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Abstract

Allometric Equation for Biomass Estimation of Allophylus abyssinicus Radlk. and Croton

macrostachyus Del. in Arba Gugu Forest, Arsi Zone of Oromia Region, Ethiopia

Dawit Tekle

Addis Ababa University, 2014

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 objective of this study was to develop allometric equations for Allophylus abyssinicus

and Croton macrostachyus in Arba Gugu Natural Forest Ethiopia. Trees were climbed, basal

diameters of small branches were recorded and four branches per tree were removed for further

measurement. The sampled branches were used to develop allometric equations predicting branch

dry biomass, from oven dried branch biomass at 105°c and from their branch basal diameter (Picard

et.al., 2012), then models were developed to predict biomass of the trees based on climber’s serial

volume measurements of sections of trunks and big branches and mean wood density obtained from

small trimmed wood branches. The mean wood density of the trimmed branches for the Allophylus

abyssinicus and Croton macrostachyus resulted in 0.32 g cm-3 and 0.255 g cm-3 respectively for the

two tree species. Then, using the volume of each section and mean branch wood density the dry

biomass of the trees were estimated. Regression analysis was used to estimate the Above ground

Biomass (AGB) to do this R-statistical software was used for the analysis of the models. Independent

variables ranging from one to three were used to estimate the AGB the dependent variable: Model-7

AGB 19.81 0.1261(Dbh) 1.373(H) 0.0003345(V) was the best performing model for Allophylus

abyssinicus with R2 0.88, R2 0.85 and significant P- value of 2.9x10-16 and with an

average deviation S% 13%.The best performing model for Croton macrostachyus was: Model-8

AGB 0.06842 0.001114(Dbh) 0.05759(H)0.0002579(V) with R2 0.99 and also adjusted R2 0.99

and significant P-value of 7.10x10-5 and with average deviation S% 5%. The application of the

models should be taken with caution as the models have varying reliability and precision, implying

the application of models for decision making needs to consider their reliability and precision.

Keywords: Semi-destructive biomass estimation; Allophylus abyssinicus Radlk.; Croton

macrostachyus Del.; Allometry; species specific
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Chapter1

1. Introduction

Scientific measurements have shown that atmospheric concentration of greenhouse gases (GHGs) has

been increasing rapidly as a result of human activities such as fossil fuel burning, deforestation and

industrial emissions. It is believed that increased concentrations of greenhouse gases will lead to

global climate change. It is also widely accepted that global climate change would have adverse

impacts on socioeconomic development of all nations.

Because of interest in the global carbon (C) cycle, estimating above ground biomass with sufficient

accuracy to establish the increments or decrements of C stored in forests is increasingly important.

Forests form a major component of the C reserves in the world’s ecosystems (Houghton, 2007) and

greatly influence both the lives of other organisms and human beings (Whittaker and Likens, 1975).

Trees also play a key role in the global C cycle. Managing forests through agroforestry, forestry and

plantation systems is seen as an important opportunity for climate change mitigation and adaptation

(IPCC, 2007; Canadell and Raupach, 2008).

Afforestation  and reforestation  (A/R)  project activities are eligible under the Clean Development

Mechanism (CDM) of the Kyoto Protocol of the United Nations Framework Convention on Climate

Change (UNFCCC, 1998). Consequently, allometric equations are needed to estimate the changes in

C stocks that result from afforestation activities with the aim to implement A/R CDM projects

worldwide.

Furthermore, the negotiations on Reducing Emissions from Deforestation and forest Degradation

(REDD) and the role of conservation, sustainable forest management and enhancement of forest

Carbon stocks in developing countries (REDD+) under the next commitment periods of the Kyoto

protocol have focused even more attention on methods for estimating biomass and Carbon stocks

(UNFCCC, 2009). According to UNFCCC, countries have to regularly report the state of their forest

resources.

Under emerging mechanisms such as REDD+, high resolution temporal and spatial assessments of

Carbon stocksare required. Except in very rare cases where a whole tree population can be harvested

to determine its biomass (Augusto et al., 2009), the tree biomass is generally determined based on

forest inventory data and allometric equations.

The allometric method uses allometric equations to estimate the whole or partial (by compartments)

mass of a tree from measurable tree dimensions, including trunk diameter and height (Kangas and
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Maltamo, 2006). Thus, the dendrometric parameters of all trees are measured and the allometric

equation is then used to estimate the stand biomass by summing the biomass of individual trees.

When building allometric equations for an individual tree, sprout or stand, different methods

(destructive or not) may be considered.

Destructive methods directly measure the biomass by harvesting the tree and measuring the actual

mass of each of its compartments, (e.g., roots, stem, branches and foliage) (Kangas and Maltamo,

2006).  Indirect methods are attempts to estimate tree biomass by measuring variables that are more

accessible and less time-consuming to assess, e.g., wood volume and gravity (Peltier et al., 2007).

Weighing trees in the field is undoubtedly the most accurate method of estimating aboveground tree

biomass, but it is time-consuming and is generally based on small sample sizes. Species-specific

allometric equations are preferred because tree species may differ greatly in tree architecture and

wood gravity (Ketterings et al., 2001).

However, in a tropical forest stand, more than 300 tree species may be found (Gibbs et al., 2007) and

allometric equations should represent the variability of biomass for those species. As highlighted by

McWilliam et al., (1993), destructive harvesting to build allometric models is seldom conducted in

the tropics and sample plot sizes have been small compared to the scale of species diversity patterns;

therefore results,may not be representative. Grouping all species together and using generalized

allometric relationships that are stratified by broad forest types or ecological zones has been highly

effective in the tropics (Brown, 2002).

It is evident that, there are very few allometric equations for sub-Saharan Africa. None of the trees

used by Chave et al., (2005) to develop generalized allometric equations was from African forests.

Zianis and Mencuccini, (2004) reported 279 allometric equations from all of the continents except for

Africa.

The United Nations Framework Convention on Climate Change (UNFCCC) adopted in 1992 by the

international community to combat climate change. Ethiopia signed the UNFCCC at the Earth

Summit held in Rio de Janeiro and later ratified it on 05 April 1994. Since then Ethiopia has paid

great attention to the issues of climate change and various activities have been undertaken including

conducting climate change country studies and participating in climate change negotiations(INC of

Ethiopia to the (UNFCCC, 2001).

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) initiative, which
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aims to help Ethiopia to achieve its development goals while limiting 2030 GHG emissions to around

today’s 150 Mt CO2e around 250 Mt CO2e less than estimated under a conventional development

path (Anonymous, 2011).

Globally, terrestrial ecosystems sequester annually 1.4 ± 0.7 P g1C.yr-1, or 22.2% about the flux of

fossil fuels (IPCC, 2001). Measurement  of  above  ground  biomass  (AGB)  at  local,  regional and

global  scales  is  critical  for  estimating  global  carbon  storage and assessing  ecosystem  response

to  climate  change  and  anthropogenic disturbances  (Hese et  al., 2005;  Ni-Meister et  al., 2010).

The UNFCCC aims to stabilize the greenhouse gases (GHGs) in the atmospheres (UNFCCC,1993).

The Kyoto, Protocol, recognizes forestry as a sink measure under the Clean Development Mechanism

(CDM). However, the prerequisite to actual implementation depends very much on accurate

verifiable methods developed to estimate the biomass stocks and carbon sequestration rates.

Although in the first commitment period of Kyoto, 2008–2012, the market for CDM sinks is limited,

the importance of CDM sinks is in large potential for reforestation and afforestation activities in

developing countries beyond 2012 (De Koning etal.,2005).

There is no single method for estimating biomass stocks, but a number of methods depending on the

scale has been considered (Gibbs et al., 2007). On a national or larger scale, mean values per biome

are usually employed (FAO, 2006): the amount of biomass is estimated by multiplying the surface

area of each biome by the mean amount of biomass per unit surface area of this biome and mean

amounts per biome are estimated from measurements made on a smaller scale.

Biomass on national to landscape scales can be estimated by remote sensing. Regardless of whether

this uses satellite-borne optical sensors (Landsat, MODIS), high resolution satellite images (Ikonos,

QuickBird), low resolution aerial photographs, satellite-borne radar or microwave sensors (ERS,

JERS, Envisat, PALSAR), or laser sensors (Lidar), all these methods assume that field measurements

are available to adjust biomass-predicting models to remote sensing observations.

When dealing with satellite-borne optical sensors, field data are necessary to calibrate the relationship

between biomass and satellite vegetation indices (NDVI, NDFI, AVI, GVI, etc.) (Dong et al., 2003;

Saatchi et al., 2007). High-resolution images and aerial photographs provide information on tree

crown size and height, and field data are then necessary to relate this information to biomass

(Bradley, 1988; Holmgren et al., 1994; St.-Onge et al., 2008; Gonzalez et al., 2010).

The same applies to Lidar information on the vertical structure of forests, and to radar and microwave

information on the vertical distribution of plant water (for example Lefsky et al., 2002; Patenaude et
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al.,2004). But remote sensing-based methods have their limitations in terms of providing precise

biomass measurements (particularly surface areas) and differentiating forest types due to the

technical, financial and human resources available. They are also hindered by cloud cover and are

susceptible to saturated signals for certain vegetation types.

Therefore, biomass estimation methods on a landscape or greater scale rely on field measurements

taken between the landscape and plot scales. Biomass estimations on this scale are based on forest

inventory data: inventory of a sample of trees if the area is large or otherwise a full inventory

(particularly in permanent plots of a few hectares). On a smaller scale, individual biomass

measurements may be taken by weighing trees and understory vegetation.

Total harvesting is generally impractical or inappropriate in forest studies, so allometric methods

have been developed to estimate total biomass from nondestructive surrogate measurements such as

diameter of the bole at breast height (DBH). Such estimates are clearly most precise when they are

calibrated with samples from the species of interest. Sometimes, the species of interest are rare or

protected and cannot be destructively sampled to determine allometric relationships.

This is the case for an ongoing study examining how climatic and edaphic factors control productivity

and dynamics in a temperate montane cloud forest (Hedin et al., 1995).

Tree allometry establishes quantitative relations between some key characteristic dimensions of trees

(usually fairly easy to measure) and other properties (often more difficult to assess). To the extent

these statistical relations, established on the basis of detailed measurements on a small sample of

typical trees, hold for other individuals, they permit extrapolations and estimations of a host of

dendrometric quantities on the basis of a single (or at most a few) measurements.

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 affect tree growth such as age,

species, site location, etc. Also, the allometric equations used to predict the biomass of a tree from

easier-to measure dendrometric characteristics such as tree diameter or height, are key factors in

estimating the contribution made by forest ecosystems to the carbon cycle.

The United Nations Collaborative Program on Reducing Emissions from Deforestation and Forest

Degradation in Developing Countries (UN-REDD Program) was created in September 2008 to assist

developing countries to build capacity to reduce emissions and to participate in a future REDD+
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mechanism. For the purpose of this strategy, REDD+ refers to reducing emissions from deforestation

and forest degradation in developing countries; and the role of conservation, sustainable management

of forests and enhancement of forest carbon stocks in developing countries (UNFCCC Decisions

1/CP.13; 2/CP.13 and 4/CP.15).The goal of significantly reducing emissions from deforestation and

forest degradation can best be achieved through a strong global partnership to create a REDD+

mechanism under the (UNFCCC). Such a partnership must be based on a commitment, on one hand,

by developing countries to embark on low-carbon, climate resilient development, and on the other

hand, by developed countries to provide predictable and significant funding as an incentive for

reduced forest-based carbon emissions.

Abatement of forest-based emissions is critical to limiting global warming. The UN’s

Intergovernmental Panel on Climate Change (IPCC) estimated in 2007 that the forest sector and other

sectors that impact land use through deforestation, forest degradation and other changes in forests

contributes approximately 17 per cent of global greenhouse gas emissions,4 or approximately 5.8 Gt

of carbon dioxide equivalent (CO2-e), per year. These emissions are mainly taking place in tropical

developing countries(IPCC, 2007).

1.1. Background

1.1.1Biomass assessment and tree allometric equations

The broadest definition of allometry is the linear or non-linear correlation between increases in three

dimensions (Picard et al., 2012). Therefore allometric equations can be used to link difficult to

measure variables, such as volume or biomass, to easy-to-measure tree characteristics, diameter or

height for example, with statistically determined parameters. The general function form is:

…………………………………………………………...................................... (eq1)

where, y = above ground biomass (ABG); xi = forest variables of interest such as diameter at breast

height (DBH), height (H), crown area (CA), crown diameter (CD), and wood density(WD).

These equations are of great importance for the estimation of tree volume and biomass, and then to

estimate forest carbon stock and carbon stock changes. The quality of theses equations is crucial for

ensuring the accuracy of forest carbon estimates and is not only a matter of statistical tools. The
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errors made all along the process of building these equations should be considered, from the field

work to the modeling and the prediction (Picard et al., 2012).

The recommended variables to be measured in order to assess the biomass are tree diameter at breast

height tree height and wood density. The use of diameter and height is easy to understand as they are

used in the mathematical formulas for volume calculation. Wood density is also very important as it

differs a lot among tree genus and species (Chave et al., 2006). It is defined as the ratio of dry

biomass with fresh volume (IPCC, 2006).

Statistical indicators can also be used for comparison and assessment of the goodness of fit. The

models should be compared with generic models in terms of error but the robustness of a model is

also dependent of the number of trees sampled for the modeling (Picard et al., 2012).

1.1.2 Allometric equations development in Ethiopia

All the allometric equations for sub-Saharan Africa were developed during the period of 1961-2010;

during the period of 1960s all of the equations were devoted to volume prediction only, but from

2000to-2010 53% of the equations were developed for biomass purposes, whereas in the ‘80s,

biomass literature and equations accounted for 41 and 43%, respectively (Henry et al.,2011).

Geographic distribution of most of the volume and biomass allometric equations in sub-Saharan

Africa showed that they were unevenly distributed among countries. Most of the biomass equations

(70%) were developed in Ethiopia (n = 63), Senegal (n = 56), South Africa (n = 38), Mali (n = 38),

Botswana (n = 24) and Congo (n = 22) (Henry et al., 2011)

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 of Dichrostachys cinerea(5) Eucalyptus camadulensis(16)Eucalyptus globulus (29)Euclea

shimperi (5)Grewia bicolor (4)Otostegia integrifolia (4)(Henry et al.,2011).

Table.1. Registered biomass and volume allometric equations for Ethiopia

Tree species (number of allometric equations) Equations Species

Biomass equation

Dichrostachys cinerea (5)Eucalyptus
camadulensis (16)Eucalyptus
globulus (29)Euclea schimperi (5)Grewia
bicolor (4)Otostegia integrifolia (4) 63 6

Volume equation Eucalyptus globulus (1) 1 1

Tota equations 64 7
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(Source: Henry et al., 2011)

According to the GlobAllomeTree, a web-based platform designed to improve global access to tree

allometric equations in 2014, there were also only 64 registered allometric equations for Ethiopia.

The accounting system of emissions reductions in the forestry sector must be as much as possible

transparent, accurate, consistent, comparable and complete. The basic formula adopted by t he IPCC

greenhouse gas balance calculation is based on activity data (extent to which a human activity takes

place) and emission factors (coefficients which quantify the emissions or removals per unit of

activity). Two methods are proposed for the calculation of emission factors: stock difference and gain

loss methods. In both cases, allometric equations are needed to perform the calculation or verification

of forest carbon stock change factor. Inappropriate use of allometric equations, tables and volume

expansion factors can lead to significant errors. The greater the uncertainty, the less credible is the

reduction of emissions.

The study of allometry is extremely important in dealing with measurements and data analysis in the

practice of forestry. Allometry studies the relative size of organs or parts of organisms. Tree

allometry narrows the definition to applications involving measurements of the growth or size of

trees. Allometric relationships are often estimating difficult tree measurement, such as volume, from

an easily-measured attribute such as diameter at breast height(DBH).

Estimates of aboveground biomass are important measures in ecological studies because they are

commonly considered to be one index of primary productivity and nutrient cycling (Whittaker et al.,

1974). Total harvesting is generally impractical or inappropriate in forest studies, so allometric

methods have been developed to estimate total biomass from semi-destructive surrogate

measurements including diameter of the bole at breast height (DBH). Such estimates are clearly most

precise when they are calibrated with samples from the species of interest. Sometimes, the species of

interest are rare or protected and cannot be destructively sampled to determine allometric

relationships.
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1.2. Statement of the problem

Development of tree allometric equations is crucial for accurate forest carbon assessment. However,

very few allometric equations exist for sub-Saharan Africa and as a result generalized allometric

equations, often established for forests in other continents, are used by default (M.Henrya,2010). To

reduce uncertainty, accurate carbon accounting methods are required. The development of new,

species-specific allometric equations are necessary to achieve higher levels of accuracy (Basuki et.

al., 2009)

Lack of allometric equations for forests is also evident in the Good Practice Guidance for Land Use

and Land Use Change and Forestry (IPCC, 2003). In this document, there are only two allometric

equations for tropical forests, while in fact there are many differences in the characteristics of tropical

forests. The accuracy or uncertainty of models is an important aspect that is mentioned in the GPG-

LULUCF and the different instruments of the Kyoto Protocol.

In the United Nations Framework Convention on Climate Change, the potential benefits for non-

parties (Annex I) will be based on results that must be measured, reported and verified. The precision

of these results therefore, has a major impact on potential financial compensation, and the capacity to

measure forest carbon stocks is thus of increasing importance for countries who plan to contribute to

mitigating climate change through their forest activities.

Among the various methods for evaluating forest biomass, the most widely used is complete harvest

of randomly selected plots (Young, 1971; Zavitkovski, 1971; Ranger et al., 1992). However, such

methods are not readily applicable in degraded woodlands containing threatened species. Therefore,

semi-destructive biomass estimation for protected tree species is necessary to understand their

population dynamics and the ecological factors affecting species scarcity.
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The methods used to estimate tree volume and biomass are constantly evolving as the search is

always on for estimations that are as close as possible to reality. Volume and biomass estimation

models have undergone different changes in different ecological areas.

Theoretically, to determine the carbon stock of a tree, one must weigh all its compartments. These

measurements become difficult or impossible to obtain at the forest scale for two reasons: (1) they are

destructive and often prohibited on a large scale, and (2) the cost, time and labor are unrealistic. To

measure the carbon content of tree roots, field work is even more tedious and is often replaced by the

use of factors directly applied to the aboveground biomass.

Biomass measurements are destined to increase in the coming years to meet the needs of carbon stock

estimations and understand the contribution made by terrestrial ecosystems to the carbon cycle and

climate change mitigation. Though this is the case, no studies have been made in Arba Gugu Forest

taking the development of allometirc equation for selected tree species.
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1.3. Objectives of the Study

1.3.1. General Objective

The main purpose of this study was to develop allometric equations for Allophylus abyssinicus Radlk.

and Croton macrostachyus Del. in Arbau Gugu Natural Forest Ethiopia.

1.3.2 Specific objectives

 To develop allometric equation using semi-destructive techniques, for Allophylus abyssinicus

and Croton macrostachyus tree species;

 To calculate mean wood density for the two tree species;

 To estimate aboveground and below ground biomass of the two tree species;

 To evaluate the reliability of the developed allometric equations in this study;

 To provide baseline information for the future development of species-specific allometric equation

using semi-destructive method;

Chapter 2

2. Review of Related Literature
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Accurate estimation of forest biomass is crucial for commercial uses (e.g., fuelwood 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). Particularly in the estimation of the aboveground 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).

Variability of biomass could be explained by several factors. Climate, topography, soil fertility, water

supply, wood density, distribution of tree species, tree functional types and forest disturbances have

impact on forest variability (Fearnside, 1997; Luizão et al., 2004; Sicard et al., 2006; Slik et al.,

2008).

For a determined tree species, tree mass is influenced by the size of the tree, its architecture, form

(Birot and Caillez, 1970), health (e.g. hollowtrees) (Fearnside, 1997), social status and variation of

the wood density (Patino et al., 2009). Different tree species showed different radial variations in

temperate forests (Woodcock and Shier, 2002). Changes in wood density are directly associated with

structural variations at the molecular, cellular and organ levels.

These structural differences are strongly correlated with a tree’s mechanical properties (Gartner and

Meinzer, 2005), water transport efficiency and safety factors for buckling and bending (Pittermann et

al., 2006; van Gelder et al., 2006), photosynthesis and rates of carbon dioxide exchange (Ishida et al.,

2008) and perhaps resistance to pathogens and herbivores (Rowe and Speck, 2005). Different species

from different taxonomic, phylogenetic and architectural groups show convergence of these

functional characteristics in response to the environment (Meinzer, 2003).

Estimation of biomass in a given forest consists in carrying out an inventory of the vegetation in

sampled plots, application of appropriate allometric equations, and up-scaling to estimate biomass C

stocks at the stand level (Chave et al., 2004). Key point of this method is the allometric equations

(Návar, 2009). Despite their apparent simplicity, they have to be fitted carefully using the latest

regression techniques available (Parresol, 1999; Wirth et al., 2004). Inappropriate application of

allometric equations developed for a particular forest type to a different forest type may lead to

considerable bias in C stocks estimations. For example, application of an allometric equation

developed for a tropical moist forest (Brown, 1997) when applied to a tropical wet forest (Clark and

Clark, 2000) over estimated aboveground biomass by 79% (Clarket al., 2001).
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Measurements to develop allometric equations could be achieved by direct and indirect methods.

Direct methods measure the biomass directly by weighing trees in the field while indirect methods

involve the estimation of difficult to measure parameter, like stem volume and tree mass, from easy

to measure tree parameters, like diameter at breast height and tree height (Peltier et al., 2007).

For the development of an allometric equation, samples of various tree components or organs at

different points of the tree are taken, bulk wood density determined and together with volume, used to

estimate dry mass of the component. Dry mass of the various components are summed up to obtain

total tree dry mass (phytomass). This is then related to easy to measure parameter of the tree to

develop allometric equations (Henryetal., 2011).

The allometric equations are then used to estimate the tree biomass over large areas. Most allometric

equations concerning tropical forests have been developed for the tropical forests of South America

and Asia (Brown, 1997; Baker et al., 2004; Chave et al., 2005). Moreover, there is a lack of equations

for the tropical forests of Africa hence equations developed for other regions are as consequence used

by default. Moreover, reliability of such equations has never been tested. Some authors concluded

that species-specific allometric relationships are not needed to generate reliable estimates for forest C

stocks (Gibbs et al., 2007), while others showed that species-specific allometric equation will

improve biomass estimation (Ketterings et al., 2001; Pilli et al., 2006). Site variables have been

shown to improve the performance of equations in both tropical and temperate even-aged forests

(Saint-Andréet al., 2005).

Big trees represent important proportion of the forest biomass (Martinelli et al., 1994), hence data for

generic allometric equations are skewed towards big trees. However, many forest disturbances affect

mostly small trees (Villela et al., 2006). Currently, validity of established generalized equations

excludes their use to all trees in a stand.

The generalized equations provided by (Brown 1997, Chave et al., 2005) are valid for trees up to a

diameter at breast height (DBH) of 148 and 152 cm, respectively. The tropical forest consists of a

variety of tree species per unit area; more than 300 tree species per hectare could be found in a

tropical forest (Gibbs et al., 2007). In assessing the forest C stocks and biomass change it is necessary

to consider the different ranges of trees species, their distribution and the variation of wood density.

Fearnside (1997) reported that the best situation is to match both density and volume information

identified to species level.

2.1. The foundation of Biomass estimations
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If we consider trees on a population scale, we see that the different dimensions of an individual are

statistically related (Gould, 1966). This relation stems from the ontogenic development of individuals

which is the same for all within life history related variability. For instance, the proportions between

height and diameter, between crown height and diameter, between biomass and diameter follow rules

that are the same for all trees, big or small, as long as they are growing under the same conditions

(King, 1996; Archibald & Bond, 2003; Bohlman & O’Brien, 2006; Dietze et al., 2008). An allometric

equation is a formula that quantitatively formalizes this relation ship. Allometry also has another

more restrictive definition: the proportionality relationship between relative increases in dimensions

(Huxley, 1924; Gayon, 2000). If we call biomass B and diameter D, this second definition means that

there is a coefficient such that: which integrates to a power relationship:

Using this restricted definition, an allometric equation is therefore synonymous with a power

equation (White & Gould, 1965).

Parameter gives the allometry coefficient (proportionality between relative increases), whereas

parameter indicates the proportionality between cumulated varaibles. It maybe necessary to add a y-

intercept to this relation that becomes, . Where, isthe biomass of an individual before it

reaches the height at which diameter is measured (e.g. 1.30 m if D is measured at 1.30 m). The power

relationship reflects the self-similarity idea of individuals during development (Gould, 1971).  This

principle, and the “pipemodel” (Shinozaki et al., 1964a, b), were used to develop an allometric

scaling theory (West et al., 1997; 1999; Enquist et al., 1998; 1999). If we apply certain hypotheses

covering biomechanical constraints, tree stability, and hydraulic resistance in the network of water

conducting cells, this theory predicts a power relationship with an exponent of a = 8/3 ≈2.67 between

tree biomass and diameter.

This relationship is of considerable interest as it is founded on physical principles and a mathematical

representation of the cell networks within trees. It has nevertheless been the subject of much

discussion, and has on occasion been accused of being too general in nature (Zianis & Mencuccini,

2004; Zianis et al., 2005; Muller-Landau et al., 2006), even though it is possible to use other

allometric coefficients depending on the biomechanical and hydraulic hypotheses selected (Enquist,

2002).

Tree growth is a complex biological phenomenon (Pretzsch, 2009) resulting from the activity of buds

(primary growth or axis elongation) and the cambium (secondary growth, or axis thickening). Tree

growth is eminently variable as dependent upon the individual’s genetic heritage, its environment
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(soil, atmosphere), its developmental stage (tissue aging) and the actions of man (changes in the

environment or in the tree itself through trimming or pruning). Conventionally in biomass studies,

trees are divided into homogeneous compartments: trunk wood, bark, live branches, dead branches,

leaves, large and medium-size roots, and finally small roots.

Biomass is a volume multiplied by a density, while nutrient content is a biomass multiplied by a

concentration of nutrient. Volume, density and nutrient concentration change over time, not only in

relation to the above-mentioned factors (Chave et al., 2009) on wood density but also within trees:

between compartments but also in relation to radial position (near the pith or the bark), and

longitudinal position (near the soil or the crown) All this has implications for biomass and nutrient

content equations.

2.2 Allometric equations for the tropics

Several generic models have been developed for the tropical forests and can be compared to the

newly developed and country specific equations. Henry et al., (2010) applied the variable wood

density WD while in developing allometric equations for African tropical forests. The authors

indicated that wood density WD is influenced by several factors including terrain and soil nutrients.

Additionally, they also found using crown diameter CD for estimate of biomass was better when

compared to use of tree height in the case of an African tropical rainforest. The equation generated by

Henry et al., (2010) is: y=0.03×DBH0.0816×CD0.03+WD0.04………………………………….(eq.2)

Allometric model selection with different alternative variables gave different reliability according to

Chave et al., (2004). A research conducted in Panama showed that apart from DBH and H, the

variable of WD was necessary. The presence of WD in the model resulted in high reliability for their

research in lowland dipterocarp forests (Basuki et al., 2009). Variables of CD or CA improved

reliability and accuracy of the biomass estimates by (Dietz et al., 2011, Henry et al., 2010, Johannes

et al., 2011).

Numerous publications have suggested power models are suitable for building allometric equations

based on one or more variables.

The model form is: = ⇔ =exp ( + ×ln ⇔ ln ( )= + ×ln (x ) …………............(eq.3)ℎre =ln( )  (Pearson, 2007) suggested using this function for tree species and forest types in the

United States. Some authors used the second order exponential function of parabolic as (Brown,

1989; 1997; Basuki et al., 2009) used the model of dipterocarp forest biomass to compare the higher-
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order parabolic functions of (Brown, 1989; Chave, 2005) using average deviation. The result

indicated the transformed exponential function gave smaller deviation and higher reliability.

ln( )= + ×ln( ) ……………………………………………………………………………(eq.4)

In some developed countries, allometric functions are available for most of their forest tree species: in

the United States (Jenkins et al., 2004) had compiled more than 1,700 allometric equations for more

than 100 species of trees from 177 sample trees, mainly estimating biomass based on DBH as

predictor. Allometric equation models developed for tropical areas around the world including dry

forest, moist forest, swamp forest and coniferous forest was summarized by Brown 1989 – 200.

Data sources were from a variety of trees destructively sampled from three tropical zones with a total

of 371 sample trees with diameter ranging 5-148 cm. Out of these models, the model developed for

moist forests can be applied to low mountainous evergreen broad-leaved forests, considering the

similarity of site conditions (i.e. average rainfall 1,500-4,000 mm, with one dry season during the

year).

The models mentioned above were made based on limited data not collected in Ethiopia, nor assessed

for relevance and reliability in the forest conditions of Ethiopia. Also, it is noteworthy that

(Ketterings et al., 2001) has suggested that the biomass models of (Brown, 1989) based on 168

sample trees may not be  representative of the diversity of tree species as well as different types of

tropical forests. Chave et al., (2005) synthesized results of 27 published and unpublished data sources

of sample trees which were destructively sampled to measure forest ABG from the three continents of

America, Asia, and Oceania and the total number of sample trees was 2,410 with DBH of >5 cm and

over. From these sample trees allometric equations were developed and selected.

Table.2.Most suitable models for the tropical forest areas

Forest type Author Equation Indicators

Evergreen

broadleaved

forest

Brown,1997 AGB est 2.134 2.530 ln DBH DBH range5 148 ,170 trees,

R2 0.97

Evergreen

broadleaved

Chave et al., 2005 (ABG) 2.977 ln0.0509 DBH range5 115 ,2410 ,
2 0.989



25

Deciduous

forest

(Dipterocarp)

Basuki et al.,2009 ln 1.232 2.178 ln DBH range6 200 ,122 ,
2 0.992

(Source: UN-REDD programme Viet Nam, 2012)

Since allometric equations for carbon sequestration should broadly be applied for the whole area, the

accuracy and reliability are particularly considered. The models have various sources of errors such

as errors during tree measurement, sampling plot arrangement, forest status, insufficient number of

big trees sampled, diameter intervals, selection of average sample trees in each diameter class, and

application of unsuitable models (Chave et al., 2004; Brown, 1989). In addition, accuracy and

reliability of biomass models should be assessed not only for individual trees but for forest stands and

distribution of tree by diameter classes (Ketterings, 2001).Using statistical indicators for selecting

appropriate models is important to achieve high reliability in the estimates of biomass and carbon.

Apart from the popular classic statistical indicators to select the optimal equations (e.g. the highest R

with parameters significant at P <0.05), other statistical indicators should be used to ensure the

models closest with actual data. Such indicators suggested by (Chave 2005; Basuki et al., 2009) are:

 AIC (Akaike Information Criterion) is a measure of the relative fit of a statistical model. The

models with smaller AIC algebra are preferred.

ln 2 …………………………………........................................................ (eq.5)

Where, n: number of samples, the RSS: the residual sums of squares, K: parameters of model

including the parameter for error estimates (for example, the model y = a + bx, then k = 3).

 Average deviation S% used to evaluate variation between observations and predictions,

average deviation. The smaller S% value is preferred:

% ∑ | | ……………………………………………………………………….... (eq.6)

Where, Yilt: the predicted biomass; Yi: the observed biomass /carbon; n = number of observations.

The estimate models of tropical forest biomass in parabolic functions of Brown, (1997) gave the

results S% = 43% - 107%; (Chave, 2005) reported S% = 52% - 94%. However, using exponential

equations of logarithm considerably decreased deviation. (Basuki et al., 2009) conducted research in

tropical lowland dipterocarp forests published the model with S%, reducing to 26-30 % for all tree

species.
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 CF (Correction factor) is always larger than 1, and a model is preferred when CF reaches 1:

…………………………………………………………………………………………….. (eq.7)

Where, RSE: Residual standard error. The greater the RSE, the greater the CF becomes, indicating

low reliability.

Chapter 3

3. Materials and Methods

3.1 Description of the Study Area

Arba Gugu Forest is one of the very few remaining natural forests in Ethiopia. It is the only stretch of

forest left in the surrounding. The main reason for its survival is its inaccessibility. The local people

use the forest as a source of fuelwood, construction material, farm implements, edible fruits, source of

honey, medicinal plants, water and game for hunting. Since livestock production is one of the major

activities of the farming community, it also provides grazing area. The Forest is a potential source of

merchantable forest products and also provides food, shelter and breeding areas for many wild

animals. The forest prevents soil erosion and regulates the watershed in the surrounding. It is a source

for several streams and rivers. However, the threat to its destruction is becoming apparent because of

encroaching agriculture, cutting of trees by the local people, fire and overgrazing. Studies on the

floristic composition of the Forest were made in 1992 to lay the foundation on which

recommendations for future conservation of biodiversity and development of the forest can be made.

3.2 Vegetation of the area

The  vegetation  of  the  study  area  is  dry  evergreen  montain forest  with  important  tree species

such as Junipers procera Cordia  africana, Olea europaea, Croton  macrostachyus,  Bersama

abyssinica, Olea capersis sussp.macrocarpa, Olinia  rochetiana and Allophylus  abyssinicus. There
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are also woodlands, bush lands, sub afro-alpine vegetation and grasslands in the study area (Shambel

Alemu, 2011). Dayo and Guna forest sites are part of the protected Arba Gugu forest.

3.3 Geographical Location

The  study  was  conducted  in  Oromia  National  Regional State,  Arsi  Zone of Guna District on

Arba Gugu Forest, located 223 km southeast of Addis Ababa and 183 km east of the zonal capital

Asella Town in Guna District. The site is part of southeast highlands, which is the extension of

Harerge, Arsi and Bale highland massifs.

The Forest is located between593000º 0' 0"- 588000º 0' 0" N latitude and 935000º 0' 0" - 924000 º 0’

0” E longitudes.  It is located 35 km east of Abomsa town (Figure.1). This Forest plays a vital role in

regulating the watershed of the surrounding areas. It is situated between two rivers Arba-Gudda and

Aba-Xinna Rivers.

Figure.1 Map of Ethiopia showing regional states and the study area, and the distribution of the

sample trees against the plots
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3.5 Study species

3.5.1 Allophylus abyssincus Radlk.

Allophylus abyssinicus is a large forest tree up to 25 m tall having smooth grey bark, the mature trunk

up to 1 m across, often fluted. The leaves compound with three leaflets on a stalk to 12 cm, edges

slightly toothed and hairs only in the vein axils below, tip pointed. The leaflets have short stalks and

the big central one is up to 21 cm long. Its flowers are yellow white in  much‑branched heads to 20

cm, and the fruits bunches of rounded soft red berries, about 7 mm across, very small seeds inside.

Ecology

World, AfricaA tree of high montane forest (together with Juniperus, Podocarpus, Pouteria, Olea,

Albizia, and Croton) and in riverine forests or forest edges, often persisting after forest clearing.

Occurs in Tigray, Gonder, Welo, Shewa, Arsi, Gojam, Wolega, Kefa, Sidamo, Bale, and Harerge

regions of Dry, Moist and Wet weyna dega and dega agroclimatic zones, 1,000–2,600 m.

Allophylus abyssinicus is used for firewood, timber, and for making farm tools such as, yokes

(kenber in Amharic) (Azene Bekele-Tesemma, 2007)

3.5.2 Croton macrostachyus Del.

Croton macrostachyus is deciduous tree, crown rounded, light and open with slender trunk and

spreading branches, reaching up to 25 m, having pale grey bark, and  fairly smooth when young and

longitudinally fissured when old. The leaves are large and heart-shaped, to15 x 10 cm, crowded at the

end of branch lets on long stalks to 10 cm, veins prominent, and 2‑stalked glands just visible at the

leaf base. The leaf edges are with a few widely spaced teeth, paler below due to soft hairs. Its flowers

are creamy yellow, sweet scented in erect spikes to 25 cm, all over the tree. Flowers appear only

briefly, the flower spike turning down as fruits mature. Its fruits are pea‑sized capsules on drooping

spikes to 30 cm, split open to release three shiny grey seeds with a cream aril.

Ecology
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Found more or less throughout tropical Africa from Guinea eastwards to Ethiopia and south to

Angola, Zambia, Malawi and Mozambique. Widespread on forest margins, along roadsides, and in

Juniperus Podocarpus habitats. It grows mostly in soils of volcanic origin in Dry, Moist and Wet

weyna dega, and dega, as well as in upper altitudes of Dry Kolla agroclimatic zones in all regions,

1,100–2,500 m.

Croton macrostachyus is a used as firewood, charcoal, timber, poles, and for making tool handles,

medicine (sap, leaves, roots, bark), fodder (young leaves), bee forage, mulch, soil conservation

(Azene Bekele-Tesemma, 2007).

3.6 Methodology

Primary field and laboratory data were used in order to collect the relevant data to achieve the

objectives of the study. The sources of primary data were obtained through field and laboratory

measurements to estimate dendrometric quantities on the selected species of the study area.
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Reconnaissance survey was conducted to collect baseline information, observe vegetation

distribution, get an impression of the site condition and identify possible sampling sites and sampling

permanent plots which were established by the Ethiopian Institute of Agricultural Research Kulumsa

Natural Forest Research Case-team in the forest. The methodological procedures used are procedures

using standard allometric equation development techniques and carbon inventory principles as

indicated in (Picard et al., 2012) the manual for building tree biomass and volume allometric

equation.

The stepwise activities followed in the development of the allometric equations for both Allophylus

abyssinicus and Croton macrostachyus and estimation of aboveground biomass and below ground

biomass during the field data collection.

3.7 Sampling technique

Following the three permanent plots established in Guna and Dayo sites of the Forest preferential

sampling was applied to start with the quick screening of DBH class variability in the landscape,

during which vegetation and DBH classes are delimited in a researcher’s mind. Such preliminary

classification may be considered an informal way of stratifying the statistical population.

The species of interest Allophylus abyssinicus and Croton macrostachyus, distribution and states were

identified for sampling. The clear advantage of preferential sampling is that it tracks and samples

nearly the full range of diameter at breast height (DBH) variation in vegetation of the study area. It

satisfies the requirement for the representation of maximum vegetation and DBH variability in the

sample, while the survey resources are not wasted for the over-sampling of the prevailing vegetation

types (JanRoleèek et al., 2007).

3.8 Delineation of Project Boundaries

The first step in forest carbon measurement is delineation of the project boundaries (Bhishma et al.,

2010). The spatial boundaries of the study area was defined and properly recognized to facilitate

accurate measuring, accounting, verification and geo-referencing of the allometric models.
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There are many tools that are available for identifying and delineating project boundaries such as

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

for this study GPS tracking was used for boundary delineation and point data for geo-referencing

field data obtained for each individual tree sample data.

3.9 Tree selection and sample size

A total of seven Allophylus abyssinicus and twelve Croton macrostachyus trees from three permanent

plots (T1P2G, T2P1G andT2P2D), were selected. In order to minimize the error of sampling the trees

were classified at three groups based on DBH (diameter at breast height) rage from 5-10 cm, 10.1-20

cm and 20.1-40 cm.

Totally, 19 tree samples with serial measurements of their trunk and big branches section length with

1m interval and their diameter for the two ends of the 1 m long sections were done. Four branches of

circumference 10 from each tree were trimmed to make 76 samples of trimmed branch wood

and trimmed leaf samples for each and totaling 152 samples. These samples were taken and brought

to the laboratory for fresh leaf weight and fresh wood weight and volume measurements.

Sample aliquots of 19 trimmed wood branch and their respective leaf sample aliquots were taken

randomly from samples of trimmed branches from each tree and brought to the laboratory for fresh

weight, volume, moisture and dry weight measurements.

The trees were located in the immediate delineated area within and in the adjacent areas of the sample

plot of 100 20 m plot as shown in Figure 3.3 bellow, three plots were used and all individuals of

DBH (diameter at breast height) range from 5-10 cm, 10.1-20 cm and 20.1- 40 cm. For each DBH

class, four trees were sampled except for 5-10 cm DBH class of Allophylus abyssinicusonly seven

samples were taken because smaller diameters of < 10 cm were not available at the site. For the

purposes of measurement and analysis, the trees were divided into separate architectural elements as

trimmed small branch, untrimmed large branch and trunk untrimmed small branch (Picardet. al.,

2012).

3.10 Shape and Size of the Plots
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The size and shape of the sample plots were a trade-off between accuracy, precision, time and cost for

measurement. There are two types of plots – single plots of a fixed size or nested plots containing

smaller sub-units of various shapes and sizes (Brown, 1997). However, in most cases nested plots can

be the most cost-efficient.

According to Brown (1997), nested plots are a practical design for sampling and recording discrete

size classes of stems. They are well-suited to stands with a wide range of tree diameters or to stands

with changing diameters and stem densities. Single plots may be preferred for systems with low

variability, such as single species plantations.

Even though, both rectangular and circular plots are applied in most of the forest carbon

measurements, rectangular sample is more advantageous and recommended for the study area. This is

because rectangular plots tend to include more of within-plot heterogeneity, and thus be more

representative than the circular plots of the same area (Brown, 1997; Hairiah et al., 2001).

Figure 2 shows the distribution of the sampled trees against the three permanent plots.

Figure.2 Distribution of the sampled trees against the three permanent plots

3.11 Climate

The rainfall and temperature data collected from the nearest Metrological station of Aba-Jema about 8

km from the Guna and Dayo forest sites. Aba-Jema Town is located at 80 22' 45"N and 39054' 44"E

with altitude of 2760 m a.s.l. Fifteen years data (1992-2006) calculated from the National

Meteorological Services Agency, (NMSA, 2009) showed that the mean annual temperature is about

200C and the mean minimum temperature is 7.30C where the mean maximum temperature is 31.70C.
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The hottest months are from February to June. The maximum temperature is 21.70C recorded in June

and the coldest months are from July to December with average minimum temperature of 6.20C

recorded in December. The mean annual rainfall is 1028 mm. the rainfall pattern is bimodal, which

are short spring rainy season (belg season) that occurs from the beginning of March to mid-May and

long summer rainy season (meher Season) from end of May to the mid-October. The highest amount

of rainfall occurs in July between June and August (Figure3) (Shambel Bantiwalu, 2010).

Figure.3 Climatic Diagram for Aba-Jema Town (Source: EMSA 1992-2006)

3.12 Field Measurement

This study is the case of semi destructive measurements and direct weighing for small branches,

volume, density measurements and height of trees. Generally, the trunk and the large branches were

not trimmed; only the small branches were trimmed. The measurement of fresh biomass (in kg) was

divided into two parts: measuring trimmed fresh biomass and measuring untrimmed fresh biomass

(Figure 4A). Fresh biomass of small untrimmed branches was calculated from their basal

circumference and a biomass table.

Fresh biomass of large untrimmed branches and trunk

was calculated from volume and density measurements.

Hypotheses: the sections cut were considered to be

cylinders and density was considered to be the same in

all the compartments of the tree. Fresh biomass of the

trimmed branches was measured by weighing (Picard

N et al., 2012).



34

Figure 4 –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 (Picard

N et al., 2012).

3.13 Measuring trimmed fresh biomass

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

was used to determine the diameter at the base of each branch. Then the leaves were separated from

the trimmed branches.

The fresh biomass of the leaves from the trimmed branches ) and the fresh

biomass of the wood from the trimmed branches ) were determined by

weighing separately using field-work electronic scales.  Random sample of the leaves were taken

from the trimmed branches. Four samples of leaves from four different branches were taken to

constitute the aliquot, and then the leaf’s fresh weight ( in g) was measured.

An aliquot of the wood was also taken at random from the trimmed branches, without debarking.

These aliquots were placed in numbered plastic bags and brought to the laboratory, and its fresh mass

( ) in g was measured in the laboratory. The fresh volume of the wood aliquot was also

measured in the lab, and the value used to determine mean wood density (Picard N et al., 2012).

3.14 Measuring untrimmed fresh biomass

The untrimmed biomass was measured indirectly as non-destructive. The different branches in the

trimmed tree were numbered (Figure 4B). The small untrimmed branches were processed differently

from the large branches and the trunk (Figure 4A). Basal diameter was measured for the small

branches only. The biomasses of these small untrimmed branches were estimated from the

relationship between their basal diameter and their mass.

The biomass of the trunk and the large branches were estimated from measurements of volumes ( in

cm3) and mean wood density ( in g cm−3). The large branches and trunk were divided virtually into

sections that were then materialized by marking the tree as in Figure 4B above.



35

The volume of each section i was obtained by measuring its diameter (or its circumference) and its

length. Sections one meter in length were preferred in order to consider diameter variations along the

length of the trunk and branches (Picard N et.al.2012).

3.15 Measurements in the laboratory

First, the volume of aliquot fresh wood was measured ( fresh woodaliquot ) by taking the wood aliquot from

the trimmed compartments. This volume was measured using the volume of water displaced when the

sample was immersed in water as shown in Figure 5 below (Maniatis et al., 2011).

Figure 5 Measuring sample volume by water displacement

The volume of water displaced was measured using a graduated tube of 100 ml and 500 ml

dimensions for the sample (Figure 4). The wood and leaf aliquots were then subject to oven drying,

determination of dry weight, where oven was set at a temperature of 700C for leaves and a

temperature of 1050C was used for biomass determinations for wood for two days and one week

respectively. Leaf weight generally stabilizes after two days, and woody structures after about one

week depending on the size of the sample.

3.16 Methods of Data Analysis

After the data collection, both from field and laboratory were completed, the analysis of data for

Allophylus abyssinicus and Croton macrostachyus was conducted by organizing and recording the

data on the excel software.
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The data obtained from section volume, fresh biomass of small trimmed branches, large branch and

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

trimmed dry wood was analyzed using Statistical Package R software (version 2.11.1.).

The dry biomass of the tree was obtained by the sum of the trimmed dry biomass and the untrimmed

dry biomass:

………………..……………………………………….(eq.8)

3.17 Calculating trimmed biomass

From the fresh biomass fresh woodaliquot of a wood aliquot and its dry biomass dry woodaliquot , the moisture

content of the wood was calculated as follow:

, , , …………………………………………………….(eq.9)

Where is moisture content of the wood, and where , is the oven-dried wood biomass

of the aliquot in the sample of i and where , is the fresh wood biomass of the branch

aliquot in the sample of i.

Likewise, the moisture content of the leaves was calculated from the fresh biomass , of the

leaf aliquot and its dry biomass , as follow:

, , , ……………………………………………………………………(eq.10)

Trimmed dry biomass was then calculated as follows:

…………….(eq.11)

Where, is the fresh biomass of the leaves stripped from the trimmed branches and

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

3.18 Calculating untrimmed biomass

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

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

The untrimmed biomass was obtained from the sum of the two results:

…………………………………….(eq.12)
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Each section i of the trunk and the large branches were considered to be a cylinder of volume

(Smalian’s formula):

………………………………………………………………………...... (eq.13)

Where is the volume of the section i, its length, and and are the diameters of the two

extremities of section i.

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

density and total volume of the large branches and the trunks:∑ ............................................................................................................... (eq.14)

Where the sum corresponds to all the sections in the large branches and the trunk (Figure.3B), and

where the mean wood density is calculated by:

…..…………………………………………………………....................... (eq.15)

Consistent measurement units were used, for mean wood density in (equ.8) is expressed in ,

volume Vi was expressed in , and that both length and diameters and were expressed in

cm. Biomass in this case is therefore expressed in g.

The dry biomass of the untrimmed small branches was then calculated using a model between dry

biomass and basal diameter. This model is established by following the same procedure as for the

development of an allometric model, using a simple linear regression model equation:

……………………………………………………………………..(eq.16)

Where , are model parameters and branch basal diameter.

Using a model of this type, the dry biomass of the untrimmed branches is:∑ ………………………………………..……….. (eq.17)

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

3.19 Estimation of Below Ground Biomass (BGB)

The below-ground component is still poorly known, because it cannot be detected by remote

observations and it needs labor- and time-intensive measurements. Generally, carbon allocation

patterns vary according to local site conditions (Schulze, 1982; Cannell,1985) as shown in Table 3

below. The total aboveground biomass of a tree has been good predictors of its belowground biomass
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(Cairns et al. 1997; Cannell 1982). Total root biomass for each of the study trees were calculated

following (IPCC GLAFOLU). Thus, a conversion factor of 0.56 for tropical dry forest was used to

calculate the belowground biomasses of each of the study trees from their total aboveground biomass.

Table 3 Root to shoot ratio for tropical and subtropical forest IPCC GLAFOLU

Domain Ecological

zone

Aboveground

biomass

Root-to-shoot

ratio

Range

Tropical Tropical

rain forest

<125 t.ha-1 0.20 0.09-0.25

>125 t.ha-1 0.24 0.22-0.33

Tropical dry

forest

<20 t.ha-1 0.56 0.28-0.68

>20 t.ha-1 0.28 0.27-0.28

Subtropical Subtropical

humid forest

<125 t.ha-1 0.20 0.09-0.25

> 125 t.ha-1 0.24 0.22-0.33

Subtropical

dry forest

< 20 t.ha-1 0.56 0.28-0.68

>20 t.ha-1 0.28 0.27-0.28

The equation is given by: BGB =   AGB × 0.28 …………………………………………………… (equ.8)

Where, BGB is below ground biomass, AGB is above ground biomass, 0.28 is conversion factor (or

28% of AGB).

Chapter 4

4. Results

4.1 Trimmed biomass

From the trimmed fresh biomass of a wood aliquot ( fresh woodaliquot ) and its dry biomass ( dry woodaliquot )

calculation and the fresh biomass of a leaf aliquot , ) and its dry biomass , ) the

moisture content of the wood and leaf the trimmed dry biomass ) for Allophylus

abyssinicus and Croton macrostachyus resulted as shown in Tables 4.1.1 and 4.1.3 below. Trimmed

dry biomass was then calculated as follows:
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The trimmed dry branch aliquot dry biomass and its basal diameter for Allophylus abyssinicus and

Croton macrostachyus and their respective volume and density are given in Tables 4, 5, 6 and 7

below.

Table 4 .Trimmed branches dry biomass ( for Allophylus abyssinicus

No.

aliquot

Fresh

wood(g)

Dry wood

(g)

x wood

moisture

Fresh leaf

(g)

Dry leaf

(g)

x leaf

moisture

B trimmed

dry (g)

1 23 8 0.35 35 21 0.6 29.1

2 31 9 0.29 48 26 0.54 34.9

3 43 8 0.19 83 13 0.15 20.2

4 149 52 0.35 102 34 0.33 85.9

5 17 6.5 0.38 41 18 0.44 24.5

6 32 10 0.31 30 8 0.27 18

7 231 99 0.43 106 57 0.53 153

Table 5. Trimmed dry biomass ( for Croton macrostachyus

No.

aliquot

Fresh

wood(g)

Dry

wood (g)

x wood

moisture

Fresh leaf

(g)

Dry

leaf (g)

x leaf

moisture

B trimmed

dry (g)

1 58.41 10 0.17 15 3 0.2 12.9

2 39.7 13 0.33 32.5 9.1 0.28 22.4

3 44 13 0.259 10 2.6 0.26 14

4 74 25 0.34 25 7 0.28 32.2

5 63 16 0.25 24 5.2 0.24 21.6

6 52.5 16 0.3 92.1 24 0.26 39.7

7 119 15 0.13 102 22 0.22 37.9

8 19.9 5.3 0.27 14.5 6 0.41 11.3
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9 44 14 0.32 8.8 2.4 0.27 16.5

10 42 10 0.24 16 4.6 0.29 14.7

11 202.4 38 0.2 19.4 8 0.41 48.2

12 136 33 0.24 22 5 0.23 37.7

Table 6. Trimmed branch wood aliquot dry biomass, volume, density and their respective basal

diameter for Allophylus abyssinicus

No.

aliquot

Trimmed branches

dry wood biomass (g)

Volume

(ml)

Density

(gcm−3)

Basal

diameter (cm)

1 8 25 0.32 1.1

2 9 35 0.26 1

3 8 25 0.32 2

4 52 155 0.34 1.4

5 6.5 25 0.26 1

6 10 35 0.29 1.3

7 99 220 0.45 2

Table7. Trimmed branch wood aliquot dry biomass, volume and density and their respective basal

diameter for Croton macrostachyus

No.

aliquot

Trimmed branches dry

wood biomass (g)

Volume

(ml)

density

(g cm−3)

basal diameter

(cm)

1 10
45 0.22 1.2

2 13
40 0.33 1.4

3 13
50 0.26 1

4 25
90 0.28 1.2

5 16
70 0.23 1.3

6 16
65 0.25 1.3

7 15
130 0.12 1.3

8 5.3
25 0.21 0.8
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9 14
40 0.35 1.5

10 10
45 0.22 1.1

11 38
105 0.36 2.2

12 33
135 0.24 1.6

The wood densities of the aliquot branches were used to calculate the mean wood densities ( ) of

the two species which were found to be 0.32g cm-3 for Allophylus abyssinicus and 0.26g cm-3 for

Croton macrostachyus as shown in Figure6 bellow:

Figure 6.wood density for the trimmed branches of the two tree species

The average wood densities of the trimmed branches was used to calculate the dry biomass of the

trunks and the large untrimmed branches by considering wood density to be uniform in all

compartments. The basal diameter and dry wood biomass of the trimmed branch aliquots for the two

species showed strong direct relationship that as one increased the others also increased and vise-

versa. The wood density for the trimmed branch aliquots remained under 0.45 g cm-3 and 0.36 g cm-3

for the two tree species as basal diameter changed and a mean wood density of 0.32 g cm-3 for

Allophylus abyssinicus and 0.26 g cm-3 for Croton macrostachyus the relationship between basal

diameter, dry biomass of trimmed branches and their respective density was obtained as shown in the

figure 7(a, and b) and figure 8(a, and b) bellow.
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Figure 6(a)                   Figure 6(b)

Figure 7(a) Figure 7(b)

Figure 7 and 8, Basal diameter, dry biomass of trimmed branches and their respective density

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

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

from their measured basal diameter (diameter measured at the bases of the branches). They were not

serially measured for their volume like the large branches and the trunk of the trees. The allometric

equation that resulted after regression analysis on aliquot basal diameter against aliquot dry biomass

using R statistical software was: (Model-1) For Allophylus

abyssinicus and (Model-2) for Croton macrostachyus

Where, is dry biomass and is basal diameter and (-41.44 and ) and (-8.98 and 26.22) are the

y-intercept and the coefficient or slope of the line of best fit for the relation graphs as shown in Figure
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Figure 7 and 8, Basal diameter, dry biomass of trimmed branches and their respective density
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allometric equations for the two species to predict the dry biomasses of the small untrimmed branches

from their measured basal diameter (diameter measured at the bases of the branches). They were not

serially measured for their volume like the large branches and the trunk of the trees. The allometric

equation that resulted after regression analysis on aliquot basal diameter against aliquot dry biomass

using R statistical software was: (Model-1) For Allophylus

abyssinicus and (Model-2) for Croton macrostachyus

Where, is dry biomass and is basal diameter and (-41.44 and ) and (-8.98 and 26.22) are the

y-intercept and the coefficient or slope of the line of best fit for the relation graphs as shown in Figure
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The dry biomass and basal diameters of the trimmed branches aliquots were used to develop the

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

from their measured basal diameter (diameter measured at the bases of the branches). They were not

serially measured for their volume like the large branches and the trunk of the trees. The allometric

equation that resulted after regression analysis on aliquot basal diameter against aliquot dry biomass

using R statistical software was: (Model-1) For Allophylus

abyssinicus and (Model-2) for Croton macrostachyus

Where, is dry biomass and is basal diameter and (-41.44 and ) and (-8.98 and 26.22) are the

y-intercept and the coefficient or slope of the line of best fit for the relation graphs as shown in Figure
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9(a and b) with a p-value of 0.070 for Allophylus abyssinicus and with ap-value of 0.008 for Croton

macrostachyus respectively. These two models use basal diameter as independent predicting variable

to predict dry branch biomass as dependent variable.

(a) (b)

Figure 9 (a and b) the scatter plot of the relationship graph between the basal diameter and dry

biomass of the trimmed branches of the two tree species.

The summary of the two models of the dry biomass of the trimmed branches and their basal diameter

are given below in Tables 8 and 9.

Table 8. Summary of the allometric model(1) for Allophylus abyssinicus branches

Summary of model ( 1)

lm(formula = B.trimmed.dry.g..Allophylus.abyssinicus ~ basal.diameter..cm.)

Residuals:

1       2       3       4       5       6       7

-9.259   5.593 -42.425    33.386 -2.407 -21.263  36.375
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Coefficients:

Estimate Std.   Error     t value          Pr(>|t|)

(Intercept) -41.41           42.34 -0.978          0.3729

basal.diameter..cm. 66.52            29.06       2.289          0.0707

---

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Residual standard error: 31.02 on 5 degrees of freedom

Multiple R-squared:  0.5117,    Adjusted R-squared:  0.4141

F-statistic: 5.241 on 1 and 5 DF,   p-value: 0.07072

In this model (model - 1) for Allophylus abyssinicus trimmed branches dry biomass the P-value of  the

predictor (basal diameter) is 0.07 showes that there is 7% chance for the basal diameter cofficent

(66.52) to be obtaind by chance or the basal diameter cofficent is  93% reliable estimate of  the model.

But, the  reliability of y-intercept  (41.41) of this model is found to be 73% reliable.

In the second model  (model -2) for Croton macrostachyus trimmed branches dry biomass the P-

value of  the predictor (basal diameter) is 0.008 < 0.05  well below the 0.05 P-value mark for

significance. This shows that there is strong evidence that supports existence of  statisticaly

significant correlation between the independent variable (basal diameter) and the dependent variable

(dry branch biomass) in predicting the trimmed dry branch biomass in this simple linear regession

model.

Table 9. Summary of the allometric model (2) for Croton macrostachyus branches

Summary of model ( 2)

lm (formula = B.trimmed.dry...g.Croton.macrostachyus ~ basal.diameter..cm.)
Residuals:

Min                  1Q

-13.847 -5.200

Median

-1.964

3Q              Max

5.978         14.597
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Coefficients:

Estimate Std.   Error     t value          Pr(>|t|)

(Intercept) -8.985             10.910 -0.824        0.42938

basal.diameter..cm. 26.222          7.984       3.284          0.00823**

---

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Residual standard error: 9.25 on 10 degrees of freedom

Multiple R-squared:  0.5189,    Adjusted R-squared:  0.4708

F-statistic: 10.79 on 1 and 10 DF,  p-value: 0.008227

This model summary shows  that there is only 0.8% chance for the basal diameter cofficent (26.222)

to be obtaind by chance or the basal diameter cofficent is  99.2% reliable estimate of  the model. But,

the reliability of y-intercept  (8.985) of this model is found to be 68% reliable.

4.1.2 The untrimmed tree dry biomass

The untrimmed tree dry biomass was obtained from the sum of two results, 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 is the sum of the two results:

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

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

density 0.32g cm-3for Allophylus abyssinicus and 0.26 g cm-3for Croton macrostachyus as shown in

Figure 5. above, that was obtained from the trimmed branches density and total volume of the large

branches and the trunks.

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

(Smalian’s formula):

Table 10. The dry biomass of the large branches and the trunks for Allophylus abyssinicus

( )

Tre
e no

DBH(c
m)

Heig
ht
(m)

Elevatio
n
(m.a.s.l)

∑ Vi Volume
(cm3)

Mean wood
density

(g cm−3)
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Table11. The dry biomass of the large branches and the trunks for Croton macrostachyus

( )

Tree
no

DBH
(cm)

Heigh
t (m)

Elevation
(m.a.s.l) ∑Vi volume

(cm3)

Mean wood
density (g
cm−3)

1 5.4 4 2465 8915.205 0.255 2228.801
2 8 8 2500 18353.1 0.255 4588.275
3 9 7 2502 17301.825 0.255 4411.965

4 10 8 2508 24628.917 0.255 6280.374

5 11 9 2494 22255.197 0.255 5675.075
6 13 9 2492 40226.694 0.255 10257.81
7 14.4 9 2487 57928.2 0.255 14771.69
8 16 11 2491 77522.787 0.255 19768.31
9 20 10 2495 96176.925 0.255 24525.12

10 20 12 2521 147143.04 0.255 37521.48

11 25 12 2511 311216.7 0.255 79360.26

12 27 11 2500 283510.2 0.255 72295.1

Dry biomass of the untrimmed small branches (

The dry biomass of the untrimmed small branches was estimated using the simple linear regression

model-1 and 2 developed for the small branches in section 4.1.1for Allophylus abyssinicus and

Croton macrostachyus ( 41.41 66.52 and 8.98 26.22 )

Dry biomass of the untrimmed branches for Allophylus abyssinicus and Croton macrostachyus

1 17 7 2502 106811.898 0.32 34179.807
2 19 8 2551 96486.85143 0.32 30875.792
3 25 14 2527 387891 0.32 124125.12
4 28 10 2505 231456.9 0.32 74066.208
5 34 15 2520 419573.088 0.32 134263.40
6 35 10 2556 683386.2248 0.32 218683.59
7 40 12 2494 439807.0899 0.32 140738.27
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The linear model regression analysis in R statistical software for the trimmed branches dry biomass

and their respective basal diameter resulted in an allometric relationship of the form;

"B= -41.44+66.52*basal.d" and "B=-8.985+26.222*basal.d " for the branches of the two species

respectively

Where, B and basal. d and the

allometric equations given by:

(Model-1) 41.41 66.52 basal. d …………………………………………………. (eq4.1.)

(Model-2) 8.98 26.22 basal. d …………………………………………………… (eq 4.2.)

The resulted dry biomass of the small untrimmed branches is given in table 12 and 13 as follow:

Table 12. Predicted biomass for the untrimmed branches of Allophylus abyssinicus, using simple

linear regression model-1 equation. 41.44 66.52 basal. d
Tree.no

basal
D

B dry
branch

Tree.
No basal D

Bdry
branch

Tree.
No basal D

B dry
branch

Tree.
no

B dry
branch

1 49 2468.34 2 71 3595.18 3 17 829.3 4 778.08
18 880.52 16 778.08 24 1187.84 675.64
27 1341.5 16 778.08 17 829.3 931.74
20 982.96 11 521.98 0.9 4.658 101.976
26 1290.28 9 419.54 0.8 -0.464 535.39
17 829.3 13 624.42 1 9.78 55.878
20 982.96 20 982.96 30.268
15 726.86 13 624.42
20 982.96 1 9.78
1 9.78 0.9 4.658
2 61 0.9 4.658

0.7 -5.586
Total 10550.87 8343.756 2860.414 3108.972
Tree.
no

basal
D

B dry
branch

Tree
no basal D

B dry
branch

Tree.
No basal D

B dry
branch

5 20 982.96 6 94 4773.24 7 32 1597.6
5 214.66 20 982.96 17 829.3
5 214.66 18 880.52 18 880.52

1.5 35.39 32 1597.6 13 624.42
0.8 -0.464 20 982.96 13 624.42

1 9.78 25 1239.06 19 931.74
17 829.3 2.5 86.61

1.1 14.902 2 61
1 9.78 2.3 76.366

Total 1456.986 11325.2 5711.97

Table 13. Biomass predicted for the untrimmed branches using simple linear regression model-2

equation. 8.985 26.222 ) for Croton macrostachyus

Tree
no

basal
D

B dry
branch

Tree
no

basal
D

B dry
branch

Tree.
no

basa
l D

B dry
branch

Tree.
no

basal
D

B dry
branch
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1 5 122.125 2 6 148.347 3 3 69.681 4 6 148.347
4 95.903 6 148.347 3 69.681 3 69.681
4 95.903 5 122.125 3 69.681 3 69.681

1.6 32.9702 1.7 35.5924 2 43.459 1.2 22.4814
1.1 19.8592 1.6 32.9702 1 17.237 1.5 30.348

1 17.237 1.4 27.7258 3 69.681 1.4 27.7258
1.7 35.5924
1.4 27.7258
1.8 38.2146

Total 383.9974 515.107 440.9528 368.264
Tree
no

basal
D

B dry
branch

Tree
no

basal
D

B dry
branch

Tree
no

basa
l D

B dry
branch

Tree
no

basal
D

B dry
branch

5 6 148.347 6 6 148.347 7 6 148.347 8 9 227.013
6 148.347 6 148.347 8 200.791 5 122.125
4 95.903 11 279.457 7 174.569 4 95.903
6 148.347 5 122.125 5 122.125 3 69.681
7 174.569 6 148.347 6 148.347 1.4 27.7258

1.3 25.1036 1.2 22.4814 5 122.125 1.7 35.5924
1 17.237 1.2 22.4814 3.5 82.792 1.7 35.5924

1.2 22.4814 1.4 27.7258 8 200.791
1.3 25.1036
1.3 25.1036

1 17.237
Total 780.335 919.311 1267.331 613.633
Tree
no

basal
D

B dry
branch

Tree
no

basal
D

B dry
branch

Tree
no

basa
l D

B dry
branch

Tree
no

basal
D

B dry
branch

9 15 384.345 10 11 279.457 11 15 384.345 12 13 331.901
5 122.125 9 227.013 12 305.679 14 358.123
4 95.903 10 253.235 12 305.679 14 358.123
4 95.903 9 227.013 11 279.457 2.1 46.0812
5 122.125 1 17.237 10 253.235 2 43.459

1.7 35.5924 1.1 19.8592 10 253.235 2 43.459
1.5 30.348 1 17.237 3.3 77.5476
1.7 35.5924 2.3 51.3256

2.6 59.1922
Total 921.9338 1041.05 1969.695 1181.15

Using the above model equations (model-1 and 2), the predicted dry biomass of the untrimmed small

branches and their basal diameter showed a strong relation as shown below in Figure 10 (a and b) for

Allophylus abyssinicus and in Figure 11 (a and b) for Croton macrostachyus untrimmed small

branches dry biomass and their basal diameter.
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Figure 10(a) basal diameter of untrimmed small branches          Figure 10(b) predicted dry biomass

Figure 11(a)basal diameter of untrimmed smallbranches Figure.11(b)pridicted dry biomass

Total untrimmed tree dry biomass (

Total dry biomass of the trunk and the large branch sections and the small branches for Allophylus

abyssinicus and Croton macrostachyus B dry section (g)

The dry biomass of the trees for each species

Obtained by the sum of the trimmed dry biomass and the untrimmed dry biomass:

Table 14.Total dry biomass for Allophylus abyssinicus sample trees
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Tree.no

B dry

branches (g)
B trimmed
dry (g)

Total dry

AGB (g)

Total dry

AGB (Kg)

1
34179.80736 10550.874

22.5 44753.18 44.753

2
30875.7924576 8343.756

30.7 39250.25 39.250

3
124125.12 2860.414

49.2 127034.7 127.034

4
74066.208 3108.972

85.1 77260.28 77.260

5
134263.38816 1456.986

22.7 135743.1 135.743

6
218683.591936 11325.224

23.8 230032.6 230.032

7
140738.268768 5711.976

128 146578.2 146.578

Table 15.Total dry biomass for Croton macrostachyus sample trees

Tree.
No

B dry branches(g) B trimmed

dry (g)

Total dry

AGB (g)

Total dry

AGB (Kg)

1 2228.801 383.9974 12.9 2625.698 2.6
2 4588.275 517.1074 22.4 5127.782 5.1
3 4411.965 404.9528 14 4830.918 4.8
4 6280.374 368.2642 32.2 6680.838 6.7
5 5675.075 780.335 21.6 6477.01 6.5
6 10257.81 919.3116 39.7 11216.82 11.2
7 14771.69 1267.331 37.9 16076.92 16.1
8 19768.31 613.6326 11.3 20393.24 20.4
9 24525.12 921.9338 16.5 25463.55 25.5

10 37521.48 1041.051 14.7 38577.23 38.6
11 79360.26 1969.695 48.2 81378.16 81.4
12 72295.1 1181.146 37.7 73513.95 73.5

4.1.3. Belowground biomass estimated (BGB)

The belowground biomass was estimated using a conversion factor of 0.28 for sub-tropical dry forest

aboveground biomass greater than 20t./ha (IPCC GLAFOLU) was used to calculate the belowground

dry biomass of each of the study trees from their total aboveground dry biomass. The resulting

belowground biomass for Allophylus abyssinicus and for Croton macrostachyus, using aboveground

biomass (ABG) and 0.28 conversion factor given in Figure 12 and 13.
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Figure 12.Aboveground and belowground biomass for Allophylus abyssinicus tree samples

Figure 13.Aboveground

and belowground

biomass for Croton macrostachyus tree samples

The aboveground and belowground dry biomass of the two species showed a marked increase with

diameter and height increase as shown in Figure 14 (a and b) for Allophylus abyssinicus and for

Croton macrostachyus Figure 15 (a and b) bellow.

This shows that diameter and height have strong relationship with aboveground and belowground dry

biomass which can be used to predict the dry biomass of the trees.
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Figure 14(a and b) Relationship between DBH, height, AGB and BGB for Allophylus abyssinicus

Figure 15(a and b) Relationship between DBH, height, AGB and BGB for Croton macrostachyus

4.1.4 Estimated above ground carbon stock of a tree

Measuring the carbon stock of a tree start by measuring tree biomass, followed by analyzing  its

carbon content. The carbon stock of a single tree can be estimated by  multiplying the carbon content

conversion factor (using a default value of 0.46) by the tree biomass (Hairiah K et al., 2010). The

above ground carbon stock for the tree samples is obtained as 46% of their biomass as shown in

Figure 16 and Figure 17 for Allophylus abyssinicus and Croton macrostachyus respectively. Based on

the model of AGB estimates, carbon stock and CO2 can be calculated as C (AGB) = 0.46*AGB and

CO2 = 3.67* C(AGB)

0
5

10
15
20
25
30
35
40
45

1 2 3 4 5 6 7

Hight Vs Dbh for Allophylus abyssinicus tree
samples

Dbh (cm) H (m)

0

50

100

150

200

250

0 2 4 6 8

Allophylus abyssinicus tree samples

AGB (Kg) BGB (Kg)

0

5

10

15

20

25

30

1 2 3 4 5 6 7 8 9 10 11 12

Dbh Vs Hight for Croton macrostachyus tree
samples

Dbh (cm) Hight (m)

0

20

40

60

80

100

0 5 10 15

Croton macrostachyus tree samples

AGB (Kg) Croton.macrostachyus

BGB (Kg)



53

Figure 16. Aboveground biomass and carbon stock in Allophylus abyssinicus tree samples

Figure17. Aboveground biomass and carbon stock in Croton macrostachyus tree samples

4.1.5 Allometric biomass models developed for the two tree species

Different allometric models were developed using R statistical software for biomass estimation with

single and multiple independent variables such as diameter at brest height, height of trees, and total

volume of the tree parts.

4.1.5.1 Allometric biomass model with DBH as indipendent variable for Allophylus abyssinicus

and Croton macrostachyus

The linear regrassion model analysis for Allophylus abyssinicus total aboveground dry biomass using

a single independent variable (DBH) resulted in an alometric equation  model-3 of the form:
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AGB (Kg) 44.753 39.25 127.034 77.26 135.743 230.032 146.578
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AGB=-61.235+6.209(DBH) with a p-value: 0.03317 and a scatter plot  with a line of best fit as

shown below  in correlation model summary table16 and figure.17.

Table 16. Linear allometric model-3 using DBH as independent variable for Allophylus abyssinicus

Call: linear  regrassion Model-3 Summary

lm(formula = AGB..Kg..Allophylus.abyssinicus ~ DBH..cm.)

Residuals:

1        2        3        4        5        6        7

0.4426 -17.4775  33.0550 -35.3447 -14.1132  73.9673 -40.5296

Coefficients:

Estimate Std. Error t value Pr(>|t|)

(Intercept) -61.235     62.543 -0.979   0.3725

DBH..cm.       6.209      2.129   2.916   0.0332 *

---

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Residual standard error: 44.63 on 5 degrees of freedom

Multiple R-squared:  0.6297,    Adjusted R-squared:  0.5556

F-statistic: 8.503 on 1 and 5 DF,  p-value: 0.03317

The overall regression accuracy of this model for Allophylus abyssinicus is given by an R-squared

value of (0.629).

This shows that 62.9 % of variance of  the output variable which is aboveground biomass AGB is

explained by the variance of the input variable the DBH and the rest of 37.1% variation of the AGB is

explained by other factors. In this model, since the P-value of the predictor (DBH) is 0.0332 < 0.05

this shows that there is strong evidence that supports existence of  statisticaly significant correlation

between DBH and AGB. Figure 18 shows the line of best fit and the scatter plot for the model.
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Figure18. Allometric model-3 for Allophylus abyssinicus scatter plot with a line of best fit

The reliability of model-3 regrasstion line’s y-intercept (-61.235) and its cofficent (6.209) is

determined by the p-value of each (0.3725) and (0.0332) respecively. This shows that there is 37%

for the y-intercept and 3.3% for the regrassion cofficent probability that this values are obtained by

chance. In other words the value of the regresstion line’s y-intercept and its cofficent respectively are

63% and 97.7% reliable estimates of the model.

The linear regression model analysis for Croton.macrostachyus aboveground dry biomass AGB and

DBH resulted in an allometric equation of the form: AGB= -29.9207+ 3.6434(DBH) With a p-value:

(1.414e-05=0.000014) which is very much below <0.05 P: value mark for significance and a scatter

plot with a line of best fit as shown below in Table 17 and Figure19. The overall regression accuracy

of the allometric biomass model-4 for Croton macrostachyus is given by a very high R-squared

(0.8599) and Adjusted R-squared (0.8459) values. This shows that 85.9% of variance of  the output

variable which is aboveground biomass AGB is explained by the variance of DBH the input variable

and the rest of 14.1% variation of the AGB is explained by other factors.

Table 17. Linear allometric model-4 using DBH as independent variable for Croton macrostachyus

Call: linear  regrassion Model-4 Summary

lm(formula = AGB..Kg..Croton.macrostachyus ~ DBH..cm.)

Residuals:

Min      1Q  Median      3Q     Max
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-17.448 -6.294 -1.736   5.254  20.235

Coefficients:

Estimate Std. Error t value Pr(>|t|)

(Intercept) -29.9207     7.5724 -3.951  0.00272 **

DBH..cm.      3.6434     0.4651   7.834 1.41e-05 ***

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Residual standard error: 10.58 on 10 degrees of freedom

Multiple R-squared:  0.8599,    Adjusted R-squared:  0.8459

F-statistic: 61.38 on 1 and 10 DF,  p-value: 1.414e-05

Figure 19. Allometric model-4 for Croton.macrostachyus scatter plot with a line of best fit

In this model, since the P-value of the preidictor (DBH) is (1.414e-05= 0.000014) < 0.05  this shows

that there is a very strong evidence that supports existence of  statisticaly significant correlation

between DBH and AGB. The reliability of model-4 regresstion line’s y-intercept (-29.9207) and its

cofficent (3.6434) is given by the p-value of each (0.00272) and (0.000014) respecively. This showes

that there is 0.2% for the y-intercept and 0.0014% for the regression coefficent probability that this

values are obtained by chance. In other words the value of the regrasstion line’s y-intercept and its

cofficent respectively are 99.8% and 99.9% reliable estimates of the model.

4.1.5.2 Allometric biomass models using DBH and height as independent variables for

Allophylus abyssinicus and Croton macrostachyus
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In this multiple linear regression there are two ( DBH, and height) effect variables, in the same

manner as for simple linear regression, a determination coefficient R2corresponding to the proportion

of the variance explained by the model. The model’s R2continues to increase with the number ofeffect

variables in the model.

Adding higher number of effect variables above 1 does not improve the model, R2 is not therefore a

reliable criterion for determining significance of a multiple linear regression allometric model. In

multiple linear model it is the adjusted R2 value that indicates the reliability of the model estimation.

The multiple linear regession model using two independent variables DBH and height to predict the

dependent variable (AGB) aboveground biomass model-5 for Allophylus abyssinicus resulted an

equation of the form: 63.3256 6.1214 DBH 0.4196 H) with a very low significance

with a P-value of 0.137 > 0.05 to consider the model as given in Table 18.

Table 18. Linear allometric model-5 using DBH and height as independent variable for Allophylus

abyssinicus

Call: linear  regrassion Model-5 Summary

f=lm(AGB..Kg..Allophylus.abyssinicus~DBH..cm.+Height..m.)

Residuals:

1       2       3       4       5       6       7

1.077 -17.088  31.450 -35.010 -15.353  74.912 -39.988

Coefficients:

Estimate Std. Error t value Pr(>|t|)

(Intercept) -63.3256    81.9053 -0.773    0.483

DBH..cm.      6.1214     2.9719   2.060    0.108

Height..m.    0.4196     8.5688   0.049    0.963

Residual standard error: 49.89 on 4 degrees of freedom Multiple R-squared:  0.6299,    Adjusted R-

squared:  0.4449 F-statistic: 3.404 on 2 and 4 DF,  p-value: 0.137

But model-6 for Croton.macrostachyus with two (DBH and height) independent variables to predict

the dependent variable ( biomass) was significant with an over all significance P-value of 0.00007 as

given  in Table 19.
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Table 19. Linear allometric model-6 using DBH and height as independent variable for Croton

macrostachyus

Call: linear  regression Model-6 Summary

lm(formula = AGB..Kg..Croton.macrostachyus ~ DBH..cm. + Height..m.)

Residuals:

Min       1Q   Median       3Q      Max

-19.5014 -3.5072 -0.0756   1.9319  20.0394

Coefficients:

Estimate Std. Error t value Pr(>|t|)

(Intercept) -13.8914    14.8987 -0.932 0.375470

DBH..cm.      4.5807     0.8821   5.193 0.000569 ***

Height..m. -3.2721     2.6422 -1.238 0.246896

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Residual standard error: 10.31 on 9 degrees of freedom

Multiple R-squared:  0.8803,    Adjusted R-squared:  0.8537

F-statistic: 33.09 on 2 and 9 DF,  p-value: 7.103e-05

The linear regession model using two independent variables DBH and height to predict the dependent

variable aboveground biomass AGB resulted in an allometric equation of the form:13.8914 4.5807 DBH 3.2721 H The overall regression accuracy of the allometric

model-6 for Croton.macrostachyus was given by a very high values of R-squared (0.8803) and

Adjusted R-squared (0.8537). This shows that 88% of variance of  the output variable which is

aboveground biomass AGB is explained by the variance of DBH and height input variables. The

Adjusted R-squared (0.8537) explains that the input variables (DBH and height) are 85% reliable in

explaining the aboveground biomass.In this model the diametr at breast height DBH is significant

predictor of the dependent variable with a P-value of 0.000569 which shows that dbh is more than

99.9% significant predicting variable in this model, but the  hight is not a significant pridicting

variable in this model. The value of the adjusted R-squared value (0.8537) shows the overall

significance of the model is 85% significant in predicing the aboveground biomass. The rest, 15% of

the variability of the AGB is explend by other factors.
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4.1.5.3 Allometric biomass models using DBH, height and volume as independent variables for

Allophylus abyssinicus and Croton macrostachyus biomass estimqation.

The linear multiple regression  model-7 for Allophylus abyssinicus aboveground biomass using three

independent effect variables (DBH, height and volume) is given below in Table 20. The model is

given by the following form: 19.81 0.1261 DBH 1.373 H 0.0003345 V The

overall significance of the model is 99.9% with an overall p value: 7.103e-05.

Table 20. Linear allometric model-7 using DBH, height and volume as independent variable for

Allophylus abyssinicus

Call: linear  regrassion Model-7 Summary

lm(formula = AGB..Kg..Allophylus.abyssinicus ~ DBH..cm. + Height..m. + Volume..cm3.)
Residuals:

1       2       3       4       5       6       7
0.9637  0.5400 -0.1605 -2.7190  0.4581 -0.2434  1.1612

Coefficients:

Estimate Std. Error t value Pr(>|t|)

(Intercept)   1.981e+01  3.405e+00   5.820   0.0101 *

DBH..cm. -1.261e-01  1.598e-01 -0.789   0.4879

Height..m. -1.373e+00  3.193e-01 -4.300   0.0231 *

Volume..cm3. 3.345e-04   6.203e-06     53.932 1.4e-05 ***

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Residual standard error: 10.31 on 9 degrees of freedom

Multiple R-squared:  0.8803,    Adjusted R-squared:  0.8537

F-statistic: 33.09 on 2 and 9 DF,  p-value: 7.103e-05

In this model-7 the height and volume coefficients are significant predicting variables with 98.7% and

99.9% significance level respectively, but DBH the other effect variable is not significant predictor in

this model. The linear multiple regression  model-8 for Croton macrostachyus aboveground biomass

using three independent effect variables (DBH, height and volume) is given model summary below in

Table 21. The model is given by the following form:0.06842 0.001114 DBH 0.05759 H 0.0002579 V . The overall significance of

the model is 99.9% with an overall p value: 2.927e-16, in this model both the Multiple R-squared
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(0.9999) and the Adjusted R-squared (0.9999) are very much closer to 1, showing that 99.99% of the

variability of the above ground biomass is explained by this model.

Table 21. Linear allometric model-8 using DBH, height and volume as independent variable for

Croton macrostachyus

Call:  linear  regrassion Model-8 Summary

lm(formula = AGB..Kg..Croton.macrostachyus ~ DBH..cm. + Height..m. + Volume..cm3.)

Residuals:

Min          1Q   Median          3Q        Max
-0.35417 -0.17687 -0.06836  0.17665  0.55653

Coefficients:

Estimate  Std. Error t value Pr(>|t|)

(Intercept)     6.842e-02  4.890e-01   0.140    0.892

DBH..cm.        1.114e-03  5.525e-02   0.020    0.984

Height..m.       5.759e-02  8.979e-02   0.641    0.539

Vi.volume..cm3. 2.579e-04  2.695e-06  95.719 1.58e-13 ***

---

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Residual standard error: 0.3229 on 8 degrees of freedom

Multiple R-squared:  0.9999,    Adjusted R-squared:  0.9999

F-statistic: 2.553e+04 on 3 and 8 DF,  p-value: 2.927e-16

In this model the coefficients of DBH and height were not significant, but the coefficient of volume is

highly significant with a P-value: 1.58e-13showing that DBH and height wear not significant effect

variable, but volume highly significant effect variable more than 99.9% significance in this model.

Chapter 5

5. Discussion, conclusion and Recommendations

5.1 Discussion
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So far, there has not been allometric equation for Allophylus abyssinicus and Croton macrostachyus.

The best performing model in this study for Allophylus abyssinicus explained more than 85% of the

aboveground biomass and the other models explaining 44-55% of the biomass. The best performing

model in this study for Croton macrostachyus explained more than 99.9% of the aboveground

biomass and the other models were explaining 51- 85% of the biomass.

Biomass and carbon sequestrated in trees depends on tree age, site conditions, and biological

characteristics such as wood density of species. Consequently most researchers have developed

allometric equations through wood density as the representative factor for a specific species group

with similar wood density (e.g. IPCC 2006, Henry et al., 2010, Chave et al., 2004).

It is an important factor for the estimation of tree biomass and representative for species groups with

the same biomass contained in volume unit. The study assumed density of wood to be uniform in all

compartments of the trees according to (Picardet al., 2012) and analyzed the aliquot branch mean

wood density for the two tree species, to be 0.32 g cm-3 for Allophylus abyssinicus and 0.26 g cm-3 for

Croton macrostachyus.

The general observation of the results is that the increase in the number of independent variables from

one to three reduced average deviation of the AGB estimates, and increasing the significance of the

models indicating all three variables of DBH, height and volume affect AGB, of which DBH and H

reflect the relationship between the tree volume and biomass, while wood density reflects biological

characteristics of the species.

Apart from the classic statistical indicators to select the optimal allometric equations (e.g. the highest

R2and adjusted R2with parameters significant at P <0.05), other statistical indicators were used to

ensure that models are close estimate with actual data are presented below in Table 22 and 23.

Correction factor (CF), average deviation S% and AIC (Akaike Information Criterion) are such

indicators suggested by (Chave 2005; Basuki et al., 2009).

Correction factor (CF) is always larger than 1, and a model is preferred when CF reaches1 and it is

given by: Where, RSE: Residual standard error. The greater the RSE, the greater the

CF becomes, indicating low reliability.
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Table 22. Summary of R2, adjusted R2, p-value and CF (Correction factor) for the allometric models

Model

equation

Allometric model form R2 (%) adjusted

R2

(%)

p-value CF

Model-1 41.44 61.52 51% 41% 0.07072 8.8x10208

Model-2 8.98 26.22 51% 47% 0.008227 3.7x1018

Model-3 61.235 6.209 DBH) 62% 55% 0.03317 3.3x10432

Model-4 29.9207 3.6434 DBH) 85.9% 84.5% 1.41x10-5 2.02x1024

Model-5 63.3256 6.1214 DBH 0.4196 H) 62% 44% 0.137 3.0x10540

Model-6 13.8914 4.5807 DBH 3.2721 H 88% 85% 7.10x10-5 1.2x1023

Model-7 19.81 0.1261 DBH 1.373 H0.0003345 V 88% 85% 7.10x10-5 1.2x1023

Model-8 0.06842 0.001114 DBH 0.05759 H0.0002579 V 99.9% 99.9% 2.9x10-16 1.053

*Model-1,3, 5, and7 are for Allophylus abyssinicus and model-2,4,6 and8 are for Croton macrostachyus

The lowest correction factor CF 1.053 was with the model-8 for Croton macrostachyus involving

three effect variables with 99.9 % R2 and adjust R2 showing 99.9% of the variability in AGB being

explained by the variables. The average deviation S% also shows the variation between observations

and predictions; the smaller S% value is preferred. AIC (Akaike Information Criterion) is a measure

of the relative fit of a statistical model the models with smaller AIC algebra are preferred. The

average deviation S% and Akaike Information Criterion AIC of the allometric models are given in

Table 23.

Table 23. Average deviation S% and Akaike Information Criterion AIC for the allometric models

Allometric models % AIC

Model-1for branches 39% 52.25
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Model-2 for braches 31% 57.20

Model-3 2092% 72.80

Model-4 72% 19.35

Model-5 19% 61.15

Model-6 550% 137.7

Model-7 13% 53.30

Model-8 5% 34.89

The average deviation S% of the models for Allophylus abyssinicus (models, 1, 5, and 7) except

model-3 range between S%=13-39% showing very high reliability and 2092% for model-3 showing

very low reliability. The average deviation S% of the models for Croton macrostachyus

(models,2,4,and 8) except model-6  range between S%=5- 72% showing very high reliability and

550% for model-6 showing very low reliability compared with  general AGB  models available for

tropical forests, (i.e. model of Brown, (1997) had S%=43-107%, model of Chave ,(2005) had S% =

52-94% and model for dry dipterocarp forests Basukiet et al., (2009) had S%=26-30%.

The best AIC relative fit of the models for Allophylus abyssinicus was 52 for the small branches and

53 for the model with three variables (DBH, Height and Volume) and the best AIC relative fit of

models of Croton macrostachyus was 19 for model (model-4) with one variable (DBH) and 34 for the

model with three variables (DBH, height and volume) showing this models in this ecological regions

have the potential to bring good reliability.

However, a practical concern is that, with more variables, its application becomes more complex and

costly. The predictors for AGB estimate were mainly DBH and height in research by Brown (1989-

2001) and Brown and Iverson (1992); some authors used wood density (e.g. Chave et al., 2005;

Basukl et al., 2009). Furthermore some authors suggested that the variable crown area CA helps to

improve accuracy and reliability of models; (e.g. Henry et al., 2010; Dietz et al.,2011, and Johannes

et al.,2011). The results obtained from the study reveal that specific biomass estimates for each

species in this forest can improve reliability and accuracy of biomass and carbon stock assessment in

this ecological region.

5.2 Conclusion

The total dry biomass of the sampled trees of Allophylus abyssinicus and Croton macrostachyus in

Dayo and Guna sites of Arba Gugu Forest averaged 51.714 kg and 25.75833kg per plant respectively.

The biomass of each tree was most strongly correlated with diameter, and volume measurements, and
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basal diameter for the branches in particular, but the biomasses were also significantly correlated with

height measurements. The study analyzed average branch wood density of the two species (0.32 g

cm-3 and 0.26 g cm-3) for Allophylus abyssinicus and Croton macrostachyus which was used in the

assumption of uniform wood density in all compartments of the trees.

The allometric models including DBH, volume and height were the best performing model for

predicting total biomass of the two tree species, explaining 85% of the variation in biomass for

Allophylus abyssinicus and 99.9% of the variation in biomass for Croton macrostachyus. However,

the allometric model using DBH alone could explain only 62% for Allophylus abyssinicus and 85.9%

of the variation in total biomass for Croton macrostachyus.

The application of models should be taken with caution as the models have varying reliability and

precision, implying the application of models for decision making needs to consider their reliability

and precision. The model involving four variables DBH, height, and volume (model-7) for Allophylus

abyssinicus and the models (models4, 6, and 8) for Croton macrostachyus are recommended for

application for the specific forest type and ecological region of the study area.

Development of allometric equations for each plant species can reach higher accuracy, but implies

more difficulty in application due to complexity of measurements in the field. The increase of

independent variables from one to three reduces deviation of the estimates. All variables of DBH,

height, volume, and wood density affect aboveground biomass AGB, of which DBH and height

represent the relationship between the tree volume with biomass, while wood density represents the

biological characteristics of the species. The allometric biomass models developed for these tree

species in this study can be further fully developed to be used to predict the biomass and carbon

stocks of the two tree species in Arba Gugu Forest and wherever appropriate.

5.3 Recommendation

These results lead to the recommendation that when possible, destructive measurements are necessary

to test validity of existing allometric equations or to develop country-and-forest specific equations.

Including other variables which are simple to measure and that will not significantly impact

surveying costs such as crown area, crown diameter, and shape of canopy that well represent

biological characteristics of species in allometric model developing could improve biomass

estimation.
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The method could be used to develop species, country-and-forest specific allometric equations to

degraded woodlands and threatened tree species and forest types in the country with varying forest

cover. Development of database for an allometic equation for all species and country-specific

equations and wood density of different tress species is recommended for better biomass and carbon

stock assessment. The models could also be applied in REDD+ after being validated with

independent data.
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