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Abstract: The accurate estimation of tree biomass is crucial for the efficient management of forest resources. In this
study, we used a subsampling method for unbiased estimates of above-ground tree biomass. The method consists of 2
stages: the first stage consists of randomized branch sampling (RBS) and the second stage uses importance sampling
(IS). RBS is used to select a path from the butt of an object branch to a terminal segment. IS is used for selecting a disk
that produces unbiased estimates of the fresh biomass of tree. In this study, the subsampling method was tested on 14
black pine sample trees (Pinus nigra Arnold subsp. pallasiana (Lamb.) Holmboe) in order to estimate the trees’ biomass
quickly and easily. The results showed a wide range of sampling error per tree, ranging from 2.51% to 22.63%. However,
the sampling error for the total biomass of the 14 trees tested was only 2.65%. The proposed 2-stage sampling method
generally performed better for the bole biomass than the branch biomass. These results indicated that the proposed
2-stage sampling method is effective and might overcome many of the identified constraints in biomass estimation. It is
a viable alternative to the current methods used in Turkey.
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Agag biyokiitlesini tahmin i¢in iki asamal1 6rnekleme

Ozet: Agac biyokiitlesinin gercege yakin olarak tahmini, orman kaynaklarinin etkin yonetimi igin biiyiik énem
tagimaktadir. Bu ¢aligmada; bir agacin toprak tistii biyokiitle miktarinin tarafsiz olarak tahmini igin bir alt 6rnekleme
yontemi kullanilmigtir. Yontem, tesadiifi dal 6rneklemesi (RBS) ve 6nem Orneklemesi (IS) olmak {izere 2 asamadan
olusmugtur. RBS, dipten u¢ tomurcuga kadar uzanan bir yol se¢imi yardimiyla dal biyokiitlesinin tahmini igin; IS ise
agac govdesinin yas agirliginin tahmini amaciyla govde kesiti se¢imi igin kullanilmaktadir. Bu ¢aligmada 6nerilen
yontem, toplam agag biyokiitlesinin hizli ve gergege daha yakin tahmin edilmesi amaciyla 14 karacam (Pinus nigra
Arnold subsp. pallasiana (Lamb.) Holmboe) 6rnek agaci iizerinde test edilmistir. Sonuglar; 6rnekleme hatasinin % 2.51
ile % 22.63 arasinda genis bir aralikta degistigini gostermistir. Bununla birlikte 14 agacin toplam biyokiitle tahmininin
drnekleme hatasi ise yalnizca % 2.65 bulunmugtur. Onerilen 2 agamali 6rnekleme metodu, ézellikle agac gévdesinin
biyokiitle miktarinin tahmininde, dal biyokiitlesinin tahminine gore daha basarili olmustur. Sonug olarak; énerilen 2
asamali 6rnekleme metodu, Tiirkiyede halen kullanilmakta olan biyokiitle tahmin yontemlerine bir alternatif olarak
degerlendirilebilir.

Anahtar sozciikler: Alt 6rnekleme, biyokiitle, karagam, 6nem 6rneklemesi, tesadiifi dal 6rneklemesi
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Introduction

Forest ecosystems play a very important role in the
global carbon cycle, storing about 80% of all above-
ground and 40% of all below-ground terrestrial
organic carbon (IPCC 2001). During the productive
season, CO, from the atmosphere is taken up
by vegetation and stored as plant biomass (Losi
et al. 2003). For this reason, the United Nations
Framework Convention on Climate Change and
its Kyoto Protocol recognized the role of forests in
carbon sequestration and storage (Brown 2002).

There is considerable interest today in estimating
the biomass of forests for both practical forestry issues
and scientific purposes. Forest biomass is important
for commercial uses and national development
planning, as well as for scientific studies of ecosystem
productivity and energy and nutrient flows, and for
assessing the contribution of changes in forestlands
to the global carbon cycle (Parresol 1999). Trees are
important components of forest ecosystems, and the
quantification of various aspects of trees is necessary
for an adequate description and understanding
of such systems. Thus, during the past 5 decades,
sampling strategies have been designed to estimate an
individual tree’s above-ground woody biomass as well
as other characteristics such as mineral content and
foliage biomass. These sampling strategies are quite
distinct from the more common method of relating
a particular characteristic of a tree to combinations
of easily measured size characteristics by means of
regression models. There are a number of probability
sampling strategies, particularly applicable to tree
characteristics, that have been used only scantly
in ecological field studies (Gregoire and Valentine
1996). Generally, 2 kinds of methods are available
for measuring sample tree biomass: nondestructive
and destructive. A nondestructive method is when
the biomass of a tree is estimated without felling
the tree itself (Montes et al. 2000). This method is
mainly applied when the species of interest are rare
or protected and cannot be destructively sampled
to determine the allometric relationship (Brown
1997; Montes et al. 2000). The destructive method is
done by felling the sample tree and then weighing it.
Direct weighing can only be done for small trees; for
larger trees, sectioning is necessary in order to use
the weighing scales. In other cases, subsamples are
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collected and used to estimate the tree’s fresh weight,
dry weight, and volume (Montes et al. 2000).

The most common method for estimating tree
biomass is through the use of regression analysis.
Equations are developed by weighing entire trees
or their components and relating weight to easily
measured tree dimensions such as the diameter at
breast height (dbh) and height. Biomass equations
have been developed in Turkey for some coniferous
and hardwood trees such as Scotch pine (Ugurlu et
al. 1976; Tolunay 2009), Brutian pine (Sun et al. 1980;
Unsal 2007; Durkaya et al. 2009), Oriental spruce
(Ozkaya 2004), black pine (Cakil 2008), Oriental
beech (Saragoglu 1998), common alder (Saragoglu
2000), oak (Durkaya 1998), and chestnut (ikinci
2000). However, as Tolunay observed previously
(2011), all of these studies in Turkey have been
conducted on a local or regional basis.

A sampling procedure was developed by Valentine
etal. (1984) for estimating the above-ground biomass
of trees. Although destructive, this method is found
to be cost-effective and it overcomes many of the
constraints identified in biomass measurements (De
Gier 1989, 2003). This method employs randomized
branch sampling (RBS) (Jessen 1955; Valentine and
Hilton 1977) and the importance sampling (IS)
technique of Monte Carlo integration (Rubinstein
1981) based on probabilities proportional to size
(Williams 1989). RBS can be used alone or can be
combined with importance sampling (IS) in a way
that permits researchers to estimate the above-ground
woodycomponentsofatree from measurementstaken
on a single disk (Valentine et al. 1984). This method
should prove useful in any forest sampling in which
estimates of the biomass components are needed for
individual trees. This procedure permits larger first-
stage samples, thereby increasing the precision of the
inventory (Gregoire and Valentine 1996). RBS was
developed originally by Jessen (1955) to estimate
fruit counts on individual orchard trees, although this
technique can be used to obtain estimates of many
different attributes of orchard, forest, and shade trees
and other branched plants. RBS could also be applied
to other branched structures such as corals and river
systems. Researchers have used RBS to estimate fruit
production (Jessen 1955); insect densities (Furness
1976); foliage area, mass, and leaf count (Valentine



and Hilton 1977); tree weight (Valentine et al. 1984;
Williams 1989); total foliar area (Gregoire and
Valentine 1996; Hietz et al. 2009); stem length and
surface area (Gregoire and Valentine 1996); needle
mass (Gaftrey and Sabarowski 1999; Raulier et al.
2002); tree biomass (De Gier 1989, 2003; Good et al.
2001; Mabowe 2006; Deo 2008); coarse woody debris
(Gove et al. 2002); floral distribution (Chen et al.
2003); and insect populations in entire tree crowns
(Evans and Gregoire 2006).

The primary objective of this study was to predict
the green weight outside bark for black pine (Pinus
nigra Arnold subsp. pallasiana (Lamb) Holmboe)
trees in Turkey using RBS and IS for tree biomass
estimation.

Materials and methods

Data were collected for black pines from Egirdir
Forest Enterprises in Turkey, on lands owned by
the Forest Service. Sample trees were selected from
both the dominant and codominant crown class in
even-aged stands. Trees possessing multiple stems,
broken tops, obvious cankers, or crooked boles were
not included in the sample. Each tree was cut from a
0.30-m stump and total height was measured to the
nearest 0.05 m. The diameter outside bark (dob) at
breast height (1.3 m) was measured and recorded
to the nearest 0.2 cm. After each tree was felled,
the randomized branch and importance sampling
methods were employed with 1 or 2 sampling paths
determined for each tree. The actual fresh weights of
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the tree components (bole, living and dead branches,
and barks) were weighed to the nearest 0.1 kg on
platform scales while in the field. Summary statistics
for the data sets are shown in Table 1.

Randomized branch sampling (RBS)

RBS is used to select a path from the butt of a felled
sample tree to a terminal bud. The path is a series of
connected branch segments or internodes (Valentine
et al. 1984). “Branch” is defined as the entire stem
system that develops from a single bud, whereas a
branch segment, or segment, is a part of a branch
between 2 consecutive nodes (Gregoire et al. 1995).
This method does not distinguish between a stem
and a branch. At every node of branching, a decision
has to be made about the continuation of the path.

The first segment of the path extends from the
butt of the object branch, which is defined as the first
node, to the second node (the first whorl of the live
branch). By convention, the first segment of the path
has a selection probability of g, = 1. To determine a
path, a selection probability is assigned to each branch
emanating from the second node and one is chosen
at random. The choice of this branch, with selection
probability g,, fixes the second segment of the path
(Valentine et al. 1984; Gregoire and Valentine 1996).
The second segment of the path to a node is followed
and a branch is selected by RBS with the probability
g, and so on, until a terminal shoot is reached with
probability g, (Gregoire et al. 1995). The selection
probabilities assigned to various branches emanating
from each node must add up to 1. This continuation

Table 1. Summary statistics for sample trees.

Tree number  Diameter (cm) Tree height (m) Tree number Diameter (cm) Tree height (m)
1 26 15.70 8 34 12.00
2 22 11.60 9 34 12.00
3 30 12.90 10 38 16.70
4 42 17.30 11 46 15.50
5 42 15.10 12 58 17.80
6 42 14.95 13 50 15.00
7 34 14.50 14 54 15.80
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is selected with probability proportional to size
(PPS). Different probabilities may be assigned for
different purposes. When the objective is to estimate
the woody biomass, wood volume, or total biomass of
the tree, as suggested by Valentine et al. (1984), this
is determined as the product of the squared diameter
and length; this quantity is related to the volumes and
weights of the branches.

A random number between 0 and 1 was used to
determine which branch emanating from the node
would be selected. The first branch to be considered at
each node was the main stem. The remaining branches
were considered in a clockwise direction around the
node, beginning with the branch protruding from
the node on the left side of the main stem, facing the
top of the tree. If the selection probability of the main
stem was greater than that of a random number,
the path continued along the main stem; it was
terminated when a main-stem diameter of 5 cm was
reached (Williams 1989). If the selection probability
of the main stem was less than the random number,
the selection probability of the second branch at the
node was added to the first. If this sum was greater
than the random number, then the second branch
was selected for sampling. If the sum of the selection
probabilities of the first 2 branches was not greater
than the random number, the selection probability of
the third branch was added, and so on, until a branch
was selected at a node. If one of the whorl branches at
anode was selected, the path was terminated with the
selection of the branch. This branch was flagged and
labeled when selected, and the process of determining
a second path began (Williams 1989).

The selection probability assigned to a branch is
the conditional probability of selecting that branch
given that the path has reached the node at which
the branch arises. The unconditional probability of
selection for the kth segment included in the path is:

k

Q =]1a (1)

r-1

where q_is the selection probability of the selected
branch at the " node whose path has a total of k
segments. An inflated branch weight was determined
for each path by dividing the actual weight of the
branch selected from that path by Q,. This inflated

392

branch weight is an estimate of the weight of the tree
from the node at which the branch is attached to the
top of tree (Gregoire et al. 1995).

The biomass of all of the above-ground
components of a tree can be estimated from a single
path. However, at least 2 paths are needed to estimate
within-tree standard errors. Therefore, the estimated
fresh weight of a tree can be calculated as follows:

where Q, is the unconditional selection probability

for the k" segment of the path and b, is the weight of
the k™ segment.

After the path selection was completed, branches
not at a whorl (epicormic) that occurred in the path
were removed and weighted. The inflated weight of
the epicormic branches was determined by dividing
the actual weight by the Q, of the path segment
in which they occurred. Dead branches were not
considered in path selection and were removed and
weighted separately.

Importance sampling (IS)

Importance sampling is based on a technique of
Monte Carlo integration, which is a continuous
analog of sampling with PPS. The method uses IS,
leading to the removal of only one randomly located
disk for the purpose of estimating the weight of the
tree up to the node where the sample branch was
severed.

IS begins by measuring the diameter of the tree
at numerous points along the path from the butt to
the location of the severed sample branch. Along
the path, points are located where a change of taper
occurs. The diameter is measured at each of these
points and the distance to the butt is recorded. From
the latter, the distance between any 2 successive
points can be calculated. The inflated cross-sectional
area of the stem at each measured diameter and the
inflated woody volume of the path were calculated
using Eqgs. (3) and (4), respectively (Valentine et al.
1984; Gregoire et al. 1996; Parresol 1999).

A(Ls)= D(LS)Z/QK (3)
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A point, 6, for cutting a disk is randomly selected
with probability proportional to S(L). The point
is chosen that satisfies V(0) = u*V(A), where u is a
random number from a uniform (0,1) distribution.
Next, the fresh weight per unit thickness (Valentine
et al. (1984) used 10-cm-thick disks) of the disk cut at
L =0 must be determined as B(0). The inflated weight
per unit thickness of the disk is:

B*(6)=B(0)/Q,, (5)

where k is the index of the path segment in which
0 occurs. Finally, the unbiased estimate of the true
woody fresh weight of the tree is computed as follows:

w=DB*(0)*V(1)/S®) ©)

The estimated total weight of the tree, 6, is W
plus the inflated weight of the terminal branch
and inflated weights of all small shoots and foliage
attached to the path (Gregoire and Valentine 2007).
Thus:

o =1
b:w+bj/Qj+Zek/Qk (7)
k=1

where b, is the weight of the terminal branch and e,
is the weight of the small shoots and foliage attached
to the kth segment of the path (Valentine et al. 1984).
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For further details on and examples of RBS and IS,
see the literature published by Valentine et al. (1984),
Gregoire et al. (1995), and Gregoire and Valentine
(2007).

Results

A numerical example and step-by-step description
of this procedure follows for the tree diagrammed in
Figure 1. Selection probabilities proportional to the
product of the diameter squared and the branch length
were used in this study. The diameters and lengths
of the branches and their selection probabilities
are listed in Table 2. All calculations summarized
in Table 2 indicate that branch b was selected with
the probability g, = 0.60. At this point, the path was
terminated and branch b was cut off and weighed.
The fresh weight was 27 kg and the unconditional
probability of reaching branch b was calculated from
Eq. (1) as Q, = 1.0 x 0.77 x 0.60 = 0.462. The inflated
weight was 58.44 kg. After the path selection was
completed, all of the epicormic branches on the path
were removed and weighed. In this tree, there were
no epicormic shoots or dead branches on the path.

IS begins with the measurement of diameter at
numerous points along the path from the butt to
the cut tip, as shown in Figure 2. The diameter is
measured at each of these points and the distance
to the butt is recorded. From the latter, the distance
between any 2 successive points can be calculated.
Measurements are taken close together where butt
swell or rapid taper occur. The data for sample tree
7 are presented in Table 3, along with the calculated
values of A(L) from Eq. (3) and AV(L) and V(L) from
related equations (Valentine et al. 1984).

&

Figure 1. Identification of tree branches for selecting a path according to RBS.
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Table 2. Data from randomized branch sampling.

- S R T o AT R
1 bole 1.00 bole 1.00 1.000
2 d 0.15 5.30 0.119 0.77 0.41 d 0.77  0.770
e 0.06 3.55 0.013 0.08
f 0.07 3.25 0.016 0.10
g 0.06 2.15 0.008 0.156 0.05
3 0.09 3.40 0.028 0.60 0.14 h 0.60 0.462
1 0.06 2.55 0.009 0.20
i 0.06 2.60 0.009 0.20
! k=2 k=3
L, ) L, L, L, L L,
Figure 2. Locations of diameter measurements for IS of the path
Table 3. Data from the importance sampling of the path.
(L) D(L) k Q, A(L) AV(L) V(L)
L1 0 0.39 1 1 0.152 0 0
L2 0.80 0.37 1 1 0.137 0.1156 0.1156
L3 1.50 0.32 1 1 0.102 0.0838 0.1994
L4 3.30 0.28 1 1 0.078 0.1627 0.3621
L5 5.80 0.25 1 1 0.063 0.1761 0.5382
L6 7.40 0.22 1 1 0.048 0.0887 0.6269
L7 8.00 0.20 1 1 0.040 0.0265 0.6534
L8 9.20 0.15 2 0.77 0.029 0.0415 0.6950
2 11.10 0.09 3 0.462 0.018 0.0444 0.7400

The location of the sample disk was determined
by the equations of Valentine et al. (1984), and a disk
15 cm in length was cut and weighted. The weight
of the disk was 16.3 kg and its inflated weight was

108.67 kg m™".
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Eq. (6) was used to estimate the woody weight of
the tree from the butt up to the point where branch

was severed:

w=108.67 kg/ m*0.74 m* / 0.1342 m* = 598.63 kg.



The estimated total fresh weight of the tree from
each path was determined by summing the inflated
branch weight, the estimated weight of the tree up
to the sample branch, the inflated epicormic branch
weight, and the dead wood weight.

A
b=598.63 + 58.44 = 657.07 kg

After the completion of all sampling and weighing,
the remaining portions of the tree were cut into
manageable lengths and weighed. This weight was
added to the recorded weights of the sample branches
and disks to attain the actual total fresh tree weight.
The total fresh tree weight of this sample tree was 641
kg. The above-ground biomass is given separately in
Table 4 for branches and bole using a combination
of RBS with IS. The results for the estimation of the
total fresh above-ground biomass for the 14 black
pine trees are given in Table 5 using a combination
of RBS and IS. Sampling errors were found to range
from 2.51% to 22.63% of the actual fresh weight.

R. OZCELIK, T. ERASLAN

Discussion

A statistical evaluation of our results is provided in
Table 5. These results show a wide range of sampling
error per tree, ranging from 2.51% to 22.63%,
although the sampling error of the total biomass of
all of the tested trees was only 2.65%. When above-
ground biomass is estimated from only a single path,
the sampling error per tree ranges from 2.51% to
9.33%. Valentine et al. (1984) tested their sampling
procedure on 8 hardwood trees of 6 species for an
estimation of the total fresh above-ground biomass
and produced sampling errors ranging from 4.9% to
14.4% of the actual fresh weights of the individual
trees and 4.9% for the total sample. Later, Williams
(1989) tested RBS and IS to estimate the softwood
biomass of 5 Loblolly pine trees in order to estimate
the total fresh above-ground biomass. Williams’
(1989) study also showed a wide range of sampling
error per tree, ranging from 5.3% to 28.9%. However,
the sampling error for the total biomass of the 5 trees
tested was only 3.3%. Our results are smaller than the
sampling errors found in results of similar studies

Table 4. Above-ground biomass for branches and bole using a combination of RBS and IS.

Dead branches and

Branch biomass

Bole (woody) biomass

Tree number epicormic shoots (kg) (kg) (kg) Total’ (kg)
1 40 135.13 457.42 632.55
2 9 53.76 225.89 288.65
3 0 122.70 401.45 524.15
4 14 227.56 1044.96 1286.52
5 51 345.63 1045.32 1441.95
6 0 300.86 1133.43 1434.29
7 0 58.44 598.63 657.07
8 13 86.43 486.95 568.37
9 0 64.20 539.95 604.16
10 0 147.48 983.26 1130.73
11 40 398.71 1286.68 1725.39
12 0 841.79 2141.50 2983.28
13 147 175.81 1261.79 1584.60
14 170 231.62 1903.56 2305.18
Total 484 3193.98 13510.79 17 168.5

"Estimated fresh weight from path estimations.
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Table 5. Test results for the 14 trees.

Dbh (cm) Number Actual fresh weight Estirflated freash Szz:;:;iigr Percent error®
of paths (kg) weight (kg) (RMSE)
26 1 610 632.55 22.55 3.69
22 2 292 288.65 66.08 22.63
30 1 571 524.15 46.85 8.20
42 2 1422 1286.52 266.90 18.77
42 1 1340 1441.95 101.95 7.61
42 2 1310 1434.29 164.66 12.57
34 1 641 657.07 16.07 2.51
34 2 622 568.37 77.54 12.47
34 2 572 604.16 122.30 21.38
38 2 1223 1130.73 145.89 11.93
46 1 1903 1725.39 177.61 9.33
58 2 3085 2983.28 223.49 7.24
50 2 1749 1584.60 164.59 14.11
54 2 2588 2305.18 494.07 19.09
Total 17 928.0 17 168.5 475.09 2.65

“Estimated fresh weight from path estimations.

PPercentage of error calculated as 100% rmse / actual fresh weight.

in the United States for total biomass. This sampling
procedure therefore appears to be reliable and
efficient for obtaining precise estimates of the total
fresh weight of black pine trees in the Mediterranean
region of Turkey.

As suggested for the estimation of woody
biomass, woody volume, or total biomass of the
tree by Valentine et al. (1984), we used selection
probabilities proportional to the product of the
diameter squared and length. This quantity should be
related to the volumes and weights of the branches.
Generally, the selection probability assigned to each
branch should ideally equal the fraction of the total
fresh weight beyond the node and contained in the
branch (Gregoire and Valentine 2007). However, if
the selection probabilities do not accurately reflect
the component of branch biomass as compared to the
woody biomass of the tree, the use of this procedure
may produce large within-tree errors in biomass
estimates for softwoods.
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In this study, the proposed 2-stage sampling
method generally performed better for the
woody biomass than the branch biomass, and the
combination of RBS and IS was useful in consistently
obtaining close predictions of the woody biomass.
Our results obtained using a combination of RBS and
IS are fairly similar to the actual woody biomass and
are in accordance with the results of Good et al. (2001).
Branch biomass produced the greatest sampling error
per tree. Selection probabilities may not adequately
reflect the proper fraction of the biomass contained
in the branch. RBS produced more overestimates
than the actual fresh branch biomass, while the
combination of RBS and IS generally underestimated
the biomass of the tree. The application of RBS with
IS was fairly variable in the estimation of the weight
of branches.

The combination of RBS and IS for estimating
tree biomass is quick and reduces the laborious work
required to weigh whole trees or tree components



(Gregoire et al. 1995). As Williams (1989) reported,
however, the use of this procedure may produce
large within-tree errors in the biomass estimates
for some intolerant softwood if the selection
probabilities do not accurately reflect the fraction of
the biomass contained in the branch as compared to
the remainder of tree. There are 3 ways to avoid large
sampling errors. First, small epicormic branches or
spurs should be ignored during the path selection.
The RBS should be confined to those branches that
constitute the main architecture of the tree. The
ignored shoots or small branches are ultimately
treated as part of the segments to which they are
attached. Second, the stratification of a tree into
subpopulations of relatively homogeneous units is
perhaps the foremost means of reducing the variance
of estimation (Gregoire et al. 1995). For this purpose,
each tree crown may be stratified into 2 or 3 equal-
length sections, and the method may be conducted
separately in each stratum. As reported by Gregoire
and Valentine (1996), one advantage of stratification
is that the sampling effort could be allocated between
strata in a way that optimally utilizes within-
stratum variability and cost of sampling. Finally, this
problem may be overcome by selecting more paths
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