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Article

Fourier Transform Analysis of Very High Resolution Remote Sensed

Imagery Shows Potential for Estimating Stand Density of

Regular-spaced Planted Forests

Tetsuji Ota™', Nobuya Mizoue™ and Shigejiro Yoshida™*

ABSTRACT

An increase in the area of unthinned planted forests is a major issue in Japan, and incomplete record-keeping

means that a method for detecting unthinned stands is required. An important indicator of unthinned stands is

stand density. In this study, we compared two stand density estimation methods, the discrete Fourier transform
method and the local maximum (LM) filtering method, using simulated very high resolution satellite imagery. Even-
aged Japanese cedar (Cryptomeria japonica) stands were modeled. Trees were positioned as though planted in a
lattice pattern typical of these forests in Japan. The discrete Fourier transform method was more accurate than LM

filtering and was stable over a range of stand densities, whereas the accuracy of LM filtering was sensitive to stand

density and calculation conditions. Hence, the discrete Fourier transform was superior to LM filtering to estimate

even-aged coniferous stand density.

Keywords: stand density, Fourier transform, local maximum filtering method

INTRODUCTION

Forest areas account for about two-thirds of the land in
Japan, and 41% of forest areas in Japan are planted forests
(ForesT AGENCY OF JapaN, 2008). An essential management
practice for planted forests is thinning of the stand at
appropriate intervals (SAKAGUCHI, 1961). However, cheap
imported timber has in recent years lowered the price of
domestic timber to the point where the return from thinning
operations does not cover the costs (SAkAl, 1999). Prices have
remained stagnant for several decades (FOREST AGENCY OF
Japan, 2008). As a result, thinning is now commonly delayed,
and the area of unthinned planted forests in Japan has been
steadily increasing (Sakai, 1997). Inadequate thinning can
negatively affect the multiple functions of forests by causing a
decline in timber quality, increasing the susceptibility of trees
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to disease, and degrading habitat value. Japan’'s forest law
divests the management of public forests to the municipality
level and obliges each municipality to document the location
and extent of all stands for which thinning has been delayed in
their forest management plans. Private forests in Japan have
been managed using a resource database, but the resource
database is not correct. The resource database is the result of
a calculation from the ground up of past planting, and does not
accurately express the current state of private forests. Hence,
an efficient method for detecting unthinned stands is required.
An important indicator of unthinned stands is stand density.
Therefore, techniques for estimating stand density need to be
developed.

There has been considerable research interest in recent
years in locating individual trees or estimating stand density
using very high-resolution imagery (VHRI) of sub-meter
spatial resolution (e.g. POULIOT et al., 2002; WULDER et al., 2000,
KAYITAKIRE et al., 2006; LECKIE et al., 2003; LECKIE et al., 2005).
VHRI can be collected by either satellite or aircraft using a
range of sensor types, but the increasing availability and
reduced cost of satellite-borne VHRI makes it attractive for use
in forestry applications.

Because trees in Japanese planted forests are planted in a
regular lattice pattern, the spatial pattern of trees is likely to
contain periodicity. Frequency analysis based on discrete
Fourier transform is an efficient method of characterizing the



natural periodicity of regularly spaced vegetation (DELENNE et
al., 2008; WASSENAAR et al., 2002; COUTERON et al., 2005; Proisy
et al., 2007). DELENNE et al. (2008) investigated the use of the
discrete Fourier transform to detect and characterize inter-row
width and row orientation of vineyards and achieved less than
3% error. The inter-row width and tree-spacing within rows in
planted forests have similarities with the regular arrangement
of vineyards. Hence, analysis using the discrete Fourier
transform may be useful for gaining accurate estimates of
stand density in Japanese planted forests. To our knowledge,
no previous studies have evaluated the accuracy of the discrete
Fourier transform in planted forests using VHRI. However,
unlike in vineyards, the trees in a planted forest, while planted
in a regular pattern, are not necessarily positioned with high
accuracy. In addition, the inter-row spacing of a forest stand
will be more difficult to detect than that of a vineyard,
especially after crown closure. We set out to assess the
potential for the discrete Fourier transform method to estimate
stand density in planted forests in Japan. We compared the
accuracy of the discrete Fourier transform method (DELENNE
et al., 2008) and the local maximum filtering method (LM
filtering; PouLiOT et al., 2002; WULDER et al., 2000; NELSON et
al., 2005), a technique for identifying individual trees from
remotely sensed data.

If variables within the imagery can be controlled, specific
factors of interest
confidence (RANSON et al., 1986). For the current study, the
ideal situation would have been to use imagery of forest stands

may be investigated with increased

with different stand density while other conditions, such as
stand age, slope, and aspect, were held constant. However, we
could not locate any real imagery that meets such conditions.
Therefore, we adopted a model-based approach, which is a
unique and powerful alternative to using real imagery
(BRUNIQUEL-PINEL  and ~ GASTELLU-ETCHEGORRY, 1998). This
method enables the parameter of interest, i.e. tree density, to
be changed, while keeping other parameters constant.

Ota et al.

METHODS
Data

In this study, even-aged Japanese cedar (Cryptomeria
japonica) stands were modeled. The outline of the crown
profile of C. japonica is parabolic in shape (TAKESHITA, 1985),
and was used to create trees in the model. We used the data
from a plant density experiment of C. japonica (FUKUCHI et al.,
2006), which was used to select tree spacing, tree height, and
crown shape to generate the model forest images. The data
were acquired from a Nelder density plot (NELDER, 1962)
established in a national forest in Miyazaki prefecture, Japan
(FukucHI et al., 2006). The trees in this experiment were
planted in 1973 at 10 different densities from 376 trees ha ' to
10,000 trees ha ' and the stand had never been thinned. We
used data obtained when the stand was 32 years old and only
used density classes from 376 to 3,326 trees ha ' (i.e. <4,000
trees ha ') because the planted density in Japanese planted
forests is approximately 3,000 trees ha '. The average values
of spacing, diameter of breast height (DBH), crown size, and
tree height of each stand density were used (Table 1).

Model

We used the method developed by (Kuzuoka and Aral,
2002) to simulate very high resolution satellite imagery at
different stand densities. This is a very simple method using
ray-tracing that expands on the geometric optical model (L1
and STRAHLER, 1992). There are four reflectance states
represented in this model, as in other geometric optical
models: directly sunlit crowns, directly sunlit stand floor,
shaded crown, and shaded stand floor. These states are
dependent on the reflectance ratio of each object (i.e. the
reflectance ratio of tree crowns and stand floor), the intensity
and source of direct light, the intensity of ambient light, the

Table 1 Stand attributes from an experimental Nelder density plot used as inputs to a model to
generate simulated imagery of even-aged planted forest
Density Tree spacing DBH Crown diameter Crown length Height
(trees ha ') (m) (m) (m) (m) (m)
376 5.16 34.7 i 3.7 7 7.42 1711
541 4.30 33.1 3.3 9.38 16.88
779 3.58 29.1 2.7 11.24 16.52
1122 2.99 26.7 24 12.31 16.53
1615 2.49 223 2.1 12.81 15.91
2326 2.07 19.5 1% 12.81 15.10
3349 1.73 18.2 1.6 12.54 14.84
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Table 2 List of parameter values used in the model to generate simulated imagery of even-aged planted forest

Parameter Value Reference

The intensity of direct light N 1.00 Kuzuoka and ARAI (2002)
Reflectance ratio of the crown 0.12 OTA et al. (2007)
Reflectance ratio of the stand floor 0.20 OTA et al. (2007)
The intensity of ambient light on the crown 0.20 KuzuokA and ARral (2002)
The intensity of ambient light on the stand floor 0.02 OTA et al. (2007)
The fraction of direct light diffusely reflected 0.60 Kuzuoka and Arart (2002)
Solar zenith angle 56.00 OTA et al. (2007)
Solar azimuth angle 167.00 OTA et al. (2007)

The slope of the regression to approximate satellite imagery

The intercept of the regression to approximate satellite imagery

5.93 OTA et al. (2007)
OTA et al. (2007)

fraction of diffusely reflected direct light, and the direction of
the surface normal vector at the point of incidence. The image
output by this model is not in accordance with the digital
number because the image output is the brightness of each
pixel. Hence, the output image was transformed using linear
regression to approximate satellite imagery. Table 2 shows the
parameters used in the modeling and transformation of the
image data. These parameter values were obtained from
Kuzuoka and Aral (2002) or OtA et al. (2007). Two other
values not shown in Table 2 were needed to generate the
model image, the satellite position, and spatial resolution. The
satellite position was defined as 200km above the simulated
stand and the spatial resolution of the model image was
determined as 0.6m. Additionally, the shape of crown was
approximated as parabolic.

Scene Simulation

The simulated trees were arranged in a lattice pattern to
represent the general planting pattern in Japan (Fig. 1).
However, trees are not always planted at the exact points of the
lattice intersects. Hence, we simulated conditions with trees
planted in the correct positions and with two different levels of
random error in the positions. To introduce random error into
the planting positions, we applied a random distance from the
correct position. The random distances for the two different
levels of error were selected from normal distributions with
standard deviations of 10 and 30cm, respectively. In both
of the
misalignment error. The simulation was repeated 50 times for

cases, we also randomly selected the direction
each stand density and each standard deviation. The size of
imagery for the final output was set at 32 pixels, as (DELENNE
et al., 2008) found this to be a suitable size in a similar study on
vineyards. We simulated images larger than 32 pixels and

selected only the inner portion to avoid edge effects.
Discrete Fourier Transform

The discrete Fourier transform converts the original
image from a spatial domain to a frequency domain. The

J. For. Plann. 16:1-7(2010)
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Fig. 1

Images of simulated stands of even-aged planted conifer
forest: (a) actual image at 1122 trees ha ' with trees in
the correct planting position; (b) the simulated satellite
imagery of (a); (¢) Fourier image of (b); (d) actual
image at 3349 trees ha ' with trees in the correct
planting position; (e) the simulated satellite imagery of
(d); (f) Fourier image of (e); (g) actual image at 1122
trees ha ' with trees positioned with a 30cm standard
deviation from correct planting position; (h) the simulated
satellite imagery of (g); (i) Fourier image of (h); (j)
actual image at 3349 trees ha ' with a 30cm standard
deviation from correct planting position; (k) the
simulated satellite imagery of (j); (I) Fourier image of (k)



Fourier amplitude spectrum of the discrete Fourier transform
is defined by equation (1):

a(u, v)= ﬁ Z;, Z‘f(x, y)exp *jZH(MWx +%) H 1

where N, and N, are the size of images, x=0,..., N,, y=0,...,
N, are spatial indices in the original image, f(x, y) is the value
of the original image, and #=0,..., N,—1, v=0,..., N,— 1 are
frequency indices of the discrete Fourier Transform. The
result of the discrete Fourier transform is expressed as an
image the same size as the original (Fig. 1). However, the
Fourier image provides different information from real
imagery. The position of pixels in the image produced from
the Fourier transform represents spatial frequency. The center
of the Fourier image expresses a frequency of zero; the
greater the distance from the center, the higher the frequency
expressed by the pixel. The direction of pixels from the center
represents the direction of the frequency. The pixel value of
the Fourier image expresses the amplitude. Fast Fourier
transform was used as the discrete Fourier transform. As
mentioned, a subset of the larger image was used. Clipping the
edge of the image affects the results of the discrete Fourier
transform; to reduce this effect the digital number of the
original image was multiplied by the Hann window, which is a
half cosine wave.

Zero frequency was eliminated because it had no relation
to the stand density. Frequencies <2 were also eliminated
because the Hann window effect caused excessive amplitudes
at low frequencies. We assumed that the peak value of the
remaining frequencies expressed the tree spacing, although
the larger the misalignment was, the less clear the Fourier
image is (Fig. 1c; 1f; 1i; 11). The tree spacing, S, was expressed
as:

S=— 2)

where 7 is the distance from the Fourier image center to the
pixel or pixels whose value is maximum in the Fourier
image,N is the window size (i.e. 32), and R is the spatial
resolution (i.e. 0.6m). From tree spacing, the stand density, d,
was calculated using equation (3):

100

d="g @)

The accuracy of the estimated density was evaluated by
examining the root mean squared error (RMSE). The true
number of trees from the original image was calculated from
the number of trees whose crown was entirely contained
within the analyzed image.

The LM filtering method

LM filtering assumes that the tops of tree crowns show
maximum local reflectance. When the center pixel in a moving-

Ota et al.

window has the largest digital number in the window, that
pixel is identified as a tree apex (POULIOT et al., 2002; WULDER
et al., 2000; NELSON et al., 2005). Because tree position is
determined at the center of the moving-window, the trees at
the edge of the image cannot be processed. Hence LM
filtering was performed on the larger image before it was
clipped to the central 32 % 32 pixels. The number of trees was
estimated using three different sizes of moving window, 3 X 3, 5
x5, and 7% 7 pixels. The accuracy of the estimated density
using RMSE, (false
positives), and omission error (false negatives). The true

was evaluated commission error
number of trees was calculated from the number of trees
whose crown was entirely contained in the analyzed image in
the same manner as for the discrete Fourier transform.

RESULTS

Fig. 2 shows relationship between the true and estimated
stand density using the discrete Fourier transform. Because
same estimates were obtained for each real stand densities,
Fig. 2b and 2¢ shows fewer than the number of estimate.
There was a strong linear relationship between the true and
estimated density using the discrete Fourier transform for all
three positional accuracies, although the estimated values
were slightly overestimated (Fig. 2). The RMSE was 314.18
when trees were planted in the correct position, 303.34 when
the misalignment (deviation from the correct position) was
10cm, and 166.20 when the misalignment was 30cm. These
RMSEs were much lower than the LM filtering method (Fig.
3). In the discrete Fourier transform results, the RMSE did not
increase (in fact it decreased) as the misalignment increased,
whereas with the LM method the RMSE did not increase from
Ocm to 10cm misalignment, but increased substantially as the
increased to 30cm. The discrete Fourier
transform method was therefore relatively robust under
conditions of incorrect positioning of trees and could estimate
stand density accurately for misalignment of up to 30cm. The
reason for the overestimation is not clear.

misalignment

Table 3 shows the average commission and omission
errors of the LM filtering. The results for the misalignment
cases are average values from 50 simulations for each window
size and density. These results indicate that increasing the
window size increased the omission error and decreased the
commission error, the same result found in other studies
(WULDER et al., 2000; PouLior et al., 2002). However, the
commission errors (overestimation) for 3 <3 LM filtering were
greater than from the real imagery used in the studies of
WULDER et al. (2000) and PouLioT et al. (2002). The reason for
this was that in our simulation we had to give the stand floor a
fixed reflectance ratio (0.2; Table 1). Thus the highest value
and lowest value were equal when all pixels in a window were
shaded forest floor, resulting in much misidentification of floor
as tree apex.

The RMSE in the LM filtering results was much higher
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Fig. 2 Estimated versus actual stand density from simulated imagery of forests
Estimated density was determined using discrete Fourier transform with (a) trees in the correct planting position; (b) trees
positioned with a 10cm standard deviation from the correct position; and (c) trees positioned with a 30cm standard deviation
from the correct position.
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Fig. 3 RMSE for estimates of stand density from simulated imagery of even-age forests using the LM filtering
method with three different sized search windows as well as for the discrete Fourier transform method

Table 3 Estimation errors for stand density estimation from simulated imagery of forests using the LM filtering method

standard deviation of Wisdow s

Type of error

Planted density

misalignment error 376 541 779 1122 1615 2326 3349
33 Commission error (%) 96.25 88.30 60.53 40.00 6.67 1.10 0.00

Omission error (%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ocm 5x5 Commission error (%) 0.00 0.00 9.09 0.00 0.00 1.10 0.00
Omission error (%) 0.00 0.00 0.00 0.00 0.00 0.00 36.36

7x7 Commission error (%) 0.00 0.00 9.09 0.00 0.00 0.00 0.00

Omission error (%) 0.00 0.00 0.00 0.00 12.50 85.56 95.04

3%3 Commission error (%) 96.14 88.49 63.77 42.30 7.48 1.07 0.16

o Omission error (%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10cm 55 Commission error (%) 18.63 3.62 6.68 4.56 1.49 0.98 0.03
00 Omission error (%) 0.00 0.00 0.00 0.00 0.00 0.31 36.86

7x7 Commission error (%) 6.16 3.62 6.68 4.56 0.26 0.00 0.00

Omission error (%) 0.00 0.00 0.00 0.00 19.54 82.93 88.74

3x3 Commission error (%) 96.08 89.21 70.87 47.14 10.07 1.76 0.84

Omission error (%) 0.00 0.00 0.00 0.00 0.00 0.18 1.49

30em 5% 5 Commission error (%) 26.51 7.30 5.46 3.38 2.05 0.68 015
S Omission error (%) 0.00 0.00 0.00 0.00 0.86 10.74 48.58

7x7 Commission error (%) 5.65 5:32 535 3.12 0.55 0.23 0.00

Omission error (%) 0.00 0.00 0.00 311 34.79 76.22 86.04

J. For. Plann. 16:1-7(2010)
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Fig. 4 Stand density estimation using LM filtering and a 5% 5 search window for (a) trees in the correct planting position; (b)
trees positioned with a 10cm standard deviation from the correct position; and (c) trees positioned with a 30cm standard

deviation from the correct position

for 3x3 than other window sizes and discrete Fourier
transform, implying that 3x3 LM filtering was too small to
reliably estimate density (Fig. 3). On the other hand, the 7x7
LM filtering resulted in many missed trees, especially at
higher stand density, resulting in the underestimation of stand
density (Table 3). The lowest RMSE for LM filtering was
achieved with a 5% 5 window size (Fig. 3), though it was still
higher than the RMSE obtained from the discrete Fourier
transform method (Fig. 3) due to the tendency of the LM
filtering method to miss trees at high density (Fig. 4).
Increasing the misalignment error induced different re-
sponses in each window size, but the effect was only very
slight in the 3 X3 and 7>x7 LM filtering, whereas the accuracy
of the 5x5 LM filtering decreased when the misalignment

increased from 10cm to 30cm (Fig. 3).
DISCUSSION

The discrete Fourier transform method was superior to
LM filtering in estimating stand density from simulated
imagery of planted forests, as indicated by a more accurate
prediction of density across a range of stand densities, and also
across several search window sizes for LM filtering. This
result indicated the potential for using discrete Fourier
transform for stand density estimation. The biggest problem
with LM filtering was that the accuracy was low at certain
stand densities (Fig. 4). Hence, using fixed LM filtering is not
recommended when there are stands of widely varying density
in the area of observation. However, the accuracy of LM
filtering might exceed that of discrete Fourier transform at
certain densities and window sizes, for example, at high stand
density for 3x3 LM filtering and low stand density for 5x5
and 7x7 LM filtering (Table 3). Hence, a method that varies
the window size in response to certain parameters (WULDER et
al., 2000) may be appropriate when stand density is variable.
The window size selection procedure would be extremely
important because accuracy appears to depend heavily on an

appropriate window size. A method that can estimate density
with stable accuracy across a range of densities is needed.

Whereas the LM filtering method returned variable
accuracy at different densities and search window sizes, the
discrete Fourier transform method, which determines the
periodicity of trees, was relatively robust under changing stand
conditions, most notably stand density, and therefore has no
requirement for identifying the correct window size to achieve
high accuracy. The accuracy of the discrete Fourier transform
method was also very robust for misalignment errors up to
30cm. However, unlike tree isolation methods such as LM
filtering, the discrete Fourier transform method cannot
estimate tree positions. The ability to estimate tree positions
may improve estimates of stand volume, basal area, and
canopy closure (WULDER et al., 2000). Because LM filtering can
estimate such parameters, LM filtering has an advantage over
the discrete Fourier transform method. It will therefore be
necessary to continue development of both methods, and
selection of an image processing method will need to weigh
the advantages and disadvantages of each against the
objectives of the investigation.

CONCLUSION

This study compared the accuracy of forest stand density
estimation between the discrete Fourier transform method and
the LM filtering method using simulated imagery. The
discrete Fourier transform was consistently more accurate at
different levels of stand density, whereas the accuracy of LM
filtering depended on the stand density and window size. We
conclude that the discrete Fourier transform is a potentially
powerful technique to estimate the density of even-aged
planted coniferous stands and is superior to LM filtering,
provided that spatial attributes of tree distribution are not an
expected output of the processing method. On the other hand,
LM filtering can estimate tree positions. It would be an
advantage over the discrete Fourier transform method. Hence,
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it will be necessary to continue development of both methods.

In this study we used a very simple model to simulate the
images. Constant values were adopted for tree size, reflectance
ratio, and various other parameters (e.g. sun angle elevation,
and sensor position). We also omitted conditions such as
topography and gaps caused by dead trees. Further study is
needed to verify the applicability of the discrete Fourier
transform to estimating density from real imagery.
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The Recommendation for REDD based on the Restrictions
of A/R CDM Under the Present Rules

Takashi Fukushima™'

ABSTRACT

The Afforestation and Reforestation project activity under the Clean Development Mechanism (A/R CDM) is
one of the policies set under the Kyoto Protocol. A/R CDM is to remove greenhouse gases by the afforestation or
reforestation project in developing countries and has some specific features: non-permanency, uncertainty, and long-
term. The introduction of the new policy targeted on the sink sector, the Reducing Emissions from Deforestation
and Forest Degradation in developing countries (REDD), is considered in a next framework starting from 2013.
REDD will give positive incentives for the reducing emissions from deforestation and forest degradation. The
purpose of this study is focusing on proposal for the promotion of REDD, based on the analysis of the advantages
and disadvantages of A/R CDM. To analyze the issues of A/R CDM, this paper especially focused on two
stakeholders, project participants and host countries. Project participants regard A/R CDM (and REDD) as
“business” and host countries consider them as “development policy.” It is often said that much more discussion on
implementation of REDD should be done based on the lessons from A/R CDM, but there have been no studies on
sorting out problems especially concerned with A/R CDM, and on discussing how to reflect the lessons from A/R
CDM to REDD. The research results showed that while A/R CDM had some innovative advantages such as giving
financial incentives for the carbon sequestration function of a forest and helping to attain Sustainable Forest
Management, there were many problems from the both viewpoints of “business” and “development policy,” i.e.
complex rules, low profitability, long-term corporation risk, and low priority for many countries. These results lead
to the conclusion that there are restrictions and barriers to promote A/R CDM under the present rules and support
systems. The recommendations for REDD are as follows; REDD is environmentally- sound and can be evaluated as
a good system to contribute the multilateral functions of forest and local job-creation on forest management and
conservation, but has disadvantages to restrict all “activities leading to the destruction of forests.” The project scale
of REDD would be much larger than that of A/R CDM, so that consideration on social aspect would be more
significant. It is desirable to make the rules of REDD easy to use and understand for both developed and
developing countries, to decrease the long-term corporation risks by structuring the partnership among
stakeholders, and so on.

Keywords: A/R CDM, REDD, climate change, viewpoints of stakeholders, bottom-up approach
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(OECD) countries and the countries in transition) aimed to
achieve the goals mentioned in KP to reduce greenhouse
gases (GHGs: carbon dioxide (CO,), methane (CH,), nitrous
oxide (N,O), hydrofluorocarbons (HFCs), perfluorocarbons
(PFCs), sulphur hexafluoride (SFy)) for the first commitment
period (2008-2012) through domestic actions and the Kyoto
Mechanism. The Kyoto Mechanism (or the Flexible Mechanism)
includes the Clean Development Mechanism (CDM), the Joint
Implementation (JI), and the Emission Trading, which follows
a market mechanism that developed countries can implement
for cost-effective actions.

In CDM, developed countries will implement emission
reduction projects in developing countries (host countries),
and in turn receive credit called Certified Emission Reduction
(CER), which can be used to achieve the Kyoto goals. CDM
has two main categories: the afforestation and reforestation
project activities under CDM (A/R CDM) and emission CDM.
The scope of emission CDM includes all but the sink sector’.
A/R CDM targets on the afforestation (forestation on lands
that have not been forested for at least 50 years) and the
reforestation (forestation on lands that have not been forested
since 1990) and is differs from emission CDM in several
points. Based on forest features such as non-permanency
(forest will be distinguished), uncertainty (forests would not
always grow as expected), and long-term (forests will grow for
a long time), the rules for A/R CDM, such as credits with term
(tCER and ICER) and longer crediting period (UNFCCC 2001;
2003; 2004; 2009), were determined at COP9 (2003) for normal
scale and COP10 (2004) for small scale?. As the A/R CDM
projects are usually implemented at rural areas, small-scale
projects need to be developed or implemented by low-income
communities and individuals.

The introduction of another new policy targeted on the
sink sector is considered in a next framework starting from
2013. It is the Reducing Emissions from Deforestation and
Forest Degradation in developing countries (REDD) which
targeted on the avoidance of deforestation and forest
degradation. REDD has its roots in the proposal by Costa Rica
and Papua New Guinea in COP11 (2005) and gives positive
incentives for the reducing emissions from deforestation and
forest degradation. The discussion of REDD started from
COP13 (2007) and the detailed rules and settings depend on
the international future negotiations.

! mechanism  which

Any process, activity or
removes GHGs from the atmosphere. Forests
and other vegetation are considered sinks.

* The limit of small scale was set 8,000 t-CO, per
year at COP9 (2003), but raised to 16,000 t-CO,

per year at COP13 (2007).
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MATERIAL AND METHOD

Stakeholders had different viewpoints on A/R CDM. One
viewpoint was “climate policy,” but project participants and
host countries (governments and local people in the project
area) had different viewpoints. Project participants regarded
A/R CDM as “business.” For example, paper companies
intend to acquire pulpwood through A/R CDM. Trading
companies are interested in A/R CDM as the emission trading
business. Host countries regarded A/R CDM as “development
policy” and expect to promote forestation, forest conservation,
and local development for their own countries through it.
A bottom-up approach is adapted in CDM, so that the
viewpoints of project participants and host countries should
be considered. It can be said that these viewpoints of
stakeholders on REDD are almost same.

Only a few theoretical studies have been conducted in this
area. VERCHOT et al. (2007) focused on forest definitions® and
analyzed how they impact land eligibility from the case studies
in Bolivia, Ecuador, Uganda and Kenya. OLSCHEWSKI ef al.
(2005) indicated that A/R CDM projects are economically
attractive through the case study in Patagonia. VAN VLIET ef al.
(2003), (2002), and GROEN et al. (2006)
estimated the project cost for A/R CDM using some economic
models. Kirpy and PoTviN (2007) examined the functional
relationship between tree species and carbon stocks in
Panama. MINANG ef al. (2007) analyzed the community
capacity to manage the A/R CDM project within community
forests in Cameroon. FUKUSHIMA (2006) analyzed the Kkey
factors to promote A/R CDM by focusing on corporate social
responsibility (CSR). FUkusHIMA and NAKAJIMA (2008) revealed
from a case study in Fiji that local community expects local
development through the A/R CDM project. In Japan, studies
concerning A/R CDM were initiated primarily by the
“CDM/]I Feasibility Study Program.” For example, through
this program, Sumitomo Forestry CO., LTD. (1999-2004) and
Oji Paper CO., LTD. (2003, 2005) have implemented feasibility
studies in Indonesia, Madagascar, and Laos. These are just
feasibility studies to apply A/R CDM and from only a one-

EcoSecurities

sided viewpoint of the project participants.

No study has attempted to focus on both subject (project
participants) and object (host countries) of the project and
considered the direction to promote A/R CDM in a
comprehensive manner.

Based on this perspective, this study has main two

" Each host country should select the definition of
forest at 3 points: (a) a single minimum tree
crown cover value between 10-30 percent, (b) a
single minimum land area value between 0.05-1
hectare, (c¢) a single minimum tree height value
between 2-5 meters.
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purposes: One is focusing on promotion of A/R CDM, and the
other is on proposal for the promotion of REDD.

Firstly, to implement and promote A/R CDM, the issues
should be analyzed by focusing on advantages and disadvantages
for stakeholders, especially for project participants and host
countries.

Secondly, it is often said that much more discussion on
implementation of REDD should be done based on the lessons
from CDM. However, there have been no studies on sorting
out problems especially concerned with A/R CDM, and on
discussing how to reflect the lessons from A/R CDM to
REDD. Therefore, this study aims to consider and recommend
the institutional design of REDD based on discussing the
problems on A/R CDM.

The research methods were a literature search and
stakeholder interviews in Japan and host countries. The period
of the survey was from October 2003 to June 2009. This study
mainly focuses on Japan because it is a forested country and
was one of the leading countries at the international discussion
stage for A/R CDM. This case study in Japan, as a pioneer
country, will be of some help for following countries.

ADVANTAGES / DISADVANTAGES OF A/R CDM
Advantages of A/R CDM

The first advantage is that A/R CDM is one of the few
ways for host countries to participate in KP, which helps
in achieving both environmental conservation and local
development. While emission CDM projects are usually
implemented in urban areas, A/R CDM may be the only way
for rural areas in host countries to participate in and receive a
benefit from KP. At Third Assessment Report, IPCC (2001)
analyzed that GHG emissions from all developing countries
were about 25% of the world in 1990 and would surpass 50% by
around 2020. It is essential for both developed and developing
countries to address climate change, and CDM can support
and promote collaboration between them. CDM is required to
contribute to sustainable development of host countries
(each developing country defines the original definition of
“sustainable development”), and the A/R CDM project can
support local sustainable development directly if it is well
managed (FUKUSHIMA and NAKAJIMA 2008; MINANG et al. 2007).

The second advantage is that A/R CDM requirements
improve forestation projects for private companies and NGOs.
The A/R CDM has various requirements as shown in the
Project Design Document (PDD)*.

of CDM,
participants must submit PDD.

" For the registration the project

J. For. Plann. 16:9-15(2010)

Table 1 The contents of PDD

A. General description of the proposed A/R CDM project activity

B. Duration of the project activity / crediting period

C. Application of an approved
methodology

baseline and monitoring

D. Estimation of ex ante net anthropogenic GHG removals by
sinks and estimated amount of net anthropogenic GHG removals
by sinks over the chosen crediting period

E. Monitoring plan

I. Environmental impacts of the proposed A/R CDM project
activity

G. Socio-economic impacts of the proposed A/R CDM project
activity

H. Stakeholders’ comments

Source: http://cdm.unfccc.int/Reference/Documents.

® The requirements of PDD are:Environmental: environ-
mental impact assessment according to the host
countries’ criteria
e Social: socio-economic impact assessment; stakeholders’
comments; community participation; care for community
customs
® [FEconomical: cost-effective measures through a market
mechanism; the redistribution of CDM credit income to
the local community; the creation of new jobs
Of the industrial forestation projects thus far, private
companies have primarily used the single, exotic and fast-
growing tree species, but this may harm local biodiversity and
enhance the risk of tree diseases and damage
(CossALTER and  Pye-SmitH  2003). The large-scale land
enclosure accompanying the eviction of local people has also
been criticized (FukusHiMA 2005). The NGO environmental
forestation projects are always concerned with the unstable
financial base (FuxkusHIMA 2005). While both these projects
face their problems, A/R CDM proposes a new style of

insect

forestation project with “triple (environmental, social, and
economical) benefits.”

The third advantage is that A/R CDM provides market
incentive to the carbon sequestration function of a forest. In
general, forests have multiple functions (FAO 2007; KANNINEN
et al. 2007) such as conservation of biodiversity and timber
harvest. In particular, the carbon sequestration function draws
more attention for mitigating climate change (FAO 2007). The
market has provided financial incentives only to the timber
harvest function, but A/R CDM can provide new incentives to
the carbon sequestration function through GHG credit, which
can support activities to conserve or add new forest. This
incentive is more important for rural areas where there is less
income from logging (KirBY and PoTviN 2007).

This mechanism can also show a new way of development
to the forest industry stuck in a long slump of timber price all
over the world.
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Disadvantages of A/R CDM

The disadvantages can be classified according to the
following viewpoints:
- Business
(1)  complex rules
(2) unsellable credit
(3) low profitability
(4) insufficient support
- Development Policy
(5) complex rules
(6) difficulty participating in the local project
(7) long-term corporate risk
(8) low priority for host countries
- Climate Policy
(9)  unfavorable attitude of many countries
(10) delay of international discussion

These ten disadvantages can be categorized into four
groups: rules, profitability, sustainable forest management
(SFM), and priority, and they have a mutual relationship with
each other.

Project participants complained about the complex rules
[1) & (B)]. Special knowledge, skills,
technology, and infrastructure are needed for data collection
and analysis (MINANG et al., 2007).

In particular, many project participants regarded the

and procedures

requirement of additionality and replacement duty of the
credit as the biggest problems. Project participants should
demonstrate that a project has “additionality to business as
usual” (UNFCCC 2001). Forestation projects generally have
specific risks, and their profitability is lower than that of
industrial projects (O1LSCHEWSKI ef al. 2005). According to this
requirement, industries are obligated to implement projects in
and poorly
accessible land. The credit used in the first commitment

locations such as sloping, low-productive,
period should be replaced in the next commitment period. In
case of A/R CDM, because the credit has a term, replacement
duty is more troublesome than emission CDM. This means

that project participants must continue the project or

— Development [ — Climate
Policy Policy
<Rule>
(09) ®)
<Profitability> <SFM>
@ O (O
<Priority>
“4) ®) © 10
Fig. 1 Disadvantages of A/R CDM

Source: created by author
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implement a new project to receive replacement credit.

This complexity is also true for host countries and
particularly for local people in a project area. The modalities
and information requirements for CDM are beyond
community capabilities and skills (BROWN et al. 2000). Host
countries should elaborate the Designated National Authority
(DNA), which gives permission for the project and defines
forest and low-income communities. However, DNA fails to
function well in many countries (EkKoko 2000), and only a few
countries have set a definition for a forest and a low-income
community. Some aid agencies have indicated that DNA
should be elaborated, but it is still insufficient. GEORGIOU et al.
(2008) detailed a roadmap for selecting host countries (from a
case study of wind energy projects of the emission CDM in
Eastern Europe, Middle East and Northern Africa) which can
apply to other sectors of CDM. Their roadmap includes the
following steps: l.potential condition, 2.preliminary financial
analysis (to estimate by the Internal Rate of Return), 3.CDM
eligibility condition, 4.final financial analysis, 5.multicriteria
decision analysis. By their roadmap, many host countries are
inappropriate for A/R CDM because they lack CDM eligibility.

(2) Unsellable credit and (3) low profitability are
attributed to the fixed term of tCER and ICER. In Japan,
the New Energy and Industrial Technology Development
Organization and Japan Carbon Finance stated that they would
not purchase tCER and ICER, and the EU-Emission Trading
Scheme has excluded them from their target list. A fixed-term
creates a low credit price. The average CER credit price was
$10.90/t-CO, in 2006 (CAPOOR and AmBROSI 2007). However,
the Biocarbon Fund?®, which is operated by the World Bank to
target the sink sector, set the tCER and 1CER credit price at $3—-
4/t-CO,. OLSCHEWSKI et al. (2005) indicated that their minimum
price would be $1.7-4.9/t-CO, and VAN VLIET et al. (2003)
demonstrated that $5/t-CO, would not be enough to make
most A/R CDM projects profitable. Because credit price
depends on market trend, uncertainties and price risks are
involved (VAN VLIET et al. 2003; GROEN et al. 2006; CAPOOR and
AMBROSI 2007).

In addition, project participants must pay for various
costs of forest management, community organising, project
registration, and so on.

(6) Difficulty participating in the local project and (7) long-
term corporate risk are SFM issues, but are applicable to
general forestation projects. Local participation is essential to
take care of local communities. Community forestation can
deliver environmental, social, and economical benefits and

Biocarbon Fund aims to support the countries
which cannot benefit from the Kyoto Mechanism
without the fund (Biocarbon Fund 2007). 4
governments and 10 private companies (including
8 Japanese companies) invested to Biocarbon
Fund.
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help attaining SFM (SCHEYVENS et al. 2007). However, project
participants have indicated that local participation is
accompanied by many difficulties such as resource tenure,
benefit allocation, and governance aspects (MINANG et al. 2007;
DE JONG et al. 2000), and they have taken various measures to
solve these problems. For example, project participants give
seedlings to local people, provide forest management, and
purchase timbers from them. The local community assumes
some participatory projects, such as measuring tree height
and destructive sampling, but these technical skills are usually
absent in many communities (MINANG et al. 2007). Because
project participants are not always professional, they will face
many hardships to implement local participatory projects.

A host country’s approval is necessary for CDM, and
some project participants expect this rule to assure the host
government’s commitment to the project. However, political
uncertainties of host countries cause long-term corporate risk.
For example, Fiji experienced a coup in 2006 and Kenya had a
presidential election in 2007, which caused some political
confusion. These political uncertainties cause the long-term
corporation risk. Furthermore, a change in local leaders at the
project area may also cause corporate risks.

(9) An unfavorable attitude by many countries affects (4)
insufficient support for project participants, (8) low priority for
host countries, and (10) a delay in international discussion.

At the international negotiation stage, the countries
opposed to the sink questioned whether it was adequate to
utilize the sink for the Kyoto commitment. Some host
countries such as China and Brazil were concerned that
developed countries might switch the investment to lower cost
activities, such as sink. They placed the priority on the energy
and waste management sectors and a low priority on the forest
sector. Countries belonging to the Alliance of Small Island
States (AOSIS), which were especially vulnerable to the bad
effects of climate change such as sea level rise, adopted a
skeptical attitude to sink because they needed the practical
actions for the GHG reduction. This low priority made the
capacity building delayed in host countries to accept A/R
CDM. The EU and some experts were concerned that CDM
would provide perverse incentives for forest conversion.

Although the A/R CDM rules and procedures were
determined two years later than those of the emission CDM,
there was no consideration for a project start and crediting
periods. A/R CDM already has disadvantages, such as
uncertainty and long-terrm, and these problems can be further
disadvantages for project participants.

A/R CDM support systems and projects have been
established in Japan. A forestry agency in charge of A/R CDM
created a help desk and implemented three support projects
(2003-2007): The Technical Guideline Survey project, The
Human Resource Development project, and The Baseline
Survey project. The Global Environment Center has
implemented the “CDM/JI Feasibility Study Program” since
1999, which is outsourced by the Ministry of the Environment.

J. For. Plann. 16:9-15(2010)

Project participants criticized these support projects and
indicated that they were not useful for their projects as they
were geographically, politically, environmentally, and socially
different and the subsidy was limited.

CONCLUSION AND DISCUSSION

This research was conducted mainly from the viewpoints
of “business” for project participants and “development policy”
for host countries. The research results lead to the conclusion
that there are restrictions and barriers in implementation and
promotion for A/R CDM under the present rules and support
systems. However, 1895 CDM projects have been registered
thus far; only eight projects has been registered as A/R CDM
(as of November 2009).

Based on this survey result, the course of improvement of
A/R CDM for its promotion and the proposal for the system
design of REDD are discussed in this section.

The Course of Improvement of A/R CDM

We  should
participants and

the viewpoints of project
host countries and create international

discussions to promote A/R CDM. Simplifying the rules,

emphasize

improving low profitability by enhancing support systems, and
strengthening and assuring the corporations in developed and
host countries are ways to improve the present A/R CDM
situation. Coordination across multiple sectors will aid in the
success of this scheme (KANNINEN et al. 2007).
assistance for communities to improve their capacities is also
desirable (MINANG et al. 2007).

A/R CDM rules were only based on three forest features:
non-permanency, uncertainty, and long-term. To enhance the
project incentive, it would be desirable to take the other three
features; multiple functions (forest has multiple functions),
publicness (forests have the nature of the commons), and
regionality (forests depend on local conditions and the
relationship with community varies regionally) into considera-
tion when revising the rules of A/R CDM (and deciding the
rules of REDD).

Some

The Recommendation for the System Design of REDD

Finally, here is the discussion on how to consider the
lessons from A/R CDM on designing the system of REDD.
Recommendation is pointed out according to three advantages
and ten problems.

Although both A/R CDM and REDD have something in
common character because of the GHG reduction approaches
focused on sink, there are also many different points between
both. I will make it clear before the detailed discussion.

One of the typical differences is on methods. A/R CDM
aims for the increase of carbon removals through activities of
afforestation and reforestation. On the other hand, REDD
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prevents the GHG reduction through the activities for
avoidance of deforestation and forest degradation.

The other is on the project scale. The each REDD project
would be much larger than that of A/R CDM. A/R CDM has a
project based approach. However, it is presently accepted that
REDD will take a national or sub-national based approach.
seems very possible that the main project

participants of REDD will be any officials or someone

Besides, it

concerned with the government, although the participants of
A/R CDM are private companies and NGOs.

There are still some other issues: Should REDD be
included in CDM? Which method is better, Credit-type (as
same as A/R CDM) or Funds-type? Should it be open-ended or
limited the cap?

Discussion from Advantages of A/R CDM

The three points of advantages are same and important as
those of REDD: the first is one of the few ways to participate in
KP for host
environmental

countries and to help to achieve both

conservation and local development. The
second is the policy for realizing triple (environmental,
economic, social) benefits. The third is the mechanism to
provide the market incentives to carbon sequestration function
of a forest.

REDD has an advantage because it is a policy for
avoidance of deforestation and forest degradation, and is not
necessary to introduce and plant exotic species. In this mean,
REDD is environmentally- sound and can be evaluated as a
good system to contribute the multiple functions of forest such
as biodiversity conservation.

On the other hand, the large project scale would make
advantages and disadvantages on social and economic aspects.
It can be said that, though the advantage is local job-creation
on forest management and conservation, it is disadvantage to
restrict all “activities leading to the destruction of forests
(including grazing and collecting building materials),” which
the local people have ever been doing. It would be better to
appropriately take an alternative livelihood with mutual
agreement between project participants and local people.
However, the local debarment from the project site or the
restriction of local traditional / cultural activities might happen
according to circumstances. The large project scale would
even carry a risk of becoming beyond the reach of small scale
matters and neglecting the voices from grassroots as the
socially vulnerable.

As mentioned above, consideration on social aspect would
be more significant for implementation of REDD and it is
much necessary to make the requirement strict.

Discussion from Disadvantages of A/R CDM

Ten disadvantages are considered from four categories.
At first, about complex rules, it is necessary to change
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and improve on the implementation of REDD as well. It is
desirable to make it easy to use and understand for developing
countries which have much difficulties in understand rules. It
can be expected that developing countries can propose
unilateral projects. However, simplified process does not mean
and never permit the relaxation of the requirements on
environmental, economic, social aspects. It must avoid making
the quality degradation of projects.

About profitability, it cannot be fully discussed here
because the method (credit or fund) has not been determined
yet. It depends on the profitability system. And there are some
inevitable restrictions such as non-permanency, uncertainty,
and long-term, which are typical features of forest. However, it
is necessary to remedy or improve the problems of A/R CDM,
which makes “sink” quite unfavorable or inconvenient
compared with any other projects/activities.

About the SFM issues, as same as AR CDM, it has almost
the same problems concerned with regular forest projects.
The solution of the long-term corporation risk is indispensable
to make the policies more effective and sustainable. And it is
desirable to decrease these risks by structuring the
partnership among project participants, the government, and
the local people.

Finally about priority. Some countries, which took an
opposite standpoint when A/R CDM was introduced, are not
on opposite side now about the introduction of REDD. Some
developing countries have a positive outlook to accept the
goals of GHG reduction, based on the condition of the
introduction of REDD. It is fact that REDD is made to be high-
priority on negotiation among the mitigation against climate
change and is different from the situation of A/R CDM.
However, there still are many countries put priority on energy-
sector and many countries and organizations concern about
the bad effects on local society like debarment of the project
areas. They remain firmly opposed to REDD. It would be

necessary to take their opinions into consideration.

The implementation and promotion of A/R CDM and
REDD are now essential as climate policy because it is a
critical problem to reduce GHG by all means and they have
many useful side-effects. In addition, deforestation is a global
environmental problem and it causes about one fifth of total
global GHG emissions (STERN 2006; IPCC 2007). If forest-
sector funding declined worldwide (WUNDER 2006), a financial
incentive from A/R CDM and REDD could provide new
funding for a forest sector.
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Multiple-criteria Decision-support System for Optimising
Spatial Distribution in a Forest Classification Process

Shunsuke Suzuki*', Shinichi Tatsumi** and Yojiro Ueno™*

ABSTRACT

We propose a new multiple-criteria decision-support (MCDS) system to consider the optimum area distribution
and spatial layouts of forest types in forest zoning. We formulated a new index (W) that considers social demand
for forests, potential capacities of forests and functional diversity of forests. Area distribution of each forest type
(e.g. timber production, ecosystem preservation) was considered by maximising the index (W’) using the Lagrange
multiplier method. We dealt with the spatial layouts of the forest types by applying 0-1 integer programming. The
applicability of the new MCDS system was validated through a case study at a national forest in Fukushima
Prefecture, Japan. The following forest types were considered in the case study: timber production, water
conservation, soil conservation, recreational land use and ecosystem preservation. The social demand for each
forest type was quantitatively evaluated by an opinion poll. Potential capacities were assessed for each sub-
compartment using an existing index, regression analysis and valuation standards. We compared results derived
from the index W’ with results from six other methods. These methods were derived from combinations of the
terms included in W’. The results from the new index were the most balanced and had relatively high scores for
each item (social demand, potential capacity, functional diversity). The sum total of the scores was highest for the
new index amongst all the methods. Each forest type was allocated adequately by integer programming. Thus, we
concluded that the new MCDS system provides the most suitable area distribution and spatial layouts of the
different forest types, taking account of both aspects of social demand and potential capacity of forest stands.

Keywords: forest zoning, multiple-criteria decision-support system, operations research, potential capacity, social

demand

INTRODUCTION

The objective of forest management has recently shifted
from cost-effective timber production alone to broader goals
such as maintenance of biodiversity and ecosystem processes
(KANGAs and KANGas, 2002; OHMAN, 2002; McDONALD and
LANE, 2004). In Japan, the Forest and Forestry Basic Law
(revised in 2001) specifies the promotion of multiple-use
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forestry (NEBUYA, 2005). Accordingly, national forests in Japan
are managed based on classification of forests into three broad
categories: co-existence of forest and people, conservation of
soil and water, and sustainable utilisation of forest resources.
The implementation of such site classifications is generally
referred to as “forest zoning” in Japanese forestry (e.g. IT0,
2005). In forest zoning, each classified areal unit is assigned to
one forest type, each of which has a different primary
management objective (e.g. timber production, maintenance of
biodiversity, water conservation). The goal of forest zoning is
to clearly define and prioritise functional objectives for forests
(KAMEYAMA, 2005) and to fulfil many purposes on a landscape
scale (MITSUDA et al., 2003).

However, increasing concern has been expressed that
resident participation in forest resource management should
be improved (KANGAS, 1994; TsucHIvA, 1995; Kakizawa, 2000;
SHEPPARD and MEITNER, 2005). Also when making a forest
zoning plan, one must consider the social demands of local
residents and stakeholders (NEBuya, 2005). Yet, public
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participation in modern forest management is not straightfor-
ward (MILLs and CrArg, 2001), given the complex functions of
forests today and the conflicting interests of stakeholders
(PukkaLa, 2002a; KANGAS and Kancas, 2005). Thus, forest
planning requires the development and adoption of a multiple-
criteria decision-support (MCDS) system that can generate
alternative solutions (PUKKALA, 2006).

Many of the challenges in forest planning today can be
alleviated by using a MCDS system (MARTELL et al., 1998;
MiLts and CLARK, 2001). However, most existing approaches in
forest planning lack the means to effectively include spatial
considerations in numerical optimisations (OHMAN, 2002).
UeNO  (2000) proposed a MCDS system for
prioritising and determining spatial distribution in a forest
zoning process. This MCDS system dealt with defining area

Therefore,

distributions of forest types based on public participation.

In this study, we propose a new MCDS system that also
incorporates a physical evaluation of the forest. ABE and
IsHiBASHI (1995) noted that the evaluation standards for
multiple-function forestry can be roughly divided into two
types: standards for social demands and standards for potential
capacities. They suggested that these two standards should be
considered comprehensively in a forest zoning process. The
former standards represent requests from residents and local
officials, as described above. The latter describe physical
aspects of forest stands related to stand structure and
topographic conditions. They evaluate the potential capacities
of forest stands to serve multiple functions. Taking account of
suggestion by ABE and IsHIBASHI (1995), we developed a new
MCDS system by adding a standard for potential capacity to
the system proposed by UENO (2000). We took an operations
research approach to solve the problem. The new MCDS
system is therefore designed to define the optimum area
distribution under both aspects of social demand and potential
capacity of forest stands. In addition to defining the area
distribution of the forest types, we also examined spatial layout
and formulated a decision-support system for forest zoning.
We then evaluated the applicability of the system through a
case study.

SYSTEM DEVELOPMENT
The new MCDS system is presented as a flowchart in Fig. 1.
Structure of the New Index (W)

UENO (2000) proposed a MCDS system to determine the
area distribution of forest types based on public participation.
First, he defined the index W

W:-ixilllx,+ia,xi ix,:l, 0<x<1 1),
i=1 i=1 i=1

where m is the number of relevant forest types, x is the
percentage of total stand area assigned to the ith forest type
(ratio of the percent area to the total) and a; is the quantitative
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Fig. 1 Flowchart of the new multiple-criteria decision-support
(MCDS) system

evaluation of social demand on the ith forest type (described
hereafter in detail).

The first term in eq. (1) represents Shannon’s diversity
index (SHANNON, 1948), a frequently used measure that
increases with species richness (PIELOU, 1969). However, in
eq. (1), the diversity index is used to offer an equivalent area
distribution of each forest type to moderate their proportion.
The second term in eq. (1) is a product sum of a: and x;, which
can be determined using decision analysis tools such as the
contingent valuation method (CVM) and the hedonic price
method (HPM) (Davis et al., 2001). Thus, the second term
contributes to assigning larger areas to forest types with a
higher social demand.

UENO (2000) determined the area distribution of each
forest type by optimising W subject to ¥x=1. He then
compared these results to those determined using three other
methods and concluded that W produced the most suitable
results for defining the area distribution given social demands
(see UENO, 2000 for more details). In the present study, we
introduced physical evaluation of the study site into W. Thus,
the new index (W) includes the evaluation of potential
capacity for each forest type on each stand (scale of the areal
unit can be defined as other than “stand”, depending on the
subject of management planning, e.g. compartments, sub-
compartments). W’ can be described as follows:

W=—=p ix,- Inx,+q ia,xﬁri bix; ix,:k, 0<x<k (2),
i=1 i=1 i=1 i=1
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where b; is the evaluation of potential capacity of the ith forest
type (described hereinafter in detail); p, ¢ and » are
parameters; and k is the sum of x. Other variables are as
defined for eq. (1).

Parameters p, ¢ and 7 are ratios weighing the three terms
of the index. They quantitatively determine which term to
emphasise in decision-making. % is normally fixed at 1, but by
giving k a value greater than 1, more than one objective
function can be applied to each stand. For example, when £ is
set to 2, each stand will be assigned to two forest types for
preferential management in the zoning plan.

The third term in W’ shows the product sum of b; and x;,
where b, describes the mean potential capacity for the ith
forest type at the study site. Potential capacities are evaluated
in relation to each stand using quantification analysis with
environmental and topographic variables (e.g. ZHENG and
NAGUMO, 1994; PUKKALA, 2002b). However, each forest type
will be assessed using different criteria and different units.
Thus, these values should be standardised (converted into
values between 0 and 1) using the following equation:

B;—Bmin

SBy= Bmax+Bmin ®),
where SB; is the standardised value of potential capacity for
the ith forest type on the jth stand, By is the evaluation of
potential capacity for the ith forest type on the jth stand before
standardisation, Bmin is the lowest evaluation of a stand in the
ith forest type and B:max is the highest evaluation of a stand in
the ith forest type.

Next, weighted means (weighted by the size of each
stand) for each forest type are calculated using the following
equation:

, Z;’:,SBUJ’U
bi:T ),
=Y

where b’ is the weighted mean of the potential capacity of the
ith forest type for the entire study site, » is the number of
stands in the study site and y; is the size of the jth stand with
the ith forest type.

To make the new index (W) more intelligible, both
variables of social demand and potential capacity were
converted such that Ya:=Yb:=1. Originally, no need existed
for this conversion step, since the ratio of these two variables
can be controlled by the parameters ¢ and » However, we
presume that by incorporating this step, the significance of the
two variables can be more easily compared in the decision-
making process. The variables were converted as follows:

’

a;

Y il @

a=

__ b .
b= 5= ),

where a; is the converted value of social demand for the ith
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forest type, @’ is the estimate of social demand for the ith
forest type before conversion, b; is the converted value of the
potential capacity of the ith forest type and b’ is the evaluation
of the potential capacity of the ith forest type before conversion.

Consequently, the index W’ incorporates both aspects of
social demand (@) and potential capacity of the study site (b;)
in forest planning, and also takes functional diversity of the
forest into consideration. Thus, we presume that W’ will
provide a suitable area distribution (x) for forest planning. W’
will be maximised subject to >x;=k, by use of the Lagrange
multiplier method. The solution is as follows:

k exp (%an‘%bi)

Z;",,exp(%aﬁ%b,-)

where the variables are as defined above.

@,

X=

Spatial Layout

Stands of each forest type were mapped by applying the
method proposed by ZHENG (1996). This method is based on 0-
1 integer programming. Stands are allocated to forest types so
as to maximise total SBy for the study site. Each stand is
preferentially assigned to the forest type to which the highest
potential capacity of the stand belongs. The programme is
subject to the area distribution (r) defined in eq. (7). The
following problem is considered:

Maximise

3 3 58,0, ®
subject to

> h=H ),
Hy—H <3 no,<mn+iL, v, (10,
20,1, V, an,
0,=10, 1}, V, 12),

where 6, is a decision variable that takes the value of 1 when
the jth stand is assigned to the ith forest type, and otherwise
takes the value of 0; %; is the size of the jth stand; and H is the
total size of the study site. The other variables are as defined
above.

Eq. (8) sums SB; for the entire study site: the higher this
value, the more efficiently each stand is assigned to each
forest type. Eq. (9) defines the total size of the study site. Eq.
(10) defines the lower and upper bounds of the total area of the
stands assigned to each forest type. Hx; in eq. (10) reflects the
area defined in eq. (7). Thus, originally, >A0; should
correspond exactly to Hx.. However, it is hardly possible to
have Yh0;=Hx, since each stand has its own fixed size.
Therefore, Hx; must have an allowable range for calculation, to
some extent. In this study, we have assumed that an area equal
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to one stand will be a suitable size for this problem. Thus, the
mean size of the stands was used as an allowable range. Eq.
(11) ensures that all stands will be assigned to one of the
forest types. Eq. (12) shows that d; has a value of either 0 or 1.

VALIDATION

We validated the applicability of the new MCDS system
through a case study.

Study Site

The case study was conducted in a national forest
encompassing the village of Tenei and the city of Shirakawa, in
Fukushima Prefecture, Japan (37°19-34'N, 140°00-23’E; 360-
1100m above sea level (a.s.l.)). We defined sub-compartment
as an areal unit for this case study. The site consisted of 91
compartments and 2,238 sub-compartments, with an area of
11,968ha. The low-elevation eastern part of the site was mostly
covered by plantations of Cryptomeria japonica D. Don and
Chamaecyparis obtusa Sieb. et Zucc. The frequency of broad-
leaved trees such as Quercus serrata Thunb. increased with
elevation (to the west). Parts of the study site more than 800 m
a.s.] were mostly covered by natural forest dominated by Fagus
crenata Blume and Quercus crispula Blume.

The study area serves multiple functions for residents
with varying interests. Water from Lake Hatori, an artificial
lake located in the central part of the study site, is used to
irrigate the Shirakawa region. The western part of the site,
including Lake Hatori, is designated as a national park, and
many tourists are attracted to the scenic views. Recreational
facilities such as campgrounds and cycling roads are found
lakeside. Ski resorts and resort villas are located south-west of
the lake. The study site is part of a larger expanse of forest
that stretches from the western part of the site to the Ohu
Mountains, and supports numerous plants and animals.

Variables

Five forest types were considered in this case study:
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timber production (TP; i=1), water conservation (WC; i=2),
soil conservation (SC; ¢=3), recreational land use (RL; i=4)
and ecosystem preservation (EP; i=5). To evaluate the social
demand (@) for each of the five forest types, we used results
from a public opinion poll on multiple-use forestry (Cabinet
Office, Government of Japan, 2007). The nationwide public
poll surveyed 3000 people over 20 years of age. Respondents
were asked to choose the three (out of 12 choices) forest
applications that they most valued. We equated the choices
offered in the public poll to the five forest types defined above
to determine social demand values (a’). Table 1 shows the
items from the opinion poll, social demand (¢’) and converted
values of social demand ().

Potential capacity for TP (B),) was evaluated using a
growth and location index (AKAHORI et al., 1993), which is
defined as the product of a location index (defined as the
distance between forest stands and timber markets; AKAHORI et
al., 1993) and a site index. The growth and location index
takes into account both the economics of transportation and
stand productivity (KONOHIRA, 2001).

Next, we evaluated WC (By) by means of multiple
regression analysis of forest soil macropores (INSTITUTE of
WATER SCIENCE, 1973). The physical features of forest soils,
which include high porosity and therefore the ability to store
large amounts of water (TsukamoTo, 1998), render forest soils
effective at purifying and regulating water resources. We thus
analysed macropore density (I/m®) in relation to elevation,
geology, soil type, depositional type, forest type (e.g. C.
japonica plantation, natural Fagus crenata forest), stand age
and region (classified by prefecture). Parameters in the
regression analysis were as defined by the INSTITUTE of WATER
SCIENCE (1973).

Similarly, SC (By) was evaluated through a multiple
regression analysis of the size of the A, layer (INSTITUTE of
WATER SCIENCE, 1973). The A, layer prevents sheet erosion
and thus contributes to soil formation and conservation
(Tsukamoto, 1998). We analysed the amount of A, layer
(kg/m®) in relation to elevation, topography, soil type, slope,
forest type, growing stock and region. Parameters in the
regression analysis were as defined by the INSTITUTE of WATER

Table 1 Results from an opinion poll on multiple-use forestry (Cabinet Office, Government of Japan, 2007), the
related forest types, and converted social demand values

Items on the opinion poll Forest type Social demand (%) Converted value
ai ai
Production of timbers TP 14.6 0.091
Storage of water resources WwC 43.8 0.272
Prevention of disasters (e.g. landslide, flood) SC 48.5 0.302
Land use for healings and comforts RL 31.8 0.198
Habitats for plants and animals EP 221 0.137
Total 160.8 1.000

TP timber production, WC water conservation, SC soil conservation, KL recreational land use, EP ecosystem preservation.
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SCIENCE (1973).

RL (By) was evaluated using valuation standards from the
FORESTRY AGENCY (2004). Each
evaluated based on six standards: scenery, stand structure,
existence of lakes and rivers, existence of historic sites,
existence of community facilities and conditions of trails. Each
standard was scored on a 3-point scale (0, 1 and 2). The total
score was considered to represent the recreational benefit of
the site.

We evaluated EP (By) in reference to the valuation
standards of the HOKKAIDO FORESTRY RESEACH INSTITUTE
(2004). We wused two standards to evaluate each site:
vegetation type (e.g. bare land, plantation, secondary forest,
old-growth forest) and site condition (e.g. understorey
vegetation, presence of nuciferous species, marsh, bare land).
The former standard was scored on a 4-point scale (0, 1, 2 and
3), and the latter on a 5-point scale (—2 to +2). The total score
was considered to represent the ecosystem health of the site.

sub-compartment was

Spatial Distribution of Potential Capacities of the Five Forest
Types

The potential capacities of the five forest types were
for each sub-compartment (By) using forest
inventory data and forest base maps of the study site.
Standardised values (SBy) and converted values (b;) were then
calculated according to eqs. (3) and (6), respectively. Table 2
shows the mean values and standard deviations of By,
weighted means of SB; (i.e. b’) and converted values (b;).

Distribution maps of SB; for the five stand types are
shown in Fig. 2. ArcGIS version 9.2 (ESRI, 2006) was used to
make the maps. TP (SBy) was high in the eastern plantation
area and low in the western natural forest area (Fig. 2a). WC
(SB,) was high in the southern part of the site, especially in
the south-western area near Lake Hatori (Fig. 2b). SC (SBy)
was high in the north-western natural forest area (Fig. 2¢). RL
(SBy) was high around Lake Hatori (Fig. 2d). EP (SBy) was
evenly distributed throughout the area (Fig. 2e).

evaluated

Parameters

As explained above, the new index (W) includes terms
that relate to functional diversity, social demand and potential
site capacity. In this case study, however, there was no
indicator to decide which term to emphasise in the forest
planning process for the study site. Therefore, parameters p, g
and » were all set to 1, so the three terms were given equal
weight. Parameter k was also set to 1, since we only assigned
each sub-compartment to one forest type in this case study. We
consider these values of the parameters as defaults that enable
us to validate the index W’ objectively.

Comparison between the New Index (W) and Other Methods

We validated the applicability of the new index (W) by
comparing it to six other area-distribution methods (methods
A B, C, D, E and F). These methods were derived from
combinations of the terms included in W. Method A
determines area distribution () with an emphasis on
maximising the functional diversity index (— Xxlnx;), which is
the first term in W’. Method B determines x; by maximising
the second term in W’ (Xa’ x), reflecting the social demands
for the forest type. Method C determines x; by maximising the
third term in W’ (Zb'x) to efficiently identify the potential
capacities of the site. Method D considers both the functional
diversity index (—XxInx,) and the second term of W’ (Xa'x),
and determines x; by maximising the sum of the two terms.
Method E calculates x; by maximising the sum of — Xxlnx: and
the third term of W’ (Xb’x:). Method F maximises the sum of
Ya'x; and Xb'.

Results of the Comparisons

The results from the new index (W) and from methods A
through F are listed in Table 3. In the case of method A, an
equal proportion of the area was assigned to each forest type.
In methods B and C, the whole area were assigned to either
SC or EP, which had the highest value for a’ and b’ (Table 1;

Table 2 Mean, standardised and converted values of potential capacity for each

forest type

Tapeskipe Potential capacity

Standardised values

Converted value

By b bi
TP 43.0 (=35.7) 0.259 0.134
wC 175.2 (£ 14.0) 0.410 0.213
SC 2802.0 (+960.2) 0.381 0.198
RL 1.1 (= 1,1) 0.239 0.124
EP 42 (x1.9) 0.639 0.331
Total 1.928 1.000

TP timber production, WC water conservation, SC soil conservation, RL recreational land
use, EP ecosystem preservation. Numbers in parentheses are standard deviations. The
units for WC, SC, RL and EP are 1/m?, g/m?, points and points, respectively.

J. For. Plann. 16:17-26(2010)
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Fig. 2 Distribution map of the standardised value of potential capacity for the five forest types in each sub-compartment

Table 2), respectively. In methods D and E, large proportion of
area were preferentially assigned to the forest types which had
high value in @’ and b’, respectively. In method F, the whole
area were assigned to SC, which had the highest value in a’; +
b In the new index (W), larger proportion of the area were
assigned to each forest type in descending order of its value in
a;+b.

The highest value for the functional diversity index
(—2xlnx) was determined using method A (1.610), whereas
W’ had the fourth highest value (1.604). Methods B and F had
the highest score for Ya’x (0.302), whereas W had the fourth
highest value (0.206). Xb’x: was highest in method C (0.332),
and third highest (0.205) in W’. Finally, the sum total of terms
(= 2xlny + Xa'w + Xb'x) was highest in W (2.0152). Each

method from A to F had at least one term that ranked lower
than 5 out of 7, whereas the terms in W’ all ranked higher than
4.

Results of the Spatial Layouts of the Five Forest Types

The results derived from integer programming, subject to
% and defined by W', are shown in Fig. 3. We used the Rglpk
package (THEUSSL and HorNIK, 2009) in R version 2.9.0 (R
Development Core Team, 2009) for calculation. Sub-compart-
ments in the study site were all assigned to one of the forest
types. Sub-compartments in the eastern part of the site were
mainly assigned to TP and EP. Those in the north-western area
were assigned to SC. RL was allocated mainly around the lake
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Table 3 Comparison of area distribution and each term calculated by the new index and methods A through F

Term
Forest type Area distribution Functional diversity Social demand Potential capacity Sum total
xi —xi Inxi ai xi bi xi
New index (W’)
TP 0.167 0.299 0.015 0.022
WwC 0.217 0.331 0.059 0.046
SC 0.220 0.333 0.066 0.043
RL 0.184 0.311 0.036 0.023
EP 0.213 0.330 0.029 0.071
Sum 1.604 (4) 0.206 (4) 0.205 (3) 2.0152 (1)
Method-A
Tp 0.2 0.322 0.018 0.027
WC 0.2 0.322 0.054 0.043
SC 0.2 0.322 0.060 0.040
RL 0.2 0.322 0.040 0.025
EP 0.2 0.322 0.027 0.066
Sum 1.610 (1) 0.200 (5) 0.200 (4) 2.0094 (4)
Method-B
TP 0 0" 0 0
WC 0 0* 0 0
SC 1 0 0.302 0.198
RL 0 0* 0 0
EP 0 0* 0 0
Sum 0(5) 0.302 (1) 0.198 (6) 0.4992 (5)
Method-C
TP 0 0* 0 0
WC 0 0* 0 0
8C 0 0* 0 0
RL 0 0" 0 0
EP 1 0 0.137 0.332
Sum 0 (5 0.137 (7) 0.332 (1) 0.4690 (7)
Method-D
TP 0.179 0.308 0.016 0.024
WwC 0.214 0.330 0.058 0.046
SC 0.221 0.334 0.067 0.044
RL 0.199 0.321 0.039 0.025
EP 0.187 0.314 0.026 0.062
Sum 1.606 (3) 0.206 (3) 0.200 (5) 2.0128 (2)
Method-E
TP 0.187 0.313 0.017 0.025
WC 0.202 0.323 0.055 0.043
SC 0.199 0.321 0.060 0.039
RL 0.185 0.312 0.037 0.023
EP 0.228 0.337 0.031 0.076
Sum 1.607 (2) 0.200 (6) 0.206 (2) 2.0123 (3)
Method-F
TP 0 0* 0 0
WC 0 0" 0 0
SC 1 0 0.302 0.198
RL 0 0" 0 0
EP 0 0" 0 0
Sum 0(5) 0.302 (1) 0.198 (6) 0.4992 (5)

TD timber production, WC water conservation, SC soil conservation, RL recreational land use, EP ecosystem preservation.
“Limit value at x,—0. Numbers in parentheses show the rank order of the methods under each term or sum total.

J. For. Plann. 16:17-26(2010)
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near the central part of the site, and sub-compartments in the
south-western area were assigned to WC.

DISCUSSION

In this study, we proposed a new MCDS system for
considering the optimum area distribution and spatial layouts
of forest types in forest zoning. The new system considers
both aspects of social demand and potential capacity of forest
stands. We formulated a new index (W) by introducing a
standard that represents the potential capacity of forest stands
to the existing system proposed by UeNo (2000). We took an
operations research approach to solve the problem. We also
dealt with the spatial layouts of forest types by applying the 0-1
integer programming proposed by ZHENG (1996). As a result,
we developed a decision-support system for the forest zoning
process (Fig. 1).

Through a case study, we validated the applicability of the
new index (W) by comparing it with six other methods. The
results derived from the new index were the most balanced
and had relatively high scores for each term (Table 3). The
sum total of the scores was also the highest for the new index
amongst all methods. Therefore, the new index produced the
most suitable results for defining area distributions, taking
both the aspects of social demand and potential capacity into
account. However, in most methods (W', method A, B and C),
proportions of the values of social demand and potential
capacity were smaller than that of functional diversity. For
example, in W’ the sums of social demand (0.206) and

Suzuki et al.

potential capacity (0.205) were almost one-eighth of the sum of
functional diversity (1.604). Therefore, in the case when these
two factors (social demand and potential capacity) need to be
stressed, the parameters ¢ and » should be fixed to values
larger than 1.

Sub-compartments were allocated to forest types by
integer programming, subject to the area distribution defined
by the new index (Fig. 3). Each sub-compartment was
preferentially assigned to the forest type to which the highest
potential capacity of the sub-compartment belonged. Thus,
each stand types were allocated in the most efficient way to
harness the potential capacity of the study site. Parts of the
layouts of the forest types defined by the new index, method A,
D and E are compared in Fig. 4. As seen in the figure, several
sub-compartments were adequately assigned to different
forest types according to the methods used.

In the new system, both social demand and potential
capacities of the site are treated numerically. In addition, the
parameters p, ¢ and » can be used to differentially weight the
three terms that comprise W. As a consequence, two
important factors in the decision-making process, social
demand and potential capacity (ABE and ISHIBASHI, 1995), can
be described and compared objectively. Also, maps derived
from integer programming help to provide visual information
to the participants in the decision-making process. These
characteristics of the new system that provide logical and
visual information are especially important, since recent
decision-making processes have required intelligible and
specific decision-alternatives (SHEPPARD and MEITNER, 2005).

- Timber production
- Water conservation
|: Soil conservation
- Recreational land use

- Ecosystem preservation

Fig. 3 Layouts of the five forest types. Enlarged figure of the area framed by the rectangle is shown in Fig. 4.
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- Timber production
- Water conservation

- Ij Soil conservation
- Recreational land use
- Ecosystem preservation

Fig. 4 Enlarged figures of the layouts of the forest types defined by (a) the new index, (b) method A, (c)
method D and (d) method E. The circles show that the forest types of framed areas differs among

the figures.

Using the new system, participants will be able to modify
management plans by fixing variables and parameters
explicitly to reach consensus.

Any kind of assessment criteria can be used to evaluate
social demand and potential capacity in the new index, as long
as they provide numerical results. For example, as we saw in
the case study, low-cost research method from existing
information, such as forest inventory data, can be used when
lacking labor, cost or time.

In the present case study, we did not modify the
parameter k, which indicates the percentage of the area
assigned to each forest type. By giving this parameter a value
greater than 1, more than one objective function can be applied
to each sub-compartment. Whilst the original intent of forest
zoning is to clearly define management objectives of individual
areal units by classifying them as a single forest type, more
suitable forest zoning plans may be possible by taking into
account the co-existence of forest types (OHTA, 2005; MITSUDA
et al., 2009). Forest zoning that accepts more than one
functional objective in each areal unit, by implementing &, has
yet to be studied.
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Stand Dynamics of Tropical Seasonal Evergreen Forest
in Central Cambodia
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Dana Kao™', Nobuya Mizoue™, Neth Top™*, Tsuyoshi Kajisa** and Shigejiro Yoshida**

ABSTRACT

Information on tree and stand growth is essential to ensure sustained timber yield in tropical natural forests,
but very little is known about stand dynamics of tropical seasonal forests, especially in the mainland Southeast Asia.
Stand dynamics of seasonal evergreen forest in central Cambodia were estimated from 20 sample plots measured in
1998 and 2003. Data for all trees with diameter at breast height (DBH) = 10cm and for commercial species DBH =
10cm or DBH = minimum diameter cutting limit (MDCL) were evaluated. In 1998, 67 species, of which 19 were
commercial trees with DBH = MDCL, were found at tree densities of 544.5 and 23.4 trees/ha, basal areas of 23.8
and 6.3m*/ha, and stem volumes of 192.9 and 64.3m’/ha. The mean diameter increment between 1998 and 2003
was 0.33 for all species and 0.32cm for commercial species; mean mortality rates were 2.4% and 0.5%, mean
recruitment rates were 2.5% and 1.4% and volume increments were 1.09 and 0.86m*/ha. These values are similar to
those reported from tropical rain forests in Amazon and Southeast Asia. Estimated volume increment
(0.86m*/ha/year) for commercial trees with DBH = MDCL was significantly larger than the figure
(0.33m*/ha/year) previously used in Cambodian management systems.

Keywords: tropical seasonal forests, volume increment, recruitment, mortality, commercial species

et al., 2003), very little is known about the stand dynamics of

INTRODUCTION

There is increasing concern about the effect of selective
logging in tropical natural forests on sustainability, the global
carbon budget (e.g., MALHI and GRACE, 2000) and biodiversity
conservation (e.g., MYERS et al., 2000). Information on tree and
stand dynamics is required to evaluate silvicultural options for
sustainable timber yield. Cutting cycles and
diameter cutting limits are often based on diameter increment

minimum

and/or volume increment of commercial species (e.g., SILVA et
al., 1995; SIST et al., 2003; SIST and FERREIRA, 2007).

Although there are data for some tropical rain forests,
especially in Brazilian Amazonia (e.g., SILVA et al., 1995; van
GARDINGEN et al., 2006; VALLE et al., 2006) and in Borneo (e.g.,
Sist and NGUYEN- THE, 2002; PHILLIPS et al., 2002; KAMMESHEIDT

tropical seasonal forests in mainland Southeast Asia, such as
those in Cambodia, where strong seasonality of precipitation is
found (KumAGal et al., 2005 and KUMAGAI et al., 2009).

About 59% of Cambodia is covered by forest. There are
three dominant forest types, evergreen (22.2%), deciduous
(25.8%) and semi-evergreen forest (7.5%) (FA, 2007), in two
classes, production forest (34% of total land area) and
protection forest (25%). A selective logging system with a 25
to 30-year cutting cycle has been adopted in evergreen and
semi-evergreen forests (KIMPHAT et al., 1999) and the annual
allowable cut has been calculated using an assumed volume
increment of 0.33m*/ha/year (DFW, 2001). This value was
derived from the average of virgin forest studies reported by
the FAO in 1962 (DFW, 2001) and is considered to be too low
(DFW, 2001). However there are no data to verify the volume
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increment value.

The present study was designed to measure stand
dynamics of seasonal evergreen forest in Kampong Thom
Province, central Cambodia using two consecutive measure-
ments of 20 permanent sample plots (PSPs) in 1998 and 2003.
The main questions are: 1) whether tree growth, mortality and
recruitment in Cambodian forests differ from tropical rain
forests elsewhere, especially in Amazon and Southeast Asia;
and 2) whether volume increment is significantly higher than
0.33m?/ha/year.

MATERIALS AND METHODS
Study Site and Data Collection

Kampong Thom Province in central Cambodia lies
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Fig.1 Location of 20 permanent sample plots (PSPs)

distributed in 5 different places, each of which

includes 4 plots

The sequence plot number of each location is shown;

e.g., PSP25-28 indicates the plot number 25, 26, 27 and

28.

Source: Forestry and Wildlife Research Institute,
Forestry Administration, Cambodia
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between 12°11" and 13°26" north and 104°12’ and 105°44’ east.
The total area is 1,244,763ha, about 7% of the country (FA,
2007). The climate is tropical monsoon; the rainy season
extends from May to October and the dry season from
November to April. Between 1996 and 2000, the mean annual
rainfall and temperature were 1,700mm and 28°C (Tor et al.,
2009).

Twenty PSPs were located in dense evergreen forests on
flat terrain 9-100m above sea level (Fig. 1). Although these
PSPs in this evergreen forest have not been heavily disturbed,
they have been subject to some illegal extractions of fuelwood
and timber (Top et al., 2009). The plots were established in
April 1998 and the trees measured in 1998 and December
2003. Each main plot was 50 X 50m and contained a 20 X 20m
sub-plot. All trees with diameter at breast height (DBH) of 7.5-
29.9cm in the sub-plot and =30cm in the main plot were
measured and recorded. In 2003, new trees in each of the main
plot and sub-plot with DBH 2=30cm and =7.5¢cm were also
measured. Missing or dead trees were recorded as natural
death or human disturbance (illegal logging).

Data Analysis

As with selective logging systems in other tropical
countries, only commercial species with DBH more than the
predetermined Minimum Diameter Cutting Limit (MDCL)
may be harvested. A Cambodian Government decree (RGC,
2005) sets different MDCLs for each commercial species
ranging from 30 to 60cm. The stand-level attributes (stand
structure in 1998 and 2003, mortality, recruitment, illegal cut
and volume increment) for the two sampling years were
examined separately for all trees with DBH = 10cm and all
commercial trees with DBH = MDCL. The annual rates of
mortality, recruitment and illegal cut were estimated by using
the widely used logarithmic equation (e.g. LEWIS ef al., 2004 a):

Y=100"{In N, =In (N, = X)}/t,

where Y'is the rate of mortality, recruitment or illegal cut, N, is
the number of trees measured in 1998, X the number of
mortality, recruitment or illegal cut, and t the time (5.75 years
=December 2003 —April 1998).
individual trees were examined for all trees and commercial
trees with DBH = 10cm. Although the minimum DBH of field
measurements was 7.5cm, a DBH of 10cm was selected to be
consistent with other studies (VALLE ef al., 2006; SILVA et al.,
1995; RICE et al., 1998). Two outliers with unrealistically large
annual diameter increments (10.3 and 10.4cm/year) were
excluded from the analysis. These unrealistic values may have
been due to misidentification of the trees to be measured or
mistakes in data recording.

Diameter increments of

Volume increment is defined as the net annual production
of the forest from growth, mortality and recruitment (VALLE et
al., 2006). In the present study, we calculated volume
increment for all trees with DBH = 10cm and commercial trees
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with DBH = MDCL, defined by:

I=V.=V: +O)/{t:—t)
where [ is the volume increment (m?*/ha/year), V. the volume
in 2003 (m®/ha), V.
measurement in 1998 (m’/ha), C the volume of illegally logged

trees (m*/ha) and #.—t, the time (in years) between the 2003
and 1998 measurements. In this formula, volume gains from

at measurement the volume at

the growth of existing stems and recruitment into the size
class of interest (=10cm or 2MDCL), as well as losses due to
mortality, are condensed into one increment value for the
entire observation period (VALLE et al., 2006), while excluding
illegally logged trees from the calculation. Volume (m*) of
individual trees was estimated as a function of DBH (cm)
developed for different DBH classes and species groups
(Table 1, FA, 2003).

RESULTS AND DISCUSSION
Stand Structure

For all trees with DBH = 10cm in 1998, 67 species were
found across all of 20 0.25-ha sized plots (a total of 5ha), and
the mean values (=SD; standard deviation) of the 20 plots
were 544.5+ 106.3 trees/ha of tree density, 23.8+5.1m*/ha of
basal area and 192.9 +46.4m®/ha of stem volume (Table 2).
For commercial trees with DBH = MDCL in 1998, 19 species
were found across all the plots, resulting in 23.4 +9.7 trees/ha
of tree density, 6.3+3.4m*/ha of basal area, and 64.3+
36.9m*/ha of stem volume. There was no significant difference
(P>0.05, the two-tailed paired t-test) in the mean values of

stand structure between 1998 and 2003 (Table 2).

There were fewer species and a lower stocking rate (basal
area/ha) in this seasonal forest than in other primary tropical
rain forests, despite the similar tree density recorded in the
present study. About 200 species/ha are reported from
primary lowland dipterocarp forests in Borneo (Sist and
SARIDAN, 1999) and Amazonian rain forests (PHILLIPS and
GENTRY, 1994; BREWER and WEBB, 2002) compared with 67 in
5ha in the present study. Similarly, the mean basal area
(23.8m?*/ha) in this study is lower than reports from primary
tropical rain forests; 31.5+4.2m*/ha in East Kalimantan (SisT
and NGUYEN-THE, 2002), 35.5+2.8 (*SE; Standard Error)
m?*/ha for 11 locations in Borneo and Peninsular Malaysia, 34.4
+1.4 (£SE) m?/ha for 15 plots in Central Kalimantan (van
GARDINGEN et al., 2003) and 28.1+12.0 (95% CI; Confidence
Intervals) m?*/ha in Amazonia (LEWIS et al., 2004), while being
closer to values reported for logged-over forests; 25.2m*/ha in
East Kalimantan (van GARDINGEN et al., 2003), 26.0 = 6.4m*/ha
and 24.1 =7.1m*/ha in Sarawak, Malaysia (KAMMESHEIDT et al.,
2003), 20.3 and 25.9m*/ha in Brazilian Amazon (SILVA et al.,
1995).

On the other hand, tree densities of all trees with DBH =
10cm in this study were similar to values documented for
primary lowland dipterocarp forests elsewhere in Southeast
Asia; 52136 (=SE) trees/ha in Borneo and Penisular
Malysia, and 583+ 19 (£SE) trees/ha in Central Kalimantan
(van GARDINGEN et al., 2003), 531 trees/ha in East Kalimantan
(S1sT and NGUYEN-THE, 2002), as well as to 581 =16 (= 95%CI)
trees/ha obtained from 50 plots distributed over rain forests in
South America (LEWIS et al., 2004).

Table 1 Volume equations by species group, DBH range and forest type (FA, 2003)

Tree Species Group

Diameter class

Evergreen forest

Dipterocarp Below 15cm
Above 15cm
Non-dipterocarp Below 30cm
Above 30cm

Volume =0.022 + 3.4 DBH*
Volume = —0.0971 +9.503 DBH*
Volume =0.03+2.8 DBH*
Volume = —(0.331 + 6.694 DBH?

DBH, diameter at breast height.

Table 2 Stand structure in 1998 and 2003

o — Numbt.‘r Density (trees/ha) Basal Area (m*/ha) Volume (m*/ha)
of species  Mean + SD* Range Mean + SD Range Mean + SD Range
1998  All trees = 10cm 67 544.5+106.3  408.0~814.0 23.8+5.1 14.6~32.8 1929+46.4 103.8~ 259.1
Commercial = MDCL" 19 234+ 97 8.0~ 44.0 6.3+34 1.3713/0 64.3+36.9 11.1~ 1274
2003 All trees = 10cm 67 531.6+147.0  185.0~793.0 23954 15.9~34.8 193.9+49.1 102.1~-—274.9
Commercial 2 MDCL 20 244+ 938 8.0~ 44.0 6.5%3.6 1.4~14.2 66.3 +39.2 12.0~ 1379

* SD: standard deviation
® MDCL: Minimum diameter cutting limit

J. For. Plann. 16:27-32(2010)



30

Diameter Increment

Table 3 shows the periodic annual diameter increment,
which was calculated from individual trees and summarized
for all trees and only commercial trees. There are not large
differences in the results between all trees and commercial
trees, with the total mean values (+SD) being 0.33+ 0.09 and
0.32+0.08cm/year, respectively. There was no significant
difference between growth rates for commercial and all trees
(the two-tailed t-test, Table 3). The lowest increment values
were recorded from the smallest DBH classes (10-19¢m and 20-
29c¢m), and there was no significant correlation between DBH
class and increment for classes with DBH = 30cm (Table 3).

In tropical forests, diameter increments in any class of
trees may vary greatly due to environmental conditions (SILvA
et al., 1995), silvicultural treatments (de GRAAF et al., 1999;
KAMMESHEIDT et al., 2003) and other reasons. Nevertheless,
the mean values found in this study are similar to reported
values for tropical rain forests. For example, SiLva et al. (1995)
reported 0.3 and 0.4cm/year for all trees and commercial
species 11 years after logging and 0.2cm/year for unlogged
trees in Brazilian Amazonian rain forest. In East Kalimantan,
Sist and NGUYEN-THE (2002) reported trees grew about
0.39cm/year in logged dipterocarp forest and 0.22cm/year in

Kao et al.

unlogged control plots. DAUBER et al. (2005) reported a mean
annual diameter increment of between 0.22 and 0.41cm/year
from PSPs in different eco-regions of Bolivia.

Recruitment, Mortality and Illegal Cut

Table 4 presented the annual density and percentage of
recruitment, mortality and illegal cut for all trees 210cm and =
MDCL. For all trees, mean annual mortality + SD was 12.2+
14.6 trees/ha (2.4+4.3% of total number of trees in 1998),
similar to the recruitment rate of 12.6+9.3 trees/ha (2.5+
2.2%). On the other hand, the recruitment of commercial trees
with DBH = MDCL, 0.3+0.4 trees/ha (1.4 £4.9%), was larger
than the mortality of 0.1+0.3 trees/ha (0.5+ 1.3%). Human
disturbances were 1.0+ 1.8 trees/ha (0.2 +0.4%) and 0.03 +0.2
trees/ha (0.1 +0.9%) annually for all trees with DBH = 10cm
and commercial trees with DBH = MDCL, respectively, due to
the collection of timber and/or non-timber forest products.

Although mortality and recruitment may vary between
species and diameter class, the mean rates for the present
study were very similar to or well within the range of reported
values from tropical rain forests in Amazon and Southeast Asia
(Crark and CLARK, 1992; CONNELL et al., 1984; KAMMESHEIDT et
al., 2003; SIST et al., 2003; BUNYAVEJCHEWIN, 1999). PHILLIPS et

Table 3 Annual diameter increment (cm/year) for diameter classes

DBH class Commercial species trees at DBH = 10cm All species trees at DBH = 10cm

(cm) n Max Mean Min SD CV% n  Max Mean Min SD  CV%
10-19 129 0.85 0.21 0.00 0.10 45 258 0.85 0.22 0.00 0.07 31
20-29 36 117 025 0.02 017 70 65 1.17 031  0.00  0.25 81
30 -39 60 110 042  0.00  0.19 44 156 294 046  0.00  0.20 42
40 - 49 46 139 044  0.00 039 87 77 139 039  0.00 0.32 82
50 - 59 17 132 036 000 0.27 76 24 .32 035  0.00 021 62
60 - UP 40 1.18 041 003  0.22 546 67 1.98 042  0.00 017 41
Total 328 1.39 032 000  0.08 26 647 294 033 0.00  0.09 28

n, number of observations; CV, coefficient of variation; SD, standard deviation; Max, maximum; Min, minimum

Table 4 Annual values of recruitment, mortality and illegal cut

Density (trees/ha/year)

Percentage of 1998 (% of 1998)

Group
Mean + SD* Range Mean +SD Range
All trees = 10cm
Recruitment 126 £ 93 0.0~30.4 2.5%£2.2 0:0~ 6.5
Mortality 122 +14.6 0.0~54.3 24+43 0.0~17.2
Illegal cut 10 = 18 0.0~ 5.0 02+0.4 0.0~ 1.1
Commercial trees = MDCL"
Recruitment 03 = 04 0.0~ 14 1.4£49 0.0~19.1
Mortality 01 = 03 0.0~ 14 0.5+1.3 0.0~ 4.4
Illegal cut 0.03+ 0.2 0.0~ 0.7 0.1+0.9 0.0~ 3.9

*SD: standard deviation
"MDCL: Minimum diameter cutting limit
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al. (2004) compiled data for tree mortality in mature rain
forests throughout the Amazon Basin, reporting mean values
(+SE) of 2.30+0.14% per year (number of sample (n)=31) for
mortality and 2.33+0.13% per year (n=32) for recruitment.
Puirrips and GENTRY (1994) collected data from mature South
East Asian rain forests, reporting mean values (£ SD) of 1.72 =
0.70% per year (n=9) for mortality and 1.75+0.66% per year
(n=9) for recruitment. SIST and NGUYEN-THE (2002) found that
logging and yarding increase mortality in undisturbed primary
at a rate of 1.5% per year.

Volume Increment

The mean (£SD) volume increment for all trees with DBH
> 10cm was 1.09 +3.35m*/ha/year and that for commercial
trees with DBH = MDCL was 0.86+ 1.33m?/ha/year. The
value for commercial trees (0.86m*/ha/year) was significantly
greater (P < 0.05, one tailed one sample t-test) than the value
(0.33m*/ha/year) presently used in Cambodia as the standard
figure for the calculation of cutting level. However, the value
for all trees with DBH = 10cm (1.09m®/ha/year) was not
significantly larger than 0.33m’/ha/year (P > 0.05, one tailed
one sample t-test). The coefficient of variation for all trees
among different plots was 300%.

Volume increment may change substantially depending
on minimum threshold DBH used for measurements or
calculations, monitoring length (VALLE et al., 2006) and species
(S1vA et al., 1995). Therefore, data from the present study
cannot be directly compared to other studies. Nevertheless,
our mean values (1.09 and 0.86m®/ha/year) are well within the
range between 0.5 and 2.0m’/ha/year reported from most
tropics mixed forests (RICE et al., 1998) and the ranges
obtained from the Brazilian Amazon (VALLE et al., 2006).

CONCLUSION

Information on forest stand dynamics is essential to
ensure sustainable yield, and there are abundant data for
tropical rain forests, especially those in mainland of Southeast
Asia; however, there have been few reports on tropical
seasonal evergreen forest. From the preliminary results
presented here, we conclude:

1) While species richness and stocking level in terms of basal
area are smaller in tropical seasonal forest than in tropical rain
forest, tree density, recruitment,
increment are similar.

2) The measured mean annual volume increment (0.86m’/
ha/year) for commercial trees with DBH = MDCL was
significantly larger than the value (0.33m’/ha/year) that has
been used in Cambodian management systems; however, this

mortality and volume

cannot be confirmed for the values for all trees with DBH =
10cm.

Further data from longer periods and other locations are
required to provide reliable estimates of sustainable yield to

J. For. Plann. 16:27-32(2010)

forest managers and planners.
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