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ABSTRACT

Dry afromontane forests form the largest part of the existing natural vegetation in Ethiopia.
Nevertheless, models for quantifying aboveground biomass (AGB) and volume of this forest
are rare. The development of tree allometric models are crucial for accurate forest tree
volume, biomass, and carbon assessment in forest ecosystem. The objective of this study was
to develop species-specific models for predicting AGB and tree volume of the Olea europaea
L.sub spp. Cuspidata in the Harego forest. A total of 15 sample trees were harvested and their
biometric variables and biomass were measured. A set of models relating tree component
volume and biomass to measured variables and wood density were developed using linear
regression analysis. The form factor of the species was determined, the predicted values using
form factor and fitted stem equation was comparable and provided accurate results. Log
transformed data revealed that combined diameter at breast height (dbh) and merchantable
height explained more than 95.6 % variability in the stem and total volume. Branch biomass
was determined by dbh alone, explaining 87.7% of the variation in the branch volume. The
average value of wood density decreased with increasing stem height and decreasing branch
diameter sizes. wood density of the stem was higher than the branch. The large part of
variation in tree component biomass was explained by both dbh and ht, whereas dbh alone
explained 75.9% variability in the leaf biomass with high bias. The direct biomass
measurement was 18.6% greater than the indirect measurement. The comparison with
previously developed species-specific and general model revealed that these models produced
large prediction errors and they cannot probably be applied outside their ranges. Thus, our
new models are accurate and potentially to be applied for species-based tree component
biomass predictions and will be helpful in planning sustainable forest management in the dry

Afromontane forest.

Keywords: Destructive sampling, Form factor, Models, Wood density.
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1. INTRODUCTION

1.1. Back ground

Forest is one of the world’s largest renewable ecosystem providing different products for
human demands. Besides, forest provides income generation, it serves as habitat for animals,
watershed protection and climate change mitigation through sequestering atmospheric carbon
dioxide (CO.) and store as a biomass. As a result, global forests have stored about 296 Gt of

carbon (C) in their biomass (FAO, 2015).

Allometric models quantifying biomass, volume, tree growth and C storage in terrestrial forest
ecosystems and thus used with in forest management planning. The development of models
has been based on relating easily measurable tree variables, such as diameter at breast height
(dbh) and total tree height (ht), to biomass or volume. These variables are considered to be the
most efficient for volume and biomass predictions (Brown, 1997; IPCC, 2003; Chave et al.,
2014). Although the models form varies, they have been developed for tree species in different
ecological regions of the world, which are some of species-specific (Xiang et al., 2016;
Amsalu Abich et al., 2019) and site-specific models (Djomo et al., 2010; Rebeiro et al., 2011),

whereas others are generic models (Chave et al., 2005 and 2014).

Recently, developing species and site-specific models are acknowledged and can improve
biomass estimates (Kettering’s et al., 2001) and again high level of accuracy in stand biomass
predictions (Paul et al., 2016). However, few species-specific models have been developed in
the dry and moist afromontane forests (Mehari Alebachew et al., 2016; Birhanu Kebede and

Teshome Sormessa, 2018; Buruh Abebe et al., 2019).



1.2. Statement of the Problem

In Ethiopia, the growing stock of natural forest is not well understood due to lack of tree
volume functions although few attempts are available for exotic tree species in plantation
(Pohjonen and Pukkala, 1990; 1991; 1992; Tesfaye Teshome, 2005; Leakemariam Berhe and
Goran Amoldsson, 2008). Globally, several models have been developed (Brown, 1997;
Chave et al., 2005; Pilli et al., 2006; Sadeli llyas, 2013; Rutishauser et al., 2013; Abdullahi
Jibrin and Aishetu Abdulkadir, 2015) in various regions to predict the contribution of forests
to global C cycle. However, these generic models may provide unreliable estimates where
they are applied outside their domain due to variation in biomass production (Chave et al.,
2005; Premyslovska et al., 2007; Henry et al., 2011; Litton and Kauffman, 2008). In order to
improve biomass estimates, assessment of the error due to the choice of model selection is

needed through developing species-specific model based on empirical data.

Furthermore, wood basic density (wood density) is a key variable for converting forest/tree
volume to biomass (Chave et al., 2005; Henry et al., 2010; Chave et al., 2014). However, it is
subjected to different factors such as environments, floristic composition, vegetation zones
and edaphic factors (Premyslovsk et al., 2007) causing variation in wood density results bias
estimates. Moreover, variation in wood density within tree and between species was
understood (Amsalu Abich and Asmamaw Alemu, 2020) and thus the influence of estimation
errors for species-specific traits such as wood density on the biomass predictions needs further
assessments. Moreover, biomass measurements can be done through direct weighing and
indirect measurement. These issues can be reduced through measuring stem volume and then

multiplying by wood density. But assessments of the error associated with indirect



measurement is limited. Mehari et al.(2016) developed an allometric model for estimating
aboveground biomass of Olea europaea at a given site using indirect biomass measurement.
However, they did not assess the errors associated with indirect biomass measurement and
wood density variation between tree components. This needs further assessments by
considering these two biomass measurement methods and examining variation in wood
density within tree species for improved biomass prediction. Thus, the development of new
model and wood density determination for Olea europaea species in dry afromontane forest
are essential to achieve the desired level of accuracy which is needed within sustainable forest

management and assessments of C storage.

1.3. Obijective of the Study

1.3.1. General objective

To develop models for estimating aboveground biomass and volume of Olea europaea species

in the dry afromontane forest of North east Ethiopia.

1.3.2. Specific objectives

= To develop species-specific allometric model for estimating tree component volume

and biomass of Olea europaea species.

= To assess wood density variation within the stem height and between tree components.

= To assess the applicability of species-specific and generic models developed elsewhere
to dry afromontane forest of Olea europaea species.
= To compare the error that results when the biomass is indirectly estimated from stem

volume and its wood density.



1.4 Research Questions

What would be the suitable aboveground biomass and volume model for Olea

europaea species?

= Are there variations in wood density along tree height and between tree components?

= Does generic model developed elsewhere is applicable to species based biomass
predictions?

= What is the error resulting from indirect biomass measurement, estimating the stem

volume and then multiplying by wood density?

1.5. Significance of the Study

Estimation of the wood density and development of biomass and volume model is important
for assessing the productivity and sustainability of the forest (Liu et al., 2014). Therefore, this
study provides insights about the tree volume, wood density and biomass of the selected
species, for developing sustainable forest management in dry afromontane forest species of
Ethiopia. This study can also provide accurate tools for monitoring the biomass, growing stock
and carbon stock of Olea europaea in North eastern part of Ethiopia in Kombolcha and this
can be a basis to support the REDD+ implementation in the Amhara region. In addition, this

study can serve as reference for any biomass and volume model related researches for the area.



2. LITRATURE REVIEW

2.1. Species description of Olea europaea species

The olive tree is an evergreen tree belonging to the family Oleaceae. Olea europaea originated
from the wild olive tree, which is native to Africa, western Asia, the Indian subcontinent, and
western china (Azene Bekele, 2007). It found in dry forests and forest margins at 1250—
3100 m (Friis, 1986; Legesse Negashi, 1993); widely grown in the field and church and also
distributed in dry forest often with Juniperus procera in east Africa and in different areas of
Ethiopia (Abraham Yirgu et al., 2012; Birhanu Kebede and Teshome Sormessa, 2018). It
usually reaches 15 m high to 25 m in height (Friss, 1986; Legesse Negashi, 1993). Olea are
long-lived tree. It shows strong xeromorphic characteristics and can survive as an adult tree in
dry microclimatic conditions (Tesfaye Bekele, 2005).

Its leaves are elongated in shape and often with hooked tips. These leaves have glossy dark
green upper surfaces and greenish or yellowish-brown lower surfaces. The much-branched
stems are greenish-black to silvery-green in color and mostly held upright. Older stems have a
rough bark i.e light or dark gray in color, while younger stems are smooth or slightly ribbed. It
used to extract oil, leaves, twigs, and woods are used to fumigate pots for “Milk”, “Tella”, and
“Tej” (local beverages), and twigs are also used as tooth brushes (Legesse Negashi, 1993;
Tesfaye Bekele, 2005; Birhanu Kebede and Teshome Sormessa, 2018). The wood is hard,
polishes well, and has many uses; including carving (Hedberg et al., 2003). It is important in
this context to consider the wood density variation, biomass and volume model development

of species.



2.2.VVolume and form factor relationship

Volume is used to evaluate and monitor the commercial potential of a forest for timber, fuel
wood production and harvest potential, understanding the ecological dynamic and productive
capacity of forest stands. The estimation of volume of standing tree, proper form factor of
desired species is essential. Without the factual data of form factor, the estimated volume of

standing tree might be either over-estimated or under-estimated (Segura and Kanninen, 2005).

A form factor is the ratio of measured volume for a tree to a cylinder volume based on
diameter at breast height (dbh) and hm of the tree and measured through felling up of trees as
well as using Wheeler Penta Prism for standing tree ( Mugasha et al., 2013). Variations in the
relationship between dbh and hm, and consequently in f, are related to numerous
environmental factors such as soil nutrients, climate, disturbance regime, successional status
and topographic position, but also to tree species and several genetic factors (Mugasha et al.,

2013).

2.3. Wood density determination

Wood density is the mass per unit volume of wood substance enclosed with in the boundary
of surface of a wood. It is presented in units of oven dry weight in grams per cubic centimeter
of green volume (Premyslovsk et al., 2007). Wood density is an essential variable for
converting the forest volume to biomass and estimating global carbon stock (Fearnside, 1997;
Baker et al., 2004; Chave et al., 2005; Premyslovska et al., 2007; Chave et al., 2014) and also
be useful for the study of forest structure and response to environmental factors (e.g.,

Chudnoff, 1984).



Wood density differs according to species, soil, tree growth parameter condition, and
topography (Fearnside, 1997) and influenced by environmental factors, floristic composition,
vegetation zones and edaphic factors (Premyslovsk et al., 2007). Thus, geographical locality
and species specific wood density determination is more appreciated to improve biomass and
forest carbon stock prediction. According to Flores and Coomes (2011) wood density

determination improvement could come from species-level phylogenies.

Wood density is usually required parameters which are used to develop allometric model.
Kettering et al.(2001) and Chave et al.(2005). The differences in models among forest type
related to wood density for each trees species. Many studies reported that higher estimations
of biomass models related to higher wood density whereas lower biomass estimations showed
forest with lower wood density (Nelson et al., 1999; Kettering et al., 2001; Chave et al., 2004;
Kenzo et al., 2009). So, information on wood density and biomass development has generally
not been given attention in Ethiopia. Therefore, this study is focused on determination and

assessed the variation in wood density within tree species.

2.4. Forest biomass

Biomass is defined as the total amount / weight of living organic matter in trees. It is
expressed as oven-dry tons per unit area and is useful in assessing forest structure, condition
and also as indicator of site productivity (Brown, 1997). Estimates of growing stock are an
indicator of biomass and carbon stocks, and may be used to assess change in forest attribtes.

According to IPCC (2006) and Ermias Bekure (2012) definition, above ground biomass is
defined as all biomass of living vegetation, both woody and herbaceous above the soil,

including stems, stump, branches, bark, seeds and foliage. The total amount of aboveground



oven-dry mass of a forest is expressed in tons per unit area and it is the most important visible
and dominant Carbon pool in natural and plantations forest (Jochem et al., 2011). The AGB of
living tree is the most dynamic forest carbon pool. This carbon pool can be accurately

measured, whereas other pools are less dynamics and more costly to quantify.

2.5. Allometric Model

Allometric model generally relates on easily measured independent variables like dbh, height
to other components like biomass and provides relatively accurate estimation (Feng et al.,
2012). It is the most common and reliable method for estimating biomass, net primary
production, and biogeochemical budgets in forest ecosystems (Gower et al., 1999). They have
been developed to satisfy various purposes in forest managements and ecology. Currently the
use of allometric is wide spread in forestry, and widely used equations for studying variation

in size and shape.

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

The use of allometric equation is crucial step in estimating above and below ground biomass
(David et al., 1998). Estimation of biomass is largely results of a common equation applied
over a large area (Flombaum and Sala, 2006 and Shem et al., 2012). Allometric models
developed from either single species or mixed species, it can be applied for the entire forest
biomass estimation. Vishal et al.(2011) developed allometric model by obtaining the mean dbh
of tree species to calculate the biomass accumulation equation obtaining the mean dbh of tree

species to calculate the biomass accumulation in different tree components.

8



The form of allometric model varies widely from one another in terms of model selection but
the most common used is linear regression equation Y=a + bx , where Y is the biomass and X
is the dbh ( Dudly, 1992 ). And also generalized linear model with gamma distribution and log
link function was used to avoid the problem of back transformation (Kettering et al., 2001).
Allometric power function equation Y= ax®, and their linear equivalents, In(Y) = In(a) +
bIn(X), where Y is the dependent variables and X is the independent variable and a is the
intercept coefficient, b is the scaling exponent where used to predict biomass from
independent variables (Shem et al., 2012). Those methods or analysis mechanisms are widely

used at the development of the model.

Generally, there are money commonly used functions like polynomial, power models and their
combinations. Several authors have shown that the inclusion of height in the power function
generally gives only a slight improvement. Therefore the model developed is useful tool for
assessing the potential of carbon sequestration in forests. And they represent key information

for scaling biomass estimation for entire landscape (Shem et al., 2012).

2.6. Species specific allometric models

In Africa the absence of species specific or mixed species allometric models has led to broad
use of pan tropical model to estimate tree biomass (Djomo et al., 2010). This lack of
information has raised many discussions on the accuracy of these data, since models were
derived from biomass collected outside of Africa (Djomo et al., 2010). Because of these their
applications to particular species on specific sites should be limited (Brown et al., 1989;

Houghton et al., 2000; Chave et al., 2001 and 2005).



Allometric models have been developed to measure carbon for a particular forest. Biomass of
forest was estimated through species/site specific and general or mixed allometric models and
the development of new, species specific allometric models is necessary to achieve higher

level of accuracy (Basuki et al., 2009).

Moreover, the use of general allometric model can lead to bias in estimating of biomass for a
particular species due to wood density variation among species and within species (Kuyah et
al., 2012). Therefore, species specific allometric model is more preferable than general models
due to difference in architecture and density among and within species (Kettering et al., 2001

and Henry et al., 2011).

2.7. Importance of development of volume and biomass

Development of biomass and volume model in the forest ecosystem is important for
evaluating the productivity and sustainability of the forest. It gives information of the potential
amount of carbon that can be emitted in the form of CO> (Liu et al., 2014). And also important
for timber extraction, tracking changes in the carbon stocks of forest and global carbon cycle

(Vashum and Jayakumar, 2012).

Nevertheless it is always advisable to use Species/site specific allometric models, different
authors attempted to develop general allometric models that can be applied everywhere
irrespective of site in order to apply them in areas where no site specific models are available.
But unluckily existing general allometric models developed so far did not include data from

Africa (Djomo et al., 2010).

10



2.8. Methods for developing biomass model

There are two main principal methods of field biomass estimation. The first one is the
destructive method, and the second approach non-destructive method (Vashum and

Jayakumar, 2012).

2.8.1. Destructive / harvest method

Destructive method involves felling/removing of the tree is mostly adopted for plantation
forest. When using the destructive method the harvesting of trees in the identified area is the
first necessary step. Subsequently, measurements of the different components of the trees. It is
the most accurate method to calculate and develop regression models from destructively
sampled trees (Aboal et al., 2005). Despite the fact that this method is highly accurate
compared to any other AGB estimation method. It is very impractical due to a number of
impeding factors. Among the limitations that this method has, applying it for a large area of
forest or; degraded forests containing threatened species and diverse tree species is not
reasonable. Despite the accurate estimations this method was unreasonable in the Amhara
region of Ethiopia where the forest is already highly degraded with critically endangered
species. Furthermore, the area is endowed with high diversity of tree species and additionally

the study area was too much large (Gudeta Eshetu et al., 2014; Alemayehu Wassie, 2007).

In addition it requires large time, labor intensive, and resource commitment (destructive and
expensive). Correspondingly, this method it is not practical for a large scale analysis (Somogyi

et al., 2007; Vashum and Jayakumar, 2012).
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2.8.2. Nondestructive method

The non-destructive method attempts to estimate the biomass of a tree without felling. Despite
the fact that it is a destructive method tree should be felled and weighted for the validation of

estimated biomass (Condit, 2008; Vashum and Jayakumar, 2012).

Therefore several researchers developed generalized and/or site specific multi-species or
single species models for different forest types. These models are developed through creating
relationships between different parameters of trees like dbh of the stem, diameter at stump
height, total height of the tree, wood density etc. whereas the applicability of the model for
single or mixed tree species and for specific or large-scale area depends on the employed data
used to construct it (Somogyi et al., 2007). The destructive (felling of sample trees) in order to

develop for site/species specific or general models for forest types.

Nonetheless several multispecies and single-species allometric models were not equally
developed and disseminated across regions in the world. For instance species-specific
allometric models exist for only 1% of tree species in Sub-Saharan Africa (SSA) (Henry et al.,
2011). In addition to this the other limitation of allometric models is their uncertainty of in
accurately estimating biomass (Kettering et al., 2001; Henry et al., 2011; Gudeta Sileshi et al.,

2014; Mulugeta Mokria et al., 2018).
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3. MATERIAL AND METHODS

3.1. Description of the Study Area

3.1.1. Geographical location

The study was conducted in Kombolcha town administrative in Galesa kebelle, Amhara
National Regional State (ANRS) in North East Ethiopia. It lies between 11°3'30" N to 11°5'30"
N latitude and 39°39'0" E to 39°43'0" E longitude. The study area is characterized by a rugged
topography of mountains, plateaus and narrow valleys. 20.9% of the total area is considered
to be plain with the slope ranging from 0 to 15%. The remaining 17.8%, 26.7%, and 34.6% of
this town area was described to have a gradient of 15-30%, 30-50% and more than 50%,

respectively (Tesfaye Bekele, 2000).

[ South wollo zone
[ Kombolcha town boundary

, A

Legend

11°60"N

Amharg Region

11°412"N

[] Galesa Kebelle

I Harego Forest
0 1 2 km
—)

11°2'24"N

39°39'36"E 39°41'24"E 39°43'12"E 39°45'0"E
BY: Meaza Erkihun
20/02/13 E.C

Figure 1 Location of the study area.
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3.1.2. Climate

The rain fall distribution of Kombolcha town administrative is a bimodal pattern Belg and
Kiremt. Belg is short rainy period lasting from March to April. The majority of the farmers
depend on the summer (Kiremt) rains. Rainfall and temperature are highly influenced by
altitude (Tesfaye, 2000). The annual average rain fall ranged from 725.1 to 1361.6 mm, the
minimum and maximum temperatures were 13.12 and 32.1°C and altitude of study site ranges
from 800 meter above sea level (m.a.s.l) in the lowland bordering the Oromia zone to 1,750

m.a.s.l. (Eastern Amhara Metrology Agency, 2019).

3.1.3. Sail

The major soil types covering large parts of south wello zone, including Kombolcha town
administrative, are Phaezoms, Cambisols, Lithosols, and Vertisols (Anon, 1988). Most
Phaezoms, Cambisols, and Lithosols occur on steep slopes and are often shallow with many
stones and rock outcrops. In some of the river plains, there are also fluvisols (alluvial

deposits), which are generally good for agriculture (Kibrom Tekle, 1997).

3.1.4. Vegetation

Vegetation of the study area is characterized by shrub land, grassland, regenerating areas with
pioneer species and degraded areas with little vegetation or devoid of vegetation cover and
areas with remnants of dry afromontane forest with Olea and/or Juniperus procera as
dominant species (Kibrom Tekle, 1997; Tesfaye Bekelle, 2000 and 2005). The vegetation of

the study site (Harego forest) is dominated by Olea europaea, Juniperus proceras, Eucalyptus
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globuleus, Eucalyptus camaldulenesis, Podocarpus falactas, Acacia species and other exotic

tree species (Tesfaye Bekele, 2000 and 2005).

3.2. Sample Collection and Preparation

3.2.1. Sample design

Dry afromontane forest ecosystem was selected for this study to determine volume and
biomass models and wood density determination of eastern part of Amhara Region. To
determined the composition and individual tree dimension parallel line transects will be laid in
the forest. Along each transect, sample quadrats measuring 20 m*30 m (600 m?) will be laid
down. The distance between each quadrats and transect line will be determined in the field
based on the size of the forest. The first transect will be aligned randomly at one side of the
forest using a compass; then the others will be laid at fixed meter intervals from each
other. All woody trees with dbh and total height greater than 5cm and 1.3 meter respectively
will be recorded. dbh and total tree height will be measured by forest calliper and hypsometer,
respectively. The sampled trees were, one dominant woody species was selected for model

development.

3.2.2 Biomass measurement

Olea europaea species was purposively selected based on its abundance, which is frequently
found in the protected area, for this study to develop model for tree component biomass and
volume; to determine wood density of the species in the Harego forest, Kombolcha town

administrative.
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Biomass measurement can be conducted using direct and indirect measurement methods as
described in the manual of Picard et al. (2012). Direct measurement consists of weighing the
fresh biomass and then multiplying it by the ratio of dry to fresh biomass obtained from an
aliquot. Indirect measurement consists of cubing the fresh volume and then multiplying it by
the wood density. It is faster and easier to weigh stems of a large diameter size than direct
weighing, but it may introduce an additional measurement errors due to irregularity of stem
shape and also sampling method in wood density determination if the sample disc is taken at
one stem position. Thus, we applied both measurement methods to quantify the errors

associated with indirect method.

A total of 15 harvested trees aboveground biomass were used for developing allometric model
to estimate tree volume and biomass. The tree diameter at breast height was measured and cut
at heights of 30 cm above the ground level using Chainsaw, while the total height was
measured after felled. Fallen trees were cross cut and partitioned into four components, such
as stump, stem, branches and leaves. Tree merchantable height was defined at stem diameter
of greater than 5 cm, which is consistent with other report (Vallet, 2006). The stem was
divided into different sections considering the shape and size of tree diameter, and the dbh
ranged from 5-10, 11-15, 16-20, 21-25, 26-30, 31-35, 36-40, > 40 whereas the branches were
grouped as 5-10 cm, >10-15 cm and >16 cm diameter. These partitions of tree component into
manageable logs, their lengths ranging from 1 to 2m, are used to facilitate weight and volume
measurements. The length and diameter at three positions (lower, middle and upper) of each
log was measured. Besides, the fresh weight of each component was measured immediately
using sensitive balance scale (100 kg measuring capacity). Then, individual log volumes were

calculated by multiplying the basal area of the different diameter sections of each log by its
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length using Newton’s volume formula (West, 2009) to understand their influence on biomass
estimates. Subsequently, the stem and branch volumes were determined for each tree by

summing all individual log volumes.

3.2.2. Wood density determination

For wood density determination, whole (circular) discs including barks were taken at four
positions and the discs thickness were 5 cm (Anneli Vihera-Aarniol and Pirkko Velling, 2017).
The first and the second discs were taken at stump height and diameter at breast height (dbh),
respectively and the other two discs were taken considering the shape and/or the diameter size.
The volume of the discs was measured using water displacement method in which the volume
of water displaced when an object is immersed in afluid and pushing it out of the way and
taking it place. The volume of fluid displaced can then be measured by using graduated tube

since the volume of water displaced equal to the initial mass (Fig. 2).

l_ Displaced

>
J water volume

Wood

Water._
__sample

i
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Figure 2 Measurement of the green volume of the sample discs (Picard et al., 2012).
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Besides, 300-400 gram of leaves and twigs including < 1 cm diameter samples were taken for
dry weight determination. Fresh weights of each compartment were recorded, measured in the
field by using a digital balance and then samples were taken to the laboratory. These
subsamples were oven dried at 105°C for stem and 70°C for twigs and leaf until constant
weight were recorded at Dessie soil laboratory to reduce moisture content and to create high
accuracy. These oven-dried samples were used to convert the total fresh weights of sample

trees measured in the field into total oven-dry weight using equation 1 (Equ. 1).

3.2.3. Estimation of aboveground biomass

All collected data in section 3.2.1 and 3.2.2 were used for biomass equation development. The
dry weight of the stumps, stems, and branches diameter size greater than 5 cm with the
respective diameter were calculated by multiplying the fresh volume of each section by wood
density. For branches, diameter less than 5cm, the dry weight was calculated through fresh
weight multiplied by dry weight/fresh weight ratio of the corresponding samples (Equ.1).
Finally, the total dry weight of a tree was obtained by summing the dry weight of the stump,

stem, branches, twigs, and leaves.

SDW
TDW=

STW xTFW Equ.(1)

Where, TDW, SDW, SFW and TFW are total dry weight (kg) of tree component, oven dry
weight of the samples, fresh weight of the samples, and total fresh weight of a tree,

respectively.
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3.3. Data analysis

After the data were collected (the field and laboratory measurement) was completed, data
analysis was accomplished by organizing and recording on the excel work sheet and finally
analyzed using SPSS (Version 20). One-way ANOVA was used to examine the variation in
wood density along stem height (between stem section) and between stem and branch. Paired
sample t-test was employed to see the difference between direct biomass measurement and

indirect biomass measurement.

3.3.1 Form factor

Form factor of a stem was determined as the ratio of actual stem volume to cylindrical volume
(Equ.2), whereas the volume of a cylinder was calculated as the product of IT, diameter at
breast height and merchantable tree height (Equ.3). The volume of an individual standing tree
can be calculated as: assuming the form factor of the tree is known, the volume of a tree is the

product of basal area and the height and form factor (Equ.4).

V,
Form factor(f) = act Equ. (2)
chl.
_ mdbh®hy,
Ve = ———= Equ. (3)
mdbh?h,,f
Vs = — Equ. (4)

Where Vs, Ve, dbh, hm, and f represents stem volume (m?®), cylinder volume, diameter at

breast height (cm), hm merchantable height (m) and form factor, respectively.
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3.3.2.Tree volume models

Linear regression analysis technique was employed (Segura and Kanninen, 2005; Malimbwi

et al., 2016) for developing species-specific models to predict individual tree volume from
independent variables, dbh and height. Before establishing equation, correlation and scatter
plots were used to check if the relationship between independent and dependent variables were
linear, but the relation was nonlinear and then the data was transformed to natural logarithm.
In this case, the systematic bias resulted from log-transformation was corrected through
multiplying the unit values (back transformed values) by correction factors (CF) (Baskerville,
1972; Smith, 1993), which was calculated from standard error of the estimate (SEE) of the

equations (Equ. 5).

SEE?
CF = exp( > > Equ. (5)

Based on the allometric scaling relationship, volume is usually predicted from equations either

with dbh only or with both dbh and hm as independent variables. Thus, two volume equation

were established and they are presented as follow.

V = exp(a + BIn(dbh)) Equ. (6)
V = exp(a + BIn(dbh) + B; In(hy,)) Equ.(7)

Where V is stem and branch volume over bark (m3), dbh is the diameter at breast height (cm),

hm is merchantable height (m), and a, 3, and 1 are parameter estimates.
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3.3.3. Biomass model development

We have used the three commonly use predictor variables (i.e. dbh, ht, and p) to check their
ability in explaining the variations in tree component biomass. Thus, four models were

developed which are described as follows:-

AGB = exp(a + BIn(dbh)) M1

AGB = exp(a + BIn(dbh) + B41n (ht)) M2
AGB = exp(a + BIn(dbh) + B,In (p)) M3
AGB = exp (a + BIn(dbh) + B4In (ht) + B,1In (p)) M4

Where o, ¢ and B are constants, AGB, exp, In, dbh, h, p and are aboveground biomass,
exponential function, natural logarithm, diameter at breast height (cm) total tree height (m)

and wood density (g cm™) regression parameters, respectively.

3.3.4. Model evaluation and comparison

3.3.4.1.Allometric model comparison with the previously published models

The developed allometric models were evaluated to measured their strength and accuracy
while to select the best goodness-of-fit. Besides, A few biomass models have been developed
for Olea europaea in the dry afromontane forest (Birhanu Kebede and Teshome Sormessa,
2018; Mehari Alebachew et al., 2015; Buruh Abebe et al., 2019). These previously published
species-specific models were applied to our data set to test the model reliability in biomass

prediction outside their location.

The model evaluation and comparison were carried out using 95% confidence interval of the
predictions, mean absolute prediction error measuring bias (MAPE, %), and mean absolute
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error measuring accuracy (MAE, kg), and mean prediction error (MPE, %) (Mugasha et al.,
2013, Zeng et al., 2017) were used to compare the fitted model with previously published

models. The statistical parameters used for evaluating and comparing are listed as follows:

n
MAE = (Z o = Xip| _X"p|>
n

n=1
n
MAPE = —20 (Z [Xio - Xip')
n \« Xio
i=1
g:l(xio_xip)
MPE = [ —=2—— ] %100
Xio

Where, MAE, MAPE, MPE, ME,Xio, Xip, and n are coefficient of variation, mean absolute
error, absolute mean prediction error, mean prediction error, observed biomass, predicted

biomass, and number of sample trees, respectively.
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4. RESULTS AND DISCUSSION
4.1. Results

4.1.1. Form factor

The biometric variables, form factor and measured tree component volume with their
statistical parameters are presented in Table 1. The average values of stem, branch and total
volumes of a tree were 0.178, 0.104 and 0.178 m?, respectively. The stem form factor of the
species was 0.615. The observed stem volume (Vs in m?®) and the predicted stem volume (Vsp)
derived from form factor (Equ.4) was almost equivalent indicating the importance of form

factor determination.

Table 1 Statistical summary of the dbh, hm, f, the observed and the predicted values

Statistical Tree biometric Tree driven variables

parameters variables

dbh (cm) hm (m) f Vs(m® Vb(m®) Vt(md Vsp(md

Mean 21.7 7.80 0.615 0.178 0.104 0.275 0.178
Minimum 7.0 2.87 0.300 0.013 0.002 0.015 0.013
Maximum 34.0 10.64 1.190 0.343 0.270 0.612 0.343

Std.dev. 7.5 2.21 0.220 0.100 0.095 0.188 0.100
N 15 15 15 15 14 15 15

Where dbh, hm, f, Vs, Vb, Vt, Vsp, were presented diameter at breast height, merchantable
height, form factor, stem volume, branch volume, total volume and predicted stem volume.
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4.1.2. Volume models

4.1.2.1 Correlation of dendrometric variables and volume of tree compartments.

The correlation of tree biometric variable and volume is given in Table 2. The stem volume of
a tree was strongly correlated with dbh and merchantable height (hm) of the species, but hm did
shows moderate and less correlation with total volume and branch. Moreover, scatter plot
diagram also revealed that the data was close to the fitted regression line for the stem and total
volume, thus the data were homogenous (Figure. 4). Based on this information, tree
component volume models were developed (Table 3). Beside the observed and pridcted stem

volume by different equations as shown in (Figure. 3).

Table 2 Spearman correlation coefficients and dendrometric variables

Species Tree volume Dendrometric variables

Component dbh (cm) hm(m)

Stem 0.925*** 0.863***
Olea europaea Branch 0.925** 0.561*

Total volume 0.961*** 0.785**

Where, dbh is diameter at breast height, whereas hm is merchantable height. *, **, ***

indicates the level of correlation at p < 0.05,p < 0.001 and p < 0.0001, respectively.
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Table 3 Parameter estimates and performance evaluation statistical indices for the volume model of tree components

Tree Model Parameter estimate

statistical indices

component Code

a B Bl R2 SEE CF MAE(kg) MAPE(%) MPE(%)
Stem 1 -8.094 2.033 0.934 0.2334 1.028 0.033 203 -3.3
2 -7.763 1.208 1.076 0.968 0.1568 1.012 0.021 11.3 -0.8
Branch 1 12217 3.079 0.887 0.4625 1.113 -0.030  38.1 -0.3
Total volume 1 -8.826 2.390 0.948 0.2313 1.027 0.049 19.3 -1.9
2 -8.625 1.890 0.653 0.952 0.2128 1.023 0.047 17.2 -0.6

Where, SEE, CF, MAE, MAPE, MPE, are Standard error of estimates, correction factors, mean absolute error, absolute

mean prediction error and mean prediction error, respectively.
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Table 3 shows the parameter estimates and the performance criteria of all the volume models.
Natural log transformed data were pooled, 93.4 % of the variation in the stem volume was
explained by dbh with MAPE of 20.3 % (Equ. 6). The addition of hm as compound predictors
improved the model performance (Equ. 7) compared with dbh alone equation 6, the MAE and
MPE were also decreased by 0.012 m® and 2.5%, respectively. Thus, Equ. 7 was a good
estimator of stem volume. High bias (MAPE=38.1%) was observed in branch volume Equ. 6
with adjusted R? of 88.7%. Combined dbh and hm explained 95.2% variability in total volume
and the Equ. 7 significantly (p < 0.0001) fitted. Although negligible difference, the
performance of Equ. 7 was relatively revealed little evidence compared with Equ. 6 for the

stem and total volume.

The best fit models are:-

Vs = [exp(—7.763 + 1.208 In(dbh) + 1.076 In(h,,))]x1.012 Equ.7
Vb = [exp(—12.217 + 3.079 In(dbh))]x1.113 Equ.6
Vt = [exp(—8.625 + 1.89 In(dbh) + 0.6531In(h,,,))]x1.023 Equ.7

General volume equation calculated from form factor, basal area and hm, was more accurate
than stem equations. Equ. 7 gave higher value of MAPE (11.3%) and MAE of 0.02 m? than

general volume equation.
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28



4.1.3. Wood basic density determination

Wood basic density (wood density, p) of tree components was determined which is presented
in Table (4). Although the difference was insignificant (P >0.05), the average p of the stem
was decreased with increasing sampling stem height. Based on paired sample t-test, the
influence of wood density varies along stem height on biomass estimate was negligble. In
branch classes, the p of class C3 was significantly different from class 1 and 2 (P < 0.05) and
the value of average p was decreased as the diameter thickness (size) decreasing. With the
exception of class C3, a significant p difference was not observed between branch class (C1
and C2) and stem sections (Fig. 5). Generally, the p of the stem was higher than branch. When
compared to branch biomass estimated by its wood density, the predicted branch biomass by

wood density of the stem significantly overestimated (p < 0.003).

Table 4 The statistical parameters and tree component wood density of Olea europaea species

in dry afromontane forest

Statistical The stem sections(g/cm3) The branch classes(g/cm3)
parameters S1 S2 S3 S4 S C1 C2 C3 C
Mean 0.674 0645 0.636 0.638 0.648 0.645 0.657 0.562 0.602
Minimum 0.580 0.306 0.383 0518 0.306 0.632 0.607 0.347 0.347
Maximum 0.729 0735 0.730 0.873 0.873 0.666 0.715 0.680 0.715
Std. dev. 0.043 0.105 0.090 0.083 0.082 0.019 0.035 0.083 0.080
N 15 15 15 14 15 3 8 14 14

Std. dev and n represent standard deviation and the number of sample trees. S is an average

wood density of the stem, whereas C is average wood density of branch. The symbol of S1, 2,
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3 and 4 denote stem section one, two etc..., whereas C1, C2 and C3 are branch classes 1, 2

and 3.
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Figure 5 Comparison of the wood basic density for stem sections and branch thickness. The

different letter indicates significant difference at p < 0.05

4.1.4. Allometricmodels for biomass

4.1.4.1. Biomass estimation

The aboveground biomass of (stem, branch, leave) and the total biomass of the study species
were considered significant as it is dominant in the study area with dbh ranges. Each tree
components accounted an average value of 148.8, 124.7, and 55.3 kg/trees for stem, branch
and leaves, respectively and the predicted biomass of the tree component was comparable with

the observed values (Table 5).
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Table 5 Statistical summary of the dbh, ht,p, the observed and the predicted biomass of tree components (N=15)

Statistical Tree biometric Tree driven variables
parameters variables
dbh  ht(m) P SBo BrBo LBo AGBo SBp BrBp LBp TBp
(cm) (kg) (ko) (ko) (ko) (kg)  (kg) (ko) (ko)
Mean 21.7 10.68 0.65 148.78 12472 5528 328.78 17854 136.56 59.41  335.92
Minimum 7 572 046 7.44 3.372  3.79 19.88 8.99 3.35 5.47 19.96
Maximum 34 14 0.72 273.27 340.20 107.35 720.83 361.79 395.58 131.09 745.71
Where SBo, BrBo, LBo, AGBo, SBp, BrBp, LBp, AGBp are observed and predicted biomass of the stem, branch, leave and

AGB,respectively.
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4.1.4.2. Correlation of dendrometric variables to biomass components.

Correlation between the independent and dependent variables was conducted to have a clue on
best explanatory variables which might be selected to develop regression model. We found the
AGB was strongly correlated with dbh, ht and wood density as indicated in Table 6. However,
the branch and leaves biomass were moderately correlated to height, while branch biomass

was relatively less correlated with wood density .

Table 6 Spearman correlation coefficients between tree component biomass and dendrometric

variables for the studied species

Species Biomass Dendrometric variables
compartment dbh (cm)  ht(m) P

Olea europaea Stem 0.934***  (.887*** 0.830***
Branch 0.883*** 0.736** 0.541*
Leaves 0.913***  0.729** 0.785***

Aboveground 0.944***  (.825*** 0.805***

Where,dbh is diameter at breast height and ht is total tree height, whereas p is wood density.*,

** *** indicates the level of significant at p<0.05, p<0.01,and p<0.001, respectively.
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4.1.4.3. Species-specific biomass model

In general, the performance of fitted model varied with tree component biomass. The
parameter estimates and performance measure statistical indices are given in Table 7. Based
on log transformed data dbh, ht and p explained greater than 96.1% variability in the stem
biomass. Adding ht and/or wood density improved the model performance compared with
dbh alone model of the stem. The accuracy of model containing three predictors (M3) was
decreased from 33.8 (M1) to 22.5 kg (Table 7) with MAPE of 13.7% and thus this model was
the best estimator of the stem biomass. Branch biomass was determined by both dbh and ht
(adju.R?= 0.888). The addition of ht decreased the value of MAE and MAPE by 6.6 kg and
14.1%, respectively as compared to dbh alone model (M1). Despite M1 relatively good
prediction (MPE= -9.5%) ability, M2 was accurately predicted the branch biomass with MPE

of negative 6.2%.

Diameter at breast height explained 75.9% of the variation in leave biomass with high bias
(MAPE = 41.9%) and poor accuracy. The dbh and ht combination (M2), improved the model
fitness, by 95.8% of the variation in AGB. The addition of ht and/wood density showed little
evidence in the model performance as compared with dbh alone model, whereas both M2 and
M3 had comparable performance. Thus, both M2 and M3 were the best estimator of AGB of
the species. Moreover, the scatter plot diagram also revealed a best linear fit line and
homogeneity of measured variables (Fig. 6) and thus the models were highly significant (P <

0.0001) and are accurately predicted the AGB of the species.
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The best fit models are:-
SB = [exp(1.72 + 0.727 In(dbh) + 1.042 In(ht) + 3.787 In(p))] x 1.019
BrB = [exp(—5.894 + 1.94 In(dbh) + 1.858 In(ht))] x 1.108
LB = [exp(—2.32 4+ 2.01In(dbh))| x 1.114

AGB = [exp(—2.374 + 1.777 In(dbh) + 1.064 In(ht))] x 1.022
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Table 7 Model parameters and performance evaluation statistical indices for tree components

Tree Model Parameter estimate statstical indices
component  Code a B Bl B2 R? SEE CF  MAE(kg) MAPE(%) MPE(%)
1 -2.123 2.272 0.926 0.267 1.036 33.8 23.7 5.5
2 -2.718 1.684 1.012 0.947 0.224 1.025 25.4 17.4 -4.4
3 1.72 0.727 1.042 3.787 0.961 0.193 1.019 22.5 13.7 2.0
Stem 4 4.298 1.276 5972 0957 0.202 1.021 21.8 14.7 -0.7
1 -4.802 3.019 0.851 0.522 1.146 34.2 52.5 -0.9
Branch 2 -5.894 194 1.858 0.888 0.453 1.108 27.6 38.5 -6.2
Leaves 1 -2.32 2.01 0.759 0.465 1114 11.9 41.9 -1.5
1 -1.749  2.395 0935 026 1.034 57.4 21.1 -3.3
aboveground 2 -2.374 1777 1.064 0.958 0.21 1.022 48.3 15.8 -2.2
biomass 3 -2.399 1783 1.064 -0.022 0.954 0.219 1.024 48.8 16.0 -2.7
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Figure 6 The linear relationship between log-transformed dbh and biomass of tre components.

The solid line denots the fitted regression line
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4.1.5. The errors due to indirect biomass measurement

When compared to the direct measurement, the indirect biomass measurement (the conversion
of stem volume by wood density, SBin) was significantly lower (p < 0.0001). Then, the
weighed stem biomass (SBgi) and stem biomass computed by indirect measurement were
pooled to regression. We found SBg =7.686+1.66SBin (adju. R?>= 0.966), but at 95%
confidence interval of the intercept was -9.57 to 24.94 which is insignificant indicates the
indirect measurement is still under estimated. As the result, the intercept was removed (SBgi
=1.213 SBi, with adjusted R? of 0.992) and thus the indirect biomass measurement was
comparable, 1.3% less than the direct biomass measurement. We examined the influence of
wood density variation along stem height and the volume formula used for calculating the

stem volume and the effect was negligible.

4.1.6. Allometric model comparison with previously published models

Model comparison, previously published biomass models were applied to our data set, and the
predicted values were under estimated. The selected models used for comparison are presented
in Table 8. The MPE% values of previously developed model 5, 6 and 7 produced large
prediction errors, ranging from 28.8 to 38.0% and the values were significantly different from
zero (p < 0.001). Where as previous model of volume model were applied and the predicted

volume were over estimated and the MPE was 14.9%.
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Table 8 The selected generic allometric models used for comparison of biomass

Authors Models AGB Model MPE(%)

Code

Birhanu Kebede, = AGBest = 0.866 x (dbh) 1432 x (ht)®-608x(p)1-067 M5 34.1%**
and Teshome

Sormessa, 2018

Buruh Abebe et al., AGB = 0.173x dbh?%?® M 6 38.0***
2019
Chave et al. (2014) AGB = 0.0673x(dbhxht xp)°7 M7  28.8%**

MPE, dbh , ht, p and AGB are mean prediction error (%), diameter at breast height (cm), total
tree height (m), wood density (g cm) and aboveground biomass (kg), respectively.
*** indicates the level of significanc at p < 0.001.

Table 9 The selected generic allometric models used for comparison of volumes

Authors Models volume Model MPE(%)
Code
Malbiew et al., Vt=0.00011 x (dbh) 2% x (ht)®-578 M8 14.9%**
2016

MPE, dbh , ht and Vt are mean prediction error (%), diameter at breast height (cm) and total
tree height (m), total volume (m3), respectively.

*** Indicates the level of significanc at p < 0.001
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4.2. Discussion

4.2.1. Volume models

Sustainable forest management requires a knowledge of forest growing stocks, which express
in terms of volume per tree or hectare. Usually, volume is estimated as total volume per unit
area, where by models predicting total tree volumes of individual trees are used. Substantial
review on the volume and biomass models was made in Sub Saharan Africa (Henry et al.,
2011); and most of them have been developed for tropical rainforest, but less biomass and
volume models were available for dry tropical forests. Moreover, tree volume and biomass
prediction tools for natural forests, including dry Afromontane forest, are not well established
in Ethiopia. As a result, knowledge on the growing stocks and productivity of most natural
forest tree species are poorly understood in the country. This implies the need of species
and/or site context assessments in order to validate the existing prediction tools to gain

accurate predictions.

Thus, species-specific volume models were developed for Olea europaea species. The stem
volume of a tree can commonly be estimated from basal area, merchantable height and form
factor, and thus form factor is an important variable in volume prediction. In this study, higher
form factor (0.615) was observed than the previous reports, ranging from 0.482 to 0.559 for
plantation species, (Tenzin et al., 2016), but it was within the ranges of African woodland
species (Colgan et al., 2014). This indicates that there may be variation in form factor due to
difference in tree species, management such as tree density and other edapho-climatic factors

across the site. Although the difference between species was insignificant in dry woodlands
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(Colgan et al., 2014), determining species specific form factor can provide accurate prediction

as observed in the results (Fig. 3).

The overall regression accuracy of the allometric models for O. europaea was given by a very
high value coefficient of determination. Log-transformed result showed that about 92.9% of
the variation in stem volume was determined by dbh-alone, but the addition of hyn improved
the equation performances compared with dbh-alone model. The volume model of stem that
contain compound predictor had better prediction ability with MPE of negative 3.3%.
Similarly, combined dbh and hm accurately explained the total volume of tree species. It was
consistent with the previous result (Akindel and Lemay, 2006), they found that both dbh and
hm are the best predictors of stem volume for species grouping models. However, branch
volume model produced higher bias (MAPE = 38.1%) compared to stem and total volume
models indicates the volume of branches having small diameter size might be less explained

by dbh than large diameter sizes.

4.2.2. Wood density determination

Tree wood basic density (wood density, p) can be used for estimating forest biomass. Several
studies publicized that biomass estimation can be improved when wood density (p) is included
in the allometric models (Chave et al., 2005 and 2006). Thus, allometric models constructed
from dbh, height and wood density together have reduced average deviation and improved the
accuracy of biomass estimation (Basuki et al., 2009; Chave et al., 2005; Djomo et al., 2010).
Although this importance, wood density variation in tropical tree species is high particularly in
dry forests (Chave et al., 2004). This indicates the need of species-specific information

supporting our work.
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Wood density varied within stem sections and the mean value of stem p decreased as
increasing the sampling height even though the difference was insignificant. This variation
may be a source of bias estimate in biomass if the wood density determines at one stem
position, which is commonly taken at dbh. Furthermore, the variation in p among tree
component was observed, significant p difference was observed between stem section 1(S1)
and branch diameter class 3 (C3) and this variation of p alone stem height and between stem
and branch was investigated in the dry woodland species (Amsalu Abich and Asmamaw
Alemu, 2020). In this study, wood density variation within stem section did not show
significant effect on the stem biomass predictions. However, the predicted value of branch
biomass was overestimated when the stem wood density was applied. This difference indicates
that careful considerations should done when the wood density are planned for determination

and application in the stem and tree components.

4.2.3. Species specific allometric model

According to Litton and Boone (2008), a species-specific model is more accurate for species-
based predictions. The reason behind this accuracy is because architecture and density have
great variation among species and within the same species. As a result, model development
through single species-based components has significant accuracy to estimate the biomass of a

particular tree (Ketterings et al., 2001 and Henry et al., 2011).

Correlation between the independent and dependent variables was conducted to have a clue on
best explanatory variables which might be selected to develop regression model. As confirmed
in many studies, we found the aboveground biomass was strongly correlated with dbh for the

studied trees.
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Height and wood density are the second important factor correlating with biomass showed a
strong correlation in Olea europaea. Thus, a model for Olea europaea was developed, and
tree component biomass was well determined by dbh and ht although significant difference

was not observed between model forms.

When compared to model 1 (dbh alone), model 2 (both dbh and ht) was showed an
improvement of model performance and this may give accurate biomass estimations, which is
consistent with the previous reports (Mugasha et al., 2013, Zeng et al., 2017). Although the
difference was insignificant, the addition of ht and wood density as compound predictors
slightly improved the model’s performance compared with dbh-alone model in the stem
biomass. Besides, combined ht and wood density (M4) showed little evidence in the model
performance compared to others. Similarly, the same trend was observed, dbh and ht were the
best predictors in the above ground biomass. Our result was consistent with the findings of
previous studies (Mehari Alebachew et al., 2016; Birhanu Kebede and Teshome Sormessa,
2018), they found that both dbh and ht are the best estimator of aboveground biomass of a
species. Despite the model’s performance was poor, dbh-alone explained 85.1 and 75.9%
variability in the branch and leave biomass, respectively. For branch biomass, adding ht in the
model provided more accurate prediction than dbh-alone model. However, Mehari Alebachew
et al.(2016) found that both dbh and ht explained less than 79% of the variation in the branch
biomass. Tree component biomass models such as branch and leaf biomass did not provide
more accurate results than stem or aboveground biomass models. this indicates that the
biomass of large tree components is more strongly correlated with dbh and ht than that of
smaller and shorter-lived components, which is consistent with the findings of previous

studies (Meheri Alebachew et al., 2016; Mesele Negash et al., 2013).
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Thus, the fitted branch model 2 was a good estimator. In general, this model provides
accurate biomass estimation at species level, which is consistent with previous reports in
Ethiopia (Mesele Negash et al., 2013; Mehari Alebachew et al., 2016; Birhanu Kebede and

Teshome Sormessa, 2018) and in elsewhere (Litton and Kauffman, 2008; Xiang et al., 2016).

4.2.3. The errors associated with biomass measurement methods

The indirect measurement, conversion of stem volume to biomass by its wood density was
lower than the direct biomass measurement by 18.6% (MAPE), which is contradicted with
other report (Mavouroulou et al., 2014). They found that the indirect biomass measurement is
19% greater than the direct measurement. The variation in wood density along stem height and
the formula used to calculate the stem volume had very little evidence, but this measurement
errors may highly associate with stem shape. This is because the stem shape is not smoothly
changed towards the terminal of the tree and dominated by irregularity and this may contribute

to diameter measurement error in the natural forest.

4.2.4. Allometric model comparison with the previously published models

The predicted values by previously developed models were underestimated when we applied
to our data set. These models also produced large prediction errors indicates the need of local
species-specific models to gain more accurate estimates. This bias in biomass estimates might
be associated with difference in climate variability and site condition, which affects plant
growth. Moreover, the indirect biomass measurements and the use of stem wood density to

estimate branch biomass provided large errors.
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This variation in the biomass measurement method between scholars may be a source of bias
in biomass estimate, since semi-destructive (Birhanu Kebede and Teshome Sormessa, 2018)
and indirect measurements (Mehari Alebachew et al., 2016) were applied for biomass

measurement in the field.

44



5. CONCLUSION AND RECOMMENDATION

Developing species-specific volume and biomass models are important for understanding and
monitoring the growing stocks and productivity of the tree species in the dry Afromontane
forests. Allometric models relate to tree component volume and biomass to measured
variables were developed based on 15 individual measurements of a dominant tree species.
Tree component volume and biomass variables were observed within species. The stem form
factor of a species was 0.615 and this value provides more accurate prediction than the fitted
stem volume model, whereas volume models are provided accurate volume predictions for
tree components. Combined dbh and hy were a better volume estimator, explaining greater
than 92.9% of variations in the stem and total volume, whereas the branch volume was

determined by dbh alone.

Variation in the average values of wood density was observed along stem height, branch
thickness and between tree components which is a source of bias in biomass estimates. The
average values of wood density decreased as increasing the stem sampling height and
decreasing branch diameter thickness. The effect of wood density variation within a tree was
more pronounced in branch biomass estimation than stem biomass. This indicates the need of
wood density determination for the stem and branch, which will be determined based on
sample disc that would be taken at different branch diameter size and the stem height as

evident our results.

Species-specific model provides a better biomass prediction for the species and tree
components. The large part of the variation in the stem, branch and aboveground biomass was

explained by both dbh and ht, whereas dbh alone explained 75.9% variability in the leaf
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biomass. Higher MAE and MAPE were observed in the branch and leaf biomass model than
other tree component indicate diameter at breast height less potential in explaining small
diameter size and thus the models are satisfactory in the tree component biomass predictions.
Indirect biomass measurement was lower than the direct measurement indicates biomass
measurement techniques, including conversion of stem volume to biomass by its wood
density, may be a source of bias in biomass prediction. This measurement errors should be
considered when indirect biomass measurement is planned in the field or will be incorporated
in the model development process. In model comparison, all published species-specific
models the generic model provided large prediction errors and these models cannot provide a
better prediction when they are applied outside their range. Thus, developing a robust species-
specific model for each species and tree components based on empirical data provides more
accurate results than models developed elsewhere. Thus, our tree component models can be

used to estimate carbon storage and assess ecological functions of tree species.

The following recommendations are forwarded to wisely use forest management/ conserve

forest in a suitable manner

= the negative bias or underestimation of biomass due to indirect biomass measurements and
the reliability of stem wood density in branch biomass estimation would be required
further assessments in order to consider the effects in model development.

= The uncertainty in biomass and volume largely results due to lack of species-specific
allometric equations thus, the allometric equations from this study can be reliably used by

researchers and/or forest managers to calculate aboveground biomass, aboveground
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carbon, belowground biomass and total biomass of the studied species within the specific

forest type precisely in the future.

The models from this study can be used as tool for measurement of the achievement of the
estimation of AGB, volume and their associated uncertainty are also essential for
international forest based climate change mitigation strategies such as REDD+ therefore,
developing allometric equation through species-specific method for all the indigenous tree
species that are found in Harego forest will give the accurate information on AGB and
volume can be applicable whenever needed. Such accurate and precise information on
reliable estimates of biomass and volume would be highly supportive on decisions by
policy makers regarding sustainable management and use of forests as well as efforts for

mitigating climate change for forests dominated by the study species.
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ANNEX
Annex. 1 Parameter estimates and performance evaluation statistical indices for the volume

model of tree components

Tree Model Parameter estimate statistical indices
component Code
A B B1 R2 SEE
Stem 1 -8.094 2.033 0.934 0.2334
2 -6.649 2.339 0.899 0.2779
3 -7.763 1.208 1.076 0.968 0.1568
Branch 1 -12.217 3.079 0.887 0.4625
2 -9.227 3.137 0.598 0.8529
3 -12.573 -0.628 3.613 0.879 0.4667
Total volume 1 -8.826 2.390 0.948 0.2313
2 -8.625 1.890 0.653 0.952 0.2128
3 -6.899 2.635 0.832 0.21029
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Annex. 2 Parameter estimates and performance evaluation statistical indices for the biomass

model of tree components

Parameter estimate

Statical indexes

Tree Model
component Code o B B1 B2 R? SEE
1 -2.123 2.272 0.926 0.267
2 -2.544 3.109 0.799 0.438
3 8.454 8.714 0.916 0.294
4 -2.718 1.684 1.012 0.947 0.224
5 2.148 1.371 3.637 0.935 0.249
6 1.72 0.727 1.042 3.787 0.961 0.193
Stem 7 4.298 1.276 5.972 0.957 0.202
1 -4.802 3.019 0.851 0.522
2 -5.693 4.273 0.79 0.619
3 8.932 10.829 0.721 0.713
4 -5.894 1.94 1.858 0.888 0.453
5 3.251 1.419 3.251 0.791 0.498
Branch 6 -5.155 0.394 -0.0781 2.729 0.933 0.283
1 -2.32 2.01 0.759 0.465
2 -2.800 2.797 0.701 0.537
3 6.767 7.074 0.615 0.587
Leaves 4 5.319 0.154 3.417 0.70 0.383
1 -1.749 2.395 0.935 0.26
2 -2.190 3.277 0.807 0.451
3 9.259 8.850 0.847 0.401
4 -2.374 1.777 1.064 0.958 0.21
Total 5 -1.990 2.446 -0.205 0.93 0.271
aboveground 6 3.931 1.639 5.352 0.918 0.294
biomass 7 -2.399 1.783 1.064 -0.022  0.954 0.219
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