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Summary

1 Droughts and fires are increasingly recognized as a significant component of tropical
rain forest dynamics but detailed large-scale assessments of such events are scarce. Here
we examine tree mortality in a lowland rainforest in East Kalimantan after an extreme
drought (the most severe ever reported in a tropical forest study), and a subsequent fire.
Eighteen 1.8-ha paired permanent plots that crossed a firebreak allowed us to exam-
ine the separate effects of the two events.

2 Eight months after the drought, stem mortality in unburned forests reached 18.5 £
5.6% (average £ SD > 10 cm diameter breast height, d.b.h.). After 21 months, this increased
to 26.3 £5.0%. Mortality was higher in larger stems, being 46.6 = 18.7% in stems >
80 cm d.b.h., but falling to 23.9 + 3.7%in stems 10—20 cm d.b.h. (after 21 months). The
burned forest showed an overall mortality of 64.2 +12.2%. This increased to
79.0 £ 10.2% after 21 months.

3 By subtracting mortality after drought alone from mortality with fire in each plot
pair, we can estimate the distinct influence of drought and subsequent fire. Fire caused
near complete mortality for individuals < 10 cm d.b.h., but did not increase tree
mortality for individuals > 70 cm d.b.h.

4 Drought contributes approximately 30% of the stem death observed in the burned
forest after 21 months but the estimated contributions to dead basal area and biomass
are higher at 52% and 63%, respectively. The forest contained around 7.3 tonnes ha™'
(£ 2.2,95% confidence) of above-ground biomass as dead trees (= 10 cm d.b.h) prior to
the drought, rising to 133 £ 30 tonnes ha™' 21 months after drought alone, and 207 £ 50
tonnes ha™ in burned forest.

5 Eusideroxylon zwageri survived the drought with only 5% mortality after 21 months.
Overall per-species mortality appears negatively correlated to wood density, though
Koompassia malaccensis, with 64% mortality, is an outlier.

6 Though species-specific mortality varied from 11 to 91% in burned forest, overall
stem survival after fire was significantly correlated with greater bark thickness at larger
sizes. Consequently, species well represented at large sizes, mainly Dipterocarpaceae,
increase in relative dominance compared with smaller taxa. Palm mortality was low,
reaching only 3% after drought and 10% in burned forest.

7 The stem mortalities recorded in this study are amongst the most severe ever observed
in rainforest. Such droughts, though rare, are potent determinants of forest structure
and composition. Drought and fire are an especially destructive combination as they act
on larger and smaller stems, respectively.

Key-words: bark, biomass dynamics, diversity, forest fire, delayed mortality, large-scale
disturbance, tree height, wood density.
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Introduction

Severe disturbances appear to be a significant compo-
nent of tropical rain forest dynamics but detailed
assessments of such rare events are scarce (Whitmore
& Burslem 1998; Cochrane 2003). Historical records
and palynological analyses imply that Borneo suffers
occasional droughts, sometimes associated with fires
(Briinig 1969; Goldammer & Seibert 1989; Brookfield
et al. 1995; Dam et al. 2001). Droughts continue to occur
on a supra-annual basis (Walsh & Newbery 1999).
Here we report and distinguish the forest-stand-level
impact of an unusually severe drought, and a subsequent
fire.

Fire-induced tree mortality cannot usually be distin-
guished from mortality due to drought alone because
fires strike only during droughts while drought mortality
remains ongoing. Comparison of burned and nearby
unburned forest provides the solution adopted here.
We examine tree mortality caused by drought and by
fire, and consider the influences of stem-size, species
and bark thickness.

Materials and methods

SITES, RAINFALL AND FIRE

Sungai Wain is a 100-km? reserve including primary
forest near Balikpapan, East Kalimantan, Indonesia
(116.54° E, 1.16° S), 15 km from the sea (Fig. 1). Topo-
graphy is gentle and varies from 40 to 140 m a.s.1. Soils
are deep and infertile, with a high fraction of loam and
clay (van Bremen et al. 1990). Wartonokadri is a similar
forest sited 10 km to the north-east. Rainfall averages
2790 mm year™ (Vose et al. 1992; Fig. 2). During the
period 1948—80, short dry periods (rainfall < 100 mm
month™ over 1-2 months) occurred 33 times (Vose et al.
1992). Longer droughts (> over 3 months) occurred in
1982—-83 and in 1997-98. This later drought consisted
of two dry periods with a wetter intermission. The
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Fig. 2 Annual pattern of rainfall in Balikpapan airport from
April to May over the period 194880 (bars; average + SD,
Vose et al. 1992). The lines represent the monthly rainfall in
Samarinda (triangles) and Balikpapan airports (diamonds)
during the 1997-98 season (collected by BMG Meteorological
Service). In Balikpapan the two dry periods occurred from 12
July to 5 October 1997 and from 13 January to 24 April 1998.
The cumulative rainfall in these periods was 48 and 13 mm,
with 482 mm in the 99-day intermission. The number of days
with a 7-day average below 3.3 mm was 86 and 99 (and 33 in
the intermission). Similar values were recorded at Samarinda.

drought ended on 20 April 1998. We devised a refined
version of the cumulative rainfall deficit (cf. Walsh &
Newbery 1999) to consider monthly cumulative water
deficits (cwd) in which deficits are gradually counter-
balanced by cumulative precipitation above 100 mm
month™, instead of returning to zero instantaneously,
once the threshold of 100 mm monthly precipitation is
reached.

The 1998 Sungai Wain fire occurred at the end of the
drought (March to April). It was a surface fire (flame
height 0.5 m, depth (width of burning front) 20—30 cm,
speed 10-15mh™', Mark van Nieuwstadt, personal
observation) with an estimated intensity of 60 kW m™'
(cf. Alexander 1982). A 1 to 2 m wide firebreak helped
stop the fire. Approximately one-third of the reserve

Sungai Wain Forest

Border of the reserve

o)
Sungai Wain Village
2 km 500 m
— —

Fig. 1 The study location, Sungai Wain, in relation to Borneo. Enlargements show the forest (unburned area = dark grey, burned

once = light grey, burned twice = white) and the paired-plot layout.
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burned for the first time in 1998. Additional infor-
mation about these fires is given by Guhardja et al.
(2000), Siegert et al. (2001), Slik (2001) and van Nieu-
wstadt (2002).

PLOT ALLOCATION, ASSESSMENT AND DATA

Five 10 x 200 m transects spaced by 100 m in War-
tonokadri provided our estimate of dead tree densities
before the drought (September 1997, Slik 2001). Here,
mortality was assessed 4 months after the end of the
drought (August 1998) and again after 22 months
(February 2000).

In Sungai Wain forest, 18 permanent plots of 60 x
300 m (1.8 ha) were laid out in unburned forest and
once-burned forest (Fig. 1). The plots were located in
pairs across the firebreak that did not follow any
topographical feature. The plots are nested in three
groups spread over a total area of about 20 km?. A nar-
rower plot of 20 x 200 m (0.4 ha) was laid out within
the larger plot. Topography was recorded at a scale of
20 x 20 m for the 1.8-ha plots and 10 x 10 m for the
0.4-ha plots (though these data pose analytical compli-
cations of spatial-dependence).

Two surveys were completed. The first was centred
on December 1998 (8 months after the drought and
fire) and the second on January 2000 (21 months after
fire). In the first survey, all stems > 28 cm d.b.h. (1.3 m)
were labelled and assessed. All additional trees > 8§ cm
d.b.h. were assessed in the 20 x 200 m subplot. In the
analyses, lower limits of 10 cm and 30 cm d.b.h. are
used. Palms were recorded but are not included in the
general stem analyses.

For trees with buttresses or other irregularities at
1.30 m, the diameter was measured at a reference
height ‘x’ of 30 cm above the deformity (Sheil 1995). A
measuring tape was used to a height of 2.5 m. Above
this, a ruler attached to a pole was rested against the
stem and read from 10 m distance (Alder & Synnott
1992). To correct for the systematic deviation that
stem tapering introduced into these measurements, we
examined d.b.h. vs. d.r.h., (diameter at a reference height
x). For a set of 43 trees of between 25 and 82 cm d.b.h.
with straight stems, the d.b.h. was measured by tape,
and diameters were estimated as described above at
2.5 mand 4.0 m height. We calculated the ratio (d.r.h.,/
d.b.h.) anticipating that both diameter and height of
measurement would be influential. A multiple linear
regression indicated that the ratio was independent
of d.b.h. (F=1.13, n = 43). The best predictor was a
power function (d.r.h./d.bh.)=1.1816x""% (R>=
0.40, d.f. = 123, F=80.6, P <0.001), which was then
used to estimate the ‘d.b.h. equivalent’ of stems meas-
ured above 1.30 m. Without this correction, basal-area
estimates would be about 9% and 16% lower for trees
measured at 2.0 m height and 4.0 m height, respec-
tively. More specific analyses and larger samples would
be needed to minimize biases with respect to each stand
parameter of interest (Furnival 1961).

In subplots of 100 m? each, all dead and living
seedlings and saplings (stem length > 50 cm and d.b.h.
< 8 cm) were assessed and labelled. Sixteen unburned
subplots and 51 burned subplots were recorded. The
selected subplots were spread over four unburned
and six burned plots. Diameter for these smaller stems
was measured with callipers at 25 cm above ground
level.

Individuals with a consistently leafless crown were
considered ‘dead’ (at least above ground). We did not
slash stems to seek live cambium. Trees long dead were
excluded (these lacked all but primary branches and/or
large portions of their bark). However, there were com-
plications: trees killed above ground sometimes pro-
duced sprouts from below ground, and some trees with
leafless crowns had resprouts along the main stem,
although the bark below the point of sprouting was
sometimes damaged around the entire stem circumfer-
ence suggesting no viable connections to the root system.
As these different determinations influence our estimates,
we considered them separately in many analyses.
However, unless specifically noted our summaries assign
ambiguous stems as ‘dead’. Fallen and snapped stems
were noted.

We identified living and dead trees larger than 28 cm
d.b.h. for 10 common and readily distinguished species.
Wood densities follow Burgess (1966) and Suzuki
(1999). Nomenclature follows Sidiyasa et al. (1999).
The second survey only assessed mortality, resprouting
and tree-falls.

Post-drought fire-dependent mortality (hereafter
‘fire mortality’) was estimated by subtracting the
unburned forest mortality from that of the burned for-
est in each plot pair. These analyses assume that edge
effects (i.e. the effect of the burned on the nearby unburned
area) are negligible, and our exploratory analyses
support this.

Above-ground biomass estimates employed equa-
tion 2 of Ketterings et al. (2001). Error is based on sample
variance alone (without model bias and fit, Furnival
1961). Exploratory evaluations using other approaches
(e.g. volume o< drh®?) suggest similar patterns irrespec-
tive of the chosen volume or biomass estimator.

To test whether species-specific fire survival is related
to bark thickness, we sampled 14 species in the unburned
forest. A single 4 x 4 cm square bark sample was removed
with a chisel at 1.3 m height, avoiding obvious anom-
alies. Callipers measured bark thickness on four sides
of each hole.

The densities of living trees (14 species > 10 cm
d.b.h.) were compared between burned and unburned
forest. These differences were examined against (i)
coefficients of the log-log transformed relation between
d.b.h. and bark thickness, and (ii) the upper 95% d.b.h.
size limit for each population. Similar analyses addressed
relative survival of nine species (identifiable when
dead > 30 cm d.b.h.) in the burned forest. Phylogenetic
approaches proved unsuitable due to this limited
sample of species (cf. Westoby et al. 1995).
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Table 1 Average percentages of dead trees above 10 cm d.b.h. per permanent sample plot at various assessments in the Wanariset
Wartonokadri forest and Sungai Wain research forest. Two estimates are given based on the varying confidence with which stem

death was indicated (see methods)

Time (months)

Cumulative percentage dead trees

Since end of Since last Total Unambiguous
Treatment Average date drought and fire observation (Average £+ SD) (Average = SD)
Wanariset Samboja Wartonokadri (5 plots, 599 trees)
Drought September 1997 - 26+1.7
August 1998 4 11 114£1.7
February 2000 22 19 222+24
Sungai Wain forest, unburned (9 p.s.p., 3221 trees)
Drought December 1998 8 - 18.5+£5.6 16.4+5.7
January 2000 21 13 26.3£5.0 23.6t54
Sungai Wain forest, burned (9 p.s.p., 2985 trees)
Drought x fire December 1998 8 - 64.2+12.2 60.3£12.0
January 2000 21 13 79.0+£10.2 75.7+11.0
Sungai Wain forest (9 paired p.s.p.)
Exclusively fire December 1998 8 - 47.8+14.5 41.8+14.6
January 2000 21 13 554+11.7 493%124

Results

STAND STRUCTURE AND MORTALITY AT THE
COMMUNITY LEVEL

At Wartonokadri, early in the drought, mean stem
density (living and dead, = 10 cm d.b.h.) was 627 + 105
trees ha™ (mean * SD, 1 = 5), of which 610 £ 100 trees
ha™" were alive, i.e. standing dead trees were 2.6% *+ 1.7
(Table 1). The basal area of all living and dead stems
was 32.4+7.0m? ha™ and of living stems alone was
31.5 £ 6.4 m* ha™'. Wartonokadri was not significantly
different from Sungai Wain in either stem density (¢-
test, F=0.37, P =0.86, d.f. = 21) or basal area (F =
2.37, P =0.85, d.f. = 21). In the Wartonokadri plots 4
months after the drought, the percentage of dead trees
rose to 11.4 £ 1.7%, corresponding with an 8.8% mor-
tality over an 11-month period (Table 1). By 22 months
after the drought dead stems had nearly doubled,
resulting in 22.2 + 2.4% dead trees (19.6% mortality).

At Sungai Wain, 8 months after the drought, the
stem density (dead and living trees > 10 cm d.b.h.)
was 599 + 82 ha™! (average £ SD, n = 9), of which 487 +
62 ha™' remained alive. Assuming that about 2.6% were
dead prior to the drought (cf. Wartonokadri), we
estimate pre-drought densities of 584 + 79 ha™'. Eight
months after the drought, mortality in the unburned
Sungai Wain plots was similar to Wartonokadri, with
18.5 £ 5.6% dead trees. Mortality remained high, result-
ing in 26.3 £ 5.0% dead stems after 21 months, a mor-
tality of 9.4 £ 3.6% among trees alive during the first
census. By then total basal area was 29.6 + 1.9 m* ha™',
of which living stems contributed 21.9 2.4 m* ha™'.
We estimated the live basal area to be 28.8 £ 1.9 m?
ha™' before the drought.

Unburned patches occurred in four ‘burned’ plots
and amounted to 2.1% of the total area in the 0.4-ha
plots and to 4.4% in the 1.8-ha plots. One plot provided
half the area that escaped the fire. Such areas appear
positively associated with valleys and low slopes (ignoring
spatial non-independence: * test on 10x 10m, n =
356, and on 20 x 20 m, n = 297, subplots give P < 0.001
and P = 0.008, respectively). However, all site types
had a high probability of burning. These patches are
not excluded in our main analyses.

In Sungai Wain mean post-burn mortality was over
three times unburned levels, and resulted in 192 + 69
(210 cm d.b.h.) living stems ha™ after 8 months and
113+ 57 ha™ after 21 months. Of surviving stems in
the burned forest, 6 £ 11% grew on unburned ground.
Trees alive at the first census had a mortality of 38.5 £
8.7% in the following 13 months. Paired plot compar-
isons indicate a relatively consistent fire-dependent
mortality of 47.8 £ 14.5% at the first census and 55.4 +
11.7% at the second.

Stem density decreases with d.b.h. After drought,
this pattern is accentuated, after fire the distribution
becomes flatter (Fig. 3). Variation in basal area between
the plots is influenced by the scattered presence of
larger trees (> 80 cm d.b.h.). Two burned plots (14 and
16) were outliers in terms of basal area, because large
stems locally occurred at a high density. The total basal
area for stems > 80 cm d.b.h. was, respectively, 21.7 and
18.1 m? ha™ in these plots, but averaged only 7.6 m”> ha™
for the other seven (as in Fig. 3d). Plot-by-plot
summaries are provided in Appendices S1 and S2 (see
Supplementary material).

While the percentage of dead trees increases with
d.b.h. in the unburned forest, the opposite holds in
burned forest (Fig. 4). Below 10 cm d.b.h., burned forest
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Fig. 3 Stand structure in unburned (a, b) and burned (c, d) plots. (a) and (c) show mean per-plot density of living stems per d.b.h.
class (stems ha™") (average + SD, n = 9), and (b) and (d) show the basal area per d.b.h. class (m> ha™) (average + SD, n = 9). White
bars = stand structure at the onset of the drought; light grey bars =8 months after the end of the drought; dark grey
bars = 21 months after the end of the drought. Hatched sections indicate stems for which survival is ambiguous. Two burned plots

were excluded from the basal area calculations (see Methods).

mortality was above 80%. Below 5 cm d.b.h., itapproached
100%. All t-tests between the percentages of dead trees
in the unburned and burned plots after 21 months by
10-cm d.b.h. intervals up to 60-69.9 cm were signi-
ficant at P < 0.005. At a larger diameter no significant
difference were detected (pooling all stems over 70 cm
gives P =0.3).

In the unburned forest, delayed mortality between 8
and 21 months was similar across size classes. In the
burned forest, mortality remained negatively related to
d.b.h. Tree-falls were dominated by dead stems every-
where. Tree-fall frequency in the burned forest was 28%
of the standing dead stems and 7.4% of living trees by
the second year. Living tree-falls were lower in unburned
forest (3.6%). Tree-falls (living and dead) decreased
with size only in the burned forest.

Size-dependent mortality means that stem density,
basal area and biomass summarize stand differences in
distinctive ways. When all dead stems > 10 cm d.b.h.
were considered the unburned forest had 32% of the
density compared with burned forest, but 54% of the
basal area and 64% of the biomass, while for larger
stems (= 40 cm d.b.h.) the respective estimates are both
higher and more similar (68, 74 and 78%, respectively;
see Fig. 5; note that we excluded plots to the north of
the site as large stems are unevenly clumped in these
samples). Our estimates suggest that before the drought
the (Wartonokadri) forest contained around 7.3 £2.2
tonnes ha™' (95% confidence) of above-ground biomass

as dead standing trees, after 21 months the drought-
stricken (Sungai Wain) forest held 133 + 30 tonnes ha™'
of dead stems, while the equivalent number for burned
forest was 207 + 50 tonnes ha™.

SPECIES-SPECIFIC MORTALITY

Twenty-one months after the drought, dead stems spe-
cies™ (= 30 cm d.b.h.) ranged from 5% to 64% (Table 2).
Dense timbered Eusideroxylon zwageri was especially
resistant, while the emergent Koompassia malaccensis
suffered considerable mortality. Variation was not sig-
nificantly correlated with wood density when analysing
across these species (Fig. 6, Pearson correlation
coefficient = —0.16, P = 0.65, n = 10) but K. malaccen-
sis mortality appears to be an outlier; such selective
drought dieback of this species is neither previously
reported nor consistent with the relative abundance of
large stems despite previous droughts. Excluding K
malaccensis yields a significant negative correlation.
The percentage of dead trees per species varied from
11 to 91% in burned forest. In Dipterocarpus confertus
and Shorea ovalis stems over 30 cm d.b.h. seemed un-
affected by the fire. For most species, the fire mortality
component was around 25%, though Artocarpus
anisophyllus reached 67% (Table 2). When assessed by
basal area (= 10 cm d.b.h.), the five most dominant
families in unburned forest are, in order, Diptero-
carpaceae, Lauraceae, Sapotaceae, Euphorbiaceae and
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Fig. 4 Average percentage tree mortality per d.b.h. class
(average + SD, n = 9) in the Sungai Wain forest. (a) Unburned,
(b) burned, and (c) ‘fire mortality’. White bars = 8 months
after the end of the drought; shaded bars = 21 months after
the end of the drought. Hatched sections indicate stems for
which survival is ambiguous. ‘Fire mortality’ is calculated by
pairwise subtraction of the unburned from the burned mortality
for each plot pair. Stems below 10 cm d.b.h. were monitored
only once. Where values were not available ‘na’ is shown.

Myrtaceae. After fire (second census) Euphorbiaceae
moved ahead of Sapotaceae. However, relative density
(stems ha™') showed that after the fire Diptero-
carpaceae moved from third to first place while the other
top six families maintained their rank (Euphorbiaceae,
Sapotaceae, Myrtaceae, Myristicaceae, Lauraceae,
Burseraceae). Palms (= 10 cm d.b.h.) were only 3 4%
dead after the drought and 10 + 11% dead after the fire.

FIRE MORTALITY AND BARK THICKNESS

Log(d.b.h.) and log(bark thickness) (all species com-
bined) fitted a linear regression (Fig. 7a). The percentage
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Fig. 5 Comparison of estimated standing dead stems density
(a), basal area (b), and above-ground biomass (c) (equation 2
of Ketterings et al. 2001) in the six southerly plot pairs before
(estimated using Wartonokadri observations, see Methods)
and 21 months after drought and drought and fire. The
contribution of stems between 10 and 40 cm d.b.h. are white,
and those larger than 40 cm are black. Error bars are 95%
confidence intervals based on per-plot sample variance
treating each plot as independent.
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Fig. 6 Species-specific mortality of trees > 28 cm d.b.h. vs.
specific wood density. The apparent high mortality outlier is
Koompassia malaccensis.

mortality per d.b.h. class attributed to fire (i.e. cor-
rected for drought mortality) declined linearly with
average bark thickness of trees in that class (Fig. 7b). A
log-log regression again provided a good fit to all 14
species (mean R* ranging from 0.70 to 0.96%). Differ-
ences in tree densities over 10 cm d.b.h. in the unburned
and the burned forest were examined using backwards-
stepwise regression. Explanatory variables included
the per-species intersect and gradients from the d.b.h.
vs. bark thickness log-log regressions and the 95%
d.b.h. limit (r = 14, for all fitted models F < 2.52, P >
0.13, NS). Also, a similar regression, using the same
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Table 2 Species specific mortality after drought and fire of trees above 30 cm d.b.h. in Sungai Wain forest 21 months after the end
of the fire and drought. The percentage dead trees after ‘drought’ and ‘drought + fire’ are given as the average percentage dead
trees per plot (n = 6). To calculate the additional mortality caused by fire, the mortality after drought per plot is subtracted
pairwise from the mortality after ‘drought + fire’ for each pair of adjacent plot. Negative values in this second last column occur

as an artefact caused by sample noise

Percentage dead

Wood density Drought
Species Family (gem™) Drought SD + fire SD Fire SD
Artocarpus anisophyllus Miq. Moraceae 0.72 20 27 92 17 67 24
Dipterocarpus confertus Sloot Dipterocarpaceaec  0.80 15 18 8 10 -14 19
Dipterocarpus cornutus Dyer Dipterocarpaceae 0.84 14 13 29 6 15 18
Drypetes kikir Airy Shaw Euphorbiaceae 1.00 13 14 31 30 27 18
Eusideroxylon zwageri Teijjm. & Binn Lauraceae 1.07 5 6 39 5 30 10
Gironniera nervosa Planch. Ulmaceae 0.60 30 23 59 39 29 39
Koompasia malacensis Maing. Ex Benth ~ Caesalpiniodae 0.93 64 24 92 12 29 24
Madhuca kingiana (Brace) H.J. Lam Sapotaceae 0.79 17 19 59 38 42 38
Shorea laevis Ridl. Dipterocarpaceae  0.93 23 18 44 14 29 21
Shorea ovalis (Korth.) Blume Dipterocarpaceae 0.54 28 2220 27 -5 33
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Fig. 7 The relationship between d.b.h., bark thickness and exclusive fire mortality. (a) The relationship between log d.b.h and log

bark thickness (cm) for 16 species combined. Regression line: y =

0.669x —1.21 (R* = 0.788). (b) Average bark thickness (* sd) per

10 cm d.b.h. class (of 16 species combined, as in Figure 5a) and the percentage mortality per d.b.h. class (mean + sd) caused
exclusively by fire. Regression line: y = —56.3x + 82.1 (R* = 0.892).

explanatory variables, against the percentage fire
mortality of nine species above 30 cm d.b.h. showed no
significant relationship (F < 0.52, P = 0.57, NS).

Discussion

DROUGHT MORTALITY

Our study describes one of the most severe drought
effects ever reported in a tropical forest. Yet, it is not
wholly without precedent. An explorer who visited
Kutai, East Kalimantan, in 1879 reported a drought
that lasted over 8 months, leaving a third of forest trees
dead (Bock 1881 quoted in Brookfield et al. 1995). Our
study shows how such events affect forest structure and
composition. Mortality rose to 20-26% amongst trees
> 10 cm d.b.h. 2 years after the drought, and species-
specific mortality amongst trees > 30 cm d.b.h. varied
tenfold, thus altering composition.

The estimated cumulative water deficit at Sungai
Wain was more than twice that seen elsewhere, and tree
mortality averaged six times higher (Table 3). The rela-
tionship between percentage drought-mortality after
20-22 months and the cwd is summarized adequately
by a linear relationship (y = 0.048x — 4.32, R* = 0.80) or
an exponential relationship (y = 0.023¢*%'%*, R> = 0.92).
Both models predict negligible influences while cwd
remains below 100 mm (linear model) to 300 mm
(exponential model). Above that, mortality increases
rapidly. This lag probably results from soil water
reserves (Poorter & Hayashida-Oliver 2000; van Dam
2001). Briinig (cited in Tyree et al. 1998) estimated that
soil water depletion takes around 100 days in a north-
ern Borneo forest (i.e. a cwd of approximately 330 mm).

Stomatal closure or leaf loss may slow or prevent
embolism-inducing xylem tensions during drought
(Tyree et al. 1998). Plants may die either because
decreased photosynthesis leads to exhaustion of the



Table 3 Mortality of trees above 10 cm d.b.h. resulting from drought events in tropical rain forests in tropical Asia and Latin America (for sites
experiencing an average monthly rainfall over 100 mm)

Site

Sarawak, Lambir Central Amazon,

Central Amazon,

East Kalimantan,

East Kalimantan,

(core and periphery) Manaus (site 1501) Manaus (site 1301) Wartonokadri Sungai Wain

Average

Yearly rainfall (mm) 2700 > 2000 > 2000 2790 2790

Number of dry months 0 0 0 0 0
Drought event (< 100 mm rain per month)

Year 1997-98 1997 1997 1997-98 1997-98

Duration rainfall deficit (months) 3 4 4 2+ 4* 2+ 4%

Total rain fall (mm) 139 195 195 10 + 142 (152) 10 + 142 (152)

Duration cwd (months) 3 5 5 3+5 3+5

Total rain fall during cwd period (mm) 139 295 295 140 + 316 (456) 140 + 316 (456)

cwd 162 205 205 190 + 258 (448) 190 + 258 (448)
Severe drought event (< 50 mm rain per month)

Duration (months) 1+1 2 2 2+3 2+3

Total rain fall (mm) 37 + 49 (86) 55 55 10 + 45 (55) 10 + 45 (55)
Tree mortality

Background annual mortality (% per year) 0.89 0.94 1.19 1.69t 1.69+

Time between observations (months) 12 19-13 14-13 11-19 15-13

Mortality since pre-drought observation (%)

and (time since end of drought)
Drought induced mortality (%)%

Reference

6.4 (4)-4.3 (4)
55-34

3.0(8)-4.8(21)
1.5-22

Williamson
et al. (2000)

Nakagawa
et al. (2000)

2.2(7) - 3.4 (20)
0.85-0.75§

8.8 (4) - 19.6 (22)
73-154

This study

16.5 [8] - 26.0 (21)
14.4-22.1

Williamson This study

et al. (2000)

*Balikpapan weather station: two dry spells, intervened by a 3-month wet period with a total 482 mm rainfall.

TAnnual background mortality calculated from data from 1976 to 1982 in 6.5 ha of plots in primary forest in the ITCI concession, East Kalimantan (van
Eijk-Bos & de Kock 1996).
1The percentage drought-induced mortality is calculated as the observed mortality minus the expected background mortality during the observation period.
§The measure for the drought-induced mortality decreases because in the second year after the drought the post-mortality is below the average mortality

before the drought.

cwd (mm), cumulative water deficit.
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energy reserves, or because of failure to recover follow-
ing hydraulic failure. In Sungai Wain, many tree species
dropped most of their leaves. In such a state, the cost
and risks of continued drought are uncertain. The
drought’s midway respite may have compounded plant
stress and energy exhaustion. The brief rains initiated
new leaf development, only for drought to strike again.

Background rates for forest tree mortality often
appear relatively independent of stem diameter for
larger trees (Lieberman & Lieberman 1987; Manokaran
& Kochummen 1987; Gentry & Terborgh 1990), or
show some decrease with size (Rankin de Merona et al.
1990; Clark & Clark 1996; Nakagawa et al. 2000; Sheil
et al. 2000). An increase in survival with size is also
typical for smaller seedling populations (e.g. Delissio &
Primack 2003). The size-dependent increase in mortal-
ity in our study deviates from this typical background
pattern. A similar, if less pronounced, pattern was
found after drought in the Neotropics (Condit et al.
1995). As observed in this study (also Leighton &
Wirawan 1986), drought has the greatest impact on the
largest stems in East Kalimantan’s lowland forests.
Similar patterns are recorded following drought in
seasonal dipterocarp forests in India (Seth ez al. 1960) and
in ridge top sites in peninsular Malaysia (Tang & Chang

1979) but not Lambir Hills, Sarawak (Nakagawa et al. 2000),

where smaller stems suffered higher impacts. These size-
related differences, and interspecific variation, are likely
to be related to many factors, and may include root depth,
mycorrhizal status (Becker et al. 1998), crown exposure,
water use and susceptibility to xylem failure.

The drought survival of dense timbered E. zwageri is
notable. Borchert (1994) found that in a tropical dry
forest, the species on the driest sites had the densest
timber, and could withstand higher negative xylem
pressures. Vessel diameter is negatively correlated with
wood density, so dense timbers usually have higher
cavitation thresholds (Tyree et al. 1998), and Hacke et al.
(2001) showed that high wood density results also from
thicker-walled xylem vessels, which can withstand higher
pressures. This drought tolerance may contribute to
the relative dominance of E. zwageri in the region.

The hydraulic limitation hypothesis (HLH) predicts
that, all else being held constant, water stress rises with
tree height, thus increasing cavitation risks (as in tem-
perate conifers, McDowell et al. 2002). If larger trees
have better access to deeper soil water, they may be less
affected by a moderate drought, but if this progresses to
a point where all stems experience shortages, the HLH
predicts that large stems are more vulnerable. In addition,
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smaller trees generally deplete their root zones more
slowly than do larger, better-exposed individuals.
Taller plants are exposed to greater desiccation loads
while shaded plants stay cooler and can respire longer
in dry conditions (Schwinning & Weiner 1998). As natural
selection operates most forcefully where adaptations
can most effectively extend viability, we should not be
surprised to find multiple critical factors acting simultane-
ously (Westoby et al. 2002).

DROUGHT AS DISTURBANCE

The specific impacts of the drought were overshad-
owed by the subsequent fires, but in some important
respects the effect of the drought was not only more
extensive, but more severe. Drought mainly kills larger
diameter stems and fire kills smaller stems. We estimate
that even in burnt areas, around two-thirds of killed
above-ground biomass is attributable to drought. Con-
siderably more biomass may have died in the greater
region from the drought (e.g. Nakagawa et al. 2000)
than subsequently from the more localized fires. How-
ever, as stems can take years to decay, the implications
for biomass and carbon remain uncertain. Larger
stems contribute much of the ecological integrity of the
forest. Smaller stems can be replenished in years, but
canopy trees may take decades or centuries.
Droughts have numerous implications for forest
ecosystems (e.g. Wright 1992; Corlett & Lafrankie 1998;
Curran et al. 1999; Harrison 2000). Direct studies of
rare events will never be simple, but recognizing their
significance carries implications for larger questions
such as tree species evolution and differentiation, and
patterns of local and regional species richness (Whitmore &
Burslem 1998; Loehle 2000; Sheil & Burslem 2003), and
for details of the global carbon cycle (Malhi et al. 1999).

FIRE MORTALITY AND ITS INTERACTION
WITH DROUGHT

Our study provides the first comprehensive tropical
Asian account of a designed comparison between
burned and unburned rainforest. Mortality (stems,
d.b.h.> 10 cm) reached 74% 21 months after the fire. In
comparison, studies revealed 57% mortality 22 months
after fire in Sabah (Woods 1989), 36% mortality 4
months after fire in Kutai National Park, East Kali-
mantan (Leighton & Wirawan 1986), and 25% mortal-
ity 6 months after fire in south-west Sumatra (Kinnaird
& O’Brien 1998). Results are influenced by methods:
Woods (1989) did not include trees that had fallen by
the time of observation, while Leighton & Wirawan
(1986) and Kinnaird & O’Brien (1998) were completed
shortly after the fire. Studies also differ in preceding
drought intensities. Our study implies that almost 40%
of total mortality (=10 cm d.b.h.) 21 months after
burning would have happened after drought alone.
Impacts varied across the landscape. Lower moister
areas more often escaped burning. Analysing topo-

graphic patterns 3 years after fire in the same area, Slik
& Eichhorn (2003) found higher densities of living
stems in low sites. However, incomplete burning is not
the only explanation as their analyses included small
stems, many of which are resprouts of stems that had
died above ground (van Nieuwstadt 2002).

The delayed mortality in the burned forest was twice
as high, in absolute terms, as in the unburned forest,
and was mainly due to a high mortality for trees of 10—
40 cm d.b.h. Tree-falls of stems alive in the first census
were high in the burned forest and may reflect increased
wind effects and the secondary impacts of other falling
trees. A contrasting pattern in which larger trees show
a higher delayed mortality than small trees has recently
been noted in Amazonia and attributed to the greater
endurance of larger trees (Barlow et al. 2003). The
greater drought severity and physiological depletion to
which larger trees had already been subjected in our
study might reduce such influences.

Proximity to burned forest may influence mortality
in unburned forest (via temperature, desiccation and
wind) but no distance dependent effects were detected
in our data. However, some small plots in the same gen-
eral area (but >1 km from burned forest) show lower
mortality (around 13—14% over the first 3 years, over
1 ha, G.M. Fredriksson, unpubl. data). The difference
with our estimates may reflect landscape location
effects, sample noise, or that edge effects are taking
place but penetrate with near-uniform intensity over
the first 300 m.

TREE-SPECIFIC FIRE MORTALITY

Mortality caused by fire was negatively related to both
d.b.h. and to bark thickness, which are far from being
independent variables. We did not observe significant
fire mortality above 70 cm d.b.h. Leighton & Wirawan
(1986) previously noted a similar pattern. Bark thickness
did not explain variation in species survival > 30 cm
d.b.h. As drought influences species differently, we
suspect that, even amongst stems that did not die, their
ability to survive and recover from further damage (i.e.
fire) was affected. In any case, our results suggest that
the fire sensitivity of a species may be more effectively
estimated by the diameter structure of the population
than by the bark characteristics.

There are marked community changes following fire.
Several species of Dipterocarpaceae have an abundance
of large individuals combined with a typically rapid
increase in bark thickness with size which helps explain
why the relative dominance of this family is higher in
the burned than in the unburned forest. Palm mortality
was low, reaching only 10% even in burnt forests, probably
reflecting their less vulnerable vascular structure.

Drought and fire cause distinct tree mortality.
Drought causes high mortality among larger trees,
whereas fire kills most of the under- and mid-storey,
but not larger, stems. The joint impact is especially
severe. While most species, especially those that grow to
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a large stature, do survive, interspecific differences in
sensitivity are considerable, and remain poorly understood.
Because of delayed mortality, the full impact of drought
and fire can only be determined over many years.
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