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Abstract

The authors compared tropical rain forest canopy structure and tree species composition in‘two forests southeast of Kuala
Lumpur, Malaysia: a primary forest and a regenerating forest that was selectively logged in 1958. For each of the forests, the study
plots were set out and all trees of >1 cm in DBH (diameter at breast height) were mapped and measured. Canopy heights were
measured in the two study plots based upon aerial triangulation using aerial photographs taken over the forests in-1997. Using this
data, digital elevation-models of the canopy were then constructed. The mean canopy height was greater in the primary forest
(27.4 m versus 24.8 m), as was the variance in height and the number of emergent canopy trees >40 m height. The mean canopy
surface area in the primary forest was nearly 1.5 times the value in the regenerating forest, and the mean crown size of canopy layer
trees in the primary forest was more than twice that in the regenerating forest. The species diversity index (Fisher’s o) differed for
the two forests, indicating that tree species diversity had been affected by the logging. Both forests had the same five families with
the greatest stem density (stems ha™"), but the 50 most abundant species, in terms of both stem density and basal area, differed
greatly between the two forests. Stem densities and basal areas were similar, but the number of stems per hectare and the basal
areas of medium-sized trees (10-30 cm in DBH) were distinctly higher in the regenerating forest. These results suggest that
average basal area and stem density in the regenerating forest that had been selectively logged 41 years earlier had recovered to
levels similar to those in the primary forest; however, the regenerating forest had a more monotonic canopy structure comprised of
medium-sized trees growing at high density. These findings also imply that structural development takes a long time to manifest in
a regenerating forest as a result of the time taken for the development of emergent and canopy trees and the formation of gaps;
structural development might also be delayed by the high density of medium-sized trees in the canopy layer.
© 2002 Elsevier Science B.V. All rights reserved.
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Richards, 1952; Brunig, 1970; Holdridge et al., 1971;
Walter, 1971; Whitmore, 1984), but few studies have
focused on the forest’s dynamic features, which may
change in response to logging, burning, clearing, and
other human impacts. Selective logging is the most
popular and most widely employed approach for
commercial timber production in southeast Asia,
and its impacts on forest structure, composition, and
regeneration dynamics are large; this has concerned
forest managers and forest ecologists greatly.
Although district forest department offices undertake
periodic censuses after logging operations to investi-
gate regeneration of the forest and determine the
proper logging intervals (Wyatt-Smith, 1963; Thang,
1987), most censuses focus on commercial timber
species; as a result, they neglect changes in composi-
tional and structural aspects of other species. To
provide the fundamental knowledge required to under-
take sustainable management of the forests, both
silviculturally and ecologically, more precise studies
are needed to clarify the effects of logging on stand
structure, floristic composition, and species diversity,
including those of non-timber species (Shugart and
West, 1981; Favrichon, 1998). In addition, since
canopy structure determines and is determined by
the species present in a forest, the dynamic features
of the forest after logging provide a good indicator for
predicting the ecological soundness of logging and the
sustainability of the operation (Clark et al., 1996).
In peninsular Malaysia, a selective logging regime
named the ‘“Malaysian Uniform System” (MUS) was
commonly used from the 1950s to the 1970s. A part of
the Pasoh Forest Reserve was originally logged under
this system from 1954 to 1959. A tree census con-
ducted in 1989 in the reserve and its vicinity (Man-
okaran, 1996) indicated that, under the MUS, there
was considerable regeneration of commercial timber
species (e.g., Dipterocarpaceae) in the regenerating
secondary forest even 34 years after logging. How-
ever, the stand structure and the species composition
of major tree families (>10 cm in DBH—diameter at
breast height) in the logged forest differed distinctly
from those observed in the primary forest. Such
differences have also been reported in the African,
South American, and Central American tropical
regions (Crow, 1980; Chapman and Chapman,
1997; Webb, 1997; Whitman et al., 1997; Panfil and
Gullison, 1998; Finegan and Camacho, 1999).

However, few studies have examined the changes in
canopy surface structure after logging. Before begin-
ning the present study, we acquired satellite (LAND-
SAT) images of the study area taken in 1988, and
found that the surface texture of the canopy in regen-
erating forests logged in the 1950s differed dramati-
cally from that of primary forest (Fig. 1). We
suspected that the observed differences arose primar-
ily from changes in stand structure, stem density,
individual crown size of canopy trees, species com-
position, and other functional aspects of the forest as a
result of the logging. For this reason, it was desirable
to study differences in the floristics, stand structure,
and canopy structure of the unlogged and logged
forests. With the help of aerial photographs and tree
census data, we analyzed how these functional aspects
of the forest had been altered by the selective logging.

“ We hypothesized that the impacts of logging on the

forest remained visible in the form of delayed struc-
tural development in the regenerating forest.

2. Methods and study area
2.1. Study area and logging history

The site where we conducted the present study was
an old-growth lowland dipterocarp forest within the
Pasoh Forest Reserve (latitude 2°59’N, longitude
102°18'E), which is located in the state of Negeri
Sembilan, about 70 km southeast of Kuala Lumpur,
Malaysia. The mean annual rainfall from 1974 to 1992
at Pasoh-Dua (latitude 2°56'N, longitude 102°18'E),
6 km south of the reserve, was 1842 mm, with distinct
peaks in April-May and November-December (data
provided by the Malaysian Meteorological Service).
The soil type of the study area is Bungor-Malacca
Association Type (data provided by the Malaysian
Soil Science Division), which develops mainly from
shale, granite, and fluviatile granite alluvium parent
materials (Allbrook, 1973). The topography consists
mainly of flat alluvial areas, with smaller expanses of
swales, riverine areas, and gently rolling hills with
slopes of between 3° and 10°.

The overall vegetation type in the reserve is lowland
dipterocarp forest, which is characterized by a high
proportion of species in family Dipterocarpaceae
(Symington, 1943; Wyatt-Smith, 1961, 1964). Based
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Fig. 1. A map of the study area, showing the location of the tree census plots in the primary and regenerating forests of the Pasoh Forest

Reserve, Negeri Sembilan, Malaysia. The photograph is a LANDSAT image taken in 1988. The regenerating forest was logged between 1955
and 1959 under the MUS. The differences in canopy texture between the two forest types are visible.

on floristic evidence, the core area of the primary forest 1990; Manokaran and LaFrankie, 1990). Lowland dip-
in the study area was generally homogeneous, with no terocarp forest is one of the most species-rich commu-
evidence of major disturbance, and appeared to be a nities in the world, with more than 200 tree species per
representative example of the lowland forest of the hectare. Approximately, 25% of the total number of

south-central Malay Peninsula (Kochummen et al., tree and shrub species (3197) recorded in the Malay
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Peninsula were found within the study plots (Kochum-
men et al., 1990). In contrast, the southern and eastern
edges of the reserve had been selectively logged from
the mid-1950s until the early 1970s (Fig. 1).

The MUS logging regime involved removing the
mature crop in a single harvest of all trees >45 cm
DBH (all species) and releasing selected natural
regeneration of various ages, most of which were
light-demanding, medium- and light density hard-
wood species (Thang, 1987, 1997). Wyatt-Smith
(1963) described MUS as felling of the upper canopy
(which consists of the economic crop), followed
immediately by girdling the remaining large unmerch-
antable canopy trees using herbicide. This treatment
was extended to all smaller trees and saplings with a
DBH >15 cm, other than economically valuable spe-
cies of sound form. Thus, the MUS was a system for
converting the virgin tropical lowland rain forest (a
rich,” complex, multi-species and multi-aged forest)
into a more or less even-aged forest that would contain
a greater proportion of commercially valuable species
(Wyatt-Smith, 1963). -

2.2. Tree census in the study plots

Two study plots were established within the reserve:
one 50 ha plot (1000 m x 500 m) lay in the primary
forest towards the center of the reserve, and a second
6 ha plot (300 m x 200 m) lay in a part of regenerating
forest in which MUS had been practiced in 1958. The
sites for the two plots were chosen to have the same
soil types (Bungor-Malacca Association Type) and
similar topographic features, consisting of flat alluvial
areas and gently rolling hillslopes, thereby minimizing
the confounding effects of these factors.

We considered that a 6 ha plot was large enough to
investigate the canopy height and structure in the regen-
erating forest, since, prior to the present study, we had
examined the canopy surfaces from a 52 m tower on the
boundary between the two forests (regenerating and
primary) and had found that the canopy structure was
mostly monotonous throughout the regenerating forest.
In addition, the cumulative number of species in areas
<6 ha was approximately 85% of the total number of
species in the 50 ha plot in the Pasoh Forest (Okuda,
unpublished data). Furthermore, most inventory studies
conducted in mixed dipterocarp forests have used
plots of between 1 and 6 ha (e.g., Manokaran, 1996;

Niiyama et al., 1999). In contrast, the primary forest
had a highly heterogeneous canopy structure. There-
fore, we used the tree demography data taken for the
full 50 ha area of the plot in the primary forest, which
had been established prior to the present study.

The tree census (diameter measurement and map-
ping) in the regenerating forest plot was undertaken in
October 1997 and completed in February 1999. The
methodology for establishing the plot and the tree
census followed the sampling regime described by
Manokaran et al. (1990). This approach had been
previously employed in 1985 to establish the 50 ha plot
in the primary forest. In both plots, all woody plants
>1cm DBH were identified, measured, and tagged
(using consecutive numbers), and their positions were
mapped to the nearest 10 cm. The census of the primary
forest was based on the second 5-year re-census of the
forest, which began in November 1995 and was com-
pleted in November 1997 (Manokaran et al., 1999). The
Forest Research Institute of Malaysia (FRIM) and the
Smithsonian Institute had established the initial census
in 1985. In the present study, the most up-to-date re-
census data (1995-1997) were compared with the tree
census data from the plot in the regenerating forest.

2.3. Aerial photographs of the canopy’s surface
structure

Aerial photographs of the center of the Pasoh Forest
Reserve were taken at a 1:6000 scale in February 1997,

“and covered the entire extent of both plots. To produce

a photogrammetric map with sub-meter accuracy, four
1m x 1 m markers used as ground control points
(GCPs) were set in place before beginning the aerial
photography. Two of the markers were hung between
canopy trees at the northern corners of the 50 ha plot;
the other two markers were set on the ground outside
the forest, where the forest had been converted into an
oil palm plantation in the early 1970s. No tall vegeta-
tion obstructed an aerial view of the markers within
50 m of the markers in the cleared area of the oil palm
plantation. The visibility of all four markers was con-
firmed from the aircraft before taking the aerial photo-
graphs. The 6 ha plot in the regenerating forest was
established beneath the flight lines that connected
the markers outside and inside the forest. The positions
of these markers were surveyed using GPS receivers,
and traverses were performed with EDM (electronic
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distance measurement) instruments, which measure

distances using electromagnetic waves. In addition to '

the four GCPs, four reference points were placed inside
each plot to calibrate elevations and coordinates. The
final coordinates and elevations were linked with the
Malaysian Rectified Skew Orthomorphic (MRSO) sys-
tem and height datum.

Based on these aerial photographs and the GCPs, we
carried out aerial triangulation to establish the neces-
sary minor photographic control points for stereo
digitizing. A digital elevation model of the canopy
surface (CDEM) was developed using an analytical
stereo-plotter. Only the center position of each stereo
model was used in order to achieve relatively reliable
stereo interpretation and measurement. The digitiza-
tion used a grid pattern with 2.5 m intervals. The
precision of the height measurement was better than
0.5 m for well-defined and clear surface objects (e.g.,
the canopy tower near the study area, the 1m x 1 m
markers in the canopy and on cleared areas of ground,
and the roads or trails in the oil palm plantation). The
grid data for ground elevation heights (GEHs) were
again interpolated at 2.5 m intervals in order to match
the array in the CDEM sub-grid system. Canopy height
(CHT) was then obtained by subtracting the GEH from
the CDEM height for every 2.5 m interval. On the basis
of the digital elevation models determined by CHT, we
created TIN (triangulated irregular network) digital
terrain models (Richbourg and Stone, 1997; Walker,
1999) for each forest plot using Arc View GIS software
(version 3.1) (Environmental System Research Insti-
tute, Inc., Redland, USA), and obtained the canopy’s
surface area for every perpendicularly mapped subplot
(2.5m X 2.5 m). The crowns of the canopy trees were
mapped in both plots using stereoscopes to measure the
aerial photographs and determine the projected area
for each individual canopy tree.

2.4. Data analysis

It is known that the species composition and struc-
tural aspects of a forest are sometimes spatially auto-
correlated when plots are subdivided into smaller
subplots (Thomson et al., 1996; Nicortra et al., 1999),
and that the smaller the subplot, the greater the expected
degree of autocorrelation among the subplots. Clatk

et al. (1996) discussed how to determine the optimal

size of subplots, and found that sizes greater than

50m x 50 m minimized the amount of autocorrelation.
They proposed that this finding could be applied to old-
growth tropical forests. Thus, we chose the subplot size
of 50m x 50 m to test the statistical differences in stem
density and basal area between the two forests for every
DBH class. Fisher’s o (Fisher et al., 1943) was also
calculated in every one of these subplots in order to
compare the tree species diversity of the two forests.
For the comparison of stand structure, species com-
position, stem density, and other vegetational aspects
between the primary and regenerating forests, the spe-
cies recorded in both forests were classified into five
species groups (“layer groups”) based on similarities in
the species’ ecological characteristics, and in particular,
the layer they occupied within the overall forest struc-
ture: emergent (E), canopy (C), understory (U), treelet
(T), and shrub (S). These classifications were based on
empirical knowledge reported in the literature (Syming-
ton, 1943; Whitmore, 1972a,b; Ng, 1978; Kochummen,
1979) and were used to detect general trends in the
response of the tree species to logging, as well as to
overcome the problem of most species being repre-
sented by small populations (Manokaran and Swaine,
1994). These classifications are described in detail in
the literature (Manokaran, 1996; Manokaran and
Swaine, 1994; Okuda et al., 1997, in press). Note that
these layer classes (emergent, canopy, etc.) were not
based on the heights of individual trees, but refer to
groups of species that are categorized as “emergent”,
““canopy”, or other layer groups. Thus, even “emer-
gent” includes juvenile trees as well as large, mature
trees. As for tree size classes, unless otherwise speci-
fied, they were defined according to DBH as follows:
<2 cm, saplings; 2-6 cm, small trees; 6-10 cm, semi-
medium-sized trees; 10-30 cm, medium-sized trees;
and >30 cm, large trees. Species with a typical succes-
sional status were grouped into the following three
groups based on the personal experience of researchers
in this field (Peter S. Ashton, Harvard University) and
on results from other studies (Ng, 1978; Whitmore,
1972a,b): shade-tolerant climax species, late-succes-
sional species, and early-successional pioneer species.
The statistical differences mentioned hereafter are
based upon the ANOVA results, unless otherwise
specified. For those cases with unequal variance, we
employed a non-parametric analysis (Mann—Whitney
U-test). All statistical analyses were undertaken using
StatView (version 5.0, SAS Institute, Inc., Cary, NC).
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3. Results

3.1. Canopy surface structure (canopy height,
canopy surface area, crown size)

The mean canopy height in the primary forest was
27.4 m, and this value was significantly (Mann-Whitney
U-test, P < 0.001) higher than the mean of 24.8 m
in the regenerating forest (Fig. 2). The mean height
of the tallest canopy within the extended subplot was
46.5m in the primary forest, versus 41.1 m in the
regenerating forest, and this difference was also statis-
tically significant (Mann—Whitney U-test, P < 0.001).
In addition, the variance of canopy height in the primary
forest (6> = 99.92) was more than double the value in
the regenerating forest (62 = 44.63), and the difference
was statistically significant (based on F-test to examine
equal variance, P < 0.0001). The coefficient of varia-
tion was also higher in the primary forest (CV = 0.365)
than in the regenerating forest (CV = 0.270). The
proportion of low canopy (<15 m) in the primary forest
was 10.1% of the total (» = 80,601), versus 5.3% in the
regenerating forest (n = 9801). In contrast, the propor-
tion of higher canopy (>40 m) was substantially higher
in the primary forest (12.8% versus 1.7%). The tallest
canopy trees in the primary forest reached heights of
62.6 m versus 47.0 m in the regenerating forest. These

8 -

Frequency (%)

0 10 20 -

findings suggest that there are more mature trees of
emergent and canopy species in the primary forest than
in the regenerating forest. The complexity of the canopy
in terms of height was also much greater in the primary
forest than in the regenerating forest as shown by the
variance in canopy height.

The canopy surface area per perpendicularly
mapped subplot (2.5m x 2.5m) averaged 17.4 m?
(27,845 m*ha™") in the primary forest. This was
almost 1.5 times the value in the regenerating forest
(12.0 m* per subplot, 19,272 m?>ha~?') (Fig. 3). The
canopy surface structures also could be compared by
the number of horizontal planes in the TIN models of
the two forests. We defined ‘‘horizontal planes” to be
the triangular planes created by the TIN model whose
size was no more than 5% greater than the original size
of the perpendicularly mapped planes. Such horizontal
planes amounted to 2.9% of the total in the primary
forest versus 4.3% in the regenerating forest, and the
average number of such planes per 50 m x 50 m sub-
plot was significantly higher (P < 0.0001) in the
regenerating forest ‘than in the primary forest. The
remaining surfaces were all slanted to a greater extent,
which suggests that almost all of the canopy surface is
either convex or concave, and represents gaps within
or between tree crowns. In addition, the “horizontal
planes” were generally scattered throughout the forests,

B Primary forest
B Regenerating forest

30 40 50 60
Height Class (m)

Fig. 2. The canopy’s height class distribution in the primary and regenerating forests. The Y-axis represents the relative frequency (%) in each
height class as a function of the total number of grid points where canopy height was measured (n = 80,601 in the primary forest plot;
n = 9801 in the regenerating forest plot). The average height in the primary forest (27.4 m) was significantly higher (P < 0.001) than that in

the regenerating forest (24.8 m).
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Fig. 3. The distribution of the canopy surface area classes in the primary and regenerating forests. The Y-axis represents the relative frequency
(%) when each of the study plots was subdivided into 2.5m x 2.5 m subplots (the total number equal to that in Fig. 2).

although the proportion of areas with more than
two consecutive horizontal planes per 50m x 50 m
subplot was significantly higher (P < 0.0001) in the
regenerating forest than in the primary forest. There-
fore, the reduced complexity of the canopy surface in
the regenerating forest did not arise from the existence
of a large proportion of horizontal planes, such as can
be seen in the continuous dwarf form of the canopy
that characterizes the coastal vegetation and Kerangas
forest in Borneo; instead, it arose primarily from the
lack of an emergent layer above the main canopy.

16 _
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The crown sizes of individual canopy trees were
also significantly larger in the primary forest than
in the regenerating forest (Mann—Whitney U-test,
P < 0.0001) (Fig. 4). Crown sizes in the primary
forest ranged from 3.7 to 886.8 mz, with a mean of
94.5 m® versus 3.3-402.5 m?* and a mean of 42.9 m* in
the regenerating forest. The coefficient of variation in
the primary forest (CV = 0.93) was larger than that in
the regenerating forest (CV = 0.83), and the variance
of crown size was significantly different between the
two forests (based on F-test to examine equality of

B Primary forest
Bl Regenerating forest

4 5 6 7
Ln (crown surface area m?)

Fig. 4. Crown size distribution in the primary and regenerating forests. The Y-axis indicates the relative frequency (%) of trees within a given
crown size class as a function of the total number of trees (n = 3671 in the primary forest; n = 1136 in the regenerating forest).




304

variances, P < 0.0001). The number of trees with a
crown size of >300m? (about 20m in diameter)
averaged 2.6 ha™" in the primary forest and 0.5 ha~!
in the regenerating forest. In contrast, the number of
trees with smaller crowns (<100 m? about 11 m in
diameter) averaged 49.5 ha™! in the primary forest and
177.5ha™"! in the regenerating forest. Trees with a
crown size of less than 80 m? (about 10 m in diameter)
comprised 57% of the total in the primary forest versus
89% in the regenerating forest. In contrast, trees with a
crown size >80 m? accounted for 75% of the total
projected crown area in the primary forest versus only
30% in the regenerating forest.

3.2. Stand structure
The stem densities were measured in every extended
subplot (50m x 50 m) and were averaged to provide

an estimate for each plot as a whole. Although stem
densities were higher for all tree size classes combined

Table 1
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in the primary forest (6418 stems ha™!) than in the
regenerating forest (6067 stems ha™!), the difference
was not significant (P > 0.05; Table 1). The stem
densities of small regenerating trees (<10 cm DBH)
were higher in the primary forest than in the regenerat-
ing forest (P < 0.03), but it was not the case for the
medium-sized trees (10-30 cm DBH).

We compared the stand structures of the two forests
in terms of the five different layer groups (emergent,
canopy, understory, treelet and shrub species). Note
that trees are categorized by species group into one of
the five layers, so that “emergent”, e.g., includes all
tree size classes from small saplings to adults, as
described in the study methods. The distribution of
stem densities in the canopy layer group as a function
of size class generally followed the same trend as that
for all layer groups combined (Fig. 5); i.e., tree density
in the range from the semi-medium to medium size
classes (6-30 cm DBH) was significantly higher in the
regenerating forest than in the primary forest, but was

Comparison of stem density and basal area between the primary and regenerating forests

DBH size class Stem density (trees/5S0m x 50 m subplot)

Basal area (cm%50m x 50 m subplot)

Ci
fem) Primary forest Regenerating forest Primary forest Regenerating forest
Mean S.E. Mean SE. Mean S.E. Mean S.E.
(1,10] 1458.13 19.31 1335.92 46.09" 14820.27 139.75 16559.41 346.82""
(10,20] 101.03 0.94 128.58 267" 15139.11 149.14 19457.59 515.28™
(20,30} 25.30 0.39 31.17 1.71* 11597.98 177.33 14229.93 823.66™
(30,40] 9.52 0.21 11.21 1.02" 8786.31 199.76 10030.23 924.20
(40,501 4.18 0.13 421 0.40 6454.22 207.40 6575.85 656.46
(50,60) 2.70 0.12 2.92 045 6260.28 270.15 6777.68 1021.14
(60,70] 1.43 0.09 1.46 0.31 4639.59 298.35 4652.26 989.07
(70,80] 0.82 0.06 0.50 0.14 3567.16 264.72 2171.62 590.32
(80,90] 0.56 0.05 0.54 0.12 3138.29 289.98 3044.84 670.99
(90,100] 035 0.04 0.08 0.06" 2463.94 299.56 593.08 411.39"
(100,110] 022 0.03 0.00 0.00 1858.00 295.65 0.00 0.00"
(110,120] 0.12 0.03 0.08 0.08 1185.78 255.69 860.13 860.13
(120,130] 0.09 0.02 0.00 0.00 1090.73 289.05 0.00 0.00
(130,140] 0.05 0.02 0.00 0.00 637.74 208.45 0.00 0.00
(140,150] 0.01 0.01 0.00 0.00 163.57 115.37 0.00 0.00
(150,160] 0.02 0.01 0.00 0.00 371.62 184.53 0.00 0.00
(160,170] 0.02 0.01 0.00 0.00 313.92 180.37 0.00 0.00
(170,180] 0.01 0.01 0.00 0.00 124.78 124.78 0.00 0.00
(180,190] 0.01 0.01 0.00 0.00 129.30 129.30 0.00 0.00
(190,200] 0.01 0.01 0.00 0.00 152.02 152.02 0.00 0.00
All size classes 1604.52 19.49 1516.67 44.58 82894.58 864.34 84952.61 2251.00

*P < 0.05.
** P < 0.0001.

A4
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Fig. 5. Stand structures of the primary and regenerating forests in terms of five different layer groups (emergent, canopy, understory, treelet
and shrub) and for all layer groups as a whole (“‘total”’). Asterisks indicate the level of significance of the differences in the number of trees per
hectare between the primary and regenerating forests: (x#x%) P < 0.001, (xxx) P < 0.005, (¥%) P < 0.01, (*) P < 0.05. The stem density in
the two size classes (90-100 cm DBH, >100 cm DBH) shown in the “total” graph was larger in the primary forest than in the regenerating

forest, although the bars are not visible in the graph.

lower in the larger (40-60 cm DBH) size classes. This
trend was also evident in the emergent layer groups,
but not as apparent as that for the canopy layer groups,
particularly in the classes ranging from 4 to 8 cm
DBH. The trend became less distinct in the understory
layers. However, the stem densities of smaller trees
(<4 cm DBH) in the treelet and shrub layers were

much higher in the primary forest than in the regen-
erating forest. Higher densities of smaller trees in the
combined layers (described as ‘“‘total” in Fig. 5)
resulted largely from this trend in the lower layers.
The basal area for all DBH classes combined was
around 33.1m*ha™! in the primary forest versus
34.0 m* ha™! in the regenerating forest. This difference
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Table 2

Comparison of tree density (stems ha™") for the five most abundant families in the primary and regenerating forests

Family name Primary forest Regenerating forest
Density (stems ha™!) Percentage of total density Density (stems ha™") Percentage of total density

Euphorbiaceae 906.8 14.1 1013.7 16.7
Dipterocarpaceae 587.4 9.2 638.3 105
Annonaceae 470.8 7.3 287.8 4.7
Rubiaceae 381.8 5.9 283.2 47
Burseraceae 341.0 5.3 454.5 75
All five families 2687.7 41.8 2671.5 441

was not significant (P > 0.05). The basal area for all

size classes <30 cm DBH, which accounted for just

above 50% of the total, was always significantly
(P < 0.0001) higher in the regenerating forests than
in the primary forest. However, when these size classes
were broken down into smaller divisions, the basal area
in the tree size classes <3 cm DBH were significantly
(P < 0.001) higher in the primary forest than in the
regenerating forest. In the tree size classes >70 cm
DBH, the basal area was always higher in the primary
forest than in the regenerating forest, but, as was the
case for stem density, these differences were significant
(P < 0.05) for only two size classes (90-100 and 100—
110 cm DBH) (Table 1). No trees of more than 116 cm
DBH were found in the regenerating forest, whereas the
largest tree in the primary forest was a Neobalanocar-
pus heimii with DBH of 196.3 cm.

These findings suggested that most of the regenera-
tion that arose after logging is now clustered in the
medium size classes rather than in the larger or sapling
classes, even though the total basal area in the two
forests was the same. It is obvious that the aggregation
of medium-sized trees which occurred in the regen-
erating forest developed mainly because of the high
density of canopy or emergent applicants that had
originally been remnant cohorts after logging.

3.3. Species composition and diversity

The most recent re-census in the 50 ha plot in the
primary forest counted 320,903 individuals in 77 fami-
lies, 298 genera, and 822 species. In the 6 ha regenerating
forest plot, 36,401 individuals were recorded in 76
families, 254 genera, and 672 species. The total number
of species that occurred in either or both plots was 866.
Of these species, 44 were found only in the regenerating

forest, 194 were only found in the primary forest, and 628
species were common to both forests.

The five most abundant families in terms of stem
density for trees >1 cm DBH did not differ between the
primary and regenerating forests; the most common
family was the Euphorbiaceae, followed by the Dipter-
ocarpaceae in both forests (Table 2). The top five
families ranked in terms of their basal area per hectare
showed a slightly different trend, with different families
accounting for more of the basal area; e.g., the Legu-
minosae became more important in both forests than
was indicated by stem density alone (Table 3).

There was a large gap between the Dipterocarpaceae
and the next most abundant family, which accounted for
less than 10% of the total in both forests (Table 3). Note
that trees >1cm DBH in the Dipterocarpaceae
accounted for 27.3% of the total basal area in the
primary forest and 30.8% in the regenerating forest.
The Dipterocarpaceae did not account for such a large
proportion of the total stem density (Table 2); this
suggests that, compared with other families, this family
is represented by relatively few, large trees. Although
the basal area of dipterocarps of ‘all sizes and their
proportion of the total basal area did not differ signifi-
cantly (P > 0.05) between the primary and regenerating
forests, the values in the size classes ranging from 10 to
60 cm in DBH were significantly greater (P < 0.001)in
the regenerating forest than in the primary forest.

It is notable that the Moraceae and Rubiaceae, both
rich in successional species, were ranked within the 10
most abundant families in the regenerating forest but
were absent from the top-10 families in the primary
forest. The mean basal area of the Leguminosae was
significantly higher (P < 0.01) in the primary forest
than in the regenerating forest, whereas the basal areas
of the Euphorbiaceae and the Fagaceae were higher in
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Table 3
Comparison of tree basal area per hectare for the 10 most abundant
families in the primary and regenerating forests

Family Basal area (m*ha~')  Percentage of total
basal area
Primary forest
Dipterocarpaceae® 9.1 273
Leguminosae® 2.8 85
Euphorbiaceae® 24 74
Burseraceae® 2.0 6.1
Myrtaceae 1.1 34
Annonaceae® 1.1 34
Fagaceae® 1.1 33
Anacardiaceae® 0.9 2.8
Myristicaceae® 0.9 2.8
Sapindaceae 0.9 2.7
All ten families 224 67.7
Regenerating forest
Dipterocarpaceae®  10.5 30.8
Euphorbiaceae® 34 10.0
Burseraceae® 23 6.7
Fagaceae® 1.8 5.4
Leguminosae® 1.5 4.4
Annonaceae® 1.4 4.1
Moraceae 1.3 3.7
Rubiaceae 1.1 3.2
Myristicaceae® 1.0 3.0
Anacardiaceae® 0.7 2.1
All ten families 249 734

# Abundant in both the primary and the regenerating forests.

the regenerating forest. The basal area of the Anno-
naceae was also larger in the regenerating forest than
in the primary forest, but the difference was marginal
(P < 0.05). Others of the 10 most abundant families
did not differ significantly between the two forests.
The compositions of the most abundant species in the
two forests (in terms of stem density) differed greatly.
The 50 most abundant species in the primary forest and
the 50 most abundant species in the regenerating forests
were drawn from a total of 76 species; however, only 24
species (31.6%) were included in the 50 most abundant
species in both forests (Appendix A). Shorea maxwelli-
ana and S. acuminata, which are commercial timber
species, ranked within the 50 most abundant species
in each forest. However, N. heimii, another highly
valued timber species that was common in the primary
forest (66.7 stems ha™') was quite uncommon in the
regenerating forest (10.8 stems ha™'). In contrast with
the species abundance based on stem densities, 10

dipterocarp species were among the 50 most abundant
species in terms of basal area in both the primary and
the regenerating forests (Appendix B).

It is notable that climax or late-successional species
(e.g., Cynometra malaccensis, Sarcotheca griffithii,
Millettia atropurpurea, Intsia palembanica, Shorea
ovalis, Ochanostachys amentacea, Pentaspadon
motleyi and Mesua ferrea) were all ranked in the 50
most abundant species in the primary forest in terms of
basal area per hectare, but this was not the case in the
regenerating forest (Appendix B). In ¢ontrast, the early
successional species Endospermum malaccense, Por-
terandia anisophylla and Croton argyratus were among
the 50 most abundant species in the regenerating forest,
but their abundance (in terms of basal area per hectare)
was relatively small in the primary forest, so they were
not ranked among the 50 most abundant species there.

The mean value of Fisher’s o was 122.1 in the primary
forest—significantly higher (P < 0.0001) than the
value of 110.1 in the regenerating forest. These findings
suggest that there were differences in the species diver-
sity or heterogeneity of the two forest types.

4. Discussion
4.1. Canopy height and surface structure

The effects of selective logging using the MUS
approach on canopy and stand structure and on tree
species composition were extensive, and remained
evident even 41 years after the logging operation. Such
differences in canopy height between primary and
regenerating forests can be seen both within the study
area (as shown in the satellite image in Fig. 1) and in
many other places in the tropics (Knight, 1975; Foster
and Brokaw, 1982; Lang and Knight, 1983). In addition
to the height difference, the variations in canopy height
were much smaller in the regenerating forest than in the
primary forest. This may have been due primarily to the
fact that most of the growth arose immediately after
logging in the regenerating forest, whereas regeneration
in the primary forest occurred intermittently via gap
formation. The low frequency of gap formation in the
canopy of the younger regenerating forest might have
led in turn to a uniform structure of even-aged cohorts
of canopy-forming trees. Low frequencies of gap for-
mation in logged or regenerating forests have been
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reported elsewhere in the tropics (e.g., Chapman and
Chapman, 1997). Moreover, gaps tend to be smaller and
less frequent in young forests, but increase in frequency
as the forest ages (Knight, 1975; Brokaw, 1982; Lang
and Knight, 1983). Although, the present study did not
examine the difference in gap formation rate between
the two study plots (regenerating versus primary forest),
a study conducted elsewhere in the Pasoh Forest
revealed that the proportion of regenerating patches
that resulted from gap formation was higher and the
average gap size was larger in the primary forest than in
the regenerating forest (Yasuda, 1998). According to
this study, the proportion of gap area increased from 4.3
to 14.6% in the primary forest after a strong storm
occurred in mid-1995 in the Pasoh region, while the
value changed from 2.0% to only 3.1% in the regen-
erating forest. These facts imply that the structure of the
regenerating forest is not yet mature and the probability
of gap formation is higher in the primary forest.

The present study showed that the average size of
canopy crowns was much smaller in the regenerating
forest than in the primary forest, whereas the number of
canopy trees identified by aerial photography was much
lower in the primary forest than in the regenerating
forest. Some short trees with small crowns in the
primary forest were not visible, and their outlines could
not be identified from the aerial photographs because
they were concealed by taller canopy trees with large
crowns. These “invisible” trees were not considered in
the crown mapping. Thus, the density of canopy trees
identified in the aerial photography did not necessarily
represent the actual density of stems in the emergent,
canopy, and sub-canopy layers; this number can be
derived from tree census data. Furthermore, the
“crowns” of trees in the top layer that we identified
by aerial photography might have comprised more than
one individual. These are reasons why the density of
canopy trees calculated from the aerial photographs
was much less in the primary forest (73.4 stems ha™")
than in the regenerating forest (189.3 stems ha™h).
Nevertheless, the canopy layer in the regenerating
forest was densely packed with many trees with small
crowns, whereas the canopy of the primary forest was
characterized by unevenness in crown size and high
convexity (i.e., there were many emergent crowns). The
complexity and heterogeneity of the canopy surface
structure that was evident in the primary forest has not
yet completely recovered in the regenerating forest.

4.2. Stand structure and species composition

The present study showed an aggregation of medium-
sized trees within the stand structure of the regenerating
forest, and this aggregation was apparent in the species
that formed the canopy and emergent layers (Table 1,
Fig. 5). The high density of canopy or emergent appli-
cants is predicted to have originated from remnant
cohorts after logging; these trees had not reached the
minimum size for harvesting, but had been left unhar-
vested because they were regarded both as commercial
species and as having sound form at the time of the
logging operations. Supardi (1999) analyzed stem den-
sity in study plots elsewhere in the Pasoh region and
demonstrated that there was a higher density of med-
ium-sized trees in the regenerating forest than in the
primary forest. Thus, aggregation of medium-sized
trees within the stand structure may be commonly found
throughout the regenerating forests of the study site.

The average annual increase in DBH of canopy trees
measured in the 50 ha plot of primary forest from 1985
to 1995 was 1.1 cm per year for the most rapidly
growing 10% of the trees (at 40-50 cm DBH). The
growth rate increased to 1.6 cm per year as stem DBH
increased (Okuda, unpublished data). The values mea-
sured by dendrometer elsewhere in our study site were
even higher, ranging from 1.2 to 2.2 cm per year in the
canopy-forming dipterocarp trees (e.g. Shorea lepro-
sula) (Toma et al., 1994). Although tree growth data
were unavailable for the area of regenerating forest
where the present study was conducted, the trees in the
regenerating forest that survived the logging operations
in the 1950s—the most sound and healthy commercial
timber species with high growth rates, originally
<45 cm in DBH—are most likely to have formed the
canopy layer later on. If the highest growth rate of
canopy trees in the primary forest is applied to the trees
in the regenerating forest, these surviving trees would
have possibly reached DBHs of more than 90 cm. (The
larger trees might have even enjoyed much higher
growth rates where competitors were removed, as the
MUS suggests.) However, both the stem density and
basal area in these size classes were significantly
(P < 0.05) lower in the regenerating forest. In contrast,
the stem densities in the medium size classes (10-30 cm
DBH) were much higher in the regenerating forest.

Nevertheless, because stem growth varies greatly by
species, season, edaphic conditions, and size of trees
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(Clark and Clark, 1996, 1999; Ong and Kleine, 1996), the
lack of big canopy trees in the regenerating forest may
simply imply that it takes more than 40 years after
logging for emergent species to grow tall enough to
penetrate the canopy layers. We also cannot exclude
the hypothesis that large ‘remnant trees’, which had nearly
reached the lower size limit for harvesting (45 cm in
DBH), were illegally logged, and that only the small
canopy trees were left behind during the logging opera-
tion. Thus, the development of the canopy structure would
have been slower than it otherwise would have been.
The present study was unable to show a propor-
tional difference in the abundance of climax or early-
successional tree species between the primary and
regenerating forests, since not all species could be
identified in terms of their successional status. How-
ever, typical early-successional species (e.g., P. ani-
sophylla, C. argyratus and E. malaccense) were more
common or abundant in the regenerating forest than in
the primary forest, and their total basal area was
significantly higher. The study plot in the regenerating
forest lay close to an oil palm plantation (Fig. 1), so we
cannot completely eliminate the possibility that some
of these early-successional/pioneer species invaded
the plot during the regeneration process after the
logging was complete. However, medium or larger
trees (10-60 cm DBH) of these species were also
found in the regenerating forest, so it appears likely
that these early-successional/pioneer species became
established immediately after the logging and remain
dominant in the regenerating forest. Statistical differ-
ences in Fisher’s o revealed that selective logging may
have reduced species diversity. However, we do not
completely exclude the possibility that these differ-
ences can be attributed to differences in the pre-
logging status and background of the two forest sites.

4.3. Effects of the MUS approach and implications
for sustainable management

In the present study, it was shown that some dipter-
ocarp species which are mostly commercial timbers,
maintained or even increased their level of stem density
and basal area in the regenerating forest. In the largest
size class group in the regenerating forest (trees
>60 cm DBH), the basal area per hectare for dipter-
ocarps accounted for 40-80% of the total basal area;
these proportions were significantly higher than those

in the same size classes in the primary forest (20-60%).
In this sense, changes in tree species composition seen
in the regenerating forest is exactly what the MUS
approach was originally designed to produce.

However, this is not the case as for other composi-
tional aspects. For example, the stem density of small
(<6 cm DBH) trees of many dipterocarp species (e.g.
Dipterocarpus cornutus, N. heimii, Shorea acuminata,
S. bracteolata, S. guiso, S. leprosula, S. lepidota, S.
ovalis, S. parvifolia, S. pauciflora), most of which are
categorized as highly commercial species, was signifi-
cantly lower (P < 0.01) in the regenerating forest than
in the primary forest. When the MUS approach was
originally formulated, the seedlings and saplings of
non-commercial tree species were supposed to have
been killed by repeated girdling with poison in order to
provide the open space for the seedlings and saplings of
commercial timber species. However, if these opera-
tions had been effective, the present sapling stocks of
commercial timber species in the regenerating forest
would be expected to be higher than those in the
primary forest. Because of the indistinct increases, or
even decreases, in abundance of sapling stocks in the
regenerating forest, we suspect that the competition-
control aspect of the MUS approach was not performed
adequately, and to this extent, the strategy failed to
accomplish some of its goals in our study area.

The MUS approach would have required regular
thinning at 20, 35 and 55 years after logging (Wyatt-
Smith, 1963), but such thinning operations were never
practiced in the Pasoh Forest Reserve (Manokaran,
1996). Instead, the vast, potentially valuable tracts of
lowland dipterocarp forest were cleared after the
1970s when the first of the thinnings should have
occurred; these cleared plots were converted into oil
palm plantations rather than being maintained as
secondary forest for timber production by selective
logging (Manokaran, 1996). Most selective logging
subsequently shifted to the hill dipterocarp forests
with the goal of producing timber under a logging
regime called the Selective Management System
(SMS). As a result, little forest was left that could
have been managed by the MUS approach, and this
approach was abandoned in the lowland forests.

The incomplete MUS operation in the study area in
turn resulted in the large amounts of tree regeneration
in medium-sized trees and minimal damage to the
forest floor that were observed in the regenerating
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forest in the present study. In the regenerating forest
plot (6 ha), we found only 15 stumps of large trees,
whereas the current logging regime being employed in
the hill forests near the study area extracted more than
20 trees per hectare. The remaining stumps do not
necessarily represent the actual number of trees felled
or poison-girdled, but the similarity in the properties
of the residual trees at the Pasoh study site is unlikely
to have resulted from factors such as logging damage,
excessive timber extraction, and soil disturbance from
logging operations, which can affect as much as 80%
of the timber resources and other ecological values of
a forest (Manokaran, 1996).

Nevertheless, even moderate logging resulted in
distinct changes in the fauna of the regenerating
forest. The insect species composition (understory
butterflies and soil micro-arthropods) was found to
differ between the primary and regenerating forests
(Fukuyama et al., 1998). Based on automatic photo-
graphy (i.e., cameras that were left unattended and that
were triggered by an infrared beam interrupted by
animal motion nearby) and live trapping, the species
composition of medium-sized and small mammals and
birds were also found to differ between the two types
of forest (Miura and Ratnam, 1998; Nagata et al.,
1998; Yasuda et al., 1998). Wild boar (Sus scrofa), pig-
tail monkey (Macaca nemestrina) were more often
seen in the regenerating forest than in the remaining
primary forest, while dusky leaf monkey (Presbytis
obscura) and white-handed gi bbon (Hylobates lar),
which spend most of their time in the canopy layer,
were less frequently observed in the regenerating
forest. The observed changes in the canopy structure
and lack of an emergent layer may have been respon-
sible for these changes in the animal composition and
distribution. These facts suggest that the structural
aspects of the canopy layers may in turn be diagnostic
indicators not only for assessing the dynamics and
regenerative status of a forest, but also for assessing
species richness and distribution of wildlife. This will
be of benefit to forest mangers and silviculturists who
have been looking for a rapid and simple assessment
of the ecological and productive potentials of a forest
before and after logging (Moravie et al., 1999).

Apart from the fact that the MUS approach to logging
seems not to have been fully practiced in the study area,
secondary effects on the biodiversity and forest micro-
climate were apparent. These effects could be expected

to be greater in the current logging regime (SMS), which
is being conducted with a shorter felling cycle and
greater level of timber extraction. Although the 70-year
felling rotation suggested by the MUS approach may be
a sustainable silvicultural system in the lowland dipter-
ocarp forest, the present logging cycle (25-30 years) is
too short to expect a healthy stocking of regeneration
(Manokaran, 1996; Kurpick et al., 1997). In addition,
reproduction of the major canopy-forming species takes
place synchronously, with mass fruiting events (“mast-
ing”) occurring at intervals of 2-10 years (e.g., Appanah,
1985, 1993; Ashton et al., 1988). These and other pheno-
logical characteristics must be taken into account when
planning the logging cycle. Second and third harvests
may not produce as much timber as in the first harvest,
and the decreased density of parent trees could easily
lead to inbreeding depression (Bawa and Krugman,
1991) and, ultimately, low genetic diversity and low
adaptive potential in the offspring (Konuma et al., 2000).

4.4. Requirements for further study

Some final points remain in need of further study and
analysis. In the present study, it was found that stem
density in small-sized trees (<4 cm DBH) was signifi-
cantly lower in the regenerating forest than in the
primary forest. The trend was more distinct in the
treelet and shrub layer species than in the upper story
species (emergent and canopy species) (Fig. 5). In
contrast to these results, however, the light intensity
values measured at 1 m above the ground under the
closed canopy in the regenerating forest were generally
5-10% of the levels measured in a completely open
area, whereas the corresponding values in the primary
forest, with a tall and multi-layered canopy, were less
than 1-2% (Okuda, unpublished data). Therefore,
despite higher light intensity at the forest floor than
in the primary forest, the lower stem density of sapling
size trees in the regenerating forest may be due to the
fact that after logging operations the residual adult trees
did not produce as many juveniles as the adult trees in
the primary forest did, or the original vegetation in
treelet and shrub layers of the regenerating forest has
not yet fully recovered from logging impacts.

For these points, further experimental research is
needed to study physiological responses of juvenile
and small trees under different light intensities and
qualities, since each tree species has an optimal range
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of light intensity and wavelength for growth (e.g. Lee
et al., 1997; Terborgh and Mathews, 1999) and they
might have had different responses to the light avail-
able and light spectrum in the primary forest and that
in the regenerating forest.

As well, tree species composition and canopy
height are altered by edaphic factors (topography
and soil type) (Newbery, 1991; Ashton and Hall,
1992; Okuda et al., in press). These factors cannot
be neglected in any consideration of niche separation
among the species in the tropical rain forest. The sites
for the two plots in the present study were chosen
because they had similar topographic and soil condi-
tions. However, small-scale changes in micro-edaphic
factors sometimes resulted in structural and composi-
tional differences, and such comparisons should be
redone to better account for differences in the topo-
graphic and soil types of each subplot.

5. Conclusions

The present study demonstrated that in the regener-
ating forest, canopy height was lower and the canopy’s
surface structure was more monotonic than in the
primary forest. As well, the stand structure, species
composition, and basal area of the major species dif-
fered between the two forests. Other investigators have
also reported increased tree density, reduced basal area,
a lower canopy height, and a more even (homogeneous)
canopy structure in younger forests (Knight, 1975;
Foster and Brokaw, 1982; Lang and Knight, 1983;
Chapman and Chapman, 1997). In contrast, Pélissier
et al. (1998) studied the impacts of selective logging,
10-15 years after harvest, on the dynamics of moist
evergreen forest in south India; they report that species
composition was not greatly altered and that growing
stocks (density and basal area) will gradually recover to
become similar to that of unlogged forest. However,
they warn that repetition of selective logging might not
be sustainable in terms of forest structure and composi-
tion. In the present study, we also observed that the
forest structure had not completely recovered from the
changes or begun to resemble the primary forest even 41
years after logging. The present 25-30-year logging
cycle needs to be reconsidered not only from the goal of
sustaining timber production, but also particularly from
the goal of ecologically sustainable forest management.

Both of these goals can be achieved by maintaining the
high complexity of the structural aspects of the forest.
Thinning the forest by artificially removing canopy trees
stuck in a state that shows no signs of evolving towards
maturity may be required with minimum damages on
forest floor in order to recreate the complexity of the

" canopy structure and the heterogeneity of the forest-

floor light environment that exist in the primary forest.
These conditions would, in turn, promote highly diverse
regeneration, including regeneration of gap (pioneer)
species (e.g., Denslow, 1980; Denslow et al., 1990).
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