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Preface

It is not hyperbole to say that there has been
an explosion of research on tropical forest ecol-
ogy over the past few decades. The establishment
of large forest dynamics plots in tropical forests
worldwide, in and of itself, has led to a near rev-
olution in our understanding of forest change. In
addition, there has been a substantial increase in
the use of models and experiments to test long-
standing theories developed to explain the striking
patterns found in tropical forests and the putative
mechanisms that underlie these patterns. When
we started this project, we felt that a compre-
hensive synthesis of tropical forest community
ecology was necessary in order to help the field
move forward. Of course, no single volume could
do this. Nonetheless, this book is our attempt to
make a significant contribution to the field, and to
ask anew: What are the main theories in tropical
ecology, and which ones are supported or refuted
by empirical data? Thus, we have attempted to
assemble a volume that describes the most up-to-
date findings on the important theories of tropical
forest community ecology. We hope that this book
accomplishes this goal to the degree possible, while
at the same time providing a road map of what we
know, what we think we know, and where future
research is most needed.

The focus of the chapters in the volume is at
the community level because this is where some
of the most fundamental questions in tropical
ecology exist. Indeed, perhaps the greatest chal-
lenge to community ecologist is to explain what
processes account for the maintenance of the stag-
gering diversity of plants and animals common in
tropical forests around the globe. Still, our empha-
sis on communities definitely reflects our bias as
community ecologists. While we have focused on
communities, we certainly recognize the impor-
tant contributions to tropical ecology that have
come from those who study different levels of

ecological organization. Indeed, it is difficult to
understand communities without understanding
the ecology of populations and individuals. We
decided to focus on forest communities because,
to date, that is where the bulk of research on trop-
ical community ecology has been conducted. We
acknowledge that our focus has forced us to omit
many important studies. Nonetheless, the empha-
sis on tropical forest community ecology provides
enough material to fill multiple edited volumes,
and thus we have attempted to focus on the areas
that have received the most empirical attention,
along with some topics that are currently nascent,
but are rapidly becoming key areas in tropical
ecology.

Each chapter in this book was reviewed by at
least two relevant experts. We thank these review-
ers for their efforts and we are indebted to all of
them. We will not list them by name, thus allow-
ing them to remain anonymous. We also thank the
production team at Newgen Imaging Systems, and
our editors at Blackwell for guiding us through the
publication process.

This book, as with all edited volumes, would
not have been possible without the dedicated con-
tributions of the authors, each of whom is an
expert in his or her respective area of study. For
their hard work, truly top-notch contributions,
and their patience throughout this process, we
owe them a great deal of gratitude. This book is a
tribute to their research, along with the research
of all of the other scientists whose work is cited in
this volume.

Walter P. Carson
Pittsburgh, Pennsylvania

2007

Stefan A. Schnitzer
Gamboa, Republic of Panama

2007
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Foreword

The present volume captures the excitement gen-
erated by an explosion in tropical forest research.
When I was a graduate student in the late 1970s,
it seemed to be possible to read every new arti-
cle published on tropical forests. The ISI Web of
Science© confirms this schoolboy memory. Just
289 articles published between 1975 and 1979
included the words “forest*” (for forest, forested
or forests) and the name of a tropical country
(or tropic*) in their titles. By reading just one or
two articles a week, I was able to keep abreast
of the entire literature on tropical forests. This
would be nearly impossible today. Between 2002
and 2006, 2593 articles met the criteria described
above reflecting a nine-fold increase in the rate
of publication of tropical forest articles since the
late 1970s. This explosion has been driven by
new discovery; new theory; new technology; new
challenges posed by global change, deforestation
and other threats to tropical biodiversity; and
ongoing interest in theory posed in the 1970s
and earlier. This volume illustrates each of these
developments.

In the 1970s, we all “knew” that ants were
predatory with the exception of an insignificant
few observed at extrafloral nectaries. No one
guessed that plant exudates supported most of the
great biomass of ants (Chapter 6). Likewise, no one
guessed that plants consisted of a mosaic of plant
plus endophytic fungi and that the endophytic
fungi were hyperdiverse with tens to hundreds of
species inhabiting each leaf in the forest (Chapter
15). The roles of herbivorous ants and endo-
phytic fungi are only beginning to be explored,
and their implications for forest biology are poten-
tially profound. New theories of chance, dispersal
and seed limitation (Chapters 2, 8 and 14) and
new tradeoffs postulated between fecundity and
habitat tolerance (Chapter 11) also hold the poten-
tial to change our understanding of how tropical

forest communities are structured and are only
now beginning to be explored.

In the 1970s, we would have been mysti-
fied by functional (Chapter 10) and phylogenetic
(Chapter 20) approaches to plant community
ecology and the knowledge base in physiology,
morphology and molecular genetics that makes
these approaches possible today. Both approaches
have the potential to reduce the immense number
of species of tropical forest plants to a man-
ageable number of ecologically distinct groups
or crucial relationships among species’ traits.
Today, we are striving to bring functional, phy-
logenetic and ecological approaches together for
6000 plus tropical tree species found in the
network of large Forest Dynamics Plots main-
tained by the Center for Tropical Forest Science
(Chapter 7).

A graduate student in the late 1970s would
have been familiar with the plant favorable-
ness (Chapters 3 and 4), regeneration niche
(Chapter 6), Janzen–Connell (Chapter 13) and
bottom-up versus top-down hypotheses (Chapters
16–19 and 21) addressed by one third of the
chapters in this volume and would be delighted
to read the progress summarized here. I was also
familiar with the potential of large forest plots –
Robin Foster and Steve Hubbell were busy gener-
ating excitement for a grand new plot when I was a
graduate student on Barro Colorado Island – and
it is also a delight to see that potential realized
(Chapter 7). Likewise, Phyllis Coley and I were
contemporaries as graduate students on BCI as
she revolutionized the study of herbivory (and I
muddled about with island communities of birds
and lizards), and it is a delight to see many of
her ideas extended to a new framework to explain
herbivory gradients across tropical rainfall gradi-
ents (Chapter 5) and to bioprospecting for new
pharmaceuticals (Chapter 25).
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xii Foreword

The final section of this volume (Chapters
22–28) would shock a 1970s graduate student.
A potential tropical deforestation crisis was only
first publicized in the early 1970s (Gómez-Pompa
et al. 1972 Science 177, 762–765). The severity
of deforestation in 2007 and the many exacer-
bating problems (Chapters 24, 26 and 27) would
be entirely unexpected. The potential for solutions
through natural secondary succession on aban-
doned agricultural land (Chapters 22 and 23)
and conservation action (Chapter 25) proposed,
in some cases, by my peers from the late 1970s on
BCI would be equally surprising and heartening.

Where do we go from here? What might a grad-
uate student do in 2007 to have the greatest
future impact? There are many answers. Spectac-
ular new data sets are being made available by
the Angiosperm Phylogeny Group, by several new
efforts to assemble global plant and animal trait
data, and by the new remote sensing technologies
mobilized in global change research. Those trained
to capitalize on these and other similar data sets
will make many important contributions.

Simultaneously, we are still in the age of dis-
covery in tropical forest ecology. No one suspected
that there might be millions of species of endo-
phytic fungi in tropical leaves until Elizabeth
Arnold looked starting in 1996. We are equally
ignorant of the roles of myriad other organ-
isms. Even the local point diversity of herbivorous
insects remains an unknown. Basic discovery will

continue to make many crucial contributions to
tropical forest ecology.

Finally, I will return to the nine-fold explo-
sion in tropical forest publication rates mentioned
in the first paragraph. The publication rate for
extra-tropical forests increased just 4.3-fold over
the same time interval. This latitudinal differ-
ence has been driven by a 15-fold increase in
publication rates for authors from tropical coun-
tries. The increase in tropical forest publication
rates falls to 5.8-fold when authors with tropical
addresses and unknown addresses are excluded.
The rapid increase in publication rates for authors
from tropical countries is very uneven. Scientists
from Brazilian and Mexican institutions increased
their rate of tropical forest publications by 71-fold
between 1975–1979 and 2002–2006 (from just
9 to 644 articles). Perhaps not surprisingly the
authors of this volume include one Brazilian
(Chapter 21) and two Mexicans (Chapter 5).
Increasingly, scientists from Brazil, Mexico, and
other tropical countries will formulate the trop-
ical forest research agenda and determine what
research has the greatest future impact. This is a
positive development.

S. Joseph Wright
Smithsonian Tropical Research Institute

Apartado 0843-03092, Balboa
Republic of Panama
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Chapter 11

COLONIZATION-RELATED
TRADE-OFFS IN TROPICAL
FORESTS AND THEIR ROLE IN
THE MAINTENANCE OF PLANT
SPECIES DIVERSITY

Helene C. Muller-Landau

OVERVIEW

Interspecific trade-offs involving colonization ability can contribute strongly to the maintenance of plant species
diversity, and are often cited as a potential mechanism underlying high tropical forest diversity. The well-known
competition–colonization trade-off, between the ability to win a regeneration site after arrival and the ability to
arrive, can in theory maintain very high species diversity, but only if there is strong competitive asymmetry among
species, such that the best competitor present is highly disproportionately likely to win. Other, less-studied trade-offs
involving colonization ability can contribute to diversity maintenance given appropriate habitat heterogeneity, by
facilitating habitat niche partitioning. Specifically, a trade-off between fecundity and stress tolerance combined with
corresponding variation in stress among regeneration sites can lead to coexistence between more tolerant species able
to win high stress sites and more fecund species that are numerically more likely to win low stress sites. A trade-
off between fecundity and dispersal can similarly contribute to coexistence given spatial variation in the density of
suitable regeneration sites. Empirical studies of species trait relationships, current understanding of the asymmetry
of competitive interactions among seedlings, and results of a seed addition experiment all suggest that the classical
competition–colonization trade-off is not present among tropical trees, and thus does not contribute to their coexis-
tence. In contrast, trait relationships do provide evidence for the presence of a tolerance–fecundity trade-off mediated
by seed size, with small-seeded species having higher fecundity and lower stress tolerance than large-seeded species.
Evidence concerning the existence of a dispersal–fecundity trade-off is mixed and inconclusive. To further elucidate the
roles of these colonization-related trade-offs, and specifically to assess their contributions, if any, to species coexistence
in tropical forests, we need additional studies of how spatio-temporal variation in environmental conditions and seed
arrival contribute to regeneration success, in natural systems, field experiments, and/or models.

INTRODUCTION

Interspecific trade-offs involving species’ abilities
to reach or “colonize” regeneration sites can
play multiple roles in niche partitioning and
diversity maintenance among tropical forest tree

species and in other communities. The best-known
examples are competition–colonization trade-offs
between a species’ ability to reach sites with its
recruits and the per recruit ability to win sites at
which recruits arrive (Tilman and Pacala 1993).
There is a long history of theoretical work on
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this mechanism of coexistence, which shows that
these trade-offs can potentially make a strong
contribution to species diversity maintenance
in homogeneous environments (Skellam 1951,
Levins and Culver 1971, Horn and MacArthur
1972, Armstrong 1976, Hastings 1980, Tilman
1994). However, the conditions for competition–
colonization trade-offs to maintain diversity
are stringent and likely to be uncommon in nature,
and in the absence of these conditions these
trade-offs need not be a powerful or even signif-
icant force enhancing coexistence (Geritz et al.
1999, Levine and Rees 2002, Kisdi and Geritz
2003a).

Other colonization-related trade-offs can
contribute to habitat partitioning among species,
and thereby to coexistence in heterogeneous envi-
ronments. A trade-off between fecundity and the
ability to tolerate low resource conditions or harsh
habitats can mediate coexistence when there is
spatial variation in resource availability or the
harshness of conditions among local regeneration
sites (Levine and Rees 2002). A trade-off between
fecundity and dispersal distance can mediate coex-
istence in the presence of spatial variation in the
density of sites suitable for regeneration (Yu and
Wilson 2001).

While competition–colonization trade-offs have
been the subject of extensive theoretical inves-
tigation and of empirical research in a num-
ber of plant communities (Turnbull et al. 1999,
Coomes and Grubb 2003), other colonization-
related trade-offs have rarely been studied. In
tropical forests, there has been little research even
on competition–colonization trade-offs. The lim-
ited consideration of such trade-offs in tropical
forests has focused mainly on whether they might
contribute to the coexistence of shade-tolerant
and gap-dependent species (Connell 1978, Leigh
et al. 2004). Nonetheless, there are a number
of relevant empirical studies in tropical forests
whose results shed light on the potential for
colonization-related trade-offs to contribute to the
maintenance of species richness in these diverse
plant communities.

In this chapter, I review the theory and evidence
regarding the contribution of colonization-related
trade-offs to diversity maintenance in tropical
forests. Throughout, I devote the most space to the

competition–colonization trade-off, because of its
premier position in the literature on colonization-
related trade-offs and thus the abundance of
relevant theory and empirical studies. I begin by
briefly reviewing the relevant theory, identifying
the key assumptions and predictions of models
in which these trade-offs contribute to diversity
maintenance. I then consider the methods that
can be used to document these trade-offs and their
roles in real communities, and evaluate the rel-
evant empirical evidence from tropical forests in
particular. I end with recommendations for future
research and a summary of what we can conclude
thus far.

THEORY ON
COLONIZATION-RELATED
TRADE-OFFS AND DIVERSITY
MAINTENANCE

Equalizing versus stabilizing influences

Colonization-related trade-offs have the potential
to exert equalizing and/or stabilizing effects on
diversity maintenance, sensu Chesson (2000).
Equalizing influences minimize fitness differences
among species that would otherwise lead to
competitive exclusion (Chesson 2000), making
dynamics less exclusionary and more neutral
(sensu Hubbell 2001). If there is merely par-
tial equalization so that species remain less than
perfectly equal, dynamics are near-neutral, and
the weaker species are deterministically excluded
(Zhang and Lin 1997, Yu et al. 1998), albeit
at a slower rate than they would be without
the trade-off (Figure 11.1a–d). If there is per-
fect or complete equalization, species become
equal in competitive ability, and thus are subject
to neutral drift (Hubbell 2001) (Figure 11.1e,f).
In contrast, stabilizing influences actively con-
tribute to diversity maintenance by increasing
negative intraspecific interactions relative to neg-
ative interspecific interactions (Chesson 2000).
This ensures that each species is relatively advan-
taged when rare and disadvantaged when com-
mon, which tends to keep species from extinction
or monodominance (Figure 11.1g,h). Stabilizing
influences make dynamics less neutral, but in a



Erica Schwarz CARSON: “carson_c011” — 2008/5/13 — 17:42 — page 184 — #3

184 Helene C. Muller-Landau

Perfectly
equalizing

Stabilizing

Baseline

(a)

Abundance
P

er
 c

ap
ita

re
pr

od
uc

tiv
e 

ra
te

(b)

(e)

(h)(g)

(f)

Abundance

P
er

 c
ap

ita
re

pr
od

uc
tiv

e 
ra

te

Abundance

P
er

 c
ap

ita
re

pr
od

uc
tiv

e 
ra

te

Partially
equalizing

(c)

Abundance

P
er

 c
ap

ita
re

pr
od

uc
tiv

e 
ra

te
(d)

Abundance

Abundance

Abundance

Abundance

Figure 11.1 Consider a baseline situation in which there are fixed competitive differences among species in their
per capita reproductive rates (a) – differences that would deterministically lead to the competitive exclusion of the
species with the lower reproductive rate (dashed line) by the species with the higher reproductive rate (dotted line). In
this case, we can think of each species as a ball precariously located on a steep slope (b), down which it will inevitably
roll, with the weaker species moving towards zero abundance and the common one towards dominance. If we add a
partially equalizing influence, the reproductive rates of the two species become more similar (c), but because one is
still superior, the weaker species will still inevitably be lost, albeit at a slower rate (d). In the extreme case of perfectly
equalizing influences, the reproductive rates of the two species become identical (e). This case is analogous to one in
which both species are balls on a flat tabletop (f): there is no slope tending to make them increase or decrease in
abundance, but both are subject to random drift which could result in their abundance going to zero or to dominance.
If instead we add a stabilizing influence, then each species’ reproductive rate decreases as it becomes more abundant,
and increases as it becomes more rare (g); here, there are pairs of abundances at which the species have equal
reproductive rates and can stably coexist. In this case, it is as though each species is a ball sitting in a bowl (h): any
perturbation of its abundance to higher or lower levels will induce negative feedbacks that will return it to its stable
equilibrium position. For example, if its abundance is depressed, its reproductive rate will increase, and thus it will
return to its equilibrium abundance.
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way that tends to maintain diversity rather than
lead to competitive exclusion (Figure 11.1g,h).

The most well-known theoretical model of the
competition–colonization trade-off is stabilizing
and thus has tremendous diversity-maintaining
potential (Skellam 1951, Tilman 1994). Many
documented competition–colonization trade-offs,
however, consist of trait relationships that in
themselves are only equalizing. For example, a
trade-off between seed production and seed sur-
vival alone can at best perfectly equalize species’
competitive abilities by ensuring that all species
have the same number of seedlings per adult. Sim-
ilarly, while habitat partitioning mechanisms are
invariably stabilizing when the theoretical condi-
tions under which they are defined are met, at
the exact boundary of those conditions they are
merely perfectly equalizing, and on the other side
of the conditions they operate as partially equal-
izing. Thus, before we can evaluate the role of the
colonization-related trade-offs in real communi-
ties, we need to take a close look at which model
assumptions are critical to determining the exis-
tence and magnitude of stabilizing influences on
diversity.

Competition–colonization trade-offs in
homogeneous environments

The simple competition–colonization trade-off
model first introduced by Skellam (1951) encap-
sulates the inherent potential of such trade-offs
to contribute to diversity maintenance in homo-
geneous environments in a stabilizing manner. Its
dynamics have been fruitfully explored in many
subsequent papers, most notably Hastings (1980)
and Tilman (1994). In this model, space is divided
into discrete sites each occupied by a single adult.
Adults produce seeds that are distributed ran-
domly among all sites, and die at a fixed rate.
Species have strict competitive rankings that are
the exact inverse of their rankings in seed pro-
duction. When a seed arrives at a site occupied
by an adult of an inferior competitor, it imme-
diately displaces the occupant and becomes the
new adult at the site. Under these conditions, a
potentially infinite number of species differing in
competition and colonization abilities can stably

coexist (Tilman 1994). While this model usefully
illustrates the potential strength of the trade-off,
its assumptions of perfectly asymmetric compe-
tition (the better competitor always wins even if
only a tiny bit better) and immediate displace-
ment are highly unrealistic for plant communities,
and its behavior is also a poor match to real
community dynamics. For example, species with
higher competitive abilities are more abundant,
and simultaneously more vulnerable to habitat
loss (Tilman et al. 1997) – which contradicts
abundant evidence that rare species are most
endangered (Wilcove et al. 1998). Further, this
model is evolutionarily unstable: if species traits
are allowed to evolve, each species evolves to
higher and higher competitive ability and lower
fecundity, and thus eventual extinction (Jansen
and Mulder 1999).

Alternative models of competition–colonization
trade-offs encapsulating a range of more realis-
tic assumptions show that a crucial requirement
for stable coexistence under this mechanism is
strong competitive asymmetry (Rees and Westoby
1997, Geritz et al. 1999, Adler and Mosquera
2000, Levine and Rees 2002, Kisdi and Geritz
2003a). The classical model described above
encapsulates perfect competitive asymmetry – the
better competitor always wins the site. In con-
trast, if competition is purely symmetric such
that competitive differences are merely density
independent (e.g., if there is interspecific varia-
tion in density-independent seed survival and all
surviving propagules are equally likely to win a
site), then stable coexistence via this mechanism
alone is impossible (Comins and Noble 1985).
The quantitative importance of asymmetry is ele-
gantly demonstrated by Geritz et al. (1999) in
their model of annual plants, in which seed size
mediates a trade-off between seed production and
competitive ability. Competitive ability is encap-
sulated by both a density-independent survival
term (an equalizing force) as well as the proba-
bility of winning in the face of competition (a
stabilizing influence). The per capita probability
of winning is characterized as an exponential
function of seed mass that includes a parame-
ter for the degree of competitive asymmetry: as
this asymmetry parameter increases, the species
with the highest seed mass becomes ever more
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likely to win the site. Geritz et al. (1999) consider
the evolutionary as well as ecological dynamics
of this model, and show that as the degree of
competitive asymmetry increases, the number
of types (species) that evolve and stably coexist
increases. Adler and Mosquera (2000) analyt-
ically derive the conditions under which one,
two, and infinite numbers of species can coexist
via the competition–colonization trade-off, specif-
ically showing that infinite coexistence is possible
only under perfect asymmetry. Kisdi and Geritz
(2003a) demonstrate similar effects of varying
asymmetry in models of perennial plants. The role
of asymmetry in these models is consistent with
the results of Tilman (1994) and Kisdi and Geritz
(2003b), who find coexistence of infinite numbers
of species in models with perfectly asymmetric
competition, and of Levine and Rees (2002) who
find limited coexistence under low asymmetry.

Thus, the classical competition–colonization
trade-off can be a strong stabilizing force for
diversity maintenance, but only if there is suffi-
cient competitive asymmetry. Perfect asymmetry,
which is unrealistic for real communities (Adler
and Mosquera 2000), is required for the effec-
tively infinite coexistence attained in the original
theoretical models (Tilman 1994). In contrast,
if competition is perfectly symmetric, then the
contribution of this trade-off alone to diversity
maintenance can be only equalizing. The perfectly
equalizing case is essentially infinitely unlikely to
occur; even small deviations that make the trade-
off partially rather than perfectly equalizing are
sufficient to make some species superior com-
petitors and shorten coexistence (Zhang and Lin
1997, Yu et al. 1998). Finally, if competition is
partially asymmetric, the most likely case in real
communities, then the trade-off may be able to
contribute to stable coexistence of a few species,
or it may be merely a partially equalizing force.

COLONIZATION-RELATED
TRADE-OFFS AND HABITAT
PARTITIONING

While only certain competition–colonization
trade-offs can be a stabilizing influence on diversity
maintenance in homogeneous environments, a

wider range of colonization-related trade-offs can
have stabilizing influences given appropriate spa-
tial or temporal environmental heterogeneity.
Specifically, these trade-offs can contribute to
diversity maintenance if the combination of
each species’ colonization and competitive abil-
ities on the different habitats is such that each
species has the highest population growth rate in
some time or place (Chesson and Warner 1981,
Comins and Noble 1985, Yu and Wilson 2001).
Because both habitat heterogeneity and varia-
tion in species performance on different habitats
are ubiquitous in real ecosystems, these trade-
offs have the potential to play important roles
in diversity maintenance. Here I consider two
specific examples – tolerance–fecundity trade-offs
and dispersal–fecundity trade-offs.

A tolerance–fecundity trade-off can mediate
coexistence when there is spatial variation in
resource availability and thus in the level of recruit
provisioning needed to tolerate local conditions
and have a chance at winning the regeneration
site. In this case, a trade-off between recruit provi-
sioning (e.g., seed mass) and fecundity (e.g., seed
production) can mediate coexistence by allowing
the more fecund species to succeed dispropor-
tionately often in sites where little provisioning
is needed, and thus make up for the consistent
success of the better-provisioned species on sites
where resource availability is low (Levine and
Rees 2002). In principle, many species can coexist
given sufficient variation in habitat quality among
sites, and appropriate consistency in the trade-off
between habitat tolerance and fecundity. Specif-
ically, such a trade-off will be stabilizing if the
fecundity of each less tolerant species exceeds that
of the next more tolerant species by a particular
multiple, with that multiple depending on their
relative habitat tolerances, and seed survival, if
relevant. If the fecundity of the less tolerant
species is less than (or equal to) this multiple
of the fecundity of the more tolerant species,
then the trade-off will be partially (or perfectly)
equalizing.

A dispersal–fecundity trade-off can allow two
competitors to coexist given spatial variation in
the density of potential regeneration sites (Yu and
Wilson 2001). The more fecund species is more
successful in areas of high site density and the
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better disperser is more successful in areas of
low site density, enabling coexistence. In principle,
many species could thus coexist given sufficient
spatial variation in the density of regeneration
sites (Yu and Wilson 2001). Again, there is a spe-
cific quantitative condition for the relationships of
species’ fecundities and dispersal abilities beyond
which the trade-off is stabilizing, at which it is per-
fectly equalizing, and below which it is partially
equalizing.

Tolerance–fecundity and dispersal–fecundity
trade-offs are but two examples of colonization-
related trade-offs that can contribute to diversity
maintenance given habitat heterogeneity. Both of
these mechanisms partition spatial heterogene-
ity. Trade-offs involving dormancy or dispersal in
time more generally can play a role in partition-
ing temporal heterogeneity, and thus in stabilizing
coexistence in temporally varying environments
(Chesson and Warner 1981). There is an exten-
sive literature on species coexistence via habi-
tat partitioning; however, the focus has mainly
been on species differences in competitive abil-
ity in the different habitats (Amarasekare 2003).
Similarly, the focus of research on colonization-
related trade-offs has been on coexistence due
to these trade-offs alone in homogeneous envi-
ronments (Amarasekare 2003). Additional the-
oretical work is needed to explore how colo-
nization differences among species can interact
with habitat heterogeneity to contribute to species
coexistence.

METHODS FOR EVALUATING
THE PRESENCE AND ROLE OF
COLONIZATION-RELATED
TRADE-OFFS

There are multiple possible approaches to
investigating colonization-related trade-offs in real
communities. The most common approach is to
simply measure particular species traits and ana-
lyze correlations among these traits to test for the
presence of a particular trade-off among species.
This provides useful information on the presence
of the trade-off, but in and of itself says little
about the role of the trade-off in species coex-
istence; measurements of other key features of

the community or individual interactions within
it (such as competitive asymmetry in the case of
the competition–colonization trade-off) are gen-
erally necessary to evaluate theoretical conditions
for coexistence. An alternative approach examines
spatio-temporal variation in recruitment success
in the field and tests the degree to which it
can be explained by model predictions. The role
of the trade-offs can also be assessed through
community-level field experiments, which again
can test either general model predictions or spe-
cific predictions based on additional information.
In principle, any of the above efforts could be
used to parametrize models of the hypothesized
mechanisms, and thereby to enable further the-
oretical tests of whether conditions for stabilizing
coexistence are met, either analytically or through
simulations.

Clearly, a colonization-related trade-off can play
a role in community dynamics only if it is present.
Thus, a first question is whether species traits
trade off in the hypothesized manner. This ques-
tion is generally addressed through correlation
or regression analyses of species traits. In part
because most available data are collected for other
(or at least broader) purposes, they often concern
not the most relevant measures for the trade-
offs, but rather some component contributing
trait. In addition, the most useful integrative traits
(e.g., “colonization ability,” “competitive ability”)
are often particularly difficult to measure or even
define (Clark et al. 2005). As a consequence,
the resulting correlation analyses rarely provide
definitive answers regarding even the presence of
the overall trade-off.

Studies relating spatio-temporal variation in
environmental conditions, seed arrival, and suc-
cessful recruitment have long been used to assess
the relative importance of seed arrival and habitat
suitability to population-level recruitment pat-
terns (e.g., LePage et al. 2000, HilleRisLambers
and Clark 2003). Analyses of spatial patterns
of environment and species distributions have
also been used to examine the importance of
habitat partitioning at the community level
(e.g., Plotkin et al. 2000). Similar approaches
could be used to specifically evaluate the predic-
tions of the competition–colonization, tolerance–
fecundity, and dispersal–fecundity trade-off
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models for patterns of recruitment success given
patterns of seed arrival and environmental
conditions. Such studies could simply test for
the general patterns expected under differ-
ent models – for example, for the competition–
colonization trade-off, the expectation would be
that some species win whenever they arrive, and
others only when these dominant competitors fail
to arrive. Alternatively, independent information
on species traits (e.g., competitive rankings) could
be used to predict specific patterns of which species
are expected to win where.

Community-level seed addition experiments
are the most powerful way to investigate the
competition–colonization trade-off, providing the
means to assess whether the trade-off is sta-
bilizing or equalizing, and to what degree –
even if the competitive rankings of species are
not known. If the trade-off is stabilizing, then
species that are poorer colonists and better com-
petitors should increasingly exclude those that
are better colonists and poorer competitors as
more seeds are added, with stronger composi-
tional shifts indicating a more powerful stabilizing
effect. If instead the trade-off is merely equal-
izing, or if habitat-mediated tolerance–fecundity
trade-offs alone are stabilizing, then increasing
seed rain of all species by the same multiplica-
tive factor should have no impact on species
composition. Further insight into the relative
importance of a competition–colonization trade-
off specifically to the coexistence of early suc-
cessional pioneers and late successional shade
tolerants can be obtained by combining seed
addition experiments with early successional
removal experiments (Pacala and Rees 1998).
As outlined by Pacala and Rees (1998), the lat-
ter involves removing early successional seedlings
from sites at which late successional seedlings
have also arrived. The combination of this experi-
ment with a community-level seed addition exper-
iment makes it possible to quantify to what degree
successional diversity is maintained by a succes-
sional niche – that is, by some species being better
competitors in early successional (high light) sites
and others better competitors in late successional
(low light) sites – and to what degree it is main-
tained by a competition–colonization trade-off
(Pacala and Rees 1998).

Information gleaned from measurements of
species traits, field studies of determinants of
spatio-temporal variation in recruitment success,
and/or field experiments can potentially be used
to parametrize models that allow for further
investigation of the roles of colonization-related
trade-offs. Explicit consideration of model require-
ments and estimation of key traits can make it
possible to quantitatively evaluate whether ana-
lytical conditions for stable coexistence of par-
ticular species are met (Geritz et al. 1999, Kisdi
and Geritz 2003a). Further, the parametrization
and application of individual-based community
models offers the possibility of running virtual
experiments that would be impractical in the real
world (e.g., Pacala et al. 1996). Such simula-
tion experiments could include all the experiments
described above, which could of course be run for
much longer time periods and larger spatial scales
in models than they could feasibly be executed in
the field.

EMPIRICAL EVIDENCE IN
TROPICAL FORESTS

While there are in principle many ways to
investigate colonization-related trade-offs in tropi-
cal forests, available evidence at this time is largely
limited to trait relationships. As in temperate sys-
tems, research on colonization-related trade-offs
has focused on the potential for seed-size medi-
ated trade-offs (Westoby et al. 1996, Leishman
et al. 2000). Specifically, the hypothesis is that
species may be good colonists producing many
small seeds of low competitive ability and/or low
stress tolerance, or they may be good competi-
tors and/or stress tolerators, producing few large
seeds of high competitive ability and/or high stress
tolerance. There is widespread empirical support
for these relationships in extra-tropical systems
(Westoby et al. 1996, Leishman et al. 2000, Moles
et al. 2004, Moles and Westoby 2004), and it has
been hypothesized that the advantages of large
seeds should be even stronger in tropical forests
(Foster 1986). Here, I first consider the relation-
ship of seed mass to fecundity, which underlies
all three trade-offs examined in this chapter, and
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then evaluate the other types of evidence for each
trade-off in turn.

Seed mass and fecundity appear to be nega-
tively related in tropical forests, just as in other
plant communities, although relatively little data
are available. In their global meta-analysis of
seed size and seed production, Moles et al. (2004)
have reproductive data for only five tropical forest
species, among which there is no significant rela-
tionship. Dalling and Hubbell (2002) demonstrate
a negative correlation between seed mass and seed
density in the soil seed bank for 15 pioneer species
in a Panamanian wet tropical forest; this is con-
sistent with a negative relationship between seed
mass and seed production, although seed den-
sity also includes the effects of adult abundance
(Figure 11.2a). In the same forest, Muller-Landau
et al. (2008) find a strong negative relationship
between seed mass and per basal area seed pro-
duction among 40 tree species of varying life
history strategy, a relationship well-fit by a power
function.

Competition–colonization trade-offs

No tropical studies have specifically examined
the degree to which seed mass predicts total
competitive ability – the outcome of competi-
tion among seedlings. Seed mass appears to be
positively related with some traits expected to
provide a competitive advantage, but not all.
Seed mass is positively related to seedling size
at germination and in the first 2 years (Rose
and Poorter 2002, Green and Juniper 2004a,
Svenning and Wright 2005), but because small-
seeded species have higher relative growth rates
(Poorter and Rose 2005), this advantage decays
as seedlings age (Rose and Poorter 2002). Seed
mass is also positively correlated with the probabil-
ity that a seed will become an established seedling
(Muller-Landau 2001, Dalling and Hubbell 2002,
Svenning and Wright 2005), a transition proba-
bility that encompasses seed survival, germination
probability, and early seedling survival. The evi-
dence regarding the relationship of seed mass with
later seedling survival is mixed – some studies
have found a positive relationship, while others
have found no relationship (Augspurger 1984,
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Figure 11.2 Seed mass is negatively related to seed
density in the soil (a) and positively related to
establishment probability (b) and seedling survival (c)
among 15 gap-dependent tree species in a wet tropical
forest in Panama. Three common pioneer species are
identified: Cecropia peltata (C.p), Miconia argentea (M.a),
and Trema micrantha (T .m). Reprinted from Dalling and
Hubbell (2002) with permission of Blackwell
Publishing.

Rose and Poorter 2002, Svenning and Wright
2005). Separate consideration of studies con-
ducted under different light levels reveals that seed
mass is positively related to seedling survival in the
shade, but unrelated to seedling survival in high
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light (Rose and Poorter 2002, Poorter and Rose
2005).

While interspecific trait relationships appear
to show some evidence consistent with a
competition–colonization trade-off when habitat-
independent competitive traits are measured,
habitat-specific analyses suggest that the trade-off
is not of the type encapsulated in the classical
model of this mechanism (Tilman 1994). Seed
mass is negatively related to fecundity (the classi-
cal measure of colonization ability), but is not uni-
formly positively related to competitive traits in all
environments. For larger-seeded species to be bet-
ter competitors as envisioned under the standard
competition–colonization trade-off, they should
consistently outcompete small-seeded species in
all environments whenever they are present, and
regardless of the habitat conditions. Evidence
instead shows that smaller-seeded species are as
good or better at winning high light sites, with
no seedling survival disadvantage and higher
growth rates that rapidly make up for their smaller
initial size (Rose and Poorter 2002). This sug-
gests smaller-seeded species do not merely win
by default when larger-seeded (and presumably
more competitive) species are absent – they can
win in high light environments even when those
competitors are present, whether because of their
numerical dominance (fecundity–tolerance trade-
off) or their specific adaptations for these environ-
ments (successional niche, sensu Pacala and Rees
1998). This clearly contradicts the predictions
of the competition–colonization trade-off model
with perfect asymmetry. Further, the evidence that
large-seeded species do not even have a lasting per
capita advantage in seedling survival and size in
high light sites is not consistent with even partial
asymmetry. As Leigh et al. (2004) argue, we can
at this point set aside the competition–colonization
model as a possible explanation for the coexistence
of pioneer and shade-tolerant species.

Nonetheless, it could be argued that
competition–colonization trade-offs could still
play a role in species coexistence within under-
story sites, where large seeds do seem to enjoy
consistent advantages. A series of population-
level seed addition experiments by Svenning and
Wright (2005) provide evidence that even in the
shaded forest understory, any seed-size mediated

competition–colonization trade-off can be neither
stabilizing nor perfectly equalizing. Svenning and
Wright (2005) added seeds of 32 shade-tolerant
species whose seed masses spanned three orders
of magnitude to understory sites. If the trade-
off is merely equalizing and is based on seed
mass, then increasing seed rain of all species
by the same absolute total mass of seed added
should result in the same absolute increase in
seedling abundance. If the trade-off is stabiliz-
ing, then the same increase in seed mass arriving
should result in greater increases in seedling
abundance in species that are good competitors
and poor colonists than in those that are poor
competitors and good colonists. Svenning and
Wright (2005) found that the probability that an
added seed would germinate, establish, and sur-
vive to 1 or 2 years did not differ significantly
with seed size. This suggests that the addition
of similar biomass of seeds of all species would
result in a disproportionate increase in seedling
numbers of small-seeded species – contrary to
the competition–colonization hypothesis based on
seed size which predicts that large-seeded species
should benefit most. The advantage of small-
seeded species decreased from year 1 to year 2,
though (Svenning and Wright 2005), so it is pos-
sible that a long enough seed addition experiment
would eventually find an equal or greater effect
of seed addition in large-seeded species, consistent
with a perfectly equalizing or stabilizing effect of a
competition–colonization trade-off. At this point,
however, the evidence from the first 2 years of
the experiment can at best be interpreted as show-
ing a very weakly equalizing effect. Altogether,
the results further discount the possibility that a
competition–colonization trade-off in the classi-
cal sense contributes to diversity maintenance in
tropical forests.

Tolerance–fecundity trade-offs

Empirical studies have examined the relationship
of seed mass to tolerance among tropical tree
species. The results show large-seeded species have
higher survival rates in the face of some hazards
and in low light sites. Species with larger seeds
tend to retain larger reserves in storage cotyledons
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(Green and Juniper 2004a) and thus are more
likely to be able to resprout after severe seedling
herbivory or damage (Harms and Dalling 1997,
Green and Juniper 2004b). However, large seed
mass does not appear to be associated with bet-
ter survival of either pre-dispersal seed predation
or post-dispersal seed removal in a meta-analysis
of data for tropical species (Moles et al. 2003).
Seed mass is positively related to seedling sur-
vival in the shade, even though it is unrelated
to seedling survival in high light (reviewed in
Rose and Poorter 2002, Poorter and Rose 2005).
Because light is a key limiting resource in tropi-
cal forests and especially for seedlings (Chazdon
1988, Montgomery and Chazdon 2002), this
suggests that large seed mass specifically con-
veys an advantage in tolerating low resource
conditions.

The accumulating evidence of a negative
relationship of seed size with fecundity and a
positive relationship of seed mass with tolerance
of low light, herbivory, and damage increasingly
suggests the presence of a seed-size mediated
fecundity–tolerance trade-off in tropical forests.
Such a trade-off could contribute to habitat parti-
tioning of regeneration sites among species based
on the resource and stress levels of the sites and
the stress tolerance of the species. Specifically, the
data are consistent with the idea that large-seeded
species win sites that are too low in resources
or high in stress for small-seeded species to tol-
erate, and small-seeded species disproportionately
win in high resource, low stress sites where their
numerical dominance in seed arrival becomes a
dominance in seedling recruits. The many stud-
ies on spatial variation in understory light levels
(Becker and Smith 1990, Nicotra et al. 1999), and
on the stochasticity of physical damage (Clark and
Clark 1989), further provide evidence for abun-
dant relevant heterogeneity to be partitioned.
However, it is important to note that the numerical
success of small-seeded species in high resource
sites is probably also due in part to their specific
adaptations for these environments, and thus at
least in part to the successional niche mecha-
nism (Pacala and Rees 1998) rather than to a
fecundity–tolerance trade-off. Additional research
is needed to quantify the relative importance of
these two mechanisms.

Dispersal–fecundity trade-offs

If seed mass and fecundity are strongly nega-
tively related among species, then dispersal and
fecundity can be strongly negatively related (i.e.,
trade off) only if seed mass and dispersal are
themselves positively related. Such a relation-
ship has been hypothesized for animal-dispersed
species, but the opposite relationship is expected
which constitute 70–100% of plants in wet
tropical forests (Willson et al. 1989), among
wind-dispersed species. Among animal-dispersed
species, it is hypothesized that larger-seeded fruits
tend to be eaten by animal species with larger
body sizes (Kalko et al. 1996, Grubb 1998, Peres
and van Roosmalen 2002), and that these animal
species in turn tend to have slower gut pas-
sage time and larger home ranges (Brown 1995,
Kalko et al. 1996), which together should pro-
duce longer dispersal distances (Murray 1988).
Further, among scatter-hoarding rodents, disper-
sal distances are expected to increase with seed
size because larger seeds offer more reward for
the effort of caching (Jansen et al. 2002). Among
wind-dispersed species, in contrast, larger-seeded
species are expected to have higher terminal veloc-
ities and thus shorter dispersal distances, a predic-
tion supported by empirical studies (Augspurger
1986, Muller-Landau 2001). It is important to
note that a dispersal–fecundity trade-off, like any
coexistence mechanism, could play a role in the
coexistence of one group of species (e.g., those
dispersed by a particular type of animal) even if it
were not present in all.

There are relatively few data on the relationship
of seed mass with seed dispersal among animal-
dispersed tropical species at this point. Holbrook
and Smith (2000) showed that among nine taxa
dispersed by hornbills, gut passage times and
thus estimated dispersal distances were longer in
larger-seeded taxa, while Levey (1986) found gut
passage times among nine species of birds were
shorter for larger seeds. Westcott and Graham
(2000) show that there is a positive, almost lin-
ear, relationship between disperser body mass and
median dispersal distance among eight tropical
bird species, which would imply a positive rela-
tionship between seed size and dispersal distance
if disperser body size is positively related with seed
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size – but there is little evidence regarding this
hypothesized relationship. Further, because seeds
of any given tropical plant species are typically dis-
persed by many different animal species (Muller-
Landau and Hardesty 2005), total dispersal by all
agents must be examined in order to estimate the
total pattern of seed dispersal. An inverse mod-
eling study by Muller-Landau et al. (2008) found
that seed mass was negatively related to estimated
mean dispersal distances (by all animal species
combined) among 31 animal-dispersed species in
Panama; however, the data and methods used are
inadequate to quantify long-distance dispersal.

At this point, the limited evidence suggests that
dispersal–fecundity trade-offs are not generally
present across all tropical species, although they
may be present within some groups. Specifically,
there is some empirical support for their presence
among bird-dispersed species, but evidence for the
opposite pattern (a positive dispersal–fecundity
correlation) among wind-dispersed species and
among animal-dispersed species in general. It
remains unclear whether there is sufficient spatial
heterogeneity in the density of suitable regenera-
tion sites to facilitate coexistence via a dispersal–
fecundity trade-off if one is present. Thus, further
research is necessary to assess the role and even
presence of dispersal–fecundity trade-offs among
tropical trees.

CONCLUSIONS AND FUTURE
DIRECTIONS

Theory demonstrates that colonization-related
trade-offs can contribute to diversity maintenance
in weak (equalizing) and/or strong (stabilizing)
ways.Theoretical and empirical attention has long
focused on the competition–colonization trade-
off, which was early demonstrated to have the
potential to contribute strongly to diversity main-
tenance of many species. However, conditions
for these contributions are stringent, and cur-
rent evidence suggests that this trade-off is not
present in tropical forests in its classical form, and
thus is not contributing to diversity maintenance
in this ecosystem. More recent research has
identified two other colonization-related trade-
offs – between fecundity and tolerance of low

resources or high stress, and between fecundity
and dispersal – as potentially important diversity-
maintaining mechanisms. Further, it appears that
tolerance–fecundity trade-offs are present in trop-
ical forests, with small-seeded species having
higher fecundity and lower ability to tolerate low
resource or high stress habitats than large-seeded
species. Theory and data remain insufficient to
evaluate the potential of the tolerance–fecundity
trade-off to exert stabilizing or equalizing influ-
ences in tropical forests. The limited data on
dispersal–fecundity trade-offs suggest they are
not generally present – but cannot exclude the
possibility of a role within some groups.

Further theoretical and empirical research,
and novel integration of the two, is needed
to investigate the potential and actual role
of tolerance–fecundity and dispersal–fecundity
trade-offs in tropical forests. Theoretical work
on the tolerance–fecundity trade-off is necessary
to determine the conditions under which this
mechanism is stabilizing for various scenarios of
community dynamics – specifically, how must the
fecundity and tolerance of two species be related
in order for them to stably coexist. Theory should
also consider how different mechanisms might
interact, and how their influences can be disen-
tangled – in this context, a particularly important
issue is the relative role of fecundity–tolerance
trade-offs versus species trade-offs in perfor-
mance among habitats in contributing to habitat
niche partitioning. Further measurement of habi-
tat tolerances, fecundities, and dispersal abili-
ties of species would make it possible to better
characterize the trade-offs, to determine what
environmental axes are involved in the toler-
ance mechanism, and to discover if/where the
fecundity–dispersal trade-off is present. Empirical
assessments of dispersal should include not only
dispersal distance but also differential dispersal to
particular habitats (including directed dispersal),
clumping, and more complex phenomena influ-
encing arrival rates, and should examine not only
correlations with seed size but also other pos-
sible trade-offs. The distribution of the relevant
habitat types being partitioned – environmental
conditions, or densities of favorable sites – must
also be measured. In combination with infor-
mation on species traits and theory, this should
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make possible some calculations of the role of
colonization-related trade-offs.

Finally, research on these trade-offs should go
beyond simply trait measurements and theory, to
other and stronger tests of the roles of the trade-
offs in real communities. Community-level field
studies of spatio-temporal variation in environ-
mental conditions, seed arrival, and successful
recruitment should be conducted to determine
the degree to which different mechanisms can
explain recruitment patterns. Field experiments
involving manipulations of seed arrival, seedling
recruitment, and environmental conditions could
provide even stronger tests of the mechanisms.
For time scales and spatial scales over which
such field studies and experiments are infeasible,
models parametrized from field data can provide
a useful tool to explore long-term, large-scale
dynamical implications of documented processes.
With this combination of tools, we should be
able to achieve a much better understanding of
colonization-related trade-offs in tropical forests in
the future.
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