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Abstract
• Introduction The accurate estimation of stem taper and
volume are crucial for the efficient management of the
forest resources. Compatible segmented polynomial taper
and volume equations were developed for Brutian pine
(Pinus brutia Ten.), Lebanon cedar (Cedrus libani A.
Rich.), Cilicica fir (Abies cilicica Carr.), Scots pine (Pinus
sylvestris L.), and Black pine (Pinus nigra Arnold.).
• Methods In this study, the Clark et al. (USDA For Serv
Res Pap SE-282, 1991) segmented taper model was
selected as this model is one of the most tested segmented
models and has frequently been well ranked for its excellent
performance. The data for each species were divided into
two sets: the majority (about 75%) was used to estimate
model parameters, and the remaining data (about 25%)
were reserved to validate the models. The performance of
the models was compared and evaluated by average bias,
standard error of the estimate (SEE), and a fit index (FI).
• Results The proposed model generally performed better
than the other equations for the whole tree as well as for
sections within the tree, based on the ten relative height
classes examined. In addition, tree bole volume estimates
were compared to other established tree bole volume
estimation techniques.

• Conclusion Based on our results, the taper equation of
Clark et al. (1991) is recommended for estimating diameter at
a specific height, height to a specific diameter, merchantable
volume, and total volume for the species considered.

Keywords Segmented models . Form-class profile . Taper .

Volume . Turkey

1 Introduction

Brutian pine (Pinus brutia Ten.), Scots pine (Pinus sylvestris
L.), Lebanon cedar (Cedrus libani A. Rich.), Cilicica fir
(Abies cilicica Carr.), and Black pine (Pinus nigra Arnold.)
are major commercial tree species in Turkey. There are
nearly 11.64 million ha of commercial Brutian pine (about
5.4 million ha), Scots pine (1.24 million ha), Lebanon cedar
(about 0.5 million ha), Cilicica fir (about 0.3 million ha), and
Black pine (4.2 million ha) forest in Turkey, accounting for
almost half of the total forest land with a current standing
volume of approximately 750 million m3 (Anonymous
2006). These tree species are an important source of raw
material for the forest products industry in Turkey.

With ever-changing market conditions, there is a need to
accurately estimate tree volumes to different upper stem
merchantability limits. This is not currently possible with
the existing local volume tables for these five species. One
of the most accurate approaches to estimating upper stem
diameter and volume to any merchantability limit is
through the use of compatible volume and taper models
(Kozak 2004; Jiang et al. 2005). Although merchantable
volume equations developed from volume-ratio equations are
very easy to use and develop, those obtained from taper
functions are generally preferred probably because they also
allow estimation of diameter at a given height (Dieguez-Aranda
et al. 2006). As reported by Li and Weiskittel (2010); the
advantage of estimating volume through taper equations over
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existing volume tables lies in the ability of taper equations to
accurate predict total height (th) diameter over bark (dob) or
diameter inside bark (dib) at any given height of individual
trees, hence allowing the acquisition of merchantable volume
information to any desired specification.

Numerous tree taper models of various forms and complex-
ity have been published (Max andBurkhart 1976; Kozak 1988;
Thomas and Parresol 1991; Newnham 1992; Fang et al. 2000;
Lee et al. 2003) indicating the importance of the subject in
forest management and at least two approaches are used with
success today. One expresses variable form as a single
continuous polynomial. The other expresses variable form
utilizing a segmented polynomial in such a way that bole is
divided into segments which are then joined at inflection
points between segments (Fang and Bailey 1999).

Taper systems do not have widespread use in Turkey and
different standard volume equations developed (Alemdağ
1962, 1967; Evcimen 1963; Gulen 1959) over five decades
ago are still the most common tool used for estimating the
volume of the five tree species described in this paper. Several
studies have been carried out to test the suitability of different
taper models for describing the stem profile and predicting
stem volume of different tree species at the regional level in
Turkey (Yavuz and Saraçoğlu 1999; Sakıcı et al. 2008; Brooks
et al. 2008). However, additional work is needed in this area
to refine volume estimation. As reported by Kozak and Smith
(1993): a well behaved taper equation should not only give
unbiased estimates of dib or dob with minimum variance, but
also have flexibility to adapt to a wide variety of species and
give accurate predictions of stem volume. Therefore, it is
necessary and beneficial to further study the characteristics of
taper equations and extend their use to other species besides
the ones for which they were originally developed.

Ideally, a volume estimation system should be compatible,
i.e., the volume of the tree bole is obtained through the
integration of the taper model from the ground to the top of the
bole and should be equal to the actual stem volume
(Demaerschalk 1972; Clutter 1980). A total volume equation
is very easy to use and is therefore preferred when
classification of the products by merchantable size is not
required. In comparison with single and segmented taper
models, a variable-form taper model usually provides the
lowest degree of local bias and the greatest precision in taper
predictions (Kozak 1988; Newnham 1992; Sharma and
Zhang 2004). However, the disadvantages of variable-form
taper models are that they cannot be integrated analytically to
calculate total stem or log volume and merchantable height
for a given top diameter; it must be obtained by iteration
(Kozak and Smith 1993).

Jiang et al. (2005) reported that segmented polynomial
models appear to be more accurate than other model
formulations for estimating diameter, height, and volume
estimation. In this study, we used this second approach to

develop a segment stem taper model based on form-class
segmented taper model presented by Clark et al. (1991).
Several studies have compared some of the more commonly
employed taper models. For example, Clark et al. (1991) found
that their form-class profile model was superior to the Max
and Burkhart (1976) model, the Cao et al. (1980) model, and
Schlaegel’s (1983) form class model. Figueiredo-Filho et al.
(1996) evaluated five taper models for estimating diameters
along the stem for predicting merchantable or total volume.
Most of the statistics indicated that the segmented form-class
model of Clark et al. (1991) performed best for describing the
stem profile and predicting stem volume in their study. Li and
Weiskittel (2010) compared ten widely used stem taper
profile models for predicting both diameter and total stem
volume in the Acadian Region of North America. They found
that the segmented taper equation of Clark et al. (1991)
provided the best predictions across all species when upper
stem diameter measurements were available for stem volume.

The objective of this research was to develop a
compatible volume system based on the Clark et al.
(1991) taper model form that accurately describes the stem
profile throughout the main bole and provides accurate
estimates of the tree volume to any upper stem merchant-
ability limit for five commercially important tree species in
Turkey. We evaluated a widely recognized, reliable, and
flexible taper model form published by Max and Burkhart
(1976). In addition, total tree volume estimates, based on
the proposed models, were compared to existing total stem
volume tables and the combined variable equation of Spurr
(1952) which was fit to the same data.

2 Materials and methods

In total 248 Brutian pine, 124 Lebanon cedar, 196 Cilicica fir,
and 162 Black pine were felled in even-aged forest areas of
Isparta Forest Region and 95 Scots pine were felled in even-
aged forest areas of Erzurum Forest Regions in Turkey, on
land owned by The Turkish Forest Service. Sample trees were
selected to ensure a representative distribution from both the
dominant and co-dominant crown classes across a range of
height and diameter classes in even-aged sawn-timber stands.
Trees possessingmultiple stems, broken tops, obvious cankers
or crooked boles were not included in the sample. Trees were
felled and total height was measured to the nearest 0.03 m.
Diameter over bark (dob) at breast height (1.3 m) was
measured and recorded to the nearest 0.25 cm. Diameter over
bark was also measured at 0.3, 2.3 m and then at intervals of
1 m along the remainder of the stem. In each section, two
perpendicular diameters over bark were measured and then
arithmetically averaged. Actual volumes and section volumes
in cubic meters were calculated using the overlapping bolts
method as described by Bailey (1995).
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The scatter plot of relative diameter against relative
height was examined visually for each species to detect
possible anomalies in data. Extreme data points were
observed in all species, therefore the systematic approach,
proposed by Bi (2000) for detecting abnormal data points
was applied to increase the efficiency of the process. This
involved local quadratic fitting with a smoothing parameter
of 0.25 for all species, which was selected after iterative
fitting and visual examination of the smoothed taper curves
overlaid on the data. Using this approach, the number of
extreme values accounted for less than 0.2% of data for all
species. The plots of relative height against relative
diameter used for this study, together with the loess
regression line, are shown in Fig. 1. Approximately 25%

of sample trees were selected at random and used as the
validation data set, while the rest were used for model
fitting. All trees with total height less than 5.3 m were
eliminated because they could not be used to fit the Clark et
al. (1991) model. Summary statistics for the both data sets
are shown in Tables 1 and 2.

The following notation will be used hereafter. Other
definitions specific to a particular equation will be listed
with the equation:

D is diameter at breast height (1.3 m
above ground) over bark (cm)

d is diameter over bark (dob) at height h (cm)
H is total tree height (m)
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Fig. 1 Plot of relative height
versus relative diameter over
bark for each species studied

Tree volume and taper models in Turkey 107



h is height above the ground to the
measurement point (m)

V is total stem volume over bark from
stump (m3)

r, c, e are regression coefficients for heights
below 1.3 m

p is regression coefficient for heights
between 1.3 m and 5.3 m

a and b are regression coefficients for heights
above 5.3 m

F is diameter over bark (dob) at 5.3 m
above ground (cm)

β1−β4 are coefficients to be estimated
k is equal to π/40,000, a metric constant

for converting from diameter squared
in square centimeters to cross-sectional
area in square meters

a0, a1 are regression coefficients
b1, b2 are regression coefficients

2.1 Taper and volume equations

Clark et al. (1991) developed a form-class segmented
profile model combining the better attributes of Schlaegel’s
and Max and Burkhart’s models.

(1) Butt section, from stump to 1.3 m
(2) Lower stem, from 1.3 m to 5.3 m
(3) Middle stem, from 5.3 m to 40–70% of total height
(4) Upper stem, from 40% to 70% of total height to the tip

of the tree

A Schlaegel-type equation is used to estimate diameter
in the butt, a Schlaegel form-class equation is used in the
lower stem, while an equation of the Max and Burkhart
type is used for the other sections.

The Clark et al. (1991) taper function has the following form:

d ¼
IS D2ð1þ ðcþe=D3Þðð1�h=HÞr�ð1�1:30=HÞrÞ

1�ð1�1:30=HÞr
h i

þ
IB D2 � ðD2�F2Þðð1�1:30=HÞp�ð1�h=HÞpÞ

ð1�1:30=HÞp�ð1�5:30=HÞp
h i

þ
IT F2 b h�5:30

H�5:30 � 1
� �2 þ IM 1�b

a2

� �
a� h�5:30

H�5:30

� �2� �h i
8>>><
>>>:

9>>>=
>>>;

0:5

ð1Þ

Table 1 Model fitting data summary statistics

Species Mean SD Minimum Maximum

Brutian Pine (n=183 trees)

DBH (cm) 38.19 13.20 12.00 75.00

Total height (m) 18.48 4.80 6.50 26.50

Disk dob (cm) 23.27 13.54 1.00 79.00

Disk height (m) 8.95 5.94 0.30 26.30

Lebanon cedar (n=95 trees)

DBH (cm) 31.32 7.08 14.00 62.00

Total height (m) 15.67 3.35 7.80 25.90

Disk dob (cm) 19.18 16.45 3.00 64.00

Disk height (m) 8.14 5.17 0.30 25.30

Cilicica fir (n=153 trees)

DBH (cm) 34.50 12.35 14.00 70.00

Total height (m) 15.82 19.24 7.60 27.30

Disk dob (cm) 20.44 19.24 1.00 74.00

Disk height (m) 8.35 5.52 0.30 26.30

Scots Pine (n=76 trees)

DBH (cm) 28.88 7.74 15.00 44.00

Total height (m) 17.04 3.80 9.80 25.00

Disk dob (cm) 17.80 14.62 3.00 46.00

Disk height (m) 8.64 5.51 0.30 24.30

Black pine (n=121 trees)

DBH (cm) 33.93 13.07 14.00 66.00

Total height (m) 19.58 4.40 9.00 29.00

Disk dob (cm) 22.42 12.65 2.00 68.00

Disk height (m) 9.23 6.02 0.30 27.30

Table 2 Model validation data summary statistics

Species Mean SD Minimum Maximum

Brutian Pine (n=65 trees)

DBH (cm) 39.96 14.49 14.00 71.00

Total height (m) 18.52 4.35 7.50 26.70

Disk dob (cm) 24.32 14.58 1.00 75.00

Disk height (m) 8.95 5.82 0.30 25.30

Lebanon cedar (n=29 trees)

DBH (cm) 31.25 6.32 21.00 46.00

Total height (m) 15.92 3.36 9.60 23.70

Disk dob (cm) 19.19 16.30 3.00 50.00

Disk height (m) 8.24 5.23 0.30 23.30

Cilicica fir (n=43 trees)

DBH (cm) 36.83 14.63 15.00 73.00

Total height (m) 16.27 5.05 8.00 26.00

Disk dob (cm) 21.74 21.00 1.00 76.00

Disk height (m) 8.74 5.85 0.30 25.30

Scots pine (n=21 trees)

DBH (cm) 30.64 6.49 18.00 43.50

Total height (m) 16.82 3.46 11.80 22.20

Disk dob (cm) 17.36 14.30 3.00 43.00

Disk height (m) 8.47 5.35 0.30 21.30

Black pine (n=41 trees)

DBH (cm) 31.80 11.06 13.00 54.00

Total height (m) 19.32 4.89 9.50 27.20

Disk dob (cm) 20.82 11.18 2.00 59.00

Disk height (m) 9.20 6.12 0.30 26.30
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The volume equation, derived through integration of the
Clark et al. (1991) taper equation, is of the form:

V ¼ k

I1D2 ð1� GW ÞðU1 � L1Þ þ W ðð1�L1=HÞrðH�L1Þ�ð1�U1=HÞrðH�U1ÞÞ
ðrþ1Þ

h i
þI2I3 TðU2 � L2Þ þ Zðð1�L2=HÞpðH�L2Þ�ð1�U2=HÞpðH�U2ÞÞ

ðpþ1Þ
h i

þI4F2

bðU3 � L3Þ � bððU3�5:30Þ2�ðL3�5:30Þ2Þ
ðH�5:30Þ

þ b=3ððU3�5:30Þ3�ðL3�5:30Þ3Þ
ðH�5:30Þ2

þ I5ð1=3Þð1�b=a2ÞðaðH�5:30Þ�ðL3�5:30ÞÞ3
ðH�5:30Þ2

� I6ð1=3Þð1�b=a2ÞðaðH�5:30Þ�ðU3�5:30ÞÞ3
ðH�5:30Þ2

2
6666664

3
7777775

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

9>>>>>>>>>>>>>=
>>>>>>>>>>>>>;

ð2Þ

Four indicator variables for taper function were defined
as follows:

IS ¼ 1 h < 1:30
0 otherwise

�
; IB ¼ 1 1:30 � h < 5:30

0 otherwise

�
;

IT ¼ 1 h > 5:30
0 otherwise

�
; IM ¼ 1 h < ð5:30þ b5ðH � 5:30ÞÞ

0 otherwise

�

The combined variables used in this model are as
follows:

G ¼ 1� 1:30

H

� �r

; W ¼ ðcþ e=D3Þ
1� G

; x ¼ 1� 1:30

H

� �p

; y ¼ 1� 5:30

H

� �p

; z ¼ ðD2 � F2Þ
ðx� yÞ

T ¼ D2 � ZX ; L1 ¼ maxðL; 0:30Þ; L2 ¼ maxðL; 1:30Þ; L3 ¼ maxðL; 5:30Þ; U1 ¼ minðU ; 1:30Þ; U2 ¼ minðU ; 5:30Þ; U3 ¼ minðU ; HÞ

The following indicator variables were used for the volume model:

I1 ¼ 1 L < 1:30
0 otherwise

; I2 ¼ 1 L < 5:30
0 otherwise;

I3 ¼ 1 U > 1:30
0 otherwise;

I4 ¼ 1 U > 5:30
0 otherwise;

����

I5 ¼ 1 ðL3 � 5:30Þ < b5ðH � 5:30Þ
0 otherwise

�
; I6 ¼ 1 ðU3 � 5:30Þ < b5ðH � 5:30Þ

0 otherwise

�

All other variables as previously defined.
Diameter at 5.30 m is a required input variable for these

taper and volume equations. In this study, diameters at 5.30 m
were initially obtained through actual field measurements
(Model 1) and then predicted (Model 2) for each tree species
using the proposed equation by Clark et al. (1991) (Eq. 3).
The effect of utilizing a prediction function for this variable
was evaluated as part of this study. Clark et al. (1991)

proposed the following equation to estimate diameter at
5.30 m:

F ¼ D b1 þ b2ð5:30=HÞð Þ2 ð3Þ
Parameter estimates for Eq. 3 and Models (1) and (2) are

displayed in Table 9 for the entire data set.
The proliferation of taper models over the last 5 decades

provides a wide variety of models that could be used to
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compare performance. Results of several applications
indicates that for estimating diameter, height, and volume,
the Max and Burkhart (1976) model appears to be more
accurate than many other model formulations (Cao et al.
1980; Martin 1981).

This equation is of the form:

d2

D2
¼ b1 Z � 1ð Þ þ b2 Z2 � 1

� �þ b3 a1 � Zð Þ2I1 þ b4 a2 � Zð Þ2I2
ð4Þ

where

Ii ¼ 1 Z � ai
0 Z > ai

�
i ¼ 1; 2 Z ¼ h

H

ai=join points to be estimated from the sample data;
i=1, 2.

The volume equation, derived through integration of
the Max and Burkhart taper equation, is of the form:

V ¼ KD2H

b2
3 Z3

u � Z3
l

� �þ b1
2 Z2

u � Z2
l

� �� ðb1 þ b2ÞðZu � ZlÞ
� b3

3 a1 � Zuð Þ3J1 � ða1 � ZlÞ3K1

h i
� b4

3 ða2 � ZuÞ3J2 � ða2 � ZlÞ3K2

h i
8>><
>>:

9>>=
>>;

ð5Þ

where

Zl ¼ hl
H

; Zu ¼ hu
H

;

hl is the lower height of interest (m) and hu is the upper
height of interest (m).

Ji ¼ 1 Zu � ai
0 Zu > ai

�
i ¼ 1; 2 Ki ¼ 1 Zl � ai

0 Zl > ai

�
i ¼ 1; 2

Forest managers and researchers require simple
methods of estimating tree volume for harvested trees
and for those still standing. Volume equations have been
used as one of the means to estimate tree and stand
volumes, and have played a vital role in forest
inventory, management and silvicultural research (Teshome
2005). Nowadays, there are many different forms of volume
equations both linear and non-linear form. One of the most
common forms is Spurr’s volume equation for a linear
combined variable model (Bi and Hamilton 1998). This
equation has the form:

V ¼ a0 þ a1D
2H ð6Þ

Variables are as previously defined.

2.2 Criteria of model evaluation

In this study we follow the recommendation by Kozak and
Smith (1993) to evaluate the models. The statistics used to
compare the models were average bias (B), the standard
error of the estimate (SEE) and a fit index (FI). These
evaluation statistics are defined:

B ¼
Pn
i¼1

Yi � bY i

� �
n

SEE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

Yi � bY i

� �2

n� k

vuuut

FI ¼ 1�
Pn
i¼1

Yi � bY i

� �2

Pn
i¼1

Yi �Y
� �2

2
664

3
775

where

Yi = observed value for the ith observationbYi = predicted value for the ith observation
Y = mean of the Yi values
k = number of estimated parameters
n = number of observations in the data set

To concurrently minimize taper and volume errors, both
equations were fitted simultaneously using the SAS PROC
MODEL (SAS Institute 2002; Thomas et al. 1995). All
parameters were shared by both the taper and volume
equations. After an initial evaluation to determine whether
individual species equations were justified, the models were
independently fitted to the data for each of the five
commercial species. Correlated error structure in the data
was not taken into account in SAS MODEL procedure.
Prediction accuracy is little affected by the correlated error
structure, even when the correlated errors structure is
accounted for in the equation fitting process (Williams and
Reich 1997; Kozak 1997; Parresol 1999). Parameter esti-
mates by model number for all tree species are displayed in
Table 9. In comparisons, we used only results of model 1.

3 Results

3.1 Taper models

All parameters for each equation were found to be
significant at the 0.0001 level. For each compatible taper
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and volume equation, overall statistics of fit (B, SEE, and
FI) for the entire merchantable stem were calculated and are
presented in Table 3 for dob by tree species. The B was
positive for taper models and four tree species, which
indicates that diameter was underestimated except for Black
pine. The results indicate that the Clark et al. (1991) model
was superior to the Max and Burkhart model (1976) in
predicting dob. Equation 1 explained more than 98% of the
total variation for predicting upper stem diameter for all tree
species. Most residuals clustered around 0 (Fig. 2), indi-
cating that the model was unbiased and there was no
apparent increase in error variance with increasing tree size.
Equation 4 had higher SEE values for dob for all tree
species. This statistic suggests that Eq. 1 was better than
Eq. 4. For Equation 1, the estimated SEE are approximately
1.5 cm for each species, and these values are significantly
lower than for Eq. 4.

Equations 1 and 4 were further evaluated by examining
the statistics of fit by relative height h

H

� �
classes in order to

evaluate their performance at different positions throughout
the merchantable stem. Statistics by relative heights for
Eqs. 1 and 4 are given in Tables 4 and 5. Average B and
SEE were calculated for each equation by relative height class
along the merchantable stem and used to evaluate taper and
volume estimates for all tree species. The results indicated that
Eq. 1 performed better than Eq. 4 for each section and did
not exhibit large variation in any section when estimating
dob. For relative height class 50–80%, Eqs. 1 and 4 showed
larger standard errors of the estimate than at other height
intervals. This relative height class is associated with point
that was equivalent to the base of the live crown for most

sample trees in all tree species. However, SEE in predicting
diameter was relatively small near the bottom of the bole for
all tree species. The proposed equations showed consistent
sectional performance for each species in the validation data
set. Overall, biases and average errors (SEE) were lower in
validation data set than the model development data set for
the five species.

3.2 Volume predictions

The Clark et al. (1991) compatible cubic meter volume
function was compared to the compatible volume equation
published by Max and Burkhart (1976). For both Eqs. 2
and 5, statistics of fit (B, SEE, and FI) for total stem volume
(over bark) are presented in Table 3. Equations 2 and 5 had
average biases less than 0.002 m3 for volume over bark.
Two models tended to underestimate volume except Eq. 2,
which overestimated volume over bark for Black pine. SEE
for Eq. 2 was significantly lower than that in Eq. 5. The
volume equations based on taper in Eqs. 1 and 4 explained
more than 98% of the variation for predicting volume for
the five species. The results indicate that Eq. 2 had better
overall prediction statistics for volume with lower average
biases, SEE and higher FI values than the Max and
Burkhart (1976) model. The estimated SEE were less than
0.006 m3 for all tree species. Volume predictions by relative
height classes were also evaluated for Eqs. 2 and 5 in
Tables 6 and 7. Equation 2 gave better over bark volume
predictions for most sections with lower biases and SEE,
and higher FI values than Eq. 5. For Eq. 2, the maximum
error (SEE) was 0.0086 m3 for Brutian pine, 0.0052 m3 for

Table 3 Total stem fit statistics for the compatible volume and taper equation systems for the five tree species based on model fitting data

Tree species Taper (cm) Volume (m3)

B SEE FI B SEE FI

Brutian pine

Clark et al. model 0.2445 1.6335 0.9854 0.0005 0.0058 0.9906

Max and Burkhart model 0.4527 2.0517 0.9770 0.0011 0.0080 0.9821

Lebanon cedar

Clark et al. model 0.1398 1.1508 09876 0.0003 0.0032 0.9923

Max and Burkhart model 0.3670 1.2870 0.9845 0.0009 0.0043 0.9859

Cilicica fir

Clark et al. model 0.1652 0.9201 0.9951 0.0001 0.0038 0.9954

Max and Burkhart model 0.5698 1.6528 0.9843 0.0012 0.0074 0.9843

Scots pine

Clark et al. model 0.1129 1.1561 0.9847 0.0004 0.0033 0.9876

Max and Burkhart model 0.3376 1.3432 0.9793 0.0008 0.0041 0.9820

Black pine

Clark et al. model −0.1739 1.5152 0.9857 −0.0002 0.0050 0.9915

Max and Burkhart model −0.0411 1.9268 0.9768 0.0002 0.0080 0.9786
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Lebanon cedar, 0.0078 m3 for Cilicica fir, 0.0053 m3 for
Scots pine, and 0.0078 m3 for Black pine, while the
maximum error of Eq. 5 was 0.0102 m3 for Brutian pine,
0.0055 m3 for Lebanon cedar, 0.0101 m3 for Cilicica fir,
0.0053 m3 for Scots pine, and 0.0095 m3 for Black pine.
For the validation data set, the Clark et al. model showed
better over bark volume prediction for most sections with
lower biases and SEE than Max and Burkhart’s model.

The estimated parameter values of Spurr’s combined
variable equation for Brutian pine, Lebanon cedar, Cilicica
fir, Scots pine, and Black pine were defined using model

fitting data (Table 10). The performance of this model was
compared to the Clark et al. (1991) model using the
validation data set. A plot of total volume residuals for
these models indicated that differences were minimal for
Brutian pine. However, Spurr’s volume model prediction
errors for the other tree species were found to be larger than
those for the Clark et al. (1991) model (Fig. 3). Total
volume residuals for tested models in Fig. 3 are given only
for Brutian pine, Cilicica fir, and Black pine. The Spurr’s
model overestimated volume for all tree species but had the
lowest average bias of all models for volume over bark
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(Table 8). One possible reason might be that large positive
and negative biases cancelled each other resulting in a low
average bias. Therefore, SEE was used to further evaluate
the performance of these models. The models with the
lowest SEE are considered best as suggested by Jiang
(2004). The results indicate that the volume systems of
Clark et al. (1991) performed better than Spurr’s volume
equation, which clearly overestimated the volumes of the
largest trees (Fig. 3).

In order to assess the performance of the proposed equation
relative to the existing total volume tables for Brutian pine

(Alemdağ 1962), Lebanon cedar (Evcimen 1963), Cilicica fir
(Bozkuş and Carus 1997), Scots pine (Alemdağ 1967), and
Black pine (Gulen 1959) total volume estimates were
compared with actual bole volumes based on the validation
data set. For all trees in the validation data set, the proposed
Clark et al. (1991) model and the Spurr model exhibited
lower bias and SEE than existing volume tables (Table 9).
These differences were small for Scots and Lebanon cedar
but for Cilicica fir, the SEE for the proposed model was
more than one-quarter the size of that for the existing volume
table. On the other hand, Spurr’s volume equation, predic-
tions of total volume were slightly better than currently
employed volume tables for all tree species (Table 8).

Finally, the proposed taper and volume models were refit to
the entire data set (model fitting and validation data sets). The
resultant parameter estimates by species are provided in Table 9.

4 Discussion

Taper equations are invaluable tools in forestry, but selecting
an appropriate model that works well across multiple species
and various stand conditions can be difficult because of the
variety of forms that are currently available. In this study, of
five economically important five tree species in Turkey, we
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Fig. 3 Total volume residuals (validation data) for the proposed Clark
et al. (1991) model and Spurr’s combined variable equation for a
Brutian pine, b Cilicica fir, and c Black pine, respectively

Table 8 Comparison of total volume, bias and SEE for the proposed
models, Spurr’s volume equation, and existing total stem volume table
estimates based on the validation data set

Species Bias (m3) SEE (m3)

Brutian pine

Clark et al. model −0.0051 0.0787

Existing volume table −0.0436 0.1380

Spurr model −0.0046 0.1062

Lebanon cedar

Clark et al. model 0.0088 0.0282

Existing volume table −0.0377 0.0691

Spurr model −0.0021 0.0427

Cilicica fir

Clark et al. model 0.0112 0.0318

Existing volume table −0.1191 0.2380

Spurr model −0.0008 0.0703

Scots pine

Clark et al. Model 0.0021 0.0268

Existing Volume Table −0.0101 0.0461

Spurr Model −0.0014 0.0368

Black pine

Clark et al. model −0.0061 0.0509

Existing volume table −0.0668 0.1279

Spurr model −0.0001 0.1016
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compared two taper equations, Spurr’s volume equation, and
existing volume tables in the same manner as Li and
Weiskittel (2010). Across the species, the taper equation of
Clark et al. (1991) was identified as the most reliable and
accurate taper equation for prediction of both dob and total
stem volume.

According to Kozak and Smith (1993), both practical
and statistical considerations should be taken into account
when choosing a taper estimating system for operational
applications. Both biases and standard errors of estimate
should be evaluated for all attributes of interest. Also, the
biases and standard errors of estimate should be evaluated
for different portions of the stem. The overall statistics of fit
(B, SEE, and FI) and residual plots for the entire
merchantable stem were calculated and presented in Table 3
and Fig. 2 for the equations tested. The results indicate that
the Clark et al. (1991) model explained more than 98% of
the total variation for predicting upper stem diameter,
indicating a good agreement between observed and predicted
dob for all tree species.

In comparison to the Max and Burkhart (1976), Jiang
et al. (2005) found that the Clark et al. (1991) reduced the
standard error of estimate by 16–23% in predicting dob
and dib (diameter inside bark) of yellow-poplar. In
predicting dob and volume in this study, Clark et al.
(1991) equation reduced the SEE average by between 22%

and 30% when compared to Max and Burkhart’s model.
Based on our study, the Clark et al.’s model showed good
performance in terms of overall fir statistics and residual
plots, sectional performance, B and SEE in estimating
diameter and volume, respectively.

The performance of the proposed equation was also
compared to the Spurr (1952) volume equation using the
validation data set. Compared with the Spurr (1952)
volume equation, the Clark et al. taper equation in our
study has better predictive ability for estimating individual
tree stem volume. However, average bias for Spurr’s model
was consistently less than 0.005 m3, which was slightly
lower than the Clark et al. model taper equation. A lower
bias cannot guarantee good performance of the model
because large positive and negative biases may cancel each
other. The SEE for the Clark et al. model was significantly
lower than for Spurr’s model and in particular, Spurr’s
volume equation overestimated the total volume of the
largest trees. Therefore, prediction errors were generally
larger in larger diameter trees.

The Clark et al. (1991) model performed better than
currently employed volume tables when estimating merchant-
able volumes, particularly the larger top diameter merchant-
ability limits. This is a good characteristic from a practical or
economic point of view. For all trees in the validation data
set, the proposed model Equation 2 exhibited lower bias and

Table 9 Parameter estimates for the compatible taper and volume equations for economically important tree species based on all sample data

Model r c e p a b b1 b2

Model 1

Brutian pine 11.5135 0.2501 1069.923 3.1086 0.8355 2.1099

Lebanon cedar 4.7271 0.2017 2203.949 1.3455 1.0220 −8.0195
Cilicica fir 5.2524 0.1783 1218.746 2.3669 0.9861 10.3318

Scots pine 7.5552 0.1565 1412.678 4.1543 0.9319 5.5064

Black pine 11.9387 0.1977 3030.905 6.6283 0.7775 3.1583

Model 2

Brutian pine 11.4017 0.2540 1011.186 2.3083 0.8121 2.0202 0.8626 −0.7413
Lebanon cedar 5.4615 0.2082 2092.052 4.7690 1.0171 −11.0719 0.8654 −0.6268
Cilicica fir 16.7668 0.1946 2060.795 2.8190 0.9879 11.9823 0.8606 −0.7317
Scots pine 7.9374 0.1683 1347.738 4.0489 0.9281 5.5458 0.8547 −0.5223
Black pine 14.6912 0.2212 2919.034 5.3852 0.7742 3.1097 0.8943 −1.0560

For Model 1, F values were obtained through actual measurements; for Model 2, F values were predicted for each tree species using the proposed
equation by Clark et al. (1991)

Table 10 Parameter estimates
for combined variable model for
economically important tree
species based on all sample data

Parameter Brutian pine Lebanon cedar Cilicica fir Scots pine Black pine

a0 0.0667 0.0863 0.1003 0.0691 −0.0299
a1 0.000030 0.000030 0.000028 0.000031 0.000037
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SEE than current volume tables. In addition to providing as
good or better total volume estimates, the proposed models
can also be utilized to predict product volumes to any desired
top diameter limit and permit multi-product volume estimation
for the same tree, a feature not supported in the existing total
stem volume tables.

However, in addition to requiring as input the
diameter at breast height (DBH) and total height, the
Clark et al. (1991) model form requires the diameter at
5.30 m. Although it is now easier to estimate this variable
in the field using equipment such as the Criterion RD
1000 (Laser Technology Inc., Centennial, CO, USA), a
prediction equation was presented to estimate this vari-
able. Our results indicate that although the estimates were
less accurate when this variable is predicted rather than
measured, the results were still more accurate than the
Max and Burkhart (1976) model form, the Spurr (1952)
combined variable volume equation (Table 10), or the
existing standard volume tables for these species. Similar
results were also reported by Figueiredo-Filho et al.
(1996) and Jiang et al. (2005).

Based on the results obtained, it is recommended that
the Clark et al. (1991) taper and compatible volume
models be considered for operational use for Brutian pine,
Lebanon cedar, Cilicica fir, Scots pine, and Black pine in
Turkey.
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