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Abstract

Intraspecific and interspecific architectural patterns were studied for eight tree species of a Bornean rain forest.
Trees 5—19 m tall in two 4-ha permanent sample plots in primary forest were selected, and three light descriptors
and seven architectural traits for each tree were measured. Two general predictions were made: (1) Slow growing
individuals (or short ones) encounter lower light, and have flatter crowns, fewer leaf layers, and thinner stems,
than do fast growing individuals (or tall ones). (2) Species with higher shade-tolerance receive less light and have
flatter crowns, fewer leaf layers, and thinner stems, than do species with lower shade-tolerance. Shade-tolerance is
assumed to decrease with maximum growth rate, mortality rate, and adult stature of a species.

Two light descriptors (crown position index and available space, but not canopy height) indicated higher light
conditions for trees with more rapid growth, and for trees of greater height. Light levels were higher for species
with high maximum growth rates and with greater adult stature.

Most intraspecific architectural patterns conformed to the predictions: total leaf area and the number of leaf
layers increased with increasing height and higher growth rates, and crown length/tree height ratio and stem
slenderness respectively increased and decreased with growth rate. Yet, crown width/tree height ratio and relative
crown length did not change with tree height, nor did they with previous growth. Slow growing (and short) trees
may not have the reserves to invest in further horizontal crown growth, and to avoid leaf self-shading sufficiently
within their relatively narrow crowns.

Predictions on interspecific architectural patterns were not supported by the data. Species that were expected to
be more shade-tolerant (lower maximum growth, lower mortality, and shorter stature) had deeper crowns, greater
leaf areas, and more leaf layers, than did less shade-tolerant species. These patterns may be explained by lower
loss rates of branches and leaves of the more shade-tolerant species. These species avoid leaf self-shading by
distributing their leaves at the crown periphery. The role of lateral light appears to be more important than hitherto
realized. The crown width/height ratio and height/dbh ratio were negatively correlated, both intraspecifically and
interspecifically. It is suggested that trees co-ordinate their crown and stem growth so that they maintain their
stability at small safety margins in the forest understorey.

Introduction patterns of tropical rain forest trees because (i) it is

the main resource limiting growth in the forest un-

Trees of tropical rain forest vary greatly in their ar-
chitectural characters. These characters depend upon
genetic constraints, previous growth, and tree size
(Hallé et al. 1978; Bongers & Sterck 1998). Light
plays a major determining role in the architectural

derstorey (Chazdon & Fetcher 1984; Fetcher et al.
1994), (ii) species have differing light requirements
(Veneklaas & Poorter 1998) and their individuals en-
counter different light environments during their life-



280

times (Clark & Clark 1992; Sterck et al. 1999), and
(iii) architectural form determines the way light is in-
tercepted and determines tree stability mechanically,
both of which finally affect tree performance (Chaz-
don 1986; Pearcy & Yang 1996; Valladares 1999).
Several hypotheses have been put forward to explain
the relationships between intraspecific and interspe-
cific architectural patterns and light environment, but
rarely have they been tested explicitly (Horn 1971;
Oldeman & Van Dijk 1989; Valladares 1999).

We believe that there is no a priori reason to
distinguish between hypotheses of intraspecific archi-
tectural patterns, and those of interspecific patterns.
If we pool patterns within and between species, and
compare all trees in low-light environments with those
in high-light environments, the following conflicting
views emerge from the literature: (1a) Trees in low-
light environments (further referred to as ‘low-light
trees’) invest proportionally more of their acquired re-
sources in horizontal crown growth than in vertical
crown growth, while trees of high-light environments
(‘high-light trees’) do the opposite (Kohyama & Hotta
1990; Aiba & Kohyama 1997). Low-light trees spread
their leaves over a larger horizontal plane and thus
reduce leaf self-shading (Horn 1971; Ashton 1978),
and in this way they increase their chances of en-
countering high-light patches (Shukla & Ramakrish-
nan 1986; O’Brien et al. 1995). (1b) Other studies,
however, have suggested that low-light trees grow
more slowly than high-light ones, and cause increased
self-shading by packing their leaves more densely in
their smaller crowns (Shukla & Ramakrishnan 1986;
Kiippers 1994). (2a) Low-light trees have longer leaf
longevity and higher leaf allocation (King 1991; Reich
et al. 1992), and greater leaf area, than do high-light
trees. (2b) Alternatively, low-light trees face a reduc-
tion in leaf area because of their slow growth, and of
their slow rate of leaf production in particular (King
1994; Sterck 1999). (3) Low-light trees have thinner
stems than high-light trees because the former pro-
duce generally denser wood, which gives a mechanical
stability to the stem equivalent to the thicker, less-
dense wood of the latter, at a given tree height and
stem diameter (Putz et al. 1983; Sterck & Bongers
1998). In this last respect there is general agreement.
We now extend and reformulate these views to predict,
first, intraspecific architectural patterns in relation to
growth and size, and, second, interspecific patterns in
relation to shade-tolerance, and light requirements of
the species.

The effects of growth and size on intraspecific ar-
chitectural patterns may actually be determined by the
carbon budget. In the case of growth effects, trees
with higher carbon budgets have more carbon avail-
able for growth and can allocate this carbon in various
ways. They generally produce relatively thicker stems
(Holbrook & Putz 1989), have higher (net) produc-
tion rates for leaves, shoots, roots, and branches, and
they are thus able to produce deeper crowns with more
leaves (Sterck 1999). In the tropical forest understorey,
particularly, carbon budgets and growth rates of trees
generally reflect the availability of light (Fetcher et al.
1994). The role of the carbon budget in the effects
of size is still not well understood (Cannell & Dewar
1994). On the one hand, trees will generally receive
more light as they become taller (Bongers & Sterck
1998, although the opposite pattern may occur, tem-
porarily, over short time scales — Clark et al. 1993;
Sterck et al. 1999) and, accordingly, they increase
their maximal photosynthetic rates (Kitajima 1996).
As a consequence, trees may achieve higher net car-
bon budgets and change their architecture with height
in a similar way as they would when responding to a
range of light levels at a given size. On the other hand,
taller trees have to maintain an increasing woody body
and root structure, i.e., greater respiration costs to be
maintained by a relatively small leaf area (Givnish
1986). This will reduce their net carbon budget and
could result in changes in architecture with tree height
that correspond to those that occur across decreasing
light levels. In the literature there is still little evidence
for either of these two possible effects of size on tree
architecture and leaf display (Sterck 1997).

Interspecific architectural patterns are also related
to the degree of shade-tolerance characteristic to the
species. Tree species with low shade-tolerance gen-
erally grow fast and only survive at high levels of
light (Ackerly 1996). In comparison, species with
high shade-tolerance grow more slowly, and persist
for longer time periods at low light levels. Tropical
forest tree species appear to show a general trade-
off between the growth rate when resources do not
limit growth (maximum rate of growth) and the abil-
ity to survive in shade (Veneklaas & Poorter 1998).
This is also reflected in the positive interspecific cor-
relation between growth rate and mortality rate in
forest saplings (Kobe 1996). Species with high growth
and mortality rates are thus expected to exhibit ar-
chitectural characteristics that are selected under high
light, while species with lower rates exhibit those
that are selected under low light environments (Fig-



Low carbon budget (‘low-light’)

281

High carbon budget (‘high-light')

Nithi .
Growth rate low
Tree height short
Among species

Maximum growth rate  low
Martality rate low

Adult height (stature) short

—_— high
_— tall

e high
—_— high

tall

Figure 1. Predictions for intraspecific and interspecific architectural patterns. The arrows indicate the predicted directions of change with

improved carbon budget (or increased light availability).

ure 1). Patterns may, furthermore, be correlated with
adult stature. Successful individuals of species with
tall adult stature spend a considerable part of their lives
in the highly lit overstorey and may therefore show
high-light features there. In contrast, individuals of
most species of short adult stature spend their lives in
the shaded understorey and would thus benefit from
low-light features.

The hypothesized patterns remain unsolved be-
cause empirical studies have not distinguished be-
tween the effects of growth (as the outcome of light af-
fecting carbon budget) and tree height (Coleman et al.
1994). Most studies have been confined to seedlings
or very small saplings, and usually considered only a
few species (Veneklaas & Poorter 1998). Our study
concerns the architectural patterns in the large sapling
to small tree size range, which is typical of understorey
conditions, and compares these patterns among eight
tree species of a Bornean rain forest. Referring to Fig-
ure 1, the following questions were addressed: (1) Do
individuals within species with slow growth (or of
short stature) encounter low-light environments, and
do they have flatter crowns, fewer leaf layers, and thin-
ner stems, than individuals with faster growth (or of
taller stature) encountering high-light environments?
(2) Do species with low maximum growth rates (and
short adult stature) encounter low-light environments,

and do they have also flatter crowns, fewer leaf layers,
and thinner stems, than species with higher maximum
growth rates (and taller adult stature) encountering
high-light environments?

Methods

Site and species

Tree architectural characters were studied for eight
co-existing species of a Bornean lowland rain for-
est near to the Danum Valley Field Centre, Sabah,
Malaysia (4°58' N, 117°48" E, Marsh & Greer 1992).
This site is characterized by humid warm climate with
temperatures between 18 (morning) and 35 °C (after-
noon), and with average annual rainfall of 2669 mm in
1985-1998 (Walsh & Newbery 1999). The forest was
classified as a Parashorea malaanonan type following
Fox (1972). Two 4-ha plots were used for this study.
Both plots were inventoried in 1985-1986, and again
in 1995-1996, and ca. 18.000 trees > 10 cm girth at
breast height (dbh > 3.1 cm) were tagged, measured,
sampled, and identified to species. The plots have been
described for their structure, composition (Newbery
etal. 1992), associated topography and soils (Newbery
et al. 1996), and for their dynamics 1986-1996 (New-
bery et al. 1999). The canopy dominants in the two
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Table 1. Life-history traits for the eight study species using data of populations of each species from two 4-ha plots of a tropical rain
forest, Danum Valley Field Centre, Sabah, Malaysia (Newbery et al. 1999). Maximum sizes were derived for the populations, and
growth rates (dbh increments between 1986 and 1996) for all trees with a dbh between 3.1 and 19.0 cm. These dbh limits correspond
with the height limit of 5-19 m (see method section). n is given for trees < 19 m.

Species n Stem?  Stature Growth Mortality®
Dbh Height Median 95 PercP
(em)  (m) mmyr™)  mmyr~")  (%yr
Euphorbiaceae
Baccaurea stipulata J. J. Sm. 205 P 37 18 0.41 1.37 1.07
Mallotus wrayi King ex. Hk. f. 1865 P 17 18 0.39 1.28 1.56
Mallotus penangensis Muell. Arg. 173 O 23 21 0.57 1.59 1.12
Aporosa falcifera Hook. f. 189 O 31 22 0.97 3.20 1.31
Dipterocarpaceae
Parashorea malaanonan (Blco). Merr. 87 O 56 34 0.79 3.35 2.46
Shorea fallax Meij. 2499 O 101 49 0.64 4.26 2.46
Shorea johorensis Foxw. 71 O 127 55 4.40 10.01 5.74
Shorea parvifolia Dyer 79 O 121 49 6.66 14.09 5.11

4P= plagiotropic, constructed by axes that cannot be distinguished from branches in the crown, O = orthotropic, clearly distinct from

branches in the crown.
bgs percentile values are presented, thus correcting for outliers.

¢ Annualized mortality rate (Sheil et al. 1995, Newbery et al. 1999).

plots reach 60 m in height (Table 1), and the canopy
surface is open and rough although ground level gaps
are very scarce (Newbery et al. 1992).

The eight species studied belong to two families,
and differ in adult stature, maximum growth rates,
population mortality rate, and type of branch architec-
ture (Table 1). The short adult stature species belong
to the Euphorbiaceae, and the tall ones to the Dipte-
rocarpaceae. These two plant families dominate, and
are strongly representative of, the understorey and
overstorey of the Danum Valley forest respectively
(Newbery et al. 1992, 1996).

Selection of individuals and measurements

In October 1996, 5-19 m tall individuals were selected
for each species (n = 31-51). Trees were selected
from populations in both 4-ha plots, using a table of
random numbers. Trees were excluded if they had an
abrupt (>50%) decrease in stem diameter with height.
Such a diameter change was most probably an indica-
tor of recent heavy damage: to have retained such trees
would have introduced a further complicating factor.
Accordingly, 7-17% of individuals per species was
excluded.

Tree height and the height of the lowest crown leaf
were measured with a telescopic measuring pole (for
trees < 16 m) or range finder (for trees >16 m). Crown
radii were measured in eight directions (N, NE, E,

etc.), using a clinometer (mean difference = 10 cm,
95% of the measurements with a precision of 20 cm
on the basis of independent 80 repeated measure-
ments). The following traits were calculated: average
crown width/tree height ratio, crown length/tree height
ratio, relative crown length (crown length/average
crown width ratio), and stem slenderness (height/dbh
ratio).

The number of leaf layers was determined at five
fixed locations, four of them halfway between the stem
centre and crown edge at the four cardinal directions,
and one above the stem. The telescoping measuring
pole was pushed up through the foliage and the num-
ber of ‘leaf hits” was counted. For trees taller than the
pole (16-19 m) one leaf layer was added to compen-
sate for the leaf layer(s) in the top of the crown that
could not be reached. Internal crown cover was as-
sessed visually by the vertical projection of the crown.
Five classes were used: 1, 0 — 20% covered by leaves;
2, > 20-40%; 3, > 40 - 60%; 4, > 60 — 80%:; and 5,
> 80— 100%.

For a sub-sample of trees (n = 10 per species) the
number of leaves was counted and a sample of leaves
(n = 30 per tree) was collected. Selected trees var-
ied widely in their number of leaf layers and internal
crown cover. Individual leaf areas were measured with
a Delta Image Analysis System (Eijkelkamp 1991),
and total leaf area per tree crown was calculated as the



Table 2. ANOVA-table representing the procedure to test for significant contributions to the model for
species (dummy variables) and interaction terms (species X tree height, species x Previous annual

growth). See Method section for explanation.

Model SS df F R? F change  p change
All variables included Regression  1.26 23 76 041

Residuals 1.79 246

Total 3.05 269
Remove height interactions Regression  1.23 16 10.7 0.40 0.64 0.723
Remove growth interactions  Regression  1.23 16 10.7 0.40 0.60 0.754
Remove species Regression  0.56 2 299 018 12.82 0.0001

Trait = constant + height + growth + species|_7 + (species * height); _7 + (species * growth);_7.

Significance of the whole model: p < 0.0001.

Data are shown for the trait crown width — height ratio.

Table 3. Correlations between crown position and dbh growth (partial tau coefficients), and be-
tween tree height and three light descriptors (Spearman’s rank correlations) for eight tree species
of a Bornean lowland rain forest, Danum Valley, Sabah. Only trees 5-19 m tall are included. Dbh
growth data for 1986—-1996 (Newbery et al. 1999). Partial tau coefficients () correct for associated
changes in tree height, but significance levels cannot be calculated. See text for explanation of light
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descriptors.
n Crown position and Tree height and

Dbh growth Crown Canopy  Space

T position  height available
Baccaurea stipulata 45 0.06 0.49%**  —0.23 0.18
Mallotus wrayi 44 0.15 0.36™* —0.18 0.10
Mallotus penangensis 36 0.34 0.63**  —0.05 0.43**
Aporosa falcifera 41 022 0.66*** 0.02 0.53%**
Parashorea malaanonan 25  0.27 0.69***  —0.18 0.29*
Shorea fallax 39 035 0.79*** 0.12 0.53%**
Shorea johorensis 21 030 0.69*** 0.04 0.68***
Shorea parvifolia 19 048 0.66™**  —0.04 0.30*

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

product of the number of leaves and mean leaf area.
This measured total leaf area was then regressed on an
estimate, i.e., the product of the crown area, the num-
ber of leaf layers, and the internal crown cover. Using
natural logarithms of both measured total leaf area and
the mentioned product a linear relationship was fitted
(F = 206, df = 72, r*> = 0.77, p < 0.0001). This
model, In(total leaf area) = 0.70 In(product), was then
used to predict total leaf area for all individuals.
Three descriptors of the light environment were
determined for each tree. Firstly, the crown position
was estimated by two independent observers. Seven
different classes of crown position were distinguished:
1, no direct light; 1.5, low lateral light; 2.0, medium
lateral light; 2.5, high lateral light; 3, some overhead
light; 4, full overhead light; 5, crown completely ex-
posed (after Clark & Clark 1992). The classifications

of both observers were averaged to give one value per
tree. Secondly, the amount of open space above each
crown was determined, using the telescopic measuring
pole and/or the range finder. For this measure trees
were assigned to one of three classes : 1, < 1 m free
space above at least half of the crown area; 2, 1-5 m
free space above at least half of the crown area; 3,
> 5 m free space above at least half of the crown
area. Finally, the height of the forest canopy above
each individual tree was determined, using the range
finder. Because the upper canopy was often barely vis-
ible with the range finder, trees were assigned to five
approximate canopy height classes: 1, < 10 m; 2, 10 -
<20m;3,20-<30m;4,30-<40m; 5, > 40 m.
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Analysis

Interspecific and intraspecific patterns in the light en-
vironment were tested. Since the three light descrip-
tors were recorded on ordinal scales, non-parametric
tests were used. The descriptors were thus compared
among species using the Kruskall-Wallis test, and
then the Dunnet test for pair-wise species’ compar-
isons. Within species, each of the light descriptors
was correlated with tree height, using Spearman’s rank
correlation () coefficient. Crown position was corre-
lated with previous growth (dbh increment in 1986—
1996), using Kendall’s partial correlation (7) which
removed the correlation between previous growth and
tree height.

The dependency of architectural traits on species,
previous growth and tree height was explored using
a separate multiple regression model for each trait.
Each model included a number of independent vari-
ables; tree height, previous growth, species (codes as
‘dummy variables’), and interaction terms for species
x tree height and species x previous growth. Previ-
ous growth and tree height were independent, because
trees were selected on the basis of their height at the
end of the experiment in 1996. Prior to the analy-
sis, the architectural traits were logjo-transformed to
normalize their variances.

Each regression model was simplified as far as
possible in the following way (Table 2). The contri-
butions of species’ interaction terms to the regression
were tested for their significance, and than the species
effects. The full model first included tree height, pre-
vious growth, the species as seven ‘dummy variables’,
and the interaction terms (species x height and species
x previous growth). For all architectural traits a sim-
ilar result was found: species had a significant effect
(p< 0.01), but the two interactions terms did not
(P > 0.05). The model could thus be simplified in
all cases by removing the interaction terms, to al-
low the effects of height and previous growth to be
tested irrespective of species. Analysis of covariance
(ANCOVA) was then used to test for the predicted in-
traspecific and interspecific architectural patterns. The
intraspecific patterns were based on the regression co-
efficients of the architectural trait on tree height or on
previous growth, taking the other as a covariate. The
interspecific patterns were based on differences in the
intercepts of the ANCOVA model.

A further test was performed to test for interspe-
cific architectural patterns. Species-specific maximum
growth rates, mortality rates, and measures of adult

statures (Table 1) were correlated with species-specific
architectural traits (Pearson correlation, r). The in-
tercepts in the ANCOVA analysis were taken as the
specific architectural trait values. Interspecific differ-
ences in the intercept represent ‘average’ architectural
trait differences between species, given that the effects
of tree height and previous growth were similar for all
species. Partial parametric correlation coefficients (r)
were calculated in order to remove the phylogenetic
effect of plant family.

Results

Light environment

The intraspecific architectural patterns were similar
among species: crown position was positively corre-
lated with the growth rate between 1986 and 1996 (Ta-
ble 3). The correlations were weak, possibly because
crown positions were determined after the period of
growth. Crown position and space available above in-
dividuals increased with tree height for all species (Ta-
ble 3). The correlations were weakest (crown position)
or not significant (available space) for B. stipulata and
M. wrayi. These weak correlations resulted from the
low crown position values (< 2) across all heights for
these two species. Forest canopy height did not change
with tree height.

There were few interspecific differences in crown
position and available space (Table 4). The Shorea
spp. tended to have the highest crown positions and
the largest space available above their crowns, in par-
ticular S. johorensis and S. parvifolia. There were no
significant differences in crown position or available
overhead space among the other species. The species
also did not differ significantly in the forest canopy
height over the individuals sampled.

Architecture: intraspecific variation

The effects of tree height and previous growth on
architectural traits were significant, and did not sta-
tistically differ among species (Table 5). With in-
creasing height, the crown width/tree height ratio
decreased while the crown length/tree height ratio
did not change. This pattern indicated an increase in
relative crown length with height. The stem slender-
ness did not change significantly over the investigated
height range. Traits of leafiness (total leaf area, in-
ternal crown cover, number of leaf layers) generally
increased with tree height. The effects of previous



Table 4. Medians of three light descriptors compared between
eight species of a Bornean lowland rain forest, Danum Valley,
Sabah. Sample sizes are shown in Table 3. See text for expla-
nation of light descriptors (crown position, canopy height, and
space available).

Species Crown Canopy  Space
position  height available
Kruskall-Wallis, P= 0.003 0.33 0.02
n.s

Baccaurea stipulata 2a 5 2a
Mallotus wrayi 2 ab 4 2a
Mallotus penangensis 2 ab 4 2 ab
Aporosa falcifera 2 ab 5 2 ab
Parashorea malaanonan ~ 1.75 a 4 2 ab
Shorea fallax 2 ab 3 3ab
Shorea johorensis 25b 4 3ab
Shorea parvifolia 2.25b 4 3b

Species are different for a trait when the medians do not share
any of the same letters (Dunnet T3 test).

growth on crown and stem dimensions differed from
the effects of tree height. Trees with faster previous
growth generally had larger crowns and less slen-
der stems. Relative crown length was unaffected by
previous growth (Table 5). The effect of previous
growth on traits of leafiness was similar to the effect
of tree height: leafiness increased with higher previous
growth rates.

Architecture: interspecific variation

Tree species differed significantly for most architec-
tural traits (Table 5). There were some general dif-
ferences between the dipterocarps and the euphorbs:
dipterocarps had shallower crowns and smaller total
leaf areas than euphorbs. S. parvifolia, the fastest
growing species, had the shallowest crown, the lowest
internal crown cover, the lowest number of leaf layers,
and the smallest total leaf area of all species. S. parv-
ifolia was followed in these respects by S. johorensis,
the second fastest growing species. B. stipulata and
M. wrayi had the highest crown width/height ratio,
two of the three highest crown length/height ratios and
total leaf areas, and they tended to have the smallest
stem slenderness (p = 0.10). Finally, M. penangensis
differed strongly from all of the other species: it had
the deepest and (relatively) narrowest crowns, with
the highest number of leaf layers and greatest internal
Crown cover.

Several architectural traits were significantly cor-
related with the mortality rate (crown length/height
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ratio, number of leaf layers) and the maximum growth
rate (crown length/height ratio, stem slenderness, total
leaf area, internal crown cover) of the species (Fig-
ure 2), but not with the two measures of adult stature
(height and dbh, data not shown). Except for stem
slenderness all relations with mortality rates and with
maximum growth rates were negative (Figure 2). All
patterns were significant when species were pooled,
and most of them also held when the effect of plant
family was partialled out.

Discussion

Intraspecific patterns for light descriptors

Light descriptors indicate that current light levels were
higher for trees with the higher growth rates during the
past 10 yr, as well as for trees of taller stature (Table 6).
The consideration of growth as the outcome of light
affecting carbon budget is supported by the correla-
tion between light level and previous growth (Table 3).
The correlation is weak, however, possibly due to light
changes between 1986 and 1996 (see Rich et al. 1993;
Sterck et al. 1999).

From the modest to strong correlation between our
light descriptors and tree height we infer that trees
may gradually receive more light as they get taller. At
the same time trees face increased carbon sinks (e.g.,
maintenance of increasing woody parts and roots) as
they get taller. The net effect for changes in the carbon
balance with tree height therefore remains unclear.

Intraspecific patterns for architectural traits

Trees with slow previous growth were predicted to
have flatter crowns, fewer leaf layers, and thinner
stems than did trees with faster previous growth. These
predictions are only partly supported by the data (Ta-
ble 6). Slow growers indeed had less leaf area and
fewer leaf layers than did fast growers, but they did not
have shallower crowns. These patterns are similar to
differences between shade trees and trees grown in the
open: shade trees reduced their leafiness considerably
because their long leaf life-span did not compensate
for their slower leaf production rates (Sterck 1999).
The result was that the shade trees had lower num-
bers of leaf layers, just as our slow growing trees
at Danum. There seems little need for reducing self-
shading by investments in further horizontal crown
(i.e., branch) extension. In addition, the low carbon
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Figure 2. Scatter plots for interspecific patterns between architectural traits and life-history traits for eight tree species of Bornean rain forest
at Danum Valley, Sabah. Architectural trait values are the (logjo-transformed) intercept values of each species in the ANCOVA analysis (see
Table 5 for the back transformed intercept values). These values may be negative because of the log|g-transformation. The life-history traits
were mortality rates and the maximum growth rates, calculated as the 95% percentile values of the population rates (see Table 1), and they were
also logj-transformed. Partial correlation coefficients (r;) were calculated between architectural traits and life-history traits, to correct for the
effect of plant family (df = 5, *, p < 0.05, (*), p < 0.10). Euphorbs are represented as open circles and dipterocarps as closed circles.
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Figure 2. Continued.

budgets of shade trees may limit their crown extension,
in both horizontal and vertical direction.

The slow growers had thinner stems (higher stem
slenderness) at a given tree height than fast growers
(Table 5). Slow growers may have had thin stems
due to relatively large investments in crown develop-
ment and leaf area, and may thus have enhanced their
probability of survival in the shade under a limited
carbon budget (e.g., King 1994; Veneklaas & Poorter
1998). Additionally, their thin stems may reflect a me-
chanical (thigmomorphogenic) response to lower load
and bending stresses owing to their relatively small
crowns (e.g., Mattheck & Kubler 1997). These two al-

ternative explanations, based on the data here, remain
hypothetical.

Trees were predicted to have deeper crowns, more
leaf layers, and relatively thicker stems (decreasing
stem slenderness) as they got taller. Taller trees had
relatively deeper crowns because, whilst the crown
length/tree height ratio did not change with tree height,
the crown width/tree height ratio decreased. This is
consistent with relative crown length patterns found in
a number of Neotropical rain forest trees (King 1996;
Sterck & Bongers 1998). Taller trees also had larger
total leaf areas and more leaf layers, but did not have
lower stem slenderness. From other studies it appears
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Table 5. Architecture of 5-19 m tall trees compared among eight species of a Bornean rain forest, Danum Valley, Sabah. Variables
were log|g-transformed. ANCOVA was used with species as the main factor. Because the effects of height and annual growth on the
independent variables were not significantly different between species, differences between species are indicated by the intercept values
(back-transformed intercept values are presented, and values with different letters are significantly different, p < 0.05). The effects of
previous annual growth and tree height were the same for all species and are given. Sample sizes are shown in Table 3.

Crown Crown Relative Stem Total leaf Internal Number of

width/ height length/ height crown length slenderness area crown cover leaf layers
Species (m/m) (m/m) (m/m) (m/cm) (mz) (class values)
Baccaurea stipulata 048 ¢ 0.53 de 1.11 bc 1.13a 349 ¢ 2.48b 1.58 be
Mallotus wrayi 0.46 ¢ 0.46 de 0.99b 1.16 a 329bc  248b 1.45 be
Mallotus penangensis 0.37b 0.61e 1.63 ¢ 1.40ab  321bc 2720 1.98 ¢
Aporosa falcifera 0.40b 0.39 c¢d 0.99b 1.42ab  3.06bc 251b 1.71 be
Parashorea malaanonan 0.37b 0.29 be 0.77 ab 1.35a 2.72bc 251D 1.57 be
Shorea fallax 0.31 ab 0.30 be 097b 1.39ab  2.14b 2.52b 1.45 be
Shorea johorensis 0.36b 0.24b 0.67 a l4lab 213b 2.11b 1.14b
Shorea parvifolia 0.28 a 0.19 a 0.68 a 1.57b 1.11a 1.33a 0.88 a
Height (m) x 102 —1.59 *** ns 1.10 ** ns 4.43 ¥F% 1,05 FF* 2.75 ***
Annual growth (cm yr—1) 1072 8.85 % g.76 *** ns —3.61 " 16.16 *** 7.60 *** 6.48 **

that species differ for their stem slenderness patterns
with tree height (Rich et al. 1986; Alvarez-Buylla &
Martinez-Ramos 1992; Claussen & Maycock 1995;
Sterck & Bongers 1998). A reduction in the ratio at
maturity seemed to be typical for shade-tolerant tree
species (e.g., Kira 1978; Rich et al. 1986), but was not
found for our (‘shade tolerant’) understorey species.

In our study we were able to separate the effects
of tree height from the effects of previous growth on
architectural traits. However, the underlying causes
of changes in architectural traits with tree height re-
main complicated. The effects of tree height may
be driven by the correlated carbon budget, (light)
resource levels, and/or bio-mechanics.

Interspecific patterns for light descriptors

The results indicated interspecific differences in light
habitat. The Shorea species received more light and
had more available free space for upward growth. This
was most strongly the case for S. johorensis and S.
parvifolia, the species that had the highest maximum
growth rates, and the highest mortality rates. From
this we suggest that these species experienced higher
mortality due to light suppression than did the other
species, while they could outgrow the other species
in high-light environment and with more space avail-
ability. This is consistent with the idea of a trade-off
between high maximum growth rates and high mortal-

ity rates due to light limitation in less shade-tolerant
species (Kobe 1996; Veneklaas & Poorter 1998).

The other interspecific pattern amongst the light
descriptors is related to height: while most species
had more light and space available as they grew taller,
B. stipulata and M. wrayi did not. These latter two
species differed in a number of characters from the
other species: they had the lowest maximum growth
rates, achieved their maximal (adult) height, and be-
came reproductive in the studied height range (F.J.
Sterck pers. obs.). They may be more frequently over-
grown by neighbouring trees than the other species
that still expand vertically in this height range. The
two species also differed from the other species in
their stem development. The stem did not differ from
the branches (all plagiotropic), while those of the
other species did (orthotropic stem and plagiotropic
branches). It remains unclear how these growth pat-
terns relate to the observed pattern in light descriptors.
In general, these results support our prediction that
species with lower maximum growth rates, lower mor-
tality rates, and smaller adult stature, experience lower
light levels.

Interspecific patterns for architectural traits

We predicted that species with lower maximum
growth rates, lower mortality rates, and shorter stature
would have flatter crowns, fewer leaf layers, and
thinner stems. Some of the observed patterns were op-
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Table 6. Predictions for environmental and architectural patterns and the fac-
tual evidence for these patterns. Symbols indicate an increase (+), an decrease
(—), or no change (0) of an environmental or architectural variable. Predictions
refer to intraspecific and interspecific variation.

Predictions  Evidence

Intraspecific Interspecific

Height Growth  Stature Growth®
Environment?®
Crown position + —+ —+ + +
Space available + + nt + +
Canopy height - 0 nt 0 0
Allometryb
Crown width/height  — — + — 0
Crown length/height  + 0 + - -
Relative crown length + + 0 - -
Stem slenderness — 0 — 0 0
Leaf displayb
Total leaf area + + + - -
Internal crown cover + + + 0 -
Number of leaf layers + + + 0 -

nt = not tested.
4See Tables 3 and 4.
bSee Table 5, Figure 2.

Maximum growth, the same pattern applies to mortality rate m (Table 1).

posite to these predictions. Dipterocarps had shallower
crowns, smaller total leaf areas, and fewer leaf layers
than euphorbs (Table 5). This was particularly true for
two dipterocarp species, S. parvifolia and S. johoren-
sis. In general, these patterns seemed to be unrelated to
the adult stature of the species, while they were related
to the maximum growth rates and mortality rates of
the species. A similar broad conclusion was drawn by
Aiba & Kohyama (1997) for trees in of a Japanese
warm-temperate rain forest. In more detail, relative
crown length, total leaf area, the number of leaf layers,
and internal crown cover in our study decreased with
the increasing mortality rate and increasing maximum
growth rate of the species, although not always sig-
nificantly (Figure 2). Across species stem slenderness
increased with maximum growth rate, indicating that
fast growing species, especially dipterocarps, put on
more height per unit dbh than slow growing species
(euphorbs). The patterns were strongest when species
were pooled, but also held when the effect of plant
family was removed.

How to explain these patterns? In general, species
that are less shade-tolerant (and require more light)
produce leaves, branches, and stem length at a higher
rate than more shade-tolerant species (Shukla & Ra-

makrishnan 1986; King 1994). If this is applied to our
species, the less shade-tolerant species should have
high rates of leaf and branch shedding at the base of
the crown, to produce shallow crowns with few leaf
layers and little leaf area. In terms of the carbon bal-
ance physiology, there seems no direct advantage in
such a produce-and-discard strategy for the high light
environment in which they usually live. Moreover,
these trees would suffer from light suppression, as a
reduced carbon budget would not allow them to pro-
duce enough new leaves and branches to compensate
for the leaf and branch loss (King 1994). These ar-
guments accord with the high mortality rates of less
shade-tolerant species, and also with their reduced
crown sizes under slower growth.

Interestingly, an alternative ecological explanation
has been proposed by Campbell & Newbery (1993).
They studied the same species and mentioned that
shallow crowns, owing to rapid branch shedding rates,
allow dipterocarps to reduce liana colonization from
the ground (see also Putz 1984). They found, for
a given stem dbh, that dipterocarps had lower liana
loads than euphorbs. Moreover, liana colonization was
lowest for the two faster growing species (with the
shallowest crowns), S. johorensis and S. parvifolia.
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Our results are consistent with the idea that these
dipterocarps, and in particular the fast growing ones,
may reduce liana colonization through fast growth
rates and rapid branch (and leaf) turnover rates.

Euphorbs had deeper crowns, more leaf layers,
and lived at lower levels of light availability than did
the dipterocarps. M. penangensis showed the strongest
pattern in this respect: it had the deepest and narrowest
crown with the highest number of leaf layers, since it
kept its leaf-supporting plagiotropic branches attached
for long stretches of the stem. It formed a crown with a
more or less hollow cylinder of foliage, with the leaves
distributed over the crown periphery only (F. J. Sterck,
unpubl. data). While trees of M. penangensis might
experience high leaf self-shading when light comes
mainly from above, they increase their light intercep-
tion and minimize leaf self-shading when light comes
more from the side. Analogously, deep crowns are
typically found at higher latitudes where light comes
more from the side than from directly above (Kuu-
luvainen 1992). Strikingly, diurnal light fluctuations
showed relative high peaks in light halfway through
the morning and the afternoon in a Neotropical forest
(Oberbauer et al. 1988). Unfortunately, there are no
such data for the Danum forest, or for any other Asian
forest. In response to lateral light, tropical trees seem
to adjust leaf distributions and leaf angles to maximize
light interception (Ackerly & Bazzaz 1995; Pearcy &
Yang 1996). Finally, the development pattern of M.
penangensis seems to be associated with low branch
(and leaf) loss rates, which permits this species to
keep its crown in shape at relatively low growth rates
in the understorey. In general, the same arguments
might hold for the crown shape and leaf distribution
of the other euphorb species, but more observations
are needed. That the forest at Danum is still aggrading
and is quite open and rough at mid-height plus the
plots being largely located on ridge slopes suggests
that lateral light might be of more importance com-
pared to overhead light than previously realized. Tree
architecture at Danum point to this notion.

B. stipulata and M. wrayi had the highest crown
width/height ratios. As mentioned earlier, these two
species differ from the other species in a number of
properties: their low maximum growth rates, their
short maximal (adult and reproductive) height, and
their stem development. Possibly, the development of
a wide crown at an early stage of their life helps these
trees to shade shorter neighbours, and to establish their
adult crown in a stratum that is usually very crowded
with competing tree crowns (Lieberman & Lieberman
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Figure 3. A species comparison for crown and stem dimensions for
eight tree species of Bornean rain forest at Danum Valley, Sabah.
The partial correlation coefficient ), corrects for the effect of plant
family (rp = 0.86, df =5, p < 0.01, two-tailed). Architectural trait
values are the (logjo-transformed) intercept values of each species
in the ANCOVA analysis. These values may be negative because
of the logo-transformation. Euphorbs are represented as open and
dipterocarps as closed circles.

1994). In other forests, species of short adult stature
also had wider crowns than species of tall adult stature
(Aiba & Kohyama 1997; Sterck & Bongers 1998). At
the same time, B. stipulata and M. wrayi had thicker
stems for a given height than the other species. Appar-
ently, the species with the wider crowns have thicker
stems (Figure 3), which may reflect a thigmomor-
phogenic response to compensate for increased load
and bending stresses (Mattheck & Kubler 1997). The
generally small safety margins of trees in the forest
understorey (Claussen & Maycock 1995; Sterck &
Bongers 1998) suggest that responses are crucial to
resist increased loading and bending stresses (imposed
by growing crowns). This interspecific pattern is also
reflected within species, and seems a general feature
of trees world-wide (Mattheck 1991).

Acknowledgements

We thank Reinier Hille Ris Lambers, Donald
Kennedy, and Hubert Petol for giving field support;
Han OIff, Lourens Poorter, and Peter Stoll for their
helpful comments on earlier drafts of this manuscript;
the Economic Planning Unit Office of the Prime Min-
ister’s office for permission to do research in Sabah,
and the staff at Danum Valley. This paper is publica-
tion no. A/312 of the Royal Society’s South-East Asia
Rain Forest Research Programme. This study was sup-
ported by the CEC/DG12 grant, no. TS3-CT94-0328.



References

Ackerly, D. D. 1996. Canopy structure and dynamics: integration
of growth processes in tropical pioneer trees. Pp. 619-658. In:
Mulkey, S. S. Chazdon, R. L. & Smith, A. P. (eds), Tropical
forest plant ecophysiology. Chapman & Hall, London.

Ackerly, D. D. & Bazzaz, F. A. 1995. Seedling crown orienta-
tion and interception of diffuse radiation in tropical forest gaps.
Ecology 76: 1134-1146.

Aiba, S. & Kohyama, T. 1997. Crown architecture and life-history
traits of 14 tree species in a warm-temperate rain forest: signifi-
cance of spatial heterogeneity. J. Ecol. 85: 611-624.

Alvarez-Buylla, E. R. & Martinez-Ramos, M. 1992. Demography
and allometry of Cecropia obtusifolia, a Neotropical pioneer tree
- an evaluation of the climax - pioneer paradigm for tropical rain
forests. J. Ecol. 80: 275-290.

Ashton, P. S. 1978. Crown characteristics of tropical trees. Pp. 591—
615. In: Tomlinson, P. B. & Zimmermann, M. H. (eds), Tropical
trees as living systems. Cambridge University Press, Cambridge.

Bongers, F. & Sterck, F. J. 1998. The architecture of tropical
rain forest trees: responses to light. Pp. 125-162. In: Newbery,
D. M. Prins, H. H. T. & Brown, N. (eds), Dynamics of tropical
communities. Blackwell Science, Oxford.

Campbell, E. J. F. & Newbery, D. M. 1993. Ecological relationships
between lianas and trees in lowland rain forest in Sabah, East
Malaysia. J. Trop. Ecol. 9: 469-490.

Cannell, M. G. R. & Dewar, R. C. 1994. Carbon allocation in trees:
areview of concepts for modelling. Adv. Ecol. Res. 25: 59-104.

Chazdon, R. L. 1986. The costs of leaf support in understorey palms:
economy versus safety. Am. Nat. 82: 9-30.

Chazdon, R. L & Fetcher, N. 1984. Light environments of tropical
forests. Pp. 27-36. In: Medina, E. Mooney, H. A. & Vasquez-
Yanes, C. (eds), Physiological ecology of plants of the wet
tropics. W. Junk, The Hague.

Clark, D. A. & Clark, D. B. 1992. Life-history diversity of canopy
and emergent trees in a Neotropical rain forest. Ecol. Monogr.
62: 315-344.

Clark, D. B., Clark, D. A. & Rich, P. M. 1993. Comparative analy-
sis of microhabitat utilization by saplings of nine tree species in
Neotropical rain forest. Biotropica 25: 397-407.

Claussen, J. W. & Maycock, C. R. 1995. Stem allometry in a North
Queensland tropical rain forest. Biotropica 4: 421-426.

Coleman, J. S., McConnaughay, K. D. M. & Ackerly, D. D. 1994.
Interpreting phenotypic variation in plants. Trends Ecol. Evol. 9:
187-191.

Eijkelkamp, B. V. 1991. Data Image Analysis System: a manual.
Eijkelkamp B. V. Enschede.

Fetcher, N., Oberbauer, S. F. & Chazdon, R. L. 1994. Physiological
ecology of plants. Pp. 128-141. In: McDade, L. A., Bawa, K. S.,
Hespenheide, H. A. & Hartshorn, G. S. (eds), La Selva: ecology
and natural history of a Neotropical rain forest. University of
Chicago Press, Chicago.

Fox, J. E. D. 1972. The natural vegetation of Sabah and natural
regeneration of dipterocarp forests. Unpublished Ph.D. Thesis,
University of Wales.

Givnish, T. J. (ed.). 1986. On the economy of plant form and
function. Cambridge University Press, Cambridge.

Hallé, F. Oldeman, R. A. A. & Tomlinson, P. B. 1978. Tropical trees
and forests: an architectural analysis. Springer-Verlag, Berlin.
Holbrook, N. M. & Putz, F. E. 1989. Influence of neighbors on tree
form: effects of lateral shading and prevention of sway on the
allometry of Liquidambar styraciflua (sweet gum). Am. J. Bot.

76: 1740-1749.

291

Horn, H. S. 1971. The adaptive geometry of trees. Princeton
University Press, Princeton.

King, D. A. 1991. Correlations between biomass allocation, rela-
tive growth rate and light environment in tropical forest saplings.
Funct. Ecol. 5: 485-492.

King, D. A. 1994. Influence of light level on the growth and mor-
phology of saplings in a Panamanian forest. Am. J. Bot. 81:
948-957.

King, D. A. 1996. Allometry and life history of tropical trees. J.
Trop. Ecol. 12: 25-44.

Kira, T. 1978. Community architecture and organic matter dynamics
in tropical lowland rain forests of Southeast Asia with special
reference to Pasoh Forest, West Malaysia. Pp. 561-590. In: Tom-
linson, P. B. & Zimmermann, M. H. (eds), Tropical trees as living
systems. Cambridge University Press, Cambridge.

Kitajima, K. 1996. Ecophysiology of tropical tree seedlings.
Pp. 559-596. In: Mulkey, S. S., Chazdon, R. L. & Smith, A. P.
(eds), Tropical forest plant ecophysiology. Chapman & Hall,
London.

Kobe, R. K. 1996. Intraspecific variation in sapling mortality and
growth predicts geographic variation in forest composition. Ecol.
Monogr. 66: 181-201.

Kohyama, T. & Hotta, M. 1990. Significance of allometry in tropical
saplings. Funct. Ecol. 4: 515-521.

Kiippers, M. 1994. Canopy gaps: competitive light interception
and economic space filling — a matter of whole-plant alloca-
tion. Pp. 111-144. In: Caldwell, M. M. & Pearcy, R. W. (eds),
Exploitation of environmental heterogeneity by plants: ecophys-
iological processes above and below ground. Academic Press,
San Diego.

Kuuluvainen, T. 1992. Tree architectures adapted to efficient light
utilization: is there a basis for latitudinal gradients? Oikos 65:
275-284.

Lieberman, M. & Lieberman, D. 1994. Patterns of density and
dispersion of forest trees. Pp. 106-119. In: McDade, L. A.,
Bawa, K. S., Hespenheide, H. A. & Hartshorn, G. S. (eds), La
Selva: ecology and natural history of a Neotropical rain forest.
University of Chicago Press, Chicago.

Marsh, C. W. & Greer, A. G. 1992. Forest land-use in Sabah,
Malaysia: an introduction to the Danum Valley. Phil. Trans. Roy.
Soc. London B 335: 331-339.

Mattheck, C. I. 1991. Trees: the mechanical design. Springer-
Verlag, Berlin.

Mattheck, C. I. & Kubler, H. 1997. Wood — the internal optimization
of trees. Springer-Verlag, Berlin.

Newbery, D. M., Campbell, F., Lee, Y. F., Ridsdale, C. E. & Still,
M. J. 1992. Primary lowland dipterocarp forest at Danum Val-
ley, Sabah, Malaysia: structure, relative abundance and family
composition. Phil. Trans. R. Soc. London B 335: 341-356.

Newbery, D. M., Campbell, E. J. E,, Proctor, J. & Still, M. J. 1996.
Primary lowland dipterocarp forest at Danum Valley, Sabah,
Malaysia. Species composition and patterns in the understorey.
Vegetatio 122: 193-220.

Newbery, D. M., Kennedy, D. N., Petol, G. H., Madani, L. & Rids-
dale, C. E. 1999. Primary forest dynamics in lowland dipterocarp
forest at Danum Valley, Sabah, Malaysia, and the role of the
understorey. Phil. Trans. R. Soc. London B 354: 1763-1782.

Oberbauer, S. F,, Clark, D. B., Clark, D. A. & Quesada, M. 1988.
Crown light environments of saplings of two species of rain
forest emergent trees. Oecologia 75: 207-212.

O’Brien, S. T., Hubbell, S. P., Spiro, P., Condit, R. & Foster, R. B.
1995. Diameter, height, crown, and age size relationships in eight
Neotropical tree species. Ecology 76: 1927-1939.



292

Oldeman, R. A. A. & van Dijk, J. 1991. Diagnosis of the tem-
perament of rain forest trees. Pp. 21-89. In: Gémez-Pompa, A.,
Whitmore, T. C. & Hadley, M. (eds), Rain forest regeneration
and management. UNESCO, Paris.

Pearcy, R. W. & Yang, W. 1996. A three-dimensional crown archi-
tecture model for assessment of light capture and carbon gain by
understory plants. Oecologia 108: 1-12.

Putz, F. E. 1984. How trees avoid and shed lianas. Biotropica 16:
19-23.

Putz, F. E., Coley, P. D., Lu, K., Montalvo, A. & Aiello, A. 1983.
Uprooting and snapping of trees: structural determinants and
ecological consequences. Can. J. For. Res. 13: 1011-1020.

Reich, P. B., Walters, M. B. & Ellsworth, D. S. 1992. Leaf life span
in relation to leaf plant and stand characteristics among diverse
ecosystems. Ecol. Monogr. 62: 365-392.

Rich, P. M., Clark, D. B., Clark, D. A. & Oberbauer, S. F. 1993.
Long-term study of solar radiation regimes in a tropical wet for-
est using quantum sensors and hemispherical photography. Agric
For. Meteorol. 65: 107-127.

Rich, P. M., Helenurm, K., Kearns, D., Morse, S. R., Palmer, M. R.
& Short, S. 1986. Height and stem diameter relationships for di-
cotyledonous trees and arborescent palms of Costa Rican tropical
wet forest. Bull. Torr. Bot. Club 133: 241-246.

Sheil, D., Burslem, D. F. R. P. & Alder, D. 1995. The interpre-
tation and misinterpretation of mortality rate measures. J. Ecol.
83:331-333.

Shukla, R. P. & Ramakrishnan, P. S. 1986. Architecture and growth
strategies of tropical trees in relation to successional status. J.
Ecol. 74: 33-46.

Sterck, F. J. 1997. Trees and light: tree development and morphol-
ogy in relation to light availability in a tropical rain forest in
French Guiana. PhD thesis, Wageningen Agricultural University,
Wageningen.

Sterck, F. J. 1999. Crown development in tropical rain forest trees
in gaps and understorey. Plant Ecol. 143: 89-98.

Sterck, F. J. & Bongers, F. 1998. Ontogenetic changes in size, al-
lometry, and mechanical design of tropical rain forest trees. Am.
J. Bot. 85: 266-272.

Sterck, F. J., Clark, D. B., Clark, D. A. & Bongers, F. 1999. Light
fluctuations, crown traits, and response delays for tree saplings
in a Costa Rican lowland rain forest. J. Trop. Ecol. 15: 83-95.

Valladares, F. 1999. Architecture, ecology, and the evolution of plant
crowns. Pp. 122—177. In: Pugnaire, F. & Valladares, F. (eds),
The handbook of functional plant ecology. Marcel Dekker, New
York.

Veneklaas, E. J. & Poorter, L. 1998. Growth and carbon partitioning
of tropical tree seedlings growing in contrasting light environ-
ments. Pp. 337-336. In: Lambers, H. Poorter, H. & Van Vuuren,
M. L (eds), Inherent variation in plant growth: physiological
mechanisms and ecological consequences. Backhuys Publishers,
Leiden.

Walsh, R. P. D. & Newbery, D. M. 1999. The ecoclimatology of
Danum, Sababh, in the context of the world’s rain forest regions,
with particular reference to dry periods and their impact. Phil.
Trans. R. Soc. London B 354: 1869-1883.



	1

