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Species Specific Allometric Model for Biomass Estimation of Four Selected Indigenous Trees in
Egdu Forest, Oromia Region, Ethiopia.
Yehaualshet Belete,
Addis Ababa University, 2016

Abstract
Protecting and re-establishing forests for their economic and  ecosystem services including as
carbon stocks is one of the four pillars of the climate resilient green economy (CRGE) strategy of
Ethiopia. The development of tree allometric equations is crucial for accurate forest biomass
and carbon assessment. However, very few allometric equations have been developed in
Ethiopia and as a result generalized allometric equations, often established for forests in other
study areas, are used by default. The overall objective of this study was to develop species
specific allometric equation for four indigenous trees namely Bersama abyssinica, Cupressus
lusitanica, Maytenus arbutifolia, and Rhamnus staddo in Egdu forest, Oromia region. Trees
were marked and climbed, for measurement of estimator variables and two branches per tree
were removed for further measurement and for the development of allometric models based on
FAO manual.  A set of species specific models relating aboveground biomass to variables such
as diameter at breast height, wood specific gravity and tree height were fitted to the data by
regression analysis with step-wise increase in the independent variables using R-statistical
software. The total dry aboveground biomass of the sampled trees in the study site was 80.20,
3874.23, 171.28, and 84.45 kg for Bersama abyssinica, Cupressus lusitanica, Maytenus
arbutifolia, and Rhamnus staddo respectively. The best models were selected using information
criterion and model confidence intervals are also provided. Model-14,
AGB=9.996+0.518(DBH)-0.044(H)-17.37(ρ) was the best performing model for Bersama
abyssinica, having R2=0.7273, adjusted R2=0.7777 and p-value of 0.001568. For Cupressus
lusitanica, model-13, AGB=-193.359+25.869(DBH)-15.727(H)+90.952(ρ), with R2=0.9500,
adjusted R2=0.9312, and p-value of 1.509x10-05. Similarly, for Maytenus arbutifolia, model-15,
AGB=5.538+1.9545(DBH)+0.316(H) 8.01(ρ), with R2=0.9421, adjusted R2=0.9204 and p-value
of 2.706x10-05 and for Rhamnus staddo, model-12, AGB=-2.25+3.220(DBH)-1.356(H) was the
best model with R2=0.9253, adjusted R2=0.8954 and p-value of 0.001526. Diameter at breast
height, wood specific gravity, and tree height were important estimator to consider for the
estimation of aboveground biomass at tree scale. Comparison of these results with those
obtained using generalized allometric model revealed differences with biomass estimation. The
application of the newly proposed allometric models from this study shall be based on the
availability of forest inventory data for incorporation of the various estimator variables.

Keywords: Allometric model, Biomass, species specific, Egdu forest, semi-destructive method
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CHAPTER ONE

INTRODUCTION

1.1. Background and Justification

Growing concerns about climate change resulting from increased concentration of greenhouse

gases in the atmosphere have stimulated discussions about the importance and potential of

forests for carbon sequestration. Due to anthropogenic emissions, the concentration of the major

greenhouse gas, carbon dioxide (CO2), has increased from 290 to 390 ppm within the last

hundred years (Schneider, 1990). Mean global temperatures have increased by 0.74 oC over the

same time period, as atmospheric CO2 concentration increased (IPCC, 2007). Regional

temperatures may increase even by 1 to 5 ºC, if the current atmospheric CO2 concentration is

doubled (Mahlman, 1997). Currently, the global concentration of carbon dioxide in the

atmosphere, the primary driver of recent climate change, has reached 400 parts per million (ppm)

for the first time in record history, according to report from the Mauna Loa Observatory in

Hawaii in 2015 (MLOH, 2015).

To reduce the escalating levels of greenhouse gases, in particular CO2, afforestation and

reforestation systems have been encouraged as means to sequester CO2 in biomass, an idea

formally endorsed by the Kyoto Protocol. The Kyoto Protocol allows for the opportunity to

offset CO2 emissions through collaboration between developed and developing nations to

venture into reforestation or afforestation projects (UNFCCC, 1997).



Page | 2

Accordingly, forest ecosystem plays very important role in the global carbon cycle. It also offers

opportunities to sequester carbon or avoid emissions, and it helps for the emission reduction

benefits. It stores about 80% of all above-ground and 40% of all below-ground terrestrial organic

carbon (IPCC, 2001),  it is being used as a source of foreign income generation as it absorbs CO2

from the atmosphere, which is one of the basic elements of greenhouse gases, enhancing the

rapid increment of world’s temperature. It is important to significantly indicate how much carbon

will be sequestered in the forest, especially within a single species, in order to mitigate climate

change and manage it sustainably.

Ethiopia has officially pursued a green economy strategy, which will lead the country to middle

income status by 2025. The green growth path envisages limiting the national green house gas

emission level to 150 Mt CO2e in 2030 instead of 400 Mt CO2e under BAU scenario. The net

zero GHG emission target will be achieved through implementation of about 60 initiatives across

seven sectors, building the green economy requires an estimated total expenditure of around USD

150 billion over 25 years 2010 as a base year (CRGE, 2010).

Protecting and re-establishing forests for their economic and ecosystem services including as

carbon stocks is one of the four pillars of the climate resilient green economy (CRGE) strategy of

the country, the REDD+ is one of the four initiatives selected for fast-track implementation and

is hoped to generate huge amount of revenue through emission trading, e.g. The Bale REDD+

pilot project implementation on over 500,000 ha of forest is taking place, and the Jurisdictional

Nested REDD+ (JNR) in the entire Oromia region.
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Reliable estimation of forest biomass is crucial for commercial uses such as carbon trading,  fuel

wood and fiber, national development planning, as well as for scientific studies of ecosystem

productivity, carbon (C) and nutrient flows and for assessing the contribution of changes in

forest lands to the global C cycle (Basuki et al., 2009). More importantly, the estimation of the

above-ground biomass with a sufficient accuracy to assess the variations in C stored in the forest

is becoming increasingly important (Ketterings et al., 2001; Chave et al., 2004). It is a

fundamental aspect of studies of Carbon stocks and the effect of deforestation and Carbon

sequestration on the globe C balance. Measuring biomass in local, regional and global scales is

critical for estimating global carbon storage and assessing ecosystem response to climate change

and anthropogenic disturbances (Ni-Meister et al., 2010).

Accurate estimations of biomass in tropical forests are lacking in many areas, and this is due to

the lack of appropriate allometric models for predicting a biomass in species-rich tropical

ecosystems and such paucity of information makes estimation of the value of these species as

carbon sinks difficult (Chave et al., 2005). There is a lot of uncertainty in the amount and spatial

variations of above-ground biomass in Africa, partly because very few allometric equations are

available (Fayolle et al., 2013).

The use of existing generalized biomass equations across wider ecological zones can lead to a

bias and error in estimating biomass for particular species and sites (Henry et al., 2011) because,

there are variations among species in wood specific gravity, tree sizes, growth stages, and also

since some geographic areas have not been covered by the existing general allometric equations

is that it can’t be applicable for these types of geographic areas which are available for similar

species (Navar et al., 2002).
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In addition, the accuracy of biomass estimations can be affected by several factors such as

climate, topography, soil fertility, water supply, wood density, distribution of tree species, tree

functional types and forest disturbances have impact on forest variability (Sicard et al., 2006;

Fearnside, 1997; Luizão et al., 2004; Slik et al., 2008). For a determined tree species, tree mass

is influenced by the size of the tree, its architecture, (form), and health (e.g. hollow trees),

(Fearnside, 1997).

Allometric equations are a basic tool for non-destructive estimation of biomass in woody

vegetation. These equations express tree biomass as a function of easy-to-measure parameters

such as diameter, height, volume or wood density, or a combination of thereof (FAO, 2012;

Brown, 2002; Chave et al., 2014). Equations generated from a small sample of trees are then

used to estimate biomass at plot level and landscape scales. It’s also the convenient and common

method to estimate the biomass of a forest or stand. Biomass estimation through allometric

equation is very vital for mitigation of climate change and sustainable management of forest,

even if there is no universally accepted allometric equation for biomass estimations (Wang,

2006).

1.2. Allometry in Ethiopia

According to (Henry et al., 2011), species specific allometric equations in Ethiopia were

developed only for 7 species totaling 64 allometric equations. The authors indicate that there are

84 equations in Gabon, 74 in Ivory Coast, 79 in Mali, 108 in Nigeria and 76 in Senegal; these

countries are with the highest allometry equations in the continent. These are biomass and

volume allometric equations for tree species registered for Ethiopia all for tropical mountain

systems, were one volume allometric equation for Eucalyptus globulus(1) and biomass equations
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of Dichrostachys cinerea(5), Eucalyptus camadulensis(16), Eucalyptus globulus (29), Euclea

shimperi (5, )Grewia bicolor (4), Otostegia integrifolia (4).

Allometric equation database for Chinese contains a total of 830 equations for 98 species and 46

locations in 17 provinces (UN-REDD, 2014). According to (Jenkins et al., 2004), countries like

the United States have developed allometric function for most of their forest tree species. The

compilation of the data by the above authors indicate that there are more than 1,700 allometric

equations for more than 100 species of trees from 177 sample trees in the United States alone,

mainly  estimating biomass based on a single predictor variable, DBH.

Moreover, from the GlobAllomeTree, a web based platform that aims to inventory existing

allometric equations and to improve global access to tree allometric equations. In 2014, the

platform contained more than 12,000 equations and has over 1,900 registered users; however,

there were only 64 registered allometric equations for Ethiopia. Our country is endowed with

diverse flora and fauna, with a variety of agro-climatic zones, making the country to be a

botanical treasure house, containing about 6000 different plant species, therefore the existing

allometric equations are very limited (WBISPP, 2004).

1.3. Statement of the problem

Literature is replete with several allometric equations for estimating aboveground biomass of

some tropical forests (Brown et al., 1989; Chave et al., 2005; 2014; Fayolle et al., 2013). In

Ethiopia, however, allometric equations rarely exist, especially for forestry grown trees. Hence,

the option is to apply equations from other geographical regions, the reliability of which has not

been tested for Ethiopia (Brown et al., 1989; Henry et al., 2010; Chave et al., 2014).



Page | 6

Consequently, this will lead to an error of biomass estimation and carbon sequestering capacity

of a given specific species. The developments of new, species-specific allometric equations are

necessary to achieve higher levels of accuracy (Basuki et al., 2009).

Taking into consideration, protecting and re-establishing forests for their economic and

ecosystem services including as carbon stocks is one of the four pillars of the climate resilient

green economy (CRGE) strategy of the country, in its way to become middle income status via

the path to sustainable development which anticipates to limiting the national green house gas

emission level to 150 Mt CO2e in 2030 instead of 400 Mt CO2e under BAU Scenario, and for

which the REDD+ is one of the initiatives selected for fast-track implementation and is hoped to

generate huge amount of revenue through emission trading.

However, to implement the above mentioned REDD+ framework it is first necessary to quantify

biomass which requires allometric models. Moreover, Ethiopia has implemented a number of

Participatory Forest Management (PFM) in forested areas. Yet, there are very few allometric

equation developed for indigenous trees when compared to other countries.

Therefore, this study aims to develop allometric equations for four selected indigenous trees in

Egdu or Menagasha Amba Mariam Forest (MAMF) forestry, located in Oromia region, with the

objective to contribute to biomass estimation and development of local species specific

allometric equations. The developed models can be used for biomass estimation for carbon stock

trading by agents like REDD+ and others.
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1.4. Objective of the study

1.4.1. General objective

The general objective of this study was to develop allometric model for the selected indigenous

trees in Egdu forest and estimation of the carbon stock in line with biomass estimation.

1.4.2. Specific objective

 To develop allometric equation for four selected indigenous tree species.

 To estimate aboveground and belowground tree biomass of the selected tree species

 To determine mean wood density/wood specific gravity for the four species

 To provide a baseline information for species specific allometry that can be used in the

future

 To estimate the carbon stock of the selected indigenous tree species.

1.5. Organization of the Thesis

This study is organized and presented in five chapters. Chapter one is an introductory part of the

thesis to give a background to the research which is briefly described and to the identified

statement of the problem being researched and the objective of the study. Chapter two reviews

the literature that deals on basic terms, relations and correlation of ideas related to the study that

has been conceptualized.  In chapter three, the methodology employed on the samples and the

sampling techniques, data collection procedures, model development and data analysis strategies

will be discussed. Chapter four is concerned with data presentations, analysis and interpretations,

whereas the last chapter, chapter five, presents conclusions and recommendations of the study.
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CHAPTER TWO

REVIEW OF RELATED LITERATURE

2.1. Tree biomass and Allometry

Biomass is the total amount of living organic matter accumulated on a unit area at a specified

point of time (Brown, 1997; Applegate et al., 1988). Tree biomass, which is used to denote the

total quantity of materials in a tree, can best be measured in terms of weight. Estimates of tree

biomass are useful in assessing forest structure and condition (Chavé et al., 2003) carbon stocks

and fluxes based on sequential changes in biomass; sequestration of carbon in biomass

components; i.e., wood, leaves, and roots and also they can be used as an indicator of site

productivity.

The estimation of forest and landscape level AGB based on plot inventories involves three steps

(Brown et al., 1989; Houghton et al., 2001; Chave et al., 2005): (1) the selection and application

of an allometric biomass model for the estimation of individual tree biomass, (2) the summation

of individual tree AGB to estimate plot AGB (3) the calculation of an across-plot average to

yield a forest or landscape level estimate. For the first step, either a previously published

allometric model must be selected or a new local allometric must be developed. Method for

estimating tree biomass has attracted much scientific attention recently because of their

importance in estimating forest carbon stocks (Zianis and Mencuccini, 2004).
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The term allometry was coined by Julian Huxley and Georges Tessier in 1936, and comes from

the two Greek word "allo" comes from Greek allos = "other", in this case "other than metric" --

that is, scaling variable varies in a regular manner when it was applied to the phenomenon of

relative growth (Huxley & Tessier 1936). The term originally referred to the scaling relationship

between the size of a body part and the size of the body as a whole, as both grow during

development.  However, more recently the meaning of the term allometry has been modified and

expanded to refer to biological scaling relationships in general, be it for morphological traits or

the change in organisms in relation to proportional changes in body size.

Currently, the use of allometry is widespread in forestry and forest ecology. In order to develop

an allometric relationship, there must be a strong relationship and an ability to quantify this

relationship between the parts of the subject measured and the other quantities of interest. Also

when developing this equation one must play in factors which affects tree growth such as; age,

species, site location, and etc. The broadest definition of allometry is the linear or non-linear

correlation increments in three dimensions (Picard et al., 2012; FAO, 2012). This can also be

defined as a function describing mathematically the relationship between the volume or the mass

of the tree and other more easily measured variables, such as diameter at breast height (DBH)

and/or the height (H) of the tree.

Above ground biomass is usually estimated with a widely applied power function model of the

form: AGB=aDb where, b and a represents scaling and coefficients, D is the diameter at breast

height and AGB is total aboveground tree dry biomass (Ketterings et al., 2001; Zianis and

Mencuccini 2004).
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Concomitantly, their linear equivalents, ln(AGB) = (a+b)x ln(D), where AGB is the dependent

variable, D is the independent variable, a is the intercept coefficient and b is the scaling

component which is used to predict the biomass form independent variables (Shem et al., 2012).

The values of the two scaling coefficients vary with species, stand age, site quality, and climate

and stand stocking (Baskerville 1965; Zianis and Mencuccini 2004). However, the commonest

form of allometric equation is a linear equation AGB = a + bx, where AGB is the biomass and x

predictor variable, such as DBH, height, tree volume, density, etc (Dudley and Fownes, 1992).

2.2. Kinds of biomass estimation

2.2.1. Destructive biomass estimation

Destructive measurement is done by harvesting the tree of sample plots and subsequent

extrapolation to an area unit. Direct measurement of tree aboveground biomass (AGB) involves

removing an appropriate number of trees and estimating their field and oven-dry weights, a

method that can be costly and practically difficult, especially when dealing with numerous

species and large sample areas (Willebrand et al., 1993). But, as a result of measuring the actual

mass of each of the different compartments of a tree, (e.g., roots, stem, branches and trunk), it is

the most accurate method to calculate and develop regression equations from destructively

sampled trees that are in the size range of interest and to apply these equations to every tree in

the stand for verification purposes (Aboal et al., 2005).
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Although direct measurements of forest biomass provide higher estimation accuracy than other

methods, it is impractical for larger areas, as well as time consuming and coasty, especially for

heterogeneous landscape (Clarck et al., 2001; Wang et al., 2003) on the other hand, it is also

inappropriate in forest studies, even worse when the species of interest are rare or protected it

cannot be destructively sampled to determine allometric relationships. Because direct destructive

techniques for biomass estimation and developing allometric models are time consuming and

expensive (Nath et al., 2009), i.e., they are enormously time consuming, labor intensive, in most

cases restricted to small trees at small scales, harvesting trees requires in general special

authorization which is not often easy to acquire. It also draws attention of local population who

in many cases ask for compensation for trees harvested in their locality. Therefore, biomass

studies are very costly and consequently only few datasets are available. The use of regression

equations however, allows estimating the total aboveground biomass of trees as well as of

different components (trunks, large branches, small branches, etc) (Djomo et al., 2010; FAO

(2012); Picard et al., (2012).

2.2.2. Semi-destructive biomass estimation
Allometric methods have been developed from non-destructive surrogate measurements, such as

diameter of the bole at breast height DBH. Non-destructive or indirect method attempts to

estimate tree biomass by measuring variables that are more accessible and less time-consuming

to assess (e.g., wood volume and density) (Peltier et al., 2007). By constructing a functional

relationship between tree biomass and other tree’s dimensions, such as stem diameter, height and

wood density, by means of regression analysis rather than performing the “destructive sampling”

in the field. Additionally, these equations can help in predicting the biomass components, based

on some easily measurable estimator variables such as stem diameter/circumference, crown

diameter, or height which can be measured non-destructively (Whittaker and Wood well, 1968).
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Moreover, allometric relationships through regression analysis has advantages .i.e. once

equations are developed and validated, they can be used for similar forest types on a wide range

of sites in a particular geographic region. Such estimates are clearly most precise, when they are

calibrated with samples from the species of interest and this kind of measurement is

environmental friendly and applicable at species level.

2.3. Pros and cons of existing allometric equations

Estimates of carbon storage are obtained from allometric equations that use several parameters to

calculate tree biomass: diameter at breast height (dbh), tree height, wood density, moisture

content, and site index and tree condition. Parameters like wood density and moisture content

vary not only among species but also among trees of the same species. Even within a single tree

there can be significant differences in density and moisture content (Domec and Gartner, 2002).

Allometric equation is an important model for estimating biomass and quantifying carbon stock

in the living tissue on terrestrial ecosystem. Various allometric equations have been developed

but each model has its own constraints and may cause an error in the estimated result. Its

limitation arises from various perspectives and or applying those allometric models in general.

The accuracy or uncertainty of the models is an important aspect, which is mentioned in the good

practice guide (GPG) and the different instruments of the Kyoto Protocol. To come up with

accurate model that reduces uncertainty and increase accuracy one needs to consider and

compare the merits and demerits of each model in detail by considering the situation. In general

there are two types of allometric equation namely, general and species specific allometric

equation.
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2.3.1. Generalized allometric equation

The pan-tropical multi-species equations developed by (Chave et al., 2005) are calibrated on an

extensive dataset of 2410 trees ≥ 5 cm diameter from 27 study sites across the tropics but

excluding Africa. Although widely used to estimate biomass from forest inventory data, the

validity of these pantropical equations has been tested rarely in Africa. Estimates of above

ground biomass are largely results of a common equation applied over a large area (Houghton,

2003).

The advantage of applying general allometric equations is that the equations are derived from a

large number of trees with a wide range of DBH. This could improve the accuracy of the

biomass estimation and since the equations are developed by harvesting trees on the field there

associated uncertainty are also indicated (Brown, 2002).Usage of allometric equations is the

standard methodology for the estimation of tree, plot, and regional aboveground biomass. It’s

also beneficial in an area which harbors high species diversity like tropical regions, grouping all

species together and using generalized allometric relationships that are stratified by broad forest

types or ecological zones that has been highly effective in the tropics (Brown, 2002).

Several studies have shown that the precision of the generic/generalized equations is appropriate

for the species and locations in which they were developed, but there reliability for a wider set of

species, or locations, remain unknown. There is a need to determine whether generalized

equations are applicable broadly and whether they are best applied constrained within species,

genus and growth habit (i.e. tree or shrub form), or even wider grouping of trees or shrubs.
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Even though several general allometric equations have been published for particular, rather

homogenous systems such as coffee (Segura et al., 2006), forest plantation (Bastein et al., 2010)

and various forest types (Brown, 1997) among other vegetation types. Several biomass-

estimation equations have been developed from mixtures of tropical species (Chave et al., 2005)

have not been validated for the region.

Existing allometric equations in East Africa are mainly developed for distinct land use systems

such as forestry (Kiruki et al., 2009). In addition, most existing equations have underrepresented

certain vegetation types and tree size (Keith et al., 2000). Applying such equation for a broader

geographic area may cause bias, mostly overestimation because biomass varies depending upon

a variety of factors i.e. age of the stand, wood specific gravity, tree size, species and topography.

Generalized allometric equations do not accurately predict above ground biomass (Litton et al.,

2006) and the use of generalized equations can lead to a bias in estimating biomass for a

particular species (Pilli et al., 2006).

2.3.2. Species specific allometric equation

In Africa the absence of species-specific or mixed-species allometric equations has lead to broad

use of pantropical equations to estimate tree biomass. This lack of information has raised many

discussions on the accuracy of these data, since equations were derived from biomass collected

outside of Africa (Djomo et al., 2010).   Even if covariance analyses of these equations show that

there is no detectable effect of continents, their practical use should be restricted to large scales,

global and regional comparisons. Their applications to particular species on specific sites should

be limited.
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One of the constraints of some of these equations is that they include only diameter at breast

height in limited range and exclude variables such as wood density, volume of tree or height.

Before using pantropical allometric equations, their validity within a particular area needs to be

tested (Crow, 1978; Brown et al., 1989; Houghton et al., 2001; Chave et al., 2001, 2005).

Species specific allometric equations are used to estimate tree and stand biomass, based on easily

measured tree variables such as height, diameters and crown. Such equations are specific to

species, sites, tree age and management (Kairo et al., 2009). It is necessary to achieve higher

levels of accuracy for biomass estimation and quantifying carbon. Studies in temperate and

tropical regions have shown the advantages of species-specific biomass and volume allometry

(Basuki et al., 2009). Species-specific allometric equations are preferred, because tree species

may differ greatly in tree architecture and wood density (gravity) (Ketterings et al., 2001).

2.4. Climate change mitigation via afforestation-reforestation strategies

In 1997 the Kyoto Protocol recognized the importance of forests in climate change mitigation. It

stated an agreement for the ‘protection and enhancement of sinks and reservoirs of greenhouse

gases not controlled by the Montreal Protocol and the promotion of sustainable forest

management practices, afforestation and reforestation’ (Buizer et al., 2014). The Kyoto Protocol

recognizes forestry as a sink measure under the Clean Development Mechanism (CDM) but only

in the form of “afforestation” and “reforestation” (Singh et al., 2011; Buizer et al., 2014). Under

the Kyoto Protocol, developed countries may use reforestation or afforestation activities in other

countries to compensate for carbon emissions by means of market-based flexibility mechanisms

(Emissions Trading, Joint Implementation and the Clean Development Mechanism) (Buizer et

al., 2014).
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Sequestration of carbon has received considerable attention in recent days as a result of its

commoditization. Plantation programs can be used to create carbon credits which can generate

significant income for developing countries, since carbon sequestration projects could receive

investments from companies and governments wishing to offset their emissions of greenhouse

gases through the Kyoto Protocol’s CDM (Singh et al., 2011; Losi et al,. 2003).

The prerequisite to actual implementation depends very much on accurate verifiable methods

developed to estimate the biomass stocks and carbon sequestration rates (Singh et al., 2011).

Establishing tree plantations on cleared land in the tropics combined with reducing deforestation

and appropriate forest management measures, would prove to be effective, immediate, and low-

cost strategies to avoid significant carbon emissions into the atmosphere (Manrique et al., 2011;

Losi et al., 2003). This combined with the additional advantage of conserving native forests will

allow the preservation of a wider range of ecosystem (Manrique et al., 2011). If there is an

appropriate management of the forest, their ability to sequester carbon may be maintained in the

time and will introduce a positive impact on biodiversity, local economy, and other aspects of

society (Manrique et al., 2011; Clark & York 2005; Barker 2007).

2.5. Forest estate of Ethiopia

Ethiopia is endowed with diverse vegetation resources, from tropical rain and cloud forests in the

southwest and on the mountains to the desert scrubs in the east and north east and parkland agro-

forestry on the central plateau (Demel Teketay et al., 2010). The country has variety of agro-

climatic zones, which has made the country botanical treasure house, containing about 6000

different flowering plants out of which about 12% are endemic (FAO, 2001).
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According to WBISPP (2004), Ethiopia has estimated a total high forest area of 4.07 million

hectares or about 3.56% of the land area of the country. And about 95% of the total high forest is

located in three regions namely Oromia, SNNPR and Gambella regional states. There are 92 high

forests in Ethiopia and out of which 56 are dry evergreen montane forests, 29 moist montane

forests, 5 transitional dry moist evergreen montane forests and 2 lowland semi-evergreen forests

(EFAP, 1994).

The  most recent WBISPP estimates of the woody vegetation resources is about 59.7 million

hectares in Ethiopia with 6.8% forest, 49% woodland, and 44.2% shrub land (WBISPP, 2004).

Ethiopia’s forests have been subjected to human pressure over the course of its history and

anthropogenic pressures have continued to increase significantly over the last century (Demel

Teketay et al., 2010). An estimated 97% of the natural vegetation of Ethiopian highlands has

been lost, with humans having significant impacts on an estimated 95% of the natural vegetation

in the Horn of Africa (GEF, 2008). It is declining for at least two centuries, based on original

forest estimates and anecdotal evidence (Bishaw, 2001).

As in many developing countries accurate and detailed metrics for quantifying the extent,

standing volume, rates of deforestation, annual growth increments, regeneration and recruitment

are often scarce and incomplete. Apparently according to the FAO (2010) report lists Ethiopia as

one of the top ten countries with the largest volume of wood removal in 2005. Forest decline is

estimated to be 1.11% annually. Lastly in the face of global climate change forests will continue

to play a key role as carbon sinks, and mitigating greenhouse gas emissions.
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2.6. Pan-tropical allometric equations

Numerous generic models are developed for the tropical forests that relate the geometric

measures (DBH, H and WD) to aboveground biomass (AGB). Most models currently in use are

multi-species in the sense that a single allometric equation is developed for all species considered

in one or several specific locations. Evidently this ignores the enormous species diversity and

associated inter-specific trait variation that exists in tropical forests.

By Brown et al., (1989) and Brown (1997) (pan-tropical):

(1)

(2)
By Nelson et al., (1999) (central Amazon):

(3)
By Chave et al., (2005) (pan-tropical):

(4)
(5)
(6)

By Djomo et al., (2010) (tropical Africa):

(7)

(8)

With B being AGB.

Apart from the common ABG estimator variables such as Height, DBH, and wood density

(WD), Henry et al., (2010) applied the variable crown diameter CD to estimate biomass and was

better when compared to use of tree height in the case of an African tropical rainforest. The

equation generated by: By Henry et al., (2010) was: AGB=0.03×DBH0.0816×CD0.03+WD0.04 (9).



Page | 19

The use of aggregated models assumes that concomitant tree-level errors in biomass estimates

will cancel out at the plot level, and the development of species-specific models may not be

feasible simply because a sufficient number of sample trees will likely not be available for every

species. An alternative is to categorize species by wood density classes and develop models for

each wood density class. Wood density is believed to be a key trait indicating the ecological

strategy of a species, with low wood density being associated with high mass-growth rates, and

high wood density with resistance to damage and disease, and shade tolerance. Growth traits of

trees are therefore believed to be more similar within than across wood density classes.

Furthermore, wood density is closely correlated with timber quality traits and forest managers

tend to categorize species by wood density (Nam et al., (2016).

2.7. Statistical indicators for model selection

To select the best fit model, the following statistical indicators are considered in most AGB

models:

1. The proportion of variance explained by the model (adjusted R2 for the number of

predictor variables).

2. The residual standard errors of estimation (RSE) calculated as the square root of the

residual sum of squares divided by the degrees of freedom (df) of an estimate. The df was

calculated as the number of observations minus the number of predictor variables. The

lower RSE, the better the regression model fits (Chave et al., (2005).

3. Akaike Information Criterion (AIC) is calculated by the formula AIC=-2ln (L) +2p,

where p is the number of parameters in the model and L is the likelihood of the fitted

model (Chave et al., (2005); Basuki et al., (2009);(Djomo et al.,(2010). The best model is

the one with the lowest AIC.
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CHAPTER THREE

MATERIALS AND METHODOLOGY

3.1. Description of the study area

3.1.1. Geographic location

The study was conducted in Welmera District, Oromia Regional state, central high lands of

Ethiopia in a forest located at about 30 km West of Addis Ababa and 5 km from Menagasha

town to the South (Figure.1). Egdu forest is one of the remnant dry afromontane forests in central

Ethiopia and the forest has an altitudinal gradient ranging from 2,580 to 2,910 meter above sea

level. The forest covers a total area of 486 ha and it is home for a wealth of flora and fauna. The

topography of Egdu forest which is sometimes called Menagasha Amba Mariam Forest (MAMF)

is characterized by dissected island plateau surrounded by cultivated land in all directions

(Adugna et al., 2013).

Figure 1: Location map of the study area
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3.1.2. Climate

The annual rainfall of the study area is 1,028 mm ranging from 1,236.6 mm maximum in 1990 to

minimum of 777.2 mm in 1997 with the rains mainly falling from the end of May to September.

The monthly rainfall has a unimodal distribution. Nevertheless, there are rains in any months of

the year from small amount of clouds letting additional moisture for the forest. There is high

amount of rainfall from June to September. Currently, the mean annual temperature of the

surrounding area is about 17.1 0C, with a maximum of 25.60C recorded from January to May and

minimum of 8.20C which is recorded during December and the mean annual rainfall of 1314 mm

(EMSA, 2011).

Figure 2: Climate diagram of Egdu forest and the surrounding areas (based on data

recorded in Addis Ababa, Data Source: EMSA, 2011).
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3.2. Study species

3.2.1. Bersama abyssinica Fresen.

General description: It is a species in the Melianthaceae family. Its vernacular name in Amharic

is Azamir or Teberako and Lolchiisaa in Afan Oromo. Evergreen shrub to small tree up to 12(–

25) m tall; bark grey, brown or mottled. Leaves alternate, with up to 12 opposite pairs of leaflets,

up to 1 m long; stipules 0.5–5 cm long; the leaves are pinnately divided with a strongly winged

rachis, hence giving the common name winged Bersama (bitter bark). Bersama abyssinica grows

in lowland bush savanna, gallery forests and montane forests, from sea-level up to 2700 m

altitude. It behaves as a pioneer species and is considered a weed in forest plantations. Occur in

most Ethiopian regions, throughout Eastern Africa to Malawi and Zambia (Flora of Ethiopia

Volume 3, p 511; Verdcourt (1989).

3.2.2. Cupressus lusitanica Mill.

General description: It belongs to the family Cupressaceae. It is evergreen tree up to 30 m tall.

Its vernacular names are Yeferenji-tid in Amharic and Gattra-faranji in Afan Oromo. Habitat:

In hedges, shelter belts and pure stands in plantations; 1750-2300 m altitudes and wider range

of altitudes in East Africa mostly planted above 1500 m. It grows in Ethiopia, and Eritrea.

Indigenous to Mexico, Guatemala, Honduras, Brazil and El Salvador, but now widely

cultivated in the Mediterranean and throughout the tropics and subtropics or the world.

Generally two varieties are recognized on different growth form, var. lusitanica and var.

benthamii (Flora of Ethiopia and Eritrea volume 1, pp 195-196).
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3.2.3. Maytenus arbutifolia Sebsebe.

General description: It belongs to the Celastraceae family. It is known by the common name Atat

or Atate (Amharic) and kombolcha or Qartame (Afan Oromo). It is shrub or tree, 1–6(–12) m

high with spine up to 2(–7) cm long; branches are grey, brown or sometimes black with white

lenticels, pubescent. There are two varieties of this species one of which is endemic.

Var.arbutifolia. Habitat: Forest, forest margins, degraded forest, river banks, grassland and

scattered thickets and along roads; 1200-3000 m. Occurs in most Ethiopian-regions, Kenya,

Uganda, Tanzania, Rwanda, Burundi, Congo, Somalia, Yemen, Saudi Arabia (Flora of Ethiopia

volume 3, p 335;Robson (1989).

3.2.4. Rhamnus staddo A.Rich.

General description: It is in the Rhamnaceae family. Locally know as Tedo, Seddo or Tsedo in

Amharic and Qedida in Afan Oromo. It is indigenous to Ethiopia. Evergreen shrub or small tree

up to 5 m high; branches sometimes spine-tipped, sparsely pubescent when young. Habitat:

Upland forest wooded grassland or scrub-grassland, cultivated areas: 1400-2900 m altitudes.

Occur in most Ethiopian regions, Somalia, Uganda, Kenya, Tanzania, Rwanda, and Burundi.

This species is used for making the traditional drink Tej, (Flora of Ethiopia volume 3, p390;

Vollesen (1989).
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3.3. Methodology

The steps followed in the development of species specific allometric equation and estimation of

above ground biomass of the selected indigenous tree species was based on field data collection

activities, laboratory work, and calculation, solely based on the manual of Food and Agricultural

Organization (FAO, 2012; Picard, et al., 2012). The steps are discussed in detail as below.

3.3.1. Data types

Primary and secondary information source was used in order to collect the relevant data to

achieve the objectives of this study. The primary data obtained through careful field

measurements. Secondary data pertinent to this study were collected from different sources

including published and unpublished materials, books, journals, articles, reports, and electronic.

3.3.2. Sampling method

Preferential sampling was adopted in this study; it arises when the process that determines the

data locations and the process being modeled are stochastically/based on probability dependent

(Diggle et al., 2010). It is a common way of sampling in ecology/vegetation study as it has

distinct advantages over the probability sampling methods such as random sampling, stratified

random sampling, etc, after establishing plots at the study site; preferential sampling was applied

by starting rapid screening of DBH class variability in the landscape. There by vegetation and

DBH classes were delimited in our mind, which is considered informal way of stratifying the

statistical population. This sampling strategy was helpful for tracking and sampling the range of

diameter at breast height (DBH) variation in the vegetation of the study area. The clear

advantage of preferential sampling is that it tracks and samples nearly the full range of floristic

variation in vegetation of the study area, including the rare types (Rolecek et al., 2007).
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3.3.3. Delineation of the study area

In developing allometric equation to estimate the biomass of specific species it is important to

delineate the study area. The spatial boundaries of the study area was clearly defined and

properly recognized to facilitate accurate measuring, accounting and verification. There are

many tools that are available for identifying and delineating project boundaries such as aerial

photos, topographic maps, land records, global positioning system (GPS) and others. However,

for this study GPS tracking was used for boundary delineation.

3.3.4. Tree selection

Four tree species were selected and a total of 38 trees were used for the study, two of the species,

Cupressus lusitanica and Maytenus arbutifolia was examined or studied through 12 individuals

while Rhamnus staddo and Bersama abyssinica was studied though 8 individuals because this

particular species exhibited in the field survey a limited DBH range of 2-10cm in the study area.

In order to minimize the error of sampling plants was grouped in to three class, based on DBH

(diameter at breast height) ranging from 2cm-4.5cm, 5cm-10cm and 15cm-20cm 21cm-30 and

31-50 cm. Plants were located in the immediate delineated area within the sample plots of 20×20

m quadrats or plots which was established and all individuals of grouped DBH was measured

with caliper. For measurement and analysis, trees were divided into different architectural

elements/components as trimmed branches, untrimmed small branch, untrimmed large branch

and trunk. Two secondary branches per plant were destructed. Trunk weight was estimated from

serial measurements of height, diameter and section volume using parabolic estimation of trunk

shape. These estimates were used to develop whole-tree allometric equation (FAO 2012; Picard,

et al., 2012).
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3.3.5. Shape and size of plots

The two general designs are single plot design, which is appropriate for monoculture plantations

which are homogenous in tree size and distribution, and are in most cases single storey, and

nested plot designs containing smaller subunits of various shapes and size (Brown, 1997) which

are appropriate for inventories in natural forests where there is high variability in tree size,

distribution and structure. Forest carbon assessments usually use nested plot designs that present

variable size subplots for the different tree size classes and also for the different forest carbon

pools. Rectangular plots samples are more advantageous and recommended for the study area

than circular plot because rectangular plots tend to include more of within-plot heterogeneity,

and are more representative than the circular plots of the same area (Hairiah et al., 2001).
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3.3.6. Above ground biomass measurement procedure

Based on the general guideline of (FAO 2012; Picard, et al., 2012), the above ground biomass of

specific tree can be measured through semi-destructive method. Generally, the trunk and the

large branches are not trimmed, only the small branches are affected or trimmed. The

measurement of fresh biomass (in kg) may be divided into two parts: measuring trimmed fresh

biomass and measuring untrimmed fresh biomass. Fresh biomass of small untrimmed branches

calculated from their basal diameter and a model developed from the trimmed branches biomass

and their basal diameter. Fresh biomass of large untrimmed branches and trunk calculated from

volume and density measurements.

Assumption: the sections cut are considered to be cylinders and density is considered to be the

same in all the compartments of the tree fresh biomass of the trimmed branches, measured by

weighing.

Figure 3: Determination of total fresh biomass (A) Separation and measurement of
trimmed and untrimmed biomass, (B) Numbering of the sections and branches measured
on a trimmed tree FAO 2012; Picard, et al., 2012).
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3.3.6.1. Trimmed fresh biomass measurement

The branches were trimmed in compliance with local practices (often using a machete). The

diameter at the base of each branch was determined using a caliper. Then the leaves were

separated from the trimmed branches. The fresh biomass of the leaves from the trimmed

branches (Btrimmed fresh leaf) and the fresh biomass of the wood from the trimmed branches

(Btrimmed fresh wood) were determined by weighing separately.

Random sample of the leaves from the trimmed branches was taken and measured for its fresh

weight (Baliquot fresh leaf in g). At least three samples of leaves from three different branches

were generally required to constitute the aliquot. Similarly, an aliquot of the wood at random

from the trimmed branches was taken without debarking and measured for its fresh mass

(Baliquot fresh wood in g) in the field, immediately after cutting. These aliquots were kept in

numbered plastic bags and sent to the laboratory. Accordingly, wood specific gravity was

defined as the oven-dry wood mass (101oC-105oC) divided by its green volume of wood aliquot,

which is an important predictor of ABG (Baker et al., 2004). The green volume of the wood

aliquot was measured in the field and the value was used to determine mean wood density or

wood specific gravity.

Figure 4: Measurement of fresh wood volume by displacement
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3.3.6.2. Untrimmed fresh biomass

Untrimmed biomass were measured indirectly as non-destructive. The different branches in the

trimmed tree were numbered first. The small untrimmed branches were processed differently

from the large branches and the trunk. For the small branches, only basal diameter was measured

with caliper. Fresh biomass of small untrimmed branches calculated from their basal diameter

and a model developed from the trimmed branches biomass and their basal diameter.

The biomass of the trunk and the large branches was estimated from measurements of trunk and

large branches volume (Vi in cm3) and mean wood density ( in g cm−3). The large branches

and trunk were divided virtually into sections and materialized by marking the tree. The volume

Vi of each section i was obtained by measuring its diameter and its length. Sections about one

meter in length are preferable in order to consider diameter variations along the length of the

trunk and branches.

In the laboratory

The wood and leaf aliquots were then subjected to the same laboratory measurements (oven

drying determination of dry weight, etc.)

Calculations

The dry biomass of the tree is obtained by the sum of the trimmed dry biomass and the

untrimmed dry biomass (FAO, 2012; Picard et al., 2012).

Bdry = Btrimmed dry + Buntrimmed dry……………….…………………………. (equ.1)
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Calculating trimmed biomass

From the fresh biomass B aliquot fresh wood of a wood aliquot and its dry biomass B aliquot dry

wood, calculated as above, the moisture content of the wood (including bark),(FAO 2012; Picard

et al., 2012).

Xwood= ………………………………………………………………..…….. (equ.2)

Likewise, calculation of the moisture content of the leaves of the fresh biomass B aliquot was

obtained from fresh leaf of the leaf aliquot and its dry biomass B aliquot of dry leaf (FAO, 2012).

Xleaf= …………………………………………………………………………..(equ.3)

Trimmed dry biomass was then calculated:

Btrimmed dry = Btrimmed fresh wood × xwood + Btrimmed fresh leaf ×xleaf………… (equ.4)

Where Btrimmed fresh leaf is the fresh biomass of the leaves stripped from the trimmed

branches and Btrimmed fresh wood is the fresh biomass of the wood in the trimmed branches.

Calculating untrimmed biomass

Two calculations were required to calculate the dry biomass of the untrimmed part (i.e. that still

standing): one for the small branches, the other for the large branches and the trunk. The

untrimmed biomass was the sum of the two results (FAO, 2012; Picard et al., 2012).

Buntrimmed dry = Buntrimmed dry branch + Bdry section………………………. (equ.5)
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According to (FAO 2012; Picard et al., 2012) each section i of the trunk and the large branches

may be considered to be a cylinder of Volume: Smalian’s formula, (FAO, 2012; Picard et al.,

2012).

Vi = Li (D + D )…………………………………………………………….…… (equ.6)

Where Vi is the volume of the section i, Li its length, and D1i and D2i are the diameters of the

two extremities of section i. The truncated cone volume formula can also be used instead of the

cylinder formula, but the difference between the results would be slight as the tapering over one

meter is not very pronounced in trees. The dry biomass of the large branches and trunk is the

product of mean wood density and total volume of the large branches and trunk (FAO, 2012).

Bdry section= ̅ × ∑ ……………………………………………………………… (equ.7)

According to FAO, (2012) where the sum corresponds to all the sections in the large branches

and the trunk, and where mean wood density is calculated by

= ………………………………………………… ……………………. (equ.8)

Care was taken to use consistent measurement units. For example, if mean wood density is

expressed in g/cm−3, then volume Vi must be expressed in cm3, meaning that both length Li and

diameters D1i and D2i must also be expressed in cm. Biomass in this case was therefore

expressed in g.

The dry biomasses of the untrimmed small branches were then calculated using a model between

dry biomass and basal diameter. This model was established by following the same procedure as

for the development of an allometric model (FAO, 2012). Linear type equations are often used:

ℎ = + …………………………………………………………… (equ.9)
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Where a, b are model parameters (intercept and slope) and D branch basal diameter. Using a

model of this type, the dry biomass of the untrimmed branches is:

ℎ = ∑ ( + )………………………………………… .(equ.10)

Where the sum was all the untrimmed small branches and is the basal diameter of the branch J.

3.3.7. Estimation of below ground biomass

Below ground biomass estimation was much more difficult and time consuming than estimating

aboveground biomass (Geider et al., 2001). According to (MacDicken 1997), standard method

for estimation of below ground biomass can be obtained as 20% of above ground tree biomass.

Pearson et al., (2005) described this method as it is more efficient and effective to apply a

regression model to determine belowground biomass from knowledge of biomass aboveground.

Thus, the equation developed by (MacDicken 1997) to estimate below-ground biomass was used.

The equation is given below:

BGB =   AGB × 0.2 ……………………………………………………………………..(equ.11)

Where, BGB was below ground biomass, AGB is above ground biomass, 0.2 is conversion factor

(or 20% of AGB).

3.4. Statistical analysis

After the data collection was completed, data analysis of each selected species in the forests were

accomplished by organizing and recording on the excel data sheet. The data obtained from

section volume, fresh biomass of small untrimmed branches, large branch and trunk biomass,

fresh weight of trimmed leaf and dry weight of trimmed leaf, fresh trimmed wood, and fresh

trimmed dry wood was analyzed using R statistical software (version 3.2.2), which was also used

to develop allometric model.
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Figure 5: Schematic representation of the strategy used to develop the allometric model
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1. Results

4.1.1. Biomass estimation

The developed allometric equation for biomass estimation solely based on FAO 2012; Picard et

al., 2012) methodology necessitates the application of a sequence of procedures. The first step

was to classify the study species into three DBH class (Table 1) based on the variability of the

species on the study area. A total of 38 trees were measured with twelve individuals for

Maytenus arbutifolia, and Cupressus lusitanica, and eight trees for Rhamnus staddo and

Bersama abyssinica, which represent almost all the tree size variability in the study area.

Table 1: Diameter at breast height (DBH) (in cm) class of Bersama abyssinica, Cupressus

lusitanica, Maytenus arbutifolia and Rhamnus staddo

Species DBH Class (cm)
2-4.5 5-10 10-0-15 15-20 21-30 31-50

Bersama abyssinica
2 8

2.5 6.5
3 7
4 5

Cupressus lusitanica
15 25 35
17 27 38
18 29 40
20 30 45

Maytenus arbutifolia
2 5 10

2.5 6 11.5
3 8 12.5

4.5 7 14

Rhamnus staddo
2 5

2.5 6.5
3.5 7.5
4 8
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4.1.2. Trimmed Biomass

The trimmed fresh wood biomass obtained from the aliquot for Bersama abyssinica had a total,

mean and range of 12,700, 1587.50, and 1,600 gm values respectively. This trimmed fresh wood

biomass was then oven dried and become a total value of 5,921.19, mean value of 740.15, and a

range value of 745.97 gm respectively. The total fresh leave mass were 4,500 gm, with a mean of

562.50 gm and a range of 500 gm. The leaves were also subjected to oven dry to yield a total of

1,534.45 gm, mean of 191.81 gm, and a range of 204.6 gm. Subsequently, the above result were

used for the calculation of X wood (moisture content wood) and X leaf values (moisture content

leaf)  according to equation (2&3) and these X values was used in the calculation of trimmed

values by equation (4). As given below in (Table 2), the trimmed biomass obtained from the

aliquot that were measured in the field and in the laboratory.

The Trimmed fresh branch of Cupressus lusitanica weighed a total of 28,700 gm; mean value of

1,700 gm, and a range of 2,200 gm. Oven dried and became 13,497.5 gm of total dried mass, a

mean value of 2,052.79 gm, and a range of 1,019.66 gm.  The total fresh leaf mass of Cupressus

lusitanica was 28,700 gm, with mean weight of 2,391.67 gm and a range of 2,100 gm, this was

oven dried and were weighed a total of 9,200.55 gm, mean of 766.71 gm, and a range value of

1,205.3 gm. Likewise, the fresh aliquot of Maytenus arbutifolia had a total trimmed wood mass

12,400 gm, a mean weight of 1,033.33 gm, and a rang value of 1,300 gm. In the same way this

was subjected to oven dry to yield a trimmed value of total, mean, and a range of 6,526.94,

543.92, and 684.18 gm respectively.
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Table 2: Trimmed biomass (gm) of Bersama abyssinica, Cupressus lusitanica, Maytenus
arbutifolia and Rhamnus staddo, n (number of trees)

Tree component n Maximum Minimum Range Total Average

Bersama abyssinica
Fresh wood mass 8 2100 500 1600 12700 1587.50
Oven dry wood mass 8 979.09 233.12 745.97 5921.19 740.15
X wood 8 0.563 0.209 0.354 4.58 0.572
Fresh leaf mass 8 800 200 500 4500 562.50
Oven dry leaf mass 8 272.79 68.19 204.6 1534.45 191.81
X leaf 8 0.638 0.242 0.396 4.092 0.511
Btrimmed dry biomass 8 1251.89 318.37 933.52 7455.64 931.95

Cupressus lusitanica
Fresh wood mass 12 3500 1300 2200 28700 1700
Oven dry wood mass 12 1744.05 724.66 1019.36 13497.5 2052.79
X wood 12 0.657 0.329 0.327 5.7546 0.479
Fresh leaf mass 12 3000 900 2100 28700 2391.67
Oven dry leaf mass 12 1560.9 355.6 1205.3 9200.55 766.71
X leaf 12 0.6331 0.254 0.3791 5.411 0.450
Btrimmed dry biomass 12 2965.45 1130.04 1835.41 22698.05 3299.44

Maytenus arbutifolia
Fresh wood mass 12 1900 600 1300 12400 1033.33
Oven dry wood mass 12 1000 315.82 684.18 6526.94 543.92
X wood 12 0.686 0.222 0.464 6.15 0.513
Fresh leaf mass 12 600 200 400 4650 387.5
Oven dry leaf mass 12 216.6 72.2 144.4 1678.65 139.89
X leaf 12 0.630 0.223 0.407 4.132 0.344
Btrimmed dry biomass 12 1216.69 388.02 828.67 8205.59 683.79

Rhamnus staddo
Fresh wood mass 8 1000 400 600 5800 725
Oven dry wood mass 8 537.96 215.18 322.78 3120.77 390.02
X wood 8 0.698 0.357 0.341 4.22 0.528
Fresh leaf mass 8 400 100 300 1800 454.98
Oven dry leaf mass 8 115.49 28.87 86.62 519.74 64.96
X leaf 8 0.408 0.222 0.186 2.309 0.289
Btrimmed dry  biomass 8 653.45 272.93 380.52 3639.88 454.98

Furthermore, the fresh leaves aliquot had a total mass of 4,650, a mean of 387.5, and a range

value of 400 gm respectively and it was oven dried and gave a total mass of 1,678.65 gm, mean

of 139.89 gm, and a range of 144.4 gm.
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Similarly, the fresh Rhamnus staddo had a trimmed wood mass of total 5,800, 725 a mean value,

and with a range of 600 gm respectively. Oven dried and yielded a total of 3,120.77 gm, with a

mean of 390.02 gm, and a range of 322.78 gm. Moreover, its fresh leaves had a total mass of

1,800 gm, mean value of 454.98 gm, and a range value of 300 gm. It was then oven dried and

gave a dry leaves total mass of 519.74 gm, mean value of 64.96 gm and a range of 86.62 gm.

4.1.3. Untrimmed biomass

The untrimmed tree dry biomass was obtained from the sum of two individuals results, as per the

procedure stipulated in FAO (2012) manual. The dry biomass of untrimmed part (i.e. that still

standing): one for the small branches, the other for the large branches and for the trunk. The

untrimmed biomass was the sum of the two results:

Buntrimmed dry = Buntrimmed dry branch + Bdry section

The dry biomass of the large branches and the trunks (Bdry section)

The dry biomass of the large branches and the trunks was calculated from the product of mean

wood density (wood specific gravity) and total volume of large branches and trunks.  The

volume of the large branches and trunks were calculated according to equation (6), Smalain’s

formula, but first the diameter at one meter interval for the trunk and large branch was recorded.

Each section i of the trunk and the large branches were considered to be a cylinder of volume

(Smalian’s formula): Vi = Li (D + D ). The mean wood density was calculated based on

equation (8), i.e. by taking the ratio of oven dried wood aliquot mass of trimmed branch to its

green volume (that was measured by water displacement in the field) as indicated in Figure 4.
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According to FAO 2012; Picard et al., 2012) density is assumed to be the same in all

compartment of the tree, which is an important factor for biomass estimation.

Table 3: Trimmed branch density in g/cm3 and whole tree volume in m3

Tree
No

Cupressus lusitanica Bersama
abyssinica

Maytenus arbutifolia Rhamnus staddo

Volume Density Volume Density Volume Density Volume Density

1 0.102 0.531 0.0013 0.3297 0.0018 0.4792 0.0010 0.4612

2 0.135 0.491 0.0014 0.314 0.0035 0.4581 0.0019 0.4812

3 0.105 0.553 0.0034 0.3886 0.0038 0.4381 0.0091 0.4300

4 0.179 0.575 0.0015 0.4330 0.0029 0.4918 0.0079 0.4915

5 0.576 0.554 0.0050 0.3215 0.012 0.4056 0.0220 0.4331

6 0.378 0.469 0.0040 0.3366 0.011 0.3915 0.0187 0.4105

7 0.524 0.559 0.0105 0.3775 0.022 0.4722 0.0233 0.3956

8 0.484 0.514 0.0077 0.3668 0.028 0.4287 0.0469 0.4021

9 0.919 0.514 0.035 0.4281

10 1.036 0.556 0.039 0.4650

11 1.022 0.541 0.062 0.4223

12 1.24 0.519 0.0445 0.4445

The untrimmed biomass components from the 38 individuals of each species are indicated on

Table 4. The dry section was calculated based on equation (7), thus Bersama abyssinica had a

sum value of 32.56 kg, with a mean value of 4.07 kg and a range of 5.62 kg.  Likewise, the dry

section of Cupressus lusitanica had a total value of 3292.31, mean of 274.36 and a range of

558.12 kg, respectively.
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The dry section biomass for Maytenus arbutifolia were 118.02 kg total, mean of 9.84 kg and a

range of 26.43 kg. Similarly, Rhamnus staddo had a total mass of 64.96, with a mean value of

8.12, and with a range of 21.59 kg, respectively for the dry section.

Table 4: Untrimmed biomass parts (kg) of each tree species

The dry biomass and basal diameters of the trimmed branch aliquots were used to develop the

allometric equations for the four species to predict the dry biomasses of the small untrimmed

branches from their measured basal diameter (diameter measured at the bases of the small

branches). Since, they were not serially measured for their volume like the trunks and large

branches of the tress.

Tree component n Maximum Minimum Range Sum Mean

Bersama abyssinica

Dry section 8 6.07 0.452 5.62 32.56 4.07

Dry branch 8 4.95 0.970 3.980 35.19 4.39

Untrimmed biomass 8 7.40 2.97 4.43 67.75 8.47

Cupressus lusitanica

Dry section 12 608.06 49.94 558.12 3292.31 274.36

Dry branch 12 89.81 17.66 72.15 559.22 46.60

Untrimmed biomass 12 680.61 76.84 603.78 3851.53 320.96

Maytenus arbutifolia

Dry section 12 27.23 0.805 26.43 118.02 9.84

Dry branch 12 5.65 2.26 3.39 45.05 3.76

Untrimmed biomass 12 32.87 3.06 29.81 163.08 13.59

Rhamnus staddo

Dry section 8 22.04 0.45 21.59 64.96 8.12

Dry branch 8 3.29 1.27 2.02 16.45 2.07

Untrimmed biomass 8 23.84 1.71 22.13 81.41 10.18
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The allometric equation that were obtained after regression analysis on the aliquot basal diameter

against the trimmed dry biomass using R statistical software was adapted for the determination

of the biomass of small untrimmed branches.  The model for trimmed dry branch for the four

species was: B.trimmed dry=-338.4+504.9(Basal Diameter) (Model-1) for Bersama abyssinica,

B.trimmed dry=-179.9+654.1(Basal Diameter) (Model-2) for Cupressus lusitanica, B.trimmed

dry=359.13+126.49(Basal Diameter) (Model-3) for Maytenus arbutifolia, B.trimmed

dry=66.65+204.63(Basal Diameter) for Rhamnus staddo. These four models use basal diameter

as independent variable to estimate the trimmed dry branch biomass.

Table 5: Allometric equation for untrimmed small branch

Species Model Coefficients Performance statistics

Intercept Slope R2 p-value

Bersama abyssinica (model-1) 338.4 504.9 0.6039 0.00294

Cupressus lusitanica (model-2) 179.9 654.1 0.7021 0.00294

Maytenus arbutifolia (model-3) 359.13 126.49 0.6087 0.00276

Rhamnus staddo (model-4) 66.65 204.63 0.6278 0.0190

The overall regression accuracy of the model-1 for Bersama abyssinica relating the basal diameter

and trimmed dry biomass of the trimmed branch is given by R2 (0.6039) indicating 60.39% of

B.trimmed dry biomass can be explained by their basal diameter. The p-value was again

statistically significant (0.00294) which is very much below the significance level 95% (0.05).
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Figure 6: the scatter plot of basal diameter and dry biomass of the trimmed branches of the
four tree species.

The p-value of model-2 for Cupressus lusitanica relating the basal diameter and trimmed dry

biomass was 0.00294 <0.05 for the predictor variable basal diameter indicates that there is strong

evidence in favor of supporting the existence of statistically significant correlation between basal

diameter and B.trimmed dry at 95% confidence interval. The model-2 accuracy given by R-

squared value of  (0.7021) shows that 70.21% of the variation of the output variable, B.trimmed

dry (trimmed dry biomass weight) is explained by the variation of the input variable basal

diameter and the rest 29.79% variations of B.trimmed is explained by other factors.
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Similarly, the summary of model-3 and model-4, provided under Table 5 for Maytenus

arbutifolia and Rhamnus staddo gave R2 value of 0.6087 and 0.6278 and p-value of 0.002756

and 0.001904 respectively. This indicates that 60.87% of B.trimmed dry biomass can be

explained by basal diameter of Maytenus arbutifolia with a p-value of 0.002756. Regarding,

model-4, indicates 62.78% B.trimmed dry biomass can be explained by the basal diameter and

the p-value of 0.01904 indicates statistically significant at 95% confidence level.

After developing the models for the estimation of trimmed dry biomass of the trimmed branches

by the basal diameters the same model were adopted for the estimation of the dry biomass of the

untrimmed small branches i.e. by employing the linear regression model-1, model-2, model-3,

model-4, for the estimation of small untrimmed branches in which their basala diameter were

recorded in the field for Bersama abyssinica, Cupressus lusitanica, , Maytenus arbutifolia, and

Rhamnus staddo respectively.

Therefore, Cupressus lusitanica had a sum of 559.22 kg, mean value of 46.60 kg, and a range of

72.15 kg from 12 trees for the small untrimmed branches. A total weight of 35.19 kg, a mean

value of 2.93 kg, and a range of 3.980 kg were accounted for Bersama abyssinica. Likewise, a

total of 45.05 kg, a mean mass of 3.76 kg, and a range value of 3.39 kg were obtained for

Maytenus arbutifolia. Furthermore, Rhamnus staddo had a total value of 16.45 kg, mean value of

2.07 kg, and a range of 2.02 kg from a total of eight trees.
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As described on (FAO 2012; Picard et al., 2012), equation (5), by adding up the dry branch and

dry section biomass values, the untrimmed biomass were obtained for each species as indicated

on Table 4. It is the sum of untrimmed small branches, had no volume data measured/required

and untrimmed large branch and trunk for which volume data were measured and calculated with

Smalain’s formula. Thus, the sum of untrimmed dry biomass of Bersama abyssinica was 67.75

kg, with a range of 4.43 kg, and a mean value of 10.42 kg.

As for Cupressus lusitanica, a total of 3851.53 kg, a mean untrimmed dry biomass of 320.96 kg

and a range of 603.78 kg. And Maytenus arbutifolia had a total of 163.08 kg of untrimmed dry

biomass, a mean value of 13.59 kg, and a range of 29.81 kg. Rhamnus staddo also had 81.41 sum

untrimmed dry biomass, with a range of 22.13, and mean value of 10.18 kg from a total of eight

trees respectively.

The entire required biomass section components/parts were attained either by calculation (for the

untrimmed parts and/or by measurement as stated in the FAO 2012; Picard et al., 2012) manual

for biomass estimation, and given in the previous series of tables which we needed to come up

with the objective of this particular study. Finally, the total above ground biomass (AGB) was

obtained by means of equation (1). These values of aboveground biomass (AGB) were then used

to estimate belowground biomass (20% of AGB) based on equation (11). The total biomass of

the study species were obtained as a sum of the aboveground biomass (AGB) and belowground

biomass (BGB) as given in Table 6.
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Thus, Bersama abyssinica had a total above ground biomass of 75.21 kg, with a mean value

of9.40 kg, and a range of 5.05 kg from 8 individual tree measurements. And it also had a total

belowground mass of 15.04 kg, mean of 1.88 kg, and a range of 1.01 kg. By adding together the

AGB and BGB of the above values revealed a total biomass of 90.25 kg, 7.75 kg mean value,

and a range of 6.07 kg.

In the same way, Cupressus lusitanica had a total of 3874.23 kg, mean of 322.85 kg and a range

value of 604.73 kg for the aboveground biomass. The corresponding belowground biomass was

774.85 kg, 64.57 kg, and 20.95 kg for the total, mean, and range respectively. Then the sum total

biomass was 4649.08 kg total, mean value of 387.42 kg and a range value of 725.68 kg.

Similarly, a total aboveground biomass of 171.29 kg, a mean of 14.27 kg, and a range value of

30.04 kg were obtained for Maytenus arbutifolia. And it also had a total of 34.26 kg, mean value

of 2.85 kg, and a range of 33.56 kg for below ground biomass.  By adding the above ground and

below ground biomasses Maytenus arbutifolia had a total biomass of 205.55, a mean of 17.25,

and range of 36.05 kg were obtained respectively.
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Table 6: AGB, BGB and Total biomass (kg) of trees

Finally, Rhamnus staddo had a sum of 84.45 kg, mean value of 10.56 kg and with a range of

22.11 kg aboveground biomass. Its total below ground biomass was 16.89 kg, mean of 2.11 kg

and a range of 4.42 kg, and then the sum total of AGB and BGB was 101.34 kg, with a mean

value of 12.67 kg, and a range value of 26.53 kg. The AGB, BGB, and total biomass were

directly related to each other and with the independent variables such as diameter at breast height

(DHB), height (H), and density (ρ) to develop the allometric model.

Tree component N Maximum Minimum Range Sum Mean

Bersama abyssinica

AGB 8 8.36 3.31 5.05 75.21 9.40

BGB 8 1.67 0.66 1.01 15.04 1.88

Total biomass 8 10.04 3.97 6.07 90.25 11.28

Cupressus lusitanica

AGB 12 682.78 78.05 604.73 3874.23 322.85

BGB 12 36.56 15.61 20.95 774.85 64.57

Total biomass 12 819.33 93.65 725.68 4649.08 387.42

Maytenus arbutifolia

AGB 12 33.55 3.51 30.04 171.29 14.27

BGB 12 34.26 0.70 33.56 34.26 2.85

Total biomass 12 40.26 4.21 36.05 205.55 17.25

Rhamnus Staddo

AGB 8 24.20 2.09 22.11 84.45 10.56

BGB 8 4.84 0.42 4.42 16.89 2.11

Total biomass 8 29.04 2.51 26.53 101.34 12.67
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Figure 7: All 8 trees biomass components of Bersama abyssinica

Figure 8: All the 12 trees biomass components of Cupressus lusitanica

Figure 9: All the 12 trees biomass components of Maytenus arbutifolia
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Figure 10: All the 8 trees biomass components of Rhamnus staddo
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Table 7: Summary of statistical indictors, R2, adjusted R2, and p-values for AGB models

Models Allometric equation R2 Adjusted
R2

p-value

Model-5 AGB=-258.30+20.57(DBH)
0.9279 0.8207 4.939x10-07

Model-6 AGB= -1.1407+2.1262(DBH)
0.9416 0.9058 1.7x10-05

Model-7 AGB= 4.1542+0.4830(DBH)
0.5952 0.4448 0.01065

Model-8
AGB==2.4031+1.9747(DBH). 0.913 0.7985 0.0002131

Model-9
AGB=-143.492+26.387(DBH)-16.93(Height) 0.9488 0.8474 1.56x10-06

Model-10
AGB=-3.33 +0.3656(DBH) + 0.413(Height) 0.7961 0.7508 0.0007807

Model-11
AGB=-1.246+2.1(DBH) +0.044(Height) 0.9416 0.9286 2.809x10-06

Model-12
AGB=-2.25+3.220(DBH) -1.356(Height) 0.9253 0.8954 0.001526

Model-13
AGB=-193.359 + 25.869(DBH) -15.727(Height)

+ 90.952(Density)
0.9500 0.9312 1.509x10-05

Model-14
AGB=9.996+0.51799 (DBH)-0.044(Height) -

17.37(Density).
0.8383 0.7777 0.001568

Model-15
AGB=5.538+1.9545(DBH) +0.316(Height) +

8.01(Density).
0.9421 0.9204 2.706x10-05

Model-16
AGB=-2.193+3.234(DBH)-1.378(Height)-

2.557(Density)
0.9253 0.8693 0.01019

*Model-7, 10, 14 for Bersama abyssinica, Model-5, 9, 13 for Cupressus lusitanica,

*Model-6, 11, 15 for Maytenus arbutifolia, and Model-8, 12, 16, Rhamnus staddo.
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Table 8: Residual standard error (RSE), adjusted R2 and Akaike information criterion

(AIC)

Models RSE

Adjusted

R2 AIC

Cupressus

lusitanica

AGB=-258.30+20.57(DBH)
58.76 0.8207

133.54

AGB=-143.492+26.387(DBH) -16.93(Height)
52.23 0.8474

135.63

AGB=-193.359 + 25.869(DBH) -15.727(Height) +

90.952(Density)
54.72 0.9312

135.3

Bersama

abyssinica

AGB= 4.1542+0.4830(DBH)
1.149 0.4448

39.57

AGB=-3.33 +0.3656(DBH) + 0.413(Height)
0.6882

0.7508 40.34

AGB=9.996+0.51799 (DBH)-0.044(Height) -

17.37(Density).
0.7273

0.7777 42.35

Maytenus

arbutifolia

AGB= -1.1407+2.1262(DBH) 2.34 0.9058
58.26

AGB=-1.246+2.1(DBH) +0.044(Height).
2.466

0.9286 60.27

AGB=5.538+1.9545(DBH) +0.316(Height) +

8.01(Density).
2.605

0.9204 62.16

Rhamnus

staddo

AGB==2.4031+1.9747(DBH).
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4.1.4.1. Allometric biomass model with DBH as independent variable

The linear regression analysis for Cupressus lusitanica total aboveground dry biomass using a

single independent variable (DBH) resulted in an allometric equation, model-5 of the form:

AGB=-258.30+2.57(DBH), the corresponding p-value of the model 4.939x10-07 and a confidence

interval for model-5 (i.e. the true relationship between the variables, DBH and AGB) were for

the DBH: (16.53, 24.611) at 95% significance level for this particular study. This confidence

interval indicates that we are 95% sure that the true relationship between the independent (DBH)

and dependent (AGB) lies in the given intervals. The scatter plots with a line of best fit are

shown below in correlation model figure 11.

The p-value of model-5 was 4.939x10-07<0.05 for the predictor variable (DBH) indicates that

there is strong evidence in favor of supporting the existence of statistically significant correlation

between DBH and AGB. The model-5 accuracy given by R-squared value of  (0.9279) shows

that 92.79% of the variation of the output variable, AGB is explained by the variation of the

input variable DBH and the rest 7.21% variations of AGB is explained by other factors.

Likewise, the linear regression model analysis for Maytenus arbutifolia aboveground dry

biomass AGB and DBH resulted an allometric equation (model-6), AGB=-1.1407

+2.1262(DBH). The overall regression accuracy of the model-6 is given by R-squared value

(0.9416). The p-value was again statistically significant (1.71e-07) which is very much below the

significance level 95% (0.05).



Page | 51

The scatter plot with the line of best fit is shown in figure 11, shows the result from the R

statistical software, the confidence interval for model-6 (i.e. the true relationship between the

variables) was for DBH: (1.753083, 2.499227) at 95% confidence level. The result of model-6

shows that 94.16% of the variance of the output variable which is the above ground biomass

(AGB) is explained by the variance of DBH of the independent variable and the remaining

5.84% variation of the AGB is explained by other factors.

The allometric model-7 for the Bersama abyssinica developed by the same method had an

allometric equation (model-7) in the form: AGB= 4.1542+0.4830(DBH). The p-value: 0.010648

is statistically significant at 95% confidence level (p-value: 0.05). This model-7 had R-squared

value of 0.5952 and confidence intervals were for the DBH :( 0.1394284, 0.8265947) at 95%

confidence level for the true relationship between the independent and the dependent variable of

the study.  The scatter plot with a line of best fit as shown below in correlation model of figure

11.

Similarly, the allometric equation for Rhamnus staddo had a form AGB==2.4031+1.9747(DBH).

The overall regression accuracy of the model-8 given by its R-squared value (0.913), 91.3% of

the variation in AGB can be explained by the variation in DBH. The p-value (0.0002131) was

statistically significant. The confidence interval for the developed model was, for the DBH

(1.365661, 2.583786) at 95% confidence level.
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Figure 11: Linear relationship between DBH and AGB for the study species

The allometric models obtained from the regression analysis relating DBH and AGB are:

AGB=-258.30+20.57(DBH) for Cupressus lusitanica

AGB= -1.1407+2.1262(DBH) for Maytenus arbutifolia

AGB= 4.1542+0.4830(DBH) for Bersama abyssinica

AGB==2.4031+1.9747(DBH) for Rhamnus staddo
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4.1.4.2. Allometric models using DBH and height (H) as independent variables

The second approach was to develop a multiple linear regression allometric equation using DBH

and height as independent variables. Similar set of statistical parameter were considered for the

evaluation of statistical significant akin to the simple linear regression with an exception of

adjusted R-square is used to assess the model accuracy (it is a correlation factor adjusted for each

independent variable) which is more reliable than the simple R2 value in case of multiple

regression analysis.

The allometric equation model by applying the two independent variables, DBH and height to

estimate the dependent variable above ground biomass (AGB) for Cupressus lusitanica resulted

an equation of the form (model-9): AGB=-143.492+26.387(DBH)-16.927(Height).  The model

statistics were highly significant, with a p-value of 1.56x10-06 < 0.05. An adjusted R2 of (0.8474)

which indicate the two independent variables are capable to explain the 84.74% variation in the

dependent variable. The confidence interval at 95% level was (18.60280, 34.171688), and (-

36.94622, 3.092631) for the DBH, and height indicating the true relationship between these

variables with AGB respectively.

For Bersama abyssinica the same strategy was applied to give an adjusted R2 value of 0.7508,

and significant p-value for the multiple regression allometry model-10 was obtained

(0.0007807). The confidence intervals for the true relationship between the variables were

(0.103, 0.628) and (0.035, 0.860) for the DBH, and height respectively computed at 95%

confidence level. The equation was: AGB=-3.3322 +0.3656(DBH) + 0.4127(Height).
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Similarly, Maytenus arbutifolia revealed a multiple regression allometric model-11 in a form of

AGB=-1.24612+2.100(DBH)+0.044(Height).  This model had a p-value of 2.809x10-06 which

indicate a highly significance association between the variable of interest. The adjusted R2

(0.9286) indicates that 92.86% of the variation in the AGB can be explained by the multiple

regression model computed from of DBH and height. The model confidence interval was for the

DBH: (0.02, 4.176) and for height: (-3.449, 3.538) indicating that the true relationship of the

model parameters is in the interval at 95% statistical significance level.

The multiple regression allometric model-12 for Rhamnus staddo resulted in an adjusted R2 of

0.8954 shows that 89.54% of the variation in above ground biomass (AGB) was explained by the

two independent variables, DBH and height. A statistically significant p-value was obtained

(0.001526). The model confidence interval at 95% confidence level for the model-12 were

(0.364, 6.804) and (-5.194, 2.482) for the DBH and height respectively. The equation was given

by AGB=-2.25+3.220(DBH)-1.356(Height).
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4.1.4.3. Allometric model with DBH, height, and density as independent variables

Finally, study this opted to develop an allometric model of a multiple regression consisting DBH,

height, and density as input variable and aboveground biomass (AGB) as output variable.  The

linear multiple regression allometry for Cupressus lusitanica, resulted an equation of the form,

AGB=-193.359 +25.869(DBH)-15.727(Height)+90.952(Density). The relevant statistical outputs

were, adjusted R2 of 0.9312 accounted for the explanation of 93.12% of the variance of AGB by

the three independent variables. A statistically significant p-value of 1.509x10-05 was also

acquired. Confidence intervals for the model-13 were for DBH (17.131, 34.608), height (-

37.99835, 6.544531), and density (-381.076, 562.980) at 95% confidence level.

The overall allometric model for Bersama abyssinica was as follows, an equation of the form

AGB=9.996+0.51799(DBH)-0.04368(Height)-17.37033(Density). This model-14 had and

adjusted R2 of 0.778 and statistically significant p-value of 0.001568 was obtained. The

confidence interval for was DBH (0.235, 0.801), height (-0.527, 0.439) and density (-27.168,

7.572) at 95% confidence level.

In the same way, linear multiple regression analysis of Maytenus arbutifolia revealed an equation

of the form AGB=-5.538+1.9545(DBH) +0.3157(Height) + 8.0069(Density). This model-15 had

an adjusted R2 of 0.9204, indicating the accuracy of the model, capable of explaining 92.04%

variation of ABG by the three independent variables. Statistically significant p-value of

2.706x10-05 was also obtained. The confidence interval of the model at 95% confidence level was

as follows, for the DBH (-0.6458, 4.555), height (-4.1876, 4.819) and density (-64.93, 80.949).
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Finally, an allometric model-16 for Rhamnus staddo was developed, in similar methods as

above, to yield an allometry equation of the form AGB=-2.193+3.234(DBH)-1.378(Height)-

2.557(Density). The adjusted R2 (0.8693) was able to explain 86.93% of the variation of the

AGB by the independent variables. The p-value was once again statistically significant 0.01019.

The confidence interval at 95% confidence level for the developed model was as follows, for the

DBH (1.241, 7.708), height (-6.356, 3.600) and density (0.00214, 0.00208) attributed to the true

relationship of the model parameters.
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4.2. Discussion

4.2.1. Allometric model

Wood specific gravity is one of the chief estimators of AGB, especially when a broad range of

vegetation type is considered. Most researchers have developed allometric equations through

wood density/wood specific gravity as the representative factor for species (Chave et al., 2014;

Henry et al., 2010; Chave et al., 2004). This particular study analyzed the aliquot branch mean

wood density for the four species and obtained density of 0.3584 g/cm-3 for Bersama abyssinica,

0.5313 g/cm-3 for Cupressus lusitanica, 0.4437 g/cm-3 for Maytenus arbutifolia and 0.4382 g/cm-

3 for Rhamnus staddo. In addition, if total tree height is available, allometric models usually

yield less biased estimates. However, tree height has often been ignored in biomass estimation

and carbon-accounting programs (Chave et al., 2014). In this study tree height was measured

serially.

Therefore, this study opted to follow the above important literature recommendation and

incorporated the critical independent/explanatory variable to obtain a reliable and accurate model

for the estimation of above ground biomass (AGB) for the study species. We developed an

allometric equation in a form of linear multiple regression models for the selected four species,

namely, Bersama abyssinica, Cupressus lusitanica, Maytenus arbutifolia, and Rhamnus staddo.

The data were collected from field, Egdu forest, located in Oromia region. The developed

models were evaluated for statistical significance by means of different statistical parameters.
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A knowledge driven approach were employed to develop the allometric models, by step-wise

increment of the independent estimator variables from DBH alone to two (DBH and Height), and

finally to three independent variable (DBH, Height, and Density) were utilized in this study. The

first sole independent variable to be considered in this study was diameter at breast height

(DBH), which is an easily measurable variable, Moreover, DBH is always included in forest

inventory data and this allows DBH to be practically advantageous.

As it is given in table 7 and table 8 in model summary statistics table, DBH as a single sole

explanatory variable gives a good estimation for above ground biomass attributed to its ability to

explain the total variation because the total variation explained by this independent variable is

high and associated with small bias (error) in the model. The results from this study indicate that

DBH alone is a good estimator of aboveground biomass which is in agreement with previously

published articles (Basuki et al., 2009; Brown et al., 1989; Mencuccini and Zianis, 2004).

In a subsequent step DBH and height were used as independent variable for the estimation of the

aboveground biomass (AGB) in the step-wise model increment procedure. This second approach

employed a multiple linear regression model, and revealed improvement in the statistical

performance than the earlier modeling approach which only considers DBH as a sole estimator

variable.
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This was particularly evident for Bersama abyssinica, from the improvement of the both

multiple R2 (0.5952 or 59.529%) and an adjusted R2 of (0.4448 or 44.48 %) to a new multiple R2

value of (0.7961 or 79.61%) and adjusted R2 value of (0.7508 or 75.08%) which increase the

capability of the model to explain the variation of the output variable, above ground biomass

(AGB). The corresponding p-value also improved significantly from a p-value of 0.01065 (for

DBH alone) to a new statistically significant p-value of 0.0007807 for the multiple linear

regression model which incorporate DBH and height. Likewise, improvements in the model

parameters were obtained for Maytenus arbutifolia, Cupressus lusitanica and Rhamnus staddo.

Therefore, step-wise increment of model parameters revealed that increasing the independent

variables from one to three increased the reliability and reduced the average deviation of the

above ground biomass (AGB) estimate, indicating all the three variables can be incorporated to

yield a better model.

4.2.2. Model selection

In addition to the commonly used statistical indictors (R2, adjusted R2, and p-value at 95%) to

select the best allometric models, other statistical indicator were also assessed.  Penalized

likelihood criterion (Burnham and Anderson 2002) was used. In addition,  residual standard error

(RSE), the standard error of the residuals, which are obtained from the model regression

procedure and provided in the above tables in the result sections, the larger RSE is the poorer the

regression model and the adjusted R2 were used to filter the different models. These values, i.e.

RSE, AIC, and adjusted R2 are tabulated in table 8 together with the common statistical

indicators.
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The residual standard errors (RSE) for Bersama abyssinica (model-7, 10, 14) show very low

values 1.15, 0.69, 0.73 respectively, indicating good fit of the model or a very minimal error

value for its estimation.  Although based on the AIC value, which penalizes parameter rich

models, we can say that model-7 is the most parsimonious approach (keep it simple) comprised

of single variable but any of the three models could provide a very good proximal estimation

depending on the availability of forest inventory data such as DBH, height, and density.

Similarly, models for Cupressus lusitanica, exhibit a close residual standard error (RSE) values

52.23, 54.72, 58.76 for model-5, 9, 13, respectively, despite this closeness of RSE, their adjusted

R2 shows improvement in their capacity as explanatory variables in the model, this indicates

model-13 could be used for better estimation of above ground biomass for the study species

depending on the availability of forest inventory data.

Models developed for Maytenus arbutifolia, all the three models (model-6, 11, 15), display a

very close value of RSE 2.34, 2.61, 2.47 respectively, the adjusted R2 shows a slight

improvement and the AIC penalizes model-15 higher than model-6, and model-11 as it is

composed of three independent variables but this shouldn’t exclude its application in the

estimation of above ground biomass for Maytenus arbutifolia as far as there are sufficient

inventory data available such as density, height, DBH, and this study have established local

densities for the study species. However, in the absence of data for height, model-6 could

effectively be used to estimate above ground biomass.

Finally, models developed for Rhamnus staddo, revealed the same pattern giving a low value for

the residual standard error, values of 2.28, 2.32, 2.58 for the model-8, 12, 16, and an adjusted R2
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of 0.7985, 0.8954, 0.8693, respectively. The AIC values increase as the number of model

variables increases 39.57, 40.35, and 42.35 for model-8, model-12, and model-16, respectively.

4.2.3. The need for general or specific allometric equations

The use of the available generalized biomass equations across wider ecological zones can lead to

bias and error in estimating biomass for particular species and sites in Colombia (Alvarez et al.,

(2012); Henry et al., (2011) in Ghana; (Nogueira et al., (2008) in Brazil because, there are

variations among species in wood specific gravity, tree sizes, growth stages, and also since some

geographic areas have not been covered by the existing general allometric equations is that it

can’t be applicable for these types of geographic areas which are available for similar species

(Navar et al., 2002). Basuki et al., (2009) concluded that the generalized equations are not

sufficient to estimate the biomass for certain types of forest such as Dipterocarp forests of

Indonesia

In addition, the accuracy of biomass estimations can be affected by several factors such as

climate, topography, soil fertility, water supply, wood density, distribution of tree species, tree

functional types and forest disturbances have impact on forest variability (Sicard et al., 2006;

Fearnside, 1997; Luizão et al., 2004; Slik et al., 2008). For a determined tree species, tree mass

is influenced by the size of the tree, its architecture (form), and health (e.g. hollow trees),

(Fearnside, 1997). Moreover, there is a lot of uncertainty in the amount and spatial variations of

above-ground biomass in Africa, partly because very few allometric equations are available

(Fayolle et al., 2013). This particular study have developed species specific allometric model for

biomass estimation by incorporating some of the most relevant factors in the development of
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allometric equation  namely, wood specific gravity (density), volume of a tree, height, and DBH

for the study species.

According to Whittaker and Maks, (1975), semi-destructive estimation of the above ground

biomass (AGB) of trees is achieved by means of two dimensional analytical techniques, which

are based on the relationship between biomass and readily measured biometric variable such as

diameter at breast height (DBH).  The main advantage of two-dimensional method of biomass

estimation is that the same allometric models are often valid for tree species within the

ecosystem under consideration, Whittaker and Wood well, (1968).

In most scenarios, generalized allometric equations that are applicable for biomass estimation

rely on the ecological zone of interest while others ascertain that regardless of the ecological

zone of interest, a general allometric model should yield a reasonable estimate of biomass. The

study site of this thesis was Egdu forest which is described under dry afro-mountain forest, and

the equation developed by (Brown et al., 1989, General equation-2), are used as a generalized

equation, the equation is given by AGB = 34.4703 - 8.0671 DBH + 0.6589 DBH2. This equation

typically relates tree biomass to diameter at breast height (DBH) and ignores some of the

relevant factors such as tree density and height in estimation of biomass.

Very recently, Chave, et al., (2014), (General equation-1) developed an improved general

allometric model, by directly harvesting 4004 trees, which incorporates the most pertinent factors

such as height and density and their study covered 40% from Africa, their best performing model

is given by the equation AGB= 0.0559 x (ρD2H), where, ρ is density, D is DBH, and H is height.
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Accordingly, the total biomass for the study species using the above models, Brown et al.,

(1989) and Chave et al., (2014), are summarized in the table 9 below along with the result of this

study (species specific model).  The total biomasses obtained by this study are, 75.21 kg for

Bersama abyssinica, 3874.23 kg for Cupressus lusitanica, 171.28 kg for Maytenus arbutifolia,

and 84.45 kg for Rhamnus staddo. While the Chave, et al., (2014) model estimated a total of

85.55 kg for Bersama abyssinica, 5449.72 kg for Cupressus lusitanica, 176.11 kg for Maytenus

arbutifolia, and a total of 83.67 kg for Rhamnus staddo. The total biomass predicted by the

model of Brown et al., 1989, was 178.44 kg for Bersama abyssinica, 4683.43 kg for Cupressus

lusitanica, 256 kg for Maytenus arbutifolia, and 134.78 kg for Rhamnus staddo as indicated on

table 9.

Table 9: Comparison of biomass of trees based on species specific and general allometric
equation

Species
Species specific
equation  total
biomass ( kg)

General equation-1
total biomass (kg)

General equation-2
total biomass (kg)

Bersama abyssinica 75.21 85.55 178.44

Cupressus lusitanica 3874.23 5449.72 4683.43

Maytenus arbutifolia 171.28 176.11 256.67

Rhamnus staddo 84.45 83.67 134.78
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From the estimated value for the total biomass by the general equations, it is detected that there

are differences especially the values estimated by the Brown et al., (1989) (General equation-2)

model which only takes DBH as a sole estimator of biomass, leading to over estimation.

Figure 12: Biomass comparison, specific and general allometry model, Bersama abyssinica
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arbutifolia 176.11 kg and for Rhamnus staddo 83.67 kg and for Bersama abyssinica 85.55 kg.

However, as tree height and DBH is altered to a higher value in case of Cupressus lusitanica, the

model estimated a different biomass value; more specifically it over estimated for Cupressus

lusitanica, 5448.72 kg.

Previous studies conducted by Eyosias and Teshome (2014), and Abiy and Teshome (2015),

have also reported similarly that, comparison of results obtained from the semi-destructive

means of biomass estimation with the generalized equations yield difference of total amount of

biomass but none of the above study used the very recent model developed by Chave et al.,

(2014) which address the geographical issue by covering 40% of their data is from Africa. The

disparity in the amount of biomass between the general and species specific equation is mainly

due to the fact that general allometric models are developed for a variety of species without

considering climate, density, geographical location, soil type and other factors relevant to AGB.

Figure 14: Biomass comparison, specific and general allometry model, Maytenus arbutifolia

Figure 15: Biomass comparison, specific and general allometry model, Rhamnus staddo
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However, species specific model is very specific to the species under the study and it is also

developed for a particular species in a particular geographic area in a particular situation and this

study developed species specific model which generates highly accurate biomass estimation.

This claim is supported by the statistical parameters presented in the result section of this thesis,

such as high correlation coefficient, adjusted R2, p-values, RSE and the model confidence

interval. Moreover, we need to compare our result, total biomass with other similar species

specific biomass estimation on similar species. Unfortunately, equations for the study species

(species specific) are not available hence no comparisons were possible.

4.2.4. Biomass estimation and carbon stock

Biomass estimations of trees are very crucial for various reasons from commercial use of wood

to global carbon trade and also from sustainable forest management to climatic change

mitigation. In order to measure biomass accurately, there must be species specific allometry. As

reported on Tables 2, 4 & 6 the biomass of a single tree is obtained though measurement of

different parts/compartments of a tree.
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(species specific) are not available hence no comparisons were possible.

4.2.4. Biomass estimation and carbon stock

Biomass estimations of trees are very crucial for various reasons from commercial use of wood

to global carbon trade and also from sustainable forest management to climatic change

mitigation. In order to measure biomass accurately, there must be species specific allometry. As

reported on Tables 2, 4 & 6 the biomass of a single tree is obtained though measurement of

different parts/compartments of a tree.

This study Specific
equation

General equation-1
(Chave, 2014)

General equation-2
(Brwon, 1989)

Rhamnus staddo

Page | 66

However, species specific model is very specific to the species under the study and it is also

developed for a particular species in a particular geographic area in a particular situation and this

study developed species specific model which generates highly accurate biomass estimation.

This claim is supported by the statistical parameters presented in the result section of this thesis,
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interval. Moreover, we need to compare our result, total biomass with other similar species

specific biomass estimation on similar species. Unfortunately, equations for the study species

(species specific) are not available hence no comparisons were possible.

4.2.4. Biomass estimation and carbon stock

Biomass estimations of trees are very crucial for various reasons from commercial use of wood

to global carbon trade and also from sustainable forest management to climatic change

mitigation. In order to measure biomass accurately, there must be species specific allometry. As

reported on Tables 2, 4 & 6 the biomass of a single tree is obtained though measurement of

different parts/compartments of a tree.

Biomass(kg)
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According to Wang et al. (2006), there are no universally accepted allometric equations as such.

Fayallo et al., (2013) and Creighton & Boone, (2008), state that species specific models are more

accurate for estimation of biomass. Below ground biomass are usually estimated by means of a

conversion factor from the above ground biomass, as it is most difficult to actually measure

below ground biomass (BGB). According to MacDicken (1997) and Pearson et al., (2005),

below ground biomass are obtained as 20% of the above ground (AGB) tree biomass. We have

applied this relationship for determining the BGB to obtain the total biomass of each species.

Subsequently, the carbon stocks of each species of the study were determined according to

Brown (1997) and Rowell, (1984) report, carbon quantities are about 50% of the above ground

biomass. In other words, Carbon was assumed to comprise 50% of the oven-dry mass indicating

half of each species individual biomass is equals to its carbon stock.

This value will be used for Carbon trading which is becoming an important source of foreign

income for countries like Ethiopia, and as indicated in the introduction and literature review

parts, protecting and re-establishing forests for their economic and ecosystem services including

as carbon stocks is one of the four pillars of the climate resilient economy (CRGE) strategy of

the country.

Table 10: Expected carbon stock (tone) and CO2 equivalents of the study species

Species name Total biomass tree(kg) Carbon stock (tone) CO2e

B. abyssinica 75.21 0.0401 0.1471

C. lusitanica 3874.23 1.9371 7.1091

M. arbutifolia 171.28 0.0856 0.3141

R. staddo 84.45 0.0422 0.1549
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATION

5.1. Conclusion

Locally developed allometric equations are fundamental for the estimation of biomass and/or

carbons stock. Limited numbers of studies have attempted to develop allometric equation locally

by means of semi-destructive techniques to estimate the amount of biomass for carbon trade

when compared with other countries. This thesis work developed allometric equation that can be

used by the researchers and forest managers and/or organization like REED+ to calculate

aboveground biomass of the studied species in Ethiopia.

This study has also provided locally estimated average wood density for the study species and

developed species-specific allometric relationships between DHB, height, and density for the

estimation of AGB. Models were developed to determine the biomass of the tree based on field

measurement of 38 trees from 4 species representing the variability in the study forest. The total

dry aboveground biomass of the sampled trees of Bersama abyssinica, Cupressus lusitanica

Maytenus arbutifolia, and Rhamnus staddo in the study site totaled 75.21 kg, 3874.23 kg, 171.28

kg, and 84.45 kg respectively.

The best performing models were model-14 AGB=9.996+0.518 (DBH)-0.044(H) -17.37(ρ) was

for Bersama abyssinica, for Cupressus lusitanica, model-13, AGB=-193.359+25.869(DBH)-
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15.727(H)+90.952(ρ),model-15 for Maytenus arbutifolia, AGB=5.538 +1.9545(DBH)+0.316(H)

8.01(ρ), and for Rhamnus staddo model-12, AGB=-2.25+3.220(DBH)-1.356(H).

Regression models should not be used beyond their range of validity and also shall be used

depending on the availability of forest inventory data. The models proposed here are valid in the

range 5–10 cm (DBH), height (1.5-12 meters) for Rhamnus staddo, for Cupressus lusitanica, 15-

45 cm (DBH), height 10-20 meters, for Bersama abyssinica 2-10 cm for DBH, and height 1.9-

4.65 meters, for Maytenus arbutifolia, 2.5-14 cm (DBH) and height 3.1-10.6 meters. We stress

that in the models presented here, DBH should be measured in centimeter, height in meter, and

density (ρ) in grams per cubic centimeter and, density (ρ) should represent an oven dry mass

(103oC) divided by green volume, not an air-dry wood density.

Moreover, this study has demonstrated that step-wise increments of the independent variables

from one to three have shown to increase the model accuracy by reducing the deviation of the

estimates.  The variables, DBH, height, and wood density all affect aboveground biomass of

which DBH and height represent the relationship between the tree volumes with biomass while

wood density represents the biological characteristics of the species.

5.2. Recommendations

Developments of allometric models or equations are fundamental to biomass estimation and in

all carbon stock auditing procedures. On the basis of results of the study, the following

recommendations are forwarded.
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 The method opted by this study (semi-destructive) is environmentally friendly but it is

recommended to harvest a few trees and obtain allometric equation to compare the

amount of biomass obtained from direct (destructive) and indirect (semi-destructive)

measurement and to test validity of existing allometric equations as well as to develop

country specific equations.

 Development of national database for allometric equations for all species and country-

specific equations and wood density of different tress species is recommended for

improved biomass estimation and detailed research is recommended on wood

density/wood specific gravity
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Appendix

Annex 1: Tree species (Trunk & Large Branch) diameter in cm with one meter
intervals

Cupressus lusitanica
Tree

1
Tree

2
Tree

3
Tree

4
Tree

5
Tree

6
Tree

7
Tree

8
Tree

9
Tree
10

Tree
11

Tree
12

20 25 24 25 36 34 38 32 40 48 49 54
16 19 19 21 29 29 37 30 36 40 44 47
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14 16 15 18 23 28 25 26 34 35 36 38
13 15 13 16 22 26 24 23 32 32 33 37
10 13 11 16 20 25 22 21 30 31 32 36
9 9 7 14 19 24 20 20 29 29 30 35
8 7 6.5 13 18 22 20 19 28 28 28 33

5.5 6 4.5 10 16 21 19 19 26 26 27 30
4 5 2.5 9 14 20 18 18 24 25 26 29
2 5 2 8 13 19 17 18 23 24 24 28

Large
branc

h

3 1.5 6 12 18 16 17 20 23 23 25

2 2 Large
branch

4 10 17 14 17 20 21 22 23

1.5 Large
branch

4 3 9 14 12 16 17 21 20 22

3 5.5 3.5 Large
branch

8 10 11 15 16 20 19 18

2 4 2.5 4 7 8 10 14 14 18 14 14
1 3 1.5 2 5 5 8 13 13 17 10 12
3 6 3 1.5 Large

branch
Large
branch

Large
branch

11 12 14 8 10

2 4 2 1 4 5 10 8 10 12 5 8
2.5 3 5 4.5 2.5 3 7 Large

branch
Large
branch

8 Large
branch

7

1.5 5 3.5 3 1.5 2 5 6 11 5 9 4
3.5 4 2 1 4 5 4 4 8 3 7 3
2.5 6 3.5 4.5 3 4 3 3 7 2 6 Large

branch

1 4 2 2 2 2.5 2 2 6 Large
branch

5 6

3.5 3 3 3 4 6 6 5 4 5 4 5
2.5 2 2 3 4 5 4 7 4 10 4
1.5 4 2 3 3 3 6 3 6 3
3 3 5 2 5 2 5 10 5 5
2 1.5 4 5 3 4 4 7 3 4
1 3 2 3 2 3 8 6 5 3
2 2 4 5 5 5 7 5 4 5
1 3 3 4 3.5 4 6 4 3 4
3 24.5 1.5 2.5 6 3 5 3 2 9

1.5 2.5 4 5 5 4 3 6 4 7
3.5 3.5 3 4 4 3 8 5 3 5
2 2 1 3 2 7 4 2 4
3 3.5 5 5 7 4 6

1.5 2 4 3 6 2 5
2.5 3 2.5 10 5 3 4
1.5 2.5 5 13 4 4 3
3 2.5 4 9 7 3 6

1.5 2 3 8 6.5 2 5
3 6 5 4
1 5 4 13 3



Page | 83

4 4 3 8 5
3.5 4 8 5 4
2 3 7 3 3
4 2.5 5 5 2
3 6 3 4 6

1.5 5 4 3 5
4.5 3 3 6 3
3 7 2.5 4 8
2 5 2 2 7

3.5 4 5 8 6
2 8 4 4 5
1 6 2 2 2
4 5 6 5
2 8 5 3
4 7 3 6
3 5 7 4

1.5 3 6 3
3.5 5 5
2.5 4 4
1 3

Maytenus arbutifolia
Tree

1
Tree

2
Tree

3
Tree

4
Tree

5
Tree

6
Tree

7
Tree

8
Tree

9
Tree
10

Tree
11

Tree
12

4 5 5 5 8 8 10 12 13 15 14 15
3 4 4 4 7 6 9 10 11 12 13 14

1.5 2.5 2.5 3 5.5 5 7 8 9 9 10 13
Large
branch

1 1 Large
branch

4 4 5 7 7 7 8 11

2 Large
branch

Large
branch

1.5 3.5 3 4 6 6 6.5 7 8

1 3 3 2 3 2 3 4 5 5 5 7
2 2 2.5 1 2 2 2 4 4 4 5
1 1 1 Large

branch
Large
branch

Large
branch

Large
branch

2 3 3.5 3

2 4 4 5 4.5 1 2 3 2
1 3 3.5 4 2.5 Large

branch
Large
branch

2 Large
branch

2.5 1 3 3 5 4 1 4
1 3 2.5 2 3 3 Large

branch
3

1.5 1 2 2.5 5 1.5
1 2 3 2 3.5
3 1 2.5 1.5 3
2 2.5 1.5 4 1
1 1 3 3

2 1 2
1.5

Bersama abyssinica
Tree

1
Tree

2
Tree

3
Tree

4
Tree

5
Tree

6
Tree

7
Tree

8
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3 3.5 6 4 6 5 10 8
2 2.5 4 3 4 4 7 6
1 1 3 1 3 2.5 3.5 3

Large
branch

Large
branch

2 Large
branch

2.5 1 3 2.5

2 2 1 2 1 Large
branch

2 2

1 1 Large
branch

1 Large
branch

3 1 1

2 2 3 2 2.5 2 Large
branch

Large
branch

1.5 1.5 2 1 2 1.5 3 3
2 2 1.5 2 1 3 2 1.5
1 1 3.5 1 3 2 1 3
2 2 2.5 2 2 1 3 1
1 1 2 1 2 2 2 2
2 2 1 2 1 1 1 1
1 1 2 1 2 2 2 2

2 1 1 1 1
1 2

1

Rhamnus staddo
Tree

1
Tree

2
Tree

3
Tree

4
Tree

5
Tree

6
Tree

7
Tree

8
3 4 7 7 10 10 12 14
2 3 6 6 8 9 10 12
2 2.5 4.5 4 7 7 8 11
1 1.5 4 3.5 5.5 6.5 6 9

3.5 3 4 5 5 7
2.5 Large

branch
3 3.5 4 6

1 3 1.5 2 3.5 5
2.5 Large

branch
1.5 2 3

Large
branch

2 5 Large
branch

Large
branch

2

3 2 4 3 4 Large
branch

2.5 1 3 2.5 3 5
1.5 1.5 1.5 2 3
2 4 3 3.5 2

1.5 3 2 2 3.5
1.5 1 2.5 2
2.5 2.5 2
1.5 1 1
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Annex 2. Trimmed component of biomass

Trimmed fresh

wood aliquot

mass (gm)

Trimmed wood

oven  dry

aliquot

mass (gm)

X wood Trimmed

fresh leaf

aliquot mass

(gm)

Trimmed leaf

oven dry

aliquot mass

(gm)

X leaf Wood

specific

gravity

(gm/cm3)

200 81.6624 0.408312 150 63.3399 0.42 0.254

300 125.6864 0.418955 100 40.2589 0.40 0.314
200 84.5429 0.422715 100 35.1574 0.35 0.389
200 88.2293 0.441147 100 32.9799 0.33 0.433

200 105.6281 0.528141 125 39.9329 0.32 0.322
300 168.9674 0.563225 150 58.5821 0.39 0.337

200 94.6901 0.473451 175 111.6156 0.54 0.255
300 87.581 0.291937 200 28.7404 0.14 0.367
400 107.0559 0.26764 200 59.805 0.29 0.323

300 91.5519 0.305173 150 42.4117 0.28 0.378
900 188.3159 0.20924 200 43.752 0.22 0.329

400 101.958 0.254895 200 58.7167 0.29 0.314
Cupressus lusitanica

600 284.7274 0.4745 900 390.0197 0.4333 0.5305
1000 329.8366 0.3298 500 163.7678 0.3275 0.3411
700 284.6814 0.4067 900 228.6504 0.254 0.5553
700 460.0537 0.6572 700 346.1835 0.4945 0.575

1000 456.4488 0.4565 500 297.2171 0.5944 0.4536
600 350.5337 0.5842 400 105.8855 0.2647 0.4686

1100 368.1298 0.3347 700 364.2564 0.5203 0.559
770 293.701 0.3814 500 315.8028 0.6331 0.3145
900 322.7934 0.3587 500 281.8628 0.5637 0.5136

1200 598.0064 0.4983 700 427.5516 0.6107 0.5564
900 561.5428 0.6239 700 276.9493 0.3956 0.5124
900 583.8291 0.6487 700 223.497 0.3192 0.5194

Maytenus arbutifolia

200 80.7247 0.403624 150 34.9921 0.233 0.479
300 94.4791 0.31493 100 24.3188 0.243 0.458
600 133.3025 0.222171 188 52.7423 0.281 0.438
200 100.2088 0.501044 160 41.2793 0.258 0.492
300 203.97 0.6799 188 75.5343 0.402 0.406
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300 174.8502 0.582834 198 56.1556 0.284 0.392
250 141.6125 0.56645 140 88.1873 0.63 0.472
600 315.8339 0.52639 180 92.6765 0.515 0.429
250 156.9508 0.627803 100 27.1951 0.272 0.428
200 136.5603 0.682802 110 14.1224 0.128 0.465
300 206.3702 0.687901 187 67.0705 0.359 0.422
400 144.217 0.360543 100 52.7973 0.528 0.445

Rhamnus staddo

250 101.172 0.40469 100 30.6267 0.306267 0.461

200 71.364 0.35682 70 15.5423 0.222033 0.481

700 358.174 0.51168 72 17.5868 0.24426 0.431

300 190.9539 0.636513 50 11.2278 0.224556 0.492

350 150.0146 0.428613 100 40.7846 0.407846 0.433

300 187.2577 0.624192 100 32.9109 0.329109 0.411

250 174.5886 0.698354 150 45.1259 0.300839 0.396

400 225.1124 0.562781 150 41.2589 0.275059 0.4021


