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ABSTRACT

Form factor functions are important to predict tree stem volumes at any height. These functions
provide information about the volume of wood at a given diameter and height of the tree stem. The aim
of this study was to develop form factor functions for Eucalyptus camaldulensis at Sirinka, North Wollo
Zone of Amhara Regional State, Ethiopia. The sample trees were selected and categorized into five
diameter classes, namely: 15-20 cm, 20-25 cm, 25-30 cm, 30-35 cm, and >35 cm. In each diameter class,
7-8 trees were sampled and measured. A total of 36 trees were taken for all diameter classes in the
plantation of Eucalyptus camaldulensis. The sample tree selection was carried out purposively targeting
the diameter class. Trees with multi-stems, broken stems, or crooked boles were not included in the
measurements. Diameter at breast height (DBH) was measured using a caliper, and total tree height and
height to the live crown was measured using a measuring tape. On a stem, DBH and height
measurements were taken every 2 m interval. Five models, namely: Pollanschiitz’s, Evert’s (Australian),
Swedish’s, Meyer’s and Rosset’s were used to estimate the form factor (constant). The models were fit
to express volume outside bark as functions of diameter outside bark and height. The models used
nonlinear regression equations. Comparison of models was used using different coefficients such as
coefficient of determination (R?), root mean square error (RMSE) and coefficient of variation (CV). The
result suggests that pollanschutz’s form factor function for its higher R? (33.4 %) and lower root mean
square error (0.037) was the best in predicting coefficients at 5% probability for Eucalyptus
camaldulensis at eastern Amhara region. This gave form factor (FF) value of 0.4664 with lower CV and
higher R2. The result suggests that FF can be used for eucalyptus growing regions in order to estimate
the growing stock and the volume of wood to be produced in the plantation. The FF supports the forest
owners to pay reasonable tax for the government.
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INTRODUCTION

Tree stand volume estimation is an important parameter in forest resource development both
for decision-making and sustainable management of forest resources. Bole volume estimates
are useful in forest inventory because the volume of timber is the basic management unit of
forests (Chaidez, 2008). Forest volume estimation directs the allocation of forest products in a
forest mainly for poles, fences, sawn wood, pulp, paper and plywood. It is also used to quantify
ecosystem services such as carbon accounting system and forest bioenergy planning (Corral-
Rivas et al., 2017; Moges et al., 2010). Knowledge of tree growth parameters and yield is
essential for effective forest development, management and utilization. Estimation of wood
using form factor also enables to calculate the value of commodities and services in monetary
terms that forests provide to society (Teshome, 2005). It also helps for forest management and
planning purposes at national and stand levels to estimate the growing stock of the respective
tree (Moges et al., 2010). Updated information on timber volume will ensure sustainable forest
management (Tonolli et al., 2011) by giving proper decisions and forest governance.
(Diamantopoulou, 2006) stated that tree volume estimation is vital for forest growth and yield
forecasting. Reliable information on tree growth and volume can provide forest owners with an
understanding of forest productivity and a basis for planning forest management actions and
policies (Hasenauer et al., 2012; Shater et al., 2011).

Data needed to estimate timber volume can only be carried out through field inventory;
however, it is time consuming and expensive (Tonolli et al., 2011). Volumetric measurement of
trees requires the data of diameter and height along the stem of each tree. Reducing the
number of tree measurements using reliable models and functions reduces cost and time
(Hiesl, 2013). Volume estimates based only on diameter at breast height (DBH) and total height
are subject to error resulting from variation of the stem form of a tree (Socha and Kulej, 2007;
Socha, 2002). In a natural forest, these differences arise from climatic and genetic factors
(Socha and Kulej, 2005; Socha and Kulej, 2007). When form factors are obtained for a given
species and location, stand volume estimation is close to the reality. The tree volume is derived
from V=gxhxf equation; where "V" is tree volume (in m3), “g" is a basal area at breast height (in
m?), "h" is tree height (in m), and “f" is the tree form factor (constant). Basal area measurement
is relatively cheap and easy. However, measuring form factor and height are time consuming
and expensive. Hence, developing form factor using models is required for volume estimation
in order to minimize the costs and time required to develop reliable form factor functions at
species and regional level.

The terms ‘form’ and ‘taper’ are often assumed synonyms. However, stem form or shape is
different from the taper. Stem taper is the change or decrease of stem diameter with increasing
tree height along the stem (Gray, 1956). Form factor calculation needs destructive or non-



destructive methods in order to calculate the true volume at a certain level of tree height or
length of logs. But both destructive and non-destructive methods are carried out to develop a
form factor for tree species for the respective merchantable value. Form factor functions were
developed and are since many years ago and there are different form factor functions and
methods (Tesfaye, 2015). These functions provide information about the state of a diameter at
any height of the tree stem (Ounekham, 2009). Form factor functions are vital to predict tree
stem or log volumes at any point of measurement for height (Bruce et al., 1968). Many form
factor equations have been developed for different tree species across the world to estimate
volume of wood. Volume as dependent variable and DBH and total tree height (H) are
independent variables. There are two reasons for considering DBH and H during form factor
development. First, the tree shape or form cannot be adequately explained either by DBH or H
only; that is why the form factor (FF) equation gives the best estimate for tree or log volume
(Newnham, 1988). Second, the relationship is important for volume calculations (Muhairwe,
1999). Hence, form factor functions have two important analytical advantages. First, it is useful
to calculate the volume of small and large trees in a sample. Secondly, it normalizes the
tapering nature and reduces the error resulting from unrealistic volume (Evert, 1969b). As a
result, in order to reduce overestimation and normalize the nature of tree tapering, form factor
functions were developed using different equations. In Ethiopia specifically in eastern Amhara
region, there is no form factor for Eucalyptus camaldulensis to estimate the growth stock
and/or the volume of wood at harvest. The reason for focusing on E. camaldulensis is that it is
commercially grown by smallholder farmers. Hence, the objective of this study was to develop
form factor specific to E. camaldulensis production in eastern Amhara National Regional State.

MATERIAL AND METHODS
Site Description

The study was conducted in Sirinka Agricultural Research Center (SARC) plantation site, located
in North Wollo Zone, Amhara National Regional State, Ethiopia. Plantation site at SARC is
situated at 11.7567°-11.7619° north and 39.6031°-39.6123° east (Figure 1). The altitude reaches
1856 m above sea level with an average annual rainfall of 945 mm. The mean minimum and
maximum temperature is 13°C and 26°C, respectively. The soil is characterized as a clay to clay
loam texture with black to brown color, conducive pH condition for most crop growth, low
organic carbon, low total nitrogen and medium available phosphorus (Abebe et al., 2014). The
species selected to develop form factor is Eucalyptus camaldulensis grown in SARC.
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Figure 1. Map of the study area where the target plantation was established

Sampling Procedure

In this study, destructive method was used to develop the form factor. The sample trees were
selected based on the pre-defined diameter classes. The diameter classes were categorized into
five classes, namely: 15-20 cm, 20-25 cm, 25-30 cm, 30-35 cm, and >35 cm (Tesfaye, 2015). In
each diameter class, 7-8 trees were selected depending on the availability of trees. A total of 36
trees were selected in the plantation for all diameter classes (Tesfaye, 2015). The sample tree
selection was carried out purposely under each diameter class. Trees with multi-stems, broken
stems, clear cankers or crooked boles were not included in the sampling. The materials used for
data collection were caliper, measuring tape, markers, pencils and papers. The measurements
for DBH and H to develop form factor was conducted as illustrated in Figure 2. Diameter at
breast height was measured with a caliper, and total tree height was measured using a
measuring tape after felling a tree. For each DBH and height, tree measurements were taken
every 2 minterval. The minimum diameter threshold for the tree top and branch was 5 cm.
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Figure 2. Illustration of DBH and height measurement to develop form factor measurement

Data Analysis

Raw data were compiled into excel files before converting to comma separated values (CSV)
files to make it suitable for data analysis using R software. The analysis was carried out using
the nonlinear least squares (nls) using R. The analysis was done based on the assumption that
volumes of tree or logs are related to the independent variables of height and DBH according to
a definite mathematical function, which will create it from a sequence of samples. The
coefficients of the nls were obtained using the respective formulas. The constants giving the
best fit for the chosen equation were then calculated. Each model provided the coefficients and
how the models fit well was compared using the statistical parameters such as root mean
square error (RMSE) and coefficient of determination (R?). Form factor calculation proceeds
after the individual true tree volume was calculated by summing up all the section volumes
along the tree bole. Further, the volume of a cylinder of a tree with the same DBH and H were
also calculated. The calculation of volume which assumes as a cylinder was done according to
the prevailing principles, using the common formula as following:

V=(DBH **1) *H
4
................ (Equation 1)
Where; V=volume of a tree, DBH= diameter at breast height and H= total height of the tree
Volume of each section was calculated based on the formula:
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Where; Vi=volume of the section, DBH= diameter of the section and Hi= length of the section
Then the form factor of a tree was calculated:

f=

XV

chiinder‘

(Equation 2)

Where; f = form factor of a tree,  Vi=sum of sectional volume, and Veyiinder = cylindrical volume

of a tree.

With this calculation (Equation 1 & 2), all individual tree volumes as well as the volume of a
cylinder were available for every tree. The ratio obtained after dividing the true tree volume by
the respective volume of a cylinder was used as an observed or measured form factor (Table 1)
for individual trees.

Table 1. Summary statistics of Form Factor, diameter at breast height (DBH) and total tree
height data used in Form Factor model development

Diameter Form Factor Height (m) DBH (cm)
classes
Mean Min Max SD Mean Min Max SD Mean Min Max SD

15-20 cm 049 042 054 004 1737 145 2185 2.33 18.08 16.56 19.11 0.92
20-25 cm 046 042 052 0.04 1854 16 20.8 177 2293 21.02 2484 1.67
25-30 cm 0.46 0.39 055 0.05 20.32 18 23 2.28 27.46 2548 293 1.39
30-35cm 0.46 038 052 005 235 22 26 1.77 3256 3057 3439 1.29
>35 cm 0.46 037 052 0.05 23.75 20 26 2.17 36.56 35.35 37.42 0.66

Note: Number of test trees used in each diameter class was 7 except the class 30-35 cm in which number of trees
was 8; Min = Minimum; Max = Maximum and SD = Standard Deviation.

Form Factor Functions



The form factor equations for the sample Eucalyptus camaldulensis was developed five
different form factor equations (equation 3-7) that were developed in other countries and used
for different species. The equation were nonlinear squares using R equations provide
coefficients which are used as the basis for volume calculations.

The form factor models selected for this study were:

1. Pollanschutz’s form factor function (Pollanschiitz, 1965):

H o c n FD —
- - - - (Equation3)
Where DBH and H are in decimeters.
2. Evert’s (Australian) form factor function (Evert, 1969a):
H o c c _— — —_— (Equation 4)

EFD FD
Where DBH is in centimeter and H is in decimeter.

3. Swedish’s form factor function ((Tenzin et al., 2017; Tesfaye, 2015)):

H o c c - — — (Equation 5)

Where DBH is in centimeter and H is in decimeter.

4. Mayer’s form factor function ((Tenzin et al., 2017; Tesfaye, 2015)):

FD FD FD _
(Equation 6)
FD
Where DBH is in centimeter and H is in decimeter.
5. Rosset’s form factor function (Rosset, 1999):
n c n FD n (Equation 7)

Where DBH is in centimeter and H is in meter.

For equation 3-7; the letter a, b, bi-b7 and c are coefficients of the variable height (H) and
diameter at breast height (DBH) which is generated by the model using R-program.

Form Factor Function Comparison



Based on independent datasets, the fitted form factor functions were evaluated for the best
prediction abilities of individual tree form factors. Selections of all five form factor functions
was evaluated based on the most used criteria which are the coefficient of determination (R?),
the root mean square error (RMSE) and the coefficient of variance (CV %). The R>was estimated
as follows:

R=1-——— (Equation 8)

Root mean square error (RMSE) is one of the methods that describe well the goodness of fit
and calculated as:

(Equation
9)
Coefficient of variance (CV %), calculated as:
P :
g F (Equation
10)

Where s predicted form factor, fiis observed form factor, is mean of observed form factor,
n is number of samples, SD is standard deviation.

The coefficient of determination (R?) determines how well one function can make predictions
from a certain function and determines the strength of the association between dependent and
independent variables; its value ranges from 0 to 1. Finally, the five form factor functions
(equations) were tested for their ability to accurately predict total tree volume. Therefore, the
observed form factors were refitted with the predicted form factor functions for validation
purposes before carrying out residual analysis (Figure 3).
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Figure 3. Scatter plot of observed form factor (FF) against diameter at breast height (DBH) and total tree
height (H) for E. camaldulensis.

RESULTS AND DISCUSSION

The five equations for predicting form factor function were significant at P <0.05 for Eucalyptus
camaldulensis. The results obtained for form factor using Pollanschutz’s function has found to
be unbiased and consistent for Eucalyptus camaldulensis. To keep the uniformity for application
and better fit results, Pollanschutz’s form factor function will be adopted and recommended for
application of Eucalyptus camaldulensis volume calculation. The scatter plot analysis with
respect to variables (diameter at breast height and height), shows neither a trend nor an
imbalanced variance (Figure 4 & 5). The derived form factor functions are applicable for both
research and practical forest inventory purposes. It can be used to predict volume for any
desired portion of the stem. After estimation of the regression parameters for five form factor
functions, fit statistics were used including the common coefficient of determination (R?), root
mean square error (RMSE) and coefficient of determination. The result indicates that
pollanschutz’s form factor function for its means higher R? (33.4 %) and lower root mean square
error (0.037) was ranked first in predicting coefficients at 5% probability for Eucalyptus
camaldulensis at eastern Amhara region. However, no substantial differences were noticed
between the different functions used (Table 2).

Table2. Comparison results of the five Form Factor functions

Form factor Std. Error ) Standard 0 Root
functions of Mean R Mean deviation CV% MSE
Pollanschuts’s 0.004454 0.334 0.4664 0.026723 5.73 0.03721
Evert’s 0.003401 0.1947 0.4664 0.020403 | 4.37 0.04091
Swedish’s 0.00392 0.2588 0.4664 0.02352 5.04 0.03925




Mayer’s 0.003978 0.2665 0.4664 0.02387 5.12 0.03905
Rosset’s 0.003408 0.1956 0.4664 0.02045 4.38 0.04089
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Figure 4. Scatter plot, residual against DBH (cm) and H (m). The result was produced by pollanschutz’s

form factor function
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Figure 5. Scatter plot, predicted form factor (FF) against DBH (cm) and H (m). The result was produced

by pollanschutz’s form factor function

Pollanschiitz’s function was the best fit model to develop form factor function for E.
camaldulensis in eastern Amhara, Ethiopia. This result is the first in its kind in Amhara region as
well as in Ethiopia. Some studies were carried out in Ethiopia specifically in Amhara region for

24 tree species and

Evert’s (Australian) form factor function was recommended (Tesfaye,

2015) which is different from this result. Biazen also recommend Mayer’s and Pollanschitz’s
function for Acacia decurrens in northwestern Amhara (Biazen et al., 2017). Additionally, the
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study in Bhutan for five species was conducted and recommended Pollanschitz’s model
(Wangchuk, 2006). In line with this research, Tenzin suggested that all form factor functions
performed similarly but the Pollanschiitz’s function was the best because of its consistency in
the estimated form factors for all nine commercial tree species in Bhutan (Tenzin et al., 2017).
Form factor function for E. camaldulensis from other remaining functions did not show much
deviation but pollanschutz’s form factor function is favored for keeping uniformity and
consistency among other functions.

CONCLUSION AND RECOMMENDATION

This study was conducted to find out the best timber volume estimating form factor
model/function for Eucalyptus camaldulensis production in eastern Amhara National Regional
State. Among the five tested models, Pollanschitz’s form factor function was found to be the
best model to estimate the form factor by considering the highest coefficient of determination
(R?) and lowest root mean square error (RMSE). The form factor value for E.camaldulensis was
0.4664. The form factor can be used by forest managers or forest owners to obtain timely
information on current growing stock and wood. This form factor can also be used to get
reliable estimate of wood and the obtainable income from the forest thereby to assist the
taxation. Further study is needed for other commercial trees in different agro-ecologies of
Ambhara National Regional State to provide current information for decision makers and forest
owners on the growing stock of the given forest.
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