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Carol X. Garzon-Lopez

CHAPTER1
General introduction



Tropical forests are among the most diverse ecosystems in the world (Givnish
1999). On a broad scale, they are characterized by a high number of plant species,
where each species typically occurs in low densities (Janzen 1970), and where
species have non-random aggregated spatial distributions (Condit et al. 2000).
These spatial patterns have implications for the understanding of biodiversity and
the underlying determinants of community structure (Fortin & Dale 2005). A large
number of studies have looked these patterns at the early stages of plant recruit-
ment (Bagchi et al. 2010) because mortality rates are greater in these early stages
than in other life stages, disproportionally modifying species distribution and
abundance (Muller-Landau et al. 2004).

Processes regulating spatial patterns during plant recruitment

Plant recruitment consists of a series of stages that begin with seed production
from adult trees, which depends on the fecundity, spatial distribution of reproduc-
tive trees and pre-dispersal predator density and distribution (Nathan & Muller-
Landau, 2000). At the dispersal stage, in which the movement of seeds to avail-
able/suitable sites takes place, predation events may occur, reducing seed densities
upon arrival to a site (Paine & Beck 2007). Seed production, dispersal and preda-
tion all contribute to the overall process of seed limitation (Figure 1.1). Once seeds
reach a site, local conditions like abiotic factors (e.g. nutrients, moisture, soil
fertility, topography) and biotic interactions (e.g. competition, predation,
herbivory) will also limit seed germination and establishment. Such limitation due
to site conditions is known as establishment limitation (Muller-Landau 2002). Seed
limitation and establishment limitation regulate recruitment and significantly
shape the spatial patterns of species distribution (Figure 1.1, Muller-Landau et al.
2004). 

The spatial distribution of individuals during the following life stages (i.e. juve-
nile, adult) will be modified by demographic events (such as gap dynamics and
pests outbreaks) that will only reduce population density (Leithead et al. 2009,
Comita et al. 2007). 

Mechanisms controlling spatial patterns during recruitment

The mechanisms proposed to explain the spatial distribution of tree species are
divided into two extremes: deterministic and stochastic (Purves & Pacala 2005,
Hardy & Sonke 2004, Jenkins 2006, Gravel et al. 2006, Chase & Myers 2011).

The dominant “deterministic” explanation is niche theory, which argues that
species adaptation to specific conditions determines the structure and spatial
arrangement individuals in communities (Whittaker et al. 1975, Pulliam 2000,
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Hubbell 2001, Wright 2002). This may involve physiological adaptation to stress
factors, competition for resources, mutualistic associations with pollinators and
seed dispersers, and negative associations with seed predators and pathogens. The
dominant “stochastic” (or neutral) explanation is that dispersal limitation and
demographic stochasticity (e.g. rate of death, birth and immigration) determine the
spatial distribution of plant species and therefore, the structure of the community
(Hubbell 2001, Alonso et al. 2006).
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Figure 1.1. Factors that influence the spatial patterns among seeds/seedlings at the early life stages.
Empty arrows represent processes and bold arrows represent influencing factors of the process of
interest. Seed dispersion (B) is determined by the initial adult distribution and fecundity (A). Preda-
tion reduces the amount of seeds (seeds predated are represented by gray dots), and hence the
spatial pattern is modified (black dots represent viable seeds). This process depends on the behav-
iour and distribution of predators. Once seeds have reached their final location, establishment takes
place (C). At this stage,  there are two main mechanisms explaining distributions: niche differentia-
tion (C2), in which establishment patterns are determined by environmental conditions; and,
neutral theory, in which demography and site availability control spatial patterns of establishment
(C1). 



Deterministic processes
In nature, species show specific physiological and morphological traits (e.g.
nutrient requirements, nutrient uptake, leaf area, photosynthetic rate, among
others) that affect their performance (McGill et al. 2006). Each species occupies a
space with a set of conditions that allow them to establish and survive (Pulliam
2000). Species distribute along the resource gradients (i.e. temperature, soil chem-
istry, moisture) according to their requirements (Pulliam 2000). The ability of a
species to cope with environmental factors restricts its distribution to its potential
or fundamental niche. In addition, the distribution of species is modified by
ecological interactions with other species, such as by competitors, predators,
pathogens and mutualists, which restrict the species to its realized or ecological
niche.

There is ample evidence of species-specific variation in niches due to different
adaptations (Wright 2002, McGill et al. 2006). Microhabitat differences in resource
requirements and performance have been observed and measured in the tropics
(e.g. Hall et al. 2003, Huante et al. 1995, see Lathwell & Grove 1986 for a review).
Large-scale differences are also observed in the latitudinal gradients of species
composition and diversity (Givnish 1999). Based on this evidence, tree species are
expected to show a spatial distribution that matches their environmental require-
ments. Some studies have attempted to demonstrate this association (Bigelow &
Canham 2002, Clark et al. 1999, Costa et al. 2005, Lathwell & Grove 1986, Packer
& Clay 2000, Palmiotto et al. 2004, Potts et al. 2002). Although, a degree of associa-
tion has been found, it is not strong enough to entirely explain the spatial distribu-
tion of plant species (e.g. Cannon & Leighton 2004, Hardy & Sonke 2004, Svenning
2001).

Stochastic processes
Since 2001, when Hubbell (2001) advocated the neutral theory of biodiversity to
explain tropical forest tree diversity, the importance of stochastic processes has
been a subject of vigorous debate among community ecologists. The most debated
assumption in the theory is the concept of functional equivalence of species, which
contradicts niche theory and gives much less importance to species-specific traits
in structuring communities. In the concept of functional equivalence, the birth,
death and dispersal rates are assumed equal, although this equivalence may be
generated by different combinations of traits (Hubbell 2001, Alonso et al. 2006). It
emphasizes the importance of stochasticity, where the probability of a species to
fill an available site depends on the number of individuals in the population and
dispersal limitation, rather than the habitat characteristics and the species traits
(Hubbell 2001, Purves & Pacala, 2005). Dispersal limitation, part of recruitment
limitation consists of the failure of seeds to reach all potential recruitment sites
(Schupp et al. 2002). This process determines the area of recruitment, where
germination limitation and establishment limitation will ultimately determine the
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spatial distribution of recruits (Nathan & Muller-Landau 2000, Alonso et al. 2006).
The model of Hubbell (2001) can be viewed as a null-model that predicts which
diversity patterns are expected without the need to involve functional differentia-
tion among species (Rosindell et al. 2011)

Several studies have attempted to include stochastic processes by adding
dispersal limitation to the environmental parameters that determine distributions
(Gilbert & Lechowicz 2004, Chave & Leigh 2002, Condit et al. 2002, McGill et al.
2006, Tuomisto et al. 2003, Svenning 2001, Svenning & Skov 2002, Svenning et al.
2004, Vormisto et al. 2004). Recently, some studies have attempted to combine
deterministic and stochastic processes using model simulations, and have shown
the importance of dispersal limitation on a heterogeneous landscape, even when
species are functionally different (Scheffer & van Nes 2006, Potthoff et al. 2006).
These studies demonstrated the importance of environmental factors and dispersal
limitation, but results also varied between studies as a consequence of the spatial
scale examined.

Methodological issues in studies on determinants of spatial
patterns

A critical missing component in the discussion of the relative importance of
stochastic processes and functional differences among species is the explicit
consideration of spatial scale and extent. Different processes and patterns may
dominate at different spatial scales (Figure 1.2) (Whittaker et al 2001, Snyder &
Chesson, 2004). At large scales (ecosystem level), there is ample evidence that vege-
tation composition varies with climate (Rhode 1992). Deterministic processes,
adaptive differences and physiological niches can explain these patterns. At small
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Figure 1.2. Effect of spatial scale on the observation of stochastic and deterministic mechanisms. 



scales (population level), the patterns are not clear, due to the difficulty in distin-
guishing between the effects of environmental factors and dispersal limitation
(Duivenworden et al. 2002, Gilbert & Lechowicz 2004). Therefore, to discriminate
between the forces that determine the spatial distribution of tree species in the
tropical forest, it is essential to study the effects of environmental factors and
dispersal limitation at scales relevant to adult trees (tree population level
dynamics). 

Previous studies aiming to unravel stochastic and niche-based processes in
tropical forests are contradictory, especially because they were not performed on
sufficiently large scales. They lead to potential underestimation of the importance
of niche-based processes due to the spatial dependency of the processes (Figure
1.2). Moreover, species spatial distribution is not only affected by ‘true’ dispersal
limitation (the ability of seeds to reach a site) but also by the effective recruitment,
so the realized or effective dispersal (seeds that have survived and reached recruit-
ment). Seed limitation (failure of seeds to arrive to all sites in sufficient numbers,
Nathan & Muller-Landau 2000) and establishment limitation (seedling failure to
germinate and establish at a site, Nathan & Muller-Landau 2000) also affect tree
recruitment spatial distribution. Therefore, it is critical to assess these processes
in order to understand the importance of stochastic and deterministic processes on
the tree species spatial distribution. 

In this thesis, I will quantify the landscape distribution of six species of tropical
forest trees and evaluate the relative importance of environmental variables (part
of the deterministic processes) and seed limitation (part of the stochastic
processes) in determining tree spatial distributions at a scale that includes an
entire plant community. Also, I will evaluate the effect of the spatial scale on the
outcome of such studies, and assess both potential and effective dispersal of
different tropical tree species.

Study site

Barro Colorado Island (Figure 1.3), located in Panama (9°9’N, 79°51’W), is a 1500 ha
tropical rainforest island that was isolated from the surrounding mainland
between 1910 and 1914, when the Chagres River was dammed to form the central
part of the Panama canal (Figure 1.2). The island has a dry season, which usually
starts somewhere in December and ends in April or early May (less than Approx.
60 mm per month). Barro Colorado Island (henceforth BCI) lies at the midpoint of a
gradient between the deciduous dry forests of the Pacific shore, with an annual
rainfall of 2623 mm. The annual mean temperature is 27 ºC, with an annual range
of less than 2ºC per month and diurnal ranges of 8 – 10ºC (Leigh, 1999). The forest
on the northeast half of the BCI is recovering from extensive cutting and clearing
late in the nineteenth century. The other half of the island has received little
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disturbance (Figure 1.4A). In terms of topography, the majority of slope on the
island are less than 10º. It has a relief of 145 m, from 26 m (lake level) up to 171 m
a.s.l. (Figure 1.4B, Baillie et al. 2007). BCI was declared a reserve in 1923. The
Smithsonian Institution has administrated it since 1946. 

The island is located in a volcanic arc (part of the Isthmus of Panama) that
resulted from the collision of four plates due to plate tectonics during the Miocene
(Baillie et al. 2007). It consists of three formations: the Bohio (early Oligocene), the
Caimito (late Oligocene) with both a volcanic and a marine facies, and the Andesite
formation (Figure 1.4C, Baillie et al. 2007). The soils in the island seem to vary
systematically with underlying rock and topography, resulting in a considerable
heterogeneity in edaphic environments (Baillie et al. 2007). In general, the soil in
BCI is rich in clay and has considerable concentrations of Ca and Mg while K
concentrations are low. Most of the water comes from the rainfall as the soils have
low permeability (Leigh 1999, Baillie et al. 2007). 

Previous research at the BCI on neutral and niche-based processes

As the location of a Smithsonian Tropical Research Institute, the island has been
the focus of intensive research over the past 100 years. One of the most impor-
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Figure 1.3. Map of Barro Colorado Island with the location of the 50-ha Forest Dynamics Plot. 
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Figure 1.5. Spatial variation at the 50-ha Forest Dynamics plots. (A) Forest age, based on the land
use mapped by Enders (1935), (B) Topographical habitat types estimated from the slope, elevation
and island boundaries developed by Johnson and Stallard (1989), and (C) geological formations
mapped by Woodring (1958) and updated by Baillie et al. (2007). 



tance examples of the research efforts is the 50-ha forest dynamics plot (Figure
1.5), established in 1980 as part of a program to study tropical forest biology. The
plot location was selected on the basis of its homogeneity in terms of relief and
forest age (Harms 2001). It consists of mostly old growth forest (48 out of 50 ha)
and has an elevation that ranges from 120 to 150 m a.s.l. (Hubbell & Foster 1983)
while the elevation BCI ranges from 26 m to 171 m a.s.l. Every 5 years, all trees
with a dbh higher than 1 cm are measured, mapped and identified (Condit et al.
1998). This ongoing research at the 50 ha Plot and the entire island offers an
exciting opportunity to study patterns and processes on the spatial context.

The first census at the 50-ha plot showed a non-random distribution of species,
and a further analysis via chi-square tests, showed a correlation in the distribu-
tion with topography (Hubbell & Foster 1983, 1986). A later study by Harms et al.
(2001), tested for associations in plant distribution and habitat types, using torus
translation techniques to account for the effect of dispersal on the spatial distribu-
tion of species. Harms et al. (2001) suggested that habitat specialization has a
limited effect on plant species. The species-abundance distributions found in the
50 ha plot play a central role in Hubbell’s (2001) book on neutral theory, and in
subsequent discussions how to test it from just observational data (McGill 2006,
Etienne & Olff 2004). 

Further studies have attempted to look at the consistency of habitat associa-
tions through time (censuses) and different life stages (i.e. seedling, juvenile,
adults) using a variety of statistical techniques and approaches (Comita et al. 2007,
Leithead et al. 2009, Kanagaraj et al. 2011). Although there are differences in the
associations found among studies, the general observation is that there are
changes in plant-habitat associations through time.

Svenning et al. (2004,2006) performed studies at large scales in which 0.02-ha
plots were placed over the island. They found that environmental and historical
factors were significant for species distribution, which implies some degree of
ecological determinism (Svenning et al. 2004). Although these studies have tested
the factors that shape the species distribution, the sampling was non-continuous
and the individual plots small such that the effect of the surroundings (e.g. seed
input from other sources, environmental features outside the area of study) could
not be tested.

Scope of the investigation

The study I present here investigates the relative importance of deterministic and
stochastic processes in shaping the spatial distribution of tree species in the trop-
ical forest. To study the effects of environmental factors at a scale that includes
the entire plant community, I used remote sensing techniques combined with field
experiments. First, I developed and tested a method to map trees using high reso-
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Family
Growth form

Fruiting period
Seed dormancy
Dispersal mode

Height (m)
Crown diameter (m)

Seed size (cm)
Seed weight (g)

Seed

Aracaceae
Palm

April to July
Dormant
Animal

20
6.4

3 x 2
5.45

Astrocaryum standleyanum

Aracaceae
Palm

May to October
Dormant
Animal

30
8.9

4 x 2
11.1

Attalea butyracea

Aracaceae
Palm

May to August
Non-dormant

Animal
20
3.8

2 x 2
1.66

2 cm

Oenocarpus mapora

Family
Growth form

Fruiting period
Seed dormancy
Dispersal mode

Height (m)
Crown diameter (m)

Seed size (cm)
Seed weight (g)

Seed

Bignoniaceae
Deciduous tree

August to November
Non-dormant

Wind
45

15.1
2 x 1.8

4.7

Jacaranda copaia

Fabacea
Deciduous tree

December to March
Non-dormant

Animal
50

24.8
4 x 2.5
11.22

Dipteryx panamensis

Bignoniaceae
Tree

April to June
Non-dormant

Wind
30

17.3
3 x 1
0.85

Tabebuia guayacan

2 cm2 cm

4 cm4 cm2 cm

Figure 1.6. Plant species description with a view from aerial photos. Seeds photos copyright Steve
Paton. STRI. 



lution photographs. I discuss the accuracy of this method at extracting spatial
patterns and its applicability in other ecological studies (Chapter 2). Remote
sensing provided the possibility to map entire populations of adult trees at BCI.
High resolution aerial photographs were taken and georeferenced in three consecu-
tive years (2005, 2006 and 2007). The mosaicked photos were overlain with the
stem locations and DBH measurements from the 50 ha dynamics plot and a 25 ha
plot to selected tree species with distinctive tree crowns. Then all trees in the
photographs were mapped in order to obtain an island-wide reliable adult distri-
bution maps. Subsequent ground-truthing on five 6-ha plots located around the
canopy towers allowed to estimate the accuracy of the maps obtained. 

Second, the validated distribution maps of Astrocaryum standleyanum, Attalea
butyracea, Dipteryx panamensis, Oenocarpus mapora, Jacaranda copaia and
Tabebuia guayacan (Figure 1.6) were used to examine the effect of environmental
variables, extracted from the soil map (Baillie et al. 2007) and from other sources,
on the spatial distribution of species and to evaluate the effect of scale on the
outcome of the analysis of plant-habitat associations. In this thesis, I present the
outcome of the analysis of plant-habitat associations at varying sampling scale. I
demonstrate that patterns of habitat association are strongly affected by the
choice of sampling scale the (Chapter 3). 

Finally, to evaluate the effect of seed limitation and establishment limitation, I
performed a number of field experiments. The maps and results obtained from
these analyses informed the field experimental design, which consisted in a set of
40 plots per species (A.standleyanum, A.butyracea and D.panamensis) with
varying tree density and soil suitability. During the fruiting season of 2006, seeds
of the tree species were collected, stored. In mid-2008, seed addition sites were
placed at the center of each of the plots by partially burying 3000 seeds (100 seeds
per species, 25 seeds per species-plot) that were protected from granivores with an
iron mesh. During 2007, 2008 and 2009 seed germination at the seed addition sites
was recorded. Additionally, in 2008, seed presence and predation (i.e. seeds
attacked by specialized and generalist predators) were measured at the plots by
setting 10 quadrats per plot and collecting all endocarps on the soil surface and
those buried up to 5 cm deep in the soil within a 1m2 quadrat. I evaluated the
effect of conspecific and heterospecific seed densities on patterns of seed predation
by specialized and generalist predators, showing that, contrary to Janzen-Connell
hypothesis, both conspecific and heterospecific densities modify seed predation
patterns observed (Chapter 4). Finally, I link seed limitation (source, dispersal and
predation) and establishment limitation (seed germination) to estimate the relative
importance of stochastic (seed limitation) and deterministic (site properties) in
determining species recruitment at the early stages (Chapter 5). I discuss the
results in the context of previous and future studies on the spatial structure and
dynamics of the tropical forest (Chapter 6). 
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