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Abstract: Dipterocarp seedling populations arising from a 1996 mast fruiting in closed-canopy primary lowland rain
forest in Sabah, Malaysia, were monitored through the 1997–8 El Niño event to investigate the effects of drought and
other factors on dipterocarp regeneration. Of particular interest was the influence of herbivory and its relation to drought,
since water stress is known to influence herbivore performance. For seedlings with less than 10% leaf damage, mortality
during a 6-mo period spanning the driest part of the drought was three times higher than mortality in the previous and
subsequent 6-mo periods (�10% vs. �30%). Leaf production was also higher during this period. Survival was positively
related to leaf number and negatively related to leaf damage. Dryobalanops lanceolata was the tallest and leafiest
species, and had low levels of leaf damage. Depending on sample period, abscission of leaves with more than 50%
damage was between two and three times more likely than those with less than 10% damage. Mortality of seedlings
defoliated by more than 50% was around twice that of seedlings defoliated by less than 10%. However, fewer than 10%
of seedlings were defoliated by more than 50% at any time. The effect of defoliation did not seem to be altered by
drought. Defoliation levels increased after the drought, perhaps due to a resurgence of insect populations. Drought may
become a more important influence on dipterocarp regeneration in future, since El Niño events are thought to be
increasing in frequency.
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INTRODUCTION

The climatic phenomenon known as the El Niño–Southern
Oscillation (ENSO) is thought to be increasing in fre-
quency and severity (Timmermann et al. 1999). Among
its many influences across the globe (Glynn 1988,
Holmgren et al. 2001), ENSO causes severe droughts and
associated fires across South-East Asia (Walsh & New-
bery 1999). Though secondary forests are particularly
susceptible to fires due to increased fuel load, drier micro-
climate and deliberate fire setting (Brown 1998, Woods
1989), tree mortality in primary lowland dipterocarp
forest is also elevated by drought (Becker et al. 1998,
Nakagawa et al. 2000).

Trees in the family Dipterocarpaceae vary in their
growth characteristics, from fast-growing, light-
demanding species to slow-growing, shade-tolerant ones
(reviewed in Whitmore 1984). Such variation may influ-
ence drought susceptibility in adult trees via differences
in xylem structure (Bebber 2002), and in seedlings via
characteristics such as root:shoot allocation and water-use
efficiency (reviewed in Turner 2001).

1 Corresponding author. Email: danbebber@yahoo.co.uk

Shade-tolerance in seedlings is often related to
increased leaf longevity and leaf toughness, reducing
losses of scarce resources where light availability is limit-
ing (Coley & Barone 1996, Coley et al. 1985). Though
defoliation is relatively insignificant to the majority of
dipterocarp seedlings (Becker 1983, Blundell & Peart
2000), herbivores have been shown to alter competitive
interactions between seedlings (Whitmore & Brown 1996)
and may be involved in distance-dependent mortality of
seedlings (Blundell & Peart 1998, Webb & Peart 1999).
Drought can alter plant palatability and defence, and per-
formance of insect herbivores (Mattson & Haack 1987).
Meta-analyses of large numbers of studies indicate that
though responses of any one plant–insect relationship can
be idiosyncratic, leaf chewers and suckers tend to be nega-
tively affected by plant drought stress, while borers are
positively influenced (Koricheva et al. 1998, Waring &
Cobb 1992).

Differences in seedling persistence in the understorey
are thought to maintain high diversity in dipterocarps
(Brown et al. 1999). In this study, populations of diptero-
carp seedlings arising from a 1996 mast-fruiting were fol-
lowed through the 1997–8 ENSO, in order to gain a better
understanding of the influence of drought and herbivory
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Figure 1. Danum Valley Field Centre rainfall (mm), 30-d running totals,
January 1997 to January 2000. The estimated transpirational threshold
is indicated at 100 mm. Dashes (–) show the census periods.

on seedling performance. It was expected that defoliation
levels would be reduced during drought due to poorer per-
formance of leaf chewers, but that less shade-tolerant
seedlings would be weakened by drought and would be
more susceptible to herbivore damage.

STUDY SITE

The study was conducted in lowland dipterocarp forests
of the Danum Valley Conservation Area, Sabah, East
Malaysia, 4°58′N, 117°48′E. The 438-km2 Conservation
Area is surrounded by a mosaic of secondary forest at
various stages of regeneration after logging. The forest
lies 70 km inland of the east coast of Borneo, at around
200 m asl. Soils are orthic acrisols formed over a melange
of slumped sedimentary and volcanic rocks (Marsh &
Greer 1992), and the topography is undulating.

Mean annual rainfall is around 2800 mm but with large
annual and interannual variations that include droughts
related to El Niño (Walsh & Newbery 1999). Drought in
tropical wet forests is usually said to occur when less than
100 mm of rain falls within a month, since this is the
estimated rate of transpiration (Walsh 1996). The 1997–8
drought manifested itself as a sporadic dry period between
April and July 1997, and a more sustained dry period
between March and June 1998 (Figure 1). Only 11 mm of
rain fell during April 1998 in the Danum Valley. Rainless
periods lasting between 10 and 13 d occurred in late Sep-
tember 1997, late January 1998, mid March 1998 and mid
April 1998.

METHODS

Within the Danum Valley Conservation Area, four study
sites with a pronounced ridge topography and closed
canopy were selected. Between eight and ten 1 × 1-m
permanent quadrats were placed randomly within ridge,
slope and valley strata, giving 84 plots in total. Slope plots

were not placed within the two smallest sites because of
insufficient space. Quadrats were marked with painted
plastic poles and tape. In February 1999, hemispherical
canopy photographs were taken at 50 cm above the centre
of each quadrat using a Nikon 8-mm fish-eye lens and
Kodacolor Gold III ISO 100 colour film in a Nikon
manual camera. The photographs were analysed using
Hemiview Canopy Analysis Software version 2.0 beta 1
from Delta-T devices (http://www.delta-t.co.uk). Global
Site Factor (GSF), the proportion of global radiation under
the plant canopy relative to that in the open, was calcu-
lated from the photographs.

Dipterocarps flower gregariously over a wide geo-
graphic area (Appanah 1993). These mast fruitings occur
every 2–10 y, and seem to be related to ENSO (Curran et
al. 1999, Yasuda et al. 1999). A mast fruiting of diptero-
carps had occurred in the third quarter of 1996 in the
Danum Valley Conservation Area, seedlings of which
were monitored during the study. These were distingu-
ished from older seedlings by their small size, smooth thin
bark, and small number of leaves and leaf scars.

Four seedling censuses were undertaken, in September
1997, March 1998, September 1998 and March 1999. The
period between each census was kept as constant as pos-
sible, to within a few days. The first inter-census period
spanned an intermittently dry spell that followed the first
period of ENSO-related drought in May to July 1997
(Figure 1). The second inter-census period spanned the
extremely dry month of April 1998. The third period was
characterized by high precipitation.

At the first census, each dipterocarp seedling was indi-
vidually identified with a numbered plastic tag. At the first
and each subsequent census, each leaf was numbered in
permanent pen on the underside near the petiole, barring
small flushing leaves that were too delicate to mark. The
occurrence of flushing leaves was noted, however. Leaf
scars of leaves that had been flushed and abscised between
censuses were recorded. The length of fully expanded
leaves was measured from the base of the lamina to the
beginning of the drip-tip. Seedling height was measured
from the ground to the highest growing point, any peculi-
arity of growth form being noted. Percentage damage in
various categories was estimated by eye, as was the
number of mines, eggs and galls. Loss of expanded leaves
that were present at the previous census was attributed to
abscission, and not used to calculate overall defoliation
rate. Dead tagged seedlings were carefully removed from
the soil and inspected for evidence of what may have
caused their death.

Leaf areas were estimated from length using a quadratic
regression (A = bx2). Species-specific relationships were
developed using 20 randomly selected, fully expanded
leaves from 20 seedlings of each species in the study.
These leaves were scanned into a personal computer, and
length and area measured using Aequitas IA software
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(Dynamic Data Links, Cambridge, UK). A quadratic
regression line was then fitted to the data for each species,
constrained to an intercept of zero. Estimated areas were
reduced by the observed level of leaf damage.

Since leaf damage values were estimated by eye, train-
ing in damage estimation was undertaken prior to the
study. One hundred intact dipterocarp seedling leaves
were picked and scanned into a personal computer. Leaf
area of each leaf was measured using Aequitas IA soft-
ware. A proportion of each leaf was then torn off and the
leaves scanned and measured again, from which the actual
amount missing was calculated. This ranged from 0.2%
to 83.4%. The leaves and the missing proportion data
were then inspected, and 1 wk later the proportion missing
was estimated by eye. Linear regression of estimates
against actual values gave a slope of 0.75 ± 0.03 (r2 =
0.82, P < 0.001). Since damage was overestimated,
estimation was repeated to give a final slope of 0.94 ±
0.03 (r2 = 0.90, P < 0.001).

RESULTS

A total of 5590 leaves of 1150 dipterocarp seedlings in
eight species was sampled in the course of the study:
Dryobalanops lanceolata Burck (n = 90), Parashorea sp.
(n = 451), Shorea acuminatissima Sym. (n = 55),
S. argentifolia Sym. (n = 10), S. glaucescens W. Meijer
(n = 131), S. leprosula Miq. (n = 3), S. johorensis Foxw.
(n = 298), S. parvifolia Dyer (n = 106) and S. superba
Sym. (n = 6). Parashorea is not identified to species
because the two species found at Danum, P. malaanonan
(Blco.) Merr. and P. tomentella (Sym.) W. Meijer, cannot
be reliably distinguished as seedlings (Meijer & Wood
1964). Shorea leprosula, S. argentifolia and S. superba
were not included in the analyses since 10 or fewer indi-
viduals were sampled. The following abbreviations will
be used to identify species in Figures: Dl = D. lanceolata,
Pa = Parashorea spp., Sa = S. acuminatissima, Sg = S.
glaucescens, Sj = S. johorensis, Sp = S. parvifolia, All =
all species combined.

Herbivory

A number of different leaf-damage types were found,
including galling, mining, chewing from the leaf edge,
holes cut into the lamina, scraping, skeletonization and
necrosis. Mines were most common in D. lanceolata and
S. johorensis, whilst galls were most common in D.
lanceolata (Figure 2, likelihood ratio test, P < 0.05). A
distinctive leaf roller, in which leaves were rolled long-
itudinally and contained a small coleopteran larva, was
found in 7% of Parashorea seedlings. Around one-sixth
(n = 189) of seedlings lost their apical meristems through
the study, and of these three quarters (n = 146) grew a
new shoot from a lateral bud. New apical meristem

Figure 2. Percentage of seedlings (a) mined and (b) galled, ± 95% con-
fidence limits. Census 1 (unshaded), census 2 (cross-hatching), census 3
(diagonal hatching) and census 4 (vertical hatching). Dl = D. lanceolata,
Pa = Parashorea spp., Sa = S. acuminatissima, Sg = S. glaucescens, Sj =
S. johorensis, Sp = S. parvifolia. Missing bars indicate zero mean.

damage (i.e. discounting that found in seedlings in the
first census) was significantly more frequent at the fourth
census (9%) than in the second (3%) and third (4%) cen-
suses (likelihood ratio test, P < 0.001). The majority of
regrowth occurred during the same 6-mo period as the
loss of the apical meristem. Apical meristem damage in
the first census was related to increased seedling mortality
(26% vs. 14% in undamaged seedlings, likelihood ratio
test, P = 0.015). There was no relationship in subsequent
censuses.

Standing levels of defoliation increased through the
study as leaves accumulated damage (Figure 3a). Damage
to newly flushed leaves was greater than that to expanded
leaves (Wilcoxon signed ranks test, P < 0.001). The distri-
bution of damage was highly skewed, with two-thirds of
seedlings having less than the mean percentage defoli-
ation. The overall defoliation rate, taking loss of whole
leaves into account, was 0.03% d-1. Damage to newly
flushed leaves and expanded leaves was greater during the
last period than the previous ones (Wilcoxon signed ranks
test, P < 0.01). There were significant differences among
species in damage to new leaves (Kruskal–Wallis test, P <
0.01), with D. lanceolata having consistently low damage
(Figure 3b).

Leaf dynamics

Seedlings had up to 30 leaves, the number of leaves
depending strongly on species and height (General Linear

https://doi.org/10.1017/S0266467404006133 Published online by Cambridge University Press

https://doi.org/10.1017/S0266467404006133


DANIEL P. BEBBER, NICK D. BROWN AND MARTIN R. SPEIGHT14

Figure 3. (a) Standing levels of leaf damage, median and interquartile
range. Census 1 (unshaded), census 2 (cross-hatching), census 3
(diagonal hatching) and census 4 (vertical hatching). (b) Damage to new
leaves, median and interquartile range. Period 1 (white bars), period 2
(shaded bars) and period 3 (diagonal hatching). Dl = D. lanceolata, Pa =
Parashorea spp., Sa = S. acuminatissima, Sg = S. glaucescens, Sj = S.
johorensis, Sp = S. parvifolia, All = all species combined. Missing bars
indicate zero median.

Model, P < 0.001), but not on topography. Seedlings lost
and gained up to 10 leaves between censuses, but the dis-
tribution was highly skewed with most seedlings neither
gaining nor losing leaves between censuses. Estimated
leaf area was greatest in D. lanceolata and Parashorea
(General Linear Model with Tukey’s Honestly Significant
Difference test, P < 0.05). Leaf area was strongly related
to seedling height (r = 0.44, P < 0.001), partly explaining
the larger leaf area of D. lanceolata and Parashorea. The
largest increases in leaf area per seedling between the first
and last census were seen in D. lanceolata (57% ± 13
SE), followed by S. johorensis (47% ± 17 SE) and Para-
shorea (38% ± 10 SE). Shorea acuminatissima, S. parvi-
folia and S. glaucescens showed no significant increase
(paired samples t-test, P > 0.3). Increases in leaf area were
seen in all species at a population level, because seedlings
with fewer leaves were more likely to die (Figure 4a).
There were no clear or consistent influences of topo-
graphy on leaf area, once height had been controlled for.

Leaf loss and gain were positively correlated with total
number of leaves (Spearman’s ρ, P < 0.001), so relative
monthly leaf gain and loss (RMLG and RMLL,
respectively) were calculated as the number of leaves lost
and gained in each census period divided by the original

number of leaves and the time between censuses. Topo-
graphy did not influence leaf turnover, though species did
(Kruskal–Wallis test, P > 0.001). Shorea johorensis and
Parashorea gained the most leaves and S. glaucescens the
least (Figure 4b). Shorea johorensis lost the most leaves,
S. glaucescens and S. acuminatissima the fewest (Figure
4c). Both RMLG and RMLL were greatest between the
second and third census (Wilcoxon signed ranks test, P <
0.001). The density of newly flushed leaves in the under-
storey was also significantly greater in the second period
(median 9 leaves m-2) compared with the first period
(median 4 leaves m-2) and third period (median 5.8 leaves
m-2, Wilcoxon signed ranks test, P < 0.05). Relative
monthly net leaf change (RMNLC) for all seedlings com-
bined, calculated as the net difference in leaf number
between censuses over the original number of leaves and
period in months, was lower in the last period compared
with the previous ones (Figure 4d, paired samples t-test,
P � 0.001).

Leaf damage was a significant predictor of abscission
by the next census (Figure 5a, logistic regression, P <
0.001). In the first and third periods, leaves with less than
10% damage had survival rates of more than 90%, while
in the second census this fell to � 70%. Leaves with more
than 50% damage had survival rates of 60–75% in the
first and last periods, while in the second period survival
was 52%.

Seedling survival

Seedling density varied from 5 to 32 m-2. Mortality was
greatest between March and September 1998 for all spe-
cies except S. acuminatissima, which showed high, but
decreasing, survival rates through the study (Figure 6,
likelihood ratio test, P < 0.05).

Logistic regression was used to determine the influence
of different factors on survival in each of the three census
periods. Differences between census periods were sought
using likelihood ratio tests. Survival was calculated as the
proportion of seedlings remaining from the previous
census. Significance level was set at P � 0.01 since the
effects of 42 factors were tested, i.e. three census periods,
six species, four sites, topography, height, mean leaf
damage and leaf number. Leaf damage, leaf number and
census were significantly related to survival. Seedlings
with more leaves and less leaf damage were more likely
to survive, and survival was lowest between the second
and third census. In the first and third measurement
periods, seedlings with less than 10% leaf damage had
more than 80% survival rates, whilst those with more than
50% damage had � 50% survival (Figure 5b).

Topography had no significant overall influence on sur-
vival, though some parts of the steep slopes of two sites
had high mortality due to soil disturbance by emerging
cicadas. On inspection, a number of dead seedlings were
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Figure 4. (a) Estimated leaf area, mean ± 95% confidence limits. Census 1 (unshaded), census 2 (cross-hatching), census 3 (diagonal hatching) and
census 4 (vertical hatching). (b) Relative monthly leaf gain (RMLG), median and interquartile range. (c) Relative monthly leaf loss (RMLL), median
and interquartile range. (d) Relative monthly net leaf change (RMNLC), median and interquartile range. Period 1 (unshaded), period 2 (cross-hatching)
and period 3 (diagonal hatching). Dl = D. lanceolata, Pa = Parashorea spp., Sa = S. acuminatissima, Sg = S. glaucescens, Sj = S. johorensis, Sp =
S. parvifolia, All = all species combined. Missing bars indicate zero median.

found to have been attacked by a scolytid beetle
(Coleoptera: Scolytidae) root borer. This excavated the
taproot and caused mortality in some areas (Bebber et al.
2002).

Seedling growth

Seedlings ranged from 7–79 cm in height. Through the
study, seedlings growing on ridges were shorter than those
growing on slopes and valleys (General Linear Model
with Tukey’s Honestly Significant Difference test, P <
0.001). Dryobalanops lanceolata seedlings were tallest, S.
acuminatissima and S. parvifolia shortest (Figure 7).
These rankings remained the same through the study
(General Linear Model with Tukey’s Honestly Significant
Difference test, P < 0.001).

Seedlings grew under very dimly lit conditions of
closed canopy, estimated GSF varying from 0.2–7.9%
(mean 2.9% ± 0.2 SE). GSF did not vary consistently with
topography (General Linear Model, P > 0.05). Relative
monthly height increment (RMHI) varied between −0.07
and 0.12 cm cm-1 mo-1, i.e. some negative growth was
measured. RMHI was significantly greater in the second

period than in the third (Wilcoxon signed ranks test, P <
0.001). No relationship between mean RMHI per quadrat
and GSF was detected (General Linear Model, P > 0.1),
nor were there consistent effects of species, topographic
position or leaf area.

DISCUSSION

GSF values were similar to those found under other
closed-canopy primary tropical lowland forests (Becker &
Smith 1990, Canham et al. 1990, Chazdon & Fetcher
1984, Clark et al. 1996, Nicotra et al. 1999). Under such
conditions, seedling growth essentially ceases and leaf
turnover is limited (Clark & Clark 1985, Ng 1992,
Whitmore & Brown 1996), as was observed in the present
study. Relative growth and leaf gain were elevated during
the driest part of the study, as were mortality and leaf loss.
Holmgren et al. (2001) suggest that tropical tree seedling
recruitment is promoted by El Niño-related drought,
because mortality and leaf abscission in canopy trees
increase light and water availability in the understorey
(Becker & Smith 1990). This may explain elevated rates
of leaf flushing, but it seems that the drought was severe
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Figure 5. (a) Damage per leaf against proportion of leaves surviving to
next census, mean ± 95% confidence limits. (b) Mean leaf damage per
seedling against proportion of seedlings surviving to next census, mean
± 95% confidence limits. Damage classes are < 1%, 1–5%, 6–10%, 11–
20%, 21–50% and 51–100%. Period 1 (�), period 2 (×) and period 3
(�).

Figure 6. Proportion of seedlings surviving from the previous census ±
95% confidence limits. Period 1 (unshaded), period 2 (cross-hatching)
and period 3 (diagonal hatching). Dl = D. lanceolata, Pa = Parashorea
spp., Sa = S. acuminatissima, Sg = S. glaucescens, Sj = S. johorensis,
Sp = S. parvifolia.

Figure 7. Seedling height through the study, mean ± 95% confidence
limits. Census 1 (unshaded), census 2 (cross-hatching), census 3
(diagonal hatching) and census 4 (vertical hatching). Dl = D. lanceolata,
Pa = Parashorea spp., Sa = S. acuminatissima, Sg = S. glaucescens, Sj =
S. johorensis, Sp = S. parvifolia.

enough to simultaneously increase leaf abscission, since
leaf abscission is a physiological response to water deficit
(Pallardy & Rhoads 1993, Parker & Pallardy 1985).

The effects of topographic variation in water avail-
ability were unclear. Ashton et al. (1995) found that
dipterocarp seedling growth in a Sri Lankan rain forest
was slowest on ridges in comparison with slopes and
valleys, and for some species survival was least on ridges.
Ridge sites are more drought-prone than lower slopes
(Ashton 1992, Gibbons 1998), which may explain the
smaller size of seedlings growing on ridges. Topography
exerted no other strong or consistent influences on seed-
ling performance in the present study.

Seedling mortality was higher during the driest period
of the study than in the other periods. Previous studies
have implicated drought as an agent in dipterocarp seed-
ling mortality (Kachi et al. 1995, Turner 1990), though
not in relation to ENSO. The most obvious sign of
drought-related wilting and death was seen in Parashorea
seedlings on one site, which was accompanied by an out-
break of root-boring beetles (Bebber et al. 2002). Survival
was also related to leaf number. Dryobalanops lanceolata
seedlings were tallest and leafiest, and this species showed
the largest increases in growth and accumulation of leaf
area. The architecture of D. lanceolata is thought to
increase interception of sunflecks (Zipperlen & Press
1996). Seed size can be an important determinant of seed-
ling size and shade tolerance (Saverimuttu & Westoby
1996, Walters & Reich 2000), and there is some evidence
for this in dipterocarps (Basada 1979). The large size of
D. lanceolata seedlings in the present study may be
related to the large, lipid-rich seeds of this species (Ichie
et al. 2001). Energy reserves provided by large seeds can
allow seedlings to recover from shoot damage (Harms &
Dalling 1997), but this has been suggested as unlikely in
dipterocarps since these reserves are depleted by the time
the first leaves are formed (Ichie et al. 2001).
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Of those species involved in the study, Dryobalanops
lanceolata and Shorea glaucescens are classified as more
shade-tolerant medium hardwoods, the other species as
light hardwoods (Meijer & Wood 1964). It has been sug-
gested that shade-tolerant species have long-lived leaves
which tend to be more heavily protected than the short-
lived leaves of light-demanding species (Coley 1988). The
two medium hardwoods had low levels of defoliation, as
predicted, but S. acuminatissima seedlings were also
lightly defoliated. Leaf turnover rates also partially sup-
port predictions based on timber group, in that S. glauces-
cens and D. lanceolata had low rates of leaf loss. How-
ever, S. acuminatissima also lost few leaves. Expected
differences in survival were obscured by chance factors
such as soil disturbance by emerging cicadas, that killed
large numbers of S. glaucescens seedlings in one of the
sites. Previous studies have shown that random variation
in natural forest conditions obscure any niche differenti-
ation between seedlings (Brokaw & Busing 2000).

Rates and standing levels of defoliation were very sim-
ilar to those of shade-tolerant species in other studies of
humid tropical forests (Coley & Barone 1996). Leaf
damage was strongly related to abscission and seedling
mortality. The effect of defoliation was seen in all species,
and was not simply the result of the species-level correla-
tion between leaf longevity and defence (Coley et al.
1985). It is possible that the influence of defoliation on
mortality was indirect, causing increased abscission,
reduced light interception and a negative energy balance.
Damage-related abscission has been observed in temper-
ate and tropical species, and may be the result of disrup-
tion of leaf development, an adaptive response to prevent
pathogen infection and water loss, or because more carbon
can be gained by flushing a new leaf than by retaining a
damaged one (reviewed in Blundell & Peart 2000). Defo-
liation may be particularly detrimental to seedlings in
deep shade (Clark & Clark 1985), since each leaf presents
a larger proportion of available photosynthetic area com-
pared with seedlings in high-light environments.

Leaf damage in the present study was inflicted by biotic
agents, and the majority of defoliation occurred while the
leaf was expanding (Coley & Barone 1996). Damage-
related abscission is much more likely in expanding than
mature leaves of dipterocarp seedlings (Blundell & Peart
2000), and the influence of defoliation on abscission was
therefore stronger than in studies in which mature leaves
are artificially defoliated (e.g. Becker 1983).

Defoliation was unimportant to the vast majority of
seedlings at any one time. However, seedlings may persist
for several years under closed canopy (Delissio et al.
2002), increasing the probability of incurring severe
damage. Low standing levels of defoliation may be due
to the rarity of palatable young leaves (Basset 1999) or to
the presence of large numbers of ants in the seedling layer
(unpubl. data) that are likely to deter defoliators, since

ants can be important predators in tropical forests (Floren
et al. 2002, Novotny et al. 1999).

Rates of apical meristem damage were similar to other
studies of dipterocarp seedlings (Becker 1983). There was
some indication that meristem damage increased the prob-
ability of mortality, but this was not consistent through
the study and has not been seen in previous studies
(Clark & Clark 1985). The proportion of seedlings with
meristem damage was greatest in the last, wettest census
period. Clark & Clark (1985) suggest that this may be
because meristem damage is primarily caused by fungal
infections that are more likely during periods of high rain-
fall.

Interactions between herbivory and drought are likely
to depend upon the responses of both insects and seed-
lings to reduced water availability. A greater number of
palatable new leaves were produced during the driest
period but defoliation rates were lower, as might be
expected if drought led to a decrease in herbivore popula-
tions (Coley 1998). Also, leaf chewers perform poorly
when plants are water-stressed (Koricheva et al. 1998). A
moth-trapping study near the study area noted a severe
decline in moth abundance during the drought, and sub-
sequent recovery when rain returned (H. Barlow, pers.
comm.).

The study showed that ENSO-related drought and her-
bivory influenced survival of dipterocarp seedlings in
primary lowland forest. Only one drought episode was
followed, so the results must be treated with some caution.
However, the expected increase in the frequency of ENSO
events will allow further study of this phenomenon in
future.
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