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Abstract 

I examined recruitment patterns of multiple tree species in a western Amazonian 

floodplain forest at three ontogenetic stages: seed fall, seedling establishment, and 

sapling recruitment. 

From analyzing a long-term seed rain dataset collected using a high-density 

array of seed traps, I confirmed that seed fall decreases sharply with increasing distance 

from fruiting trees, with disproportionately large contributions from a very small fraction 

of all trees. Patterns of seed fall, although idiosyncratic for individual species, tended to 

relate to dispersal syndrome. Intact seeds were found at significantly greater distances 

away from fruiting adults than ripe fruit and almost exclusively comprised the tail of the 

seed shadow for most species. 

Saplings of all species examined recruited in areas of very low predicted seed 

density at significantly higher abundances than expected under a null hypothesis of “all 

seeds are equal”. The value of a seed in terms of its potential to produce a sapling 

recruit – measured as sapling/seed ratio – initially increased greatly with increasing 

distance from reproductive conspecific adults and leveled off at farther distances, in 

almost all species. 

A parallel experimental study employed >1000 individual seedlings of common 

tree species situated near and far from conspecific adults. Overall survival for all species 

pooled and for eight out of 11 individual species was significantly higher at sites located 

far from versus close to conspecific adults, with the study design controlling for seedling 

density at sites. Survival analysis based on multiple censuses revealed that a “distance 

effect” persisted and intensified over time, although the timing of onset of distance-

related differential mortality differed amongst species. The role of host-specific 
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invertebrate herbivores and microbial pathogens in causing seedling mortality near 

conspecific adults was confirmed by the use of mesh exclosures.   

Overall, my results provide community-level support for the influence of distance-

dependent processes on recruitment patterns. Seed dispersal appears critical for 

successful recruitment and undispersed seeds make a minimal contribution. When de-

coupled from distance-dependence, effects of competition-based density-dependent 

processes on recruitment were weak or undetectable. I conclude that community-level 

tree recruitment processes and patterns in western Amazonian lowland rainforests that 

harbor intact floral and faunal assemblages conform closely to predictions of the Janzen-

Connell hypothesis of tropical tree recruitment. 
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1. Introduction 

Background 

Since the latter half of the 20th century, an enormous amount of research has 

been conducted on the processes that constitute tree recruitment in lowland tropical 

rainforests, resulting in several major paradigms that relate recruitment patterns and 

processes. Perhaps the only point of agreement amongst these paradigms is that tree 

recruitment takes a long time and involves multiple ontogenetic phases, each of which 

can be influenced by a plethora of biotic and abiotic factors. Tree recruitment can be 

thought to begin with the production of flowers by reproductive adults, followed by the 

pollination of female floral parts and the development and maturation of fertilized ovaries 

into seed-bearing fruits. In most cases, seeds are eventually transferred to the soil, 

where they face the perils of being consumed and destroyed by a plethora of seed 

predators, unless they are aided by biotic or abiotic dispersal agents in being moved to a 

“safe site” (Grubb 1977). Under the right set of biotic and abiotic circumstances, a seed 

will germinate, avoid/overcome the obstacles posed by natural enemies (herbivorous 

organisms) and unfavorable abiotic conditions and begin the transition from a “seedling” 

to a “sapling”, which can take anywhere from a few weeks to several decades, 

depending on its inherent life-history traits, and the suite of biotic and abiotic conditions 

to which it is exposed. The arrival of a “sapling” into a stem size class of >1m tall or ≥ 1 

cm diameter, is widely accepted by forest ecologists to represent a successful “sapling 

recruit”, and the culmination of a major phase of regeneration. From thereon, the 

“sapling recruit” must find itself in the right set of spatio-temporal circumstances to begin, 

and eventually complete the vertical journey to the top of the forest canopy or its ultimate 
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stratum, where it will join other successful recruits and replace an older generation of 

adults, including the parent trees that produced its seed. This journey can take anywhere 

from a few decades to centuries, the culmination of which represents the regeneration 

dynamics of the entire forest when integrated at the community- and stand- levels. 

Given the multitudes of factors and the time involved in the journey from fruit to 

reproductive adult, it is unsurprising that the scientific literature is comprised of vastly 

and often acrimoniously differing paradigms of processes and phenomena considered 

most significant in their influence on the maintenance of species diversity and the spatial 

patterning of tropical tree recruitment. Prominent theories include niche pre-emption 

(Whittaker 1965), “escape in space” from natural enemies (Janzen 1970, Connell 1971), 

differentiation in the regeneration niche (Grubb 1977), gap dynamics (Hartshorn 1978, 

Denslow 1987), intermediate disturbance (Connell 1978), community drift (Hubbell 

1979), lottery competition (Chesson and Werner 1981), density dependence (Hubbell 

and Foster 1986, Hubbell et al. 1990, Condit et al. 1994, Wills et al. 1997, Harms et al. 

2000), spatial heterogeneity of limiting resources (Pacala and Tilman 1994), dispersal 

limitation (Tilman 1994, Hurtt and Pacala 1995) and recruitment limitation (Hubbell et al. 

1999, Muller-Landau et al. 2002, Wright 2002). These theories span the gamut in their 

emphases on the relative importance of biotic vs. abiotic factors, mechanisms 

characterized by stochasticity vs. determinism, and in spatio-temporal resolution from 

sub-hectare to global, and days to millennia. 

“Escape” Hypothesis: the Janzen-Connell model 

It is rather surprising that only one of these hypotheses - “escape in space” from 

natural enemies (Janzen 1970, Connell 1971) - commonly referred to as the “Escape 

Hypothesis” or “Janzen-Connell” (J-C) model - describes a primary role for animals in 
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tree recruitment processes, because animals play crucial roles at virtually every step in 

plant reproduction and recruitment in tropical rainforests: pollination, seed dispersal, 

seed and seedling predation, and seedling growth and maturation (Terborgh et al. 2002).  

Janzen (1970) and Connell (1971) independently hypothesized that in tropical 

rainforests, host-specific seed predators, seedling herbivores and pathogens eliminate 

virtually all conspecific seeds and/or seedlings in the naturally occurring regions of high 

density around reproductive adult trees. As a result, neighboring adult trees are very 

rarely of the same species because a conspecific seedling is far more likely to survive 

beyond some distance away from an adult tree, where it ““escapes” the attention of 

density-responsive or distance-responsive natural enemies (Janzen 1972 & 1980, 

Augspurger 1983a &1983b, Gilbert et al. 1994). This “escape” is provided by seed 

dispersal, primarily mediated by animals such as frugivorous primates, birds and certain 

terrestrial mammals, and is thus critically important to the survival of seeds and young 

seedlings and their successful transformation into sapling recruits (Howe and Miriti 

2000).  

The emphasis in the J-C model is on "distance effects," processes (specifically, 

seed density and the action of enemies) that vary as a function of distance from adult 

trees. Janzen and Connell pointed out that if distance effects are both strong and 

pervasive in forest communities, that is, if recruits appear far enough from conspecific 

adults, then space is available for occupancy by other species that might otherwise be 

excluded by intense competition from the offspring of nearby trees for resources such as 

light and nutrients (Howe and Miriti 2000). Thus, the J-C model makes predictions at two 

levels: for individual species, it calls for a pattern of recruitment that is skewed to the 

right (away from adults) with respect to seed shadows, and it predicts high diversity at 



 

4 

the community level as a consequence of recruitment failure in the vicinity of 

reproductive conspecifics (figures 1 and 2).  

Even though most prominent theories other than the J-C model leave out specific 

mention of biotic agents, their role is implicit, particularly in dispersal limitation, 

recruitment limitation, and density-dependence, which are inherently linked with the 

processes described by the Janzen-Connell model. For example, both dispersal and 

recruitment limitation envision processes that limit the arrival of all but a small fraction of 

viable seeds at suitable sites for establishment (Hubbell et al. 1999). The failure of seeds 

to arrive at all suitable sites gives rise to the notion of winner by default, by which sub-

optimal competitors may succeed in colonizing sites because propagules of the best 

competitor failed to arrive (Dalling et al. 2002). Thus, the success of sub-optimal 

competitors promotes diversity by preventing dominance by superior competitors (Yu et 

al. 2004). However, both these theories fail to explicitly consider the role of natural 

enemies, apart from abiotic conditions such as light and nutrients, in determining if a 

seed has arrived at a “safe site”, which will determine its success or failure. The J-C 

model offers the explicit prediction that seeds in the immediate vicinity of the 

reproductive or other conspecific adults will be unsuccessful due to the action of natural 

enemies; this places a premium on the services of dispersal agents, particularly 

frugivorous vertebrates that feed on fleshy-fruited species that comprise the majority of 

canopy trees in lowland neotropical rainforests. Thus, biotic interactions described by the 

Janzen-Connell model are implicit in the theories of dispersal limitation and recruitment 

limitation.  

Similarly, for density dependence, or at least one of its many definitions, the 

reason that recruitment is unsuccessful in high-density areas of the stand is because of 
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the proximity of conspecifics (be it seeds, seedlings, saplings or adults) and the 

presence of natural enemies that are attracted to them. In a sense, it is virtually 

impossible to separate density-dependence from distance-dependence under natural 

conditions because the regions of highest seed- and pathogen-density are almost 

always going to be in the vicinity of conspecific adults. This simple fact has been either 

overlooked or omitted in studies that claim to demonstrate the power of density 

dependence in enhancing diversity in tropical rainforests, without considering or 

mentioning the effect of proximity to seed-producing reproductive adults (e.g., Harms et 

al. 2000). Distance and density effects have both been shown to operate in the case of 

individual species, but which of these processes is more important at the community 

level remains unclear (Clark and Clark 1984, Hammond and Brown 1996). Studies by 

Fragoso (1997) and Fragoso et al. (2003) elegantly demonstrated that high seed density 

does not inhibit successful recruitment when decoupled from distance – seeds of the 

palm Maximiliana maripa present in high densities in tapir latrine sites far from fruiting 

adults experienced significantly lower rates of predation than seeds under adult crowns 

and in their vicinity. However, there have been no satisfactory community-level studies 

to date that have attempted to test the relative importance of distance vs. density in 

recruit mortality. 

Testing the Escape Hypothesis: the story so far 

Much effort has been expended in testing the J-C model, but inconsistency in the 

results has led to equivocal acceptance of the underlying mechanism (Brown and 

Jennings 1996, Hubbell 2001, Hyatt et al. 2003). An inherent limitation of nearly all 

studies of distance effects is that they are conducted with a single species of tree and a 

single life stage, either seeds or (less commonly) seedlings (Janzen 1972, Wright 1983, 
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Clark and Clark 1989a, Forget 1996, Cintra 1997, Fragoso 1997, Connell and Green 

2000, Gilbert et al. 2001). Relatively few studies have included both seeds and 

seedlings/saplings (Howe et al. 1985, Howe 1990, Cintra and Horna 1997, Forget 1997, 

Zuidema and Boot 2002). Failure to find strong distance effects at a particular 

ontogenetic stage does not refute the Escape Hypothesis, in which negative influences 

of distance can potentially operate at any stage prior to maturity (Condit et al. 1992, 

Schupp 1992). The focal tree, single life-stage design that most investigators have 

employed has failed to flesh out a broader view of the role of distance effects in 

structuring whole communities (Terborgh et al. 2002).  

Another major issue is that the vast majority of long-term, large-scale tropical tree 

recruitment studies to date have only sampled stems  ≥1cm diameter that are estimated 

to be at least 20 years old (Weldon et al. 1991, Hubbell 2004), and much older for most 

species except a small group of fast-growing, light gap-colonizing species. The problem 

is that saplings ≥1cm diameter are far less likely to represent the immediate 

consequence of differential mortality at early life-history stages. Later-stage mortality is 

likely to be largely decoupled from biotic factors and more stochastic in nature, based on 

factors such as mechanical damage and light availability (Clark and Clark 1989b & 

1991). Therefore, studies that focus exclusively on recruitment patterns of saplings ≥1cm 

diameter are likely to miss biotically induced distance-dependent mortality patterns at the 

earliest life history stages, and erroneously reject the J-C hypothesis. 
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Figures 

 

Figure 1. Schematic depiction of the Janzen-Connell model at the individual 
species level 

Key: Dotted lines illustrate effects of loss of seed dispersal services for species 
dispersed by large frugivorous vertebrates. 
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Figure 2. Schematic depiction of the community-level outcome of the 
Janzen-Connell model 

Key: A hypothetical 5-species community is considered purely for illustrative purposes. 
Upper-case alphabets represent reproductive adult trees (species A-F), circles represent 
their respective zones of suppressed conspecific recruitment and lower-case alphabets 
represent conspecific saplings of the corresponding adult species. Sizes of the zones of 
suppressed conspecific recruitment are arbitrary and meant to suggest interspecific 
variation. 
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2. Setting the stage: mapping seed shadows 

Introduction  

In order to fully understand tree recruitment patterns, it is necessary to begin at 

the earliest ontogenetic stage of recruitment: seed rain. Although much effort has been 

expended in testing for density- and/or distance-dependence in tropical tree recruitment 

patterns, the nature of seed shadows remains shrouded in uncertainty. While some 

primarily theoretical and simulation-based approaches have been attempted (Clark et al. 

1999, Nathan and Muller-Landau 2000, Morales and Carlo 2006), not a single published 

study exists to date that has been able to realistically estimate the density and spatial 

distribution of seed rain simultaneously for multiple species within a lowland tropical 

rainforest based primarily on empirical data. Studies that have quantified seed rain 

through seed traps reflect designs based on convenience rather than considerations of 

seed dispersal biology - typically, seed traps are widely scattered within a large tree plot 

(e.g. Harms et al. 2000), or in a linear format at locations along trails (e.g., Foster 1973 & 

1982, Terborgh 1983). Both situations preclude the availability of sufficiently intensive, 

spatially appropriate data on seed rain for the modeling of ecologically realistic seed 

shadows and the examination of concurrent seedling or sapling recruitment in relation to 

the spatial distribution of seed rain.  

In this chapter, I analyze seed distribution patterns of multiple tree species in 

relation to distance from large potentially reproductive adult trees in the stand. I will 

attempt ecologically meaningful interpretations of these patterns for individual species 

and examine how they relate to dispersal syndrome. 
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Study Area 

The research site is situated at Cocha Cashu Biological Station (CCBS, 11º 51’ 

S, 71º 19’ W), located in the heart of Manu National Park in Madre de Diós, Perú, which 

protects > 1 million hectares of pristine lowland rainforest within the basin of the Manu 

river, a tributary of the Madre de Diós river that drains most of the Amazon headwaters 

region of southeastern Perú. The site is well-known for its high biological diversity and 

intact vertebrate community (Gentry 1990, Terborgh et al. 1996). The mature floodplain 

forest around CCBS is free from human-induced disturbances such as logging, 

agriculture and hunting. As a result, it harbors an intact faunal assemblage that includes 

high densities of frugivorous primates and large birds that are usually absent or at very 

low densities at most other long-term neotropical research field sites. The dominant 

habitat in the vicinity of the research station is mature tropical floodplain forest. The 

floodplain tree community includes >700 species of trees that attain a dbh of ≥10 cm 

(Pitman et al. 1999, 2002).  Between 1974 and 1989, the tree turnover rate (i.e., 

mortality) of this forest was 1.7% per year, a near average rate for tropical forests 

around the world (Swaine et al. 1987, Gentry and Terborgh 1990). 

Methods: Data 

Long-term tree plot 

The data reported here derive from a 4.0 hectare (200x200m) long-term forest 

dynamics plot located in mature floodplain forest at Cocha Cashu. All stems ≥10 cm dbh 

in the plot have been mapped and identified to species (or morphospecies in a small 

number of cases).  The 1.5 ha core of the plot was established in 1974-75 and 

subsequently enlarged to 2.25 ha in 1988 and to 4.0 ha in 2002.  Hundreds of trees that 
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were in the initial stand have died and been replaced by new recruits.  Roughly half of 

the area being monitored for seedfall and sapling recruitment has been included within a 

tree-fall gap at some time during the history of the plot. All major treefalls occurring since 

1980 have been mapped. At the last census in 2005, the plot comprised a total of 2274 

stems ≥ 10cm dbh, constituting > 300 individual species. Of these, 48 species had 10 or 

more stems, and 22 species had 20 or more stems, with the most abundant species 

having 169 stems. 

Seed rain 

Quantitative monitoring of the seed rain within the central 1.44 hectares 

(120x120m) of the 4 hectare plot was initiated in September, 2002. Seed traps (N=289) 

are arrayed in a 17 x 17 square grid, at 7.5 m intervals. Traps were constructed of plastic 

screening (2 mm mesh) attached to a heavy wire frame measuring 0.5 m2, and 

suspended by monofilament from nearby trees and vines at a height of ~1.5m above the 

ground in order to keep them out of reach of white-lipped peccaries and other ground-

foraging terrestrial mammals. Loss of seeds from traps is of minimal concern because 

only insects and pathogens would be able to access them, and the seeds are no more 

vulnerable to them than if they were on the ground. Based on extensive observations, 

large mammals cannot, and do not attempt to access the traps. The 2-week collecting 

interval and accumulation of leaf litter in the seed traps confers a similar or even greater 

degree of protection to the seeds than if they fell to the ground. The array has a 

combined area of 144.5 m2, representing a sampling intensity of ~1% within the 

encompassing 1.44 hectares.  Seed traps are emptied on the 5th and 20th of each 

month, and all seeds with a long dimension ≥3 mm have been counted, classified and 

identified. Smaller seeds are mostly ignored as too tedious and difficult to separate from 
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the litter that accumulates in the traps. Nearly all saplings present in the advance 

regeneration originate from seeds >3 mm long, and the majority of recruitment arises 

from advance regeneration, with gaps serving mainly to maintain a small fraction of 

heliophilic “gap-specialist” species whose seeds are often < 3mm long (Hubbell and 

Foster 1986, Uhl et al. 1988, Hubbell et al. 1999). 

Seeds captured in the traps are classified as “intact”, “damaged” or “with pulp”. 

Intact seeds are free of any adherent pulp or aril and without signs of blemish, such as 

decay, discoloration, tooth marks or evidence of invertebrate attack, i.e., entry or exit 

holes. These are seeds presumed to be viable and capable of germination. While a 

subset of intact seeds that were collected in animal feces can be considered as 

dispersed propagules with certainty, a significant fraction of intact seeds – especially 

those found in seed traps under the crowns of fruiting adults – are probably undispersed 

fruits that have been cleaned of pulp by ants and other arthropods after falling into and 

laying in the seed traps between collection intervals.   

Damaged seeds, i.e., showing obvious signs of decay, discoloration, tooth marks 

or evidence of invertebrate attack are considered unlikely to germinate. Seeds with 

adherent pulp have been ejected from the mouth of an animal but have manifestly not 

passed through the gut of a disperser and are therefore considered to be undispersed. 

The traps capture large numbers of seeds still contained in fruits, which are categorized 

as ripe, unripe and "wormy". Ripe fruits are those that have turned color and fallen with 

the flesh intact. Unripe fruits are distinguished by a combination of color (usually green), 

hardness and size in comparison to mature fruits. "Wormy" fruits display evidence of 

arthropod attack. Finally, the exocarps of certain species producing capsules, pods or 

cupules are classified as "valves".  
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Suspended seed traps document only primary dispersal; secondary dispersal is 

not detected, resulting in an error in the estimation of final seed shadows for a few 

species. Agoutis, acouchis and squirrels comprise the major vertebrate secondary 

dispersers at Cocha Cashu. All of these animals can carry seeds several tens of meters 

before burying them (Hallwachs 1986, Jansen 2003, Vander Wall et al. 2005). However, 

the seeds scatterhoarded by vertebrates tend to be among the largest produced in this 

forest, and their numbers are typically too limited for the quantitative estimation of seed 

shadows. Moreover, large-seeded species that rely on secondary dispersal through 

scatter-hoarding represent only a small fraction of the highly diverse pool of canopy and 

sub-canopy tree species in the community.  Smaller seeds are subject to secondary 

dispersal by dung beetles, but dung beetle dispersal occurs on the scale of a few meters 

(Andresen 1999) and can thus be ignored as below the resolving power of the 7.5-m grid 

of seed traps. 

Dispersal mode classification 

Tree species were assigned to dispersal modes based on observations 

accumulated at CCBS over 30 years' of research on primates, birds, bats and terrestrial 

mammals (Terborgh 1983, Foster and Janson 1985, Romo 1997).  Many of these 

observations are documented in unpublished doctoral theses.  Dispersal mode 

assignments were also corroborated with published sources, particularly, van 

Roosmalen (1985), Gentry (1993), and Stevenson et al. (2000). 
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Crown radii measurements 

Estimates of crown radii were obtained from photographs taken by John 

Terborgh of entire trees of > 200 species that were fully visible on eroding banks along 

the river, using a long scaling pole with meter marks.  

Sapling recruitment 

Sapling dynamics are being monitored within a 0.81 hectare area (90x90m) 

located in the geographical center of the 4-ha plot. The concentric design of a sapling 

plot centrally located within a larger, encompassing tree plot (Hammil and Wright 1986, 

Terborgh et al. 2002) provides an adequate “buffer”, ensuring that for any sapling, the 

nearest conspecific adult tree can be determined with certainty to at least 55m and up to 

100m for saplings in the interior-most region of the plot. Monitoring of saplings began in 

1993 when saplings ≥1 cm and <10 cm diameter were tagged, measured and identified 

to species in several 30 x 30 m subplots.  Since then, monitoring of small stems has 

been extended to two size classes, "small saplings" (≥1 m tall, <1 cm diameter) and 

"large saplings" (≥1 cm diameter and <10 cm diameter), and the area within which 

sapling dynamics are being monitored has been extended to cover the entire central 

0.81 hectares of the tree plot.  To date, >20,000 small and large saplings have been 

tagged and periodically re-censused at 4-year intervals. Of these, 39 species have 25 or 

more total saplings, and 21 species have more than 50 saplings, with the most abundant 

species having 578 saplings. 

Analysis 

Raw data are drawn from the accumulated seed trap collections over a 58-month 

span from September 2002 to the end of July 2007. Analysis was restricted to a sub-
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category of fruits and seeds – termed “viable propagules” – that included intact seeds 

with and without pulp/aril, and ripe, uninfested fruit. These were considered as the most 

likely candidates to make the transition to seedlings and subsequently to sapling 

recruits, which is a conservative but ecologically realistic assumption. Only species with 

≥ 100 total viable propagules collected over the 58-month period were used in the 

analysis.  

Seed density and distance to nearest adult surfaces 

For each species, a digitized version of the seed trap grid was created using the 

XY coordinates of the 289 seed traps and the accumulated 58-months of seed 

collections of each trap. Four categories of seeds were tallied: all viable propagules, ripe 

fruit only, intact seeds only, and seeds with pulp. Graphs were not produced in a few 

cases where one or more categories were entirely absent from the seed rain. 

Seed density surfaces were generated from seed trap collections using a simple 

Inverse Distance Weighting (IDW) algorithm in ARCGIS 9.1 (ESRI 2005), based on 

actual densities of seeds captured in the traps. For simplicity and in order to preserve 

accuracy, estimation of seed density at any point was restricted to the 4 nearest seed 

traps. Estimated seed density values were outputted as 1m2 grid cells, a total of 14,400 

such points for each species based on the total area within the seed trap grid 

(120x120m). 

Distance to nearest large adult (stems >10 dbh for understorey species and at 

least >40cm dbh for canopy species) was calculated for the entire extent of the seed trap 

grid using the Spatial Analyst feature in ArcGIS 9.1 and outputted as 1m2 grid cells. 

Distance values were calculated using the entire 200x200m extent of the tree plot and 

then clipped to the 120x120 extent of the seed trap grid, which provides an “accuracy 
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buffer” ranging from a minimum of 30m (from the seed trap grid boundary) to a 

maximum of 90m (from the center of the seed trap grid) for accurately determining the 

nearest large tree. Thus, each of the 14,400 1m2 grid cells within the 120x120m extent of 

the seed trap grid had an estimate of seed density and a value of distance from nearest 

large adult. These data were used to plot seed density vs. distance graphs, with 

accompanying maps of seed density and locations of large adults. The outer limit of the 

X (distance) axis in each graph is the farthest possible distance from the nearest large 

tree within the bounds of the 120x120m seed trap grid, i.e., the graph contains all the 

data.  

Calculations 

For each species, median distance values of each seed category were calculated 

using only the fraction of 14,400 1 m2 pixels with estimated seed density value ≥1. 

Median distance values of ripe fruits were not calculated for species that did not having 

fruiting adults in the tree plot and whose seed rain was comprised primarily or entirely of 

intact seeds (e.g., Batocarpus amazonicus, Chrysophyllum venezuelanense, 

Ruizodendron ovale, Sorocea pileata, etc.) Median distance values of intact seeds were 

not calculated for species with very tiny seeds that are very difficult to accurately identify 

(e.g., Ficus spp. and Lunania parviflora). 

The distance “gain” from dispersal was calculated individually for each species 

as the difference between median distances of intact seeds and ripe fruits, when both 

values could be calculated based on the above criteria. Distance “gain” was not 

calculated for species that did not have fruiting adults in the tree plot and whose seed 

rain was comprised primarily or entirely of intact seeds. 
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Distance to the nearest large conspecific adult for each sapling (only for species 

that had saplings) was determined using spatial analyst tools in ArcGIS 9.1. Median 

values of sapling-to-nearest conspecific adult distance were then calculated separately 

for each species. Only saplings in the smaller size class (>1m tall, <1cm diameter) were 

used for calculating adult-sapling distances.  

Results 

Seed density surfaces and graphs of seed density vs. distance were generated 

for 40 species (figures 3-42, **please read figure legend first**), representing a variety of 

dispersal syndromes and other important life-history traits (table 1).  Proportion of fruit-

producing adults out of all large trees in the tree plot varied from zero (e.g., figures 10, 

15, 21, 28, 29, 31), a single tree (e.g., figures 3, 8, 9, 12, 16, 20), to >50% of all large 

trees (e.g., figures 6, 7, 18, 25, 27). 

Median distance values of each of the four categories of propagules varied 

widely across species (table 2). For the majority of species, intact seeds were found at 

considerably greater distances away from fruiting adults than ripe fruit and almost 

exclusively comprised the tail of the distribution of all viable propagules. Median distance 

values of all species pooled together were significantly greater for intact seeds than for 

ripe fruit (W = 1552068912, p < .0001). When grouped by dispersal mode, median 

distance values of intact seeds were significantly greater than those of ripe fruits for 

species dispersed by birds (Wilcoxon rank-sum test, W = 96986118, p < .0001), wind (W 

= 39237584, p < .0001), primates (W = 462529788, p < .0001) and for autochorous 

species (W = 101081.5, p < .0001).  

Comparison of median distance values from the earliest to oldest ontogenetic 

stages for all species pooled revealed steadily increasing spacing over time, and the 
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pattern was consistent across all dispersal syndromes (figures 41, 42). Overall, bird 

dispersed species tended to have the highest median distance values in all ontogenetic 

phases – especially when measured in multiples of crown radii – followed by wind-, 

primate-, and bat-dispersed species (figures 43, 44). Autochorous species had the 

lowest median distance values in all ontogenetic stages. Values of distance “gain” 

provided by dispersal varied widely across species (table 3). The average distance 

“gain” provided by dispersal was greatest for wind-dispersed species, and least for 

autochorous species (figures 45, 46). The mean distance gain from dispersal for all 

species together was 6.2 meters or 1.5 crown radii. 

Some species had seed shadows with pronounced bimodal distributions (e.g., 

figures 18, 20, 34, 35), with one mode comprised of undispersed seeds (primarily ripe 

fruit) near the fruiting tree and a second mode of primarily intact seeds (also seed with 

pulp in a few cases) at intermediate to large distances away from fruiting trees. 

Particularly in wind-dispersed species (e.g., figures 34, 35), the two modes tended to be 

far apart and the mode corresponding to dispersed propagules tended to be comparable 

to, or even larger than the mode corresponding to undispersed propagules. In contrast, 

the mode corresponding to ripe fruit was much larger than the mode comprised of intact 

seeds in many primate-dispersed species (e.g., figures 18, 20) except those whose seed 

rain was comprised entirely of intact seeds (e.g., figures 10, 23, 28, 29). Multi-modal 

distributions were observed in some primate and bat-dispersed species (e.g., figures 15, 

21, 38). 

Seeds with pulp had distinct spatial distributions based on their dispersal mode. 

For bird-dispersed species (figures 3-9), they tended to have similar median distance 

values as intact seeds, suggesting that the majority of seeds with pulp are in fact 
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effectively dispersed seeds. For bat-dispersed species (figures 38-41), their median 

distance values were intermediate between intact seeds and ripe fruit, suggesting a 

more modest distance gain from dispersal. In some primate-dispersed species  (e.g., 

figures 13, 16, 18), seeds with pulp had median distance values comparable with those 

of ripe fruit, suggesting that most seeds with pulp in these species are effectively 

undispersed and tend to occur underneath the crowns of fruiting adults. However, in 

other primate-dispersed species, seeds with pulp comprised a sizeable fraction of the 

total crop and tended to be found at considerable distances away from fruiting trees 

(e.g., figures 29, 30, 32) 

Discussion 

For most species, a surprisingly small proportion of large trees in the forest stand 

are seed sources, which illustrates how limited seed availability is even at the outset. 

This observation is somewhat ameliorated by the fact that several of the focal species 

are dioecious (figures 10, 13, 14, 16, 21, 26, 29, 32, 33, 40). Therefore, only a fraction of 

all adult trees in the stand – gynoecious trees that produce female flowers – are ever 

capable of producing fruit at any point in their lifetimes.  

Bird-dispersed species had much higher median intact seed distances than any 

other dispersal syndrome, with the trend persisting through later ontogenetic stages. 

While this could be interpreted as bird dispersal being the most efficient dispersal 

syndrome in spatial terms, it might also simply be an artifact owing to unusually low adult 

densities of the few bird-dispersed species used in this analysis. However, rarity doesn’t 

automatically imply large sapling recruitment distances. In fact, most rare species tend to 

have highly clumped recruitment (Hubbell 1979). Birds are known to fly long distances 

carrying fruits in their bills, which often fall in mid-flight. Birds also often tend to carry 



 

20 

seed-bearing fruit pulp stuck to their bills for long distances before eventually being 

scraped off against a tree trunk or branch and falling to the ground.  

Wind-dispersed and primate-dispersed species had lower adult-adult distances 

than adult-sapling distances, which is probably a result of clumped, directed dispersal 

(Howe and Smallwood 1982, Howe 1989). Seeds are dispersed far from parent trees but 

in discrete clumps rather than widely scattered (in contrast to bird-dispersed species), 

which would give rise to clumped sapling distributions that would eventually lead to 

clumped adult distributions. Thus, nearest neighbor distances would be conserved 

across generations but the locations of cohorts are very different, a phenomenon that 

could be termed “displaced self-replacement”. For bat-dispersed and autochorous 

species, adult-adult distances are ± equal to adult-sapling distances because seeds are 

not dispersed very far from adults.  

The seed rain of Mabea maynesis, the only autochorous species, was comprised 

almost entirely of intact seeds (figure 42). Nevertheless, its post-dispersal seed shadow 

almost resembles a pre-dispersal one because the distance gain from dispersal is 

modest – whether in absolute distance (3.8m) or number of crown radii (0.7).  

In some common primate-dispersed and bat-dispersed species (e.g., 

Pseudolmedia laevis, Otoba parvifolia, Virola calophylla), median distance values for 

ripe fruit and intact seeds were comparable because a sizeable proportion of intact 

seeds are found close to conspecific adults. However, genetic studies (Godoy and 

Jordano 2001, Wang et al. 2007) have shown that intact seeds found under a 

conspecific adult can originate from far-off parents (Wang and Smith 2002). This partially 

accounts for the low or modest values of distance “gain” from dispersal calculated for 

these species, and illustrates the limitations of this admittedly simple approach to 
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quantifying the spatial dimension of dispersal. The true value of distance “gain” from 

dispersal is probably much higher, and its calculation would require careful separation of 

intact seeds found underneath fruiting trees vs. those found underneath confirmed non-

fruiting trees. For example, in primate-dispersed Pseudolmedia laevis (figure 26), the 

propagules collected from under the crowns of several trees were exclusively intact 

seeds. Not a single ripe fruit or seed with pulp was collected from under these trees, 

which confirms that these trees are not fruiting adults, and that the seeds found 

underneath them have actually been dispersed far away from their seed source. This is 

a classic example of the phenomenon of “reciprocal dispersal” – actively foraging 

primates trap-line fruiting trees as they move across the forest stand in search of fruit, 

and in the process defecate seeds under the crowns of several conspecific adults, 

particularly if the species is fairly common in the tree stand. Importantly, however, from 

the perspective of the Janzen-Connell hypothesis, intact seeds that have been dispersed 

from far-off adults to locations under the crowns of large conspecific trees are effectively 

undispersed in terms of “escape” from host-specific natural enemies. 

An additional confounding factor in the estimation of distance “gain” from 

dispersal for fleshy-fruited species is that while a subset of intact seeds that were 

collected in animal feces can be considered as dispersed propagules with certainty, a 

significant fraction of intact seeds – especially those found in seed traps under the 

crowns of fruiting adults – are probably undispersed fruits that have been cleaned of 

pulp by ants and other arthropods after falling into and laying in the seed traps between 

collection intervals. Low distance gain from dispersal for many primate-dispersed and 

some bat-dispersed species could also be partly attributed to their commonness in the 

tree stand compared to species representing other dispersal modes – the maximum 
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apparent distance that seeds of these species can be dispersed is relatively low 

because of the proximity of conspecific adults in the stand. 

Bi-modal and multi-modal seed distributions observed in some primate- and bat-

dispersed species have an ecological basis – animal-dispersed propagules are 

frequently and habitually deposited in clumps below nesting or roosting sites whose 

locations often remain stable over long periods of time (Fleming and Heithaus 1981, 

Nathan and Muller-Landau 2000, Romo 2004, Russo and Augspurger 2004, Russo 

2005). Therefore, locations of secondary (or even primary) modes in these species are 

neither arbitrary nor artifacts because they have accumulated via multiple individual 

dispersal events, temporally as well as spatially. Observed species-specific dispersal 

distances are the outcome of the spatial distribution of fruiting trees and the feeding 

ecology of the disperser. For example, Russo (2005) showed that spider monkeys 

generate a heterogeneous seed deposition pattern because they scatter-disperse seeds 

diurnally, whereas they clump-disperse seeds at their sleeping sites. Primates are 

notoriously inefficient foragers that often drop more fruits/seeds than they consume 

(Terborgh 1983). In addition, a dominance foraging hierarchy exists amongst large 

troops of monkeys, with subordinate individuals often grabbing a bunch of ripe fruit from 

a fruiting tree and moving away to a different tree in order to avoid competition with 

dominant individuals. The result is discrete patches of ripe fruits and seeds with pulp at 

varying distances from the fruiting source. Bats are also known to grab fruits from a 

fruiting tree and fly considerable distances away in order to avoid predators (Romo 

2004). Feeding roosts of bats are thus predictable locations where clumps of dispersed 

seeds accumulate over time. For example, Trichilia poepiggii (figure 41) has a 
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pronounced secondary mode at ~14m from the nearest fruiting adults, which probably 

corresponds to the locations of bat roosts.  

It would be incorrect to discount the contribution of ripe fruits and seeds with pulp 

to the fraction of dispersed propagules. Seeds with pulp comprised a sizeable portion of 

the total crop of dispersed seeds in several primate-dispersed and some bat-dispersed 

species with seeds that are too large to pass through a primate or bat gut (e.g., 

Spondias mombin, figure 30; Dipteryx micrantha, figure 38), which shows that animals 

can carry viable propagules to substantial distances away from fruiting trees without 

necessarily consuming them. These species appear to rely on dispersal by fruit handling 

rather than purely fruit consumption and defecation. Even in species with seeds small 

enough to pass through a primate gut (e.g., Pseudolmedia laevis, Sorocea pileata, Virola 

calophylla), seeds with pulp comprised a sizeable fraction of all propagules and often fall 

far from the fruiting source. In multiple bird-dispersed species (figures 3-9), seeds with 

pulp and intact seeds had comparable median distances. However, intact seeds of 

endozoochorous species are almost certain to have passed through a disperser’s gut 

(intact seeds of many primate-dispersed species were almost always collected in feces) 

whereas ripe fruit and seeds with pulp definitely were not. The advantages of being 

scrubbed clean of pulp by being processed by a vertebrate gut, in terms of lowering the 

risk of detection and/or colonization by natural enemies ranging from insects to fungal 

pathogens, are well documented (Fragoso 1997, Andresen 1999, Fragoso et al. 2003). 

Consequently, even though a significant fraction of ripe fruit and seeds with pulp are 

adequately dispersed in space to escape from distance-responsive host-specific natural 

enemies, they are still susceptible to non host-specific and non distance-responsive 
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natural enemies. Intact seeds dispersed away from fruiting trees therefore have the best 

opportunity for successful germination.  

Calculated mean distance values of ripe fruits and intact seeds grouped by 

dispersal mode are rough estimates at best because their calculation is limited to a small 

subset of species with adequately large sample sizes of seed rain. As a result, sample 

sizes of species representing different dispersal modes are highly unequal and (with the 

notable exception of primate-disperses species, which was by far the most common 

dispersal syndrome) probably do not encompass the full range of life-history traits 

corresponding to a particular dispersal syndrome.  

Conclusions 

In general, dispersal in most species appears to be greatly limited in terms of 

fecundity –seed fall decreases sharply with increasing distance from fruiting trees, and a 

very small fraction of the total seed crop is transported beyond the immediate vicinity of 

the fruiting tree. However, apart from a few notable exceptions such as Ficus 

ypsilophlebia and Mabea maynensis, intact seeds were found at significantly greater 

distances away from reproductive adults than ripe fruit, and constituted an extended, 

albeit highly diffused tail in most species. Median intact seed distances were lower than, 

but comparable to median sapling-nearest conspecific adult distances for most dispersal 

modes and were almost equal for the two abiotic modes - wind and autochory, 

suggesting that while dispersal is highly diffuse, i.e., fecundity limited, it is not spatially 

limited. This also suggests that the “value” of a propagule increases greatly with 

increasing distance from large conspecific adults, i.e., the distance “gain” provided by 

dispersal, since median sapling recruitment distances are much larger than median 

distances of ripe fruit.  
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Previous studies that have used seed traps to estimate the spatial distribution of 

seed rain (e.g., Silman 1996, De Steven and Wright 2002, Muller-Landau et al. 2002, 

Svenning and Wright 2005) claim evidence for dispersal limitation in space, i.e., failure of 

seeds of most species to appear in most seed traps. However, these results might 

simply reflect temporal and spatial limitations of the sampling design. The distribution 

and densities of dispersed seeds are unavoidable underestimates because the detection 

probability of dispersed seeds is much lower than that of ripe fruit; the latter are almost 

always captured in high densities under fruiting adults whereas dispersed seeds are 

naturally diffuse and widely scattered in very low densities. Even the unprecedented 

intensity of sampling effort used in this study sampled only ≈ 1% of total area of the tree 

plot within the seed trap grid. Therefore, a sizeable number of dispersed seeds are 

undoubtedly “falling through the cracks” and it would probably require decades for seeds 

of even the most common species to show up in the majority of seed traps. The absence 

of seeds in seed traps beyond a certain distance from reproductive adults does not 

automatically signify that seeds of these species are incapable of traveling that far – the 

best estimates of the spatial limits of dispersal are probably the farthest sapling-nearest 

adult distance values because saplings have a much higher detection probability than 

dispersed seeds. Community-level studies (Webb and Peart 2001, Terborgh et al. 2002) 

of seedling and sapling recruitment in high-diversity tropical rainforests have found little 

support for dispersal limitation in space – seedlings and saplings were found at 

significant densities in locations far from the nearest fruiting adult tree, and therefore had 

to have arisen from dispersed seeds. 

Results from this analysis also clearly disprove the notion of “ecological 

equivalence” (Hubbell and Foster 1986). Species are far from ecological equivalents in 
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terms of fecundity and dispersal efficiency, quantitatively as well as spatially. Therefore, 

right from the earliest stage of recruitment, neutral theory (Hubbell 2001) fails in the face 

of empirical evidence. While highly idiosyncratic to individual species, there is some 

suggestion that seed shadows of species sharing a dispersal syndrome are qualitatively 

similar. The significance of the observed seed rain patterns on succeeding recruitment 

stages will be explored in the following chapters.  
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Tables 

Table 1. Summary of important life-history traits of study species 

Figure Species Family 
Primary 

Dispersal
Secondary 
dispersal VS RG 

11 Ampelocera ruizii Ulmaceae P LFB C 2 
12 Apeiba membranacea Tiliaceae P None C 1 
10 Batocarpus amazonicus Moraceae P LFB C 3 

13 Brosimum alicastrum Moraceae P LFB C 4 
14 Brosimum lactescens Moraceae P LFB C 2 
34 Calycophyllum 

spruceanum 
Rubiaceae W None C 1 

33 Caraipa densifolia Clusiaceae W None SC 3 
3 Caryodaphnopsis 

fosterii 
Lauraceae BR None C 3 

36 Cedrela odorata Meliaceae W None C 1 
4 Celtis schippii Ulmaceae BR None C 3 
15 Chrysophyllum 

venezuelanense 
Sapotaceae P LFB C 4 

16 Clarisia racemosa Moraceae P LFB C 4 
38 Dipteryx micrantha Fabaceae BA Agoutis C 2 
17 Drypetes amazonica Euphorbiaceae P None C 3 
18 Duguetia quitarensis Annonaceae P None T 3 
19 Ficus killipii Moraceae P LFB, BA, 

CP/WLP 
C 1 

39 Ficus ypsilophlebia Moraceae BA P, CP/WLP C 1 
5 Hyeronima laxiflora Euphorbiaceae BR None C 1 
20 Inga chartacea Fabaceae P LFB C 4 
21 Jacaratia digitata Caricaceae P LFB C 1 
22 Leonia glycycarpa Violaceae P None SC 3 
35 Lonchocarpus 

spiciflorus 
Fabaceae W None SC 2 

6 Lunania parviflora Flacourtiaceae BR None T 4 
42 Mabea mayensis Euphorbiaceae A None SC 4 
23 Matisia cordata Bombacaceae P None C 2 
40 Otoba parvifolia Myristicaceae BA None SC 3 
25 Oxandra acuminata Annonaceae P LFB SC 3 
24 Oxandra espintana Annonaceae P LFB SC 3 
26 Pseudolmedia laevis Moraceae P LFB C 3 
27 Quararibea wittii Bombacaceae P None SC 3 
28 Ruizodendron ovale Annonaceae P None SC 3 
7 Sapium marmieri Euphorbiaceae BR None C 1 
29 Sorocea pileata Moraceae P LFB C 3 
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Figure Species Family 
Primary 

Dispersal
Secondary 
dispersal VS RG 

30 Spondias mombin Anacardiaceae P LFB C 2 
37 Terminalia oblonga Combretaceae W None C 4 
31 Theobroma cacao Sterculiaceae P None T 3 
8 Trichilia elegans Meliaceae BR None SC 3 
9 Trichilia pleeana Meliaceae BR None SC 3 
41 Trichilia poeppigii Meliaceae BA None T 3 
32 Virola calophylla Myristicaceae P LFB C 4 

 
 
Abbreviations 
Dispersers:  
BR - Birds; BA - Bats; PR - Primates; W - Wind; A - Autochorous; CP/WLP - Collared/White-
lipped peccaries; LFB - Large frugivorous birds (guans) 
 
VS: Vertical stratum  
C - Canopy; SC - Sub-canopy; T - Treelet; usually <15m tall 
 
RG: Regeneration guild 
1 - High light levels critical for seed germination and seedling establishment; very rare as 
saplings 
2 - High light levels critical for seedling-to-sapling transition; but not for seed germination and 
seedling establishment; rare as saplings 
3 - Shade-tolerant "advance regeneration" guild; common and persistent as saplings 
4 - Intermediate between categories 1-3 in terms of light requirements and abundance 
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Table 2. Median distance values (meters) of different ontogenetic stages 

Species 
Crown 
radius AVP 

Intact 
seeds 

Ripe 
fruit 

Seeds 
with 
pulp DNN DA-S 

Ampelocera ruizii 3.4 54.0 52.3 NA 52.0 23.4 48.2 
Apeiba membranacea 3.9 13.3 11.4 11.0 9.2 19.9 NA 
Batocarpus amazonicus 2.7 17.9 17.9 NA NA 25.3 18.1 
Brosimum alicastrum 8.9 20.1 20.1 16.4 15.2 37.2 34.3 
Brosimum lactescens 3.6 20.0 20.8 15.1 10.0 37.2 NA 
Calycophyllum spruceanum 6.3 13.2 13.4 8.1 NA 22.7 NA 
Caraipa densifolia 4 10.0 9.0 9.3 NA 16.9 12.3 
Caryodaphnopsis fosterii 8 12.4 34.8 12.2 NA 64.5 37.6 
Cedrela odorata 4.9 43.7 43.7 NA NA 4.0 NA 
Celtis schippii 4 16.3 16.5 8.2 47.1 27.2 26.0 
Chrysophyllum 
venezuelanense 3.1 47.6 47.4 NA NA 55.4 62.4 
Clarisia racemosa 5.5 14.3 13.6 8.2 10.0 55.4 23.8 
Dipteryx micrantha 10.9 14.9 26.7 9.5 13.0 39.4 30.7 
Drypetes amazonica 4.8 8.5 11.2 7.6 8.6 19.6 19.8 
Duguetia quitarensis 3 8.5 8.1 7.0 5.4 17.5 15.3 
Ficus killipii 8 15.3 NA 12.8 10.0 17.2 NA 
Ficus ypsilophlebia 4 15.0 NA 14.1 9.8 17.7 NA 
Hyeronima laxiflora 3.2 58.1 NA 54.8 44.4 73.8 78.3 
Inga chartacea 4 24.0 25.7 8.1 41.1 26.2 13.1 
Jacaratia digitata 2.8 22.2 22.8 NA 24.2 14.7 NA 
Leonia glycycarpa 3 18.6 19.6 4.5 11.4 22.8 24.6 
Lonchocarpus spiciflorus 2.3 21.1 21.1 3.6 NA 7.0 25.2 
Lunania parviflora 1.3 9.9 NA 9.5 13.0 18.6 10.6 
Mabea mayensis 3 9.2 9.2 5.4 NA 10.1 10.5 
Matisia cordata 3.1 20.4 21.4 NA 13.6 20.1 22.6 
Otoba parvifolia 2.7 7.8 7.0 8.4 NA 7.6 12.2 
Oxandra acuminata 2.9 20.0 21.0 17.2 10.0 25.8 16.7 
Oxandra espintana 4 14.1 14.2 10.0 8.1 19.8 19.9 
Pseudolmedia laevis 4.2 12.7 12.7 8.5 9.5 16.0 14.0 
Quararibea wittii 3.2 6.1 5.1 5.1 5.8 8.4 8.0 
Ruizodendron ovale 1.9 24.3 23.1 NA NA 17.3 32.7 
Sapium marmieri 4.8 19.8 19.1 11.2 17.1 7.4 32.9 
Sorocea pileata 2.9 46.5 47.5 NA 25.6 30.8 28.7 
Spondias mombin 5.2 27.9 23.2 13.4 12.8 12.9 NA 
Terminalia oblonga 5.5 36.7 36.8 9.3 NA 51.3 50.7 
Theobroma cacao 1.8 17.0 21.8 NA 13.6 10.0 22.5 
Trichilia elegans 3 41.0 41.2 19.9 20.0 164.5 72.8 
Trichilia pleeana 3.1 32.0 31.8 23.0 22.8 25.2 41.5 
Trichilia poeppigii  2.7 9.1 13.9 5.8 NA 14.6 14.8 
Virola calophylla 2.4 33.0 30.7 31.1 14.0 23.9 46.6 
        

MEAN 4.1 21.9 22.6 13.6 17.8 28.2 29.0 
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Abbreviations 

AVP: All viable propagules 

DNN: Median nearest-neighbor distance between large trees (stems ≥10 cm dbh) 

DA-S: Median sapling-nearest conspecific large tree distance. 

NA: Values could not be calculated because of zero data points; please refer to the Analysis 

section. 
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Table 3. Distance “gain”* from dispersal 

Species 

Intact seed/ 
Ripe fruit 

ratio 

Distance 
"gain" from 

dispersal* (m) 
Crown 
radius 

Distance "gain" 
from dispersal 
(crown radii) 

Apeiba membranacea 0.81 0.4 3.9 0.1 
Brosimum alicastrum 0.58 3.7 8.9 0.4 
Brosimum lactescens 0.96 5.7 3.6 1.6 
Calycophyllum spruceanum 0.74 5.4 6.3 0.9 
Caraipa densifolia 0.14 -0.4 4 -0.1 
Caryodaphnopsis fosterii 0.01 22.7 8 2.8 
Celtis schippii 0.79 8.2 4 2.1 
Clarisia racemosa 0.77 5.4 5.5 1.0 
Dipteryx micrantha 0.34 17.2 10.9 1.6 
Drypetes amazonica 0.29 3.6 4.8 0.7 
Duguetia quitarensis 0.36 1.1 3 0.4 
Inga chartacea 0.91 17.6 4 4.4 
Leonia glycycarpa 0.90 15.2 3 5.1 
Lonchocarpus spiciflorus 0.98 17.5 2.3 7.5 
Mabea mayensis 0.97 3.8 3 1.3 
Matisia cordata 0.98 7.9 2.5 3.1 
Otoba parvifolia 0.78 -1.4 2.7 -0.5 
Oxandra acuminata 0.63 3.8 2.9 1.3 
Oxandra espintana 0.44 4.2 4 1.1 
Pseudolmedia laevis 0.55 4.2 4.2 1.0 
Quararibea wittii 0.30 0.0 3.2 0.0 
Sapium marmieri 0.95 7.9 4.8 1.6 
Spondias mombin 0.25 9.8 5.2 1.9 
Terminalia oblonga 0.96 27.4 5.5 5.0 
Trichilia elegans 0.88 21.3 3 7.1 
Trichilia pleeana 0.81 8.8 3.1 2.8 
Trichilia poeppigii  0.62 8.1 2.7 3.0 
Virola calophylla 0.78 -0.4 2.4 -0.2 
     

MEAN 0.6 6.9 4.0 1.7 
 

Notes 

*Distance “gain” is simply calculated as median ripe fruit distance subtracted from median intact 

seed distance. Limitations of this metric are discussed in the discussion section. 
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Figures 

Legend for seed shadows (figures 3-42) 

Maps: Green tree symbols represent large trees (stems >10cm diameter at 

breast height) and their size is scaled by dbh. Seed density classes are shaded from 

white to dark-brown, representing regions of lowest to highest estimated seed densities. 

The entire extent of the 200x200m tree plot is not shown in the figure, only the 

120x120m extent of the seed trap grid. In a few cases, adults located within 5m outside 

the seed trap grid border are shown.  

Graphs: The outer limit of the X axis is the farthest possible distance from the 

nearest large tree within the bounds of the 120x120m seed trap grid i.e. the graph 

contains all the data. The distance values are calculated using the entire 200x200m 

extent of the tree plot, which provides an “accuracy buffer” ranging from a minimum of 

30m (from the seed trap grid boundary) to a maximum of 90m (from the center of the 

seed trap grid) for accurately determining the nearest large tree.  

Size of the data point is scaled by its seed density value in order prevent the 

large number of zero seed density value points from visually dominating the plot and 

masking patterns of interest formed by the non-zero value points. In some cases, the 

distribution of intact seeds shown in the lowest graph does not appear as part of the 

distribution of “all seeds” in the uppermost graph. This is because of the scaling of point 

size by seed density values – in these cases, intact seeds are at much lower densities 

than ripe fruit and therefore barely register when plotted along with ripe seeds in the “all 

seeds” graph.  
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Figures have been ordered by dispersal mode, as follows: bird-dispersed species 

(figures 1-7), primate-dispersed species (figures 8-30), wind-dispersed species (figures 

31-35), bat-dispersed species (figures 36-39), and autochorous species (figure 40). 
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Figure 3. Seed shadow of Caryodaphnopsis fosterii 
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Figure 4. Seed shadow of Celtis schippii 
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Figure 5. Seed shadow of Hyeronima laxiflora 
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Figure 6. Seed shadow of Lunania parviflora 
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Figure 7. Seed shadow of Sapium marmieri 
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Figure 8. Seed shadow of Trichilia elegans 
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Figure 9. Seed shadow of Trichilia pleeana 
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Figure 10. Seed shadow of Batocarpus amazonicus 
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Figure 11. Seed shadow of Apeiba membranacea 
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Figure 12. Seed shadow of Ampelocera ruizii 
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Figure 13. Seed shadow of Brosimum alicastrum 
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Figure 14. Seed shadow of Brosimum lactescens 
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Figure 15. Seed shadow of Chrysophyllum venezuelanense 
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Figure 16. Seed shadow of Clarisia racemosa 
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Figure 17. Seed shadow of Drypetes amazonica 
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Figure 18. Seed shadow of Duguetia quitarensis 
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Figure 19. Seed shadow of Ficus killipii 
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Figure 20. Seed shadow of Inga chartacea 
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Figure 21. Seed shadow of Jacaratia digitata 
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Figure 22. Seed shadow of Leonia glycycarpa 
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Figure 23. Seed shadow of Matisia cordata 
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Figure 24. Seed shadow of Oxandra espintana 
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Figure 25. Seed shadow of Oxandra acuminata 
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Figure 26. Seed shadow of Pseudolmedia laevis 
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Figure 27. Seed shadow of Quararibea wittii 



 

59 

 

Figure 28. Seed shadow of Ruizodendron ovale 
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Figure 29. Seed shadow of Sorocea pileata 
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Figure 30. Seed shadow of Spondias mombin 
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Figure 31. Seed shadow of Theobroma cacao 
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Figure 32. Seed shadow of Virola calophylla 



 

64 

 

Figure 33. Seed shadow of Caraipa densifolia 
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Figure 34. Seed shadow of Calycophyllum spruceanum 
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Figure 35. Seed shadow of Lonchocarpus spiciflorus 
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Figure 36. Seed shadow of Cedrela odorata 
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Figure 37. Seed shadow of Terminalia oblonga 
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Figure 38. Seed shadow of Dipteryx micrantha 
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Figure 39. Seed shadow of Ficus ypsilophlebia 
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Figure 40. Seed shadow of Otoba parvifolia 
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Figure 41. Seed shadow of Trichilia poeppigii 
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Figure 42. Seed shadow of Mabea maynesis 
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Figure 43. Means of median distances of ontogenetic stages for different 
dispersal syndromes 
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Figure 44. Mean number of crown radii of ontogenetic stages for different 

dispersal syndromes 

Note: Mean values of each ontogenetic stage for each dispersal mode was calculated 
after first dividing the median value of each category of each individual species by its 
species-specific median adult crown radius measurement. 
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Figure 45. Comparison of median distances of each ontogenetic stage 
between dispersal syndromes 
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Figure 46. Comparison of mean number of crown radii of each ontogenetic 
stage between dispersal syndromes 

Note: Mean values of each ontogenetic stage for each dispersal mode were calculated 
after first dividing the median value of each category of each individual species by its 
species-specific median adult crown radius measurement. 
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Figure 47. Distance “gain” from dispersal 
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Figure 48. Distance “gain” from dispersal, measured as crown radii. 

Note: Mean values of each dispersal mode were calculated after first dividing the 
distance gain value of each individual species by its species-specific mean adult crown 
radius measurement. 
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3. Sapling recruitment in relation to seed rain: an input-output 
analysis 

Introduction  

In this chapter, I compare the spatial distributions of seed rain versus sapling 

recruits, without explicitly considering the locations of large conspecific adult trees. The 

goal is to examine whether pre-existing seed rain distribution is a good predictor of 

sapling recruitment patterns, irrespective of the distance from large conspecific adult 

trees. 

Methods: Data 

Raw data for this analysis come from the same tree plot, seed trap collections 

and sapling subplot used in chapter 2. Please refer to the methods section in chapter 2 

for detailed descriptions. Only saplings in the smaller size class (>1m tall, <1cm 

diameter) were used in this analysis. 

Analysis 

Seed density zones and sapling locations 

The same estimated seed density surfaces created for the analysis in chapter 2 

were used, but each grid was first clipped down to the 90x90m (8100 m2) central portion 

of the larger tree plot within which stems < 10cm dbh have also been tagged and 

identified. Based on the seed density values of the remaining 8100 1m2 pixels, the seed 

density surface was reclassified into seed density zones. The lowest seed density zone 

was <1 seed/m2 for all species, and subsequent zones were classified in an 

approximately logarithmic series. No fewer than two density zones were defined for any 
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species and up to four seed density zones were defined for high fecundity species. 

Aggregate number of seeds was tallied for each seed density zone by sampling the 

original seed density surface using the zones defined by the reclassified surface. For 

each species, a digitized sapling stand map was created using the XY coordinates of 

saplings within the 90x90m central area of the tree plot. The digitized sapling stand map 

was then overlaid on the reclassified seed density surface and the number of saplings 

located within each reclassified seed density zone was tallied. All of the above 

procedures were performed in ArcGIS 9.1. 

Test of distributions 

Aggregate seed numbers of each seed density zone were divided by the 

aggregate seed number of all the seen density zones combined in order to obtain 

“weights” for each seed density zone based on their relative contribution to the overall 

seed rain, i.e., Σ(weights) = 1. These weights were then multiplied by the total number of 

saplings to obtain an “expected” number of saplings in each seed density zone based on 

the simple assumption that if all seeds are equal, sapling density should be directly 

proportional to seed density. The “expected” distribution of saplings in each density zone 

was compared to the observed sapling distribution using a Chi2 test of distributions 

(Sokal and Rohlf 1995). 

These procedures were performed individually for each species. Of the 40 

species used in chapter 2, species that had fewer than 10 “small” saplings were not 

considered for this analysis because the test of distributions would have very low 

statistical power and a high risk of type 2 error, i.e., incorrectly retaining the null 

hypothesis of no significant difference between the expected versus observed 

distributions of saplings. In all, 19 species were used in this analysis. 
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Results 

Saplings of all species examined recruited in areas of lowest seed density at 

much higher abundances than expected under a null hypothesis of “all seeds are equal” 

(figures 49-67, **please read figure legend first**). In the majority of species, the 

“expected” and “observed” sapling distributions were virtually a mirror image of one 

another, i.e., areas of highest “observed” number of saplings corresponded with lowest 

“expected” numbers of saplings, and vice versa (e.g., figures 49, 52, 53, 54, 55, 56, 57). 

In some lower-fecundity species whose seed rain was comprised primarily of dispersed 

propagules, the mismatch between expected and observed sapling distributions was 

less pronounced (e.g., figures 61, 63, 64, 67). The test of distributions produced highly 

significant results (p < .001) for all 19 species (table 4).  

Discussion 

For high-fecundity species (≥ 150 total viable propagules collected), the results 

conclusively demonstrate that patterns of seed fall have little bearing on sapling 

recruitment patterns. However, in the case of species with low density seed rain 

comprised primarily or entirely of dispersed seeds (figures 60-67, see table 1), the 

results warrant a different interpretation. Most of these species did not have any fruiting 

individuals within the central 90x90m portion of the tree plot and consequently lacked 

areas of even moderately high seed fall (>10 seeds/m2). Even though there was a 

significant mismatch between the observed sapling distribution and the expected 

distribution based on seed density, the Chi2 values were generally much lower and p-

values corresponding higher, suggesting at least that sapling recruitment patterns of 

these species are far less decoupled from patterns of seed fall – particularly in the cases 
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of Otoba parvifolia, Leonia glycycarpa, Sorocea pileata, Theobroma cacao and Celtis 

schippii. Given the sparse, very patchy distribution of dispersed propagules in these 

species, the lack of correspondence between expected versus observed sapling 

distribution is likely to be attributable to chance alone – random arrays of points would 

be equally, or even more likely to fall in the lowest seed density zones. In almost all of 

these species, the expected versus observed number of saplings in the lowest seed 

density regions (<1 seed/m2) was comparable; the mismatch in expected versus 

observed sapling numbers was restricted to the sparse, extremely patchy “high” seed 

density areas that only received up to 10 seeds/m2, and were largely responsible for the 

significant result. In contrast, for the high fecundity species whose seed rain comprised 

primarily of undispersed seeds (figures 49-59), the absence of saplings in considerably 

large areas of high seed density is a strong indication of the failure of seeds in these 

regions to successfully establish seedlings that would eventually produce sapling 

recruits. This is very unlikely to be due to chance alone because the locations of regions 

of high seed density are highly non-random – they are concentrated around large fruiting 

adults that have likely been producing fruit for multiple decades. Thus, locations of high-

density regions of undispersed propagules are very consistent over the long term 

because of low year-to-year variation in seed rain. On the other hand, locations of 

patches of dispersed propagules are likely to be idiosyncratic in the short term because 

they have resulted from chance events (capture of seeds in animal feces) occurring 

during the 58 months of seed rain sampling. The long-term pattern could be uniform as 

more spatially random dispersal events are documented. However, if dispersal in certain 

species is naturally clumped due to dispersal behavior (e.g., below nesting or roosting 

sites), seed rain of dispersed propagules would have low year-to-year variation and the 
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short-term patches of dispersed propagules would intensify rather than become 

homogenized in the long-term because the locations of nesting or roosting sites can 

remain stable over long periods of time (Fleming and Heithaus 1981, Nathan and Muller-

Landau 2000, Romo 2004, Russo and Augspurger 2004, Russo 2005). 

A comparison of results from the test of distributions obtained for high-fecundity 

versus low-fecundity (<150 total propagules collected) species suggests that the fit 

between expected and observed sapling distributions for the high-fecundity species 

would improve considerably if only dispersed propagules were considered in the 

analysis – this would support the notion that the “tail” of the seed shadow is the principal 

contributor to later ontogenetic stages of recruitment. However, this analysis is 

compromised by the very limited sample size of dispersed propagules even in the high-

fecundity species, and would therefore produce results similar to those seen in the low-

fecundity species. Dispersed propagules have a naturally diffuse, patchy distribution; 

furthermore, their detection probability is much lower than that of saplings even with the 

unprecedented intensity of sampling effort used in this study. Hence, it would require a 

much longer duration of sampling – with the same intensity – in order for distributions of 

dispersed propagules to eventually align with those of sapling recruits.   

A potential caveat in the study design and analyses is the time lag between seed 

fall and sapling recruitment. The seed-to-sapling (>1m tall, <1cm diameter) interval is 

extremely variable, from 1-2 years for shade-intolerant gap colonizers, up to decades for 

shade-tolerant sub-canopy species (Terborgh et al. 1997). Hubbell (2004) estimates 20 

years for saplings to attain 1 cm diameter in the 50-hectare long term tree plot on Barro 

Colorado Island, Panama. However, because saplings used in this analysis are 

substantially less than 1 cm diameter, it is safe to say that in general, the median seed-
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to-sapling interval is less than 20 years even though the precise ages of saplings are 

unknown and undoubtedly highly variable. In addition, a comparison of the current 

composition of the forest stand within in the tree plot with that of past stand records 

(dating back to 1974) confirms that in most species, the same large, reproductive adults 

that are producing the bulk of contemporary seed rain were most likely present when 

current small saplings began from seeds. Moreover, virtually none of the species 

examined had large trees in past stand records that have since died and are absent from 

the current stand. Hence, patterns of contemporary seed rain are likely to closely 

resemble the seed rain patterns that produced contemporary saplings >1 m tall and <1 

cm diameter. 

Conclusions 

The results of this analysis provide strong evidence that sapling recruitment 

patterns are almost completely uncoupled from seed rain distribution, with near-total 

recruitment failure in the highest seed density areas. One would be tempted to attribute 

the failure of seeds in high density areas to produce saplings to density-dependent 

mortality resulting from competitive interactions between seeds and/or germinated 

seedlings. In fact, that has been the standard interpretation in multiple previous studies 

(e.g., Harms et al. 2000). However, this would be a premature and erroneous conclusion 

without explicitly examining how both seed density and sapling recruitment patterns, in 

conjunction, are influenced by distance from large conspecific trees.  
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Tables  

Table 4. Summary of test of distributions 

Figure Species TVP FIS Chi2 df p-value 
62 Batocarpus amazonicus 102 1.00 71.1 1 * 
56 Caraipa densifolia1 534 0.14 118.0 2 * 
57 Caryodaphnopsis fosterii 236 0.01 52.8 2 * 
67 Celtis schippii 150 0.79 8.7 1 0.003 
58 Drypetes amazonica 122 0.29 20.1 2 * 
55 Dugetia quitarensis 944 0.36 19.5 2 * 
61 Leonia glycycarpa 45 0.90 22.4 1 * 
52 Lunania parviflora2 1857 0.05 10.1 2 0.006 
66 Matisia cordata 121 0.98 22.1 1 * 
60 Otoba parvifolia 150 0.78 19.6 1 * 
50 Oxandra acuminata 573 0.63 93.1 3 * 
51 Oxandra espintana 725 0.44 39.7 3 * 
49 Pseudolmedia laevis 1578 0.55 63.3 3 * 
53 Quararibea wittii 575 0.30 156.0 2 * 
65 Ruizodendron ovale 66 0.92 21.5 1 * 
63 Sorocea pileata 82 1.00 9.5 1 0.002 
64 Theobroma cacao 37 0.64 6.1 1 0.013 
54 Trichilia pleeana 544 0.81 58.8 2 * 
59 Trichilia poeppigii  140 0.62 118.5 2 * 

 

Abbreviations and notes 

TVP: Total viable propagules 
 
FIS: Fraction of total viable propagules comprised by intact seeds  
 
1: “Intact seeds” of Caraipa densifolia were actually valves of fruit that had already split 
open and released their tiny, winged seeds. 
 
2: Seeds of Lunania parviflora are extremely tiny and very difficult to identify; hence, the 
collected seed rain was comprised almost entirely of ripe fruits and seeds with pulp. 
 
* p < .00001  
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Figures  

Legend 

Maps: Green tree symbols represent stems >10cm dbh, red triangles represent 

small saplings (≥1m tall <1cm diameter). Seed density classes are shaded from white to 

dark-brown, representing regions of lowest to highest estimated seed densities, 

respectively. The entire extent of the 200x200m tree plot is not shown in the figure, only 

the central 90x90m region in which stems < 10cm dbh have also been mapped. In a few 

cases, adults located within 5m outside the central 90x90m area are also shown.  
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Figure 49. Seed density and sapling recruitment – Pseudolmedia laevis 
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Figure 50. Seed density and sapling recruitment – Oxandra acuminata 
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Figure 51. Seed density and sapling recruitment – Oxandra espintana 
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Figure 52. Seed density and sapling recruitment – Lunania parviflora 
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Figure 53. Seed density and sapling recruitment – Quararibea wittii 
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Figure 54. Seed density and sapling recruitment – Trichilia pleeana 
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Figure 55. Seed density and sapling recruitment – Duguetia quitarensis 
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Figure 56. Seed density and sapling recruitment – Caraipa densifolia 
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Figure 57. Seed density and sapling recruitment – Caryodaphnopsis fosterii 
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Figure 58. Seed density and sapling recruitment – Drypetes amazonica 
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Figure 59. Seed density and sapling recruitment – Trichilia poeppigii 



 

96 

 

Figure 60. Seed density and sapling recruitment – Otoba parvifolia 
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Figure 61. Seed density and sapling recruitment – Leonia glycycarpa 
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Figure 62. Seed density and sapling recruitment – Batocarpus amazonicus 
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Figure 63. Seed density and sapling recruitment – Sorocea pileata 
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Figure 64. Seed density and sapling recruitment – Theobroma cacao 
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Figure 65. Seed density and sapling recruitment – Ruizodendron ovale 
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Figure 66. Seed density and sapling recruitment – Matisia cordata 
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Figure 67. Seed density and sapling recruitment – Celtis schippii 
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4. Are all seeds equal? Validating the escape hypothesis 

Introduction  

The results of the previous chapter clearly show that for all species examined, 

sapling recruitment patterns are almost completely uncoupled from underlying seed 

density patterns. In this chapter, I examine how both seed density and sapling 

recruitment patterns, in conjunction, are influenced by distance from large conspecific 

adult trees. The focus remains on the seed to sapling transition; however, in contrast to 

the previous chapter, this analysis focuses on the potential role of large adults in causing 

the disjunction between patterns of seed density and patterns of sapling recruitment. In 

essence, it is an ontogenetically integrated test of the spatial predictions of Janzen-

Connell model for individual species.  

Methods: Data 

Raw data for this analysis comes from the same tree plot, seed trap collections 

and sapling sub plot used in chapters 2 and 3. Please refer to the methods section in 

chapter 2 for detailed descriptions. Only saplings in the smaller size class (>1m tall, 

<1cm diameter) were used in this analysis. 

Analysis 

The procedures detailed below were performed individually for each species. In 

all, 15 species were used in this analysis.  

Seed density and sapling/seed ratio 

The same estimated seed density and distance (to nearest large conspecific 

tree) surfaces created for the analysis in chapter 2 were used, but each grid was first 
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clipped down to the 90x90m (8100 m2) central portion of the larger tree plot within which 

stems < 10cm dbh have also been tagged and identified. Based on the distance values 

of the remaining 8100 1m2 pixels, the distance surface was reclassified into appropriate 

distance zones for each species, based on stem density, tree height and crown radius. 

The total number of seeds was tallied for each distance zone by sampling the original 

seed density surface using the zones defined by the reclassified distance surface. The 

digitized sapling stand map created for the analysis in chapter 3 was then overlaid on 

the reclassified distance surface, and the number of saplings located within each 

reclassified distance zone was tallied. All of the above procedures were performed in 

ArcGIS 9.1.  

Seed density values for each distance zone were calculated by dividing the total 

number of seeds in each distance zone by the total area of the distance zone. Sapling 

tallies were divided over the total number of seeds for each distance zone to obtain a 

sapling/seed ratio for each distance zone. The final product is a set of seed density 

values and sapling/seed values for each distance zone. Seed density and sapling/seed 

values were then separately plotted against the median distance values of each distance 

zone.  

Calculation of SStotal, SSmax, Dmax and D50% 

For each species, the multiplicative increase in the sapling/seed ratio value 

between the nearest and farthest distance zones was designated as SStotal. Next, the 

multiplicative increase in the sapling/seed ratio value from each preceding distance zone 

to the next was calculated, and the maximum of these values was designated as SSmax. 

Dmax was designated as the median distance value of the preceding distance zone 

beyond which SSmax occurred. For example, if SSmax for a species occurred from the 10-
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20 meter zone to the 20-30 meter zone, Dmax is the median distance value of the 10-20 

meter distance zone. Dmax values were also expressed as number of crown radii by 

dividing the Dmax value of each species by its median crown radius (please see chapter 2 

methods for details on crown radii determinations). D50% was calculated as the distance 

at which the sapling/seed ratio was half its maximum value. D50% values were also 

expressed in meters and as multiples of crown radii. 

Curve fitting 

Curve-fitting was done using DeltaGraph version 5.6. Seed density versus 

distance curves were typically fitted with an exponential function and in a few cases with 

a logarithmic function if the latter produced a better fit given the distribution of values 

(see equations 2-3 listed below).  

An “escape” curve was fitted for each species using a modified form of the 

classic logistic growth equation, with sapling/seed ratio as the dependent variable and 

distance from nearest large adult substituted for time: 

)(D 1
SS rDBe

A
−+

=                     (1) 

where: 

SSD: sapling/seed ratio of a distance zone, 

D: median distance value of a distance zone, 

“A”: a constant equal to the highest sapling/seed value of the focal species, 

“B” and “r”: parameters that influence the slope and spread of the logistic curve.  

“B” and “r” values were determined using an iterative maximum likelihood approach 

based on the highest R2 value.  
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The modified logistic function was used to model the “escape” curve because it 

closely approximates the shape of the theoretical “escape” curve of the Janzen-Connell 

model – an initial sharp increase at an intermediate distance away from adult trees, and 

an asymptote beyond a certain distance (see figure 1 in chapter 1). The use of a 

species-specific value of “A” (in equation 1) based on the actual data is more appropriate 

than a universal value of 1 because the sapling/seed ratio will never equal 1 in nature at 

any distance – Janzen and Connell emphasize this point in their original articles. A host 

of other mortality-inducing factors – generalist, non-distance-responsive pathogens, low 

light availability, physical damage from falling debris and unfavorable microhabitat 

conditions – will prevent every single seed from producing a sapling recruit.  

In a couple of cases (discussed below), the logistic function was found to be 

inappropriate given the data, and an exponential function was used instead. 

Modified forms of the exponential and logarithmic functions are as follows:  

Exponential function: y = A*ebx       (2) 

Logarithmic function: y = A + b *ln(x)     (3) 

where:  

y: either seed density or the sapling/seed ratio of a distance zone, 

x: median distance value of a distance zone, 

“A”: a constant equal to the highest seed density or sapling/seed value of the 

focal species, 

“b”: parameter that influences the slope and spread of the curve. 

Seed density and “escape” curves were not fitted for 4 species that did not have 

fruiting adults within the tree plot, and whose seed rain was comprised entirely of 

dispersed seeds. 
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Results 

An exponential function produced the best fit for seed density versus distance 

from nearest large conspecific tree in 14 species (table 5; figures 68, 69, 71-82), and a 

logarithmic function produced the best fit for 1 species (figure 70).  

SStotal values ranged from 2.3 for Celtis schippii to 2811.9 for Duguetia 

quitarensis, and averaged 315 for all species pooled (table 6). D50% values ranged from 

5m for Oxandra acuminata to 39.5m for Trichilia pleeana and averaged 19.7 meters for 

all species pooled. Expressed as number of crown radii, D50% values ranged from 1.7 for 

Oxandra acuminata to 14.5 for Ruizodendron ovale, and averaged 6.7 for all species 

pooled.  

SSmax values ranged from 2.1 for Quararibea wittii to 120 for Duguetia 

quitarensis, and averaged 29.1 for all species pooled (table 2). Dmax values ranged from 

3.2m for Otoba parvifolia to 30.3m for Duguetia quitarensis and averaged 13.7 meters 

for all species pooled. Expressed as number of crown radii, Dmax values ranged from 1.1 

for Oxandra acuminata to 13 for Ruizodendron ovale, and averaged 4.5 for all species 

pooled.  

A logistic function produced the best fit for sapling/seed ratio versus distance 

from nearest large conspecific tree in 13 species (table 5; figures 68-70, 72-81), and an 

exponential function produced the best fit for two species (figures 71, 82). 

Discussion 

Very large SStotal values and high D50% values, as well as very large SSmax values 

that correspond with high Dmax values (whether measured in meters or crown radii) for 

most species provide strong community-level support for the Escape Hypothesis. It is 
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quite remarkable that the inhibitory effect of a large reproductive adult on successful 

seed-to-sapling transition extends out to several crown radii, and sapling recruitment is 

so strongly suppressed in the immediate vicinity of large adults.  

The sapling/seed ratio offers an intuitive and ecologically relevant means of 

measuring the changing relative “value” or “efficiency” of a seed with increasing 

distance, in terms of its potential to successfully germinate, survive post-germination 

mortality, and eventually produce a sapling recruit. These are essentially the processes 

summarized by the “escape” curve of the Janzen-Connell model. Hence, any meaningful 

test of the Escape Hypothesis must factor in seed rain and include the seed-to-sapling 

transition.  Using the change in sapling density across increasingly larger annular 

distance zones as a measure of “escape” would fail to adequately illustrate the 

relationship between seed rain and sapling distribution. In many species, sapling density 

in fact decreases in the farthest distance zones – this is because the distribution of large 

adults in these species results in a much larger total area of farther distances versus 

distances closer to large conspecific trees. Previous studies (e.g., Hubbell 1979, Condit 

et al. 1992) have interpreted this as evidence for “clumping”, which has been portrayed 

as contrary to the predictions of the J-C model. However, Terborgh et al. (2002) have 

shown that sapling recruitment is random in relation to the locations of conspecific 

adults, and median sapling-nearest conspecific adult distances are several times the 

median crown radius of most species. Therefore, sapling density would not have to show 

“leveling off” with distance to support the J-C model, and will not do so for many species 

due to the particular spatial configuration of large trees and conspecific saplings within 

the forest stand. Even though sapling density drops at farther distances, seed density 

drops even more precipitously, as a result of which the increasing “value” of a seed is 
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preserved in the sapling/seed ratio measure but would be lost in the sapling density 

measure. Thus, sapling/seed ratio standardizes the measure of “escape” across various 

spatial configurations of adult and sapling locations.  

Fourteen of 15 species examined showed a sharp, roughly exponential decay in 

seed density over distance – these are all species whose seed rain is dominated by high 

densities of undispersed propagules with a very diffuse but extended tail of dispersed 

seeds. In all of these species, regardless of whether sapling density showed a 

monotonic increase, decrease or leveling off with increasing distance from large 

conspecific trees, the relationship between sapling/seed ratio and distance 

corresponded to the classic “escape” curve, with sapling/seed values initially increasing 

sharply, and leveling off at farther distances.  Interestingly, the fitted “escape” curves of 

each species had strikingly distinct slopes and spreads (figure 68-82), which reflected 

their specific SStotal, SSmax, Dmax and D50% values (table 2). This provides empirical 

support for the various specific forms of the generic theoretical “escape” curve that 

Janzen envisioned in his original 1970 article, based on species- or genus-specific life 

history traits such as stature, dispersal syndrome, and type of natural enemy. Two 

species (Drypetes amazonica and Quararibea wittii) even showed a monotonic and 

roughly exponential increase in sapling/seed value with distance within the spatial extent 

of the analysis, even though sapling density dropped at farther distances in both 

species. 

Conclusions 

Taken together, the results of this analysis provide community-level support for the 

“distance-dependence” prediction of the Escape Hypothesis. Seed dispersal appears 

critical for successful recruitment, and undispersed seeds make a minimal contribution. 
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The results also illustrate that apparently density-dependent mortality patterns are 

largely, if not entirely caused by underlying distance-dependent factors, i.e., the 

presence of large reproductive conspecific trees. However, several questions linger: Are 

saplings ≥1m tall good proxies for processes occurring at intermediate stages in the 

transition from fruit to sapling? When exactly does the early-stage distance-dependent 

survival bottleneck from fruit to sapling occur? Even if density-dependent mortality is 

caused by distance-dependent factors, is the driving mechanism characterized by intra-

specific competition or host-specific pathogens? The only way to unequivocally resolve 

these issues is through an experiment designed specifically to document these 

processes. In the following chapter, I will describe the implementation of a multi-species 

seedling survival experiment and discuss the results in light of the above unresolved 

questions.  
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Tables 

Table 5. Summary of best fit functions. 

Figure Species TVP FIS Seed density SS 
76 Caraipa densifolia 534 0.14 Exponential Logistic 
69 Caryodaphnopsis fosteri 236 0.01 Exponential Logistic 
77 Celtis schippii 150 0.79 Exponential Logistic 
71 Drypetes amazonica 122 0.29 Exponential Exponential 
72 Dugetia quitarensis 944 0.36 Exponential Logistic 
70 Leonia glycycarpa 45 0.90 Logarithmic Logistic 
74 Lunania parviflora 1857 0.05 Exponential Logistic 
81 Oxandra acuminata 573 0.63 Exponential Logistic 
73 Oxandra espintana 725 0.44 Exponential Logistic 
68 Pseudolmedia laevis 1578 0.55 Exponential Logistic 
82 Quararibea wittii 575 0.30 Exponential Exponential 
78 Ruizodendron ovale 66 0.92 Exponential Logistic 
79 Theobroma cacao 37 0.64 Exponential Logistic 
80 Trichilia pleeana 544 0.81 Exponential Logistic 
75 Trichilia poeppigii  140 0.62 Exponential Logistic 

 

Abbreviations and notes 

TVP: Total viable propagules 

FIS: Fraction of total viable propagules comprised by intact seeds 

SS: Sapling/seed ratio 
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Table 6. Summary of SStotal,SSmax,Dmax and D50% values. 

Fig TVP FIS Species SStotal SSmax

Dmax 
(m) 

Dmax 
(CR) 

D50% 
(m) 

D50%
(CR) 

78 66 0.92 Ruizodendron ovale* Infinity 3.8 24.7 13.0 27.5 14.5 
72 944 0.36 Dugetia quitarensis 2811.9 120 30.3 10.1 25.5 8.5 
69 236 0.01 Caryodaphnopsis fosteri 1169.0 110 15.0 1.9 28.5 3.6 
71 122 0.29 Drypetes amazonica 109.1 24 6.7 1.4 27 5.6 
76 534 0.14 Caraipa densifolia 68.2 15.2 14.0 3.5 16.5 4.1 
73 725 0.44 Oxandra espintana 66.2 26.6 7.6 1.9 16 4.0 
75 140 0.62 Trichilia poeppigii  65.1 5.6 23.8 8.8 26 9.6 
80 544 0.81 Trichilia pleeana 32.4 40.4 25.1 8.1 39.5 12.7 
79 37 0.64 Theobroma cacao 24.1 5.9 18.8 10.4 17 9.4 
70 45 0.90 Leonia glycycarpa 24.0 14.3 6.4 2.1 17 5.7 
68 1578 0.55 Pseudolmedia laevis 17.2 4.3 7.6 1.8 11.5 2.7 
74 1857 0.05 Lunania parviflora 13.7 26 7.6 5.9 17 13.1 
82 575 0.30 Quararibea wittii 4.2 2.1 7.2 2.3 8.5 2.7 
81 573 0.63 Oxandra acuminata 3.2 2.8 3.2 1.1 5 1.7 
77 150 0.79 Celtis schippii 2.3 2.2 12.1 3.0 13 3.3 

           
   Mean 315.0 26.9 14.0 5.0 19.7 6.7 
 

Abbreviations and notes 

TVP: Total viable propagules 

FIS: Fraction of total viable propagules comprised by intact seeds 

CR: Expressed as multiples of crown radius 

*SS of nearest distance zone was zero. 
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Figures  

Legend 

Maps: Green tree symbols represent large trees (stems >10cm dbh, symbol size 

scaled by dbh), red triangles represent small saplings (≥1m tall <1cm diameter). 

Distance zones are shaded from pale to dark green, representing distance to the nearest 

large tree. The entire extent of the 200x200m tree plot is not shown in the figure, only 

the central 90x90m region in which stems < 10cm dbh have also been mapped. In a few 

cases, adults located within 5m outside the central 90x90m area are also shown.  

Graphs: The outer limit of the X axis is the farthest possible distance from the 

nearest large tree within the bounds of the 90x90m sapling subplot, i.e., the graph 

contains all the data. The distance values are calculated using the entire 200x200m 

extent of the tree plot, which provides an “accuracy buffer” ranging from a minimum of 

55m (from the sapling subplot boundary) to a maximum of 100m (from the center of the 

sapling subplot) for accurately determining the nearest large tree. 
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Figure 68. Seed density and “escape” curves – Pseudolmedia laevis 
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Figure 69. Seed density and “escape” curves – Caryodaphnopsis fosterii 
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Figure 70. Seed density and “escape” curves – Leonia glycycarpa 
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Figure 71. Seed density and “escape” curves – Drypetes amazonica 
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Figure 72. Seed density and “escape” curves – Duguetia quitarensis 
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Figure 73. Seed density and “escape” curves – Oxandra espintana 
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Figure 74. Seed density and “escape” curves – Lunania parviflora 
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Figure 75. Seed density and “escape” curves – Trichilia poeppigii 
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Figure 76. Seed density and “escape” curves – Caraipa densifolia 
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Figure 77. Seed density and “escape” curves – Celtis schippii 
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Figure 78. Seed density and “escape” curves – Ruizodendron ovale 
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Figure 79. Seed density and “escape” curves – Theobroma cacao 
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Figure 80. Seed density and “escape” curves – Trichilia pleeana 
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Figure 81. Seed density and “escape” curves – Oxandra acuminata 
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Figure 82. Seed density and “escape” curves – Quararibea wittii 
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5. Revisiting the regeneration niche: A multi-species seedling 
survival experiment 

Introduction 

To date, much of our understating of tropical tree recruitment comes from studies 

based on stems ≥1cm diameter (Hubbell 1979, Hubbell and Foster 1986, Hubbell et al. 

1990, Condit et al. 1994, Hubbell et al. 1999, Condit et al. 2000, and numerous others 

based on data from the CTFS1 global network of Forest Dynamics Plots). Most studies 

of early stage mortality have focused on seed predation (e.g., Janzen 1972, Wright 

1983, etc.) and in a few cases, seedling survival immediately following germination (e.g., 

Cintra and Horna 1997, Forget 1997, Howe et al. 1985, Howe 1990, Zuidema and Boot 

2002). Very few studies have followed seedling survival for longer than a few weeks or 

months (e.g., Clark and Clark 1984 & 1989a). The vast majority of studies have 

employed a single-species, focal tree approach, aimed primarily at verifying the 

existence of density-dependent and/or distance-dependent mortality in the focal species. 

As a result, a community-level evaluation of distance-dependence, and an examination 

of interspecific differences in patterns of survival and causes of mortality at a single 

study site have not been undertaken. In addition, although the literature contains ample 

documentation of known host-specific predators and pathogens for various individual 

tree species, the relative importance of even broad categories of distinct kinds of natural 

enemies at the community level remains unclear.   

In this chapter, I will examine the community-level importance of early-stage 

distance-dependant mortality as a critical recruitment bottleneck through a multi-species 

seedling survival experiment. I will also concurrently attempt to clarify the relative 

                                                 

1 Center for Tropical Forest Science: http://www.ctfs.si.edu/doc/index.php 
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importance of two broad classes of natural enemies in causing distance-dependent 

mortality patterns.  

Methods: Experimental set up 

The seedling survival experiment was established in a second 4-hectare 

(200x200m) floodplain tree plot at Cocha Cashu Biological Station. A total of 11 common 

tree species that represent phylogenetically diverse families and exhibit a range in traits 

such as adult height, crown diameter, seed size, germination mode, dispersal mode, 

were chosen (table 7). All species used were relatively large-seeded (>5mm diameter) 

and weakly to strongly shade-tolerant. I specifically did not use species that are known 

heliophilic gap-colonizing specialists because their germination and growth is far more 

strongly influenced by high light levels than biotic factors. These species comprise a very 

small fraction of the highly species-rich neotropical rainforest tree community; the vast 

majority is comprised shade-tolerant species in the “advance regeneration” guild 

(Hubbell 1979, Hubbell et al. 1999). None of the focal species chosen is known to form 

natural dense aggregations of seedlings, i.e., “seedling carpets” around reproductive 

adults. Therefore, potential confounding effects due to naturally high densities of “wild” 

seedlings around large, reproductive adults was not an issue. 

The experiment was initiated in November 2003 with five species. A second 

iteration was implemented in November 2004 with 4 additional species, and a final 

iteration in March 2005 added 2 more species (table 7). The procedures detailed below 

were replicated at each iteration.  

Sufficient quantities of undamaged, uninfested seeds of the focal species were 

collected from under multiple fruiting adults that were widely distributed across the forest 

and located outside the tree plot. Seeds were germinated in a controlled-environment 



 

132 

greenhouse facility in individual biodegradable peat pots. The soil used in these pots 

was collected from multiple random locations in the forest away from a conspecific adult 

of any of the focal species, and homogenized. At the onset of the rainy season in early 

November 2003 and November 2004, and toward the latter portion of the rainy season in 

March 2005 – periods when community-wide natural seedling emergence reaches a 

peak in the forest (Terborgh 1983) – young seedlings (between 3-5 weeks old) were 

transplanted to predetermined seedling plot locations within the forest stand with their 

pots and soil-root network undisturbed so as to avoid transplant shock (the success of 

which was confirmed by >85% survival of most species at the first census taken 8 

months following transplantation).  

Seedling plots and main effects 

Two main effects were tested, each with two states: “Distance” - “near” and “far” 

(N and F) from nearest conspecific adult; and “Treatment” - “exclosure” and “control” 

(“Ex” and “C”).  

A digitized stand map was created using the locations of all large adults (stems 

>10 dbh for understory species such as Klarobelia candida and at least >40cm dbh for 

canopy species such as Dipteryx micrantha) of all the focal species within the tree plot. 

For each species, distance to the nearest large adult was determined for the entire 

extent of the tree plot using spatial analyst tools in ArcGIS 9.1, and areas that satisfied N 

or F distance criteria were identified for each species. For all the study species, a 

location that represented a N condition for a focal species was within 5m of the base of a 

large conspecific adult. Locations that represented a F condition for a focal species were 

based on species-specific crown dimensions of large conspecific adults: at least two or 

more crown radii away from the nearest large conspecific adult for species with very 
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large adults (e.g., Dipteryx micrantha), and several crown radii from the nearest 

conspecific adult for species with smaller crown dimensions. The eventual location of 

every seedling plot represented either a N or F condition for each of the species used in 

the plot, i.e., none of the locations were situated at an intermediate distance (>5m, < 

2*crown radius) from the nearest large tree for any species. Thus, the F seedlings in any 

given seedling plot served as an additional “control” against which survival of the N 

seedlings in the same plot could be contrasted. Based on the above described criteria, 

appropriate seedling plot locations were first determined in the digitized stand map with 

ArcGIS 9.1, and then marked within the actual tree plot. 

Each seedling plot measured approximately 50x20cm (0.1m2). Stakes made from 

the rot-resistant wood of the palm Iriartea deltoidea, were hammered into the four 

corners of the plot, and an outer frame of coarse mesh (~1cm mesh size) approximately 

30cm in height was wrapped around the wooden stakes and anchored to each stake 

with metal wire. Seedlings were then transplanted into these “cages” – individual 

biodegradable peat pots in which each seedling had been planted were carefully buried 

in the soil without disturbing the soil-root network. Once all the seedlings were 

transplanted into a plot, the soil within the plot was leveled and reburied with leaf-litter.   

The second main effect - “Treatment” - was designed to clarify the relative 

importance of two broad classes of natural enemies in causing distance-dependent 

mortality patterns, based on a design used in a previous study (Lopez and Terborgh 

2007). Cages of “Ex” plots were fitted with a hood of commercial Brite™ screening (< 

2mm mesh size) that was buried in the soil and firmly anchored with metal stakes, in 

order to deny access to macroinvertebrates > 2mm but not to microbial pathogens. 

Cages of “C” plots were also fitted with a hood of Brite™ screening in order to simulate 
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the same microenvironment as the exclosure plots, but had 10x20 cm “gates” cut into 

each of the longer sides of the Brite™ screening hood in order to allow access to 

macroinvertebrates > 2mm. Both treatments were designed to deny access to vertebrate 

herbivores, and both could not exclude soil-borne pathogens. Brite™ screening was 

specifically chosen because it attenuates a minimal amount of incident light and thus 

does not substantially alter the natural amount of understory light available to seedlings. 

Brite™ screening hoods were fitted so as to allow ~40cm of vertical growth space to the 

seedlings. 

A factorial design was used, with each “site” comprising paired C and Ex plots 

established ≈ 4m apart. Thus, each individual seedling plot represented either an N or F 

condition as well as a C or Ex condition for each of the species in the plot. Each seedling 

plot contained 4 seedlings per species and 4 species per plot, for a total of 16 seedlings 

per plot and a density of 160/m2. Natural density of the mixed-species seedling layer (10-

50cm tall woody stems) in the same forest has been previously estimated as 6.4 ± 

4.8/m2 (Harms et al. 2004). Thus, initial seedling density in all seedling plots was 

elevated to ≈ 25 times the mean density of natural seedlings. From all 3 iterations 

combined, a total of 106 seedling plots (53 each for controls and exclosures) were 

established, containing a total of 1050 seedlings, with 5 or more replicates per treatment 

per species (N,C; F,C; N,Ex; F,Ex) in most cases. While eventual sample sizes of 

seedlings and treatment replicates reflected logistical limitations, a power analysis 

(Steidl and Thomas 2001) suggested that the sample size of all species pooled, as well 

as most individual species, were sufficiently large to detect ecologically significant 

differences in distance-dependent survival patterns. 
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Seedling survival was monitored at regular intervals over the course of the 

experiment, with the most recent census conducted in July 2007. Thus, the total duration 

of the experiment for species used in the November 2003, November 2004, and March 

2005 iterations was 45, 33 and 29 months, respectively. 

Understory light measurement 

All plots were located in closed-canopy shaded understory in order to minimize 

variation in understory light environment at the outset. Areas of the tree plot located 

within, or in the vicinity of a current or recent tree fall gap were avoided. Canopy images 

were taken with a hemispherical lens positioned 1.5m above each seedling plot, and 

were processed in Hemiview (Delta-T Devices Ltd. 1999) to obtain site factor values.  

Analysis 

Final survival 

The proportion of seedlings alive at the final census was compared between 

treatments using a test of equal proportions. The two main effects - distance and 

treatment - were first compared separately, and then tested for interactions. When 

significant interactions were found, post-hoc between-group tests of equal proportions 

were performed. Tests were performed individually for each of the 11 focal species, and 

with the pooled data from all 11 species. 

Seedling lifetime  

Seedling lifetime was calculated based on the total number of months a seeding 

had lived from initiation of the experiment until either the final census if it were still alive, 

or until the census prior to the one in which a seedling was recorded as dead. While this 
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is an admittedly imprecise estimate of seedling lifetime (since a seedling could have died 

at any point between two censuses), it allows for standardized comparison between 

treatments. The distribution of seedling lifetime values was not normally distributed 

because it was restricted to a finite set of possible values that corresponded with census 

intervals. Therefore, a Wilcoxson rank-sum test was used to compare median lifetime 

values of seedling situated in F versus N conditions for individual species as well as all 

species pooled. 

Understory light environment 

The influence of understory light environment on seedling survival was examined 

using various forms of nested logistic regression models, with survival (dead, alive = 0,1) 

as the dependent variable and site factor value as a continuous explanatory variable, 

along with distance and treatment as categorical explanatory variables.  

Survival analysis 

For individual species, trends in survival over the entire duration of the 

experiment based on multiple censuses were analyzed by computing nonparametric 

survival functions for N and F plots using the Fleming-Harrington method (Fleming and 

Harrington 1984), which is most appropriate for the right-censored data used in this 

study. Survival curves with 95% confidence intervals were plotted using the estimated 

survival functions, which allowed for visual comparison of survival trends. Cumulative 

survival functions of seedlings situated in N and F conditions were tested for significant 

differences using the G-rho family of tests (Harrington and Fleming 1982). Survival 

functions for seedlings situated in N and F conditions were calculated only for species 
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that had significantly higher final survival in F versus N conditions, and sufficiently large 

sample sizes. 

Results  

Final survival 

The proportion of original seedlings alive at the final census ranged from 0.2 to 

0.59 for individual species, and was 0.37 for all species pooled (table 8). Overall 

seedling survival of all species pooled was significantly higher in F versus N conditions, 

and in exclosure treatments versus controls (table 9, figure 83a). Within both controls 

and exclosure treatments considered separately, survival of seedlings in F conditions 

was significantly higher than N conditions (table 9, figure 83b). Within both N and F 

conditions considered separately, survival in exclosure plots was significantly higher 

than in controls (table 3, figure 83b). Survival of seedlings in near exclosure plots versus 

far control plots was not significantly different (table 9, figure 83b). 

Amongst individual species, survival of seedlings in F conditions was higher than 

in N conditions for 8 of 11 species (table 10, figures 84 a-h). The difference in survival 

was significant (p ≤ .05) in 5 species (figures 84 a-e) and marginally significant (p ≤ .08) 

in 3 species (figures 84 f-h). Survival in exclosures was significantly higher than in 

controls for 5 of 11 species (table 10, figures 85 a,b,c, f, i) and comparable for 6 species 

(table 10, figures 85 d,e,g,h,j,k). Of the 3 species that did not have significantly higher 

survival in F vs. N conditions (figures 84 i-k), 2 species did not have a significant 

difference in survival between controls versus exclosures (figure 85 e, g), and 1 species 

did (figure 85f). 
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Out of the 8 species that showed a distance effect in controls and exclosures 

combined, the interaction between exclosure effect and distance effect was significant in 

4 species (table 10, figure 86). Of these, 2 species showed a significant distance effect 

only in exclosures (figures 86 b,d), 1 species showed a significant distance effect only in 

controls (figure 86f), and 1 species showed a significant distance effect in controls as 

well as exclosures (figure 86a). 7 species did not have significantly higher survival in F 

versus N conditions in either controls or exclosures when considered separately (figures 

86 c,e,g,h,i,j,k). 

Seedling lifetime  

Median seedling lifetime varied greatly amongst species, from 3.5 months 

(Brosimum lactescens) to 44 months (Klarobelia candida) (table 11, figure 87). For all 

species pooled, median seedling lifetime was 9 months longer for seedlings in F 

conditions compared to N conditions (table 11).  The maximum difference in median 

seedling lifetime between N and F conditions was 17 months (Calatola microcarpa). 

Median seedling lifetime was significantly greater in F vs. N conditions for all species 

pooled together, and 4 out of 9 individual species examined (Wilcoxon rank-sum test, 

table 11). 

Understory light environment 

Understory light environment was a poor predictor of overall seedling survival. A 

model that already contained the distance variable was not significantly improved, in 

terms of the reduction in the residual deviance, by adding light as an additional variable 

(table 12). In contrast, addition of the distance variable to a model that contained only 

the light variable caused a highly significant reduction of the residual deviance. Models 
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that contained only the distance or treatment variables were significantly improved by 

adding, respectively, the treatment or distance variables.  

Survival analysis 

Cumulative survival functions were calculated for five species that had 

significantly higher final survival in F versus N conditions, and sufficiently large sample 

sizes – Dipteryx micrantha, Calatola microcarpa, and Pseudomalmea diclina from the 

2003 iteration, and Pterocarpus rohrii and Spondias mombin from the 2004 iteration. 

4 out of the 5 species tested had significantly higher cumulative survival functions 

in F versus N conditions, with Pseudomalmea diclina being the only exception (table 13). 

Examination of the seedling survival curves of N versus F conditions revealed that the 

onset of significantly different survival rates between F and N conditions differed 

amongst species (figure 88 a-e).  In some species, the “distance effect” became 

significant at a very early stage and persisted (figure 88a) or intensified (figure 88b) over 

time, while in others, the “distance effect” became significant only at the very end of the 

experiment (figure 88 c,d).  

Discussion 

The role of host-specific, distance-responsive natural enemies on seedling 

establishment was strongly supported at the community level by the results of this 

experiment, with overall seedling survival and lifespan significantly greater at farther 

distances from large conspecific adults. The use of a factorial experimental design with 

“Treatment” nested within “Distance” provided a means of determining the relative 

importance of two distinct classes of natural enemies in producing a “distance” effect on 

seedling survival patterns: macroinvertebrates > 2mm, and microbial pathogens < 2mm 
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(as well as soil-borne pathogens). Some species displayed a significant distance effect 

in controls as well as exclosures, whereas others showed a significant distance effect 

only in one but not the other, which suggests that the type as well as number of natural 

enemies differ amongst species and is likely related to specific life-history traits.  

Only 1 species – Pterocarpus rohrii – had a significant distance effect only in 

controls but not in exclosures, which suggests that macroinvertebrates alone are not 

causing the distance effect in the majority of the focal species. However, the fact that 

significant distance effects were observed in exclosures alone for two species, as well as 

for all species pooled suggests that microbial pathogens and macroinvertebrates are 

both important distant-dependent natural enemies. Protection from macroinvertebrates 

significantly enhanced seedling survival even at far distances, which highlights the 

vulnerability of young seedlings to a diverse assemblage of generalist, non-distance-

responsive natural enemies. This could explain why a significant distance effect was 

seen only in exclosures but not in controls for 2 out of 4 species that showed a 

significant interaction between the two main effects. In these species, survival in controls 

at both near and far distances was so low that it masked any potential distance effect. 

Therefore, macroinvertebrates appear to have a negative impact on seedling 

establishment at all distances whereas microbial pathogens appear to depress seedling 

establishment primarily in the vicinity of large conspecific adults.  

Species such as Klarobelia candida, Leonia glycycarpa and Lecointea 

amazonica, which did not show a significant “distance” effect on seedling mortality, are 

anecdotally known to experience high levels of seed predation by Hymenopteran and 

Coleopteran insects (pers. obs., Mercedes Foster pers. comm.). Their early-stage 

recruitment bottleneck therefore appears to be strongest at the seed stage. Calatola 
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microcarpa and Spondias mombin on the other hand are known to persist as intact 

seeds for extended periods of time on the forest floor (pers. obs., John Terborgh pers. 

comm.) but experienced significantly higher seedling survival in F sites, suggesting that 

distance-based differential mortality in these species is restricted to post-germination 

phase of early-stage recruitment. The other species that showed significantly higher 

seedling survival in F sites – Pterocarpus rohrii, Dipteryx micrantha, Brosimum 

lactesens, Pseudomalmea diclina, Clarisia racemosa and Otoba parvifolia – also 

experience considerable seed predation under fruiting trees (personal obs.), and 

therefore appear to experience early-stage recruitment bottlenecks at the seed as well 

as the seedling stage; this has previously been well-documented for the genus Dipteryx 

(Clark and Clark 1984, Cintra 1997).  

Results from this study suggest that competition amongst conspecific as well as 

heterospecific seedlings due to high neighborhood density is not an important factor in 

seedling establishment and survival. Seedlings were densely packed together in all plots 

at ≈ 25 times the natural density of the mixed-species seedling layer in this forest; yet, a 

highly significant distance effect emerged in seedling survival patterns. Many exclosure 

plots, particularly ones that represented the F condition for all 4 component species, had 

very high overall survival – seedlings of all the component species appeared to be in 

good health and did not show any negative effects from over-crowding. Thus, when 

uncoupled from distance-dependent processes, density-dependence – at least in terms 

of intra-specific competition for abiotic resources – is virtually a non-factor in early stages 

of tropical tree recruitment. This conclusion is supported by a recent study (Paine et al. 

Biotropica, in press) that tested the intensity of intraspecific competition for abiotic 

resources within naturally occurring high-density (53-168 stems/m2) seedling patches of 
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three species (Brosimum alicastrum, Matisia cordata, and Pouteria reticulata) in two 

neotropical rain forests. The study used three approaches to assess the potential for, 

and intensity of competition among seedlings: experimental reductions in plot density, 

estimates of the overlap of zones of influence (ZOIs), and calculations of temporal shifts 

in the distribution of plant heights. Results of all three approaches clearly showed that 

intra-specific competition even within an extremely dense naturally occurring seedling 

cohort is very weak.  

Silman’s (1996) long-term multi-species study on seedling survival in the same 

forest showed that seed size and germination mode alone explained a significant 

proportion of the variance in overall seedling survival. However, Silman’s study did not 

explicitly examine the effect of proximity to large conspecific adults on survival. All of the 

species used in this experiment were relatively large-seeded (> 5mm diameter), and 

distance effects were observed in species at both extremes of the size spectrum, as well 

as for all species pooled. Therefore, seed size does not appear to be strongly related to 

the presence or absence of distance-dependent survival patterns. Silman (1996) also 

found that species subscribing to the hypogeal germination mode had significantly 

higher survival than the epigeal germination mode. However, a number of the species in 

his study that had foliaceous cotyledons, i.e., epigeal germination, are light-demanding, 

shade-intolerant species, which probably skewed the results. Regardless, distance 

effects in this study were observed for both types of germination modes, and individual 

species that did not show distance-related survival patterns comprised both germination 

modes. Therefore, germination mode also does not appear to be a strong predictor of 

the presence or absence of distance-dependent patterns of seedling survival. 
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Observed interspecific variation in the onset of significant distance-related 

survival patterns in this study highlights the importance of sufficiently long experimental 

time-span. In most species that showed a significant distance effect in survival at the 

final census, it took multiple years for the distance-related patterns to gradually develop, 

eventually become significant, and then either persist or intensify in the magnitude of 

difference. In some species, a significant distance effect was observed only at the final 

census. The varying experimental duration (29, 33 and 45 months) of the three separate 

iterations based on their different dates of initiation (November 2003, November 2004, 

and March 2005, respectively) provided an additional means of assessing and 

interpreting interspecific differences in the onset of a significant distance effect on 

survival. For example, the species used in the March 2005 iteration showed only a 

marginally significant distance effect at the final census, whereas the largest distance 

effects at the final census were seen in species used in the November 2003 iteration. 

Significant distance effects at the final census were also seen in two species used in the 

November 2004 iteration; however, both these species did not show significant distance 

effects until the final census. Therefore, it appears that ≈ 3 years (33 months) is the 

minimum duration necessary to conclusively conclude whether distance effects play a 

significant role in seedling establishment. Consequently, species used in the November 

2003 and November 2004 iterations that did not reveal significant distant effects at the 

final census are ones that almost certainly do not experience a distance-dependent 

bottleneck in seedling establishment. Studies that follow seedling survival over the 

course of a single field season or a few months – which comprise the vast majority of 

previous tests of distance-dependence in early-stage recruitment – are therefore unlikely 

to detect significant results in many species, and arrive at premature and incorrect 
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conclusions. In addition, given the low overall survival rates of seedlings of most 

species, a sufficiently large sample size is extremely important. In this study, marginally 

significant distance-related survival patterns observed in 3 individual species was likely 

due to inadequate sample sizes. However, a sample size of ≈ 1000 seedlings for all 

species pooled proved to be sufficient for a highly significant result. Therefore, it is very 

important to conduct a priori power analyses in order to determine the sample size 

required to detect ecologically significant differences in the face of low rates of survival 

and high variance. 

Conclusions 

Overall results of this experiment provide strong community-level support for the 

pervasive effects of distance from large conspecific adults on post-germination seedling 

establishment and survival. These results also highlight the advantages of a multi-

species comparative study at one site versus a meta-analysis that combines multiple 

single-species studies conducted at different sites. A recent study by Hyatt et al. (2003) 

is a particularly egregious example of the danger of incorrect conclusions derived from 

clearly inappropriate meta-analysis. The authors conclude with a rather grandiose 

proclamation:  

“We found no general support for the distance-dependent prediction of the [J-C] 
hypothesis, and conclude that further testing to explore this hypothesis as a diversity-

maintaining mechanism is unnecessary” 
 

However, the overbearing confidence in their results belies a veritable litany of 

troubling methodological issues. The analysis combined data from studies conducted in 

tropical and temperate forests; studies that focused exclusively either on seed, or 

seedling survival; and studies in which the focal species were shrubs or herbs. In 

addition, the designs and durations of individual studies were highly variable, and many 
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had serious limitations in their capacity to detect distance-dependence. In short, Hyatt et 

al. (2003) clearly illustrates the perils of using a “blender” approach in examining the 

prevalence of distance dependence in tropical forests and illustrates how it can lead to 

completely erroneous conclusions – the enormous variation in individual results resulting 

from the issues mentioned above produced an overall insignificant result, which – in light 

of the results presented here – is not surprising.  

In a larger context, this study highlights the importance of focusing on the earliest 

stages of recruitment, i.e., the regeneration niche (Grubb 1977) in order to fully 

understand tree recruitment processes. Complex biological interactions at the earliest 

stages of recruitment are completely overlooked in studies that consider saplings >1cm 

dbh; even saplings >1m tall are only proxies at best. Species that appear to be 

ecological equivalents as adults or even as saplings are often drastically different at 

early life-history stages, which could account for differences in distributions and 

abundances observed at later life history stages. Ultimately, a more complete 

understanding of the mechanisms that allow for species co-existence and the stability of 

extremely high species-rich tropical rainforests will be achieved only by the continued 

documentation of processes and patterns occurring at the earliest stages of recruitment. 
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Tables 

Table 7. Life-history traits of species used in seedling survival experiment 

YI Species Family Disperser GM VS RG 
2003 Brosimum  

lactescens Moraceae Primate Hypogeal Canopy Light-demanding*
2003 Calatola  

microcarpa Icacinaceae Primate Epigeal Sub-canopy Shade-tolerant 
2005 Clarisia  

racemosa Moraceae Primate Epigeal Canopy Shade-tolerant 
2003 Dipteryx  

micrantha Fabaceae Bat Epigeal Canopy Light-demanding*
2003 Klarobelia  

candida Annonaceae Primate Hypogeal Understory Shade-tolerant 
2004 Lecointea 

 amazonica Fabaceae Bat Epigeal Canopy Shade-tolerant 
2004 Leonia  

glycycarpa Violaceae Primate Epigeal Sub-canopy Shade-tolerant 
2005 Otoba  

parvifolia Myristicaceae Bat Hypogeal Sub-canopy Shade-tolerant 
2003 Pseudomalmea 

 diclina Annonaceae Primate Epigeal Canopy Light-demanding*
2004 Pterocarpus  

rohrii Fabaceae Wind Epigeal Canopy Light-demanding*
2004 Spondias 

mombin Anacardiaceae Primate Hypogeal Canopy Light-demanding*
 
 

Abbreviations and notes 

YI: Year initiated 

GM: Germination mode 

VS: Vertical stratum 

RG: Regeneration guild 

* High light levels critical for seedling-to-sapling transition, but not for seed germination 
and seedling establishment.  
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Table 8. Proportion of seedlings alive in all treatments, and combinations 

thereof 

Species Group NInitial 

Proportion 
alive at final 

census LCL UCL 
All species pooled All seedlings 1050 0.37 0.34 0.39 
 N 518 0.30 0.27 0.34 
 F 532 0.42 0.39 0.46 
 C 530 0.28 0.25 0.32 
 Ex 520 0.45 0.41 0.49 
 N,C 253 0.24 0.20 0.29 
 F,C 277 0.32 0.27 0.37 
 N,Ex 252 0.36 0.31 0.42 
 F,Ex 268 0.53 0.47 0.58 
Brosimum lactescens All seedlings 72 0.33 0.26 0.41 
 N 24 0.27 0.17 0.39 
 F 48 0.38 0.28 0.49 
 C 36 0.21 0.13 0.32 
 Ex 36 0.45 0.33 0.57 
 N,C 12 0.25 0.12 0.44 
 F,C 24 0.20 0.10 0.36 
 N,Ex 12 0.28 0.14 0.47 
 F,Ex 24 0.57 0.41 0.71 
Calatola microcarpa All seedlings 149 0.40 0.32 0.48 
 N 77 0.26 0.17 0.37 
 F 72 0.54 0.42 0.66 
 C 74 0.18 0.10 0.29 
 Ex 75 0.61 0.49 0.72 
 N,C 38 0.13 0.05 0.29 
 F,C 36 0.22 0.11 0.40 
 N,Ex 39 0.38 0.24 0.55 
 F,Ex 36 0.86 0.70 0.95 
Clarisia racemosa All seedlings 54 0.41 0.28 0.55 
 N 22 0.27 0.12 0.50 
 F 32 0.50 0.34 0.66 
 C 27 0.11 0.03 0.30 
 Ex 27 0.70 0.50 0.86 
 N,C 11 0.00 0.00 0.32 
 F,C 16 0.19 0.05 0.46 
 N,Ex 11 0.55 0.25 0.82 
 F,Ex 16 0.81 0.54 0.95 
Dipteryx micrantha All seedlings 168 0.31 0.24 0.39 
 N 96 0.21 0.13 0.31 
 F 72 0.44 0.33 0.57 
 C 84 0.33 0.24 0.45 
 Ex 84 0.29 0.20 0.40 
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Species Group NInitial 

Proportion 
alive at final 

census LCL UCL 
Dipteryx micrantha N,C 48 0.25 0.14 0.40 
 F,C 36 0.44 0.28 0.62 
 N,Ex 48 0.17 0.08 0.31 
 F,Ex 36 0.44 0.28 0.62 
Klarobelia candida All seedlings 69 0.59 0.47 0.71 
 N 25 0.60 0.39 0.78 
 F 44 0.59 0.43 0.73 
 C 37 0.62 0.45 0.77 
 Ex 32 0.56 0.38 0.73 
 N,C 13 0.62 0.32 0.85 
 F,C 24 0.63 0.41 0.80 
 N,Ex 12 0.58 0.29 0.84 
 F,Ex 20 0.55 0.32 0.76 
Lecointea amazonica All seedlings 79 0.35 0.25 0.47 
 N 40 0.38 0.23 0.54 
 F 39 0.33 0.20 0.50 
 C 39 0.05 0.01 0.19 
 Ex 40 0.65 0.48 0.79 
 N,C 20 0.10 0.02 0.33 
 F,C 19 0.00 0.00 0.21 
 N,Ex 20 0.65 0.41 0.84 
 F,Ex 20 0.65 0.41 0.84 
Leonia glycycarpa All seedlings 48 0.23 0.35 0.51 
 N 24 0.16 0.33 0.55 
 F 24 0.20 0.38 0.59 
 C 24 0.13 0.29 0.51 
 Ex 24 0.23 0.42 0.63 
 N,C 12 0.11 0.33 0.65 
 F,C 12 0.07 0.25 0.57 
 N,Ex 12 0.11 0.33 0.65 
 F,Ex 12 0.25 0.50 0.75 
Otoba parvifolia All seedlings 41 0.20 0.09 0.35 
 N 22 0.09 0.02 0.31 
 F 19 0.32 0.14 0.57 
 C 23 0.09 0.02 0.30 
 Ex 18 0.33 0.14 0.59 
 N,C 12 0.00 0.00 0.30 
 F,C 11 0.18 0.03 0.52 
 N,Ex 10 0.20 0.04 0.56 
 F,Ex 8 0.50 0.22 0.78 
Pseudomalmea diclina All seedlings 107 0.40 0.31 0.50 
 N 51 0.31 0.20 0.46 
 F 56 0.48 0.35 0.62 
 C 55 0.35 0.23 0.49 
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Species Group NInitial 

Proportion 
alive at final 

census LCL UCL 
Pseudomalmea diclina Ex 52 0.46 0.32 0.60 
 N,C 27 0.30 0.14 0.50 
 F,C 28 0.39 0.22 0.59 
 N,Ex 24 0.33 0.16 0.55 
 F,Ex 28 0.57 0.37 0.75 
Pterocarpus rohrii All seedlings 103 0.66 0.56 0.75 
 N 52 0.58 0.43 0.71 
 F 51 0.75 0.60 0.85 
 C 48 0.67 0.51 0.79 
 Ex 55 0.65 0.51 0.77 
 N,C 24 0.50 0.31 0.69 
 F,C 24 0.83 0.62 0.95 
 N,Ex 28 0.64 0.44 0.81 
 F,Ex 27 0.67 0.46 0.83 
Spondias mombin All seedlings 160 0.39 0.31 0.47 
 N 85 0.31 0.21 0.42 
 F 75 0.48 0.36 0.60 
 C 83 0.37 0.27 0.49 
 Ex 77 0.40 0.29 0.52 
 N,C 36 0.31 0.17 0.48 
 F,C 47 0.43 0.29 0.58 
 N,Ex 36 0.31 0.17 0.48 
 F,Ex 41 0.49 0.33 0.65 
 
Abbreviations 
 
N: Near; F: Far; C: Control; Ex: Exclosure; N,C: Near Controls; N,Ex: Near Exclosures; 
F,C: Far controls;  F, Ex: Far Exclosures. 
 
LCL: Lower estimate of 95% confidence interval generated from test of equal 
proportions. 
 
UCL: Upper estimate of 95% confidence interval generated from test of equal 
proportions. 
 
NInitial: Number of seedlings alive at start of experiment 
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Table 9. Results of tests of equal proportions for all species pooled 

Test Chi2 Significance 
F > N 19.48 **** 
Ex > C 39.79 **** 
N,Ex ≠ N,C ≠ F,C ≠ F,Ex 62.47 **** 
F,C > N,C 4.35 ** 
F,Ex > N,Ex 17.77 **** 
N,Ex > N,C 9.28 *** 
F,Ex > F,C 30.21 **** 
N,Ex > F,C 0.99 # 

 
Abbreviations 
 
N: Near; F: Far; C: Control; Ex: Exclosure; N,C: Near Controls; N,Ex: Near Exclosures; 
F,C: Far controls;  F, Ex: Far Exclosures. 
 
**** p<.00001 
***  p<.001 
**    p<.05 
#     p>.05 
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Table 10. Results of tests of equal proportions for individual species 

Test Species Chi2 Significance 
F > N Brosimum lactescens 1.87 # 
 Calatola microcarpa 11.21 *** 
 Clarisia racemosa 1.93 # 
 Dipteryx micrantha 9.66 *** 
 Klarobelia candida 0.00 # 
 Lecointea amazonica 0.02 # 
 Leonia glycycarpa 0.00 # 
 Otoba parvifolia 2.49 * 
 Pseudomalmea diclina 2.01 # 
 Pterocarpus rohrii 2.54 * 
 Spondias mombin 4.38 * 
Ex > C Brosimum lactescens 8.61 ** 
 Calatola microcarpa 28.03 ***** 
 Clarisia racemosa 17.26 ***** 
 Dipteryx micrantha 0.25 # 
 Klarobelia candida 0.06 # 
 Lecointea amazonica 28.37 ***** 
 Leonia glycycarpa 0.36 # 
 Otoba parvifolia 1.05 # 
 Pseudomalmea diclina 2.49 * 
 Pterocarpus rohrii 0.85 # 
 Spondias mombin 0.00 # 
N,Ex ≠ N,C ≠ F,C ≠ F,Ex Brosimum lactescens 15.54 ** 
 Calatola microcarpa 48.24 ***** 
 Clarisia racemosa 22.51 **** 
 Dipteryx micrantha 11.51 ** 
 Klarobelia candida 0.29 # 
 Lecointea amazonica 31.36 ***** 
 Leonia glycycarpa 1.73 # 
 Otoba parvifolia 5.08 # 
 Pseudomalmea diclina 7.66 * 
 Pterocarpus rohrii 6.72 # 
 Spondias mombin 0.36 # 
F,C > N,C Brosimum lactescens 0.04 # 
 Calatola microcarpa 0.52 # 
 Clarisia racemosa 0.81 # 
 Dipteryx micrantha 2.68 * 
 Klarobelia candida 4.7E-33 # 
 Lecointea amazonica 0.475 # 
 Leonia glycycarpa 0.00 # 
 Otoba parvifolia 0.65 # 
 Pseudomalmea diclina 0.22 # 
 Pterocarpus rohrii 4.59 * 
 Spondias mombin 0.79 # 
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Test Species Chi2 Significance 
F,Ex > N,Ex Brosimum lactescens 5.06 * 
 Calatola microcarpa 15.97 ***** 
 Clarisia racemosa 1.13 # 
 Dipteryx micrantha 6.48 ** 
 Klarobelia candida 1.7E-33 # 
 Lecointea amazonica 0 # 
 Leonia glycycarpa 0.17 # 
 Otoba parvifolia 0.70 # 
 Pseudomalmea diclina 2.07 # 
 Pterocarpus rohrii 0.00 # 
 Spondias mombin 1.94 # 

 
Abbreviations 
 
N: Near; F: Far; C: Control; Ex: Exclosure; N,C: Near Controls; N,Ex: Near Exclosures; 
F,C: Far controls;  F, Ex: Far Exclosures. 
 
***** p<.000001 
**** p<.0001 
***  p<.001 
**   p<.01 
*    p<.05 
#   p>.05 
 
 

Table 11. Wilcoxon rank-sum test of difference in median seedling lifetime 
(months) 

Species All Far Near  Test statistic and p-value 
ALL SPECIES POOLED 16 21 12 W = 92769, p-value = 0.0002 
Calatola microcarpa 23 33 16 W = 803.5, p-value = 0.002 
Dipteryx micrantha 16 23 12 W = 1293.5, p-value = 0.002 
Pterocarpus rohrii 32 32 21 W = 44178.5, p-value = 3.78e-08 
Spondias mombin 11 21 11 W = 3791.5, p-value = 0.007 
Klarobelia candida 44 44 44 W = 478, p-value = 0.84 
Pseudomalmea diclina 23 23 23 W = 1613, p-value = 0.12 
Leonia glycycarpa 4 2 7 W = 276.5, p-value = 0.60 
Brosimum lactescens 3.5 0 7 W = 726, p-value = 0.47 
Lecointea amazonica 4 4 11 W = 772, p-value = 0.53 

 

  



 

153 

Table 12. Comparison of nested models using logistic regression 

Model 
Residual 
Deviance (RD) ΔRD p (Chi-squared test) 

Null model 1019.98   
Light only 1015.1 4.88 0.03 
Light + Distance 1001.13 13.98 0.0001 
    
Null model 1019.98   
Distance only 1004.09 15.89 0.00007 
Distance + Light 1001.13 2.96 0.09 
    
Null model 1019.98   
Distance only 1004.09 15.89 0.00007 
Distance + Treatment 993.17 10.92 0.0009 
    
Null model 1019.98   
Treatment only 1009.24 10.75 0.001 
Treatment + Distance 993.17 16.07 0.00006 

  

 

Table 13. Results of tests of cumulative survival functions 

Species Test statistic p-value 
Calatola microcarpa 11.7 0.0006 
Dipteryx micrantha 7.5 0.006 
Pterocarpus rohrii 5.3 0.02 
Spondias mombin 7.5 0.006 
Pseudomalmea diclina 1.6 0.2 
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Figures 

 

 

Figure 83. Proportion of seedlings alive at final census for all species 
pooled 

Key: a) main effects b) distance * treatment. Error bars are 95% confidence intervals 
generated from a test of equal proportions. N: Near; F: Far; C: Control; Ex: Exclosure; 
N,C: “Near” controls; N,Ex: “Near” exclosures; F,C: “Far” controls;  F, Ex: “Far” 
exclosures. 
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Figure 84. Proportion of seedlings alive at final census for individual 
species, in N and F conditions 

Key: Row 1, a-d: Dipteryx micrantha, Calatola microcarpa, Spondias mombin, 
Pterocarpus rohrii; Row 2, e-h: Pseudomalmea diclina, Clarisia racemosa, Brosimum 
lactescens, Otoba parvifolia; Row 3, i-k: Klarobelia candida, Lecointea amazonica, 
Leonia glycycarpa. Error bars are 95% confidence intervals generated from a test of 
equal proportions. N: Near; F: Far 
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Figure 85. Proportion of seedlings alive at final census for individual 
species, in C and Ex treatments. 

Key: Row 1, a-d: Brosimum lactescens, Calatola microcarpa, Clarisia racemosa, 
Dipteryx micrantha; Row 2, e-h:  Klarobelia candida, Lecointea amazonica, Leonia 
glycycarpa, Pseudomalmea diclina; Row 3, i-k:  Otoba parvifolia, Pterocarpus rohrii, 
Spondias mombin. Error bars are 95% confidence intervals generated from a test of 
equal proportions. C: Control; Ex: Exclosure 
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Figure 86. Proportion of seedlings alive at final census for individual 
species, in groups defined by the interaction of the two main effects 

Key: Row 1, a-d: Dipteryx micrantha, Calatola microcarpa, Pseudomalmea diclina, 
Brosimum lactescens; Row 2, e-h: Otoba parvifolia, Pterocarpus rohrii, Clarisia 
racemosa, Spondias mombin; Row 3, i-k: Klarobelia candida, Leonia glycycarpa, 
Lecointea amazonica. Error bars are 95% confidence intervals generated from a test of 
equal proportions. N,C: “Near” controls; N,Ex: “Near” exclosures; F,C: “Far” controls;  F, 
Ex: “Far” exclosures. 
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Figure 87. Median lifetime of seedlings in N, F, and all conditions 
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Figure 88. Cumulative survival curves with 95% confidence intervals for 
seedlings in F and N conditions. 

Key: Y-axis: proportion of seedlings survived from start of the experiment until the final 
census. X-axis: Duration of survival (months). Tick marks correspond to census 
intervals. Species are: a) Dipteryx micrantha, b) Calatola microcarpa, c) Pseudomalmea 
diclina d) Pterocarpus rohrii, e) Spondias mombin 
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6. Synthesis and conclusions 

The goal of my dissertation research was an ontogenetically-integrated study of 

tropical tree recruitment processes, with a focus on the earliest stages of recruitment – 

the transition from fruit to sapling. A primary objective inherent within this larger goal was 

to examine the role played by biotic factors, i.e., animals, in tree recruitment processes, 

as described in the widely-discussed and oft-misinterpreted Janzen-Connell hypothesis. 

A secondary and related objective was to distinguish between and clarify the relative 

importance of two distinct mechanisms that are hypothesized to play a central role in 

tropical tree recruitment – density-dependence and distance-dependence. In a departure 

from the majority of previous studies, my approach emphasized the examination of 

patterns and processes occurring at multiple early recruitment stages rather than 

focusing on a single stage, and in conjunction rather than separately.   

I began by mapping seed rain of multiple tree species within a tree plot and 

examining the distribution of seed rain with respect to distance from fruiting sources. My 

results showed that dispersal in most species appears to be greatly limited in terms of 

fecundity, with a disproportionately small fraction of large adults producing the bulk of 

the seed rain. Seed fall decreases sharply with increasing distance from fruiting trees, 

and a very small fraction of the total seed crop is transported beyond the immediate 

vicinity of the fruiting tree. However, dispersal does not appear to be spatially limited. 

Intact seeds were found at significantly greater distances away from reproductive adults 

than ripe fruit, and almost exclusively constituted an extended, albeit highly diffused tail 

in most species. Although seed shadows of individual species are highly idiosyncratic, 

there is some suggestion that seed shadows of species sharing a dispersal syndrome 

are qualitatively similar. Having established that the seed rain of most species has a 
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pronounced uneven distribution across the forest stand, I proceeded to explore the 

significance of observed seed rain patterns on succeeding recruitment stages.  

In chapter 3, I conducted an “input-output” analysis – a statistically rigorous 

means of examining patterns of sapling recruitment in relation to seed rain for individual 

species. My results conclusively showed that in the majority of species examined, seed 

rain and sapling recruitment patterns are completely inverted, with very low sapling 

recruitment in high seed-density regions, and vice-versa. In a few species that do not 

have seed-producing adults within the tree plot and whose seed rain is comprised 

almost entirely of dispersed propagules, the mismatch between seed rain and sapling 

recruitment patterns is less pronounced. The very limited sample size of dispersed 

propagules to date precludes the demonstration of a more robust connection between 

the distribution of dispersed propagules and sapling recruitment patterns. Nevertheless, 

the overall results of this analysis clearly indicate that seed-to-sapling transition is 

strongly influenced by processes that result in almost complete recruitment failure in 

areas where – based purely on mathematical probability – recruitment is expected to be 

highest. However, these results alone cannot be taken as proof of density-dependent 

processes as the cause of recruitment failure without a spatially explicit analysis of the 

role played by large conspecific trees.  

 In chapter 4, I examined how both seed density and sapling recruitment 

patterns, in conjunction, are influenced by distance from large conspecific adult trees. 

The analysis focused on the role of large, reproductive adults in causing the disjunction 

between observed patterns of seed density and sapling recruitment. Accordingly, I 

devised a proxy variable – sapling/seed ratio – as an intuitive and ecologically relevant 

means of measuring the changing relative “value” or “efficiency” of a seed with 
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increasing distance from a conspecific adult, in terms of its potential to produce a sapling 

recruit. My results conclusively demonstrated that in the majority of species examined, 

sapling/seed ratio initially increased greatly with increasing distance from reproductive 

conspecific adults and leveled off at farther distances – which confirms closely to shape 

of the theorized “escape” curve of the Janzen-Connell model. These results suggest that 

the “tail” of the seed shadow is the principal contributor to later ontogenetic stages of 

recruitment, and undispersed propagules in the vicinity of fruiting trees make a minimal 

contribution. Moreover, these results demonstrate that density-dependence and 

distance-dependence are almost inextricably intertwined because the areas of highest 

seed-density and lowest sapling recruitment are consistently located in the vicinity of 

large, reproductive conspecific trees. However, this analysis does not reveal whether the 

underlying cause of recruitment failure in the vicinity of large conspecific trees is a result 

of intra-specific competition, i.e., the conventional notion of density-dependence, or the 

effect of host-specific natural enemies as described by the Janzen-Connell hypothesis. 

Also left unresolved is the issue of when exactly in the fruit-to-sapling transition does the 

distance-based recruitment bottleneck occur.  

In chapter 5, I conducted a multi-species seedling survival experiment designed 

specifically to document the existence of a post-germination distance-dependent 

recruitment bottleneck. A secondary goal was to clarify the relative importance of two 

broad classes of natural enemies in causing distance-dependent mortality patterns. My 

results conclusively confirmed the role of host-specific, distance-responsive natural 

enemies on seedling establishment at the community level – overall seedling survival 

and lifespan was significantly greater at farther distances from large conspecific adults. 

Amongst two broad size classes of natural enemies, macroinvertebrates >2mm appear 
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to exert a negative impact on seedling establishment at all distances whereas microbial 

pathogens < 2mm (and soil-borne pathogens) appear to depress seedling establishment 

primarily in the vicinity of large conspecific adults. Results from this study also showed 

that conspecific and heterospecific neighborhood density and intra-specific competition 

are not important factors in seedling establishment and survival – small-scale density of 

experimental seedlings was elevated to ≈ 25 times the natural density of the mixed-

species seedling layer in “near” and “far” sites. Observed interspecific variation in the 

onset of significant distance-related survival patterns in this study highlights the 

importance of sufficiently long experimental time-span – it took years for significant 

distance-related patterns to develop in most species, including some that revealed a 

significant difference only at the final census. Studies that follow seedling survival over 

the course of a single field season or a few months – which comprise the vast majority of 

previous tests of distance-dependence in early-stage recruitment – are therefore unlikely 

to detect significant results in many species, and arrive at incorrect conclusions. 

In summary, results from my dissertation research provide strong 

ontogenetically-integrated, community-level support for the influence of biotic, distance-

dependent processes on early stages of recruitment. Seed dispersal appears critical for 

successful recruitment and undispersed seeds make a minimal contribution. When de-

coupled from distance-dependence, effects of competition-based density-dependent 

processes on recruitment were weak or undetectable. I conclude that tree recruitment 

processes and patterns in western Amazonian lowland rainforests that harbor intact 

floral and faunal assemblages conform closely to predictions of the Janzen-Connell 

hypothesis. 



 

164 

 

To my best knowledge, my dissertation research has several unique distinctions: 

- First study to quantify and describe patterns of seed rain of multiple species across 

an entire forest stand. 

- First study to demonstrate that seed shadows are comprised of two spatially 

distinct distributions: dense clumps of undispersed propagules under the crowns of 

fruiting adults, and an extended, diffuse tail of dispersed propagules extending out 

to areas far from fruiting trees. 

- First attempt to quantify the distance “gain” from dispersal for multiple tree species 

representing different dispersal syndromes.  

- First study to compare the distribution of seed rain and sapling recruits across an 

entire forest stand for multiple species, and demonstrate that seed rain and sapling 

recruitment patterns are completely inverted. 

- First study to derive an ecologically relevant measure of the changing relative 

“value” or “efficiency” of a seed with increasing distance from a conspecific adult, 

and demonstrate that undispersed seeds make a minimal contribution to 

recruitment. 

- First study to attempt construction of “escape” curves of multiple tree species 

based on empirical data, with the results corresponding closely with the theoretical 

escape curve predicted by the Janzen-Connell model. 

- First study to conclusively demonstrate the role of host-specific, distance-

responsive natural enemies on seedling establishment at the community level; and 

simultaneously reveal the lack of importance of conspecific/ heterospecific 

neighborhood density and resource competition in seedling establishment and 

survival.  

- First study to conduct all of the above-described analyses and stated results using 

data gathered at a single, faunally-intact tropical rainforest site minimally perturbed 

by recent anthropogenic influences. 



 

165 

Works Cited 

Andresen, E. 1999. Seed dispersal by monkeys and the fate of dispersed seeds in a 
Peruvian rain forest. Biotropica 31: 145-158. 

Augspurger, C. K. 1983a. Offspring recruitment around tropical trees: changes in cohort 
distance with time. Oikos 20: 189-196. 

Augspurger, C. K. 1983b. Seed dispersal distance of the tropical tree, Platypodium 
elegans, and the escape of its seedlings from fungal pathogens. Journal of Ecology 
71: 759-771. 

Brown, N. D., and S. Jennings. 1996. Gap-size niche differentiation by tropical rainforest 
trees: a testable hypothesis or a broken-down bandwagon? In D. M. Newbery, H. H. 
T. Prins and N. D. Brown (Eds.). Dynamics of Tropical Communities, pp. 79-95. 
Blackwell Science, Oxford. 

Chesson, P. L., and R. R. Werner. 1981. Environmental variability promotes coexistence 
in lottery competitive systems. American Naturalist 117: 923-943. 

Cintra, R. 1997. A test of the Janzen-Connell model with two common tree species in 
Amazonian forest. Journal of Tropical Ecology 13: 641-658. 

Cintra, R., and V. Horna. 1997. Seed and seedling survival of the palm Astrocaryum 
murumuru and the legume tree Dipteryx micrantha in gaps in Amazonian forest. 
Journal of Tropical Ecology 13: 257-277. 

Clark, D. A. and Clark, D. B. 1984. Spacing dynamics of a tropical rain forest tree: 
evaluation of the Janzen-Connell model. American Naturalist 124, 769-788. 

Clark, D. B., and D. A. Clark. 1989a. Seedling dynamics of a tropical tree: impacts of 
herbivory and meristem damage. Ecology 66: 1884-1892. 

Clark D. B. & D. A. Clark. 1989b. The role of physical damage in the seedling mortality 
regime of a neotropical rain forest. Oikos 55: 225-230. 

Clark D. B. & D. A. Clark. 1991. The impact of physical damage on canopy tree 
regeneration in tropical rain forest. Journal of Ecology 79: 447-458. 

Clark, J. S., M. Silman, R. Kern, E. Macklin, and J. HilleRistLamers. 1999. Seed 
dispersal near and far: patterns across temperate and tropical forests. Ecology 80: 
1475-1494. 

Condit, R., Hubbell, S. P. and Foster, R. B. 1992. Recruitment near conspecific adults 
and the maintenance of tree and shrub diversity in a neotropical forest. American 
Naturalist 140, 261-286. 

Condit, R., Hubbell, S. P. and Foster, R. B. 1994. Density dependence in two 
understorey tree species in a neotropical forest. Ecology 75, 671-680. 

Condit, R., P. S. Ashton, P. Baker, S. Bunyavejchewin, S. Gunatilleke, N. Gunatilleke, S. 
P. Hubbell, R. B. Foster, A. Itoh, J. V. LaFrankie, H. S. Lee, E. Losos, N. 
Manokaran, R. Sukumar, and T. Yamakura. 2000. Spatial patterns in the distribution 
of tropical tree species. Science 288:1414-1418. 



 

166 

Connell, J. H. 1971. On the role of natural enemies in preventing competitive exclusion 
in some marine animals and in rain forest trees. In: Dynamics of populations, P. J. 
den Boer and G. R. Gradwell, eds. Pp.298-310. Centre for Agricultural Publications 
and Documentation, Wageningen, The Netherlands. 

Connell, J. H. 1978. Diversity in tropical rain forests and coral reefs. Science 199, 1302-
1310. 

Connell, J. H. and P. T. Green. 2000. Seedling dynamics over thirty-two years in a 
tropical rain forest tree. Ecology 81: 568-584. 

Cox, D. R. and Oakes, D. 1984. Analysis of Survival Data. Chapman and Hall, London. 

Dalling, J. W., H. C. Muller-Landau, S. J. Wright and S. P. Hubbell. 2002. Role of 
dispersal in the recruitment limitation of neotropical plant species. Journal of 
Ecology 90: 714-727. 

De Steven, D., and S. J. Wright. 2002. Consequences of Variable Reproduction for 
Seedling Recruitment in Three Neotropical Tree Species. Ecology 83: 2315-2327. 

Delta-T Devices Ltd. 1999. HemiView canopy analysis software version 2.1. University 
of  Kansas Center for Research, Inc., Lawrence, Kansas. 

Denslow, J. S. 1987. Tropical rainforest gaps and tree species diversity. Annual Reviews 
of Ecology and Systematics 1987: 431-451. 

ESRI. 2005. ArcGIS version 9.1. Environmental Systems Research Inc., California. 

Fleming, T. H., and E. R. Heithaus. 1981. Frugivorous bats, seed shadows, and the 
structure of tropical forests. Biotropica 13:45-53. 

Fleming, T. H. and Harrington, D.P. 1984. Nonparametric estimation of the survival 
distribution in censored data. Comm. in Statistics 13: 2469-86. 

Forget, P-M. 1996. Removal of seeds of Carapa procera (Meliaceae) by rodents and 
their fate in rainforest in French Guiana. Journal of Tropical Ecology 12: 751-761. 

Forget, P-M. 1997. Effect of microhabitat on seed fate and seedling performance in two 
rodent-dispersed tree species in rain forest in French Guiana. Journal of Ecology 
85: 693-703. 

Foster, R.B. 1973. Seasonality of fruit production and seed fall in a tropical forest 
ecosystem in Panama. Duke University Ph.D. dissertation. 

Foster, R.B. 1982. The seasonal rhythm of fruitfall on Barro Colorado Island. pp.151-171 
In: The ecology of a tropical rainforest: seasonal rhythms and long-term changes. 
E.G. Leigh, A.S. Rand and D.M. Windsor (eds.), Smithsonian Institution Press, 
Washington D.C.  

Foster, S. A., and C. H. Janson.  1985.  The relationship between seed size and 
establishment conditions in tropical woody plants.  Ecology 66:773-780. 

Fragoso, J. M. V. 1997. Tapir-generated seed shadows: scale-dependent patchiness in 
the Amazon fain forest. Journal of Ecology 85: 519-529. 

Fragoso, J.M.V., K.M. Silvius, J.A. Correa. 2003. Long-distance seed dispersal by tapirs 
increases seed survival and aggregates tropical trees. Ecology 84(8):1998–2006. 



 

167 

Gentry, A. G. 1990. Four Neotropical rainforests. Yale University Press, New Haven, 
Connecticut, USA. 

Gentry, A. G., and J. Terborgh. 1990. Composition and dynamics of the Cocha Cashu 
“mature” floodplain forest. In: Four Neotropical rainforests. A. G. Gentry, ed. Pp. 
542- 564. Yale University Press, New Haven, Connecticut, USA. 

Gentry, A. H.  1993.  A field guide to the families and genera of woody plants of 
northwest South America (Colombia, Ecuador, Peru) with supplementary notes on 
herbaceous taxa.  Conservation International, Washington, DC.    

Gilbert, G. S., K. E. Harms, D. N. Hamill and S. P. Hubbell. 2001. Effects of seedling 
size, El Niño drought, seedling density, and distance to nearest conspecific adult on 
6-year survival of Ocotea whitei seedlings in Panama. Oecologia 127: 509-516. 

Gilbert, G. S., S. P. Hubbell and R. B. Foster. 1994. Density and distance-to-adult effects 
of a canker disease of trees in a moist tropical forest. Oecologia 98: 100-108. 

Godoy, J. A., and P. Jordano. 2001. Seed dispersal by animals: exact identification of 
source trees with endocarp DNA microsatellites. Molecular Ecology 10:2275-2283. 

Grubb, P.J. 1977. The maintenance of species richness in plant communities: the 
importance of the regeneration niche. Biological Review 52: 107-145. 

Hallwachs, W. 1986. Agoutis (Dasyprocta punctata): the inheritors of guapinol 
(Hymenaea courbaril: Leguminosae). In: Frugivores and Seed Dispersal A. Estrada 
and T. H. Fleming, eds. 286-304. W. Junk, Dordrecht, Netherlands. 

Hammil, D. N., and S. J. Wright. 1986. Testing the dispersion of juveniles relative to 
adults: a new analytic method. Ecology 67: 952-957. 

Hammond, D. S. and V. K. Brown. 1996. Disturbance, phenology and life-history 
characteristics: factors influencing distance/density-dependent attack on tropical 
seeds and seedlings. In D. M. Newbery, H. H. T. Prins and N. D. Brown (Eds.). 
Dynamics of Tropical Communities, pp. 51-78. Blackwell Science, Oxford. 

Harms, K. E., S. J. Wright, O. Calderón, A. Hernández and E. A. Herre. 2000. Pervasive 
density-dependent recruitment enhances seedling diversity in a tropical forest. 
Nature 404: 493-495. 

Harms, K. E., J. S. Powers, and R. A. Montgomery. 2004. Variation in small sapling 
density, understory cover, and resource availability in four neotropical forests. 
Biotropica 36:40-51. 

Harrington, D. P. and Fleming, T. R. 1982. A class of rank test procedures for censored 
survival data. Biometrika 69: 553-566. 

Hartshorn, G.S. 1978. Tree falls and tropical forest dynamics. pp. 613-678 In: Tropical 
forests as living systems. P.B. Tomlinson and M.H. Zimmerman (ed.) Cambridge 
University Press. 

Howe, H. F., and J. Smallwood. 1982. Ecology of Seed Dispersal. Annual Review of 
Ecology and Systematics 13:201-228. 

Howe, H. F. 1989. Scatter-and clump-dispersal and seedling demography: hypothesis 
and implications. Oecologia 79:417-426. 



 

168 

Howe, H. F. 1990. Survival and growth of juvenile Virola surnamensis in Panama: effects 
of herbivory and canopy closure. Journal of Tropical Ecology 6: 259-280. 

Howe, H. F., E. W. Schupp and L. C. Westley. 1985. Early consequences of seed 
dispersal for a neotropical tree (Virola surinamensis). Ecology 66: 781-791. 

Howe, H. F., and M. N. Miriti. 2000. No question: seed dispersal matters. Trends in 
Ecology & Evolution 15:434-436. 

Hubbell, S. H. 1979. Tree dispersion, abundance, and diversity in a tropical dry forest. 
Science 203, 1299-1309. 

Hubbell, S. H. 2001. The unified neutral theory of biodiversity and biogeography. 
Princeton University Press, Princeton NJ. 

Hubbell, S. P. 2004. Two decades of research on the BCI forest dynamics plot. In: 
Tropical forest diversity and dynamism, E. C. Losos and E. G. Leigh, Jr., eds. Pp. 8-
30. The University of Chicago Press, Chicago, IL, USA. 

Hubbell, S. P., R. Condit and R. B. Foster. 1990. Presence and absence of density 
dependence in a neotropical tree community. Philosophical Transactions of the 
Royal Society of London B 330: 269-281. 

Hubbell, S. P., and R. B. Foster. 1986. Biology, chance, and history and the structure of 
tropical rain forest tree communities. In: Community Ecology, M. Diamond and T. 
Case, eds., pp. 314-329. Harper and Row, N. Y. 

Hubbell, S. P., Foster, R. B., O’Brien, S. T., Harms, K. E., Condit, R., Wechsler, B., 
Wright, S. J. and Loo de Lao, S. 1999. Light-gap disturbances, recruitment 
limitation, and tree diversity in a neotropical forest. Science 283:554-557. 

Hurt, G. C.. and S. Pacala. 1995. The consequences of recruitment limitation: 
reconciling chance, history and competitive differences between plants. Journal of 
Theoretical Biology 176: 1-12. 

Hyatt, L. A., M. S. Rosenberg, T. G. Howard, G. Bole, W. Fang, J. Anastasia, K. Brown, 
R. Grella, K. Hinman, J. P. Kurdziel and J. Gurevich. 2003. The distance 
dependence prediction of the Janzen-Connell hypothesis: a meta-analysis. Oikos 
103: 590-602. 

Jansen, P. A. 2003. Scatterhoarding and tree regeneration: ecology of nut dispersal in a 
neotropical rainforest. PhD thesis, Wageningen University, Wageningen, 
Netherlands. 

Janzen, D. H. 1970. Herbivores and the number of tree species in tropical forests. 
American Naturalist 104: 501-528. 

Janzen, D. H. 1972. Escape in space by Sterculia apetala seeds from the bug 
Dysdercus fasciatus in a Costa Rican deciduous forest. Ecology 53: 350-361. 

Janzen, D. H. 1980. Specificity of seed-attacking beetles in a Costa Rican deciduous 
forest. Journal of Ecology 68: 929-952. 

Lopez, L. 2007. Seed predation and seedling herbivory as factors in tree recruitment 
failure on predator-free forested islands. Journal of Tropical Ecology 23:129-137. 



 

169 

Morales, J.M. and Carlo, T.A. 2006. The effects of plant distribution and frugivore density 
on the scale and shape of dispersal kernels. Ecology, 87(6):1489–1496.  

Muller-Landau, H. C., S. J. Wright, O. Calderon, S. P. Hubbell and R. B. Foster. 2002. 
Assessing recruitment limitation: concepts, methods and case-studies from a 
tropical forest. In: Seed Dispersal and Frugivory: Ecology, evolution and 
conservation, D. J. Levey, W. R. Silva and M. Galetti, eds. Pp. 36-53. CAB 
International, Wallingford, UK. 

Nathan, R. and Muller-Landau, H. C. 2000. Spatial patterns of seed dispersal, their 
determinants and consequences for recruitment. Trends in Ecology and Evolution 
15: 278-285. 

Paine, C. E. T., K. E. Harms, S. A. Schnitzer, and W. P. Carson. In Press. Weak 
competition among tropical tree seedlings: implications for species coexistence. 
Biotropica. 

Pacala, S.W. and Tilman, D. 1994. Limiting similarity in mechanistic and spatial models 
of plant competition in heterogeneous environments. American Naturalist 143:222-
257. 

Pitman, N. C. A., Terborgh, J., Silman, M. R. and Núñez V., P. 1999. Tree species 
distributions in an upper Amazonian forest. Ecology 80: 2651-2661. 

Pitman, N. C. A., J. Terborgh, M. R. Silman, P. Nuñez V., D. A. Neill, C. E. Cerón, W. A. 
Palacios and M. Aulestia. 2002. A comparison of tree species diversity in two upper 
Amazonian forests. Ecology 83: 3210-3224. 

Romo, M.  1997.  Seasonal variation in fruit consumption and seed dispersal by canopy 
bats (Artibeus spp.) in a lowland forest in Peru.  Vida Silvestre Neotropical 5:110-
119. 

Romo, M., H. Tuomisto, and B. A. Loiselle. 2004. On the density-dependence of seed 
predation in Dipteryx micrantha, a bat-dispersed rain forest tree. Oecologia 140:76-
85. 

Russo, S. E. 2005. Linking seed fate to natural dispersal patterns: factors affecting 
predation and scatter-hoarding of Virola calophylla seeds in Peru. Journal of 
Tropical Ecology 21:243-253. 

Russo, S. E., and C. K. Augspurger. 2004. Aggregated seed dispersal by spider 
monkeys limits recruitment to clumped patterns in Virola calophylla. Ecology Letters 
7:1058-1067. 

Schupp, E. W. 1992. The Janzen-Connell model for tropical tree diversity: population 
implications and the importance of spatial scale. American Naturalist 140: 526-530. 

Silman, M.R. 1996. Regeneration from seed in a neotropical rainforest. Duke University 
Ph.D. dissertation. 

Sokal, R. R. and F. J. Rohlf. 1995. Biometry: the principles and practice of statistics in 
biological research.  3rd edition. W. H. Freeman and Co.: New York. 



 

170 

Steidl, R. J., and L. Thomas. 2001. Power analysis and experimental design. Pages 14-
36 in Design and analysis of ecological experiments, 2nd edition. S. Scheiner and J. 
Gurevitch, editors. Chapman & Hall. 

Stevenson, P. R., M. J. Quiñones, and M. C. Castellanos.  2000.  Guía de frutos de los 
bosques del río Duda La Macarena, Colombia.  Netherlands Committee for IUCN, 
Tropical Rainforest Programme.   

Svenning, J.-C., and S. J. Wright. 2005. Seed limitation in a Panamanian forest. Journal 
of ecology 93:853-862. 

Swaine, M. D., D. Lieberman and F. E. Putz. 1987. The dynamics of tree populations in 
tropical forest: a review. Journal of Tropical Ecology 3: 359-366. 

Terborgh, J.  1983.  Five New World primates: a study in comparative ecology.  
Princeton University Press, Princeton, NJ, USA 

Terborgh, J., C. Flores N., P. Mueller, and L. Davenport. 1997. Estimating the ages of 
successional stands of tropical trees from growth increments. Journal of Tropical 
Ecology 13: 833-856. 

Terborgh, J., Foster, R. B. and Núñez V., P. 1996. Tropical tree communities: a test of 
the nonequilibrium hypothesis. Ecology 77: 561-567.  

Terborgh, J., N. Pitman, M. Silman, H. Schichter and P. Nuñez V. 2002. Maintenance of 
tree diversity in tropical forests. In: Seed Dispersal and Frugivory: Ecology, evolution 
and conservation, D. J. Levey, W. R. Silva and M. Galetti, eds. Pp. 1-17. CAB 
International, Wallingford, UK. 

Tilman, D. 1994. Competition and biodiversity in spatially structured habitats. Ecology 
75: 2-16. 

Uhl, C., K. Clark, N. Dezzeo and P. Maquirino. 1988. Vegetation dynamics in Amazonian 
treefall gaps. Ecology 69: 751-763. 

van Roosmalen, M. G. M.  1985.  Fruits of the Guianan flora.  Institute of Systematic 
Botany, Utrecht, Netherlands. 

Vander Wall, S. B., K. M. Kuhn and M. J. Beck. 2005. Seed removal, seed predation, 
and secondary dispersal. Ecology 86: 801-806. 

Wang, B. C., and T. B. Smith. 2002. Closing the seed dispersal loop. Trends in Ecology 
& Evolution 17:379-386. 

Wang, B. C., V. L. Sork, M. T. Leong, and T. B. Smith. 2007. Hunting of Mammals 
Reduces Seed Removal and Dispersal of the Afrotropical Tree Antrocaryon 
klaineanum (Anacardiaceae). Biotropica 39:340-347. 

Webb, C. O., and D. R. Peart. 2001. High seed dispersal rates in faunally intact tropical 
rain forest: theoretical and conservation implications. Ecology Letters 4:491-499. 

Weldon, C. W., S. W. Hewett, S. P. Hubbell and R. B. Foster. 1991. Sapling survival, 
growth, and recruitment: relationship to canopy height in a neotropical forest. 
Ecology 72: 35-50. 



 

171 

Whittaker, R.H. 1965. Dominance and diversity in land plant communities. Science 
147:250-260. 

Wills, C., Condit, R., Foster, R. B. and S. P. Hubbell. 1997. Strong density- and diversity-
related effects help to maintain tree species diversity in a neotropical forest. 
Proceedings of the National Academy of Science (USA) 94, 1252-1257. 

Wright. S. J. 1983. The dispersion of eggs by a bruchid beetle among Scheelea palm 
seeds. Ecology 64: 1016-1021. 

Wright, S. J. 2002. Plant diversity in tropical forests: a review of mechanisms of species 
coexistence. Oecologia 130: 1-14. 

Yu, D. W., H. B. Wilson, M. E. Frederickson, W. Palomino, R. de la Colina, D. P. 2004. 
Edwards and A. A. Balareso. Experimental demonstration of species coexistence 
enabled by dispersal limitation. Journal of Animal Ecology 73: 1102-1114. 

Zuidema, P. A., and R. G. A. Boot. 2002. Demography of the Brazil nut tree (Bertholletia 
excelsa) in the Bolivian Amazon: impact of seed extraction on recruitment and 
population dynamics. Journal of Tropical Ecology 18: 1-31. 

 



 

172 

Biography 

I was born on the 3rd of July, 1979, in New Delhi, India. I attended Connecticut College in 
New London CT and graduated in 2001 with a Bachelor of Arts in Environmental 
Studies. 
 
 
PUBLICATIONS 
 
Terborgh, J., G. Nuñez-Ituri, N. Pitman, F.H. Cornejo Valverde, P. Alvarez, V. Swamy, B. 
Pringle, C. E.T. Paine. In Press. Tree recruitment in an empty forest. Ecology.  
  
Swamy, V., P.E. Fell, M. Body, M.B. Keaney, M.K. Nyaku, E.C. McIlvain, A.L. Keen. 
2002. Macroinvertebrates and fish populations in a restored impounded salt marsh 21 
years after the re-establishment of tidal flooding. Environmental Management 29(4): 
516-530.  
 
Warren, R. S., P. E. Fell, R. Rozsa, A. H. Brawley, A. C. Orsted, E. T. Olson, V. Swamy, 
W. A. Niering. 2002. Salt marsh restoration in Connecticut: 20 years of science and 
management. Restoration Ecology 10(3): 497-513. 
 
 
RESEARCH GRANTS  
 
2008       National Science Foundation Division of Environmental Biology 

     (Co-PI with Dr. John Terborgh) ($400,000) 
 

2008                  Wildlife Conservation Society Research Fellowship Program ($20,000) 
 
2007               Lewis and Clark Fund for Exploration and Field Research, American     
                          Philosophical Society ($2700) 
 
2006, 2005        Amazon Conservation Association (ACA) Graduate Research Grant  
 
2006               Sigma Xi Grants-in-Aid of Research Award ($4765 total) 
 
2004               Francis Bossuyt Fellowship, Organization for Tropical Studies ($3000) 
 
2006, 2003-04   Duke University Graduate School Research Travel Grant ($6600 total) 
 
2006, 2002-04   Mellon Research Travel Grant, Duke University Center for Latin         
     American and Caribbean Studies ($4750 total) 
 


	Abstract
	 List of Tables
	 List of Figures
	 Acknowledgements
	1. Introduction
	Background
	“Escape” Hypothesis: the Janzen-Connell model
	Testing the Escape Hypothesis: the story so far

	 Figures

	2. Setting the stage: mapping seed shadows
	Introduction 
	Study Area
	Methods: Data
	Long-term tree plot
	Seed rain
	Dispersal mode classification
	Crown radii measurements
	Sapling recruitment

	Analysis
	Seed density and distance to nearest adult surfaces
	Calculations

	Results
	Discussion
	Conclusions
	 Tables
	 Figures
	Legend for seed shadows (figures 3-42)


	3. Sapling recruitment in relation to seed rain: an input-output analysis
	Introduction 
	Methods: Data
	Analysis
	Seed density zones and sapling locations
	Test of distributions

	Results
	Discussion
	Conclusions
	Tables 
	 Figures 
	Legend


	 4. Are all seeds equal? Validating the escape hypothesis
	Introduction 
	Methods: Data
	Analysis
	Seed density and sapling/seed ratio
	Calculation of SStotal, SSmax, Dmax and D50%
	Curve fitting

	Results
	Discussion
	Conclusions
	 Tables
	 Figures 
	Legend


	 5. Revisiting the regeneration niche: A multi-species seedling survival experiment
	Introduction
	Methods: Experimental set up
	Seedling plots and main effects
	Understory light measurement

	Analysis
	Final survival
	Understory light environment
	Survival analysis

	Results 
	Final survival
	Understory light environment
	Survival analysis

	Discussion
	Conclusions
	 Tables

	 6. Synthesis and conclusions
	 Works Cited
	 Biography

