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Abstract. We studied the tree communities in primary forest and three different land use systems (forest
gardens, ca. 5-year-old secondary forests, cacao plantations) at 900—1200 m elevation in the environs of
Lore Lindu National Park, Central Sulawesi. The primary forests had ca. 150 tree species >10cm
diameter at breast height (dbh) per hectare, which is unusually high for forests at this elevation in
southeast Asia. Basal area in the primary forest was 140 m*ha ™', one of the highest values ever recorded
in tropical forests worldwide. Tree species richness declined gradually from primary forest to forest
gardens, secondary forests, and cacao plantations. This decline was paralleled by shifts in tree family
composition, with Lauraceae, Meliaceae, and Euphorbiaceae being predominant in primary forests, Eu-
phorbiaceae, Rubiaceae and Myristicacae dominating in the forest gardens and Euphorbiaceae, Urticaceae,
and Ulmaceae in the secondary forests. Cacao plantations were composed almost exclusively of cacao
trees and two species of legume shade trees. Forest gardens further differed from primary forests by a
much lower density of understorey trees, while secondary forests had fewer species of commercial
interest. Comparative studies of birds and butterflies demonstrated parallel declines of species richness,
showing the importance of trees in structuring tropical forest habitats and in providing resources.

Introduction

With about 40,000 vascular plant species the Malesian region ranges among the
most diverse worldwide (Baas et al. 1990; Roos 1993). One of the most striking
features of the region is the strong floristic differentiation of the islands, caused by
their distinct geological and palaecoecological histories. Sulawesi, lying between
Wallace’s and Weber’s biogeographic lines and taking a central position in the
Malesia, has been isolated from the mainland of Southeast Asia since the end of the
Miocene (Audley-Charles 1983). The long-term isolation of Sulawesi has allowed
the development of a characteristic flora with a unique composition. Of an esti-
mated 5000 recorded species of vascular plants (including over 2100 woody ones)
almost 15% are endemic (Whitten et al. 1987; KeBler et al. 2002, unpublished). A
striking biogeographical feature is the almost total absence of Dipterocarpaceae,
which are the dominant trees in the rain forests of Borneo, Sumatra and Malaysia.
Only six species of dipterocarps occur on Sulawesi, most of them in the southern
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part of the island and always below 500 m in elevation (KeBler et al. 2002). The
density of plant herbarium collections on Sulawesi (23 specimens per 100km?;
Whitten et al. 1987) is the lowest of all major islands of Indonesia, however, and no
single quantitative study on plant diversity has yet been carried out in the rain
forests of the island.

Tropical rainforests are converted into pastures and cropland, and later develop
into secondary forest, at an alarming pace. It is generally considered that human
exploitation causes major changes in the biodiversity of these forests, even though
research on this subject has been limited and results often controversial (Whitmore
and Sayer 1992; Turner 1996). Some studies reveal conspicously reduced species
richness in secondary (developed after clear-felling) or degraded (affected by log-
ging) rainforests (Parthasarathy 1999; KeBler et al. 2002), even in over 100 years old
regrowth stands (Turner et al. 1997), while in other studies it is increased (Kappelle
et al. 1995; Fujisaka et al. 1998). The impact of human activities on plant diversity
must therefore be interpreted with caution (e.g., Mooney et al. 1995).

In the framework of the interdisciplinary research project STORMA of the Ger-
man Research Foundation, which was created to understand the ecological and
social processes causing the regression and degradation of tropical rainforest mar-
gins and to develop strategies to stabilize these margins (Gerold et al. 2002), we
have undertaken an analysis of the tree diversity in different habitat types in the
region Lore Lindu National Park in Central Sulawesi, Indonesia. The main objec-
tives of the present study were to determine (a) the taxonomic composition and
structural diversity of the tree flora of the primary forests in the area, and (b) the
impact of different land use practices on the tree diversity of these forests.

Material and methods
Study area

The study area is located in Central Sulawesi (Indonesia) ca. 75 km southeast of the
town of Palu at the northeastern margin of Lore Lindu National Park. The park is
mountainous, ranging from 800 m to 2700 m in elevation. Precipitation levels vary
considerably with elevation and topography, and climatic stations are few, but mean
annual precipitation can be estimated to be around 2000-3000 mm per year in the
study area. Periodic droughts due to El Niflo-Southern Oscillation (ENSO) events
strongly influence the vegetation. Geologically, the mountains of the study area
consist of cristalline and metamorphic granites, granodiorites, schists, and phyllitic
rocks. The actual study plots were located in valley and foothill situations were the
substrate consists of mixed colluvial material. Soils correspond to weathered, acidic
inceptisols. Further information on the climate, geology and soil types in the area is
given in Whitten et al. (1987). The margins of the park are characterized by a
mosaic of near-primary forests, degraded forests, secondary forests, forest gardens,
and plantations with cacao, coffee, maize, and paddy rice as the most important
Ccrops.
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The study sites were located in the northern part of Napu Valley in the vicinity of
the villages Kamarora and Wuasa, at elevations between 900 m and 1200 m asl.
Three or four replicate sites were selected in each of the four studied habitat types:
primary forest, forest gardens, ca. 5 years old secondary forest, and cacao planta-
tions. The primary forests were affected by limited human disturbance, mainly
including hunting and selected extraction of rattan (Schulze et al. 2004). Forest
gardens consisted of patches of primary forest with gaps where understory trees had
been removed by the farmers and replaced by cacao and coffee trees. These differed
somewhat from forest gardens found in other parts of the park and described else-
where in Southeast Asia (e.g., de Jong et al. 2001; Marjokorpi and Ruokolainen
2003), where most canopy trees are planted, that is, where forest gardens are largely
artificial systems. The secondary forest sites were represented by small patches with
a closed canopy. Cacao plantations corresponded to completely cleared areas where
Gliricidia sepium and Erythrina sp. (Leguminosae) were planted as shade trees
above the cacao. A detailed description of the study sites can be found in Schulze
et al. (2004).

Field sampling

Plots were selected as much as possible at similar elevations and distances to the
border of the primary forest, to exclude the influence of distance and habitat
fragmentation. Size and number of plots per habitat type were adapted to the total
diversity of the respective systems and the spatial homogeneity of the habitats. For
this reason, plot size varied from 1 to 0.04 ha. Primary forest was studied at 1100—
1200 m elevation near Kamarora in one plot of 100 m x 100 m and at Wuasa in two
plots of 50m x 50 m each. Forest gardens were studied at 900 m at Kamarora in
four plots of 50m x 5S0m each. Cacao plantations and secondary forests were
studied at 1100-1200m at Wuasa in four plots each; plot sizes were S0m x 50 m
for cacao plantations and 20 m x 20 m for secondary forests. Each plot was sub-
divided into subplots of 10m x 10m, in each of which all trees with >10cm
diameter at breast height (dbh) were recorded. Additionally, a 5m x 5m subplot
was nested in each 10m x 10 m plot in which all tress >5cm dbh were sampled.
Full spatial coverage of these smaller trees would have been logistically im-
practical. For each tree of any size, botanical name, dbh (on buttressed trees
measured above the buttresses), estimated height, and location within the plot were
recorded.

All recognizable morphospecies of trees were collected with at least seven du-
plicates. Since many of the tree species found in the plots were lacking flowers or
fruits at the time of the fieldwork, and were therefore difficult to identify, several
hundred fertile plants with flowers or fruits were additionally collected randomly in
the fieldwork area to serve as reference material for identification. Identification
of the plant specimens was done in Indonesia and in Leiden (National Herbarium of
The Netherlands); species difficult to determine were sent to specialists for
identification. The collected specimens were deposited in Indonesian herbaria
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(Herbarium Celebense, Palu; Herbarium Bogoriense, Bogor; Herbarium SEAMEO-
BIOTROP, Bogor; and Herbarium Waraniset, Kalimantan) with duplicates in the
herbaria of the universities of Leiden (L) and Géttingen (GOET).

Data analysis

The calculations were made separately for all trees >10 cm dbh on the 10m x 10m
subplots and for all trees >5 cm dbh on the 5m x 5m plots.

To account for differences in sample area and forest structure, we compared
species richness not on the basis of the total number of species recorded per plot
but rather via species-accumulation curves and richness estimators, in three dif-
ferent ways: (1) as species accumulation curves based on area, (2) as species
accumulation curves based on number of individuals, and (3) as estimated total
species numbers. The distinction between area- and individual-based accumulation
curves is important because secondary forests have a much higher density of small
trees and can therefore have higher species richness within small sample areas than
mature forests dominated by a few large tree individuals (Kappelle et al. 1996;
Kéhler 2002). Estimation of total richness was performed with the program Esti-
mateS (Colwell 1997) using the MMMeans richness estimator, which was found by
Herzog et al. (2002) to be the least biased and most consistent estimator among
those provided in the package.

Additionally, we compared the taxonomic and structural composition between
the habitat types. Taxonomic composition was quantified on a family basis by
calculating the number of individuals per hectare (NI), the basal area per hectare
(BA), the relative density (RD =% of NI of a family of the total NI), the relative
diversity (RDi=% of number of species of a family relative to total species
number), the relative dominance (RDo =% of BA of a family of the total BA), the
family importance value (FIV=RD + RDi~+RDo), and the relative frequency
(RF =% of subplots in which family is present relative to sum of occurrences of all
families in subplots) (Mori et al. 1983; Kappelle 1996). Structural composition was
analyzed by comparing the distribution of tree height and diameter classes.

Results

In the primary forest we recorded a total of 148 tree species >10 cm dbh belonging
to 82 genera in 42 families in 1ha. The 0.25 ha plots of primary forests had about
half the number of species (76 each), those of forest gardens (0.25ha) 19-35
species and of secondary forests (0.04 ha) 6-17 species. Cacao plantations only had
a total of five tree species in the four plots of 0.25ha. For trees >5cm dbh the
patterns were roughly similar: 81 species in 0.25ha and 29-32 species per
0.0625 ha in primary forest, 9—19 species per 0.0625 ha in the forest gardens, 14—17
species per 0.01 ha in secondary forests, and 2—-3 species per 0.0625 ha in cacao
plantations.
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Figure 1. Plot-based species accumulation curves of trees >10cm dbh in primary forest (thick con-
tinuous lines), forest gardens (dashed lines), secondary forests (stippled lines), and cacao plantations (thin
continuous lines). The inset shows the entire accumulation curve for the 1 ha primary forest plot. Size of
subplots is 10m x 10 m.

Visual inspection of the species-accumulation curves (Figures 1-4) allowed a
more detailed analysis of the differences in species richness within and among
habitat types. For trees >10cm, area-based accumulation curves showed that the
three primary forest plots had much higher richness than the other forest types
(Figure 1). Secondary forests and forest gardens had intermediate richness levels,
while cacao plantations were extremely species poor. When trees >5 cm dbh were
included, however, secondary forest had similar or higher species richness than
primary forests, while forest gardens remained intermediate and cacao plantations
very low (Figure 2). When the same data were analyzed with individual-based
accumulation curves, the picture changed somewhat. For trees >10cm dbh, the
species richness of secondary forests and forest gardens were closer to that of the
primary forests, and in the case of one forest garden even similar (Figure 3). For
trees >5cm dbh, three forest gardens approached the richness of the primary
forests, while all secondary forests and one forest garden were noticeably poorer
(Figure 4). As before, cacao plantations had very low richness.

The estimated total species numbers mirrored these results, with cacao planta-
tions being the most species-poor habitats, followed by secondary forests, forest
gardens, and primary forests (Figure 5). Closer examination of the estimated
numbers showed several interesting results. First, the totals estimated for all trees
>5cm dbh were not higher than those for trees only >10cm dbh, even though it
might be expected that some understorey trees do not reach the 10 cm cutoff value
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Figure 2. Plot-based species accumulation curves of trees >5 cm dbh in primary forest (thick continuous
lines), forest gardens (dashed lines), secondary forests (stippled lines), and cacao plantations (thin con-
tinuous lines). The inset shows the entire accumulation curve for the 1ha primary forest plot. Size of
subplots is 5m x Sm.
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Figure 3. Individual-based species accumulation curves of trees >10cm dbh in primary forest (thick
continuous lines), forest gardens (dashed lines), secondary forests (stippled lines), and cacao plantations
(thin continuous lines). The inset shows the curves up to 100 individuals.
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Individual-based species accumulation curves of trees >5cm dbh in primary forest (thick

continuous lines), forest gardens (dashed lines), secondary forests (stippled lines), and cacao plantations
(thin continuous lines). The inset shows the curves up to 100 individuals.
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Figure 5. Total species numbers estimated with the MMMeans richness estimator for four different
habitat types (three to four replicates per system).

and that the >5 cm dbh category should therefore include more species. This is not
merely a result of the larger sample area for trees >10 cm because when these are
analyzed on a total area comparable to that of the 5m x 5m plots, they remain at
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Table 1. The 10 most important tree families >10 cm dbh in primary forest, forest gardens, secondary
forests, and cacao plantations in the environs of Lore Lindu National Park, central Sulawesi. NI = number
of individuals per hectare; BA = basal area (m2 ha’l); RD =rel. density; RDi =rel. diversity; RDo =rel.
dominance; FIV = family importance value; RF =rel. frequency. Values are means for all plots of the
respective habitat types.

Family NI BA RD RDi RDo FIV RF
Primary forest

Meliaceae 73 19.46 13.44 10.54 13.92 379 14.67
Euphorbiaceae 45 8.53 8.29 8.32 6.1 22.71 10.55
Lauraceae 78 6.43 14.36 11.35 4.6 30.31 10.5
Urticaceae 53 2.37 9.76 4.74 1.7 16.2 8.35
Sabiaceae 15 3.29 2.76 1.46 2.35 6.57 5
Moraceae 27 31.95 4.97 9.88 22.86 37.71 4.92
Elaeocarpaceae 11 3.77 2.03 2.67 2.7 7.4 4.17
Anacardiaceae 9 14.39 1.66 1.46 10.3 13.42 3.59
Ulmaceae 9 5.92 1.66 1.21 4.24 7.11 3.53
Rubiaceae 28 0.64 5.16 3.03 0.46 12.55 3.1
Remaining families 195 43 3591 45.34 30.77 108.12 31.62
Sum 543 139.75 100 100 100 300 100

Forest gardens

Euphorbiaceae 28 1.07 12.61 11.7 3.83 28.14 12.55
Rubiaceae 28 0.6 12.61 2.12 2.15 16.88 10.02
Myristicaceae 18 1.74 8.11 5.53 6.22 19.86 9.61
Sterculiaceae 19 3.46 8.56 9.33 12.37 30.26 9.24
Urticaceae 20 3.61 9.01 4.56 1291 26.48 8.03
Magnoliaceae 13 2.59 5.86 3.59 9.26 18.71 6.99
Lauraceae 13 23 5.86 8.75 8.23 22.84 6.33
Sapotaceae 9 1.12 4.05 4.31 4.01 12.37 4.06
Sabiaceae 7 0.28 3.15 2.79 1 6.94 3.73
Remaining families 67 11.19 30.18 47.32 40.02 117.52 29.44
Sum 222 27.96 100 100 100 300 100

Secondary forests

Euphorbiaceae 188 11.22 44.66 19.75 24.41 88.82 32.1
Urticaceae 25 1.01 5.94 20.59 2.2 28.73 16.37
Ulmaceae 33 1.74 7.84 6.72 3.79 18.35 5.68
Annonaceae 29 1.84 6.89 1.96 4 12.85 4.86
Compositae 4 0.07 0.95 5.56 0.15 6.66 4.76
Polygalaceae 4 0.21 0.95 5.56 0.46 6.97 4.76
Palmae 25 9.26 5.94 6.72 20.14 32.8 4.32
Leguminosae 21 5.5 4.99 2.38 11.96 19.33 3.62
Rubiaceae 17 11.61 4.04 1.96 25.26 31.26 2.78
Sonneratiaceae 17 0.99 4.04 1.96 2.15 8.15 2.78
Remaining families 58 2.52 13.76 26.84 5.48 46.08 17.97
Sum 421 45.97 100 100 100 300 100

Cacao plantations
Leguminosae 256 14.59 91.1 41.67 88.32 221.09 88.64
Sterculiaceae 14 0.39 4.98 29.17 2.36 36.51 6.93
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Table 1. (continued)

Family NI BA RD RDi RDo FIV RF
Moringaceae 9 1.41 32 8.33 8.54 20.07 3.88
Myrtaceae 2 0.13 0.72 20.83 0.78 2233 0.55
Sum 281 16.52 100 100 100 300 100

roughly similar levels (data not shown). Second, the plot-based estimates were in
most cases higher than those of the individual-based estimates. This is a result of
the shallower curves in the individual-based analysis.

At the family level, the taxonomic composition of the habitat types showed major
differences (Table 1). Primary forests were dominated by Meliaceae, Lauraceae, and,
in the understory, Euphorbiaceae, while Euphorbiaceae, Rubiaceae, and Myr-
isticaceae were the most common forest tree families in the forest gardens. Eu-
phorbiaceae was also the dominant family in the secondary forests (25% of basal
area), followed by Urticaceaec and Ulmaceae. In cacao plantations trees were es-
sentially represented by the planted cacao trees (Sterculiaceae) and two species of
legume shade trees (Leguminosace).

The analysis of forest structure revealed considerable differences in canopy height
(Figure 6), reaching 30-35m in primary forest, 45-55m in forest garden, and 5-
10 m in secondary forests. In cacao plantations the canopy rather uniformily reached
to 10 m. The greater tree heights in forest gardens than in primary forest are probably
the result of the lower elevation (900 m) of the forest garden study plots relative to
the primary forest plots (1100-1200 m). In any case, they reflect that at least some
original canopy trees still persisted in this land use system. When stem diameters
and basal area (Table 1, Figure 6) are compared the picture changes, primary forests
having many more larger size trees and a 4.5 times higher basal area than forest
gardens. This clearly shows that many large trees were selectively extracted from the
forest gardens as timber sources. Both secondary forests and cacao plantations
contained mostly small-sized trees and had low basal area values.

Discussion

The primary forest data can be compared with the large number of similar forest
plots inventoried in southeast Asia and elsewhere in the tropics. The recorded
species number of 148 tree species of >10cm dbh is within the range of 100—150
species typically recorded in southeast Asian lowland rain forests (Whitmore
1995). Considering the rather high, submontane elevation of the study region,
however, the number of species recorded is surprisingly large. For example, a wet
submontane forest at 1000 m elevation on Negros Island in the Philippines, located
at roughly the same elevation as our plots, had only 92 tree species (Hamann et al.
1999). Thus, in contrast to animal groups such as mamals, birds, and butterflies
(Whitten at al. 1987), the tree flora of Sulawesi appears not to be depauperate
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relative to the rest of southeast Asia. Preliminary data on ferns likewise show
comparable levels of species richness on Sulawesi, Java, and Borneo (M. Kessler,
unpublished).

The basal area of 139.7m”>ha™' recorded in the primary forest is among the
highest values ever recorded in tropical forests, which on average have a basal area
of 32m*ha™", with most values below 60m>ha~"' (Dawkins 1959; Turner 2001).
This is partly due to the presence of numerous large fig trees (Ficus spp.), one of
which had a diameter of 6 m (equivalent to 28.3 m*ha™"), in the study plots. Since
figs often have hollow trunks or consist of several separate stems, their diameter
values may not be strictly comparable to those of other trees. However, even if all
figs are excluded from the calculation, the basal area of the primary forest remains at
ca. 108 m?ha~'. The reasons for such high basal area values on Sulawesi may partly
involve the relatively high elevation of the study site relative to most other southeast
Asian tree plots, but may also reflect the unique taxonomic composition of the flora
in which large size trees may be overrepresented. Further studies are needed to
document the extent of such high values of basal area on Sulawesi.

Comparison of the tree richness in the different habitat types shows that overall
primary forests are the richest, followed by forest gardens, secondary forests, and
cacao plantations. This pattern is consistent with the results of other recent studies in
southeast Asia (Turner et al. 1997; Parthasarathy 1999). There is some overlap,
however, and varying patterns emerge when trees of different sizes and different
accumulation axes (area/individuals) are considered. These details will now be
discussed separately for each land use type.

Forest gardens had a high tree richness because they were carved out of the
primary forest and only some large trees and part of the understorey were been
extracted to allow for planting of cacao and coffee. Similarly high tree species
richness in forest gardens has also been documented in Borneo (de Jong et al. 2001;
Marjokorpi and Ruokolainen 2003). The human activities lead to some important
changes, however. The extraction of trees appears to have been selective and de-
termined a shift in the tree community composition, with Meliaceae, Lauraceae,
Moraceae, and Anacardiaceae decreasing in forest gardens relative to primary for-
ests, and Rubiaceae and Myristicaceae increasing. Forest gardens were especially
impoverished in comparison with primary forest by the removal of small and
medium-sized trees emerging from natural regeneration and their replacement by
planted trees. Primary forests and forest gardens accordingly differed considerably in
number of trees 5—15 m in height. While in primary forest they contributed the great
majority (70%) of all trees, in forest gardens they represented only ca. 35% of all
trees. The high number of treelets in primary forest is reflected in the structure of the
forest understorey, which was denser than in forest gardens.

Secondary forests developed on previously totally clear-felled, cultivated areas
that were allowed to regrow. As a result, larger trees were almost completely
missing. The high richness of trees >5cm in secondary forests, however, shows
that this forest type has the potential to recover a considerable richness, if allowed
to mature. The higher richness of small trees in secondary forests relative to pri-
mary forests in the plot-based accumulation curves is a result of the tighter spatial
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species-packing among small trees. When accumulation curves are compared on an
individual basis, secondary forests are clearly less species-rich than primary forests.
The taxonomic composition shows that the abundance of Meliaceae, Lauraceae,
and Moraceae is considerably reduced in secondary forests relative to primary
forests, whereas in Urticaceae, Ulmaceae, and Asteraceae it is increased. The latter
families are typical fast-growing pioneer taxa of early successional stages
throughout the tropics (Turner 2001) that are of little economic interest. Field
observations show that, in common with other tropical forests (Turner et al. 1997),
even 50-year-old secondary forests in Lore Lindu Park, despite attaining a height
comparable to primary forests, have a conspicuously different taxonomic compo-
sition (M. Kessler, unpublished). As regenerating forests, at least in southeast Asia,
not only have fewer trees of commercial value but also have fewer species with
large, animal-dispersed fruits than primary forests (Brown and Lugo 1990), the eco-
nomic and ecological value of the old secondary forests must be considered limited
as compared with the primary forest.

Not surprisingly, cacao plantations, representing an agroforestry system, had by
far the lowest tree species richness. The contrast is especially conspicuous relative to
the forest gardens, where cacao trees are planted under the natural forest canopy and
where much higher levels of tree diversity are maintained. High levels of biodi-
versity in cacao plantations with low management intensity such as forest gardens
have also been reported for other rain forest biota, including ants, lizards, birds,
mammals, and epiphytes (Perfecto et al. 1996; Rice and Greenberg 2000; Klein et al.
2002a, b). It clearly shows that land use systems of the same crop species different in
management intensity may hold different levels of biodiversity.

Parallel studies in the same habitat types in the study area show that the decline of
tree species richness is roughly paralleled by similar declines among understorey
plants, birds, butterflies, and dung beetles (Schulze et al. 2004). This is not sur-
prising considering the crucial role of trees in structuring tropical forest habitats and
in providing ressources for many other organisms. As a result, tree species richness
explains 88% of the variation of fruit- and nectar-feeding birds and 83% of the
variation among fruit-feeding butterflies (Schulze et al. 2004). Understorey herbs
deviated somewhat from this general pattern by showing higher richness in old
secondary forests, presumably as a result of the higher light availability at ground
level, relative to the dark primary forests.

Overall, the study has revealed a surprisingly rich natural tree vegetation on Su-
lawesi and major differences in the structure and composition of the tree vegetation of
the studied habitat types. Methodologically, we have confirmed the importance of
distinguishing between area- and individual-based species accumulation curves for
documenting and interpreting tropical tree species richness.
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