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ABSTRACT To assess the current population dynamics of trees in an isolated 100-ha tropical forest
fragment in Singapore we censused all trees >=1 cm dbh in a 2-ha permanent plot in 1993 and again in
1995 (N=13,470). We then examined the pattern of recruitment into the 1 cm dbh size class, comparing
recruits to the existing flora and comparing recruitment rates among species to test hypotheses about
patterns of short-term change. The overall plot recruitment rate was 6.5 % (annualized rate of 2.6 %),
comparable to recruitment rates found in tropical forests elsewhere in the world. The hypothesis that
species diversity is declining was found to be untrue, the recruitment class had a slightly elevated
diversity compared to the existing 1-3 cm dbh class. When we classified species by abundance class, .
floral form, dispersal form, stature class and successional status, we found no evidence that abundant
species are becoming more abundant, nor was regeneration of dioecious species repressed, and all stature
classes were replacing themselves at similar per-capita recruitment rates. There was no sign of successful
invasion by secondary forest species and the majority of secondary forest species in the canopy show no
evidence of replacing themselves. The only evidence of biologically significant change among recruits
was in regard of dispersal syndromes. We found that species with abiotically dispersal (both
Dipterocarpaceae and non-Dipterocarpaceae) showed per-capita recruitment rates of over 10 %,
compared to 6.5 % for biotically dispersed species. However, comparative data from large forests suggest
that these high rates may be generally characteristic of these species. In contrast, the family
Myristicaceae, rich in species and individuals, and closely associated with dispersers now extinct in
Singapore, showed a recruitment rate of only 2.5 %, far below what comparative data from unfragmented
forests portray as characteristic. Thus, in contrast to the bird and mammal populations, for which over
half the species have been lost in the last 150 years, our data on the current short-term dynamics of trees
reject the hypothesis that most species of Bukit Timah are in the midst of rapid decline.

Key words: fragment / Singapore / tropical rain forest / recruitment / regeneration / population dynamics /
hill dipterocarp forest.

What is the conservation value of isolated fragments of species-rich tropical rain forests? As managed
ecosystems, what can be done to accentuate their strengths and minimize their weaknesses? These

questions have become increasingly common as relentless deforestation has transformed previously
contiguous tropical forest into a patchwork landscape. Observational studies throughout the world
have been uniform in showing that isolated fragments contain significantly fewer species of birds and
mammals than are found in nearby forest with large areas (reviewed in Lovejoy et al., 1983, 1986;
Saunders et al., 1991; Bierregaard et al., 1992; Tumer & Corlett, 1996). However, there have been
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vs. primary forest species.

With regard to abundance, we simply ask, are com
Although the comparative dynamics of rare vs. common s
ecological theory, (e.g., Janzen, 1970) there are
Connell ez al. (1984) found that canopy species sh
However, for trees of smaller Stature, they found

mon species becoming more common?
pecies has had a central role in community
surprisingly few direct comparative observations.
owed no compensatory trends based on abundance.
that abundant species had lower recruitment rates

onments such as logged-over forests indicate that a
few species tend to dominate the succession (e.g., Uhl et al

than rare species. Studies of severely stressed envir

-, 1988) and even under much lower levels
of stress, shifts in abundance have been reported (Condit et al., 1992; Leigh ez al., 1993; Turner et al.,

1996). In the forest at Barro Colorado Island, Panama, drought was associated with an increase in
abundance of the already abundant species (Condit et ai., 1992). Small isolated islands in Panama
have a higher dominance value than mainland ridge tops, and in some cases a single species
represents as much as 60 % of all trees (Leigh et al., 1993),

The third hypothesis concerns recruitment rates relative to stature

our census varies from 2-35 m tall, and correlates with a wi
has been a focal point for

- Stature at maturity for trees in
de variety of ecological attributes, Stature
ming the fate of fragmented forests. For
gment in Singapore, small understory plants

some of the discussion conce
instance, Turner et gl. (1996) suggested that in a 4-ha fra

were being lost at a higher rate than Were canopy trees. Similarly, Condit ez al. (1995) found different
patterns in mortality due to drought for understory treelets versus large trees in BCI, Panama.
The fourth hypothesis concerns recruitment rate relative to fl

slightly more vulnerable to reduced habitat area than species
species to reproduce, not only must there be another individy
must also be of the opposite sex, the probability of which is one-half or less if there is a gender bias
(Bawa, 1985). Thus the effective density of dioecious species is necessarily lower than that of a
species with bisexual flowers. It was from this perspective that Hubbell and Foster (1986) pointed out

that in the 50-ha forest plot on Baro Colorado Island, Panama, there are very few species that are both
rare and dioecious,

oral form. Dioecious species may be
with bisexual flowers. For dioecious
al of the species in the vicinity but it

The fifth hypothesis concerns recruitment relative to dis

mammals have been lost from Singapore (Chin et al,, 1995) and with them the potential for dispersal
of large fruits. This loss may be reflected in the recruitment success of these species. In contrast, trees
that are dispersed abiotically, by wind, water or ballistically,
favorably than biotically dispersed species.

persal syndrome. Most large birds and

should respond to fragmentation more

The sixth and final hypothesis tests the relative recruitment rates of s
canopy vs. secondary forest species and ruderals. Fra
opportunities for the invasion of secondary
increase, and external

pecies of the primary forest
gmentation of a forest may increase

species as extensive edges are created, radiation levels
seed sources from secondary species increase.

STUDY SITE

The study was conducted at Bukit Timah Nature Reserve, Singapore (103° 46'
reserve encompasses approximately 100 ha of forest on the slopes of Bukit Timah hi
which about two-thirds is unlogged forest. It lies within the center of the island of

km from the city center. The reserve has received some sort of protection since the
gazetted a Nature Reserve by 1939 (Corlett, 1988).

E, 1° 21'N). This
11 (163 m a.s.l.) of
Singapore, only 8
mid 1800s and was
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The native flora and fauna of Singapore are characteristic of the Sunda Shelf in general, and of the
Malay Peninsula in particular (Corlett, 1988, 1992, 1995a). The vegetation of Bukit Timah is best
classified as a coastal hill dipterocarp forest. This type falls within the broad category of lowland
mixed Dipterocarp forest, but with a composition distinguished by groves of seraya, Shorea cutisii
(Symington, 1943; Wong, 1987). The body of the hill is composed of granite. The soils of Bukit Timah
are classified as ultisols of the Rengam series and are derived from acidic granites, relatively poor in
total P and total N (0.04 mg/g and 0.9 mg/g respectively) (Grubb et al., 1994). Singapore has an
equatorial ever-wet climate with mean monthly temperatures of 25.5-27.3° C and a mean annual
rainfall of 2579 mm. Though fairly wet throughout the year, there is a slight seasonality with cooler,
wetter months in November and December and dry, brighter months in February/March (Corlett, 1992).

The landscape bordering the north, south and west of the Nature Reserve is heavily urbanized,
whereas to the east lies the 2000 ha Central Catchment Reserve. This Reserve includes scattered
patches of primary forest within a matrix of mostly secondary forest. Bukit Timah and the Central
Catchment have been separated by a multi-laned expressway since 1985, More than half the bird
species have disappeared from Bukit Timah (Lim, 1992; Kang & Hails, 1995; Corlett, 1995b) and
similarly high extinctions are reported for amphibians, reptiles, and mammals (Chin et al., 1995).

METHODS

The 2-ha permanent plot was level surveyed into 20-m square quadrants in April of 1995, using a
clinometer and tripod mounted surveyors' compass. The plot measured 200 by 100 m. We made two
complete enumerations of all trees greater than or equal to 1 cm dbh, wherein each tree was provided
with an aluminum tag, measured, identified and mapped to the nearest 10 cm. The dates for the two
censuses were April-June 1993, and November-December 1995. The census methods followed the
standardized methods of the Center for Tropical Forest Science as initially developed at Barro
Colorado Island, Panama and Pasoh Forest Reserve, Peninsular Malaysia (Manokaran et al., 1990).
Modifications for local conditions are described in detail in Ercelawn et al. (in press).

Abundant and distinctive trees were identified in the field. For difficult and uncommon species, a
leaf specimen was collected, the specimens were sorted into morpho-species and identified using the
herbarium of the Singapore Botanic Gardens. All species were documented by permanent voucher
specimens currently stored in a special collection at The National Institute of Education, Singapore
(BT series, numbers 001-725). Nomenclature follows Tree Flora of Malaya (Whitmore, 1972, 1973;
Ng, 1978, 1989) updated where appropriate. A list of all species, voucher specimens, notes on
identification and nomenclature are found in Ercelawn et al. (in press) together with individual
species' distribution maps and diameter distribution tables.

Species recruitment rates are based on 792 individuals with relatively secure determinations. All
recruitment rates reported are the number of trees that have entered the 1 cm class in the plot in 1995,
divided by the population in 1993, and multiplied by 100. Species were divided into classes of floral
type, dispersal type, stature, and secondary vs. primary species, for comparative analysis. We
classified the plot species into three flower habits - dioecious, monoecious, and bisexual flowers. The
classification was based on morphology, and the bisexual class may include species that are
functionally unisexual. We chose two broad dispersal syndromes, abiotic dispersal (primarily wind,
and a few ballistically dispersed species) and biotic dispersal. For the abiotic class, we segregated the
species for Dipterocarpaceae to examine effects independent of that numerically dominant family.
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Among the biotically dispersed species, we segregate the family Myristicaceae because they are
abundant, rich in species, and are known to be closely associated with dispersal by hornbills and other
large birds, now extinct in Singapore (P. Poonswad, pers. com.). We defined three stature classes
based on the final height these species achieve: 'small' trees included shrubs and small, understory
Frees, 10 m in height; 'medium’ trees included mid-canopy trees 10 to 30 m in height and’
included all canopy and emergent trees >30 m in height. Information for floral syndrom

syndrome, stature classifications and successional status came from The Tree Flora
(Whitmore, 1972, 1973; Ng,

large’ trees
e, dispersal

of Malaya
1978, 1989), and the personal experience of the authors,

RESULTS

‘The Bukit Timah plot inventory included 13470 stems
stems in 1995 (basal area of 40.4 m
recruitment rate of 6.5

¢ in 1993 (basal area of 40.5 m2/ha) and 13142

/ha). Recruits for 1995 totaled 885 stems representing a
% of the 1993 population, or an annualized rate of about 2.6 %.

The first hypothesis asked whether the recruits represent a lower diversity than the existing forest

We approached this in two ways. First we plotted the diversity of recruits in relation to the overall‘

species- individual curve for Bukit Timah plot, together with data for other forest plots, so as to

graphically view the relative position of the class (Fig. 1). Species-individual curves have been shown

to be. diameter-independent, and a more robust basis of comparison for large plot data sets than
species-area curves (Condit et al., 1996) The recruits fell just above the Bukit Timah species-
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Table 1 Recruitment rate 1993-1995 for a 2-ha permanent plot in Bukit Timah Nat.ure Resex.'ve
Singapore, for 10 abundance classes, each of 32 spp, representing decreasing median
abundance. Class I includes the most abundant species, Class 10 the least abundant.

Class Spp. Median Abundance Recruitment rate(%)
32 162 6.1
32 57 5.2
32 30 6.2
32 15 9.4
32 10.1
32 13.6
32 17.8
32 6.0
32 8.6
32

5\000\10\01»#(»10»—:

Table 2 Recruitment rate 1993-1995 for a 2-ha permanent plot in Bukit Timah Nature Reserve
Singapore, for species divided among three floral syndromes.

No. of Percent No. of Percent Percapita
Flower individuals of total recruits in of recruitment
recruits (%) rate (%)

in 1993 stems (%) 1995

Dioecious 4462 37 256 33 5.7
Monoecious 2618 21 180 23 6.9
Bisexual 5038 42 348 44 6.9

individual curve indicating a slightly higher level of diversity than the existing forest. As a second
approach, we compared the recruit class to 30 samples of N=792 trees selected randomly from the
9000 trees between 2 to 3 cm in the 1993 census. The 30 samples had a mean species number of 141.5
(standard deviation = 5.8). The recruit diversity of 156 species was above the upper 95 % confidence
limits of the mean. The hypothesis that 1995 recruits have a lower diversity than the existing
population can be decisively rejected; in fact the diversity is somewhat higher.

The second hypothesis was to test whether or not the more abundant trees gained in abundance as
reflected in a higher representation among the recruits. First we calculated a simple correlation of
abundance and per capita recruitment following Connell et al, (1984), which proved to be slightly
negative (-0.25) and non-significant. As a second approach, we ranked the 320 species represented in
the plot in decreasing order of abundance, and created 10 classes of 32 species each. Thus, class I
included 32 species represented by 80 to 900 individuals each, whereas class 10 included 32 species
represented by only 1 individual each. Recruitment rates between 1993 and 1995 varied greatly
among classes, from 6 % for class I to 13 % for class 10 (Table 1) reflecting the slightly negative
correlation just mentioned. Examples from the most abundant class include the two most numerous
species, Santiria apiculata (Burseraceae) and Streblus elongatus (Moraceae), which accounted for 7.2
% and 6.3 % of all stems, and had recruitment rates of 6 % and 5 % respectively. Thus, the 2-year
recruitment patterns show no evidence that the most abundant trees are becoming more abundant. To
the contrary, there is a slight favoring of the rare species.

The third hypothesis tested whether different floral morphologies are under- or over- represented
among recruits. The per capita recruitment rate did not differ among the three types, although different
floral morphs were represented by different proportions in the forest (Table 2). For example, bisexual
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Table 3 Recruitment rate 1993-1995 for a 2-ha permanent plot in Bukit Timah Nature Reserve
Singapore, for species divided between biotic and abiotic dispersal modes.
Dispersal mode No. of No. of Percapita
/ Group (species) individuals recruits recruitment
] in 1993 in 1995 rate (%)

Abiotic Dipterocarpaceae 616 62 10.1

Non-Dipterocarpaceae 590 62 10.5

Total Abiotic 1206 10.3
Biotic ~ Myristicaceae 280 7 25
Non-Myristicaceae 10704 6.2

Total Biotic 10984 6.1

Table 4 Recruitment rate 1993-1995 for a 2-ha permanent plot in Bukit Timah Nature Reserve
Singapore, for species divided among three stature classes.

Stature No. of Percent of No. of Percentof  Per capita
class individuals total stems recruits total recruitment rate

in 1993 (%) in 1995 recruits (%)
Small 1824 15 118 15 % 6.47
Medium 3662 31 264 34 % 7.21
Large 6487 54 387 50 % 5.97

species represented 44 % of all recruits, but this simply reflects the dominance of bisexual species in
the plot (42 % of stems). We found no evidence that dioecy leads to a depressed recruitment rate.

The fourth hypothesis tested whether species depending on biotic dispersal showed any difference
in recruitment rate from abiotically dispersed species. Biotically dispersed species showed recruitment
rates similar to the plot rate (6.1 %) while abiotic species had the very high recruitment rate of 10.3 %
(Table 3). This difference between the recruitment rate of the two dispersal modes is still evident after
taking out Dipterocarpaceae which numerically dominate the abiotically dispersed individuals. In
contrast, the family Myristicaceae, whose fruit dispersal generally depends on now extinct species of
strong-flying birds such as hornbills, reveals very low recruitment rates of less than 2.5%.

The fifth hypothesis concerned the relative recruitment rates of species of different stature classes.
We found that the greatest number of recruits, 50 %, came from the large trees, the canopy/emergent
class (Table 4): Fewer recruits came from medium sized trees (34 %) and the least from small trees
(15 %). However, these numbers closely reflect the existing population structure, the three classes
occupying 54 %, 31 %, and 15 % of all stems respectively. On a per-capita basis, all stature classes were
represented among recruits at rates that fell within 10 % of the overall plot recruitment rate of 6.5 %.

Of the 11 secondary forest species considered, only 4 species had any recruits at all, and these were
restricted to only 1 or 2 individuals each (Table 5). The overall recruitment rate of these species was 2.7 %
of the 1993 population, less than half the overall plot recruitment rate of 6.5 %. Thus, there was no
evidence that the secondary forest or ruderal species were successfully invading the forest fragment.

DISCUSSION

The results of this study present a paradox among the current observations on forest fragments. A
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Table 5 Recruitment rate 1993-1995 for a 2-ha permanent plot in Bukit Timah Nature Reserve
Singapore, for secondary forest species in the plot.

Species No.in 1993  Recruits in 1995

Timonius wallichianus (Rubiaceae) 101
Pellacalyx saccardianus (Rhizophoraceae) 45
Campnosperma auriculatum (Anacardiaceae)
Endospermum diadenum (FEuphorbiaceae)
Adinandra dumosa (Theaceae)

Vitex gamosepala (Verbenaceae)

Dillenia reticulata (Dilleniaceae)

Macaranga hypoleuca (Buphorbiaceae)
Rhodamnia trinerva (Myrtaceae)

Dillenia excelsa (Dilleniaceae)

Macaranga conifern (Euphorbiaceae)

Total 183
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century of collecting and biological inventory in Singapore has demonstrated unequivoca.ﬂly that the
forested ecosystems of the island have collapsed in many respects. The bird, mammal and insect fauna
have all been greatly altered (Corlett, 1988; Chin et al., 1995.) Furthermore, the quantitative aspects
of the collapse have been in general accordance with predictions based on biogeographic theory, Yet,
when we consider the trees of the 2-ha plot in Bukit Timah, the population structure (LaFrankie et al.,
1996) and the population dynamics, as reported here, show no evidence of dramatic' change. 1'-70r
nearly all of the hypotheses tested, we rejected the view that the forest tree populat.ion is uncilerg({mg
rapid change in character. The new recruits, taken as a class represent a forest that is nearl)./ identical
to the existing forest with regard to relative abundances, stature at maturity, proportion of dioecy, and
proportion of secondary forest species. - '

In the test of dispersal we found a difference in per capita recruitment between biotically fllspe.:rsed
and abiotically dispersed trees, but caution is need in interpreting this result because there is stﬂ% s'o
little background and comparative data on the population dynamics of tropical trees. For example, it is
likely, that high recruitment rates are in fact very general among the species of Dipterocarpaceae, and
are naturally balanced by high mortality among saplings. The only comparable data comes from the
50-ha plot in the much larger Pasoh Forest Reserve (10,000 ha), approximately 200 kr.n north of
Singapore where the 16 species of the genus Shorea (Dipterocarpaceae) showed a recruitment rate
nearly double the overall forest rate during 1990-1995 (LaFrankie, unpublished data). In contrast, th‘e
very low recruitment rates among the Myristicaceae in Bukit Timah, 2.5 %, appear contrary to their
behaviour at Pasoh, where recruitment rate for Myristicaceae over 5 years, was 8 % vs. a plot total of
about 11 % (LaFrankie, unpublished data).. .

One problem in the details of interpretation is that we know very little about the ge.neral dynamics
of species loss, and in particular, about the details of the temporal sequence. Are species lost through
episodic catastrophes, with intervening periods of equilibreal regeneration, or are they lost through a
slow attrition? For instance, the 50 % species loss over 100 years, as suggested for the 4-ha fragment
in Singapore by Turner ez al. (1996) would require an annual rate of loss of only 0.69 % or, over the
course of 2 years, about 4 or 5 species out of 321. Even though we monitored over 10,000 trees for
two years, these rates of change are so low as to challenge the resolving power of the permanent plot:

The alternative is that species are lost in cataclysmic episodes. In this view, the problem of trees in
forest fragments is not that they are unable to maintain near-equilibreal numbers in good times, but
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that they are incapable of recovery after a fire, wind storms and drought. The overall numbers that we
find in Bukit Timah today, a high total diversity with low rates of loss, would be consistent with either
view,

If we accept that area reduction must eventuall

y lead to species loss, then the main question today
is whether species loss will occur episodically in s

hort cataclysms, perhaps related to droughts, or will
it take place through slow year-to-year atirition, The Bukit Timah plot demonstrates that trees within a

thetorical question of the introduction by
-rich rain forest can have high conservation
inevitable, it occurs at a rate slow enough to

concluding yes, for trees, isolated fragments of Species
value, and while the erosion of species diversity may be
allow active management and intervention.
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