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ABSTRACT

The frequency of extreme precipitation events is predicted to increase in some tropical regions in response to global climate change, but
the impacts of this form of disturbance on the structure and dynamics of tropical tree communities across heterogeneous landscapes
remain understudied. We determined the effects of an extreme precipitation event (EPE) in July 2006 on mortality of dipterocarps on a
68 ha permanent inventory plot in Sepilok Forest Reserve, Sabah. For stems ≥30 cm dbh, 12 of the 15 species of Dipterocarpaceae on
this plot have significant positive and/or negative associations to habitats defined by topography and soil type. Short-term mortality
induced by the EPE was much greater for individuals growing on the alluvial floodplain (13.7%) than in the mudstone (1.4%) or sand-
stone (0.0%) habitats, but mortality of dipterocarps did not differ among these habitats in the subsequent 5-yr interval. The likelihood
of mortality in response to the EPE was highest for a small group of fast growing dipterocarps that possess low wood density and a
strong association to the alluvial forest habitat. This group of species represents a high percentage of dipterocarp individuals but a low
proportion of dipterocarp diversity in this habitat. We conclude that disturbance induced by high rainfall events contributes to the epi-
sodic nature of tropical forest dynamics, and that increases in the frequency of these events would disproportionately impact low-lying
alluvial forest environments and some of the species growing in them.

Abstract in Malay is available in the online version of this article.
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GLOBAL CHANGE HAS INCREASED THE FREQUENCY AND MAGNITUDE

OF EXTREME WEATHER EVENTS, and this trend is predicted to con-
tinue (IPCC 2012). In some regions, the key prediction from cli-
mate science is for an increase in the incidence and intensity of
severe windstorms or droughts (Timmerman et al. 1999, 2004,
Trenberth et al. 2007). The ecological impacts of these types of
large-scale disturbance events on tropical forests are well-docu-
mented (Whitmore & Burslem 1998, Burslem et al. 2000, Slik
2004, Phillips et al. 2010, Itoh et al. 2012). However, for parts of
Southeast Asia the most significant consequence of climatic
change may be an increase in the occurrence of rare high-precipi-
tation events (Christensen et al. 2007, IPCC 2012). These are cur-
rently neither well understood nor well represented in the
literature on the ecological impacts of large-scale disturbances
(Whitmore & Burslem 1998). Understanding the effects of
intense rainfall events may be important for the future manage-
ment of tropical forests in vulnerable regions.

Heavy rainfall may increase the frequency and intensity of
severe flooding, which saturates soil and weakens its structural
strength (Greacen 1960). In conjunction with high winds, these

infrequent events may lead to greater rates of treefall and com-
munity-wide mortality, as well as a transient increase in the flux
of biomass and nutrients through decomposer pathways. These
impacts are unlikely to be expressed uniformly across heteroge-
neous landscapes. Wetter and more flood-prone environments are
concentrated in concave topographic units and flat alluvial envi-
ronments adjacent to streams and rivers, and are subject to addi-
tional influences from variation in underlying geology and soil
conditions (Daws et al. 2002, Baker et al. 2003a, Tombul 2007).
Thus, the scale of damage induced by high rainfall events is likely
to be habitat-specific, as observed in studies of tropical forests
impacted by landslides (Dykes 2002). To our knowledge, the hab-
itat-specific effects of high rainfall and flooding on tropical tree
mortality have not been quantified outside seasonally inundated
environments in Amazonia (Lopez & Kursar 2003, Parolin et al.
2004, Whittmann et al. 2006).

Differential disturbance regimes across habitats may be
important if they contribute to shaping species–habitat associa-
tions and differences in tree community structure. Numerous
studies have defined the associations of coexisting tropical tree
species to topographic habitats (Gartlan et al. 1986, Webb et al.
1999, Phillips et al. 2003, Gunatilleke et al. 2006, Sukri et al.
2012). These species–habitat associations support the hypothesis
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that resource partitioning and related niche assembly processes
contribute to the maintenance of species richness in tropical for-
ests (Grubb 1977, Poorter & Arets 2003, Pizano et al. 2011).
The mechanisms that determine contrasting habitat associations
for tropical tree species are likely to vary among sites because of
differences in the abiotic environment and evolutionary history of
the flora. A consideration of habitat-specific differences in the
disturbance regime has only rarely been discussed as a factor in
this debate (Webb et al. 1999, Whittmann et al. 2006, Itoh et al.
2012).

In the tropical forests of Southeast Asia, there is strong evi-
dence of topographic habitat associations for trees and/or lianas
linked to variation in soil resource availability (Baillie et al. 1987,
Webb & Peart 2000, Baltzer et al. 2005, DeWalt et al. 2006, Slik
et al. 2009). For Borneo, the evidence is particularly compelling for
species of the dominant tree family, the Dipterocarpaceae, growing
at Gunung Palung, Kalimantan (Paoli et al. 2006) and in Brunei
Darussalam (Sukri et al. 2012). At Gunung Palung the distribution
of 18 out of 22 species could be differentiated by soil concentra-
tions of P, C, and Mg (Paoli et al. 2006). Similarly, at two sites in
Brunei, 19 out of 37 species were significantly associated among
two sites that contrasted in availability of soil nutrients, vegetation
structure, and topography (Sukri et al. 2012). At our study site,
Sepilok Forest Reserve (SFR) in Sabah, the fine-scale distribution
of trees, and lianas correlates with variation in topography and par-
ent material, and this variation is associated with different rates of
biogeochemical cycling and the availability of soil nutrients and
water (Baltzer et al. 2005, Dent et al. 2006, DeWalt et al. 2006, Ni-
lus et al. 2011, Born et al. 2014). Four main floristic associations of
trees are encountered inland of the fringing mangrove vegetation,
ranging from low stature heath forest on infertile sandy soils to tall
alluvial forests on nutrient-rich soils covering flat land adjacent to
rivers. Sandstone ridges and small mudstone hills give rise to topo-
graphic heterogeneity and also possess distinctive tree communities
(Fox 1973, Nilus 2004).

Topographic gradients may induce spatial variation in soil
water availability through down-slope lateral movement and over-
land flow (Hewlett & Hibbert 1963, Daws et al. 2002, Baker et al.
2003a, Gibbons & Newbery 2003). Well-drained sites at high ele-
vations are vulnerable to soil drying during drought periods
(Potts 2003) and consequently dipterocarps specialized to sand-
stone ridges at Sepilok possess traits associated with tolerance of
water shortage (Baltzer et al. 2005). Conversely, species adapted
to resource-rich low elevation habitats may possess traits linked
to rapid acquisition and less conservative use of nutrients and
water, such as fast growth rates and low wood density (Guna-
tilleke et al. 1997, Baker et al. 2003b, Nilus et al. 2011). On the
other hand, wetter environments at lower elevations may be more
vulnerable to inundation and waterlogging during periods of high
rainfall. As a soil becomes saturated its sheer strength is reduced,
which can lead to structural failure (Greacen 1960). Under windy
conditions the lateral force placed on treecrowns may surpass the
weakened root-soil connections leading to up-rooting (Putz et al.
1983), which is more likely for species with large stature, low
allocation to root biomass, and low wood density (Putz et al.

1983, Zimmerman et al. 1994, Bellingham et al. 1995, Webb et al.
2014). Wood density is inversely proportional to growth rate
(Enquist et al. 1999, King et al. 2005), but is also correlated with
species resilience to damage and mortality (King et al. 2006,
Webb et al. 2011), and low allocation to root biomass is associ-
ated with fast growing species of resource-rich environments (Paz
2003). Thus, species associated with resource-rich alluvial forest
environments may be more vulnerable to damage during storms,
and this vulnerability may increase the frequency of gap creation
through treefall in these habitats during the rare high rainfall
events. Under this model, the association of species to alluvial
habitats might be maintained by a growth/survival trade-off med-
iated via traits that confer low resistance but high resilience to
disturbance (Zimmerman et al. 1994). A trade-off between
growth and survival of seedlings in response to tolerance of
flooding-induced anaerobic conditions may also contribute to
habitat partitioning (Born et al. 2014).

In this paper we document the impacts of a high rainfall
event on the mortality of dipterocarps across three different habi-
tats in Sepilok Forest Reserve. We first determine the evidence
for habitat associations among the common dipterocarps coexis-
ting at this site, then use those data to test the hypotheses that,
in response to an event in 2006 when a wind-storm followed a
period of unusually high rainfall: (1) a higher proportion of trees
in the dipterocarp community suffered mortality in the alluvial
forest habitat than in adjacent mudstone hill or sandstone ridge
forests; (2) mortality rates were higher for alluvial forest special-
ists than specialists of the other two habitats; and (3) wood den-
sity was inversely correlated with tree mortality and lower for
alluvial forest specialists than either generalists or specialists of
the other two habitats. To document the significance of the high
rainfall event, we compared mortality rates between census inter-
vals that span the event and the subsequent 5-yr post-event per-
iod.

METHODS

STUDY SITE.—Sepilok Forest Reserve is a relatively undisturbed
patch of lowland dipterocarp, heath, and mangrove forest on the
east coast of Sabah, Malaysia (5° 100 N, 117° 560 E). The reserve
exists as an isolated fragment of 4475 ha surrounded by fruit
orchards, secondary forest, and oil palm plantations (Maycock
et al. 2005). The climate of Sabah is described as aseasonal and
SFR has a mean annual rainfall of 3136 (�921 SD) mm and
mean annual temperature of 27.3°C (Sandakan MET 2013). Nev-
ertheless, there is variation in climate among years related to the
intensity of the El Ni~no Southern Oscillation (Moermon et al.
2013). For details on variation in soils, geology, and vegetation
across SFR see Appendix S1.

This study focused on the impacts of an extreme precipita-
tion event (EPE) and an accompanying storm in July 2006 on
forest dynamics in SFR. A severe storm after 2 wk of heavy rain-
fall in early July 2006 caused a localized disturbance to the low-
land dipterocarp forest in SFR. Rainfall during July 2006 was
560.6 mm, compared to a mean value of 202.1 (�94.3 SD) mm
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for July rainfall over the preceding 25 yr, and 2006 was the wet-
test year on record (Sandakan MET 2013, measurements taken
15 km from SFR). Additionally, during July 2006, the maximum
sustained wind speed recorded was 35.2 km/h and the maximum
gust speed was 53.5 km/h (Sandakan MET 2013). This value is
low compared to maximum sustained wind speeds recorded dur-
ing tropical cyclones and hurricanes (e.g., 120–320 km/h, Ever-
ham & Brokaw 1996, Webb et al. 2014), and it was equaled or
exceeded on 29 occasions in the preceding 10 yr (Sandakan
MET 2013). Conversely, the intense rainfall caused severe flood-
ing in the alluvial floodplain forest habitat at SFR (C. R. May-
cock, pers. obs.). The impacts of these events therefore reflect
the combined effects of an extreme amount of rainfall over a
short period exacerbated by a moderate intensity storm with rela-
tively low maximum sustained wind speeds.

The study site for this research was a 740 m 9 920 m (68-
ha) permanent inventory plot (Fig. S1). This plot contains three
habitat types (mudstone hills, alluvial flats, and a small area of
sandstone hill) that are characterized by differences in relative ele-
vation, flooding frequency, and associated soil properties (for fur-
ther details on variation in vegetation and soils in SFR see
Appendix S1 and Nilus 2004, Baltzer et al. 2005, Dent et al.
2006, DeWalt et al. 2006). The alluvial area is flat and close to
sea level, and consequently it is liable to flood during wetter
years. The gently undulating mudstone hills reach a maximum
elevation of 30 m asl, protruding out of the alluvial flats and int-
erbedded between the sandstone hills (Baltzer et al. 2005). The
steeper sandstone hills reach a maximum height of 90 m asl, and
taper at the summits into narrow ridges. The boundary between
the alluvial flat and mudstone hill habitat types on the 68 ha plot
was mapped using a GPS (GPSMAP 60CSx; Garmin, Olathe,
Kansas, U.S.A.), while the position of the sandstone hill relative
to the adjacent mudstone habitat was geo-referenced from a map
of SFR. Mudstone hills were the dominant habitat type (56.8%),
followed by alluvial flats (38.7%) and sandstone hills (4.6%:
Fig. 1; Table S1).

During 9–16 August 2006, we undertook an extensive
search for recently dead trees on the 68 ha plot (Fig. 1). We
located fallen trees possessing intact bark and an absence of
extensive wood decay, indicative of death within the previous
month, and assumed them to have uprooted during or soon after
the storm. We identified trees that were considered to have died
during the disturbance to species based on the characteristics of
dried leaves and bark. During the search, we measured the diam-
eter of dead trees ≥50 cm diameter to a precision of �5 cm
diameter at breast height (dbh) at a position along the bole corre-
sponding to 1.3 m aboveground level. We recorded the positions
of all dead trees using a GPS (GPSMAP 60CSx; Garmin), and
recorded habitat (alluvial, mudstone hill or sandstone ridge) and
mode of death (uprooted or snapped). During the period from
20 May 2006 to 28 February 2007, we identified all living dip-
terocarp trees ≥30, ≥40 or ≥50 cm dbh, depending on species
(Table S2), tagged and measured them for dbh (to �5 cm), and
mapped them using a GPS (GPSMAP 60CSx; Garmin) on the
68 ha area to create a permanent inventory plot (Fig. 1). The dif-

ferent diameter thresholds for species reflected differences in the
minimum size for reproductive maturity recorded in a previous
study (Maycock et al. 2005). We assumed the populations of liv-
ing dipterocarps on the 68 ha plot just prior to the EPE to be
those recorded as recently dead during August 2006 plus the liv-
ing trees recorded by the end of February 2007. We tagged a
total of 2498 living trees of 36 dipterocarp species on the plot.

The entire 68 ha plot was recensused in July 2012, and where
possible the mode of death of dead trees was recorded (trees
snapped, standing or uprooted). For living trees, the dbh (1.3 m
height) was measured (to �1 mm) or 0.25 m above any but-
tresses or abnormalities that would have given biased estimates of
diameter at 1.3 m height. For 312 trees with extremely high but-
tresses (12.5% of the total), the diameter above the buttresses was
estimated to �5 cm by extrapolation from measurements at
breast height with an allowance for stem taper.

All values of wood density were obtained from the Global
Wood Density Database (GWDD; Zanne et al. 2009), with the
exception of Parashorea tomentella and Dipterocarpus caudiferus which
were obtained from Meijer and Wood (1964) (Table S2).

DATA ANALYSIS.—We used a torus randomization test (Harms
et al. 2001) incorporating the adjustments made by Comita et al.
(2007) to compute habitat associations for species with ≥35 stems
(15 species) on the plot prior to the extreme precipitation event
in 2006. This test accounts for spatial autocorrelation in tree
positions that arises from dispersal limitation in dipterocarps (see
Appendix S2 and Harms et al. 2001 for description of this test
and its application in this study). The degree of association to a

FIGURE 1. Map of the 68 ha (920 m 9 740 m) plot in Sepilok Forest

Reserve showing the distribution of soil types and the locations of all diptero-

carps in the census that died (open white circles) or survived (black dots) in

response to the extreme precipitation event in July 2006: gray, alluvial flood-

plain (15.9 ha or 23.4%); white, mudstone hills (49 ha or 72.0%); black, sand-

stone hills (3.1 ha or 4.6%). The boundary between the alluvial floodplain

and the mudstone was mapped using a GPS, and the sandstone boundary

was geo-referenced from a low-resolution map of Sepilok Forest Reserve

(SFR).
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habitat is a continuum along a gradient from absolute repulsion
to absolute attraction. To represent species–habitat associations
along this continuum we defined an index for each species that
extended from �1, indicating repulsion, to +1, indicating attrac-
tion, using the following equation:

Habitat index ¼ �2ðP value� 0:5Þ

The P-value from the torus translation test defines the
significance of the positive or negative association of a species
to each habitat. Because tree mortality was concentrated in the
alluvial forest, we defined the habitat index using the P-value
from the torus translation tests of positive association to the
alluvial forest habitat (repeating all analyses after recalculating
the index using P-values from the tests of negative association
to the alluvial forest gave very similar results).

The effect of the EPE on tree mortality was determined for
the 1964 individuals ≥50 cm dbh estimated to be present on the
plot prior to the event because this was the minimum size for
inclusion of dead trees of all species in the post-EPE mortality
census. We computed mortality at species level for the 15 most
abundant species only (≥35 stems prior to the EPE). We calcu-
lated mean annual mortality rates for the period 2007–2012 using
the following equation (Alder 1995, Sheil et al. 1995)

mð%=yrÞ ¼ 1� ð1� ðN0 �N1Þ=N0Þ1=t

where N0 and N1 are the number of individuals alive at the
beginning and end of the interval t (yr). We used boot-strapping
to calculate 95% confidence intervals for the EPE mortality (%),
and post-EPE annual mortality rate (%/yr). To do this, we sam-
pled individuals within species at random, with replacement, to
generate samples equivalent in size to the pre-EPE population
size and we computed the mortality percentage for the random
sample. We repeated this procedure 10,000 times to generate a
frequency distribution of mortality rates, and calculated the 95%
confidence intervals from this frequency distribution. We used
chi-square tests to determine whether the observed proportions
of individuals in the three mode of death classes differed between
the EPE and the subsequent 5-yr period that lacked an EPE.

We used binary logistic regression to investigate the factors
that influenced mortality based on data for the species with ≥35
stems prior to the EPE. We excluded trees located on the sand-
stone soil type because their numbers were too small for analysis.
Nevertheless, mortality values on the sandstone habitat are
included in graphical outputs to enable visual comparison with
values from the other two habitats.

To determine whether the probability of mortality and the
mode of tree death (uprooting vs snapping) were related to
explanatory variables we used a generalized linear model accom-
panied by a binomial error distribution. There was a much higher
frequency of zeros than ones in the mortality model and to
accommodate this we used the clog-log link function instead of
the standard logit link. The model was constructed using habitat

type (b1x1) as the only categorical explanatory variable, while dbh
(b2x2), wood density (b3x3), and alluvial habitat index (b4x4) were
all continuous covariates. We designed the following model to
address our hypothesis:

ðPiÞ ¼ b0 þ b1x1 þ b2x2 þ b3x3 þ b4x4 þ b5ðx3 � x4Þ þ b6ðx1
� x4Þ þ b6ðx1 � x3Þ þ e1

There was no co-linearity between the explanatory variables.
We followed the backwards stepwise model selection procedure
and reported all coefficients from our constructed model (Craw-
ley 2007). We fitted one model to mortality data for the EPE, a
second model to data for the subsequent 5-yr period and a third
model to the mode of death data during the EPE.

We used Spearman’s rank correlation coefficients to investi-
gate the relationships between wood density and species’ abun-
dances expressed as density (ha) and summed basal area (m2/ha).
We conducted all analyses using the R v.2.14.0 statistical platform
(R Development Core Team 2011).

RESULTS

HABITAT ASSOCIATIONS AND WOOD DENSITY.—Twelve out of 15
species were significantly positively and/or negatively associated
(P < 0.05) to at least one habitat type within the plot (Table S3).
Twelve species showed negative associations to one or more hab-
itats, and nine species showed one or more positive association
(Table S3). The strongest evidence of habitat association was
found for Dipterocarpus kerrii, Shorea macroptera and Shorea mecistop-
teryx (positive for mudstone, negative for alluvial), Shorea johorensis
and Shorea leprosula (positive for alluvial, negative for mudstone),
Shorea xanthophylla and Parashorea malaanonan (positive for mud-
stone, negative for sandstone), and Shorea multiflora and Shorea bec-
cariana (positive for sandstone, negative for alluvial). Three
species were not significantly positively or negatively associated to
any of the habitats, however, they all showed marginally non-sig-
nificant associations (P < 0.1; Table S3). There was no evidence
of a relationship between wood density and alluvial habitat index
(F = 0.499, P = 0.492, r2 = 0.0037) or between wood density
and either stem density (per ha) or the summed basal area (m2)
in any habitat (Table S4).

MORTALITY IN RESPONSE TO THE EXTREME PRECIPITATION EVENT.—
A total of 111 dipterocarps (5.7% of the 1964 stems on the plot)
were recorded as recently dead in the period 9–16 August 2006,
1 mo after the extreme precipitation event in July 2006. In con-
trast, only 144 stems died between 2007 and 2012. The mean
annual mortality rate for the trees on the plot that survived the
EPE was 1.6 percent/yr, which suggests that short-term mortal-
ity in response to the EPE accounted for approximately 3.5 yr’
worth of the tree death (≥50 cm dbh) that would occur during a
period with relatively more stable conditions (Table 1; Table S5).

Mortality in response to the EPE varied significantly among
species in the range 0.0 percent (Shorea smithiana, Dipterocarpus cau-

Disturbance in a Tropical Rain Forest 69



diferus and S. multiflora) to 12.6 percent (Shorea parvifolia and S. jo-
horensis). Mortality between 2007 and 2012 was in the range 0.0–
5.8 percent/yr and bootstrapped 95% confidence limits over-
lapped among species (Table 1). Only S. xanthophylla had a nota-
bly high mortality rate compared to others (5.8%/yr).

FACTORS AFFECTING TREE MORTALITY.—The probability of mortality
during the EPE was affected by a tree’s habitat, habitat association,
wood density and diameter (Table 2). The probability of mortality
during the EPE was significantly greater for dipterocarps located on
the alluvial floodplain (13.7% of trees) than for those on mudstone
hills (1.4%; Table 2; Fig. 2A). Although the sandstone habitat could
not be included in the statistical model, no trees were recorded dead
on this habitat in response to the EPE (Fig. 1). During the EPE the
probability of mortality was significantly greater for dipterocarps of
species with a distribution biased toward alluvial habitats, but only if
they had low wood density (Fig. 2C); individuals with high wood
density showed no difference in mortality according to their species’
habitat association (Table 2; Fig. 2C). The vulnerability of individu-
als of species with different associations to the alluvial habitat was
not dependent on the habitat where they were actually growing
(non-significant interaction between habitat type and habitat index,
Table 2). The probability of mortality declined marginally with
increasing tree size during the EPE (Fig. 2E).

During the 5-yr post-EPE period there was no difference in
the probability of mortality between dipterocarps growing in allu-
vial and mudstone habitats (Table 2), and mortality on the sand-
stone habitat was also similar (Fig. 2B). Similarly, there were no

significant effects of species’ habitat association or wood density
and no greater likelihood of mortality for alluvial-associated spe-
cies with low density wood to die (Table 2). During this post-
EPE period diameter was the only significant predictor of mor-
tality in our model, and the data suggested that larger trees had a
declining probability of death (Fig. 2F).

MODE OF DEATH.—During the EPE, 72.6 percent of dead trees
were uprooted and the remaining 27.4 percent snapped, while
during the 5 yr after the event 63.6 percent of dead trees
remained standing, 5.5 percent snapped and 30.9 percent were
uprooted. These frequencies are significantly different between
the two periods (v2 = 196.6, df = 2, P < 0.001). During the
EPE the probability of up-rooting as the mode of tree death was
significantly greater for stems growing in the alluvial habitat and,
conversely, stem snapping was predominant in the mudstone hab-
itat (Table 3; Fig. 3A). Furthermore, the probability of up-rooting
increased for specialists of the alluvial habitat (Fig. 3B), and the
absence of a significant interaction between habitat and habitat
specialization index (Table 3) suggests that this increased vulnera-
bility of alluvial habitat specialists to up-rooting was expressed
irrespective of whether the stem was actually growing on the allu-
vial or mudstone habitat.

DISCUSSION

Mortality during the EPE was 5.7 percent of all trees ≥50 cm
dbh on the 68 ha plot, but mortality declined to just 1.6 percent/

TABLE 1. Stem numbers and mortality (count and %) for the 15 most common dipterocarp species (≥35 stems, at ≥50 cm dbh), and all species combined (bold) on a 68 ha permanent

plot in Sepilok Forest Reserve, Sabah. Mean annual mortality rates (%/yr) are presented for the interval after the event (2007–2012), with the number of dead trees

recorded. 95% confidence intervals (in parentheses) for mortality during the EPE and the post-event period were from bootstrapped data. These 15 species constitute 87.5

percent of marked stems in the 68 ha plot with a dbh ≥50 cm.

Extreme precipitation event (EPE) Annual mortality rate

Species

Stems died

during EPE

Stems no.

before EPE

Mortality (%)

during EPE

95% Confidence

intervals 07–12 t = 5 yr

95% Confidence

intervals (N) died

All stems 111 1964 5.7 4.63–6.72 1.6 1.36–1.87 144

Shorea parvifolia 13 103 12.6 6.80–19.42 1.6 0.45–2.82 7

Shorea johorensis 46 365 12.6 9.32–16.16 1.3 0.76–1.89 20

Shorea leprosula 9 86 10.5 4.65–17.44 3.0 1.33–4.87 11

Dipterocarpus kunstleri 3 41 7.3 0.00–17.07 1.6 0.00–3.99 3

Shorea xanthophylla 5 71 7.0 1.41–14.08 5.8 3.23–8.64 17

Parashorea tomentella 22 398 5.5 3.27–7.89 2.1 1.42–2.75 37

Parashorea malaanonan 6 116 5.2 1.61–9.42 0.7 0.18–1.50 4

Dipterocarpus kerrii 1 37 2.7 0.00–8.11 0.0 0.00–0.00 0

Shorea beccariana 1 37 2.7 0.00–8.11 1.4 0.00–2.94 2

Shorea mecistopteryx 1 51 2.0 0.00–5.88 0.4 0.00–1.23 1

Shorea macroptera 1 61 1.6 0.00–4.92 2.1 0.68–3.97 6

Dryobalanops lanceolata 1 90 1.1 0.00–3.33 1.1 0.22–2.36 5

Shorea smithiana 0 123 0.0 0.00–0.00 0.7 0.16–1.34 4

Dipterocarpus caudiferus 0 104 0.0 0.00–0.00 2.0 0.98–3.28 10

Shorea multiflora 0 35 0.0 0.00–0.00 2.4 0.58–5.06 4
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yr during the subsequent 5-yr interval. A component of the post-
disturbance decline in mortality may reflect the premature death
of large trees during the EPE, but nonetheless this pattern
emphasizes the strongly episodic nature of tree mortality and the
importance of extreme events to forest dynamics and biogeo-
chemical fluxes in this system. Hurricanes, cyclones, drought and
landslides cause analogous increases in tree mortality in tropical
forests (Zimmerman et al. 1994, Bellingham et al. 1995, Whit-
more & Burslem 1998, Burslem et al. 2000, Potts 2003), although
comparisons of impacts are complicated by differences in thresh-
old sizes among censuses and variable temporal lags in mortality.

The mortality induced by the EPE was 13.7 percent of di-
pterocarps ≥50 cm dbh on the low elevation alluvial habitat, but
only 1.4 percent and 0.0 percent of dipterocarps growing on the
mudstone and sandstone habitats, respectively. In contrast, mor-
tality did not differ between alluvial and mudstone habitats during
the subsequent 5-yr interval. The concentration of impacts in the
flooded alluvial plains during the EPE suggests that the spatial
pattern of tree mortality was driven by factors associated with
topography, such as differential exposure to wind and varying
hydrological regimes. The alluvial habitat is flat, low-lying and
poorly drained, while the mudstone and sandstone habitats
occupy higher elevation positions in the landscape and possess
well-drained soils (Dent et al. 2006). The extreme precipitation
event examined here took place in the wettest July during the
wettest year since records began in 1956 (Sandakan MET 2013).
The waterlogging caused by this high rainfall would have reduced
the ability of the soil to maintain structural integrity under pres-
sure (Greacen 1960). Uprooting was the primary mode of tree
death, which indicates that the root-soil interface was the point

of failure. A tree uproots when the lateral force placed on the
crown surpasses the strength of the root-soil connection before it
exceeds the stem’s tensile strength (Putz et al. 1983). Hence, lat-
eral force from high winds during the storm overcame the
strength of the root-soil connection, but mostly on areas that
were flooded. This suggests that waterlogging on the alluvial
floodplain during the preceding weeks of heavy rain may have
weakened root-soil connections and determined the spatial pat-
tern of mortality during the subsequent storm. This interpretation
emphasizes a primary role for high rainfall and waterlogging in
the susceptibility of trees to damage and mortality during the
subsequent wind-storm, which is supported by the evidence that
these impacts were concentrated in low-lying alluvial habitats
rather than the exposed high elevation sandstone ridges. Further-
more, maximum sustained wind speeds were only moderate
(35.2 km/h), rather than extreme, during the wind-storm that
catalyzed the tree damage. Wind speeds of an equivalent or
greater magnitude have occurred on multiple occasions in the
meteorological record for our study site without a corresponding
impact on tree mortality. Other forms of disturbance also gener-
ate impacts that are distributed non-randomly across topographi-
cally heterogeneous landscapes. For instance, landslides tend to
occur on steep slopes in areas affected by seismic activity (Dykes
2002), while droughts are more severe on well-drained ridges
than slopes or valleys (Potts 2003, Itoh et al. 2012). Therefore,
the spatial pattern of disturbance impacts at the landscape scale
depends on the nature of the disturbance regime for the region,
and its interaction with topography.

Differences in species and functional trait composition at
the community scale may exacerbate differential disturbance

TABLE 2. Coefficients, their standard errors, and z and P-values from binary logistic regression models predicting the probabilities of mortality during the EPE and the census interval

from 2007 to 2012 for dipterocarp trees growing on a 68 ha plot in Sepilok Forest Reserve, Sabah, Malaysia. Explanatory variables were habitat type (alluvial vs

mudstone), habitat index, wood density and dbh.

Estimate SE z-value P-value

EPE 2006

Habitat type �2.223 0.0309 �7.201 <0.001***

Habitat Index 2.391 0.891 2.683 0.007**

Wood density �3.620 1.470 �2.463 0.014*

dbh �0.011 0.005 �2.187 0.029*

Habitat Index 9 Wood density �5.257 2.080 �2.527 0.012*

Habitat Index 9 Habitat type 0.422 0.376 1.123 0.262

Habitat type 9 Wood density 1.453 3.453 0.421 0.674

2007–2012

Alluvial to mudstone �0.044 0.194 0.266 0.822

Habitat Index 0.101 0.115 0.876 0.381

dbh �0.010 0.005 �2.298 0.022*

Wood density 1.255 0.895 1.402 0.161

Habitat Index 9 Wood density �0.982 1.136 �0.865 0.387

Habitat Index 9 Habitat type 0.110 0.252 0.436 0.663

Habitat type 9 Wood density 0.781 2.013 0.388 0.698

*P < 0.05; **P < 0.01; ***P < 0.001.
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impacts among topographic habitats. On the 68 ha plot at
Sepilok, 12 of the 15 dipterocarp species we analyzed (80%)
were associated either positively or negatively to at least one
of the three habitats, which are differentiated by underlying
geology, relative elevation and soil nutrient status. This finding

supports other studies showing that edaphic conditions, includ-
ing soil nutrients, water availability, and topography, are impor-
tant correlates of the distribution of lianas and trees,
particularly dipterocarps, in Southeast Asian rain forests (Baillie
et al. 1987, DeWalt et al. 2006, Paoli et al. 2006, Slik et al.

A

C

E F

B

D

FIGURE 2. Percent mortality (%) during the extreme precipitation event (EPE) (A, C) and the annual mortality rate (%/yr) from 2007 to 2012 (B, D) with

boot-strapped 95% confidence intervals for dipterocarps ≥50 cm dbh among (A and B) three habitats, (C and D) four classes of species defined by wood density

below (seven species) or above (eight species) the mean and alluvial habitat index below (five species) or above (ten species) zero. E and F present curves showing

the probability of mortality as a function of stem diameter fitted from a glm with binomial errors for mortality during the EPE (E) and from 2007 to 2012 (F);

the shaded area around the lines are 95% confidence intervals.
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2009, Sukri et al. 2012). At Sepilok the alluvial forest habitat
has higher soil nutrient availability and lower likelihood of sea-
sonal drought than mudstone or sandstone ridge habitats (Balt-
zer et al. 2005, Dent et al. 2006, Born et al. 2014). We
predicted that specialists of the alluvial forest habitat would
display traits that reflect this greater availability of resources in
their environment. For trees, wood density reflects the trade-
off between rapid expansion of bole volume (giving fast
growth rates) and resistance to disturbance and biotic agents
of decay (Enquist et al. 1999, King et al. 2005, 2006). In our
study, wood density was not consistently different among di-
pterocarps in response to the strength of their association to
the alluvial forest habitat, but species possessing a combination
of low wood density and a strong association to the alluvial
forest habitat were particularly vulnerable to up-rooting and
subsequent mortality during the EPE. Although alluvial forest
specialists were marginally more likely to die during the EPE
irrespective of their wood density, their likelihood of mortality

was no different on the alluvial or mudstone habitats. There-
fore, high mortality in the alluvial forest arose because the vul-
nerable species with low wood density and susceptibility to up-
rooting (S. johorensis, S. leprosula, and S. parvifolia) are particularly
abundant in that habitat. The lower mortality of individuals
growing in the mudstone (and sandstone) habitats, even those
possessing low wood density, supports our interpretation that
mortality occurred disproportionately in the alluvial forest
because this habitat was most vulnerable to waterlogging and
also contains a higher density of vulnerable species with low
wood density than adjacent habitats at higher elevations.
Although there is considerable uncertainty over future climate
predictions for Southeast Asia (Ghazoul & Sheil 2010), some
projections predict an increase in frequency or intensity of
extreme precipitation events (Christensen et al. 2007, IPCC
2012). If this occurs, we should expect to observe an increase
in the abundance of disturbance-responsive species, particularly
in low-lying forests in flood-prone environments.

TABLE 3. Coefficients, their standard errors, and z and P-values from binary logistic regression models predicting the mode of death (snapping vs uprooting) during the EPE for

dipterocarp trees growing on a 68 ha plot in Sepilok Forest Reserve, Sabah, Malaysia. Explanatory variables were habitat type (alluvial vs mudstone), habitat index, wood

density and dbh.

Estimate SE z-value P-value

EPE 2006

Habitat type �2.525 0.826 �3.059 0.002**

Habitat Index 0.809 0.304 2.656 0.007**

Wood density �0.177 3.427 �0.052 0.959

dbh �0.011 0.013 �0.855 0.392

Habitat Index 9 Wood density 5.062 7.942 0.638 0.524

Habitat Index 9 Habitat type �0.324 1.043 �0.311 0.756

Habitat type 9 Wood density 0.233 13.232 0.018 0.986

*P < 0.05; **P < 0.01; ***P < 0.001.

A B

FIGURE 3. Mean probability (�bootstrapped 95% CI) fitted from a glm with binomial errors of up-rooting vs snapping for (A) stems growing in alluvial and

mudstone habitats and (B) as a function of alluvial habitat index (where increasing values indicate greater association of the species to the alluvial habitat). The

numbers above and below the bars in (A) indicate the number of stems representing the four contingencies (stems growing in alluvial or mudstone habitats up-

rooted or snapped), while the dots in (B) represent the distribution of these up-rooted or snapped stems in relation to their alluvial habitat index and are jittered

to enhance legibility.
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Variable disturbance impacts among habitats may contribute
to species–habitat associations if species evolve traits that track
consistent differences in the intensity, frequency or magnitude of
disturbance events. We predicted that the greater severity of infre-
quent disturbance due to waterlogging in the alluvial habitat
would select for specialists of this habitat to possess a suite of
traits associated with rapid resource acquisition and growth, such
as low wood density, rapid growth rates and high proportional
aboveground allocation. This prediction was only partially ful-
filled, because alluvial specialists in our sample possessed wood
densities ranging from very low, such as S. johorensis (0.40 g cm3)
to high, such as Dipterocarpus kunstleri (0.62 g cm3). Two of the
three most abundant dipterocarps in the alluvial forest (S. johoren-
sis and S. leprosula), collectively accounting for 45.4 percent of
stems and 48.6 percent of basal area among dipterocarps ≥50 cm
dbh) possess low wood density (S. johorensis and S. leprosula of
0.40 and 0.42 g/m3, respectively), but the second most abundant
species, Parashorea tomentella (19.7% of stems and 18.6% of basal
area), has a much higher wood density (0.55 g/m3) and displayed
a much lower mortality during the EPE. Other traits might also
contribute to susceptibility to damage or mortality, such as dis-
proportionate tree height, low proportional allocation to roots or
large crown size to stem height and diameter ratios (Putz et al.
1983, Vandecar et al. 2011, Webb et al. 2014). Although data on
these traits are not available, a role for canopy height as a general
explanation for the higher frequency of damage to trees in allu-
vial forest is contradicted by data from an airborne LiDAR sur-
vey showing no consistent difference between alluvial and
mudstone forests, possibly because the greater maximum height
of trees in alluvial forests is offset by its lower elevation (C. P.
Tan, unpubl. data). The higher likelihood of uprooting for alluvial
habitat specialists, irrespective of the environment where they
were growing, provides circumstantial evidence that these species
possess lower mechanical stability possibly arising from a reduced
allocation to root systems.

We conclude that a simple differentiation between alluvial
and non-alluvial specialists along a single axis of wood density
variation and response to disturbance is inadequate to explain
habitat association among dipterocarps at Sepilok. Although
several of the common specialists of the alluvial habitat clearly
do possess a suite of traits indicative of low resistance and
rapid recovery from disturbance, they coexist with other spe-
cies that adopt different strategies, including shade-tolerant spe-
cies with high wood density and low mortality in response to
exogenous disturbance. Therefore, while a trade-off between
resistance and resilience in response to disturbance linked to
functional trait variation may help to explain differences in
habitat associations among dipterocarps at our study site, at
the scale of the community it has low explanatory power.
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