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SUMMARY
Ecological mechanisms of species coexistence in highly diverse tropical rain forest remain
unresolved. Niche differentiation is a prominent concept for explaining tropical tree species
coexistence. Theory predicts that species that are specialised on a set of environmental
conditions should outcompete and exclude generalists in those conditions. Yet many tropical
tree species appear broadly similar in their soil preferences and thus appear to persist as
edaphic generalists. This thesis addressed the challenge presented by edaphic generalist
species to niche theory by investigating mechanisms of coexistence among closely related and
locally coexisting soil generalist and specialist trees. The overall objective was to gain insight
into niche partitioning and trade-offs in response to some of the multiple abiotic and biotic
factors that might explain species coexistence. We evaluated comparative seedling
performance (survival, growth, herbivore damage and foliar tannin concentration) of six
Shorea species (Dipterocarpaceae) which differ in their adult tree habitat associations within
the Sepilok Forest Reserve (Borneo, Malaysia). A reciprocal transplant experiment was conducted on two soil types (alluvial and mudstone) and two light regimes (gap and understory),
where we tested the hypothesis whether species associated with a particular habitat have
higher growth and survival rates in that environment than habitat generalists species and
specialists of an alternative habitat type. Shorea seedling responses were subject to a range of
factors associated with competitive ability under light and soil conditions, persistence under
understorey shade and tolerance of ephemeral flooding events in alluvial habitat. Soil
chemical analyses revealed that alluvial soils had lower soil acidity, aluminium and higher
phosphorus concentrations, which may have differentially affected seedling growth rates.
Additionally, microtopographic elevation (cm scale) within alluvial plots differentially
affected seedling performance and could be related to species’ soil tolerance to waterlogging.
The investigated impact of herbivory in shaping species habitat associations revealed no
difference of herbivory damage on seedlings among soil types, but was elevated for some
species in gap environments. The amount of herbivory damage differed among the six species
and could be associated to variable investment in leaf tannin compounds. We found support
for the growth-defense trade-off, with growth allocation trade-offs being linked with species
life history strategies. Overall, the observed species-specific performance differences among
the six Shorea species reflected much of the observed adult distribution. However, not all
species could be fully differentiated along the investigated abiotic and biotic niche axes.
Therefore, other factors and trade-offs, such as investment in aluminium tolerance, and
probably even other theories are necessary to explain the coexistence of these species.
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ZUSAMMENFASSUNG
Die ökologischen Mechanismen der Artenkoexistenz in tropischen Regenwäldern sind bis
heute umstritten. Ein bedeutendes Konzept für Baumarten ist die Nischentheorie. Sie besagt,
dass Spezialistenarten, welche an eine bestimmte Umgebung angepasst sind, Generalistenarten in dieser Umgebung verdrängen. Viele tropische Baumarten jedoch scheinen als edaphische Generalisten zu existieren. Diese Doktorarbeit untersuchte die Koexistenzmechanismen
von nahverwandten Baumarten, welche lokal als Bodengeneralisten und -spezialisten koexistieren. Die Gültigkeit der Nischentheorie sollte für Generalisten geprüft werden. Letztlich
sollte diese Arbeit zu einem besseren Verständnis der Nischendifferenzierung und der damit
verbundenen Kompromisse (‚trade-offs’), welche durch abiotische und biotische Umweltfaktoren entstehen, beitragen. Es wurden Sämlingseigenschaften (Mortalität, Wachstum,
Herbivorie und Blatt-Tannin Konzentration) von sechs Shorea Arten (Dipterocarpaceae) im
Sepilok Forest Reserve (Borneo, Malaysia) untersucht, welche als adult Bäume unterschiedliche Habitate besetzen. Dazu wurde ein reziprokes Verpflanzungsexperiment sowohl auf
zwei Bodentypen (Alluvial und Mudstone) als auch unter zwei Lichtverhältnissen (Bestandeslücke und geschlossenes Kronendach) durchgeführt. Die getestete Hypothese besagt, dass
Bodenspezialisten auf ihrem spezifischen Bodentyp höhere Wachstums- und Überlebensraten
aufweisen als Generalisten, aber auch als Spezialisten von einem anderen Bodentyp. Das
Wachstum und Überleben der Sämlinge wurde von verschiedenen Faktoren beeinflusst,
welche mit Konkurrenzstärke in Abhängigkeit von Lichtverfügbarkeit und Bodentyp,
Schattentoleranz und kurzzeitiger Fluttoleranz auf alluvialem Boden in Verbindung gebracht
werden konnten. Bodenchemische Untersuchungen zeigten, dass der alluviale Boden weniger
sauer ist, und eine geringere Aluminium- aber höhere Phosphorkonzentration als der Mudstone aufweist. Zusätzlich zu den Bodeneigenschaften haben mikrotopographische Höhenunterschiede (cm Skala) in den alluvialen Flächen das Sämlingsverhalten beeinflusst, was mit
Toleranz bezüglich Bodenwassersättigung assoziiert werden konnte. Sämlinge auf unterschiedlichen Bodentypen zeigten keinen Unterschied im Ausmass an Herbivorenfrass, jedoch
war dieser für einige Arten in den Bestandeslücken erhöht. Hinsichtlich der Herbivorie unterschieden sich die sechs Arten deutlich, was mit der Konzentration von Blatt-Tanninen assoziiert werden konnte. Es wurden Hinweise auf den ’Wachstums/Verteidigungs-Kompromiss’
gefunden, wobei Wachstumsinvestitionen mit den Lebensstrategien der Arten verknüpft
waren. Insgesamt haben die beobachteten artspezifischen Verhaltensunterschiede der sechs
Arten die Verbreitung der adult Bäume gut wiedergegeben. Es war jedoch nicht möglich alle
Arten vollständig entlang der untersuchten abiotischen und biotischen Nischenachsen zu
differenzieren. Folglich müssen andere Faktoren, wie zum Beispiel Aluminiumtoleranz, oder
gar andere Theorien herangezogen werden, um die Koexistenz dieser Arten zu erklären.
3

CHAPTER 1
General introduction

MECHANISMS OF COEXISTENCE AND MAINTENANCE OF SPECIES DIVERSITY
IN TROPICAL FORESTS: THE PARADOX OF GENERALIST SPECIES

Tree species richness in tropical forests can reach extraordinary numbers. Tree surveys
(≥ 1 cm dbh; Condit et al. 2006) counted 1’115 species in 25-ha in Yasuni (Ecuador),
379 species in 20-ha in Ituri-Edoro (DR Congo) and 1’180 in 52-ha in Lambir (Malaysia).
Even within one hectare of forest in Amazonian Ecuador, Valencia et al. (1994) counted
473 tree species (≥ 5 cm dbh). Temperate forests, on the other hand, have roughly the same
number of tree species as occur on the 25-ha plot in Yasuni, that is to say 1’166 (maximum
height > 7 m) but over a much larger area of 4.2 × 106 km2 (= 420 million ha) covering
Europe, North America and Asia (Latham & Ricklefs 1993).
How is it possible, that a small fraction of tropical rain forest can include as many tree
species as there are in the entire northern hemisphere? This question has fascinated ecologists
for decades, and the search for the mechanisms that maintain tree species richness in tropical
forest communities is still ongoing (Wright 2002, Leigh et al. 2004, Shea et al. 2004, Silvertown 2004, Leigh 2007, Pearman et al. 2007, Schemske et al. 2009). Indeed, explaining the
diversity of tree species in the tropics remains one of the fundamental challenges to ecological
science, and one that underlies the most basic understanding of how species interact with each
other and with their environment.
Despite considerable attention in recent decades, the mechanisms of species coexistence
remain inconclusive, and explaining the persistence of hyper-diverse tropical plant communities still poses significant theoretical challenges to ecological research. The tropical forest of
Borneo exemplifies this challenge, where up to 80 percent of the canopy trees are dominated
by one single tree family, the Dipterocarpaceae, with roughly 270 species that appear ecologically remarkably similar (Newman et al. 1996). Biogeography and evolutionary history have
certainly contributed to the origin of the extraordinary species richness. The climatic stability
of the warm wet climate is thought to have allowed for low extinction rates (evolutionary
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“museums”), as well as high speciation (“cradles” of new species) through increasingly finegrained resource partitioning among species (Richardson et al. 2001, Schemske et al. 2009).

THE NICHE CONCEPT – ONE OF THE MOST CONFUSING, AND YET
IMPORTANT, TOPICS IN ECOLOGY

Many mechanisms and hypothesis haven been advanced to explain the maintenance of the
highly diverse forest stands in the tropics. Niche-based theories focus on interspecific competition, which is expected to limit diversity when superior competitors exclude other species in
a particular environment (Silvertown 2004). Species coexistence is achieved if competitive
exclusion is delayed or prevented by, for example, segregation of species to different niches,
defined by axes of environmental conditions and resource use within which a species is able
to survive and reproduce (Hutchinson 1957, Wright 2002, Chase & Leibold 2003). Species
therefore coexist as specialists to a particular set of environmental conditions within spatially
and temporally heterogeneous environments.
The question arises as to why there is no ‘super-species’ that performs well across the entire range of environmental conditions, and which thereby excludes all other species? One
might consider a hypothetical species that spreads and dominates because it is the best colonizer of new areas, is able to use all resources, avoids predators and resists any kind of stress. In
reality, all species are constrained by trade-offs that prevent the emergence of such a species
(Kneitel & Chase 2004). Plant traits needed to become competitively successful in one environment can be disadvantageous and costly under another. Trade-offs eventually provoke negative functional interaction between ecological traits (e.g. growth and reproduction). For
example Turnbull (1999) investigated the competition-colonization trade-off, which compensates larger seed size (for better competition) with excess of small seeds (for improved colonization). Experiments have demonstrated allocation trade-offs between aboveground-belowground growth investment (Gleeson & Tilman 1990, Tilman 1990), and differential use of resources (reviewed by Silvertown 2004). For tropical tree species, the demographic trade-off
between fast growth under high light condition versus increased seedling survival under low
light is well established (Grubb 1996, Wright 2002, Condit et al. 2006, Russo et al. 2008).
Trade-offs have also been described for susceptibility to predators (Herms & Mattson 1992,
Coley & Barone 1996) and survival in a temporally variable environments (Lopez & Kursar
2003, Parolin et al. 2004).
All plant life is based on the same basic resources, which are light, water, CO 2 and a set
of basic mineral nutrients. These resources vary across space. Most tropical tree studies have
focused on the resource partitioning of light and soil. Light is considered the most limiting re6
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source for seedlings in tropical rain forest understoreys (Denslow 1987, Whitmore 1996). The
dense forest canopies reflect and absorb most of the photosynthetically active radiation (up to
99.5%; Chazdon et al. 1988), while canopy gaps, usually created through tree falls or storms,
only make up around one percent of the forest (Denslow 1987). Regeneration in canopy gaps
is seen as the critical phase that determines forest structure and composition (Denslow 1987,
Brokaw & Busing 2000). Canopy gaps not only differ in size, and thus intensity of light
reaching the ground, they also create a mosaic of micro-environments with differing light regimes, rooting environments, litter depth and surface soils, reaching from the centre to the
edge of the understorey. This fine-scale variation provides a basis for multiple regeneration
niches for tree seedlings (Grubb 1977). Tree species have been shown to partition the light environment by following different life history strategies from highly shade tolerant “climax”
species to very light demanding “pioneers” (Swaine & Whitmore 1988). However, empirical
research on the responses of tropical trees to irradiance have struggled to find general support
for the gap partitioning hypothesis except when species from the extremes of the shade tolerance spectrum are compared (Grubb 1996, Whitmore 1996, Brokaw & Busing 2000).
Other studies have focused on the specialisation to particular soil environments
(Sollins 1998, John et al. 2007). In particular, Tilman (1982) has focused his coexistence
theory on small scale soil heterogeneity. On landscape scales, studies have documented distinct plant communities on contrasting substrates, which they could link to differences in soil
nutrients such as phosphorous or magnesium (Baillie et al. 1987, Paoli et al. 2006). On local
scales, species habitat associations have been linked to topographical differences, with species
adapted to ridges, slopes and valley bottoms due to differential responses to drainage, soil
moisture, and nutrients which can vary over scales of tens of meters or less (Sollins 1998,
Clark et al. 1999, Svenning 1999, Gibbons & Newbery 2002, Dent et al. 2006). It has, however, been highly challenging to associate seedlings of particular tree species to specific soil
environments (Sollins 1998).
Limited attention has been given to spatiotemporal variation. Resources can vary through
space at any instant in time and also through time at any point in space. Light environments,
for example, differ at different heights in the forest stratum (Chazdon et al. 1988). Additionally, tree seedlings and saplings go through recurrent cycles of canopy opening and closing
before they reach reproductive maturity (Wright 2002). Similarly, soil chemical properties
differ between wet and dry seasons (Sollins 1998). Consequently, the possibilities for multiple
niches defined along these multiple axes are immense.

7

INTRODUCTION

CHAPTER 1

OTHER COEXISTENCE MECHANISMS – RETHINKING THE CLASSICAL
NICHE-ASSEMBLY PARADIGM

Niche based theory faces a fundamental challenge when one considers that many common
tropical tree species are, contrary to expectations, apparently generalists in their soil preferences. How are common soil generalists able to successfully compete with soil specialists where
edaphic specialisation is considered to be a primary mechanism for maintaining coexistence?
The persistence of generalist species suggests that niche differentiation based on partitioning
of the forest light environment and soil properties can only be a partial explanation for tropical forest tree diversity. In fact, and reiterating the discussion above, other species traits and
trade-offs might have been underestimated, or simply not yet discovered, such as sensitivity
to flooding or water logged soils (Kozlowski 1997, Lopez & Kursar 2003, Baraloto et al.
2007), or the vulnerability to herbivory (Coley & Barone 1996, Fine et al. 2004, Schemske et al. 2009). Yet such explanations need to be proven to maintain confidence in the niche
segregation hypothesis, particularly as many other theories of species coexistence exist, and
indeed a combination of mechanisms might reveal more insight in complex species associations (Leigh 2007).
Other well supported mechanisms of species coexistence in the tropics are negative
density-dependent performance (the Janzen-Connell hypothesis; Janzen 1970, Connell 1978)
and dispersal limitation (Hubbell et al. 1999). The Janzen-Connell hypothesis focuses on
host-specific pests or herbivores which limit species regeneration at high seedling densities
near to conspecific adults. It thus constrains locally abundant species through negative density
dependent effects, which in turn facilitates species coexistence (Harms et al. 2000,
Leigh et al. 2004, Bagchi et al. 2010). Wright (2002) considers it to play an important role in
the maintenance of plant diversity in tropical forest, with its effect being underestimated currently. Dispersal limitation processes (Hubbell et al. 1999) focus on competitively inferior
species (e.g. generalists) which might persist through widespread dispersal of many seeds that
recruit in sites where superior competitors are, by chance, absent. Hubbell’s (2001) Neutral
Theory goes even further by stating that species identity is irrelevant to its prospects of mortality or reproduction and that diversity is a stochastic balance between speciation, immigration
and random extinction. The Neutral Theory as a null model generates realistic descriptions of
community structure and dynamics, and predicts long-term coexistence of tropical trees communities despite assuming that all individuals of a community are ecologically equivalent.
Therefore, Hubbell (2001) argues that niche-based explanations need only make a relatively
minor contribution to the maintenance of species richness in tropical forests, and Neutral
Theory has challenged community ecologists to demonstrate that differences among species
are ecologically important.
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OUTLINE OF THE THESIS
This project addressed the challenge presented by generalist species to niche-assembly models
of species coexistence by investigating mechanisms of coexistence among closely related soil
generalist and specialist trees of the Dipterocarpaceae family that dominates Asian tropical
forests. Specifically, we tested the hypothesis that niche partitioning and trade-offs across
multiple characteristics explains the coexistence of soil generalist and specialist species. Differential species responses to the forest environment reflect variation in resource capture and
utilisation that are subject to interactions between both the abiotic and biotic environments.
For example, a seedling’s growth rate is a function of light and nutrient availability, but its
ability to utilise these resources also depends on its mycorrhizal associations and susceptibility to herbivores and pathogens which, in turn, are partly a function of soil properties and
light environment.
Previous research on dipterocarp seedling performance has paid little attention to the multiple trade-offs that might arise through the combination of biotic interactions with the abiotic
environment, and which may be crucial in explaining the paradox of common generalist
species (Sheil & Burslem 2003, Baltzer et al. 2005, Burslem et al. 2005). The overall objective of this thesis was to gain insight into the mechanisms by which soil generalist tree species
can coexist with closely related soil specialists within the same local environment. We explored how the interaction between abiotic and biotic factors determines differential adult
distribution in relation to soil.
Chapter 2: Abiotic factors affecting seedling performance. Light and soil are heterogeneously distributed in forest environments and are stated to be primary factors driving species
segregation. To examine the effect of these abiotic factors, as well as their interaction, a reciprocal transplant experiment among two light treatments (gap and understorey) and two soil
types (alluvial and mudstone) was set up to investigate seedling performance in terms of seedling height growth and survival of six Shorea species. A special focus was set on seedling life
history strategies in explaining differential species reactions.
Chapter 3: Impact of herbivory. Differential species susceptibility to herbivores and the interlinked plant defensive strategies are assumed to be key drivers in species habitat associations. To examine the impact of herbivory on seedling performance, as well as its interaction
with the abiotic environment, herbivory and the secondary leaf metabolite tannin was recorded in the reciprocal transplant experiment. Furthermore, characteristic leaf traits were investigated, which are expected to reflect species life history strategies. Results were used to interpret and support the growth-survival measures of Chapter 2.
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Chapter 4: Effect of microtopography. Flooding, accompanied by oxygen depleted waterlogged soils, can have highly deleterious effects on plant growth and can lead to seedling
death. It can be very well imagined, that a microtopographical difference of even only a few
centimetres might differentially benefit plant growth and survival, because of less inundation
time. Ephemeral flooding events, only affecting the alluvial flats, are a known feature at our
study site following high rainfall. Microtopographical elevation on the cm-scale was related to
soil moisture, as well as to seedling growth rates (stem height and total number of leaves) and
survival. Microtopographical effects provoked by inundation events might display a niche
axis which has been underestimated so far.

LITERATURE CITED
BAGCHI, R., T. SWINFIELD, R. E. GALLERY, O. T. LEWIS, S. GRIPENBERG, L. NARAYAN, and
R. P. FRECKLETON. 2010. Testing the Janzen-Connell mechanism: pathogens cause overcompensating density dependence in a tropical tree. Ecology Letters 13: 1262-1269.
BAILLIE, I. C., P. S. ASHTON, M. N. COURT, J. A. R. ANDERSON, E. A. FITZPATRICK, and
J. TINSLEY. 1987. Site characteristics and the distribution of tree species in Mixed Dipterocarp
Forest on Tertiary sediments in central Sarawak, Malaysia. Journal of Tropical Ecology
3: 201-220.
BALTZER, J. L., S. C. THOMAS, R. NILUS, and D. F. R. P. BURSLEM. 2005. Edaphic specialization
in tropical trees: physiological correlates and responses to reciprocal transplantation. Ecology
86: 3063-3077.
BARALOTO, C., F. MORNEAU, D. BONAL, L. BLANC, and B. FERRY. 2007. Seasonal water stress
tolerance and habitat associations within four neotropical tree genera. Ecology 88: 478-489.
BROKAW, N., and R. T. BUSING. 2000. Niche versus chance and tree diversity in forest gaps.
Trends in Ecology and Evolution 15: 183-188.
BURSLEM, D. F. R. P., M. PINARD, and S. E. HARTLEY. 2005. Biotic interactions in the tropics:
their role in the maintenance of species diversity. Cambridge University Press, Cambridge.
CHASE, J. M., and M. A. LEIBOLD. 2003. Ecological niches: linking classical and contemporary
approaches. University of Chicago Press, Chicago.
CHAZDON, R. L., K. WILLIAMS, and C. B. FIELD. 1988. Interactions between crown structure and
light environment in five rain-forest piper species. American Journal of Botany 75: 14591471.
CLARK, D. B., M. W. PALMER, and D. A. CLARK. 1999. Edaphic factors and the landscape-scale
distributions of tropical rain forest trees. Ecology 80: 2662-2675.

10

CHAPTER 1

INTRODUCTION

COLEY, P. D., and J. A. BARONE. 1996. Herbivory and plant defenses in tropical forests. Annual
Review of Ecology and Systematics 27: 305-335.
CONDIT, R., P. ASHTON, S. BUNYAVEJCHEWIN, H. S. DATTARAJA, S. DAVIES, S. ESUFALI,
C. EWANGO, R. FOSTER, I. GUNATILLEKE, C. V. S. GUNATILLEKE, P. HALL, K. E. HARMS,
T. HART, C. HERNANDEZ, S. HUBBELL, A. ITOH, S. KIRATIPRAYOON, J. LAFRANKIE, S. L. DE
LAO, J. R. MAKANA, M. N. S. NOOR, A. R. KASSIM, S. RUSSO, R. SUKUMAR, C. SAMPER,
H. S. SURESH, S. TAN, S. THOMAS, R. VALENCIA, M. VALLEJO, G. VILLA, and T. ZILLIO.
2006. The importance of demographic niches to tree diversity. Science 313: 98-101.
CONNELL, J. H. 1978. Diversity in tropical rain forests and coral reefs - high diversity of trees and
corals is maintained only in a non-equilibrium state. Science 199: 1302-1310.
DENSLOW, J. S. 1987. Tropical rainforest gaps and tree species diversity. Annual Review of
Ecology and Systematics 18: 431-451.
DENT, D. H., R. BAGCHI, D. ROBINSON, N. MAJALAP-LEE, and D. F. R. P. BURSLEM. 2006.
Nutrient fluxes via litterfall and leaf litter decomposition vary across a gradient of soil nutrient
supply in a lowland tropical rain forest. Plant and Soil 288: 197-215.
FINE, P. V. A., I. MESONES, and P. D. COLEY. 2004. Herbivores promote habitat specialization by
trees in Amazonian forests. Science 305: 663-665.
GIBBONS, J. M., and D. M. NEWBERY. 2002. Drought avoidance and the effect of local topography
on trees in the understorey of Bornean lowland rain forest. Plant Ecology 164: 1-18.
GLEESON, S. K., and D. TILMAN. 1990. Allocation and the transient dynamics of succession on
poor soils. Ecology 71: 1144-1155.
GRUBB, P. J. 1977. The maintenance of species-richness in plant communities: the importance of
the regeneration niche. Biological Reviews 52: 107-145.
GRUBB, P. J. 1996. Rainforest dynamics: the need for new paradigms. In D. S. Edwards (Ed.).
Tropical rainforest research - current issues, pp. 215-233. Kluwer, Dordrecht.
HARMS, K. E., S. J. WRIGHT, O. CALDERON, A. HERNANDEZ, and E. A. HERRE. 2000. Pervasive
density-dependent recruitment enhances seedling diversity in a tropical forest. Nature 404:
493-495.
HERMS, D. A., and W. J. MATTSON. 1992. The dilemma of plants: to grow or defend. The
Quarterly Review of Biology 67: 283-335.
HUBBELL, S. P. 2001. The Unified Neutral Theory of biodiversity and biogeography. Princeton
University Press, Princeton, NJ.
HUBBELL, S. P., R. B. FOSTER, S. T. O'BRIEN, K. E. HARMS, R. CONDIT, B. WECHSLER,
S. J. WRIGHT, and S. L. DE LAO. 1999. Light-gap disturbances, recruitment limitation, and tree
diversity in a neotropical forest. Science 283: 554-557.

11

INTRODUCTION

CHAPTER 1

HUTCHINSON, G. E. 1957. Population studies - animal ecology and demography - concluding
remarks. Cold Spring Harbor Symposia on Quantitative Biology 22: 415-427.
JANZEN, D. H. 1970. Herbivores and the number of tree species in tropical forests. American
Naturalist 104: 501-528.
JOHN, R., J. W. DALLING, K. E. HARMS, J. B. YAVITT, R. F. STALLARD, M. MIRABELLO,
S. P. HUBBELL, R. VALENCIA, H. NAVARRETE, M. VALLEJO, and R. B. FOSTER. 2007. Soil
nutrients influence spatial distributions of tropical tree species. Proceedings of the National
Academy of Sciences of the United States of America 104: 864-869.
KNEITEL, J. M., and J. M. CHASE. 2004. Trade-offs in community ecology: linking spatial scales
and species coexistence. Ecology Letters 7: 69-80.
KOZLOWSKI, T. T. 1997. Responses of woody plants to flooding and salinity. Tree Physiology
Monograph No. 1: 1-29.
LATHAM, R. E., and R. E. RICKLEFS. 1993. Continental comparisons of temperate-zone tree
species diversity. In R. E. Ricklefs and D. Schluter (Eds.). Species diversity in ecological
communities, pp. 294-314. University of Chicago Press, Chicago.
LEIGH, E. G. 2007. Neutral theory: a historical perspective. Journal of Evolutionary Biology 20:
2075-2091.
LEIGH, E. G., P. DAVIDAR, C. W. DICK, J.-P. PUYRAVAUD, J. TERBORGH, H. TER STEEGE, and
S. J. WRIGHT. 2004. Why do some tropical forests have so many species of trees? Biotropica
36: 447-473.
LOPEZ, O. R., and T. A. KURSAR. 2003. Does flood tolerance explain tree species distribution in
tropical seasonally flooded habitats? Oecologia 136: 193-204.
NEWMAN, M. F., P. F. BURGESS, and T. C. WHITMORE. 1996. Manuals of Dipterocarps for
foresters: Borneo island light hardwoods: Anisoptera, Parashorea, Shorea (Red, White and
Yellow Meranti). Royal Botanic Garden Edinburgh/CIFOR, Edinburgh, UK/Indonesia.
PAOLI, G. D., L. M. CURRAN, and D. R. ZAK. 2006. Soil nutrients and beta diversity in the
Bornean Dipterocarpaceae: evidence for niche partitioning by tropical rain forest trees. Journal
of Ecology 94: 157-170.
PAROLIN, P., O. DE SIMONE, K. HAASE, D. WALDHOFF, S. ROTTENBERGER, U. KUHN,
J. KESSELMEIER, B. KLEISS, W. SCHMIDT, M. T. F. PIEDADE, and W. J. JUNK. 2004. Central
Amazonian floodplain forest: tree adaptations in a pulsing system. Botanical Review 70: 357380.
PEARMAN, P. B., A. GUISAN, O. BROENNIMANN, and C. F. RANDIN. 2007. Niche dynamics in
space and time. Trends in Ecology and Evolution 23: 149-158.

12

CHAPTER 1

INTRODUCTION

RICHARDSON, J. E., R. T. PENNINGTON, T. D. PENNINGTON, and P. M. HOLLINGSWORTH. 2001.
Rapid diversification of a species-rich genus of neotropical rain forest trees. Science 293:
2242-2245.
RUSSO, S. E., P. BROWN, S. TAN, and S. J. DAVIES. 2008. Interspecific demographic trade-offs and
soil related habitat associations of tree species along resource gradients. Journal of Ecology
96: 192-203.
SCHEMSKE, D. W., G. G. MITTELBACH, H. V. CORNELL, J. M. SOBEL, and K. ROY. 2009. Is there a
latitudinal gradient in the importance of biotic interactions? Annual Review of Ecology and
Systematics 40: 245-269.
SHEA, K., S. H. ROXBURGH, and E. S. J. RAUSCHERT. 2004. Moving from pattern to process:
coexistence mechanisms under intermediate disturbance regimes. Ecology Letters 7: 491-508.
SHEIL, D., and D. F. R. P. BURSLEM. 2003. Disturbing hypotheses in tropical forests. Trends in
Ecology and Evolution 18: 18-26.
SILVERTOWN, J. 2004. Plant coexistence and the niche. Trends in Ecology and Evolution 19: 605611.
SOLLINS, P. 1998. Factors influencing species composition in tropical lowland rain forest: Does
soil matter? Ecology 79: 23-30.
SVENNING, J.-C. 1999. Microhabitat specialization in a species-rich palm community in
Amazonian Ecuador. Journal of Ecology 87: 55-65.
SWAINE, M. D., and T. C. WHITMORE. 1988. On the definition of ecological species groups in
tropical rain forests. Vegetatio 75: 81-86.
TILMAN, D. 1982. Resource competition and community structure. Princeton University Press,
Princeton, N.J.
TILMAN, D. 1990. Constraints and trade-offs: toward a predictive theory of competition and
succession. Oikos 58: 3-15.
TURNBULL, L. A.,

M. REES,

and M. J. CRAWLEY.

1999.

Seed mass

and the

competition/colonization trade-off: a sowing experiment. Journal of Ecology 87: 899-912.
VALENCIA, R., H. BALSLEV, and G. P. Y. MINO. 1994. High tree alpha-diversity in Amazonian
Ecuador Biodiversity and Conservation 3: 21-28.
WHITMORE, T. C. 1996. A review of some aspects of tropical rain forest seedling ecology with
suggestions for further enquiry. In M. D. Swaine (Ed.). The Ecology of Tropical Forest Tree
Seedlings, pp. 3-39. Man and the Biosphere Series, Vol 17. UNESCO and the Parthenon
Group, Paris.
WRIGHT, S. J. 2002. Plant diversity in tropical forests: a review of mechanisms of species
coexistence. Oecologia 130: 1-14.

13

CHAPTER 2
Differing life history characteristics support coexistence
of tree soil generalist and specialist species in tropical rainforests

with A. Pluess, D. Burslem, R. Nilus, C. Maycock and J. Ghazoul

ABSTRACT
Niche differentiation is a prominent mechanism for explaining tree species coexistence in tropical rain forests. Theory predicts that species that are specialised on a set of environmental
conditions should exclude generalists in those conditions, and that environmental heterogeneity allows the coexistence of many different species based on the differentiation of
niches. Yet many tropical tree species of the family Dipterocarpaceae appear broadly similar
in their habitat preferences, and some occur widely across soil types, a main driver of niche
differences, and appear to persist as relative generalists in their habitat associations. We
evaluate comparative seedling performance (growth and survival) of six Shorea species
(Dipterocarpaceae) which differ in their adult tree habitat associations within the Sepilok
Forest Reserve (Borneo, Malaysia). We tested the hypothesis that species associated with a
particular soil type have higher seedling performance on that soil type than soil generalist
species, with generalists in turn having higher performance than specialists on an alternative
soil type. We conducted a reciprocal transplant experiment including two soil types (alluvial
and mudstone) and two light treatments (gap and understorey). The soils differed in soil acidity, aluminium and phosphorous concentration. Dipterocarp seedling responses were subject
to a range of factors associated with competitive ability under light and soil conditions, persistence under shade and tolerance of flooding events. Although species specific differences
in these factors reflected much of the observed adult distribution, not all species could be fully
differentiated along these axes and other trade-offs, such as investment in defence against herbivores and tolerance to soil waterlogging, may play additional roles in explaining coexistence of these species.
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INTRODUCTION
Explaining the high species diversity of tropical forests remains among the most challenging
ecological questions (Silvertown 2004). In many tropical rain forests richness exceeds 200
tree species per hectare (> 10 cm diameter at breast height; Davies & Becker 1996, De Oliveira & Mori 1999, Lee et al. 2002). Such species richness is unlikely to be explained by any
one single mechanism, and instead several causes are likely to contribute to patterns of
species number and distribution observed in rain forests (Wright 2002, Leigh et al. 2004). The
relative contribution of these different mechanisms might depend on context, although a primary mechanism that appears to be widely accepted as relevant to all sites is that proposed by
the niche-assembly hypothesis (Grubb 1977, Denslow 1987, Wright 2002, Silvertown 2004).
This hypothesis focuses on the importance of environmental heterogeneity, where species coexist through specialisation and resource partitioning. Species are thus specialists that respond
differentially to the variation in abiotic and biotic conditions.
Specialisation is based on adaptive trade-offs in plant life history traits, which prevent the
spread of one competitively dominant species across the entire range (Tilman 1982, Kneitel &
Chase 2004, Silvertown 2004). Species have been shown to differ in performance across a
variety of biological traits and support for different trade-offs is accumulating. One of the
most prominent of these is the trade-off between growth rate and survival (Condit et al. 2006,
Wright et al. 2010). Plant species with the potential for rapid growth rates under high light
conditions generally have poor seedling survival under low light conditions, and vice versa.
Light is considered the primary limiting resource for seedling and sapling growth and survival in tropical rain forests (Denslow 1987, 1996, Burslem et al. 2005, Ghazoul & Sheil
2010). Many empirical studies have investigated the response of tropical trees to differing
irradiance levels, however a clear segregation of individual species along light axes is difficult
to establish (Whitmore & Brown 1996, Brokaw & Busing 2000, Aiba & Nakashizuka 2007,
Queenborough et al. 2007). Many tropical tree studies have also emphasised specialisation to
particular soil environments as being an important contributing factor to species coexistence
(John et al. 2007). Even fine-scale soil nutrient heterogeneity can lead to resource partitioning
and thus niche specialisation, especially during the seedling establishment phase (Grubb
1977, Tilman 1982). The consistent association of many tropical tree species to specific soil
types has, however, proven to be difficult (Sollins 1998). However, there is increasing support
for segregation in relation to soil drainage, topography and the importance of soil nutrients
such as phosphorous availability (Clark et al. 1999, Potts et al. 2002, Phillips et al. 2003,
Paoli et al. 2006, Comita & Engelbrecht 2009).
A challenge to niche theory for tropical species coexistence is the presence of tropical tree
species that are apparent generalists in their environmental preferences. By definition, genera16
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list species are able to tolerate a wider variety of environmental conditions, but in a particular
environment they should be at a selective disadvantage compared to specialist species adapted
to that environment. Consequently specialist species should outcompete and exclude generalists (Wright 2002, Silvertown 2004). Yet the persistence of common soil generalist tree species in the tropics suggests that this is not the case (Pitman et al. 1999, Webb & Peart 2000,
Chuyong et al. 2011). Thus, niche differentiation based on partitioning of the forest soil environment can only be a partial explanation for tropical forest tree diversity. One possibility is
that other species traits and trade-offs might have been underestimated or unaccounted.
Recent work has shown that sensitivity to flooding (Lopez & Kursar 2003, Baraloto et al.
2007), herbivory (Fine et al. 2004, Bagchi et al. 2010), drought (Gibbons & Newbery 2002,
Comita & Engelbrecht 2009), or competition for pollinators (Ng et al. 2006, Kettle et al.
2011) can render apparent generalists as specialists once these additional niche dimensions
are included.
The objective of this study is to empirically assess, using a reciprocal seedling transplant
experiment, the performance of congeneric and co-occurring tree species that differ in the extent of their edaphic specialisation on different soil types. We focus on partitioning of the regeneration niche, that is the differential performance of seedlings, which is thought to be particularly important in shaping the structure of forest communities (Grubb 1977, Poorter 2007),
and where competition and selection among individuals is considered to be most severe. We
test the hypothesis that on any particular soil type, seedling growth rates and survival of apparent specialists on that soil type will exceed that of apparent generalists, which in turn will exceed that of specialists of an alternative soil type. We further explore how light regime might
interact with soil conditions in terms of differential species growth and survival responses.

MATERIALS AND METHODS
Study site and study species — The study was conducted for two years starting in October
2006 in the Sepilok Forest Reserve (SFR) in Sabah, Malaysia (5°10’N, 117°56’E). Annual
rainfall is about 3’000 mm and mean annual temperatures are in the range of 26.7-27.7°C
(Nilus 2004). The wettest months fall between November to February and usually lead to
short flooding events in the flat lower areas in SFR, while April is usually the driest period
(Fox 1978). SFR comprises an evergreen lowland dipterocarp forest (0-170 m asl), which is
representative of lowland rain forests in northeast Sabah (Fox 1983). Within SFR, our research was confined to the forest regions occupying alluvial flats and embedded low mudstone hills (Fox 1973). In these regions the forest canopy is characterised by large trees
(canopy heights of around 45-60 m) mainly of the Dipterocarpaceae family, which forms the
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dominant floristic element of Southeast Asian forests, with a centre of diversity in Borneo
(Ashton 1988, Newman et al. 1996).
The overall topography of the forest is flat with gently undulating low mudstone hills
(Fox 1973). The mudstone hills reach maximum amplitude of around 15 m (being
15-30 m asl) and, unlike the alluvial flat areas, are not inundated during the wet season. Alluvial flat and mudstone hill areas can be clearly differentiated and mapped, as mudstone hills
rise abruptly from the flat alluvial areas. Tree community composition differs between alluvial flat and mudstone hill habitat with some dipterocarp species being largely confined to
either alluvial flat or mudstone hill areas, while others are found more or less equally on both
(R. Nilus and C. Maycock, pers. comm.).
We selected six Shorea species (Dipterocarpaceae) which vary in their degree of local habitat association in SFR, based on surveys of adult trees within a 68-ha area (Fig 1, Table 1).
Shorea johorensis Foxw. and Shorea leprosula Miq. are within SFR predominantly found on
alluvial flats and are referred in this study as alluvial specialists. Shorea macroptera Dyer and
Shorea argentifolia Symington are mainly found on mudstone hills in SFR, and henceforth
are considered mudstone specialists in this study. Finally, two species in this study, Shorea
xanthophylla Symington and Shorea parvifolia ssp velutinata Ashton, are more or less
equally common on both alluvial flats and mudstone hills in SFR and will be labelled as
‘generalist’ in the context of this study, although it is well-known that their distributions are
markedly restricted to specific habitats when examined at larger spatial scales (Ashton 2004).
Experimental design — We established a reciprocal transplant experiment on alluvial flats
and mudstone hills in SFR in forest gaps and in the understorey to examine the importance of
soil type and light environment on the comparative survival and growth of the six Shorea
species. A nested two by two factorial design of soil types and light treatments was replicated
using four blocks with paired (gap and understorey) plots on each soil type, giving a total of
eight blocks with sixteen plots. The blocks were widely separated within the primary forest at
SFR. At each location the gap plot was established in an existing canopy gap (small gaps
ca 200 m2) which was cleared of small stems (i.e. less than 10 cm diameter at breast height).
Shade plots were established in the adjacent understorey which was similarly cleared of small
stems. Light environments in each plot were quantified at 13 locations in each plot comprising the corners and the middle of each side, the centre of the plot, and the centre of each of
the four quarters. At each of these locations hemispherical photographs taken at breast height
with a Nikon Coolpix 5000 digital camera equipped with a Nikon Fisheye Converter
FC-E8 0.21 x lens. The camera was mounted on a tripod, levelled horizontally, and oriented
via GPS compass so that north corresponded to the top of the photograph. Canopy openness (CO) was calculated using the image processing software Gap Light Analyzer Ver-
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sion 2.0 (Frazer et al. 1999). Gap plots had slightly but significantly higher CO than those in
the understorey (Table S1 and S2; p < 0.001). There was a significant light:soil interaction
(Table S2, p = 0.05), which showed that alluvial gap plots (11.2% ±0.2 SE CO) were significantly (p < 0.001) more open than mudstone gaps (9.6% ±0.1 SE CO), while understorey
plots were similar (2.4% ±0.1 SE CO for both alluvial and mudstone).
To identify differences between alluvial and mudstone soils, we conducted chemical and
physical soil analyses of the experimental plots. In each plot five points were randomly
selected for soil sampling. Top soil was auger-sampled at 0-15 cm depth in May 2007 and
these five soil cores were thoroughly mixed by hand. Soil analyses were conducted on the
mixed soil samples. For nitrate and ammonium (NO 3 ˉ and NH 4 ) two randomly assigned
auger-samples per plot were taken and individually analysed within 24 hours. The average of
the two samples per plot was used for the analysis. Full details of soil analytical methods are
included in supporting information. The soil analysis (Table S3) showed that alluvial and
mudstone soils differ significantly in terms of pH (alluvial 4.0, mudstone 3.7; p = 0.019),
exchangeable acidity (alluvial 2.89 m.e. per 100 g, 5.02 m.e. per 100 g mudstone; p = 0.022),
exchangeable aluminium (alluvial 2.55 m.e. per 100 g, mudstone 4.49 m.e. per 100 g;
p = 0.030), base saturation (alluvial 39.7%, mudstone 14.3%; p = 0.028) and soluble phosphorus (alluvial 7.92 μg per g, mudstone 5.18 μg per g; p = 0.023). Light treatment (gap and
understorey) had no effect on soil properties. Soil physical properties also did not differ
between soil types (Table S3).
Seedlings of all species except S. xanthophylla were obtained from the Innoprise-FACE
Foundation project nursery (INFAPRO Danum Valley). These seedlings had been grown in
polyethylene bags (200 ml, clay-rich Danum forest soil) under nursery conditions (around
11% full sunlight). The seeds had been sourced from wild fruiting trees in Ulu Segama Forest
Reserve (150 km south of SFR). We acknowledge that seed sourced from another forest
reserve might not have the same genetic make-up as seed sourced from SFR, but given the
similar climate and soil environments of the two forest areas and the fact that they belong to
the same floristic region on Borneo (Slik et al. 2003, Slik et al. 2009), we assume that these
differences will not bias the outcome of the experiment. The nursery seedlings were of equal
age (ca 8 mo), and equal size within species (heights ranging from 27-79 cm). The seedlings
were transferred to a temporary nursery in the SFR understorey (around 5% full-light
conditions) for acclimatisation to forest conditions for 1 mo before planting. They were
watered regularly during this time.
Shorea xanthophylla seedlings were collected as wildings from SFR. The age of these
seedlings is not known exactly, but they are all almost certainly derived from the previous
S. xanthophylla flowering event at the end of 2005, making them around 10 mo old at the start
of the experiment. Seedlings were collected in randomly selected locations in both alluvial
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and mudstone areas and planted in polyethylene bags using the soil of origin and also allowed
to acclimatise with the other seedlings.
In September 2006, 12 seedlings of each of the six species were planted in each plot in a
random arrangement with respect to species identity (total of 1’152 seedlings). They were
planted in an 8 × 9 grid with 0.75 m spacing between each plant. All dead or dying seedlings
were replaced during the first month after planting. Flooding in December 2006 (3 mo after
planting) affected the plots in flat alluvial environments, and on this occasion dead seedlings
(mostly S. argentifolia, S. parvifolia and S. xanthophylla) were replaced in January and
April 2007. In total, species seedling mortality across all plots up to April 2007 ranged
between 2 to 14 percent of seedlings, except for S. argentifolia (a mudstone specialist) which
had 31 percent seedling mortality, eighty percent of which was in the flooded alluvial plots.
After April 2007 there were no further replacements of seedlings.
Seedling growth analysis — Seedling performance was characterised by stem height growth
rate (HeiGR) and total stem length including branches (HbGR). Stem height was measured
from the soil surface to the highest living apical bud, and branches from node to growing tip.
Measurements of seedlings were made every 6 mo from October 2006 (January 2007 or
April 2007 for seedlings replaced after the flood) to October 2008. HeiGR and HbGR was
calculated including all seedlings alive in October 2008 as (W2 − W1) / (t2 − t1), where W2 is
‘height’ or ‘height and branches’ in October 2008, and W1 is the ‘height’ or ‘height and
branches’ at the first measurement, while t is the respective growing period in months. We
calculated both relative growth rates and absolute growth rates, but as the conclusions derived
from these metrics did not differ we report only absolute growth measurements. 21 seedlings
for HeiGR and 47 seedlings for HbGR with negative growth were removed from the dataset,
because they had been damaged by animals or fallen debris and were therefore not instructive
for growth measures.
Statistical analyses — All statistical analyses were performed with R 2.10.1 (R Development
Core Team 2009) and followed the methods recommended by Crawley (2009). The experimental treatment effects of soil and light were separately analysed for HeiGR and HbGR
using ANOVA. The experimental setup was a split:plot design, where paired light treatment
plots were grouped and nested within blocks (four blocks on each soil type). The effect of soil
type was tested on the block level (error structure one), whereas the effect of light treatment
and the effect of the soil:light interaction was tested on the soil:light:block interaction (error
structure two), which corresponded to the plot level. The effect of species, the light:species,
the soil:species, and the soil:light:species interactions were tested on the residuals (error structure three). Tukey’s honest significant difference range test (Tukey HSD) was applied to the
20
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full model to perform pair wise comparisons among the species on the two soil types if
species were significantly different in the ANOVA. HeiGR and HbGR variables were transformed if necessary to fulfil requirements of the model.
Seedling survival was recorded on five occasions: January, April and October 2007, and
April and October 2008. Only seedlings planted in October 2006 were used for the survival
analysis. Individuals that survived beyond the end of the experiment were coded with ‘0’.
Seedlings with no leaves were recorded as dead and coded with ‘1’. Seedlings destroyed by
monkeys or pigs during the experiment (13 individuals from five species) were censored and
thus coded with ’0’, which allows them to be informatively included in the analysis while
alive. All survival analyses were conducted using the library ’survival’. To compare timing of
seedling mortality across species and treatments we used Kaplan-Meier survival curves. To
compare species contrasts at the end of the experiment, we used the parametric survival
analysis function ’survReg’ by fitting a Weibull distribution model (implying a non-constant
hazard with the risk of seedling death being dependent on seedling age). To calculate instantaneous risk of death, non-parametric cox proportional hazard (which calculates immediate
risk of a seedling dying under a certain treatment by assuming constant hazard ratio over
time) was calculated using the ’coxph’ function. Parametric and non-parametric survival
analyses used soil (alluvial and mudstone), light (gap and understorey shade), species (all six
Shorea species), and their two-way interactions as fixed factors, while plot was included with
the ’frailty’ function as a random effect. Three-way interactions were omitted in order to not
over fit the model.

RESULTS
Soil affinities of adult trees — Tree distributions showed differential segregation by habitat
type across species (Fig 1). Shorea johorensis and S. leprosula were predominantly associated
with the flat alluvial habitat where more than two thirds of their individuals (corrected for
area) occurred (Table 1). Shorea macroptera and S. argentifolia were associated with the
mudstone hill habitat (although the sample size for S. argentifolia is limited). The two remaining species S. xanthophylla and S. parvifolia occurred more or less equally on both mudstone
hill and alluvial habitats and are therefore termed ‘generalist’ species in this context.

21

ABIOTIC EFFECTS ON PLANT PERFORMANCE

CHAPTER 2

Alluvial specialists

Relative generalists

Mudstone specialists

S. leprosula

S. xanthophylla

S. argentifolia

S. johorensis

S. parvifolia

S. macroptera

Figure 1. Distribution maps of adult Shorea trees of the six study species on a 68-ha plot in Sepilok Forest
Reserve. The flat alluvial habitat is shaded grey and the mudstone hill habitat is white.

Table 1. Counts of adult Shorea trees in an area of 24.5-ha alluvial flat soil (AL) and 43.5-ha mudstone hill soil
(MU) according to the distribution maps in Fig 1. The percentage of individuals found on mudstone soil is
corrected for area.
Species
No of adults
No of adults
AL density
MU density
% of individuals
AL
MU
(No/ha)
(No/ha)
on MU
S. johorensis
198
97
8.1
2.2
21.6
S. leprosula
41
32
1.7
0.7
30.5
S. parvifolia
27
57
1.1
1.3
54.3
S. xanthophylla
101
279
4.1
6.4
60.9
S. macroptera
14
68
0.6
1.6
73.2
S. argentifolia
0
9
0.0
0.2
100.0

Seedling growth — Over two years, seedling height growth rate (HeiGR) and seedling total
growth rate including height and branches (HbGR) were 16 and 35 times greater in gaps than
understorey (HeiGR F = 1177, p < 0.001; HbGR F = 526, p < 0.001; Table S4, S5 and S6). In
gaps (Table S6), species mean HeiGR ranged from 1.4 cm/mo (S. xanthophylla in mudstone)
to 8.6 cm/mo (S. leprosula in alluvial), while in shade they were between 0.2 cm/mo (S. xanthophylla and S. macroptera both in alluvial) and 0.6 cm/mo (S. leprosula in mudstone). For
HbGR in gaps (Table S6) measures were between 89.0 cm/mo (S. parvifolia in alluvial) and
2.7 cm/mo (S. xanthophylla in mudstone), while in shade they were between 2.3 cm/mo
(S. parvifolia mudstone) and 0.3 cm/mo (S. xanthophylla in alluvial and mudstone). Species
differed significantly in their HeiGR (F = 68.9, p < 0.001; Table S4) and HbGR (F = 193.5,
p < 0.001; Table S5). The significant light:species interaction effect for both HeiGR
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(F = 13.8, p < 0.001; Table S4) and HbGR (F = 19.0, p < 0.001; Table S5) suggests differential growth responses among species in response to different light conditions. These results
appear to be driven mainly by S. xanthophylla, which had clearly lower HeiGR and HbGR
values in gap conditions, but is not differentiated from several other species under shade
(Fig 2). When grown under gap conditions, S. leprosula (alluvial associated), S. johorensis
(alluvial associated) and S. macroptera (mudstone associated) revealed stronger HeiGR
(F = 5.7, p < 0.001; Table S4) and HbGR (F = 3.9, p = 0.002; Table S5) growth on alluvial
soils compared to mudstone soils (Fig 2a and c). In understorey shade, soil had no effect on
seedling growth (Fig 2b and d). The three-way interaction soil:light:species was significant
for HbGR (F = 3.0, p = 0.01; Table S5), indicating differences among species in how they respond to the combination of light and soil conditions. The other tested factors, which included
overall soil effect and soil:light interaction showed no effect on seedling growth rate. The two
error terms block (HeiGR F = 29.2, p < 0.001; HbGR F = 35.3, p < 0.001) and soil:light:block
(HeiGR F = 22.6, p < 0.001; HbGR F = 16.7, p < 0.001) were highly significant.

Figure 2. Mean and standard error of a) stem height growth rate (cm per month) in gap and
b) understorey shade, as well as c) height and branches growth rate (cm per month) in gap and
d) understorey shade of six Shorea species seedlings grown on alluvial (AL) and mudstone (MU) soil.
Significant differences (Tukey HSD) within soil type are indicated with non-connected dots on the side
and with stars in the legends for among soil type within species comparisons. AR = S. argentifolia,
JO = S. johorensis, LE = S. leprosula, MA = S. macroptera, PA = S. parvifolia, XA = S. xanthophylla.
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Pair-wise species comparisons in gaps showed that S. xanthophylla (soil generalist) had
substantially lower HeiGR and HbGR than the five other species (Fig 2a and c). HeiGR
differences across the other five species are not clear in alluvial gaps, although when HbGR is
considered S. macroptera (mudstone associate) has lower values than the other four species
(but not as low as S. xanthophylla). In mudstone gaps S. parvifolia, S. argentifolia and S. leprosula had higher growth rates than S. johorensis and S. macroptera, while S. xanthophylla
had lowest growth rate.
There was some separation among species in the understorey shade treatments, although
species ranks were not consistent between soil types. Ranks also changed depending on
whether HeiGR or HbGR was the measure of interest (Fig 2b and 2d). Species with rapid
height growth rates in the understorey are S. leprosula, S. parvifolia and S. argentifolia. When
lateral growth was included (i.e. HbGR), S. macroptera and S. xanthophylla separate from the
other species by having lower rates.
Survival analysis — Survival curves of seedlings growing in gaps showed no clear separation of species except for higher mortality of S. xanthophylla in both habitats, and of S. argentifolia on alluvial soils (Fig 3a and 3c). In the shade treatments, however, S. argentifolia,
S. parvifolia and S. leprosula seedlings had far higher mortality in both habitats (Fig 3b and
3d). Shorea parvifolia (generalist) and S. argentifolia (mudstone) had particularly high mortality in alluvial shade plots, and the timing of mortality was linked to the onset of high rainfall
events at Sepilok (arrows in Fig 3).
The cox proportional hazard represents the immediate risk of a seedling dying under a certain treatment by assuming constant hazard ratio over time. Since hazard normally decreases
with seedling age, cox proportional hazards are strictly speaking overestimated. Since overestimation is the same for all treatments and species, cox proportional hazards remain useful
for comparisons of species among treatments. Cox proportional hazard numbers vary greatly
between species (Table 2). Particularly high numbers are obtained for S. argentifolia, S. parvifolia and S. leprosula in both alluvial and mudstone shade conditions. Cox proportional
hazard values were lower in gap environments, with S. argentifolia being particularly severely
affected in alluvial conditions, while S. xanthophylla having relatively high mortality in both
alluvial and mudstone gap conditions. The cox proportional hazard analysis for overall treatment effects (Table S7) revealed that soil, light, species, and plot have a significant effect on
seedling survival (all effects p < 0.001). The significant soil:species and light:species interactions (both p < 0.001) suggest differential seedling survival among species in response to
different light and soil conditions.
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Figure 3. Kaplan-Meier survival curves of Shorea seedlings growing in a) alluvial (AL) gaps and b)
alluvial understorey shade, and c) mudstone (MU) gaps and d) mudstone understorey shade. The occurrence of censored individuals are shown by a + at the end of each curve in the graphs. Significant
differences among species (obtained with parametric survival analysis) are indicated with nonconnected dots on the side. Arrows indicate start of the wetter season in Sepilok Forest Reserve, where
flooding events are likely to occur.

Table 2. Cox proportional hazard (risk of a seedling dying under a certain treatment) numbers, analysed with the fixed factors ‘soil’ (alluvial and mudstone), ‘light’ (gap and understorey shade),
‘species’ (all six Shorea species) and their two-way interactions, and ‘plot’ as random factor. The hazards are calculated for each treatment to the basis of S. macroptera growing in mudstone gaps, having
the lowest hazard number.
Alluvial
Mudstone
Species
Gap
Shade
Gap
Shade
S. argentifolia
121
958
18
198
S. macroptera
15
48
1
4
S. xanthophylla
83
49
53
43
S. parvifolia
26
414
4
100
S. johorensis
15
40
11
41
S. leprosula
22
151
24
224
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DISCUSSION
Niche assembly theory predicts that species coexistence is achieved through partitioning of
niche space (Grubb 1977, Tilman 1982, Wright 2002, Silvertown 2004). A criticism of this
theory as applied to tropical plant diversity is that species richness of tropical trees far exceeds
the availability of exclusive niches (Hubbell 2001, Bell 2003). Further, such theory predicts
that apparent generalist species should be excluded by specialists adapted to local conditions.
While it might be difficult to recognise and quantify all dimensions of niche space, the coexistence of several species adapted to particular habitats, as well as generalist species that
show little restriction to any particular habitat type, represents a challenge to the niche
assembly theory. In meeting this challenge detailed comparison of species growth and
survival responses across soil and light environmental variables can be instructive, with
special emphasis set on empirical studies that test niche effects under natural conditions.
Seedling responses to soil differences — The mapped adult tree distributions in a 68-ha plot
(Fig 1) suggest that the six Shorea species differ in their soil affinities, with some species
tending to be associated with mudstone habitats, others with alluvial habitats, and yet others
that show little tendency in either direction. Indeed, dipterocarp studies have shown that
species not only segregate along broad landscape scales (Baillie et al. 1987, Potts et al. 2002,
Paoli et al. 2006), but also on smaller scales < 100 ha (Palmiotto et al. 2004, Baltzer et al.
2005, Russo et al. 2005). The expectation that seedlings would perform best on the soil type
with which their adults are associated is only partially supported by our results (Fig 2). In the
understorey shade there was little differentiation in growth rates and little growth overall. Soil
had no effect on differential species growth in shade conditions (Fig 2b and d), although in
gap conditions three species had higher growth on alluvial soil compared to mudstone. The
higher growth rates of S. leprosula, S. johorensis and S. macroptera on alluvial compared to
mudstone soils appear to reflect more favourable conditions for plant growth.
The main difference between the two soil types revealed by our soil analyses were soil
acidity and phosphorus availability (Table S3). On average, mudstone soils were more acidic
in both active (pH) and exchangeable acidity. The consequence for plant growth is that high
acidity limits cation exchange (H+ are blocking base cation sites). This is also reflected in the
different base saturation measures between the two soil types. The proportion of cation exchange sites in the soil occupied by base cations was only 14 percent on mudstone soils, while
alluvial soils 40 percent of cation exchange sites were occupied by base cations. Furthermore,
exchangeable acidity of both mudstone and alluvial soils was below pH 5, the threshold
below which aluminium hydrolyzes in solution and becomes toxic for plants (Delhaize &
Ryan 1995). The significantly higher exchangeable aluminium concentration of mudstone
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soils (4.5 versus 2.6 m.e. per 100 g) can influence plant growth under such acidic conditions
(Robson 1989), mainly by affecting root growth and function (Sollins 1998).
As yet little research has been undertaken on the effects of aluminium on dipterocarp
species growth and further work is necessary to compare root growth and morphology
between soils of differing aluminium concentrations. Furthermore, aluminium in acidic soils
can form insoluble compounds with inorganic phosphate and reduce its availability for plants.
Higher growth rates on alluvial soils might thus also be attributed to higher phosphorous concentrations (7.92 μg g-1 in alluvial soils versus 5.18 μg g-1 on mudstone soils), which is generally said to limit plant growth in lowland tropical rain forests (Sollins 1998). Several dipterocarp studies in Borneo have highlighted the importance of phosphorous for species habitat
associations (Potts et al. 2002, Palmiotto et al. 2004, Paoli et al. 2005, Russo et al. 2005,
Dent et al. 2006, Paoli et al. 2006, Paoli et al. 2008). Phosphorous is seen as one of the soil
nutrients differentiating rich from poor soils across northern Borneo and along which dipterocarp species seem to segregate. In an earlier study by Baillie et al. (1987) the linkage of magnesium and phosphorus is pointed out, where in low nutrient sites ectomycorrhizal fungi
might be important for dipterocarp distribution, because of an effect on the capacity of mycorrhizal root systems to absorb phosphorous.
We also expected that species associated with a particular soil type (as reflected by their
adult distributions) would have higher survival of their seedlings when grown on that soil
type. This expectation was again partially supported by our results (Fig 3). Mortality under
gap conditions was generally low for all species, with little species differentiation (Fig 3a
und c). In the understorey, however, mortality was particularly high for S. argentifolia and
S. parvifolia (Fig 3b und d). Mortality of S. argentifolia was highest in alluvial sites and particularly following the first flooding event: about 25 percent of S. argentifolia seedlings died in
the gap alluvial plots (Fig 3a) and about 70 percent in shaded alluvial plots (Fig 3b), compared to less than five and ten percent respectively in the mudstone sites (Fig 3c and d) which
were not flooded. Surviving seedlings had relatively low mortality for the remaining duration
of the experiment. Also S. parvifolia seems to suffer seedling loss associated with flooding
event in alluvial flats, especially in shade conditions. Mortality is even higher on alluvial soils
for the mudstone specialist S. argentifolia. This suggests that there is differential tolerance
among the six Shorea species to short duration flooding and soil waterlogging events. Such
ephemeral events could shape the distribution of species in the low lying alluvial areas
(Chapter 4). Shorea argentifolia might, for example, become largely restricted to mudstone
habitats on account of high sensitivity to occasional flooding events in the low lying and
flood-prone alluvial areas. Shorea parvifolia might become restricted to alluvial gap sites
where the species seems to suffer less mortality, or to microsites in the alluvial flats where
soil waterlogging and flooding are less severe. Indeed, S. parvifolia relatively uncommon in

27

ABIOTIC EFFECTS ON PLANT PERFORMANCE

CHAPTER 2

the alluvial flats and where it does occur, it has a rather clumped distribution (Fig 1). Previous
dipterocarp research has paid little attention to the effect of flood and waterlogging on seedling survival and growth, although it is well known that swamp forests subject to frequent
flooding have a different dipterocarp species community with species being adapted to low
pH and anoxic conditions (Hooijer 2006). Neotropical studies are beginning to show that soil
moisture differences can determine species distributions on relatively small scales of tens of
metres (Lopez & Kursar 2003, Parolin et al. 2004, Lopez & Kursar 2007).
High mortality under shade conditions was also found for S. leprosula on both soil types,
but particularly on mudstone soils (cox proportional hazard on mudstone 224 compared to
alluvial 151; Table 2). This does not seem to be driven by vulnerability to flooding events
(Fig 3b and d; see also Chapter 4) as mortality was not correlated with such events and also
because the mudstone areas, where mortality was highest, are not subject to floods. Alternatively, light availability might not have been sufficient to maintain light requirements to
sustain its rapid growth and survival.
Seedling responses to light differences — We see a strong effect of light in terms of elevated growth rates under gap conditions (Fig 2), while it increases seedling mortality under
shade conditions (Fig 3), however with differential species responses. Fast growing lightdemander species are clearly suffering higher mortality under shade conditions compared to
the more shade-tolerant slower growing species. On alluvial soils, the fast growing alluvial
specialist S. leprosula has a seven times higher cox proportional hazard under shade compared to gap, while the slower growing alluvial specialist S. johorensis has only three times
the hazard value (Table 2). There are also large differences amongst the mudstone specialists
on mudstone soils: the fast growing S. argentifolia has far higher hazard values than
S. macroptera, particularly under shade conditions (Table 2). This might explain why S. argentifolia is relatively rare in Sepilok.
That there are differences in shade tolerance and growth rates among dipterocarp species
in response to light regime is already widely known (Eschenbach et al. 1998, Kohyama et al. 2003, Aiba & Nakashizuka 2005, Russo et al. 2008, Baltzer & Thomas 2010), but
the importance of these traits for niche differentiation along light gradients has been questioned (Brown & Whitmore 1992, Whitmore & Brown 1996, Barker et al. 1997, Brown et al.
1999). Our study provides evidence that localised adult distributions of six congeneric
dipterocarp species can be partially explained by soil-light interactions, but that other traits including tolerance to waterlogging, also need to be considered. Further, species are likely to
additionally segregate along other gradients not considered in this study, including interactions with drought (Newbery et al. 1999, Gibbons & Newbery 2002) and herbivory
(Bagchi et al. 2010, Eichhorn et al. 2010).
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Evidence for niche partitioning among six Shorea species — We expected that specialist
species would perform better growing on their home soil compared to generalists and specialist species of the alternative soil type. In alluvial gaps, the alluvial specialist S. leprosula is
indeed the most fast growing species among all. Even though growing faster than the mudstone specialist S. macroptera and the generalist S. xanthophylla, it cannot be separated in
terms of growth rate from the other mudstone specialist S. argentifolia as well as from the
other generalist S. parvifolia. We suggest, however, that S. argentifolia is excluded from alluvial areas by its vulnerability to flooding events. Shorea argentifolia is also sensitive to shade.
Cumulative mortality in shaded mudstone plots was relatively high after 24 mo, with fewer
than 50 percent of seedlings surviving. Its performance appears, therefore, to be best in nonflooded high light environments, which in the context of this study is mudstone gaps where
indeed it survived well and had relatively high growth rates. Shorea johorensis is the most
shade tolerant of the alluvial specialists we studied, which might explain its coexistence with
the light-demanding S. leprosula. It reveals high seedling survival rate under alluvial shade
condition (Fig 3b), where it seems to be in direct competition with the other shade tolerant
species S. macroptera (mudstone specialist) and S. xanthophylla (generalist). The high survival of S. macroptera in alluvial soils was unexpected and inexplicable with our current
measurements, since additionally it only shows a weak sensitivity to flooding (Chapter 4).
Shorea macroptera has growth responses in mudstone gaps that are similar to or lower than
those of the alluvial-associated species, S. johorensis and S. leprosula. Although the growth
rates of the two alluvial associated species exceed that of S. macroptera on alluvial soils,
S. macroptera still grows faster on alluvial soils than when it occurs on mudstone soils, a
result that does not tally with expectation based solely on adult distribution of this species.
Explaining the distribution of species on mudstone habitats is more difficult. Shorea
argentifolia grows well on the mudstone soils with which its adult distribution is associated,
but its growth here cannot be separated from that of S. parvifolia (generalist) or S. leprosula
(alluvial). It remains unclear how the alluvial specialist species S. leprosula is displaced from
mudstone gaps based only on growth measures, while it is clear that it is excluded from mudstone shade by its lack of shade tolerance (Fig 3d). The growth of S. johorensis is significantly lower than that of S. argentifolia, S. leprosula and S. parvifolia in mudstone gaps, but it
has higher survival, particularly under shade. Yet both S. leprosula and S. johorensis are comparatively rare on mudstone soils, a pattern that is not reflected by their seedling performance.
Shorea macroptera appears to persist on mudstone soils on account of very high seedling survival in both light and shade conditions. Species frequencies on mudstone soils can therefore
be largely explained by a combination of growth rates (S. argentifolia and S. parvifolia) and
shade tolerance (S. macroptera and S. xanthophylla).
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The two generalist species reveal contrasting life history strategies. Shorea parvifolia has
high growth under gap conditions on both soil types. However, S. parvifolia reveals sensitivity to prolonged growth under shade (Fig 3b and d), which gets aggravated on alluvial soils
through flooding (see also Chapter 4). The regeneration of this species is therefore expected to
be favoured by mudstone and alluvial gaps, but only where it can escape flooding events as a
seedling in the alluvial areas. The favoured position of this species in canopy gaps might be
selected for in the species’ high wing area to fruit size ratio (fruit wing loading) (Suzuki &
Ashton 1996, Ellens 2011), which gives the fruit greater potential for dispersal and thus
higher frequency of locating seeds within canopy gaps. In contrast to S. parvifolia, S. xanthophylla, the other local generalist species, grows slowly both in gaps and under shade regardless of soil type, but has high survival under shade (and indeed is the only species that has
lower hazard numbers under shade compared to gaps, Table 2). Shade tolerance and continued slow growth under shade conditions may allow this species to persist in the forest
understorey in areas that are too dark for the other species examined in this study. This growth
strategy corresponds with other traits of this species, including its sub-canopy status as an
adult, and poor dispersal of its seeds which are encased within a wingless fruit that drops beneath the canopy of the mother tree, as is indicated by the presence of dense seedling carpets
of this species directly below mother trees (pers. obs.). Such traits suggest that S. xanthophylla adopts a strategy of maintaining continued occupancy of a site once established.
Hence adult distributions cannot be fully explained solely by light and soil-nutrient interactions. Mortality patterns suggest that the distributions of some species are shaped by their
vulnerability to ephemeral flooding events that affect alluvial areas. Although this hypothesis
was not formally tested, the high mortality experienced be some species in alluvial areas immediately after flooding (both during the experiment and also before the start of the experiment) suggests that soil water relations might play a significant role in differential survival of
Shorea seedlings. Thus the distributions of adults trees of these six species on low-lying alluvial soils can be at least partially explained by their seedlings responding to a combination of
susceptibility to flooding (S. argentifolia and S. parvifolia), high growth in gap conditions
(S. parvifolia, S. johorensis and S. leprosula), and high survival under shade (S. xanthophylla
and S. johorensis). Further, our selection of only six congenerics does not take account of the
many other possible interactions between seedlings of other co-occurring tree species. Additionally, a longer experimental period might reveal changes in the height ranking order of the
species (Whitmore & Brown 1996). Ontogenetic trade-offs that span different life history
stages in combination with microhabitat trade-offs can also contribute to species coexistence
and adult distributions (Baraloto 2005). The inclusion of other niche axes might be instructive
in explain species segregation like for example greater tolerance of herbivory (Fine et al.
2004, Bagchi et al. 2010, Eichhorn et al. 2010).
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Conclusions — Dipterocarp distribution patterns appear to depend on a range of factors associated with competitive ability under light and soil conditions, persistence under shade, tolerance of flooding events, and dispersal limitation processes. Even though there is segregation
among the species, the collective processes are not yet sufficient to explain all aspects of coexistence and segregation among these congeneric Shorea species and it is likely that other
trade-offs and mechanisms such as differential vulnerability to herbivory and pathogens
(Coley & Barone 1996, Schemske et al. 2009) or simply chance events (Hubbell 2005) will
further shape final adult distributions. Nevertheless, a substantial amount of variation in adult
distributions can be explained by differential growth and mortality among species across
different soil, light and drainage regimes.
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SUPPORTING INFORMATION
Soil analytical methods — Sample preparation and chemical analyses were done by the
phytochemistry lab of the Forest Research Centre in Sepilok. For the determination of inorganic N (ammonium-N and nitrate-N) the fresh samples were used. For the other chemical
analyses the soil samples were laid out to air-dry in trays in a well ventilated room until the
soil sample weights were consistent (about 5 days to a week depending on the initial conditions of the samples). The air-dried samples were then ground and passed through a 2 mm
sieve and stored in plastic containers pending analysis.
From the fresh soil samples, ammonium-N and nitrate-N were extracted with potassium
chloride (following Grimshaw 1989) and the contents measured on a Burkard SFA2 autoanalyser. The air-dried soil samples were analysed for texture, moisture content, pH, organic
carbon (OC), total nitrogen (TN), available phosphorus, and exchangeable base cations:
calcium (Ca), magnesium (Mg), potassium (K) and sodium (Na). For the analysis of OC and
TN, a portion of each sample was further ground to pass through a 100-mesh (212 µm) sieve.
The protocols are described in Majalap and Chu (1992) and summarized below.
For the determination of moisture content, a subsample was taken from each sample and
dried at 105°C to constant weight. This step was used to adjust the sample dry weight to ovendried weight. Soil texture was determined with the particle size distribution test (Day 1965).
Acidity was measured with a combination glass-calomel electrode in a 1:2.5 ratio of soil to
distilled water suspension. Organic carbon was determined using the Walkley-Black method
(Nelson & Sommers 1982). For total nitrogen the soil was digested following the Kjeldahl
digestion method described by Bremner (1965) on a Hamilton Rapidigest block digestor and
the digest measured for nitrogen content on a Burkard SFA2 auto-analyser. Extraction of
available phosphorous followed the Bray and Kurtz method (Bray & Kurtz 1945) and P content was determined following Anderson and Ingram (1993). For the determination of Ca, Mg,
K and Na, the soil was leached with 1 M ammonium acetate (Thomas 1982, Gillman et al.
1983) and the leachate analyzed for Ca, Mg, K and Na on a GBC 932 atomic absorption
spectrometer.
To measure the exchangeable acidity, the soil was leached with 1 M potassium chloride
and titrated with 0.1 N sodium hydroxide to a pink phenolphthalein endpoint (Anderson & Ingram 1993). Exchangeable aluminium was then determined by adding 1 N potassium fluoride
to the same solution then titrating with 0.1 N hydrochloric acid to a colourless endpoint. Effective cation exchange capacity or ECEC was taken as the sum of the exchangeable base cations
plus the exchangeable acidity (Anderson & Ingram 1993). The percentage of the ECEC occupied by the exchangeable bases gives the base saturation.
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Table S1. Canopy openness (CO; %
mean ± SE) measured with 13 hemispherical photography readings in
each gap (Gap) and understorey shade
(Shade) plot on alluvial (AL) and
mudstone (MU) soil.
Gap
Shade
CO
CO
AL 1
11.64
AL 1
2.92
(± 0.17)
(± 0.16)
AL 2
11.13
AL 2
2.64
(± 0.19)
(± 0.13)
AL 3
10.13
AL 3
1.59
(± 0.43)
(± 0.09)
AL 4
11.78
AL 4
2.42
(± 0.20)
(± 0.13)
MU 1
MU 2
MU 3
MU 4

9.92
(± 0.29)
8.85
(± 0.36)
9.29
(± 0.15)
10.27
(± 0.10)

MU 1
MU 2
MU 3
MU 4

CHAPTER 2

Table S2. ANOVA summary table of canopy openness
(CO) in the experimental design, as a function of soil
(alluvial and mudstone), block (four paired gap and
understorey plots), light (gap and understorey), and their
interactions.
CO
df Mean Sq
F
P
soil
1
34.5
3.14
0.127
Error 1
11.0
18.39 < 0.001
6
( = block)
light
1
3332.4
2042.82 < 0.001
soil:light
1
31.4
19.26
0.005
Error 2
1.6
2.73
0.014
6
( = soil:light:block)

1.86
(± 0.12)
1.63
(± 0.07)
2.49
(± 0.20)
3.44
(± 0.27)
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Table S3. ANOVA results of the effects of soil (alluvial and mudstone) and light (gap and understorey
shade) on soil chemical and physical properties. Listed in the table are means (± SE) from soil samples
taken at depth 0-15 cm below the litter at Sepilok Forest Reserve, Malaysia.
Alluvial Soil
Mudstone Soil
Gap
Shade
Gap
Shade
Properties Nutrient
Factor df
F
P
pH
Chemical
Soil
1 10.15 0.019
4.07
3.95
3.66
3.76
(in water)
(0.15) (0.08) (0.06) (0.07)
Exch-Al
Soil
1
7.95 0.030
2.13
2.97
4.45
4.52
(m.e./100g)
(0.50) (0.45) (0.38) (0.35)
Moisture content
0.200
1.94
1.95
2.51
2.56
(%)
(0.53) (0.20) (0.35) (0.22)
Soluble P in soil
Soil
1
9.22 0.023
8.83
7.01
6.06
4.30
(μg/g)
(1.80) (1.08) (0.32) (0.27)
Organic carbon
0.228
1.23
1.06
1.72
1.16
(%)
(0.30) (0.05) (0.35) (0.08)
Total N
0.963
0.14
0.12
0.13
0.12
(%)
(0.04) (0.01) (0.02) (0.01)
Nitrate
0.113
2.23
0.92
2.90
2.22
(μg/g)
(0.74) (0.33) (0.97) (0.12)
Ammonium
0.700
2.95
1.29
1.12
1.35
(μg/g)
(2.34) (0.18) (0.25) (0.21)
Exch-Acidity
Soil
1
9.39 0.022
2.43
3.34
4.90
5.13
(m.e./100g)
(0.52) (0.46) (0.46) (0.31)
Ca
0.236
1.39
0.49
0.20
0.17
(meq. %)
(0.92) (0.32) (0.12) (0.05)
Mg
0.308
1.16
1.14
0.50
0.51
(meq. %)
(0.75) (0.42) (0.19) (0.15)
K meq.
0.874
0.16
0.13
0.14
0.16
(%)
(0.04) (0.01) (0.03) (0.03)
Na meq.
0.121
0.07
0.20
0.05
0.06
(%)
(0.03) (0.11) (0.02) (0.01)
ECEC meq.
0.538
5.21
5.30
5.79
6.04
(%)
(1.82) (0.85) (0.73) (0.46)
Base saturation
Soil
1
8.38 0.028
44.25
35.05 14.06 14.51
(%)
(12.81) (7.28) (3.72) (2.81)
Clay
Physical
0.348
23.47
23.31 27.39 28.11
(%)
(5.23) (2.98) (3.20) (1.98)
Silt
0.119
26.93
28.75 17.24 17.01
(%)
(7.38) (5.42) (2.50) (2.38)
Sand
0.538
49.62
47.94 55.37 54.88
(%)
(12.59) (8.33) (5.68) (4.06)
Table S4. ANOVA table of seedling height growth rate (HeiGR) over two
years, as a function of soil (alluvial and mudstone), block (four paired gap
and understorey plots), light (gap and understorey), and their interactions.
HeiGR
df
Mean Sq
F
P
soil
1
5.89
0.47
0.517
Error 1 (= block)
6
12.41
29.16
< 0.001
light
1 1700.29
1176.95
< 0.001
soil:light
1
21.11
2.20
0.189
Error 2 (= soil:light:block)
6
9.61
22.59
< 0.001
species
5
29.30
68.86
< 0.001
light:species
5
5.85
13.75
< 0.001
soil:species
5
2.42
5.68
< 0.001
Error 3 (= residuals)
915
0.43
39
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Table S5. ANOVA table of total seedling height and branches grow rate
(HbGR) over two years, as a function of soil (alluvial and mudstone),
block (four paired gap and understorey plots), light (gap and shade), and
their interactions.
HbGR
df
Mean Sq
F
P
soil
1
10.54
0.45
0.525
Error 1 (= block)
6
23.19
35.29
< 0.001
light
1 2773.25
525.68
< 0.001
soil:light
1
21.37
1.95
0.212
Error 2 (= soil:light:block)
6
10.98
16.70
< 0.001
species
5
127.17
193.53
< 0.001
light:species
5
12.51
19.04
< 0.001
soil:species
5
2.58
3.93
0.002
soil:light:species
5
1.99
3.03
0.010
Error 3 (= residuals)
881
0.66
Table S6. Mean and standard error of Shorea seedling height growth rate (HeiGR), and height
and branches growth rate (HbGR). Measures were taken in gap (Gap) and understorey shade
(Shade) on alluvial (AL) and mudstone (MU) soils. All measures are in cm per month.
HeiGR
HbGR
Gap AL
Gap MU
Gap AL
Gap MU
Species
mean
SE
mean
SE
mean
SE
mean
SE
S. argentifolia
6.45
0.61
5.70
0.49
63.45
8.27
57.98
6.43
S. johorensis
6.40
0.59
3.73
0.48
53.62
6.50
24.32
3.34
S. leprosula
8.58
0.44
5.04
0.47
71.69
5.72
35.68
4.89
S. macroptera
4.65
0.35
2.66
0.24
23.82
2.20
12.03
1.27
S. parvifolia
7.34
0.53
5.58
0.47
89.04 10.88
58.25
7.66
S. xanthophylla
1.97
0.24
1.35
0.16
4.42
0.71
2.68
0.28
Shade AL
Shade Mu
Shade AL
Shade MU
mean
SE
mean
SE
mean
SE
mean
SE
S. argentifolia
0.24
0.04
0.43
0.05
1.46
0.48
2.00
0.27
S. johorensis
0.19
0.02
0.21
0.04
0.90
0.09
1.58
0.28
S. leprosula
0.57
0.10
0.59
0.08
1.33
0.18
1.98
0.30
S. macroptera
0.17
0.02
0.27
0.03
0.36
0.06
0.70
0.16
S. parvifolia
0.26
0.04
0.45
0.01
0.96
0.13
2.25
0.58
S. xanthophylla
0.17
0.02
0.20
0.02
0.27
0.03
0.27
0.03
Table S7. ANOVA table for cox proportional hazard
analysis (risk of a seedling dying under a certain
treatment) with fixed factors being soil (alluvial and
mudstone), light (gap and understorey shade), species
(all six Shorea study species) and their two-way interactions, and plot as random factor.
loglik
Chisq
df
P
null
-1997.5
soil
-1967.8
59.36
1 < 0.001
light
-1922.5
90.64
1 < 0.001
species
-1847.0 150.87
5 < 0.001
plot
-1798.7
96.66
16 < 0.001
soil:light
-1798.6
0.28
1
0.596
soil:species
-1776.9
43.29
5 < 0.001
light:species
-1746.7
60.44
5 < 0.001
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CHAPTER 3
Herbivory impact shapes
life history characteristics of dipterocarp tree seedlings

with A. Pluess, D. Burslem, R. Nilus and J. Ghazoul

ABSTRACT
The ecological mechanisms of species coexistence in highly diverse tropical rain forest remain unresolved. A concept supported by a variety of studies is the niche-assembly hypothesis which states that species partition a heterogeneous environment along several abiotic
and biotic axes, allowing coexistence through niche specialisation. Tropical tree species were
shown to vary according to abiotic conditions such as soil and light. A challenge to niche processes is, however, trees that are generalists in terms of soil preference. Generalist species
ought to be in a selective disadvantage compared to specialists specifically adapted to that environment. We investigated the impact of herbivory in shaping species habitat associations.
We used a reciprocal transplant experiment of six locally coexisting soil specialist and soil generalist tree species between two soil and two light (gap and understorey shade) treatments.
Herbivory damage did not differ among soil types, but was elevated for some species in gap
environments. Species differed in the amount of herbivory damage received, which could be
associated to investment in secondary leaf compounds (tannins). We found support for the
growth-defence trade-off, with growth allocation being linked to species life history strategies. In conclusion, further herbivory investigations are needed to explain highly complex
interaction of abiotic and biotic factors, which shape species habitat associations.
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INTRODUCTION
The scientific debate about coexistence mechanisms to explain highly diverse tropical tree
richness is still ongoing (Chesson 2000, Hubbell 2005, Leigh 2007, Levine & HilleRisLambers 2009). One well-supported mechanism is the niche assembly hypothesis, which posits
species coexistence through resource and habitat partitioning (Wright 2002, Leigh et al. 2004,
Silvertown 2004). Specialisation is necessary due to life history trade-offs (MacArthur & Klopfer 1961), which prevent any single species from establishing in all locations. The most limiting resource for tropical tree seedlings in the dense forest understorey shade is often light.
However, the forest understorey is heterogeneous in its light environment (Chazdon et al.
1988), and tree species, based on their growth responses to differing amount of light, can be
located along a gradient of light-demanding to shade-tolerant strategies (Swaine & Whitmore
1988, Grubb 1996). Light-demanding species respond to high light conditions with rapid
growth and quick establishment in canopy gaps, while shade-tolerant species have relatively
slow growth but are more tolerant to shade conditions. The primary trade-off involved
between the two categories is thus growth in high light versus survival in low light (Condit et al. 2006).
Tropical trees also have differential growth and survival responses depending on the specific soil environments in which they are located. This, along with the partitioning of the light
regime, has been proposed as another gradient along which tree species segregation, and
hence coexistence, can occur (Palmiotto et al. 2004, Baraloto et al. 2005, Dent & Burslem 2009). There are, however, many examples of apparent soil generalists among tropical
tree species (Pitman et al. 1999, Webb & Peart 2000, Harms et al. 2001, Chuyong et al. 2011)
that runs counter to the expectations of segregation based on species specialisation to particular set of environmental conditions. Generalist species occur over a wide range of environmental conditions, but in doing so it is expected that they are at a selective disadvantage compared to specialist species adapted to a particular environment. Yet the persistence of common
soil generalist species in the tropics suggests that this is not the case. This appears to contradict theoretical expectations derived from niche theory, or alternatively suggests that other important niche axes, in addition to soil and light, are required to explain species distributions.
One such axis is the differential vulnerability of trees to herbivory (Coley et al. 1985, Coley
& Barone 1996, Leigh et al. 2004, Schemske et al. 2009).
Insect herbivory has been suggested to be an influential factor interacting with plant population dynamics in tropical rain forests (Coley & Barone 1996, Wright 2002, Viola et al. 2010). Herbivores were shown to remove between ten and 40 percent foliage on tropical trees annually (Lowman 1984, Coley & Barone 1996), and thus can severely constrain
plant species abundance by directly affecting plant performance through reduced growth or
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mortality (Zangerl et al. 2002, Fine et al. 2004, Eichhorn et al. 2010). If performance responses differ among species across various habitat gradients, insect herbivory has the potential to
spatially segregate species and structure forest composition. Environmental factors that were
shown to influence herbivory rate were light (Basset 1991, Whitmore & Brown 1996, Richards & Coley 2007) and soil (Fine et al. 2004), although the results are not consistent across
all studies (Aide & Zimmermann 1990, Eichhorn et al. 2006).
Herbivory has been shown to be affected by nutrient (Mattson 1980, Andersen et al.
2010) and defence compounds in leaves (Coley & Barone 1996), which themselves are influenced by environmental factors and by the extent of plant investment in such defences (Coley et al. 1985). Foliar phenolic compounds, in particular tannins, inhibit herbivory as well as
attack by fungi and bacteria (Swain 1979, Scalbert 1991, Eichhorn et al. 2007, Witzell &
Martin 2008). However, tannins are energetically costly constraints on plant growth, leading
to a growth-defence trade-off (Coley et al. 1985, Herms & Mattson 1992). This trade-off is
interlinked with species’ life history strategies (Poorter & Bongers 2006). For example, tree
species adapted to nutrient-poor habitats are expected to have low herbivory rates, because of
long leaf life spans and correspondingly high investment in chemical defence (Coley et al.
1985).
In Chapter 2 we investigated seedling performance among six coexisting soil generalist
and specialist Shorea (Dipterocarpaceae) tree species. Seedling survival and growth was investigated in a reciprocal transplant experiment between two soil (alluvial and mudstone) and
light treatments (gap and understorey shade). Species differed in their growth and survival rates, which could be related to light-demanding versus shade-tolerant life history strategies.
The light-demanding species (S. argentifolia, S. leprosula) revealed strong growth rates under
high light gap conditions, while they had rather poor seedling survival under understorey
shade among both soil types. The opposite was found for the two more shade-tolerant species
(S. macroptera, S. johorensis), which revealed slower growth under high light conditions but
had high seedling survival under shade among both soil types. The two generalist species followed contrasting strategies with S. parvifolia being light-demanding, while S. xanthophylla
was highly shade-tolerant. The two alluvial specialists and one mudstone specialist reacted
with increased growth in alluvial compared to mudstone gaps. This was indicative of better
growing conditions on alluvial soils, which could be attributed to higher soil phosphorous and
lower aluminium concentration. Shorea argentifolia (local mudstone specialist) and S. parvifolia (local soil generalist) revealed elevated seedling loss under alluvial shade condition,
which could be attributed to flood sensitivity.
The purpose of this study was to empirically assess the impact of herbivory on seedling
performance of these six cogeneric and co-occurring Shorea species. The first objective was
to investigate the implications of the growth-defence trade-off on species leaf traits, invest-
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ment in tannic leaf compounds and leaf herbivory damage. The fast-growing alluvial specialist species, which are associated with alluvial soils, were expected to have low investment in
chemical defence and thus suffer greater amounts of herbivory damage. Because of resource
limitation on mudstone soil, local mudstone specialists were expected to invest more heavily
in secondary compounds to prevent tissue loss through herbivory. The second objective was a
comparative evaluation of species' ecologies in terms of leaf traits and herbivory damage
across soil types. We expected that species adapted to a particular soil type perform best on
that particular soil type, with performance in this case being reflected in the amount of herbivory. Herbivory might thus be an indirect, but functionally important, outcome of inability to
invest in defence compounds on some soil types compared with others, with soil generalists
showing no such response. Species comparisons were thus expected to reveal that on any particular soil type, seedling herbivory on specialists on that soil type will be less than that on
generalists, which in turn will be lower than that on seedlings that are specialists on another
soil type.

MATERIALS AND METHODS
Study site and study species — The experimental plots were established in the Sepilok Forest Reserve (SFR) in northeastern Borneo (5°10’N, 117°56’E) comprising evergreen lowland
dipterocarp forest (0-170 m asl). SFR receives around 3’000 mm annual rainfall and has mean
annual temperatures of 26.7-27.7°C (Nilus 2004). Within Sepilok, our research was confined
to alluvial flat regions and adjacent low mudstone hills (Fox 1973, Nilus 2004). The forest
canopy is characterised by large trees of the Dipterocarpaceae family (Fox 1983), which are
also the dominant floristic element of the Southeast Asian forests (Ashton 1988, Newman et al. 1996).
The general topography of the alluvial forest is flat with gently undulating low mudstone
hills of around 15 m amplitude (Fox 1973). The general soil composition of alluvial forest is
well drained and imperfectly drained red yellow podzolic soil, with groundwater gley that
tongue throughout the area (Fox 1973). The soil analysis of Chapter 2 revealed that, compared
to mudstone soils, alluvial soils have higher pH (4.0 vs. 3.7), base saturation (39.7% vs.
14.3%) and phosphorus (7.92 vs. 5.18 μg per g), and contain less aluminium (2.55 vs.
4.49 m.e. per 100 g) and exchangeable acidity (2.89 vs. 5.02 m.e. per 100 g).
Six species of the genus Shorea (Dipterocarpaceae), which vary in their degree of habitat
association within SFR were selected as study species (Chapter 2). Shorea johorensis Foxw.
and Shorea leprosula Miq. are predominantly found on alluvial flat habitat (these species are
referred to as alluvial ‘specialists’ hereafter), while Shorea macroptera Dyer and Shorea ar46
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gentifolia Symington occur mainly on mudstone hills (referred to as mudstone ‘specialists’
hereafter). Shorea xanthophylla Symington and Shorea parvifolia ssp velutinata Ashton are
more or less equally common in both alluvial and mudstone hill environments in SFR and are
henceforth called ‘generalist’ species. For further details and distribution maps see Chapter 2.
Experimental design — In October 2006 we initiated a reciprocal transplant experiment in
the SFR forest across alluvial and mudstone soils in forest gaps and in the shaded understorey.
A nested two by two factorial design of soil and light treatment was replicated with four
blocks each consisting of paired (gap and adjacent understorey) plots on each soil type, resulting in a total of eight blocks with sixteen plots. The blocks were widely separated within the
primary forest at SFR. The gap plots (small gaps with average canopy openness on alluvial
11.2% ±0.2 SE, mudstone 9.6% ±0.1 SE measured with hemispherical photography; Chapter 2) were established in existing canopy gaps which were further cleared of saplings and
small trees (up to 10 cm diameter at breast height). Shade plots were established in the adjacent understorey (2.4% ±0.1 SE average canopy openness for both soils; Chapter 2) which
was similarly cleared of saplings and small trees.
Seedlings of all species except S. xanthophylla were obtained from the Innoprise-FACE
Foundation project nursery (INFAPRO Danum valley). Seedlings were grown under nursery
conditions (around 11% full sunlight and growing in polyethylene bags filled with 200 ml
clay-rich Danum forest soil) from seeds collected in Ulu Segama Forest Reserve (150 km
south of SFR). We acknowledge that seed sourced from another forest reserve might not have
the same genetic make-up as seed sourced from SFR, but given the similar climate and soil
environments of the two forest areas and the fact that they belong to the same floristic region
on Borneo (Slik et al. 2003, Slik et al. 2009), we assume that these differences will not bias
the outcome of the experiment. The nursery seedlings were of similar size within species (heights ranging from 27-79 cm) and around eight months old. A temporary nursery in the SFR
understorey was used to acclimatise seedlings to forest conditions one month before planting.
They were watered regularly during this time. Shorea xanthophylla was collected from SFR
as wildings. The age of these seedlings is unknown, but they are very likely to have been derived from the last S. xanthophylla flowering event at the end of 2005, and were therefore also
around eight months old when collected. Randomly collected seedlings from both alluvial and
mudstone areas were planted in polyethylene bags using the soil of origin and acclimatised
with the other seedlings.
In September 2006, 12 seedlings of each of the six species, in each plot were planted in
random combination with respect to species identity (total of 1’152 seedlings). They were arranged in an 8 × 9 grid with 0.75 m spacing between each plant. All dead or dying seedlings
were replaced during the first month after planting. Flooding in December 2006 (three months
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after planting) affected the plots in flat alluvial environments, and on this occasion dead seedlings (mostly S. argentifolia, S. parvifolia and S. xanthophylla) were replaced in January and
April 2007. In total, species seedling mortality across all plots up to April 2007 ranged
between two to 14 percent of seedlings, except for S. argentifolia (a mudstone specialist)
which had 31 percent seedling mortality, 80 percent of which was in the flooded alluvial
plots. After April 2007 there were no further replacements of seedlings.
Leaf measurements — Seedling performance was characterised by photosynthetic area
growth rate (PhotoGR), specific leaf area (SLA) and mean leaf age (LAge). We additionally
used the seedling height growth rates (HeiGR) collected during the experiment, methods of
which are explained in Chapter 2. The number of total fully expanded mature leaves was
counted every six months from October 2006 (January 2007 or April 2007 for seedlings replaced after the flood) to October 2008. All new leaves which originated since the last measurement were marked with a permanent marker pen with a small symbol on the underside of the
leaf, allowing to track leaf cohorts over time. In October 2008 LAge for each seedling was
calculated as LAge = ∑(N c × T c )/N, where N c is the number of surviving leaves in a certain
leaf cohort, T c is the age of that leaf cohort (in months), and N is the total number of leaves
on the tree in October 2008, by assuming continuous leaf production throughout each intercensus interval.
To measure mean leaf size, we drew the outline of the median-sized mature leaf of each
seedling on paper so as not to damage the small seedlings at the start of the experiment (seedlings had only around seven leaves for large-sized leaf species such as S. macroptera at the
start of the experiment). In October 2008, we randomly collected up to 15 mature leaves per
seedling. If there were fewer leaves on the seedling, all mature leaves were collected. Leaf
area of both drawn (October 2006 or January 2007, April 2007 for replanted seedlings) and
freshly collected (October 2008) leaves were measured with the LI-3000C Portable Area
Meter (LI-Cor Inc. Lincoln Nebraska, USA). Mean leaf size was calculated as the average of
the around 15 collected leaves for each seedling in October 2008. Total photosynthetic leaf
area was calculated by multiplying total number of leaves with the mean leaf size per seedling. PhotoGR was calculated as PhotoGR = (P2 − P1) / (t2 − t1), where P2 is the photosynthetic leaf area in October 2008, and P1 is the photosynthetic leaf area at the first measurement, while t is the respective growing period in months. We used absolute growth rates so
that PhotoGR has the same metrics as seedling height growth (HeiGR) (see Chapter 2 for methods on seedling height growth). SLA (= Area (cm2)/dry weight (g)) was measured on a subsample of up to four randomly collected, ideally undamaged mature leaves of the newest cohort (April-October 2008). From the gap plants we sampled seven individuals per species per
plot. To obtain sufficient samples from the understorey (where fewer seedlings survived and
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where they were considerably smaller with far fewer leaves than gap sites), we sampled all individuals that had at least one leaf younger than October 2006. For the analysis we used newest leaves (April-October 2008) if possible, but added older ones if necessary. Leaf area was
measured with the LI-3000C Portable Area Meter (LI-Cor Inc. Lincoln Nebraska, USA) within eight hours of collection. Leaves were dried in silica gel and dry weight was determined for
each leaf separately.
Herbivory measurement — Survival and herbivore damage to leaves was assessed non-destructively on each seedling every six months from October 2006 (January 2007 or April 2007
for seedlings replaced after the flood) to October 2008. If a seedling had no leaves it was considered dead. For herbivory measures a sample of at least 30 mature leaves was selected on
each seedling where this number of leaves was available, otherwise all mature leaves were
measured. On trees with over 50 leaves, leaves on alternate branches were measured, and on
trees with over 90 leaves, leaves on every third branch were measured. This method minimised bias by including a representative number of old and mature new leaves and branches.
Percentage leaf area lost for each leaf was visually scored into one of seven categories (0-1%,
2-20%, 21-40%, 41-60%, 61-80%, 81-99%, 100%). Damage was defined as removal of potential photosynthetic tissue and thus included rolled leaves as well as damage caused by fungal attack, since it was not possible clearly separated this from insect attack. Absent leaves
were not included as herbivory, unless the petiole was still attached. We used category
median values (0, 10, 30, 50, 70, 90, 100) to compute average percentage leaf area lost for
each seedling. Herbivory rates (HerbR) in October 2008 were calculated as mean percentage
leaf area lost divided by LAge for each seedling. This provides an estimate of leaf area lost
per month to compare herbivory on species with different leaf turnover rates. Because this
method assumes a continuous accumulation of leaf area damage during a leaf’s life-time and
that leaves, which accumulated greater amounts of leaf damage do not have an increased
chance of abscission, this measure might underestimate total leaf damage.
Chemical analyses — The dried leaf samples used for the SLA measurements were also used
for chemical analysis. If possible we used three individuals per species per plot for chemical
analysis. Ideally only the newest (April-October 2008), undamaged, mature leaves were used
for chemical analysis, but because of low sample number in the understorey other leaves had
to be added. Leaf samples were packed in teabags which were stored in plastic boxes filled
with silica gel and kept in shady cool condition. The fast drying times and low drying temperature ensured least denaturing of secondary compounds in the samples (Waterman & Mole
1994). Plant material was milled (Retsch® Mixer Mill MM 301 with grinding jars of tungsten
carbide) to an evenly structured fine powder (facilitated by cutting out the leaf midribs before-
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hand). Leaf powder was stored in safe-lock tubes (2.0 ml) and kept in the dark in a sealed
plastic container with silica gel to prevent rehydration. Tannin compounds (protein precipitable phenolics) were measured following the method described by Hagerman and Butler
(1978). Results are presented as the percentage of leaf dry weight accounted for by tannins
(tannic acid equivalents; TAE). Detailed protocols of the chemical analyses are given in the
supporting information.
Statistical analyses — All statistical analyses were performed with R 2.10.1 (R Development
Core Team 2009). The experimental treatment effects of soil and light were separately analysed for PhotoGR, SLA, LAge, HerbR and TAE using ANOVA. The experimental setup was a
split:plot design, where paired light treatment plots were grouped and nested within blocks
(four blocks on each soil type). The effect of soil type was tested on the block level, whereas
the effect of light treatment and the effect of the soil:light interaction was tested on the
soil:light:block interaction, which corresponded to the plot level. The effect of species, the
light:species, the soil:species, and the soil:light:species interactions were tested on the residuals. Tukey’s honest significant difference range test (Tukey HSD) was applied to the full
model to perform pair wise comparisons among the species on the two soil types if species
were significantly different in the ANOVA. PhotoGR, LAge, HerbR and TAE variables were
transformed if necessary to fulfil requirements of the model.
The effect of average herbivory rate on seedling survival was analysed for every species
separately with a generalized linear mixed effects model (GLMM) using the ‘lmer’ function
of the ‘lme4’ library, with application of a binomial distribution. Seedling status was coded as
‘0’ for alive and as ‘1’ for dead. The full model included average herbivory rate, soil type,
light treatment and all two-way interactions as fixed factors. Three-way interactions were
omitted in order to not over fit the model. Per seedling, the average herbivory rate was calculated over the entire life-time. Plot nested within block was included as random factor. The
best fit model was found using backward selection according to Wald’s χ2 from the full model. Because of multiple testing among the species we applied a bonferroni corrected significance level of α < 0.008 during model reduction.
The effect of TAE on HerbR, PhotoGR and HeiGR was investigated using GLMMs,
too. The full model included TAE, soil type and light treatment and all respective two-way interactions as fixed factors. Three-way interactions were omitted in order to not over fit the
model. Two random intercepts were fitted with plot being nested within block and with species as random factors. Because of limited amount of TAE value, species could not be analysed separately. HerbR, PhotoGR and HeiGR variables were transformed if necessary to fulfil
requirements of the model. Model reduction was performed according to the lowest AIC of
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the respective model. P-values of the fixed factors were derived, using the Markov Chain
Monte Carlo (MCMC) sampling method with the ‘pvals.fnc’ function in the library ‘languageR’ using 10’000 iterations, while graphics were produced with ‘plotLMER.fnc’. The effect
of HerbR on HeiGR or on PhotoGR used the same analyses, but analysing every species
separately.

RESULTS
Leaf traits — Seedlings had on average a thirty times bigger PhotoGR in gaps compared to
shade (F = 190, p < 0.001; Table S1). Species differed significantly in their PhotoGR with
rates spanning between 793 cm2/month (S. leprosula in alluvial) and 40 cm2/month
(S. xanthophylla in mudstone) in gaps, while in shade it spanned between 29 cm2/month
(S. johorensis in mudstone) and 4 cm2/month (S. argentifolia in alluvial) (F = 53.1, p < 0.001;
Table S1). There was differential seedling growth response among light (F = 48.8, p < 0.001;
Table S1) and soil treatments (F = 11.1, p < 0.001; Table S1), which was mainly caused by
the higher growth of S. leprosula, S. johorensis and S. macroptera on alluvial compared to
mudstone soils in the gap treatment. Full ANOVA output is listed in Table S1. Pair-wise
species comparison of PhotoGR within soils in gap treatment (Fig 1a) showed for alluvial
soils that S. xanthophylla had significantly lower growth compared to all the other species,
among which separation was not clearly defined. In mudstone gap soils S. xanthophylla was
the lowest growing species, while S. macroptera, S. johorensis and S. leprosula were growing
faster than S. parvifolia and S. argentifolia. In the shade treatment on both soil types (Fig 1b),
species separation is indicated, but clear separations were only found among faster growing
S. johorensis and S. macroptera from slower growing S. parvifolia and S. argentifolia in
alluvial shade, or S. xanthophylla in mudstone shade.
Seedlings had on average 1.2 times greater SLA in shade compared to gap plots (F = 60.5,
p < 0.001; Table S2). Soil had generally no effect on SLA. However, Tukey HSD test revealed that S. leprosula in alluvial gaps had smaller SLA compared to mudstone gaps
(p = 0.013), which is caused the significant three way interaction soil:light:species (F = 4.32,
p < 0.001; Table S2). It can thus not be resolved if lower SLA of S. leprosula in alluvial gaps
is caused by soil or light. SLA differed significantly between species (F = 312, p < 0.001;
Table S2), with S. leprosula having the biggest value of 27.6 cm2/g (in shade) and S. xanthophylla having the lowest value of 13.6 cm2/g (in gap). The significant light:species interaction
(F = 22.8, p < 0.001) suggests differential growth responses among species in response to different light conditions. Full ANOVA output is listed in Table S2. Pair-wise species comparisons of SLA within light treatments revealed in the gap treatment a grouping of S. xantho51

HERBIVORY IMPACT

CHAPTER 3

phylla and S. macroptera, which had significantly lower SLA values than the other four species, among which segregation was not really well defined (Fig 2a). In the shade treatment
species order was S. xanthophylla and S. macroptera with the lowest values, followed by
S. johorensis, which had lower values than S. parvifolia and S. argentifolia. The lowest value
in shade had S. leprosula.

Figure 1. Mean and standard error of a) total photosynthetic area growth rate (PhotoGR) in gap (GAP) and b)
understorey shade (SHADE) of Shorea seedlings grown on alluvial (AL) and mudstone (MU) soil. Significant differences, analysed with Tukey HSD test, are indicated with non-connected dots on the side in each
soil type treatment and with star symbols in the legends for among soil type within species comparisons.
AR = S. argentifolia, JO = S. johorensis, LE = S. leprosula, MA = S. macroptera, PA = S. parvifolia, XA =
S. xanthophylla.

Figure 2. Mean and standard error of a) specific leaf area (SLA) and b) mean leaf age in gap (GAP) and understorey shade (SHADE) of Shorea seedlings grown for two years in the Sepilok Forest Reserve. Significant
differences, analysed with Tukey HSD test, are indicated with non-connected dots on the side within each
light treatment and with star symbols in the legends for among light treatments for within species comparisons. AR = S. argentifolia, JO = S. johorensis, LE = S. leprosula, MA = S. macroptera, PA = S. parvifolia,
XA = S. xanthophylla.
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Seedlings kept their leaves on average 1.8 times longer in the shade compared to the gaps
(F = 242.5, p < 0.001; Table S3). Soil had generally no effect on LAge. However, Tukey
HSD test revealed that S. xanthophylla (p = 0.032) and S. johorensis (p = 0.001) had longer
lived leaves in mudstone gaps compared to alluvial gaps. Species differed significantly in
their LAge (F = 122, p < 0.001; Table S3). In both gap and shade plots S. xanthophylla kept
its leaves longest (11.2 month gap, 19.6 month shade), while S. argentifolia had on average
the youngest leaves in gap and shade (6.5 month gap, 11 month shade). Full ANOVA output
is listed in Table S3. Pair-wise species comparisons of LAge within light treatments showed
that in the gap there were three main species groups (Fig 2b). Shorea xanthophylla kept its
leaves longer than S. macroptera and S. johorensis, which had again older leaves than S. parvifolia, S. leprosula and S. argentifolia. The species order and groupings in the shade stayed
the same as in the gap, except for S. parvifolia which had significantly older leaves than S. argentifolia but was still indifferent from S. leprosula.
Herbivory rate — HerbR were on average 1.4 times larger in gap compared to shade areas
(F = 8.95, p = 0.024; Table S4), although for S. parvifolia and S. argentifolia rates were the
same in the two light treatments. Hence, the
light:species interaction was significant (F = 12.7,
p < 0.001; Table S4). Soil had generally no effect
on HerbR, neither as single factor nor as interaction term. Only for S. xanthophylla Tukey HSD
test revealed lower HerbR in alluvial shade compared to mudstone shade (p = 0.023). Species significantly differed in their HerbR (F = 73.1,
p < 0.001; Table S4), with S. leprosula revealing
the highest rates in both gap and shade (4.23,
3.03). The least HerbR in the gap had S. argentifolia (1.57), while in the shade the lowest was recorded for S. xanthophylla (1.26). Full ANOVA
output is listed in Table S4. Pair-wise species
comparisons of HerbR within light treatments
(Fig 3) showed that in the gap, S. leprosula had
significantly more herbivory damage than S. johorensis and S. parvifolia, which were indifferent.
Shorea parvifolia had similar rates of herbivory

Figure 3. Mean and standard error of herbivory
rate (mean percentage leaf area lost, divided by
mean leaf age) in gap (GAP) and understorey
shade (SHADE) of Shorea seedlings grown for
two years in the Sepilok Forest Reserve. Significant differences, analysed with Tukey HSD test,
are indicated with non-connected dots on the side
within each light treatment and with star symbols
in the legends for among light treatments for
within species comparisons. AR = S. argentifolia, JO = S. johorensis, LE = S. leprosula, MA =
S. macroptera, PA = S. parvifolia, XA = S. xanthophylla.

damaged like S. xanthophylla and S. macroptera, while S. argentifolia had the least amount of
damage among all species. In the shade treatment S. leprosula had again the highest damage
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of all species, while S. argentifolia grouped now with S. parvifolia and S. johorensis, which
had more damage than the S. macroptera and S. xanthophylla.
Tannin leaf content — Species differed significantly in their tannic acid equivalents (TAE;
F = 271, p < 0.001; Table S5), while light,
soil and their interaction had no effect. Full
ANOVA output is listed in Table S5. Pairwise species comparisons showed that
there were mainly three groups present
(Fig 4). Shorea xanthophylla had highest
TAE. It was followed by S. macroptera
and S. johorensis. Shorea johorensis had
the same TAE as S. macroptera under
shade, while it had less than S. macroptera
in the gap. This is reflected in the significant light:species interaction (F = 3.22,
p < 0.008; Table S5). Least amount of TAE
had S. parvifolia, S. leprosula and S. ar-

Figure 4. Boxplot of tannic acid equivalents (TAE) measured in mature leaves in gap (G) and understorey shade
(S) of Shorea seedlings grown in the Sepilok Forest Reserve. No significant differences, analysed with Tukey
HSD test, are indicated with the same letter. AR = S. argentifolia, JO = S. johorensis, LE = S. leprosula, MA =
S. macroptera, PA = S. parvifolia, XA = S. xanthophylla.

gentifolia (Fig 4).
Herbivory effects — Shorea parvifolia, S. xanthophylla and S. leprosula were negatively affected in their seedling survival through herbivory (Table S6). The effect of HerbR on HeiGR
revealed a significant HerbR:light interaction for S. argentifolia (t = -3.2, p(MCMC) = 0.001)
and for S. leprosula (t = -2.7, p(MCMC) = 0.008) suggesting differential HerbR impact
among light treatments. The analyses within light treatments (gap and shade) for both species
revealed only in alluvial gaps a positive effect of HeiGR by HerbR (S. argentifolia t= 3.4,
p(MCMC) = 0.002; S. leprosula t = 3.1, p(MCMC) < 0.1; Fig 5).
HerbR negatively affected PhotoGR of S. xanthophylla (t = -8.8, p(MCMC) = 0.001) and
S. leprosula (t = -4.1, p(MCMC) < 0.001). Shorea johorensis revealed significant HerbR:light
(t = 2.9, p(MCMC) = 0.005) and HerbR:soil (t = -3.5, p(MCMC) = < 0.001). Further analyses
on the splitted dataset according to light reveal a negative effect of HerbR on PhotoGR only
in mudstone gaps (t = -4.7, p(MCMC) = <0.001).
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Figure 5. The effect of herbivory rate (mean percentage leaf area lost, divided by mean leaf age) on
seedling height growth (cm per month) for seedlings measured in alluvial gaps of a) Shorea argentifolia and b) Shorea leprosula in the Sepilok Forest Reserve.

Tannin effects — TAE had a significant effect on HerbR as interaction effect with light
(t = -2.1, p(MCM) = 0.035). The interaction originated from a significant negative effect of
TAE on HerbR in the gap (t = -2.7, p(MCMC) = 0.005; Fig 6a), while in the shade there was
no effect. The analysed effect of TAE on PhotoGR revealed a significant TAE:light interaction effect (t = 7.4, p(MCM) < 0.001). If analysed within light treatments, there was no effect
of TAE on PhotoGR in the gap treatments. Within the shade treatment, analyses showed a significant TAE:soil reaction (t = -2.7, p(MCMC) = 0.007), which, if analysed separately for
the two soil treatments, was only negatively affecting in the mudstone shade treatment
(t = -2.1, p(MCMC) = 0.039). The effect of TAE on HeiGR revealed a significant TAE:light
interaction (t = 2.9, p(MCMC) = 0.006), which suggested differential reaction among light
treatments. When analysed separately within light treatments, TAE had a negative effect in
the gap (t = -1.8, p(MCMC) = 0.037; Fig 6b), while there was no effect on HeiGR in the
shade treatment.

Figure 6. The effect of tannic acid equivalents on a) herbivory rate (mean percentage leaf area lost, divided by mean leaf age) and b) seedling height growth (cm per month) among six Shorea species analysed for light gap treatment in the Sepilok Forest Reserve. Significant trends were analysed with
GLMM’s, while p-values were obtained with Markov Chain Monte Carlo sampling. AR = S. argentifolia, JO = S. johorensis, LE = S. leprosula, MA = S. macroptera, PA = S. parvifolia, XA = S. xanthophylla.
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DISCUSSION
Growth-defence trade-off— We expected that plants differ in their strategies to allocate resources either to growth or defence, depending on the resource condition of their habitat association. Thus, fast growing alluvial specialists growing in more favourable habitat conditions,
were expected to invest in plant growth rather than defence, while mudstone specialist were
expected to reveal the contrary. Indeed, the light-demanding alluvial specialist S. leprosula
had high photosynthetic area growth under high light (gap) conditions (Fig 1a). High leaf
turnover (as indicated by low mean leaf age; Fig 2b) minimized accumulated herbivore damage and presumably increased productivity by replacing old leaves that become shaded by
younger ones. Nevertheless, the investment strategy of S. leprosula was in growth rather than
defence, and in consequence, this species had highest herbivore damage of the six species examined (Fig 3). High herbivory damage was also associated with seedling mortality (positive
estimate value for herbivory rate in Table S6). Herbivory damage was shown to cause seedling death, even when only receiving small amounts of damage (Eichhorn et al. 2010), which
could be caused by facilitated fungal infection through herbivore damaged tissue (GarciaGuzman & Dirzo 2001, Garcia-Gunman & Benitez-Malvido 2003). Additionally, S. leprosula
is known to be susceptible to defoliation (Howlett & Davidson 2001, Massey et al. 2006).
The other alluvial specialist, S. johorensis, on the other hand invested in well protected
leaves with higher amounts of secondary compounds compared to S. leprosula (Fig 4). Higher
amounts of secondary compounds seem to cause lower herbivory damage overall among
species in gap habitats (Fig 6a), although this relationship was not observed for S. johorensis
seedlings. Shorea johorensis had lower leaf turnover rates compared to S. leprosula (Fig 2b),
which could be related to a resource conservation strategy expected to be beneficial under low
light conditions. This is also reflected in the higher specific leaf area (Fig 2a) under shade,
which is thought to be a protection against herbivory and debris damage in the forest understorey (Poorter et al. 2004). Despite having lower specific leaf area, S. johorensis reveals
higher photosynthetic area growth under alluvial shade conditions than S. leprosula (Fig 1b),
which stays in contrast to what was found for seedling height growth under these conditions
(Chapter 2).
The relatively shade-tolerant S. macroptera has low height growth under high light conditions (Chapter 2), and growth might be limited by its relatively high investment in secondary
compounds (Fig 4 & 6b). High mean leaf age, low specific leaf area and low herbivory damage all correspond with the high investment in secondary compounds. Particularly in mudstone
shade, the amount of tannins is negatively associated with photosynthetic area growth. Shorea
argentifolia (the other mudstone specialist) is light-demanding, similar to the alluvial specialist S. leprosula, but has very low herbivore damage despite low tannin leaf concentrations
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(Fig 4). Shorea argentifolia is the only species which has dense, short hairs covering its
leaves, which is a key diagnostic characteristic to recognise the species in the field (Newman et al. 1996). It is possible that S. argentifolia relies more on physical defences against
herbivores, rather than chemical (Levin 1973).
The two generalist species do also show the growth-defence trade-off. High growth under
high light conditions with poor leaf protection and relatively high herbivory damage are typical for the light demanding S. parvifolia. The highly shade tolerant S. xanthophylla, on the
other hand, has the highest investment in leaf tannins of all six species (Fig 4). For both these
generalist species, probability of seedling mortality is correlated with higher herbivory damage (Table S6).
Herbivory varies among species and light treatments — Our second objective was the
comparative evaluation of species’ ecologies in terms of leaf traits and herbivory damage
across soil types. We expected that differential seedling herbivory damage is informative in
explaining adult tree habitat associations. A soil specialist species was anticipated to receive
lower herbivory damage on its associated soil type, compared to both soil generalists and
specialists of the alternative soil type. Our results revealed no differential effect of soil on herbivory rates (Fig 3, Table S4) or on leaf tannin concentration (Fig 4, Table S5). This result
supports the findings by Eichhorn et al. (2006, 2007), who also found no differences in herbivory on seedlings among alluvial (not differentiating between alluvial and mudstone areas)
and sandstone soils in SFR, although differences among species were noted.
Herbivory differed significantly among light treatments and among species (Fig 3,
Tables S4). There was generally less herbivory in shade environments except for S. parvifolia
and S. argentifolia which had similar leaf damage across light treatments. Chemical defence is
expected to be the most influential factor determining both the abundance and amount of insect herbivore feeding. Tannin content, however, did not differ between gap and understorey
(Fig 4, Table S5). We acknowledge that tannin compounds are only one of several plant chemical defences (Coley & Barone 1996). We also lack data on leaf nitrogen content, which
might have been elevated under gap conditions because of higher plant growth making leaves
more palatable.
Studies comparing seedling damage between gap and understorey have generated conflicting results (Coley & Barone 1996, Pearson et al. 2003, Eichhorn et al. 2006, Massey et al.
2006). A study by Gerhardt (1998) in a tropical dry forest in Costa Rica found a positive correlation between light intensities and herbivory damage, and herbivory was higher on seedlings growing under decreased root competition. This suggests that improved plant nutrient
status increases palatability. Higher rates of herbivory have been recorded in gaps in Panama
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and linked to higher food availability for herbivores because of increased plant growth in
highlight conditions (Richards & Coley 2007).
The increased height growth rate of herbivore damaged plants in alluvial gaps of S. argentifolia and S. leprosula was rather surprising. A study by Blundell and Peart (2001) also revealed a marked increase in height growth of Shorea quadrinervis seedlings after mild artificial defoliation (10%) when grown in canopy gaps. In our study, the higher height growth rate
of seedlings with higher herbivory was only found in alluvial gaps, and we speculate that such
responses are only possible in a high resource environment.
Photosynthetic area growth rate was negatively affected by herbivory for S. xanthophylla,
S. leprosula and in mudstone gaps for S. johorensis. Shorea xanthophylla is a very slow growing species, with highly shade-tolerant seedlings (Chapter 2). Tissue loss for such a shade-tolerant species is likely to strongly affect plant performance and cannot be so easily compensated as it might be for fast growing species under high light. Even so, fast growing light-demanding S. leprosula had also less photosynthetic area growth when subjected to higher herbivory damage. A defoliation experiment on S. leprosula revealed even the opposite trend
with increased leaf production compared to undamaged seedlings, which was suggested to be
caused by compensation (Massey et al. 2005). The negative effect of herbivory on photosynthetic area growth rate for S. johorensis on mudstone might cause this species to become gradually excluded from mudstone environments, whereas the species’ faster growth rates on
alluvial soils might allow S. johorensis to replace tissue lost to herbivores sufficiently quickly
to allow its persistence. It is therefore possible that herbivory might contribute to shaping the
distribution of S. johorensis between mudstone and alluvial soils.
Conclusions — We found support for the growth-defence trade-off among the six coexisting
Shorea species. Growth allocation trade-offs were clearly linked with species life history strategies with light-demanding species investing in growth rather than protection, while more
shade-tolerant clearly invested in long-term benefits of leaf protection. Herbivory damage did
not differ across soil types, but there was an indication that the ability of some species to respond to herbivore damage differs between soils. Light levels differentially affected amount
of leaf damage, with some species receiving more damage in the gap treatments. Under similar conditions, species differed in the amount of herbivory damage received, which could be
partly attributed to investment in secondary compounds and, in the case of S. argentifolia,
physical leaf defences. The trade-off between growth and defence (Herms & Mattson 1992)
was reflected in lower seedling height and photosynthetic area growth rates when investment
in defence compounds was high. Herbivores clearly do interact with plant growth, and further
investigations are needed to explore the importance of spatio-temporal dynamics of herbivory
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(Bebber et al. 2004), density dependent effects (Stoll & Newbery 2005, Massey et al. 2006,
Bagchi et al. 2010), and multi-trophic interactions (Letourneau & Dyer 2005).
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SUPPORTING INFORMATION
Chemical analysis of tannin leaf content — Tannins (all protein precipitable phenolic compounds present) were measured following the method described by Hagerman and Butler
(1978). The used chemical protocol was adapted from Liston (2000). We used the following
chemical brands:
•
•
•
•
•
•
•
•
•
•
•
•
•

Tannic acid
(SIGMA-ALDRICH®, T-0125, Lot20H0279)
Methanol
(Kantonsapotheke Zürich, Methanol KA, Art. Nr. 91120737)
Glacial acetic acid (Acros, Acetic acid, 99.8%, for biochemistry, C 2 H 4 O 2 ,
Code 148930025)
NaCl
(Acros, Sodium chloride, 99.85%, for molecular biology,
DNAse, RNAse and Protease free, Code 327300010)
NaOH
(Acros, Sodium hydroxide, extra pure, pellets,
Code 134070010)
BSA
(SIGMA-ALDRICH®, Albumin, from bovine serum, essentially
fatty acid free, A6003-5G, Lot#048K7400)
SDS
(Eurobio, SDS, Lauryl Sulfate Sodium Salt, Research grade,
GHY SDS01-62, C 12 H 25 NaO 4 S)
TEA
(Acros, Triethanolamin, 99+%, C 6 H 15 NO 3 , Code 421630010)
FeCl3
(SIGMA-ALDRICH®, Iron (III)chloride reagent grade, > 97%,
Code 157740)
HCl
(Acros, Hydrochloric acid, pure, ca 37% solution in water,
Code 124620010)
Cuvettes
(Plastibrand®, BRAND, Disposable cuvettes, 2.5ml macro, PS,
ISO 9001 14001, Cat. No. 759005)
Centrifuge tubes
(TPP®, 91015, gamma sterilized, 15ml, ETH D-CHAB)
Filter paper
(VWR, filter papers 413)

We used the following reagents:
Buffer A: In 800 ml de-ionised water add 11.4 ml glacial acetic acid, and add 9.86 g NaCl.
Then adjusted to pH 4.9 with a saturated solution of NaOH (dissolve max amount of NaOH
pellets in little water) and brought to final 1 litre with de-ionised water.
BSA: In 1 liter of buffer A, add 1 g bovine serum albumin (final concentration is 1 mg/ml)
SDS/TEA: In 300 ml de-ionised water, add 10 g SDS (use mask for the powder) and ‘more or
less’ dissolve with a magnetic stirrer. Add 50 ml TEA liquid and bring up to 1 liter with deionised water. (This solution gave a lot of troubles, because the SDS did not dissolve and gave
a white liquid instead of a clear solution – we do not know why it worked sometimes and why
sometimes not. When it did not work we also tried to filter the white liquid, which worked
quite well. Speculation that the SDS was to old)

64

CHAPTER 3

HERBIVORY IMPACT

FeCl 3 : In 1 liter de-ionised water, add 0.83 ml concentrated HCl. Add 1.62 g ferric chloride
powder in 1 litre of the acid solution and dissolve it by shaking. Allow the liquid to sit for several hours and then gravity filter it though filter paper.
It was possible to handle 26 plant samples each lab day. For each sample to be analysed
100 ± 0.3 mg of ground leaf material was taken and the precise amount used recorded. Each
sample was shaken with 10 ml of 50%-methanol solution and tannins were extracted by standing in a boiling tube in a water bath at 80°C for 30 min. The cap of the tube was not completely closed (boiling point of methanol!) and fixed with tape from falling off. After the
water bath the samples were immediately transferred to centrifuge (Sigma 4-15C, VWR) and
spun at 3’000 rpm for 15 min, which also stopped the reaction.
In a new tube add 2 ml of plant extract to 4 ml of BSA solution. Shake well and allow it to
sit in a cold room (refrigerator at 4°C) for 24 hrs. A standard curve was done on each lab day
with one blank and eight tubes using a standard tannic acid solution with 200 mg tannin in
100 ml water (2 mg/ml concentration). The blank tube consists of 4 ml BSA solution and 2 ml
50%-methanol solution. The seven standard curve tubes all had 4 ml BSA solution, increasing
steps of 0.25 ml 50%-methanol solution and decreasing steps of 0.25 ml tannic acid solution.
All standard curve tubes were also allowed to sit in a cold room for 24 hr.
After 24 hr all samples and standard curve tubes were centrifuged at 2’300 rpm for
15 min. Thereafter the supernatant was poured off. Sample pellets were then re-dissolved in
8 ml SDS/TEA solution. 2 ml of FeCl 3 was added to each tube and vortexed immediately.
3 ml of each sample were transferred into two replicate cuvettes and these were read on a spectrophotometer (biochrom Libra S22) at 510 nm after sitting for 15 min. The standard curve
samples were read first for the first 13 samples, and again at the end of the other 13 samples
because of the time bias. ‘Tannin’ concentrations were expressed as percentage dry weight of
material used.

Table S1. ANOVA table of relative seedling photosynthetic area growth
rate (PhotoGR) per month over two years, as a function of soil (alluvial
and mudstone), block (four paired gap and shade plots), light (gap and
shade), and their interactions.
PhotoGR
df
Mean Sq
F
P
soil
1
10.66
0.56
0.485
Error 1(= block)
6
19.21
21.81
< 0.001
light
1
2051.99
189.73
< 0.001
soil:light
1
25.61
2.37
0.175
Error 2 (= soil:light:block)
6
10.82
12.28
< 0.001
species
5
46.77
53.10
< 0.001
light:species
5
42.99
48.80
< 0.001
soil:species
5
9.76
11.09
< 0.001
soil:light:species
5
3.42
3.89
0.002
Error 3 (= residuals)
889
0.88
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Table S2. ANOVA table of specific leaf area (SLA) after two years, as
a function of soil (alluvial and mudstone), block (four paired gap and
shade plots), light (gap and shade), and their interactions.
SLA
df
Mean Sq
F
P
soil
1
13.89
0.15
0.713
Error 1(= block)
6
93.58
17.00
< 0.001
light
1 1790.21
60.47
< 0.001
soil:light
1
51.92
1.75
0.234
Error 2 (= soil:light:block)
6
29.60
5.38
< 0.001
species
5 1717.72
311.99
< 0.001
light:species
5
125.50
22.80
< 0.001
soil:species
5
2.29
0.42
0.837
soil:light:species
6
23.76
4.32
< 0.001
Error 3 (= residuals)
659
5.51

Table S3. ANOVA table of mean leaf age (LAge) after two years, as a
function of soil (alluvial and mudstone), block (four paired gap and
shade plots), light (gap and shade), and their interactions.
LAge
df
Mean Sq
F
P
soil
1
0.82
0.75
0.420
Error 1(= block)
6
1.10
19.83
< 0.001
light
1
94.91
242.48
< 0.001
soil:light
1
2.26
5.77
0.053
Error 2 (= soil:light:block)
6
0.39
7.06
< 0.001
species
5
6.77
122.03
< 0.001
light:species
5
0.09
1.58
0.163
soil:species
5
0.05
0.96
0.441
Error 3 (= residuals)
937
0.06

Table S4. ANOVA table of herbivory rate (mean percentage leaf area
lost, divided by mean leaf age; HerbR) after two years, as a function of
soil (alluvial and mudstone), block (four paired gap and shade plots),
light (gap and shade), and their interactions.
HerbR
df
Mean Sq
F
P
soil
1
3.24
3.06
0.131
Error 1(= block)
6
1.06
5.59
< 0.001
light
1
21.31
8.95
0.024
soil:light
1
4.62
1.94
0.213
Error 2 (= soil:light:block)
6
2.38
12.59
< 0.001
species
5
13.83
73.11
< 0.001
light:species
5
2.40
12.66
< 0.001
soil:species
5
0.09
0.47
0.800
Error 3 (= residuals)
903
0.19

66

CHAPTER 3

HERBIVORY IMPACT
Table S5. ANOVA table of leaf tannin content (tannic acid equivalents; TAE) of newest leaves after two years of growth, as a function of
soil (alluvial and mudstone), block (four paired gap and shade plots),
light (gap and shade), and their interactions.
TAE
df
Mean Sq
F
P
soil
1
0.08
0.06
0.817
Error 1(= block)
6
1.34
13.94
< 0.001
light
1
0.49
1.24
0.309
soil:light
1
0.02
0.05
0.833
Error 2 (= soil:light:block)
6
0.40
4.11
0.001
species
5
26.03
271.01
< 0.001
light:species
5
0.31
3.22
0.008
soil:species
5
0.17
1.78
0.116
Error 3 (= residuals)
265
0.10

Table S6. The effect of average herbivory rate (from experimental start until individual seedling death; av
HerbR) on species survival of six Shorea species grown on two soil types (alluvial and mudstone) in two
light treatments (gap and shade). Analyses were done for each species separately using a GLMMs. Significance levels during model reduction were adjusted (α < 0.008) according to Bonferroni correction. The fitted random term is “plot” nested within “block”, while the fixed terms are ‘av HerbR’, light and soil and
their two-way interactions. Positive estimates for av HerbR indicate higher mortality at higher av HerbR,
positive estimates for light indicate higher mortality in shade and negative estimates for soil indicate lower
mortality on mudstone soil. AR = S. argentifolia, JO = S. johorensis, LE = S. leprosula, MA = S. macroptera, PA = S. parvifolia, XA = S. xanthophylla.
fixed effects
av HerbR
light
soil
z
z
z
Estim SE
P
Estim SE
P
Estim
SE
P
value
value
value
Species
AR
NS
2.49 0.62 4.00 < 0.001 -1.80
0.61 -2.97 0.003
MA
NS
NS
NS
PA
0.31 0.11 2.78 0.005 2.69 0.46 5.84 < 0.001 -1.22
0.38
-3.20 0.001
XA
0.50 0.17 3.06 0.002
NS
NS
LE
0.27 0.10 2.81 0.005 3.40 0.62 5.52 < 0.001
NS
JO
NS
NS
NS

Nr of Obs
218
199
214
201
201
197

random effects
Estimates block
Gr
Var
SD
8
< 0.01
< 0.01
8
0.75
0.65
8
< 0.01
< 0.01
8
0.47
0.68
8
0.39
0.62
8
0.26
0.51

Estimates plot:block
Gr
Var
SD
16
0.75
0.87
16
1.48
1.22
16
< 0.01 < 0.01
16
< 0.01 < 0.01
16
0.21
0.46
16
0.19
0.43
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CHAPTER 4
Differential performance of dipterocarp
seedlings in response to soil moisture and microtopography

with C. Tellenbach, A. Pluess, R. Nilus, D. Burslem and J. Ghazoul

ABSTRACT
Niche diversification is prominent among the mechanisms proposed to explain tropical rainforest tree diversity, with most studies focussing on trade-offs among shade tolerance and
growth. Less obvious is the impact of occasional, ephemeral and often assumed minor disturbances on tree survival, particularly at vulnerable seedling stages. We propose that differential
species tolerances to soil waterlogging and inundation may contribute to the distribution of
tree seedling communities along microtopographical elevation gradients. We test this hypothesis experimentally by evaluating survival and performance of experimentally planted seedlings across microtopographical gradients in a periodically inundated tropical rainforest environment. Survival and relative growth rates (of stem height and leaf number) were assessed
for six Shorea (Dipterocarpaceae) species in Sepilok Forest Reserve (Sabah, Malaysia) over a
two year study period, during which they were subjected to two brief flooding events. The
species were selected on the basis of soil habitat affinities, with two species being associated
with low-lying alluvial flats subject to inundation, two being associated with non-flooded
mudstone hills, and two species occurring in both habitats. Seedling performance was related
to microtopographic elevation within and among plots and soil moisture. Soil moisture differed significantly between plots, and the two fastest growing species were most vulnerable to
high soil moisture. Within plots, soil moisture was inversely correlated with microelevation,
and microtopographical differences differentially affected survival and growth across the six
species. Microtopographical differences in seedling emplacement could therefore contribute
to the maintenance of species richness, particularly in areas subject to minor and ephemeral
flooding events.
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INTRODUCTION
Tropical rain forests are known for their extremely high richness of woody plant species (Davies & Becker 1996, De Oliveira & Mori 1999, Lee et al. 2002), and mechanisms of coexistence among species remain a source of ongoing debate. Coexistence through niche diversification along light (Denslow 1987, Condit et al. 2006, Russo et al. 2008), soil (Palmiotto et al.
2004, John et al. 2007, Dent & Burslem 2009) and topographic axes (Pélissier et al. 2001,
Gibbons & Newbery 2002, Comita & Engelbrecht 2009) is agreed to be important in contributing to the maintenance of species diversity in tropical forests across multiple spatial scales
(Wright 2002, Leigh et al. 2004). There is less clarity about how responses to these variables
are partitioned among species at small scales (i.e., up to tens of metres), and whether there is
sufficient environmental heterogeneity and species specificity to allow for species segregation
along niche axes at such scales (e.g. Baraloto & Goldberg 2004, e.g. Baraloto & Couteron
2010).
Microhabitat heterogeneity has been suggested to play an important role at the seedling
stage in creating numerous regeneration niches for different species (Grubb 1977, Ricklefs 1977). On microhabitat scales, forest floor environments consist of a mosaic of microsites
defined by both biotic and abiotic factors (Ostertag 1998, Sayer 2006, Lopez & Kursar 2007,
Baraloto & Couteron 2010). Seedling regeneration has been shown to be affected by the availability of suitable sites such as nurse logs (Titus 1990, Christie & Armesto 2003), by differences in the thickness of the litter layer (Molofsky & Augspurger 1992, Dalling et al. 2002,
Brearley et al. 2003), or by pits and mounds originating from uprooted trees (Schaetzl et al.
1989). Few studies have investigated microelevational heterogeneity effects on seedling establishment and growth (Svenning 1999, Lopez & Kursar 2007). Manipulative experiments on
centimetre scales in both dry (Harper et al. 1965) and wetland environments (Vivian-Smith
1997) showed that small modifications of soil microtopography or variation of soil surface
texture leads to differential seed germination and seedling establishment of a variety of nontree species. For woody species in a floodplain swamp in Florida, microsite elevation over a
range of only 1.5 m was the environmental factor most strongly correlated with species distribution (Titus 1990). However, the assignment of species to precise microhabitat conditions in
more diverse forest systems continues to be problematic (Baraloto & Goldberg 2004).
Spatial variation of soil water is often correlated with topography, with higher soil moisture on slopes and valley bottoms compared to ridges or plateaus (Gibbons & Newbery 2002).
Valley bottoms and flood plains are sometimes affected by localised flooding events triggered
by high rainfall and overflow of rivers, and the deleterious effects of waterlogged soils can
lead to differential species responses with respect to germination, growth and mortality (Kozlowski 1997, Pélissier et al. 2001). Shortage of oxygen in waterlogged soils has been shown
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to lead to complex physiological and anatomical reactions of woody plants (Parolin et al.
2004). Flooding can also alter soil structure and chemical composition (Ponnamperuma 1984,
Gambrell et al. 1991), as well as affect other soil organisms including mycorrhizas (Coutts &
Nicoll 1990) and soil pathogens (Blaker & MacDonald 1981, Kenerley et al. 1984) that interact with plants. Thus the deleterious effects of flooding and waterlogged soils could potentially determine differential species survival and thus shape stand compositions. In addition to
these relatively large scale topographical patterns, smaller scale (micro-)topographical variation could also potentially influence soil moisture for seedlings growing on the forest floor.
Seedlings are expected to be particularly vulnerable to flooding and drought due to the small
size of their root system, which additionally renders them potentially vulnerable to even shortlived minor flooding events (Kozlowski 1984, Lopez & Kursar 2007). Thus two neighbouring
seedlings might experience very different soil moisture regimes if one is established on
ground that is several few centimetres higher than the other. Our main objective was to explore differential performance of Dipterocarpaceae seedlings on microtopographical scales in
a regularly inundated local environment. Dipterocarp trees are the dominant forest canopy
species in Bornean rainforests where local species richness can be very high (Ashton 1969,
Newman et al. 1996). A variety of niche-based explanations for such high species diversity
have been advanced, but these focus mainly on long term responses to environmental conditions such as light regime and soil nutrients (Palmiotto et al. 2004, Baltzer et al. 2005, Paoli et al. 2006, Aiba & Nakashizuka 2007, Dent & Burslem 2009). Less well understood is
how seedlings of different species might respond to short-term flooding events, which occur
more or less regularly in many lowland forests. Centimetre-scale microtopographical differences might be sufficient to differentiate species based on their tolerance of waterlogging and
flooding (Lopez & Kursar 2007), and could set the scene for an additional niche axis that
might shape adult species distributions and maintain species richness at local scales.
We focused on within plot microelevational heterogeneity, and assume that seedlings
growing on slightly higher ground (on cm scales) would experience less waterlogging than
those on lower ground. Based on this assumption, we expect differences in seedling growth
and survival along small-scale elevational gradients within plots (microtopographically higher
seedlings are expected to have higher growth rates and lower mortality than conspecifics on
topographically lower microsites). Furthermore, we expect that alluvial flat specialist species
(which predominantly occupy flood-prone regions as adults) are likely to be less sensitive to
microtopographical differences and more tolerant of flooding. Species that are expected to be
most sensitive (as seedlings) are those whose adult distributions are biased towards higher
ground (i.e. that predominantly occur on non-flooded hill sites), with habitat generalist species intermediate between these two extremes. We focus on the early seedling stages, which
we expect to be more sensitive to flooding effects.

71

MICROTOPOGRAPHY

CHAPTER 4

MATERIALS AND METHODS
Study site and study species — The study was conducted between October 2006 and October 2008 in Sepilok Forest Reserve (SFR) (Sabah, Malaysia - 5°10’N, 117°56’E). SFR comprises several forest formations from sea level to 170 m (Fox 1973), though our research was
confined to alluvial flat regions (Fox 1973, Nilus 2004). The forest canopy is characterised by
large trees of the Dipterocarpaceae family (Fox 1983), which are also the dominant floristic
element of the Southeast Asian forests (Ashton 1988, Newman et al. 1996). SFR receives an
annual rainfall of about 3’000 mm, and has a mean annual temperature range between 26.727.7°C (Nilus 2004). During the wettest months, from November to February, and following
periods of particularly heavy rainfall the low-lying alluvial flats of the lowland forest in SFR
are briefly flooded after heavy rains for a few hours. This might happen repeatedly over the
course of a few days. During extremely wet years associated with La Nina events (Juneng &
Tangang 2008), the extensive areas of the low-lying alluvial basin at Sepilok remains flooded
for several consecutive days.
The alluvial forest in SFR overlies soils consist of well drained and imperfectly drained
red yellow podzols. A range of groundwater gley soils form on the alluvial flats which tongue
throughout the area (Fox 1973). The ‘macrotopography’ of this habitat is generally flat between gently undulating low mudstone hills with maximum amplitude of about 15 m. Mudstone hills are not affected by floods as floodwaters rarely exceed around 30 cm depth. The
composition of tree communities differ between alluvial flats and mudstone hills with some
dipterocarp species being largely confined to either alluvial flats or mudstone hills, while
others are found in more or less equal abundance on both.
We selected six species from the genus Shorea (Dipterocarpaceae) which vary in their
adult distributions on alluvial and mudstone soils (Chapter 2). Shorea johorensis Foxw. and
Shorea leprosula Miq. are, within SFR, predominantly found on alluvial flat soil and are
henceforth referred in this study as alluvial ‘specialists’. Shorea macroptera Dyer and Shorea
argentifolia Symington are mainly found within SFR on mudstone hills, and henceforth are
considered mudstone ‘specialists’. Finally, two ‘generalist’ species, Shorea xanthophylla
Symington and Shorea parvifolia ssp velutinata Ashton, are more or less equally common on
both alluvial and mudstone hills (Chapter 2). For broader species descriptions and distribution
ranges see Newman (1996) and Ashton (1964).
Experimental design — We established four paired (gap and understorey) plots on alluvial
soils, each pair being widely separated within the primary forest at SFR. All four gap plots
were situated in already present canopy gaps, resulting from a recent tree fall event, and
which was further cleared of any regrowth. The shade plots were established in the adjacent
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understorey. The average percent canopy openness in the alluvial gap plots are 11.2 percent
(±0.2 SE), while the understorey has 2.4 percent (±0.1 SE) based on hemispherical photography readings at the beginning of the experiment (methods explained in Chapter 2).
Seedlings of all species except S. xanthophylla were obtained from the Innoprise-FACE
Foundation project nursery (INFAPRO Danum Valley, Sabah). These seedlings had been
grown in polyethylene bags (200 ml, clay-rich Danum forest soil) under nursery conditions
(around 11% full sunlight). The seeds had been sourced from wild fruiting trees in Ulu Segama Forest Reserve (150 km south of SFR). We acknowledge that seed sourced from another
forest reserve might not have the same genetic make-up as seed sourced from SFR, but given
the similar climate and soil environments of the two forest areas and the fact that they belong
to the same floristic region on Borneo (Slik et al. 2003, Slik et al. 2009), we assume that these
differences will not bias the outcome of the experiment. The nursery seedlings were of equal
age (ca eight months), and equal size within species (height range across all species was 2779 cm). The seedlings were transferred to a temporary nursery in the SFR understorey (around
5% full-light conditions) for acclimatisation to forest conditions for one month before planting. They were watered regularly during this time. Shorea xanthophylla seedlings were collected as wildings from SFR. The age of these seedlings is not known exactly, but they are all
almost certainly derived from the previous S. xanthophylla flowering event at the end of 2005,
making them around ten months old at the start of the experiment, and therefore comparable
in age to the other seedlings. Seedlings were collected in randomly selected locations in both
alluvial and mudstone areas and planted in polyethylene bags using the soil of origin and also
allowed to acclimatise with the other seedlings.
In each of the eight plots, twelve seedlings of each species were planted in September
2006 in random combination with respect to species identity and microtopography in an 8 × 9
grid with 0.75 m spacing between each individual. Across all plots a total of 576 seedlings
(8 plots × 6 species × 12 seedlings) were planted. Dying seedlings were replaced during the
first month after planting, but thereafter death was recorded as experimental effect.
Soil moisture and seedling measurements — To measure relative elevation difference between the individual seedlings in each plot, we constructed a grid of cord across the plot that
passed by each seedling. The individual lines of the grid were levelled with a standard spirit
level. Topographical ‘depth’ was measured from the cord line to the soil surface at the base of
each seedling stem. The lowest point in each plot was taken as plot height ‘zero’, and all measurements were converted accordingly to represent topographical height (in cm) in each plot
compared to this lowest point.
Soil moisture readings were conducted with the WET-2 multi-parameter sensor (Version 1.3, Delta-T Devices Ltd, Cambridge UK), which measures the dielectric properties and
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temperature of the soil and calculates volumetric water content (VWC), which is defined in
relation to the volume of the soil. The sensor’s parameters were calibrated according to the
manual (Delta-T Devices 2005) across all eight plots. Thirteen evenly distributed points were
measured in each plot at 6 cm depth comprising the corners and the middle of each side, the
centre of the plot, and the centre of each of the four quarters. Measurements were taken between seedlings and not at the base of the stems to avoid damage to the seedlings. Measurements at all plots were taken on 14 and 26 September, 8 and 21 October 2008 within five
hours of each other. Because the exact position of each soil moisture measurement was noted
in the plot, the microtopographical elevation of each measurement could be assigned by interpolating values from the four or two nearest seedlings and microtopographical effect on soil
moisture could be assessed.
Seedling performance was characterised by survival and relative growth rates. Survival
status (alive or dead) was recorded in October 2008, two years after the start of the experiment. Seedlings damaged by pigs or primates were excluded. Relative growth rates were assessed for stem height (RGR H ) and relative leaf growth (RGR L ). Stem height was taken from
the soil surface to the highest living apical bud. Fully expanded mature leaves were counted
for the total leaf assessment. Seedling measurements were made every six months over two
years in total. RGRs were calculated following Hunt (1990): RGR = (log W2 − log W1) /
(t2 − t1), where W2 is height or total number of leaves in time point t2, and W1 is height or
total number of leaves at preceding measure t1. RGRs were assessed for growing periods of
four, twelve, and 24 months. Seedlings that died during the experiment were not included in
subsequent growth analyses, so sample sizes vary with time in the analyses.
Statistical analyses — All statistical analysis were performed with R 2.10.1, using the two
libraries ‘lme4’ and ‘nlme’ (R Development Core Team 2009). Two different types of analyses were performed. Linear mixed effects models (LMM) were used to analyse the effect of
microtopography on VWC and RGR data, with light and microtopography as fixed factors
and plot as a random effect. Generalized linear mixed effects model (GLMM) were used to
analyse survival data, assuming a binomial distribution. Seedling status was coded as ’0’ for
alive and as ’1’ for dead in October 2008. The effect of plot average VWC on seedling survival was tested using light and plot average VWC as fixed factors, while the effect of microtopography on seedling survival used light and microtopography as fixed factors. In any case,
plot was used as random effect and the best fit model was found using backward selection according to Wald’s χ2. Every test was performed for each species separately and interaction
terms were not included because high seedling mortality in the shade treatment could lead to
biased stochastic effects. Because multiple tests were performed for each species’ RGRs, sequential Bonferroni corrections were calculated (significant values at α = 0.05) for each spe74
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cies separately. VWC and RGR variables were transformed if necessary to fulfil requirements
of the model.

RESULTS
Microtopography — Maximum within-plot elevational difference was 56.5 cm, while the
smallest elevational range was 17 cm (Table 1). The elevational structure of each plot is illustrated in Fig 1. All species experienced overall the same elevational range (Table S1). Volumetric water content (VWC) readings was on average the same for all four measurement
dates. Therefore, only results from the 26 September 2008 are presented. VWC readings revealed negative microtopographical effects, indicating higher soil moisture in depressions
compared with topographically elevated positions within plots (p = 0.027; Table 2). There was
no effect of light treatment (gap and understorey) on VWC. Additionally, VWC readings
showed substantial plot differentiation (Table 3), with gap plot ’Gap 2’ having particularly
high values (61.9%).

Table 1. Microtopographic elevation
(cm) of all microhabitat positions of
the seedlings in each plot, relative to
the lowest measured point in each plot
(set at zero cm).
Plot
median
range
56.5
Gap 1
30.0
36.5
Gap 2
13.5
44.0
Gap 3
33.8
22.5
Gap 4
14.5
25.0
Shade 1
7.8
36.5
Shade 2
19.0
17.0
Shade 3
8.8
24.0
Shade 4
10.0

Table 2. The effect of microtopography on volumetric water
content (VWC) measured on 26 September 2008 at 6 cm soil
depth, using a linear mixed effect model.
VWC
Value
df
SE
t
P
(Intercept)
3.834 199
0.05
81.19
< 0.001
topography
-0.003 199 < 0.01
-2.23
0.027
Observation
Groups
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Figure 1. Microtopographical elevation within plots: a) to d) Gap 1-4, e) to h) Shade 1-4. Gray scale is
indicating elevation in the plots measured in cm. Note that the vertical axis is exaggerated relative to
horizontal axes.
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Table 3. Average volumetric water content (VWC in percentage; mean ± SE) of four alluvial gap and
shade plots at 6 cm soil depth with thirteen readings per plot, and number of dead Shorea seedlings from
an initial number of 12 seedlings per species-plot combination. Data recorded in October 2008.
Species
Gap 1
Gap 2
Gap 3
Gap 4
Shade 1
Shade 2
Shade 3
Shade 4
VWC
47.2
61.9
52.4
52.7
52.7
51.6
41.1
45.6
(± 1.5)
(± 1.8)
(± 0.7)
(± 1.1)
(± 1.4)
(± 1.2)
(± 1.4)
(± 0.6)
S. argentifolia
1
12
1
0
12
12
9
9
S. macroptera
2
2
0
1
2
2
3
1
S. parvifolia
2
6
0
0
10
12
8
7
S. xanthophylla
8
8
0
1
2
2
2
3
S. johorensis
2
2
2
0
0
1
3
2
S. leprosula
1
4
0
0
7
5
7
6

Shorea argentifolia and S. parvifolia revealed high seedling mortality during the experiment (Table 3), which was already visible after the first flooding event, that occurred within
the first three months of the experiment (S. argentifolia 47% and S. parvifolia 14% loss compared to 1-2% for the other species; Table 4). The plot average VWC effect on species survival was also positive for the two species (S. argentifolia p < 0.001 and S. parvifolia
p = 0.004; Table 5), with both species suffering higher mortality in plots with high plot average VWC (positive value estimates). The best fit model also showed that S. argentifolia,
S. parvifolia and S. leprosula had a higher survival in gap plots compared to understorey
shade (positive value estimates; Table 5). The analysis of microtopography within plots affecting species survival (Table 6) showed a negative effect of topography for the two species
S. macroptera (p = 0.014) and S. xanthophylla (p = 0.011). For both species seedling death is
more likely if they are growing in depressions (negative sign of the estimate; Table 6). Also
within plot scale, the best fit model showed positive light effect on survival for the three species S. argentifolia, S. parvifolia and S. leprosula with higher mortality in the shade environment (positive value estimates; Table 6).

Table 4. Number of dead Shorea seedlings (from an initial total of 96 seedlings per species) after the first flooding event (three months) and at the end
of the experiment (24 months).
dead
dead
% death % death
Species
Soil association
(3 mo) (24 mo) (3 mo) (24 mo)
S. argentifolia
mudstone
45
56
47
58
S. johorensis
alluvial
1
12
1
13
S. leprosula
alluvial
1
30
1
31
S. macroptera
mudstone
2
13
2
14
S. parvifolia
generalist
13
45
14
47
S. xanthophylla
generalist
2
26
2
27
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Table 5. The effects of light and plot average volumetric water content (VWC), measured at
6 cm soil depth, on Shorea species survival after two years. Analyses were done for each
species separately, using generalized linear mixed effects models (96 seedlings equally distributed across eight plots). Positive estimates reveal more dead seedlings when growing in
shade or if VWC is high. See Table S2 for random effect terms.
fixed effects
light
plot average VWC (%)
Species
Estim SE
z value
P
Estim
SE
z value
P
S. argentifolia
7.48 1.79
4.18
< 0.001 0.47
0.14
3.40
0.001
S. macroptera
NS
NS
S. parvifolia
4.38 0.89
4.93
< 0.001
0.18
0.06
2.85
0.004
S. xanthophylla
NS
NS
S. leprosula
2.24 0.55
4.04
< 0.001
NS
S. johorensis
NS
NS

Table 6. The effects of light and microtopography within plots on species survival. Analyses
were done for each Shorea species separately, using generalized linear mixed effects models.
Initial number of seedlings was 96 equally distributed across eight plots. Negative estimate
for topography indicate higher mortality at lower topography; positive estimates for light indicate higher mortality in shade. See Table S3 for random effect terms.
fixed effects
microtopography
light
Species
Estim SE
z value
P
Estim
SE
z value
P
S. argentifolia
NS
5.04
2.36
2.13
0.033
S. macroptera
-0.12 0.05
-2.45
0.014
NS
S. parvifolia
NS
3.71
1.10
3.36
0.001
S. xanthophylla
-0.11 0.04
-2.54
0.011
NS
S. leprosula
NS
2.24
0.55
4.04
< 0.001
S. johorensis
NS
NS

The mixed model analyses of the effect of microtopography on the different relative
growth rates showed topographical effects for all species except for S. leprosula (Table 7;
Table S4). All of the topographical effects have positive estimate values, indicating that
growth on topographically elevated positions was higher compared to depressions. The two
fast growing species S. argentifolia and S. parvifolia (Chapter 2) revealed effects for both leaf
(RGR L ) and height (RGR H ) relative growth rates for all measurement periods (Table 7). Shorea macroptera, S. xanthophylla and S. johorensis were only affected in their RGR L during
the first year of the experiment.
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Table 7. The effects of microtopography within plots on species relative growth rates of leaf number (RGR L ),
and stem height (RGR H ), at different time periods after the start of the experiment, using linear mixed effects
models. Significant values at α = 0.05 after sequential Bonferroni correction within species. For full model
output see Table S4.
mudstone specialist species
Shorea argentifolia
Shorea macroptera
Factor
Estimate
df
α corr.
Factor
Estimate
df
α corr.
0.005
42
0.023
0.002
82
0.016
RGR L (6 mo)
RGR L (6 mo)
0.002
39
0.029
0.001
81
0.030
RGR L (12 mo)
RGR L (12 mo)
0.002
33
0.026
NS
RGR L (24 mo)
RGR L (24 mo)
0.001
42
0.023
NS
RGR H (6 mo)
RGR H (6 mo)
0.001
41
0.030
NS
RGR H (12 mo)
RGR H (12 mo)
0.001
33
0.026
NS
RGR H (24 mo)
RGR H (24 mo)
soil generalist species
Shorea xanthophylla
Factor
Estimate
df
0.003
72
RGR L (6 mo)
0.002
70
RGR L (12 mo)
RGR L (24 mo)
RGR H (6 mo)
RGR H (12 mo)
RGR H (24 mo)

α corr.
0.042
0.013
NS
NS
NS
NS

Factor
RGR L (6 mo)
RGR L (12 mo)
RGR L (24 mo)
RGR H (6 mo)
RGR H (12 mo)
RGR H (24 mo)

Shorea parvifolia
Estimate
0.007
0.003
0.002
0.001
0.001
0.001

df
69
58
41
71
59
41

α corr.
0.001
0.003
<0.001
0.012
0.010
0.002

Shorea leprosula
Estimate

df

α corr.
NS
NS
NS
NS
NS
NS

alluvial specialist species
Factor
RGR L (6 mo)
RGR L (12 mo)
RGR L (24 mo)
RGR H (6 mo)
RGR H (12 mo)
RGR H (24 mo)

Shorea johorensis
Estimate
df
0.003
84
0.001
80

α corr.
0.001
0.039
NS
NS
NS
NS

Factor
RGR L (6 mo)
RGR L (12 mo)
RGR L (24 mo)
RGR H (6 mo)
RGR H (12 mo)
RGR H (24 mo)

DISCUSSION
Soil moisture affects seedling survival among plots — Volumetric water content differed
across the eight alluvial plots (range of 41.1-61.9%; Table 3) most likely due to different elevations across the alluvial flats and landscape drainage. These soil moisture differences are reflected in the differential survival of S. argentifolia and S. parvifolia across plots (Table 3),
where mortality of seedlings of these two species was highest in the wettest plots. Both species had substantial seedling death immediately after the first flooding event in December
2006 (Table 4). Shorea argentifolia lost almost 60 percent of its seedlings, while S. parvifolia
lost almost half of the original planted seedlings after two years. Therefore, occasional flooding events in low lying alluvial areas could differentially affect species survival based on their
vulnerability to flooding, and consequently shape the distribution of larger size classes. Indeed, mature trees of S. argentifolia are largely confined to non-flooded mudstone hills at

79

MICROTOPOGRAPHY

CHAPTER 4

Sepilok, although S. parvifolia, in contrast, occurs on both flooded and non-flooded habitats
(Chapter 2). It is possible that the relatively high growth rates of S. parvifolia (Chapter 2)
allow it to occasionally escape the impacts of occasional inundation events which might disproportionately impact smaller seedlings (Kozlowski 1984). Alternatively, it might survive in
patches where flooding is less severe. Indeed, S. parvifolia is not particularly common in the
alluvial flats, and where it occurs it has a rather clumped distribution which might reflect relatively dry regions within the alluvial habitat (although other explanations such as dispersal limitation are also plausible). Tolerance to prolonged water saturation is known to be a main
determinant for tree zonation in more regularly and substantially flooded regions, as was
shown in a 10-ha rainforest plot in French Guiana where less tolerant species were located upslope relative to more tolerant species (Pélissier et al. 2001). Dipterocarp research in Sepilok
has so far focused on differential habitat association between ‘alluvial areas’ (without differentiating between alluvial flats and mudstone hills) and sandstone ridges. Species occupying
higher sandstone ridge habitats were shown to be adapted to occasional droughts which might
exclude alluvial species from this habitat in the long term (Nilus 2004, Baltzer et al. 2005,
Dent & Burslem 2009). Distributions linked to droughts have also been reported for other
non-dipterocarp species elsewhere in Sabah (Newbery et al. 1999, Gibbons & Newbery 2002)
and Panama (Comita & Engelbrecht 2009). Thus a trade-off in tolerance to dry versus wet
conditions might contribute another niche axis that can shape species coexistence in topographically variable settings.
Despite the lack of specific information on dipterocarp seedlings, there are several mechanisms by which soil inundation might detrimentally affect seedling performance. Soil inundation reduces root growth of most woody plants by inhibiting existing root growth and inducing root decay (Kozlowski 1997). Additionally, the oxygen limited conditions in flooded
soils are lethal for ectomycorrhizas (Coutts & Nicoll 1990, Stenström 1991). These factors are
expected to more substantially impact light demanding fast-growing species as high seedling
growth rate depends on an efficient functioning root system to supply the plant with the necessary resources. In addition, dipterocarp species require a functional ectomycorrhizal network to efficiently take up nutrients from the soil. Indeed, S. parvifolia and S. argentifolia, the
two species most vulnerable to flooding and soil moisture across the alluvial flats, both have
rapid rates of growth on alluvial soils relative to the other species (Chapter 2). In contrast, no
clear relationship between growth and survival in experimental waterlogged conditions was
apparent among potted seedlings of 18 tree species from terre firme or regularly inundated
sites in Panama (Lopez & Kursar 2003). These plants were, however, not grown under field
conditions and were thus not subject to competition and other environmental stresses. Additionally, they were grown under shade which might have reduced the demands on the root
system to provide the necessary resources for light-limited growth.
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Seedling performance within plots on a microtopographic scale — Soil moisture differences were also correlated to within-plot microtopographical gradients on the scale of a few tens
of centimetres (Table 1; Table 2; Fig. 1). Small depressions are the first to be inundated following heavy rains, and the last to dry out. As surface inundation following periods of heavy
rain is a regular feature of low-lying areas within SFR, small height differences of a few centimetres could determine seedling survival on the basis of susceptibility to waterlogging.
At the microtopographical within-plot scale the two species S. macroptera (mudstone specialist) and S. xanthophylla (local generalist) had a significantly higher mortality in microtopographically lower positions compared to conspecifics on more elevated positions within the
plot (Table 6). Microtopographical differences within the alluvial habitat might thus allow for
the occasional persistence of these two flood prone species on occasionally occurring microtopographically elevated positions. Indeed, both species can be found as adult trees in alluvial
flats (Chapter 2). Shorea xanthophylla is distributed throughout the entire alluvial area, whilst
S. macroptera is limited to a few areas adjacent to mudstone hills. The mudstone specialist
S. macroptera seems thus to be more sensitive to flooding and, hence, fewer suitable microsites are available within the alluvial habitat for its seedling to establish compared with the generalist S. xanthophylla. Wet shaded areas appear to be the least favourable sites for seedling
growth for any of the six Shorea species. However, S. xanthophylla reveals to be highly
shade-tolerant with respect to seedling survival and its life history characteristics under shade
conditions (Chapter 2 and 3). Thus, the combination of deep shade (which excludes competitors) and slightly drier (microtopographically elevated) microsites in alluvial habitats might
allow S. xanthophylla to persist.
Few other studies have explored microtopographical effects on tropical rainforest seedlings, so it is not clear to what extent microtopography and associated soil moisture and ephemeral inundation might determine seedling survival and, ultimately, contribute to species coexistence in this forest type. Microtopographical differences as little as 1-3 cm have been
shown to differentially affect seed germination and seedling establishment among species in
an experimental temperate wetland community, with woody perennials favouring topographically elevated sites (Vivian-Smith 1997). Prioria seedlings were shown to suffer higher mortality in microtopographic depressions of maximum 20 cm difference compared to flats or
mounds in seasonally flooded forest in Panama (Lopez & Kursar 2007). Microtopographical
depressions and elevations may also differ in ways other than soil moisture, such as in litter
depth (Molofsky & Augspurger 1992) or soil particle size (Harper et al. 1965). The deleterious effects of regularly waterlogged or flooded soils on plant growth are, however, well established (Kozlowski 2000, Parolin et al. 2004). Prolonged inundation adversely affects plants
by altering soil structure, depleting O 2 , accumulating CO 2 , inducing anaerobic decomposition
of organic matter, and causing accumulation of potentially toxic compounds (Kozlowski
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2000, Parolin et al. 2004). Flooding tolerance of riparian forest species varies among plant
species, and this is often reflected by the change in species dominance along river banks (Kozlowski 2000). While these studies investigated the tolerance of adult trees, rather than seedlings, in areas where flooding is more substantial and extended, one study on temperate tree
seedlings has shown that short flooding events can rapidly kill seedlings of Abies fraseri
which suffer rapid root decay and mortality within 24 to 48 hours of a flooding event (Kenerley et al. 1984). Considerable variation in flood tolerance among congeneric species has also
been noted in Prunus, Nyssa, Pinus and Salix (Kozlowski 2000).
All species except S. leprosula had higher relative leaf growth rates if located on elevated
sites. Moreover, the two fastest growing species S. argentifolia and S. parvifolia had lower relative height growth rates in depressions (Table 7). Shorea macroptera, S. xanthophylla and
S. johorensis seem to become less flood sensitive with increasing seedling age. Table 7 shows
that their relative leaf growth rates were not significantly different between depressions and
elevations if measured over the two year study period (RGR L 24 mo), while the preceding
measurements clearly differed. This might reflect either a filtering effect whereby early
mortality of the most susceptible seedlings leads to a higher average tolerance of the
remaining seedlings, or increased tolerance to waterlogging by virtue of increased size of the
growing seedlings in later time periods, or both. Soil inundation has been shown to suppress
leaf formation and expansion, accelerate leaf senescence and abscission, and reduce height
growth, in a variety of other tropical seedlings (Lopez & Kursar 2003), as well as non-tropical
trees (Kozlowski 1997). Even small reductions in seedling growth rates, caused by recurrent
flooding events in the alluvial flat habitat, might be crucial for long term competition as
seedling size at the time of gap formation has been suggested to be the most important factor
for seedling survival and growth (Brown & Whitmore 1992). Additionally, seedlings stressed
by inundation might be more vulnerable to herbivore attack (Chapter 3), which has also been
linked to higher seedling mortality of dipterocarps at Sepilok (Chapter 3, Eichhorn et al. 2010).
Inundation sensitivity of generalists and specialists — We were expecting to find differences among alluvial and mudstone hill specialists in their response to microtopographical
gradients, with alluvial specialist showing the least sensitivity to flooding, while soil generalist and mudstone hill specialist species being more vulnerable. Patterns of susceptibility are
not easy to determine owing to different effects on both growth and mortality, interactions
with light, and changing vulnerabilities with time. The most susceptible species were the
mudstone hill specialist S. argentifolia and the soil generalist S. parvifolia. Both these species
had high mortality in the wettest plots (Table 3; Table 5), and after flooding events (Table 4).
On microtopographical scales (within plots), seedling height and leaf growth rates of both
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species were substantially curtailed at lower microelevations (Table 7). The susceptibilities of
S. macroptera, a mudstone hill specialist, and S. xanthophylla, a soil generalist, were only apparent within plots at the microtopographical scale, with both species having higher mortality
and lower relative leaf growth rate in depressions. This suggests susceptibility to waterlogging that unfolds gradually, perhaps exacerbated by competition with other species, and in response to occasional flooding events. The persistence of the two soil generalists, S. xanthophylla and S. parvifolia on alluvial soils which have high mortality or low growth rate, respectively, in low elevation microsites, is likely due to an interaction between soil moisture
and light: S. xanthophylla survives in relatively dry (higher microelevation) and heavily
shaded conditions while S. parvifolia maintains relatively high growth rates in canopy gaps
(Chapter 2), but again requires slightly elevated locations to do so. The alluvial specialists,
S. johorensis and S. leprosula, were hardly affected by soil water content, inundation or
microtopography, as expected based on their adult distributions. Only relative leaf growth rate
of S. johorensis was affected by soil water content. Shorea leprosula is known to be quite
common in recent alluvium prone to frequent and prolonged wet season flooding in southwestern Kalimantan (G. Paoli, pers. comm.), suggesting a degree of tolerance to flooding.
Conclusions — Few studies have addressed the impacts of occasional inundations and soil
waterlogging on tropical tree seedlings (but see Lopez & Kursar 2003), yet our study indicates
that microtopographical effects on seedling performance mediated through seedling soil moisture tolerances could be substantial. This, coupled with, at the other extreme, susceptibility to
drought effects (Newbery et al. 1999, Baltzer et al. 2005), may contribute to the differentiation of species along micro- and macro-topographical and/or soil moisture gradients.
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SUPPLEMENTAL MATERIAL
Table S1. Relative microtopographic elevation of all microhabitat positions of each Shorea species in each plot. Presented are mean,
variation and range (min/max) values in cm
scale.
species
mean
var
range
S. argentifolia
16.7
135.7 0 - 52
S. johorensis
16.1
128.4 0 - 44.5
S. leprosula
18.0
146.0 2 - 52.5
S. macroptera
16.8
139.2 0 - 54.5
S. parvifolia
18.4
151.5 0 - 56.5
S. xanthophylla
16.9
92.0 0 - 41

Table S2. Random effect terms of the analysis of
plot average volumetric water content (VWC; Table 5), measured at 6 cm soil depth, on Shorea species survival after two years. Analyses were done for
each species separately, using a GLMM (96 seedlings equally distributed across eight plots). Positive
estimates reveal more dead seedlings when growing
in shade of if VWC is high.
random effect intercept
z
Estim
SE
P
value
S. argentifolia
-26.51 7.49 -3.54 < 0.001
S. macroptera
-1.85 0.30 -6.22 < 0.001
S. parvifolia
-11.34 3.51 -3.24
0.001
S. xanthophylla
-1.26 0.49 -2.56
0.010
-2.15 0.47 -4.55 < 0.001
S. leprosula
-1.93 0.31 -6.26 < 0.001
S. johorensis

Table S3. Random effect terms of the analyses of
microtopography within plots on species survival
(see also Table 6). Analyses were done for each
Shorea species separately, using a GLMM. Initial
number of seedlings was 96 equally distributed
across eight plots. Negative estimate for topography indicate higher mortality at lower topography;
positive estimates for light indicate higher mortality in shade.
random effect intercept
z
Estim SE
P
value
S. argentifolia
-1.57 1.62 -0.97
0.333
S. macroptera
-0.39 0.56 -0.70
0.485
S. parvifolia
-2.19 0.81 -2.70
0.007
S. xanthophylla
0.36 0.87
0.41
0.679
S. leprosula
-2.15 0.47 -4.55 <0.001
S. johorensis
-1.93 0.31 -6.26 <0.001

88

CHAPTER 4

MICROTOPOGRAPHY

Table S4. The effect of microtopography (topo) within plots on species relative growth rates of leaf number
(RGR L ) and stem height (RGR H ) at different time periods after the start of the experiment, using an LMM,
without accounting for Bonferroni correction and testing for interaction effects (see also Table 7).
Shorea argentifolia
Shorea macroptera
RGR L
RGR L
Value
SE
df
t
P
Value
SE
df
t
P
(6 mo)
(6 mo)
(intercept)
0.08
0.06 42 1.25 0.218
(intercept)
0.04
0.02 82 1.74 0.085
light
-0.27
0.07
4 -3.91 0.017
light
-0.07
0.02
6 -3.19 0.019
topo
0.01 <0.01 42 3.00 0.005
topo
<0.01 <0.01 82 2.71 0.008
Observ
49
Observ
91
Groups
6
Groups
8
RGR L
RGR L
Value
SE
df
t
P
Value
SE
df
t
P
(12 mo)
(12 mo)
(intercept)
0.14
0.04 39 3.65 <0.001
(intercept)
0.08
0.01 81 6.37 <0.001
light
-0.19
0.05
4 -3.96
0.016
light
-0.09
0.01
6 -6.67 <0.001
topo
<0.01 <0.01 39 2.27
0.029
topo
<0.01 <0.01 81 2.21
0.030
Observ
46
Observ
90
Groups
6
Groups
8
RGR L
RGR L
Value
SE
df
t
P
Value
SE
df
t
P
(24 mo)
(24 mo)
(intercept)
0.12 0.02 33 4.73 <0.001
(intercept)
0.10 <0.01 74 22.4 <0.001
light
-0.16 0.04
3 -4.51
0.020
light
-0.10
0.01
6 -15.2 <0.001
topo
<0.01 <0.01 33 2.80
0.009
Observ
39
Observ
82
Groups
5
Groups
8
RGR H
(6 mo)
(intercept)
topo
Observ
Groups
RGR H
(12 mo)
(intercept)
topo
Observ
Groups
RGR H
(24 mo)
(intercept)
topo
Observ
Groups

Value

SE

df

t

P

<0.01 0.01
<0.01 <0.01
49
6

42
42

0.44
2.65

0.660
0.011

Value

df

t

P

0.01 0.01
<0.01 <0.01
48
6

41
41

0.88
2.81

0.384
0.008

Value

df

t

P

33
33

1.51
3.06

0.141
<0.004

SE

SE

0.02
0.01
<0.01 <0.01
39
5

Shorea parvifolia
RGR L
Value
SE
(6 mo)
(Intercept)
-0.12
0.06
topo
0.01 <0.01
Observ
78
Groups
8

df
69
69

t

P

-1.85 0.069
4.15 <0.001

RGR H
(6 mo)
(intercept)
light
Observ
Groups
RGR H
(12 mo)
(intercept)
light
Observ
Groups
RGR H
(24 mo)
(intercept)
light
Observ
Groups

Value

SE

t

P

0.06 <0.01
-0.06
0.01
92
8

84 14.2
6 -10.5

Value

df

SE

t

<0.001
<0.001

P

0.06 <0.01
-0.05 <0.01
91
8

83 22.2 <0.001
6 -14.6 <0.001

Value

df

SE

0.05 <0.01
-0.05 <0.01
82
8

Shorea xanthophylla
RGR L
Value
SE
(6 mo)
(Intercept)
-0.03
0.03
topo
<0.01 <0.01
Observ
81
Groups
8

89

df

t

P

74 30.3 <0.001
6 -19.9 <0.001

df

t

P

72
72

-1.16
2.07

0.248
0.042
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RGR L
(12 mo)
(Intercept)
light
topo
Observ
Groups
RGR L
(24 mo)
(Intercept)
light
topo
Observ
Groups
RGR H
(6 mo)
(Intercept)
topo
Observ
Groups
RGR H
(12 mo)
(Intercept)
Light
Topo
Observ
Groups
RGR H
(24 mo)
(Intercept)
Topo
Observ
Groups

Value

SE
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df

0.09
0.04
-0.14
0.05
<0.01 <0.01
67
8

58
6
58

Value

df

SE

t

2.28 0.026
-2.87 0.028
3.45 0.001

t

0.09
0.02
-0.10
0.03
<0.01 <0.01
49
7

41 4.05
5 -3.16
41 5.10

Value

df

SE

0.01
0.01
<0.01 <0.01
80
8
Value

SE

t

71 1.03
71 2.82

df

t

0.05 0.01
-0.05 0.01
<0.01 <0.01
68
8

59 4.83
6 -4.19
59 2.65

Value

df

SE

0.02 0.01
<0.01 <0.01
49
7

P

t

41 1.97
41 3.72

Shorea johorensis
RGR L
Value
SE
df
t
(6 mo)
(Intercept)
0.07 0.02 84 3.55
light
-0.06 0.02 6 -3.24
topo
<0.01 <0.01 84 3.81
Obser
93
Groups
8
RGR L
Value
SE
df
t
(12 mo)
(Intercept)
0.09 0.01 80 6.48
light
-0.07 0.01 6 -5.16
topo
<0.01 <0.01 80 2.10
Obser
89
Groups
8

P
<0.001
0.025
<0.001

P
0.306
0.006

P
<0.001
0.006
0.010

P
0.056
<0.001

P
<0.001
0.018
<0.001

P
<0.001
0.002
0.039

RGR L
(12 mo)
(Intercept)
topo
Observ
Groups
RGR L
(24 mo)
(Intercept)
light
Observ
Groups

RGR H
(6 mo)
(Intercept)
Observ
Groups
RGR H
(12 mo)
(Intercept)
Light
Observ
Groups
RGR H
(24 mo)
(Intercept)
Light
Observ
Groups

Value

df

t

P

70
70

-0.25
2.80

0.780
0.007

df

t

P

0.05 <0.01
-0.04 <0.01
70
8

62
6

9.41
-5.46

<0.001
0.002

Value

df

t

P

<0.01
0.01
<0.01 <0.01
79
8
Value

90

SE

SE

0.01
<0.01
83
8
Value

SE

75 3.39

df

t

0.03 <0.01
-0.03 <0.01
79
8

71 9.84
6 -5.51

Value

df

SE

0.04 <0.01
-0.03 <0.01
70
8

Shorea leprosula
RGR L
Value
(6 mo)
(Intercept)
0.11
light
-0.15
Obser
93
Groups
8
RGR L
(12 mo)
(Intercept)
light
Obser
Groups

SE

t

62 12.29
6 -7.89

0.001

P
<0.001
0.002

P
<0.001
<0.001

SE

df

t

P

0.01
0.02

85
6

8.53
-8.04

<0.001
<0.001

Value

SE

df

t

P

0.14
-0.17
88
8

0.01
0.02

80
6

11.96 <0.001
-10.20 <0.001
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RGR L
(24 mo)
(Intercept)
light
Obser
Groups
RGR H
(6 mo)
(Intercept)
light
Obser
Groups
RGR H
(12 mo)
(Intercept)
light
Obser
Groups
RGR H
(24 mo)
(Intercept)
light
Obser
Groups

MICROTOPOGRAPHY

Value
0.11
-0.08
82
8
Value
0.04
-0.04
93
8
Value

SE

df

t

0.01 74 21.85 <0.001
0.01 6 -11.27 <0.001

SE

df

t

0.01 85 5.23
0.01 6 -3.52

SE

df

t

0.04 <0.01 83 11.15
-0.04 0.01 6 -7.41
91
8
Value

P

SE

df

t

0.05 <0.01 74 11.72
-0.05 0.01 6 -7.83
82
8

P
<0.001
0.013

P
<0.001
<0.001

P
<0.001
<0.001

RGR L
(24 mo)
(Intercept)
light
Obser
Groups
RGR H
(6 mo)
(Intercept)
light
Obser
Groups
RGR H
(12 mo)
(Intercept)
light
Obser
Groups
RGR H
(24 mo)
(Intercept)
light
Obser
Groups

91

Value

SE

df

0.14
-0.14
64
8

0.01
0.01

56
6

Value

SE

df

0.05
-0.05
94
8

<0.01
0.01

86
6

Value

SE

df

0.05 <0.01
-0.04 <0.01
92
8

84
6

Value

SE

df

0.05 <0.01
-0.05 <0.01
64
8

56
6

t

P

14.71 <0.001
-10.21 <0.001

t

P

12.83 <0.001
-8.70 <0.001

t

P

17.13 <0.001
-11.10 <0.001

t

P

20.04 <0.001
-12.09 <0.001

CHAPTER 5
General conclusion

SOIL GENERALIST TREE SPECIES – A PARADOX FOR NICHE THEORY?
Many tropical tree species are non-randomly distributed according to edaphic environmental
heterogeneity (Baillie et al. 1987, Duivenvoorden 1995, Clark et al. 1999, John et al. 2007).
In the Gunung Palung National Park on Borneo, 35 percent of 49 abundant tree species in a
150-ha area of hill dipterocarp forest were significantly associated with particular habitat
types (Webb & Peart 2000). Sixty percent of tree species sampled in 50-ha plots in Barro Colorado Island (Harms et al. 2001) and Cameroon (Chuyong et al. 2011) showed edaphic associations. These numbers indicate that niche differentiation across soil characteristics is an important mechanism for species coexistence in tropical tree communities (Wright 2002, Leigh et al. 2004). Yet about half of the species in the abovementioned studies showed no significant soil association. In a landscape scale analysis, Pitman (1999) concluded that the great
majority of investigated tree species in the Manu National Park in Peru (825 species in a
40’000-ha) are habitat generalists occurring over large areas of the Amazonian lowlands, and
only 20 percent appear to be restricted to a single forest type. The abundant occurrence of
edaphic generalist tree species imposes a challenge for niche differentiation along soil gradients, where generalists are expected to be outcompeted by soil specialist species (Silvertown 2004).
Our experiment with six co-occurring Shorea species sought to explore the mechanisms
by which soil generalist tree species can coexist with soil specialists. We chose to work on six
Shorea species as the challenge of coexistence is expected to be at its most severe among
closely related species. Indeed, the island of Borneo exemplifies this challenge at a larger
scale in that its lowland rain forests are dominated by a single tree family, the Dipterocarpaceae, the many species of which coexist in highly diverse stands (Ashton 1988, Newman et al.
1996). We chose six congeneric Shorea species coexisting within the same local environment
in the Sepilok Forest Reserve (SFR). The genus Shorea is the most species rich of the dipterocarp genera in Borneo (Slik et al. 2003), although it is now known that the genus overall is
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polyphyletic (Gamage et al. 2006). Nevertheless, its species are morphologically, phenologically and ecologically rather similar. This apparent similarity in reproductive biology, life
history traits and habitat requirements is highly provocative for testing niche segregation. Additionally, the alluvial and mudstone habitats in SFR are not very different in their soil characteristics (Chapter 2; Nilus 2004), and indeed these two soil environments have been treated
as one soil type in previous field studies (Dent et al. 2006, Baltzer & Thomas 2007, Eichhorn & Compton 2008). The edaphic similarity between the two soil environments is reflected
in the adult distribution of the ‘specialist’ species (Chapter 2). Both groups of specialist species, except for S. argentifolia which is only found on mudstone hills in SFR, also occur on
the less favoured soil type but at much lower frequency. Despite this ‘leaky segregation’ it is
clear that some species are favoured on one or other of the soil types, while two of the six species show no such response and occur on both soil types more or less equally.
The reciprocal transplant experiment between the two light and soil treatments intended to
investigate differential seedling growth and survival under differing soil and light environmental conditions. We further investigated if herbivory plays a role in determining seedling
performance (and by extension adult distributions). We hypothesised for species growth and
survival rates that specialist species would have a competitive advantage if grown on their native soil type, compared to generalist and specialist of the alternative soil type. For the impact
of herbivory we followed to objectives. The first was a comparative evaluation of species'
ecologies in terms of leaf traits and herbivory damage across soil types. Like for growth and
survival investigations, we expect that species adapted to a particular soil type perform best
on that soil type compared to generalist and specialist species, but performance in this case
being reflected in the amount of herbivory. The second objective was to investigate the implications of the growth-defence trade-off on species leaf traits, investment in tannic leaf compounds and leaf herbivory damage. Fast-growing species, commonly associated with resource
rich habitats, were expected to have low investment in chemical defence and thus suffer
greater amounts of herbivory damage, while species associated with resource limited habitats
were expected to reveal the opposite traits. The combination of species responses to abiotic
and biotic environmental factors were expected to reveal multiple trade-offs by which the coexistence of these six congeneric species might be explained.

SPECIES TRAITS ALIGN ALONG DEMOGRAPHIC AND GROWTHDEFENCE TRADE-OFFS

Most species of the genus Shorea are shade-tolerant, implying that they can germinate and
establish under shade conditions, while most rely to some degree on gap formation for further
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growth and survival. Although being ecologically similar in their life history strategies, Shorea seedling life history traits are expected to be aligned along the well known trade-off gradient of fast growth under high resource (e.g. high light) versus high survival under low resource (e.g. low light) conditions (Brown et al. 1999, Aiba & Nakashizuka 2005, Aiba & Nakashizuka 2007, Baltzer & Thomas 2007, Dent & Burslem 2009). This trade-off is associated
with a variety of other traits including investment in defence against (and hence susceptibility
to) herbivory. The impact of herbivores on seedlings is substantial in tropical environments
(Coley & Barone 1996, Schemske et al. 2009), and thus plants face a trade-off linked to allocation of resources to growth or defence (Herms & Mattson 1992, Viola et al. 2010).
With respect to the six species tested in this study, the ‘trade-off axis’ spans between the
fast growing and light demanding S. leprosula at one end to the slow growing shade tolerant
S. xanthophylla at the other. Shorea leprosula rapidly produces a large area of highly productive (high specific leaf area) leaves that powers its rapid growth under high light conditions
(Chapter 2 & 3). Its fast growth rate is also reflected in its high leaf turnover (reflected in the
low mean leaf age; Chapter 3). However, S. leprosula seedlings suffered high herbivory damage, and indeed its leaves have little in the way of secondary defence compounds (Chapter 3). Under shade conditions, S. leprosula suffers comparatively high mortality as there is
insufficient light to maintain its high growth rate (Chapter 2) and also partly due to herbivore
damage (Chapter 3). By contrast, S. xanthophylla followed a resource conservative strategy,
where low growth rates, even under gap conditions, seem to be the price paid for high seedling tolerance (and survival) under shade (Chapter 2). In a resource conservative strategy,
leaves are highly valuable and are built for long-term payback of carbon investment (Poorter et al. 2004, Poorter et al. 2006, Poorter & Bongers 2006). Thus, the low specific leaf area
combined with long-lived leaves fit this strategy (Chapter 3). Additionally, S. xanthophylla
leaves were well protected with high tannin concentration, which is reflect by low herbivory
(Chapter 3). The other four species are intermediate between S. leprosula and S. xanthophylla
and their demographic as well as growth-defence trade-off trait variations can be aligned with
increasing shade tolerance from S. argentifolia, S. parvifolia, S. johorensis to S. macroptera.

SEEDLING PERFORMANCE PARTLY EXPLAIN ADULT TREE DISTRIBUTION
The two habitats chosen for the reciprocal transplant experiment (alluvial and mudstone)
mainly differed in their abiotic conditions. The mudstone soils were more acidic (pH and exchangeable acidity), and had higher aluminium and lower phosphorus concentrations (Chapter 2), making them generally less favourable for plant growth (Delhaize & Ryan 1995, Sollins 1998, Paoli et al. 2005). On the other hand, alluvial soils were subjected to ephemeral flooding events, presumably creating anoxic soil conditions (soil surface disturbance in some
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alluvial areas at SFR resulted in a rotten-egg smell indicative of H 2 S characteristic of anoxic
conditions), which are highly stressful for plant growth and survival (Kozlowski 2000). Indeed, seedling survival on alluvial soils was linked to elevation and soil moisture on microtopographic centimetre scale (Chapter 4). The amount of herbivory damage did not differ
between the two soil environments (Chapter 3) and thus as such does not appear to substantially shape species soil associations as found, for example, by Fine (2004). However, the species with the highest amounts of herbivory in our experiment were alluvial specialists. Hence,
if mudstone environments generally limit seedling growth, fast-growing species like the alluvial specialist S. leprosula may be less resilient to herbivory on mudstone soils. However, to
confirm this theory a longer experiment with differential herbivore exclusion would be required. Nonetheless, the patterns are consistent with our findings.
Adult tree distribution on alluvial soils can partly be explained by growth rates and survival of seedlings. The light-demanding mudstone specialist S. argentifolia is possibly excluded
from alluvial habitats by suffering high seedling loss caused by both soil waterlogging (Chapter 4) as well as growth under shade (Chapter 2). The other mudstone specialist S. macroptera
is outperformed in alluvial gaps by higher growth of both alluvial specialists S. leprosula and
S. johorensis (Chapter 2). Shorea macroptera is also sensitive to soil waterlogging in terms of
survival and leaf growth on microtopographic scales (Chapter 4), underscoring its predominantly mudstone adult distribution. Under alluvial shade conditions, however, growth and survival of S. macroptera is comparable to S. johorensis, which has higher herbivory damage.
The two alluvial soil specialists revealed very strong height and total growth in alluvial
gaps (Chapter 2). Their coexistence could be derived from the slightly different light response
as S. leprosula has slightly higher performance under high light conditions. Conspicuously,
S. leprosula is the only species which appears insensitive to soil waterlogging in terms of both
survival and growth (Chapter 4). This might give its seedlings a competitive advantage in the
frequently flooded alluvial flat soils. However, high herbivory on its leaves, which is likely to
be due to low concentration of leaf tannin compounds, is substantial relative to other species,
and even though it does not obviously appear to affect its growth rate it negatively affects
seedling survival (Chapter 3). Shorea johorensis can coexist with S. leprosula by following a
more shade tolerant strategy and competing with higher seedling survival under shade conditions (Chapter 2). Additionally, S. johorensis suffers less herbivore damage, most possibly related to the higher tannin concentration in its leaves, but its seedling survival does not appear
to be affected by herbivory (Chapter 3).
Adult tree distributions on mudstone soils can also be partly explained by growth rates
and survival of species. The two mudstone specialists differ in their life history strategies.
Shorea argentifolia has strong performance under mudstone gap conditions, and outperforms
both alluvial specialist species. High growth rates of this species are traded off with low survi-
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val under shade (Chapter 2). The rate of herbivory in gaps of S. argentifolia is very low,
which could be an effect of physical leaf defence by hairs (Chapter 3). The other mudstone
specialist, S. macroptera, is highly tolerant of shade conditions, demonstrated by the highest
survival rate of any species under mudstone shade conditions. It is possible that it outlasts the
two alluvial specialists on mudstone soils under shade by its shade tolerance. Shorea macroptera also has very low amounts of herbivory (and high tannin content), and herbivory has no
impact on short-term survival in this species (Chapter 3).
The two generalist species have contrasting life history strategies. Shorea parvifolia likely
competes with the two light demanding species S. leprosula and S. argentifolia on alluvial
and mudstone soils respectively. Its coexistence with S. leprosula in alluvial gaps could be
due to higher seedling loss and reduced growth due to flooding sensitivity of S. parvifolia
(Chapter 4), while S. leprosula suffers higher seedling loss due to higher herbivore damage.
Shorea xanthophylla, the other generalist species, has a very different life history strategy to
S. parvifolia in that is highly shade tolerant, with slow growing seedlings even under high
light conditions, but high survival under shade (Chapter 2) and high investment in leaf defence (Chapter 3). We expected that Shorea xanthophylla (a subcanopy species as an adult)
persists in shade environments on both alluvial and mudstone soils by outlasting its competitors.

IMPORTANCE OF ABIOTIC AND BIOTIC INTERACTIONS
One objective of this thesis was to investigate how informative abiotic and biotic factors, as
well as their interactions, are in explaining the paradox of generalist species to niche theory.
We could show that niche separation along abiotic factors (mainly light and flooding) associated with biotic factors (i.e. herbivory) do play an important role in local species coexistence,
although these factors account for only for a small fraction of the niche axes along which dipterocarp species might be differentiated. The two differing light treatments used in this experiment primarily disclosed the different life history strategies of the six Shorea species at the
seedling stage. Since rainforests consist of a variety of different sized canopy openings (Denslow 1987), it can be speculated that further variation in light levels might have revealed differential species responses. For recent canopy gaps, the tallest seedlings, irrespective of species
affiliation, are often the most successful in establishing (Brown & Whitmore 1992, Baraloto et al. 2005, Davies & Semui 2006). Thus, a model in which different species attain different heights achieved through differential adaptation to light gaps of variable size, may help to
explain species coexistence.
The soils of the alluvial and mudstone habitat mainly differed in the concentrations of
phosphorus, aluminium and soil acidity (Chapter 2). In earlier studies, differing soil phospho97
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rus concentrations were shown to be important in niche partitioning of dipterocarp tree communities in Borneo (Baillie et al. 1987, Paoli et al. 2005, 2006, Paoli et al. 2008). Since all
dipterocarps form ectomycorrhizal associations and since these symbionts are known to play
an important role in phosphorus uptake (Smith & Read 2008), interactions with mycorrhiza
fungi could be an additional niche axis for species to coexist. High aluminium concentrations
are known to cause abnormal root formation (Robson 1989, Delhaize & Ryan 1995, Kochian et al. 2005). Adaptations to elemental toxicity in soil solutions may thus represent another
niche axis. Furthermore, ectomycorrhizal fungi differ in their aluminium resistance, as well as
differentially affect host plant aluminium assimilation (Marschner et al. 1999). Thus an interaction of aluminium concentration, mycorrhizal association and host aluminium specificity in
an environment with spatiotemporal effects of ephemeral flooding events could open up additional niche space.
The impact of herbivory in shaping tropical tree communities is known to be strong (Janzen 1970, Connell 1978, Coley & Barone 1996, Schemske et al. 2009). Additionally, the influential study by Fine et al. (2004) convincingly showed how edaphic habitat specialisation
of tropical tree species may be driven by differential herbivore pressure. Indeed, we found differential herbivory damage on the species, which could partially be related to leaf tannin concentration. We also showed that herbivory negatively affects seedling survival and, thus, affects seedling performance at its most extreme form. Differential effects of herbivory are,
however, not yet well understood (Marquis 2005), especially the effect on seedling mortality
caused by low herbivory damage levels. Nevertheless, it can be expected that the high plant
species richness in the tropics triggers the occurrence of a rich and specialised herbivore and
predator community, which by themselves create environmental heterogeneity. Thus, environmental heterogeneity (and the potential for specialisation) is not just limited to the physical
environment, it can be created by the organisms themselves (Vermeij 2005) - another Pandora’s box which is waiting to be opened in the tropics.

CONCLUSION
This study investigated a limited set of the environmental factors affecting species performance. Other factors and mechanisms have to be taken into account to fully explain species
niche segregation and thus resolve the apparently paradoxical coexistence of generalist and
specialist species. Indeed, other species traits and trade-offs, some of which are mentioned
above, might render the apparent generalist as ‘cryptic specialists’ and thus resolve the generalist paradox.
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