and LAI 

In order to estimate the above-ground biomass and biomass dynamics during the 

season, the species-specific relationship between LAI and destructively sampled 

biomass of selected trees and bushes was used. This relationship was developed within 

the same project and study location by taking LAI measurements (LAI-2000) below the 

respective species weekly over the season with above-ground biomass also harvested at 

the same time. Regression analysis of harvested AGB and LAI resulted in the following 

relationship:-  
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AGB = 7.69LAI2000+4.46   (Seckinger, Unpublished)                  

 

Where, AGB – is the total above-ground biomass in (Kg/m3)2  of both leaves 

and branches combined and LAI2000 is the LAI value obtained by LAI-2000 

device.  

For this work, the mean plot LAI values at start and peak of the season were used to 

estimate the mean above-ground biomass density at the respective time for each of the 

plots in the woody vegetation types. This was done by fitting the mean LAI values into 

the equation. The resulting value (AGB density)2 was subsequently converted to 

biomass density, by getting the square root.  

The biomass density of each of the vegetation types was then expanded to hectare level. 

The difference in biomass between the two sampling times represented the increase in 

all above-ground components.   

3.4.8 Above-Ground Biomass Distribution in the Plots 

The LAI-AGB relationship was used to calculate the biomass at individual grid points 

where LAI had been taken. Fist, individual grid point LAI values were extracted from 

the LAI-2000 device using the FV2000 software. The outer zenith angle (ring) on the 

sensor was masked during extraction of the LAI to limit the influence of other 

neighboring vegetation on LAI value at each grid point (see Appendix III). These 

values were then converted into biomass. Finally, the distribution was mapped for two 

height levels of measurements (1 and 2 m height) by using all the grid points. The 

biomass distribution maps are found in Appendix VIII 

3.5 Data Processing and Statistical Analysis  

3.5.1 Data Processing  

LAI data  

Data was extracted from the LAI-2000 device and further processed using the FV2000 

software (LI-COR, Nebraska). The processing involved recalculating the LAI values by 

masking the outer ring to obtain values with only 4 rings (zenith angles) following 

recommendations by Chason et al 1991; Cutini et al, 1998; and Jonkheere et al, 2005. 
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This is because transmittance values from this outer ring have been reported to be 

higher than normally expected and are therefore mostly omitted or excluded. This 

higher transmittance results in underestimation and deviations from true LAI.  

Calculation of mean plot LAI 

 

Each file output from the LAI-2000 represented the mean LAI per quarter (9 grid 

points). Therefore, to calculate the plot LAI, the values per quarter, (n=4) per respective 

height (LAI0 – ground level, LAI100- at 1 meter and LAI200 – at 2 meters), were selected 

and statistics performed to get the mean plot LAI. In the same way, further descriptive 

statistics were performed by the FV2000 software. (Refer to Appendix III for a sample 

of output LAI statistics file, and the post measurement computation). Two dates - at the 

beginning of the season (LAIstart) and at the peak of the season (LAIpeak) were selected 

for each vegetation type to compare the changes overtime. The dates used for each 

vegetation type are shown in Appendix VI.   

 

Seasonal LAI dynamics  

Temporal LAI was determined by selecting the values obtained periodically from the 

beginning of the season to the end of the study period for two contrasting vegetation 

types. These were the grassland (GL) and bush-tree (BT) vegetation types, which were 

then used to construct the LAI graphs.  

Above-Ground Biomass and Cover Data  

The herbaceous, litter, woody biomass from allometric equations and destructive 

samples; and cover data was also organized in Excel 2007 (Microsoft), then exported to 

SAS software (Version 9.1- SAS Institute) at the University of Hohenheim.  

3.5.2 Data Analysis  

Prior to analysis, all data were checked for normality distribution with the Shapiro-

Wilk test in the SAS Software. The LAI, herbaceous biomass, woody biomass from 

destructive measurement, litter and cover data were transformed using natural 

logarithms to conform to the conditions of normal distribution. 

Changes in biomass and LAI were tested using ANOVA and comparison of means was 

tested using Tukey test, with level of significance set at α=0.05.  
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For LAI, the following three factors tested (i) Vegetation type (VT) - (BGL, GL, BT 

and TGL); (ii) season (LAIStart and LAIPeak) and (iii) height (H0, H100 and H200). 

Regarding the variables soil cover and biomass measurements (litter, herbaceous and 

above-ground woody biomass) differences were determined on factors VT (BGL, TGL, 

BT and GL) and season (Start  and Peak). SigmaPlot software Version 10 was used to 

plot figures, graphs and biomass maps. 
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CHAPTER 4: RESULTS 

4.1 LAI Dynamics over the Season of the Vegetation Types  

4.1.1 Mean Leaf Area Index  

Two sampling times based on uniformity of sky conditions and consistencies in logged 

data were selected for each of the vegetation types, one at the beginning and another at 

peak time. Mean values of LAI obtained at the three different heights were as shown in 

the Tables 3 to 5.  

 

Table 3: Mean LAI and standard deviations of LAI taken at the ground level (LAI0). 
Significant differences are represented by minor letters at α = 0.05 

 

VT  LAI START  LAI PEAK 

Bushed GL 0.76 ± 0.18 b 2.52 ± 0.02 a 

Bush-Tree  0.53 ± 0.27 b 2.18 ± 0.09 a 

Grassland 0.21 ± 0.36 c 0.76 ± 0.24 b 

Tree-Grassland 0.84 ± 0.14 b 1.98 ± 0.13 a 

 

      Table 4: Mean LAI and standard deviations of LAI taken at 1 metre height (LAI100). 
Different minor letters represent the significant differences at α = 0.05 

 

VT LAI START LAI PEAK 

Bushed GL   0.59 ± 0.24 ab  1.08 ± 0.08 ab 

Bush-Tree  0.53 ± 0.23 b 1.25 ± 0.22 a 

Tree-Grassland   0.82 ± 0.07 ab   1.17 ± 0.18 ab 

 

Table 5: Mean LAI and standard deviations of LAI taken at 2 metre height (LAI200). 
Different minor letters represent the significant differences at α = 0.05 

 

VT LAI START LAI PEAK 

Bushed GL 0.17 ± 0.40 b 0.84 ± 0.38 a 

Bush-Tree    0.51 ± 0.25 ab 0.83 ± 0.19 a 

Tree-Grassland 0.86 ± 0.17 a 1.40 ± 0.24 a 

 

Table 3 shows the LAI dynamics between the four vegetation types taken at the ground 

level using the plant canopy analyzer. At the start of the season, the highest LAI was 
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recorded in the Tree-GL vegetation with the lowest LAI (0.12) noted in the grassland 

vegetation. LAI values showed the pattern B > BT >TG >G with the BG and BT being 

significantly different from the GL and TG vegetation (F=7.62; p=0025). Seasonal 

differences between the vegetation types were highly significant (F=33.68; p<0.0001), 

showing an increase from the beginning to the peak of the season.  

At 1 m height, there were no significant differences between the vegetation types 

(F=0.54; p>0.60). The seasonal increase was only significant in the BT vegetation 

where LAI increased from 0.53 to 1.25 during the season. Start of season LAI was in 

the order TG>BGL>BT and peak LAI in the order BT>T>B (see Table 4).  

Finally, Table 5 shows the results of LAI at 2 metre height. Differences between the 

vegetation types were significant (F=5.11; p=0.027). The pattern TG>BT>B was 

observed at the beginning of the season with LAI being significantly lower from that at 

peak LAI (F=6.76; P=0.0247) which was in the order TG> B >BT.  

4.1.2 Seasonality of Leaf Area Index   

Weekly measurements showing the seasonal trend of LAI for the plots presented in 

Figures 9 for two heights 1 and 2 m in bush-tree vegetation and and ground level in 

grassland vegetation. The highest LAI was reached around day 130 of the year, with 

lower LAI means observed at the start of the rain season and towards the end of the 

study period. The two vegetation types (Grassland and Bush-Tree) were selected for 

this activity due to their contrasting nature  and proximity to each other.  
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     Figure 9: Weekly LAI of the BT and G plots. Filled and blank points represent mean values (n=4) at the height 1 and 2 meters, whiskers indicate 

standard errors of mean. 

G1 
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4.2 Above-Ground Biomass 

4.2.1 Ground Cover in Two Contrasting Vegetation Types  

Two vegetation types (grassland and bush-tree) were studied for this activity. An 

increase in ground cover was recorded from the start to peak of the season in both 

vegetation types as shown in Figure 11. The percent cover observed at the beginning of 

the season was significantly different from the other two sampling times carried out in 

the subsequent months. Differences between the first sampling period and the other two 

periods were highly significant (F=131.89; p<0.0001). Percent cover increased from 

9% at in March, peaking at 37% in the BT vegetation while the grassland had 16 % in 

March and a peak of 48%. 

 

Figure 10: Total ground cover dynamics in two contrasting vegetation types: Bush-Tree and 
Grassland obtained at the start, middle and peak of the rain season 

 

4.2.2 Above-Ground Herbaceous Biomass Dynamics  

Figure 11 presents the herbaceous biomass in the four vegetation types at the beginning 

and peak of the season. A highly significant increase in above-ground biomass for the 

herbaceous components was determined in all the vegetation types (F=61.8; p<0.0001). 

The highest biomass at the beginning of the season was in the bushed-grassland 

(66.32±2.19 g/m2) which increased to 186.39±4.15 g/m2 at peak of the season. The 

bush-tree and tree-grassland vegetation types had 52.58±2.02 and 45.05±2.29 g/m2 

respectively. 
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Figure 11: Above-ground herbaceous biomass dynamics from destructive sampling over the 
season in the different vegetation types at the beginning and peak of the season  

 

At peak season, the lowest value (92.00±1.47 g/m2) was found in the grassland 

vegetation. No interaction was found between sampling time and vegetation type.   

4.2.3 Litter  

The amount of litter collected in the vegetation types is as indicated in Figure 12.  

 

 

Figure 12: Mean litter for the different vegetation types in southern Ethiopia at the beginning 
and the peak of the rain season 
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The amount of litter collected varied significantly between the vegetation types 

(F=6.35; p=0.0008). In all VTs, except tree-grassland, the litter was higher at the 

beginning and decreased at peak of the season. The bushed-grassland (BGL) had the 

highest litter on the soil surface (109.35±1.68) followed by BT (63.18±2.62) >TGL 

(57.17±2.65) and then GL (17.37±2.06) g/m2 at the beginning of the season. The trend 

was the same at peak of the season but more litter biomass was collected in the TGL 

than BT vegetation type. At this time, the litter collected in the plots was BGL 

(87.69±1.85), BT (40.35±3.19), TGL (73.34±2.54), and GL (13.18±2.06) g/m2. 

4.2.4 Above-Ground Tree and Shrub Biomass Calculated from Allometric 

Equations  

The total AGB calculated from allometric equations is illustrated in the Figure 13. The 

differences between the vegetation types were not statistically significant (F=0.676, 

P=0.543). The biomass stored in the bushed-grassland, bush-tree and tree-grassland 

was 8.20±1.97, 14.44±10.66, 14.76±8.0 ton/ha respectively.   

 

Figure 13: Total above-ground biomass stocks in tons per hectare calculated from species 
specific-specific allometric equations for trees and shrubs in the vegetation types  

 

4.2.5 Total Above-Ground Biomass in Four Vegetation Types 

Overall, the total mean above-ground biomass of the different carbon pools within the 

vegetation types is shown in Figure 14. These carbon pools include litter, herbaceous 

and above-ground tree and shrub biomass. Total carbon densities varied non-
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significantly within the different vegetation types was in the order TGL (8.80± 3.81) > 

BT (7.88±5.52) > BGL (5.60±1.34), and GL (0.61±0.09) ton C/ha, (F=3.446, p=0.072). 

 

 

Figure 14: Total above-ground carbon densities of three different pools for different vegetation 
types in southern Ethiopia 

4.2.6 Above-Ground Biomass Density of Selected Woody Species and Biomass 

Dynamics    

Biomass estimations of selected woody species are summarized in Table 6.   

Table 6: Above-ground biomass density of six selected species. Mean values are shown 
separately for woody and foliage components at the beginning and peak of the season. 
Different lower case letters indicate significant differences at α =0.05 

Species Leaf biomass (g/m
3
) Woody biomass (g/m

3
) 

 Start of season  Peak season  Start of season  Peak season  

Achyranthes 
spp. 

59.51±1.78 e 414.37±1.19 d 4231.91±1.29 a 3146.55±1.25 a 

A. bussei 17.67±4.27 e 300.06±1.25 g 2357.61±1.76 b 1556.54±1.36 b 

A. mellifera 31.60±1.26 e 242.19±1.13 c 2116.95±1.32 b 1830.33±1.24 b 

A. nilotica 49.91±2.65 e 353.41±1.24 d 2955.22±1.21 b 1908.18±1.36 b 

A. nubica 35.84±1.92 e 246.95±1.17 ef 1624.79±1.27 c 1070.96±1.48 c 

A. tortilis 163.51±1.48 d 379.39±1.14 d 3568.04±1.41 a 2766.83±1.21 a 
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A one way ANOVA revealed significant differences in biomass between the different 

species both in foliage and woody biomass densities. At the start of the season, post-

hoc comparisons revealed differences between A. mellifera, A. nilotica, A. bussei; and 

A. tortilis and Achyranthes spp. in woody component dry biomass (F=4.949, p=0.002). 

As for the foliage biomass, Acacia tortilis was significantly higher than the other 5 

species (F=6.698, P=0.000). 

Sampling during the peak of the rain season resulted in the highest biomass in the bush 

species Achyranthes. This was followed by the other species in the order A. tortilis>A. 

nilotica>A. bussei>A. nubica>A. mellifera. The differences between these species were 

highly significant (F=9.950, F=0.000). For woody components, the same trend as in 

first sampling was witnessed (F=11.494, p=0.000). 

4.2.7 Above-Ground Biomass Stocks in Different Vegetation Types  Calculated 

Based on Relationship between AGB and LAI 

Above-grounds biomass stocks 

Total above-ground biomass stocks for the three vegetation types that had trees and 

shrubs, obtained from relationship between LAI and destructive measurements are 

shown in Table 7.  

Table 7: Above-ground biomass estimated on the relationship between LAI and above-ground 
biomass at the start of the season and peak of the season. The heights are based on the 
canopy level at which LAI was measured   

Vegetation Type  Estimated total AGB (ton/ha) 

 Height  Start of season Peak season 

Bushed Grassland 0 10.38 ± 1.14 15.45 ± 0.23 

100   9.66 ± 1.22 11.30 ± 0.70 

200   7.83 ± 1.01 10.88 ± 2.80 

Bush-Tree GL 0   9.57 ± 1.67 14.62 ± 1.17 

100   9.41 ± 1.31 12.08 ± 2.01 

200   9.34 ± 1.39 10.55 ± 1.23 

Tree-Grassland 0 10.64 ± 1.10 14.15 ± 1.74 

100 10.39 ± 0.48 11.74 ± 1.72 

200 10.65 ± 1.17 12.64 ± 2.71 
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Above-ground biomass dynamics over the season  

 

Table 8 shows the changes in the biomass, i.e. the difference of biomass between the 

two sampling times converted to carbon for the vegetation types in which this 

relationship was used. 

Table 8: Above-ground biomass gain (ton/ha) and carbon gain (ton C/ha) in different vegetation 
types at different heights. The heights represent the point at which LAI value used in 
calculating the AGB was taken  

Vegetation Type Above-Ground  Biomass/carbon pool (ton/ha)  

 0 M 1 M 2 M 

  Biomass Carbon Biomass Carbon Biomass  Carbon 

Bushed Grassland 5.07 2.54 1.64 0.82 3.05 1.53 

Bush-tree Grassland 5.06 2.53 2.67 1.34 1.21 0.61 

Tree Grassland 3.51 1.76 1.34 0.67 1.99 1.0 

 

Based on the estimations on the different heights, the highest biomass differences were 

noted when the LAI value used is the ground level. At this level, the highest change 

was in the BGL vegetation (2.54 ton C/ha) which this was followed by the BT 

grassland (2.53 ton C/ha). The lowest biomass gain was noted in the TGL vegetation 

(1.76 ton C/ha).  

When the LAI value used is at 1 metre canopy height the sequence was BT > BGL > 

TGL. Finally, at 2 m canopy height, the change in biomass is highest in bushed GL 

(1.53 ton C/ha) and the lowest in BT (0.61 ton C/ha). The change in tree grassland at 

this point was 1.53 ton C/ha.  
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CHAPTER 5: DISCUSSION 

5.1 Leaf Area Index Dynamics within the Vegetation Types 

5.1.1 Mean Leaf Area Index  

Overall, the mean LAI values at the beginning of the season represent mainly plant area 

index (PAI) values as most vegetation was without or minimal foliage in most of the 

plots. At the ground level, the non-significance of LAI in the woody vegetation can be 

attributable to similarity of species and structure the plots. The major contributor to the 

high LAI at peak of the season was the understory vegetation including grasses, broad-

leaved annuals and perennials. This vegetation sometimes covered the sensor to some 

extent appearing bigger thereby limiting the view of other above components. 

Measurements were taken about 3 cm above the soil surface, yet most of the annuals 

were taller than 3 cm at the measuring points.  

As the height of measurement increased, mean values reduced except in the tree 

grassland vegetation. For the BT and BGL vegetation types, this was caused by 

reduction in canopy and increased gap sizes. This was witnessed at both beginning and 

peak of the season. An increase in LAI in the TGL from the 1 m height to the 2 m 

height is because of the higher canopy density as the height went further up, due to 

taller trees in this vegetation. As one moves higher and closer to the leaves and 

branches, the gap sizes reduce due to closure of canopy.  

 

Higher mean LAI values were obtained in the BGL, BT and TGL plots than the GL 

plots. This is because of the the high woody species density and high overstory canopy 

of woody vegetation. When compared to the GL plots, most of the grass had been 

removed or was simply dry standing biomass thus the low mean value of 0.21. Despite 

the bushed grassland vegetation having more vegetation, it had a lower LAI at 1 and 2 

metre levels attributed to shorter vegetation. Some of the species in these vegetation 

types close canopy or reach maturity at a lower height such as Achyranthes spp, Datura  

spp and other short bushes. Therefore the sensor of the device was always above most 

of the plants 

 

The mean LAI obtained for the different across the vegetation types are close to the 

mean value of 1.81 reviewed for tropical savannah grasslands in general by Scurlock et 
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al, 2001. All of them are within the standard deviation of 1.81 determined from a meta-

analysis of literature values for different biomes around the world.  

Variability of LAI between the vegetation types with trees is small as observed with the 

values at 1 and 2 metre heights, hence the non-significance of the means obtained. This 

is due to the contribution of foliage components to leaf area. The measurements were 

taken over a period of three months, for which no significant change in growth of 

woody components biomass is expected due to the nature of growth of the trees. Only 

leaves and new shoots contribute to the increase and variation in LAI. Since some of 

the vegetation in the plots already had leaves when measurement was started, the small 

non-significant changes in some of the vegetation types are not a surprise. 

5.1.2 Seasonal Leaf Area Index 

The LAI gradually increased from the beginning of the season when most vegetation 

was beginning to have new foliage material. The low seasonal variability of a ranges 

obtained in this study compare with those observed by Eamus et al, 2013, with values 

ranging between 0.3 – 0.9 in an Australian semi-arid acacia-savannah woodland. In this 

study, taking the  differences between peak and beginning of season LAI, at 1 m and 2 

m level, the range is between 0.32 – 0.79 for different vegetation types. An agreement 

of large variability within the understory LAI is also reached with this study for values 

obtained at ground level. Technically, the LAI values obtained at the understory 

encompasses all vegetation components including tree LAI, unlike in the study by 

Eamus et al, which separately obtained it using downward- looking digital cameras. 

Nevertheless, the trend across the different vegetation types LAI at ground level agrees 

with these observations.     

Monthly means of 0.21 and 0.41 comparable to this study for some plots have also 

obtained in an Arizona semi-arid shrublands, in the USA (Nagler et al, 2007). The low 

mean values obtained during the season also compare well with those obtained in 

mixed vegetation dryland environments of Namibia. Privette et al, 2004 obtained 

values of between 0.75–3.09 when using different methods including optical 

commercial instruments. The upper limit however is higher than those obtained in this 

study due to the high mean annual rainfall of 790 mm and taller or bigger tree species 

in the Namibian site. The rainfall for this study site is lower.  
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Grazing influences LAI through defoliation as shown in Mongolian grasslands (Fan et 

al, 2009), where values of between 0.1 - 0.63 were obtained from grazing treatments. 

Despite the contrasting nature of climate and other site characteristics, these values can 

be compared to the means obtained in the grassland plots (GL) for this study. Heavy 

grazing was noted at the onset of the rains and after the end of the rains, thus the results 

obtained during these periods correspond to the effect of grazing pressure. Only peak 

season values are higher due to less grazing pressure. The study plots are located in a 

communal grazing land and animals were always seen in grazing in the plots. Towards 

the end of the season, the decrease on LAI in grassland vegetation type is also 

explained by the dying out and depletion of most of the grasses due to the onset of the 

dry season. Leaf fall also contributes to the decrease in LAI in the vegetation types with 

trees and shrubs.   

 

Effect of Weather Parameters on LAI values by the PCA during measurement   

 

LAI value obtained using the LAI-2000 is sometimes influenced by the weather 

conditions during measurement. The recommended condition for taking measurements 

is a uniform overcast or clear sky (LI-COR, 1992). However, ideal conditions during 

this study were rarely the norm since it was over the rainy season when the weather 

kept changing. Most afternoons were characterized by changing sky conditions 

including fast moving clouds. A possible outcome would be inconsistent readings 

between A and B readings due to some portions being weighted too heavily (LI-COR, 

1992). This is shown in the some of the inconsistent values in the LAI graphs.  

However, the use of a 270° view restrictor minimized the problem. Unfortunately, at 

least in one quarter, the sensor was always directly facing the sun whenever 

measurements were taken during a sunny day. Other likely factors to influence LAI 

measurements in this work include the lack of enough open areas especially in the 

vegetation types. Tall trees in the field are likely to influence the above readings 

thereby having an effect on the below-canopy readings. The LI-COR manual 

recommends the use of a two-sensor mode, with another device far away in an open 

area, and another being used in the taller vegetation. This applies also when changing 

sky conditions are experienced frequently. This could not be achieved due to lack of 

another device.  
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5.2 Above-Ground Biomass Dynamics 

5.2.1 Herbaceous Cover  

Despite receiving rains during this period, the percent cover remained relatively low for 

both vegetation types studied. The low values can be attributed to grazing, as the study 

area is a communally accessible by both domestic and wild animals all year round. This 

is also explained by the non-significance of the percent cover between the vegetation 

types. Overgrazing and droughts have been noted as drivers of vegetation changes in 

semi-arid rangelands of Ethiopia through reduction of vegetation cover (Abule et al, 

2005; Tessema et al, 2011). Most of the plots can be said to be overgrazed due to the 

high percentage of annuals, bare patches and non-palatable species cited. The 

perception of woody plant encroachment reducing the herbaceous cover, and to extent 

the herbaceous biomass in this area is also another factor that cannot be discounted 

(Dalle et al, 2006b). The low values obtained in the BT vegetation at beginning of 

season  in March (9%)  and  at peak season in May (37%) could therefore be in support 

of this perception. However, other issues such as growth form of herbaceous plants, 

edaphic factors, rainfall and management are also likely to influence the cover 

dynamics. One of the study plots was located in a dry season grazing enclosure, hence a 

higher percent cover  was observed there than the other plots. This was in contrast to 

the other plots where no control is applicable, resulting in lower cover percent. 

Management therefore also has an influence on herbaceous cover dynamics, a view 

also observed by Angasa et al, 2010 within the same region.     

 

5.2.2 Above-Ground Herbaceous Biomass  

As for the herbaceous biomass, values obtained at the second sampling were 

significantly higher (F=61.8, P<0.0001) from the first sampling in all the vegetation 

types. Similar seasonal observations have been observed in the same region by Angasa 

et al, 2010 and Angassa & Obba, 2010, with rainfall being the major determinant of the 

differences. The seasonal differences are a reflection of the tendency of many 

herbaceous plants in drylands to reallocate resources to above-ground components in 

new leaves, shoots and reproductive organs during the wet season (Cleverland et al, 

2005; Fidelis et al, 2012 ). Before the onset of rains, most allocations were probably in 

the below ground components, a common scenario for grasses in semi-arid regions 
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(House & Hall, 2001). In addition, the highly significant changes are due to the non-

structural nature of herbaceous plants, resulting in a higher flexibility to respond to 

changes in environment, in this case, moisture availability (Bazzaz, 1997).  

The highest amount of herbaceous biomass was harvested in the bushed-grassland 

vegetation type. Most of it was ungrazed at both sampling times, due to inaccessibility 

by livestock and presence of species with low palatability such as Pennisetum 

mezianum and P. stramineum . Consequently most of the grass species were observed 

to have thick culms, as a result of having grown for a longer time. Acacia species have 

been cited to have low leaf area, therefore the low light interception is not limiting 

photosynthesis in the understory grasses and other herbaceous vegetation (Mordelet & 

Menaut, 1995). This was also confirmed by LAI measurements in the vegetation types 

with trees.  At the start of the season, the grassland VT had the lowest biomass (22.7 

g/m2) followed by the tree-grassland VT (44.7 g/m2). These two areas were frequently 

accessed by livestock hence the reduced standing biomass.  

Peak season biomass in GL vegetation type was lower as compared to all the other 

vegetation types. Since all the grassland plots were near settlements, a speculation can 

only be made about their over-utilization by domestic animals. They are the areas to be 

grazed first, and the last when animals left and came back to the settlements in the 

evening. In addition, they are preferred by the small stock (goats and sheep) and calves, 

which cannot go further away from settlements. They are thus intensively grazed 

resulting in lower standing biomass and maintaining the height of grass at a lower level 

always. Differences in biomass for TGL and BT vegetation types were not significant, 

but the former had higher biomass.  

 

  

Photo 5: Domestic livestock grazing in the open grassland plots thus reducing above-ground 
biomass  
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5.2.3 Litter Biomass  

The seasonal influence of lower biomass after a rain season, than during dry season for 

different vegetation types has also been reported in dryland forest in Tigray, Ethiopia 

(Descheemaeker et al, 2006). Dead leaves and branches contributed to the higher litter 

in the vegetation types with trees at the beginning of the season. Part of it were either 

subsequently decomposed and converted to soil organic matter, or washed away over 

the rain season, hence the reduction at second sampling. This reduction is observed 

across three of the vegetation types (BGL, BT and GL) over the season though it is not 

statistically significant (p>0.05).  

The high density of vegetation with more canopies also produces more biomass in leaf 

fall and dead branches hence the high values in BGL and BT vegetation. In absence of 

non-disturbance factors such as fire, grassland ecosystems have a high potential of 

carbon storage in litter which is subsequently converted to soil carbon (Fornara & 

Tilman, 2008). Fires are currently rarely experienced in the study region.  

The lowest amount of litter was determined in the grassland vegetation (13.8 g/m2), 

since most of the vegetation is grazed before maturity leaving the ground with very 

little biomass eventually. The TGL vegetation type however shows an increase in litter 

biomass at second sampling, attributable to the big trees found in these areas, which 

had older branches and dead shoots that kept falling during the season.  

  

Photo 6: Dead branches on the ground surface in the woody vegetation types from trees ensure 
more litter biomass eventually as compared to the grassland which has least litter 
biomass.   

A similar trend of higher litter biomass in thickets, than other areas without vegetation 

have been noted by Abanda et al, 2011 in south African savannah shrublands. 

Generally the mean values ranging between 0.15-1.09 ton C/ha were determined and 
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are in agreement of the low values as reviewed by Tiessen et al, 1998, for dryland 

environments.  

5.2.4 Above-Ground Woody Biomass (Trees And Shrubs) and Carbon Stocks in 

the Vegetation Types   

In this study, the tree grassland vegetation types showed high amounts of carbon stocks 

than all the other VTs. Overall means of AGB obtained for all the vegetation types 

(0.61, 5.61, 7.89 and 8.80 ton C/ha) from this study fall within the range reviewed by 

Grace et al, 2006. They placed estimates of  tropical  semi-arid grasslands between 1.8 

tons C/ha in areas where trees are absent, to 30 ton C/ha where there is a considerable 

tree cover. The values can be compared to those obtained in a South African savannah 

which determined above-ground biomass means of between 11.6, 9.5 and 20.7 ton C/ha 

in an arid, semi-arid and music environment respectively for common tree species 

(Shackleton & Scholes, 2011). The means obtained from this study are however higher 

than those reported in a Sudanian arid and semi-arid woodland from a study in an 

acacia sparsely-dorminated woodland. Mean values of 1.12 ton C/ha in above-ground 

woodland biomass were determined (Alam et al, 2013). This shows the influence of 

plant density on carbon density values. In this study, the woody plant densities of 1281, 

426 and 130 trees per hectare for BGL, BT and TGL vegetation types were determined. 

These can be said to be high, unlike the Sudanese woodland which was sparsely 

distributed.  

It’s worth noting that despite the bigger trees and high AGB in the BGL, BT and TGL 

vegetation types , it was not significantly different from the GL vegetation types. The F 

value is however slightly above the set significance level of 0.05. The  probable of 

underestimation of biomass in the trees by  the available allometric functions therefore  

reinforces the views of  Kenzo et al, 2009. Despite this, the contribution of semi arid 

grasslands to the global carbon budget is however demonstrated based on the values 

obtained in the different carbon pools and vegetation types.  

 

AGB Values based on allometry in the vegetation types with trees   

 

The non-significant relationship between the  three vegetation types is due to the 

similarity both in structure and species in the plots. They were dorminated by Acacia 

varieties, which had mean heights ranging from 1.7-4.5 m for all the plots. The study  
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area being a small site of only 10 by 10 km, makes it difficult to delineate vegetation 

types where clear differences can be determined. No commonly accepted standard of 

classifying vegetation is in use in East and Southern Africa (Hoffstad, 2005). 

Therefore, the decision to classify the various vegetation based on plant density and 

structure adopted for this study could have an influence on the results obtained to an 

extent. 

Some of the allometric equations used  in this study were not developed for the site but 

are based on reviews of species from environments similar to the study site - the semi-

arid regions of  East Africa and other areas with similar environment. The assumption 

of using the same allometric equation for three tree species (A. nilotica, A. tortilis and 

A. bussei) and all understory broad- leaved woody  species is also subject to uncertainty 

with results obtained. The absence of site-specific equations for some of the species 

necessitate the use of generalized equations or those from other regions. The likelihood 

of under-estimation or over-estimation of biomass is always present as a consequence.  

Variability is however common in biomass and volume estimations when applying 

allometric equations (Ketterings et al, 2001; Henry et al, 2011). Choice of allometric 

equations therefore always has an influence on the estimation of carbon stocks hence 

the need to develop site-specific equations when estimating biomass (Ryan et al, 2010).  

5.2.5 Above-Ground Biomass and Dynamics in the Vegetation Types Based on 

LAI-AGB Relationship  

Basing on the LAI-AGB relationship, an increase in above-ground biomass3 was 

determined over the season across the vegetation types. The highest difference was 

noted at the ground level in all the vegetation types, reflecting the changes in above-

ground components - both in the understory vegetation as well as the trees. For the 

bushed-grassland, high biomass was observed in the herbaceous biomass, hence the 

high value observed for in the LAI-AGB relationship was expected. The changes in 

canopy densities are therefore reflected at 1 and 2 m heights. The highest changes are 

recorded at the bushed grassland vegetation at 2 metre level (1.53 ton C/ha) while the 

lowest were determined at tree-grassland VT (0.67 ton C/ha). These primarily reflect 

the changes in biomass within the different acacia species, the major trees in the plots 

and other vegetation as a result of photosynthesis. The relative growth rates of Acacia 

                                                                 
3
 These values represent only the biomass difference between two sampling times, at the start of the 

rain season and at the peak of the season when vegetation was at full  leaf growth  
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species in semi arid environments is very slow (Atkin et al, 1998). Therefore, the 

changes that can be anticipated in terms of total above-ground biomass and carbon 

sequestration over short periods like when the study was done are minimal. These 

values however simply represent the productivity of vegetation in above-ground 

components (leaves and new shoots and twigs) just for the season. The changes 

witnessed in annuals such as in leaves and herbaceous components are seasonal in 

semi-arid grasslands. These biomass pools regenerate once it is shed off seasonally 

hence the changes are regarded as stable, if a long period of time is taken into account 

(Federici, 2011).    

 

Comparison of tree allometry and LAI-AGB relationship 

 

A comparison of the two approaches (allometry and LAI-AGB relationship) to estimate 

AGB in three of the vegetation types is highlighted in Table 9.  

Table 9: Comparison of AGB means (ton/ha) obtained from allometry and LAI-AGB 

relationship in the woody vegetation  

Vegetation Type  Tree allometry 
4
LAI-AGB relationship 

Tree-Grassland 14.76 ± 8.0 10.64 ± 1.10 

Bushed-Grassland     8.20 ± 1.97 10.38 ± 1.14 

Bush-Tree Grassland     14.44 ± 10.66   9.57 ± 1.67 

 

Despite the differences observed, a paired sample t-test in Sigma plot software found 

no statistical differences in biomass values obtained between the two approaches (df 

=2, t=1.015, p=0.416).  The obtained values are still within the ranges of other studies 

for semi arid grasslands as shown in reviews by Grace et al, 2006 and House & Hall, 

2001. However it should be remembered that this is just standing biomass in the trees 

for this study site.  

 

Woody plant encroachment has been cited as a contributor to increasing carbon stocks 

in semi-arid grasslands. Archer et al, (2000), cites replacement of herbaceous 

                                                                 
4
 The values obtained from LAI-AGB relationship from ground level measurement at start of the season. 

All  biomass components including small trees less than 1 m are therefore included, henc e the use of 
these values for comparison 
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vegetation in semi-arid grasslands as a factor that increases net productivity in above-

ground components. The likelihood of the amount of carbon stored in vegetation in the 

semi-arid grasslands increasing is a speculation that is likely to be made due to the 

continued encroachment of invader woody species in this area. The high density of 

woody plants observed and the very many small growing trees observed only lends 

credence to this speculation. Other issues fueling carbon dynamics include fire and 

human influences such as conversion to agriculture, urbanization, desertification, 

livestock grazing, fragmentation and introduction of non-native species (White et al, 

2000; IPCC, 2006).  

5.2.6 Above-Ground Biomass Density in Individual Trees and shrubs   

The above-ground biomass density obtained in the different individual species sampled 

differed significantly. At both sampling times, the highest was obtained for the bush 

species Achyranthes spp with a corresponding leaf biomass. Since it grows as a 

compact small shrub in one area, higher  biomass per volume was obtained. The three 

acacia species, A. bussei, A. nilotica and A. tortilis, also gave significantly higher 

biomass per m3, when compared to A. mellifera and A. nubica. This is related to the 

similarity in morphology as well structure of the species.  The same trend was 

witnessed in the foliage biomass with A. mellifera having the least biomass.  

The studied species dominate most of the landscape in the semi arid grasslands in 

Southern Ethiopia. They are therefore important components in terms of carbon 

sequestration other than their use by browsing animals.  Basing on the dry biomass 

density per species obtained, the shrub Achyranthes can be said to be heavier and 

thereby it’s larger contribution to carbon storage compared to  the other species. The 

other very important species are A.nilotica and A.tortilis. However their contribution to 

the total biomass in the area could be less if the numbers observed in the plots are taken 

into account. The dorminant species are A. melifera, A. drepanolobium and A. melifera 

which have a lesser biomass per volume.  

In general the continued increase in these species in form of woody plant encroachment 

has the potential to increase both below and above-ground biomass in rangelands 

(Boutton et al, 2009). Increases in NPP are likely to have influences on the eventual 

soil carbon storage due to decomposition. As shown in the rapid changes in leaf 
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biomass, most of the leaves will eventually fall to the ground thereby an opportunity for 

decomposition and carbon sequestration of grassland soils.  

 

Correction for second sampling period above-ground biomass, methodology and 

estimations in individual biomass for common species  

 

The selection and destructive sampling of woody biomass in trees and shrubs was not 

carried out randomly but through purposive selection. As a result the above-ground 

biomass for  branch samples per cube at the peak of the season were lower than those 

obtained at the beginning, by between 13- 35% depending on the species5. This means 

the volume sampled during the second period was lower across all species as shown in 

Table 10. The need to have sampled a larger volume would mean correcting for the 

sampling error to be able to estimate the biomass dynamics for each individual species.   

 

Table 10: Above-ground biomass harvested from six selected tree species during the second 
period of sampling, the percent difference from the biomass of first sampling 

Species Leaf biomass  (g/m
3
) Woody biomass 

(g/m
3
) 

  

 Start of 

season  

Peak 

season  

Start of 

season  

Peak 

season  

Biomass 

difference 

% 

Difference  
Achyranthes  59.51 414.37 4231.91 3146.55 1085.36 25.65 

A. bussei 17.67 300.06 2357.61 1556.54 801.07 33.98 

A. mellifera 31.6 242.19 2116.95 1830.33 286.62 13.54 

A. nilotica 49.91 353.41 2955.22 1908.18 1047.04 35.43 

A. nubica 35.84 246.95 1624.79 1070.96 553.83 34.09 

A. tortilis 163.51 379.39 3568.04 2766.83 801.21 22.46 

 

However, the difference in foliage biomass would not be much, since as one gets 

inwards the plants using the metalic cube, the foliage amount reduces. Most of the 

species have leaves on the outer section of the the branches. In addition, time difference 

of the sampling was approximately 6 weeks apart – no much difference expected in 

                                                                 
5
 Calculated basing on the difference between the biomass obtained at start of season and peak of 

season in relation to the first harvested biomass 
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growth in the woody parts over such a small time in acacia species. Only foliage 

biomass is likely to increase.  

 

5.2.6 Relationship Between Above-Ground Biomass from Allometric Equations 

and LAI  

Figure 15 shows the relationship between the total woody above-ground biomass 

estimated using the tree alometry in the different plots and the LAI estimated by the 

plant canopy analyzer. Despite the correlation being not strong (R2=0.55) it can be 

shown that AGB increases as LAI expands in different vegetation types.  

 

Figure 15: Relationship between above-ground biomass of different plots estimated from 
allometric equations from Henry et al, 2011 and in situ peak LAI measured by LAI-

2000 at 1 m canopy height  

Leaf area index has been used to evaluate plant growth indices in different vegetation 

types. In tundra vegetation, Riedel et al, 2005, found a significant positive relationship 

between overstory LAI and total above-ground live phytomass (R2=0.47, P<0.05). 

Similar relationships have been reported by Madungundu et al, 2008 while using 

ground-based methods as the ones employed for this study in a tropical dry deciduous 

forests in India.  

Vegetation indices such as LAI can therefore be used as an indirect predictor of 

vegetation trends (biomass) in semi-arid grasslands from a statistical approach as 

shown in this study.  
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions and Outlook  

The main objective of the study was to estimate the above-ground carbon sequestration 

potentials of different vegetation types within the semi arid Borana rangelands of 

Southern Ethiopia. Part of the work involved the assessment of the seasonal LAI 

dynamics, which in turn together with vegetation destructive measurements could be 

used to determine above-ground biomass dynamics in vegetation types having trees. 

 As determined in this study, in can be concluded that the leaf area index over the long 

rain season is not significantly between different between different vegetation types. 

The mean values in are in the range of 0.21 - 0.86 and 0.76 - 2.52 m2/m2 at the start of 

season and peak of the season respectively. Temporal differences exist but LAI 

variability is low, within canopies of different vegetation types.  

 

The above-ground biomass density in different components of specific species varies 

significantly between species with values ranging from 41.2 - 174.4 g/m3 for foliage 

biomass harvested at the beginning of season. The woody volume biomass harvested at 

this period is 1712 - 4489 g/m3. At the peak of the season, values range from 292.48 - 

587.62 g/m3 for leaves in the different species with corresponding branch volume 

densities of between 1682 - 4344 g/m3. However, an improvement on the methodology 

especially on the sampling procedure while using the metallic cube is needed. 

Nevertheless, the hypothesis of differences in biomass densities of different species 

therefore holds.  

 

As for the carbon sequestration of the different vegetation types, the total amount of 

carbon varies between the different vegetation types. Depending on methods or 

approaches of determining it, the vegetation types with trees contribute the highest 

biomass than the grassland vegetation. For this study, total above-ground carbon 

densities of 8.80±3.81 (TGL), 7.88±5.52 (BT), 5.60±1.34 (BGL), and 0.61±0.09 (GL) 

were determined. Despite the differences in the figures, the hypothesis that there are 

differences in the potential of the vegetation types is contradicted by the non-significant 

result in total AGB and carbon.  
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The LAI-AGB relationship used however showed the biomass and productivity in the 

different vegetation types at different heights in the above-ground biomass dynamics. 

LAI values determined heavily influence the mean values obtained. In this study, AGB 

values of 7.83 – 10.65 ton/ha at start of season and 11.30-15.45 ton/ha (peak season) 

were estimated depending on the height where LAI was taken. Differences in biomass 

at the different heights therefore reflect the changes in primary productivity determined 

indirectly when the season is taken into account. The hypothesis that the above-ground 

biomass increases with an increase in LAI is therefore proven to hold true. This is 

determined with the seasonal differences of both LAI and AGB as observed within the 

different vegetation types. In addition, the relationship of AGB from tree allometry and 

mean LAI of the plots supports this hypothesis.    

 

The results of this study indicated that semi arid grasslands with woody vegetation have 

a considerable carbon stock capacity in the different components. Conservation and 

preservation of the different key species and management practices is therefore 

important in these environments as they are key players in both the regional and global 

carbon cycle, as well as offering other services.   

The possibility of using indirect approaches as applied in this study can go a long way 

determining carbon stocks rapidly. 

6.2 Recommendations  

The following recommendations are hereby made for this particular study 

i. This study focused on above-ground carbon sequestration by determination of 

carbon densities and uptake over the season. Dynamics of biomass due to death, 

leaf fall, disturbance and grazing, despite being complex, should be taken into 

consideration in estimation of productivity of the vegetation types. 

ii. This study focused on small 30 by 30 metre plots. To decrease variability in some 

of the results, there is need to clearly define vegetation types or expand this to 

larger spatial scales with areas of similar vegetation.  

iii. There is need to carry out long term studies and acquire long term data  for 

validation of results, taking into account the seasonal contribution of factors such as 

rainfall variability and grazing.  
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