
 

Woody Plant Species’ Habitat-

Association Patterns in the Forest on 

Barro Colorado Island and the 

Contributing Roles Played by 

Biological, Historical, and Random 

Processes 

 
Harms 

   
 

FROM 

The First 100 Years of Research on Barro Colorado:  

Plant and Ecosystem Science, Volume 1 

 

 

 

 

WASHINGTON, D.C. 

2024 

Smithsonian
Scholarly Press



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Published by  

SMITHSONIAN INSTITUTION SCHOLARLY PRESS 

P.O. Box 37012, MRC 957 

Washington, D.C. 20013-7012 

https://scholarlypress.si.edu 

 

Compilation copyright © 2024 by Smithsonian Institution 

 

Recommended citation:  

Harms, Kyle.2024. Woody Plant Species’ Habitat-Association Patterns in the Forest on Barro 

Colorado Island and the Contributing Roles Played by Biological, Historical, and Random Processes. 

In The First 100 Years of Research on Barro Colorado: Plant and Ecosystem Science, Volume 1, ed. Helene 

Muller-Landau and S. Joseph Wright, pp. 000–000. Washington, DC: Smithsonian Institution 

Scholarly Press. https://doi.org/10.5479/si.26048527  

 

ISBN (online, 2 vols.): 978-1-944466-70-1 ISBN (print, 2 vols.): 978-1-944466-71-8 

 
 

 
 

Excluding content credited to rightsholders and third parties, this work is licensed under a Creative Commons 

Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) License. For permission to reproduce credited 

materials, users are responsible for contacting the rightsholder.

https://doi.org/10.5479/si.26048527


Woody Plant Species’ Habitat-Association 
Patterns in the Forest on Barro Colorado 
Island and the Contributing Roles Played by 
Biological, Historical, and Random Processes
Kyle E. Harms

Department of Biological Sciences, Louisiana State 
University, Baton Rouge, Louisiana 70803, 
USA.

Correspondence: kharms@lsu.edu 
https://orcid.org/0000-0002-8842-382X
Manuscript received 14 November 2022; accepted 

17 July 2023.

ABSTRACT. Spatial patterns of species’ distributions are often biased with respect to 
environmental variables, including discrete habitats. Patterns alone, however, cannot 
uniquely identify the combinations of processes that produced them. Many alternative 
processes could give rise to positive and negative habitat associations, including a popula-
tion’s history of dispersal limitation and niche-based interactions with the abiotic or biotic 
environment, possibly owing to habitat specialization. Because of the research infrastruc-
ture and detailed species’ distributional and dynamic data provided by the 50-ha Forest 
Dynamics Plot, Barro Colorado Island has been a hub and catalyst for research into pat-
terns of local-scale habitat associations and their underlying causes. Further research into 
the mechanisms that generate habitat-association patterns will continue to improve our 
understanding of tropical community assembly, the origins and maintenance of tropical 
diversity, and the likely future conditions of tropical plant assemblages.

Keywords: community assembly; distribution pattern; habitat association; habitat spe-
cialization; niche; pattern; process; spatial autocorrelation; spatial distribution; torus-
translation test

When we look at the plants and bushes clothing an entangled bank, we are tempted 
to attribute their proportional numbers and kinds to what we call chance. But how 
false a view is this! 

—Charles Darwin ([1859] 1985: 125)

A great deal of basic science is the description of patterns in the natural world and 
the pursuit of evidence for the underlying processes that cause, maintain, or modify them. 
One obvious and intriguing type of pattern is the heterogeneous distribution of individu-
als from a single population among habitats. 

At a given focal scale and moment in time, a plant species’ pattern of distribution is 
biased with respect to a defined habitat if more (or fewer) of its individuals occur in that 
habitat than expected from a specified null hypothesis. As an example, consider the small 
tree Annona glabra (Annonaceae), which is abundant along portions of the lakeshore 
of Barro Colorado Island (BCI), but not in the island’s interior (Croat, 1978; Einzmann 
and Zotz, 2024). Divide the 1,560-ha island into 1,000 contiguous, equal-area grid cells; 
dichotomize those grid cells into “shoreline” versus “island-interior” habitats; and A. 
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glabra’s distribution of stems would be highly nonrandomly 
positively associated with the shoreline habitat and negatively 
associated with the island-interior habitat. 

Many alternative processes or combinations of processes— 
operating on a variety of spatial and temporal scales (Levin, 
1992)— could have produced an observed pattern of habitat 
associations (Harms et al., 2001). For instance, a species’ real-
ized habitat associations do not necessarily reflect its funda-
mental niche, defined as the abiotic and biotic environmental 
characteristics that would allow a population to remain viable 
(Hutchinson, 1957). 

Annona glabra may be restricted to BCI’s shoreline by vir-
tue of ecophysiological (habitat) specialization—for example, 
individuals only survive and reproduce in shoreline-habitat con-
ditions. Yet alternative causes and histories of pattern assem-
bly are also possible. A species that was previously distributed 
throughout the island might later have suffered a population 
decline, possibly driven by a fatal, host-specific disease that 
emanated from a mid-island infection but that has not reached 
the shoreline individuals. A population that established from 
seeds that floated to BCI from a previously off-island species 
might be temporarily present only along the island’s margins. 
Although the latter two narratives are unlikely explanations for 
A. glabra’s distribution, they do exemplify alternative, testable, 
process-based explanations for a biased distribution pattern of 
habitat association. 

Based on their population-dynamic properties, McPeek 
(2017:10) described four means by which a species could cooc-
cur with heterospecifics in a given community (or habitat): 
“coexisting, neutral, sink, and walking dead” (to which we 
could add “transiently passing through,” especially for mobile 
taxa). To coexist with other species requires persistence, but the 
other possibilities do not assume this threshold level of habitat 
suitability. A useful complement to mechanisms for presence in 
a given habitat consists of the mechanisms for absence, such as 
dispersal limitation, establishment limitation, and their compo-
nents (Muller-Landau et al., 2002). The species clothing Dar-
win’s entangled-bank habitat are present, whereas other species 
are absent, because of the deterministic, niche-based, selective 
influences that Darwin probably primarily imagined, as well as 
various historical influences of chance and dispersal, as Hubbell 
(1979, 2001) and others have suggested (Connell, 1978; Vel-
lend, 2016). 

In this chapter, I review research on habitat associations of 
woody plants on BCI, and the mechanisms that underlie these 
associations. I begin with early research describing plant distri-
butions among habitats, followed by the development and appli-
cation of the torus-translation test for nonrandom associations 
with discrete habitat types. I then selectively summarize subse-
quent research on habitat associations involving additional types 
of tests, continuous environmental variables, and other research 
sites. Finally, I describe research on the processes underlying 
observed habitat associations. I close with a discussion of direc-
tions for future research.

EARLY RESEARCH ON HABITAT-ASSOCIATION 
PATTERNS OF TREES AND SHRUBS ON BCI

A great deal of botanical, ecological, and evolutionary inter-
est in BCI’s plants and vegetation patterns have blossomed since 
biologists first began visiting the island. Standley (1927) pub-
lished the first BCI flora; Kenoyer (1929) carried out the first 
phytosociological study of the island; and Enders (1935) pro-
duced BCI’s first vegetation map. Knight (1975) calculated the 
first ordination for some of BCI’s woody taxa and interpreted 
the phytosociological patterns with respect to habitats defined 
by forest age (young versus older), soil type (Frijoles clay versus 
gley), and underlying bedrock (four categories from Woodring, 
1958; Yavitt, 2024; Yavitt et al., 2024). 

The establishment of the BCI 50-ha Forest Dynamics Plot 
(FDP) in the 1980s created an unprecedented resource for docu-
menting and analyzing spatial distributions of individual plant 
species (Detto, 2024; Hubbell et al., 2024). The resulting data 
include the location (to 0.1 m) and species identity of every stem 
with a diameter at breast height (dbh) of 1 cm or larger in the 
entire 1,000 × 500 m area. During the nascent development of 
the FDP, Hubbell and Foster (1983:28) drew “qualitative con-
clusions” (i.e., without applying statistics) about edaphic and 
topographic habitat associations from the initial census of large 
stems (>20 cm dbh). Most species had patchy distribution pat-
terns, several of which appeared to be biased with respect to 
three “major habitats”: steep slopes, uplands of the plateau, 
and flats. Hubbell and Foster (1986b) followed up with chi-
squared tests of association for species with ≥10 stems ≥1 cm 
dbh distributed among slope, plateau, streamside/ravine, and 
swamp habitats. 

In their milestone perspective on the biological, historical, and 
random processes that pattern and maintain diversity in the forest 
on BCI, Hubbell and Foster (1986a) inferred habitat specialization 
from patterns of habitat association. They specifically mentioned 
guilds of “pioneers” and “edaphic and topographical specialists.” 
Other chapters in these BCI centennial volumes concern potential 
gap specialists or pioneers and their associations with canopy gaps 
(Brokaw, 2024; Dalling, 2024; Dent and Elsy, 2024). 

DEVELOPMENT AND APPLICATION  
OF THE TORUS-TRANSLATION TEST  

OF HABITAT ASSOCIATIONS

When I began my graduate research on BCI in the early 
1990s, all assessments of associations between plants and envi-
ronmental features that had been done for BCI were either non-
statistical descriptions or relied on statistical tests that assumed 
each stem could be treated as an independent entity (e.g., chi-
squared tests). These approaches are useful for some purposes—
for example, to describe where fruits are available to frugivores. 
The locations of different stems of the same species, however, 
are generally not independent. More generally, to understand 



W O O D Y  P L A N T  S P E C I E S ’  H A B I TAT- A S S O C I AT I O N  P AT T E R N S   •   3 0 9

why plants are distributed the way they are, or to predict their 
occurrences (e.g., Caillaud et al., 2010), it is useful to recog-
nize that processes other than niche-based habitat sorting may 
contribute to an aggregated population pattern, to consider how 
multiple processes combine to assemble distribution patterns, 
and to employ tests that potentially partition the influences of 
those processes. 

Seed dispersal distributes plants’ seeds away from the 
mother plant (Augspurger, 2024; Beckman et al., 2024; Howe, 
2024), but dispersal in tropical woody species is generally lim-
ited, such that conspecific stems are aggregated, and density 
(number of individuals per unit area) is spatially autocorrelated 
(Condit et al., 1992, 2000; Hubbell et al., 1999; Muller-Landau 
et al., 2004, 2008). Habitat variables are also generally spatially 
autocorrelated (Bell et al., 1993). In habitat-association analy-
ses that aim to help us understand why plants are distributed 
as they are, we would like to know whether a statistical cross-
correlation or association between the two spatially autocor-
related patterns (the spatial patterns of density and habitats) 
results from habitat-specific effects on species performance, or 
for other, potentially spurious, reasons. Yet cross-correlation of 
two spatially autocorrelated patterns elevates the type 1 error 
rate; in other words, false significant associations are likely to 
appear (Clifford et al., 1989). 

To factor the spatial aggregation of stems into habitat-
association assessments, I developed the torus-translation test 
(Harms, 1997). While on BCI, I often worked in the evenings 
in the Center for Tropical Forest Science (CTFS) office on the 
third floor of Yellow House (a building long since demolished). 
One evening, I was thinking about habitat associations and bet-
ter ways to test for them, while looking at printed maps of spe-
cies’ distributions on the FDP. As I held a printed map in my 
hands, I noticed that by rolling the paper map into a tube and 
thereby bringing the northern edge of the map to abut the south-
ern edge, I could continuously translate the intact habitats of the 
plot north or south within plot boundaries that remained fixed in 
space. I could also bend the tube-map into a donut shape, thereby 
uniting the eastern and western boundaries, which allowed me 
to translate the intact habitats east or west. Without knowing it 
at the time, I had discovered for myself the torus and realized 
it would be a useful device for generating expected patterns for 
habitat-association analyses. My torus-translation test evaluates 
whether the spatial pattern of a species’ population is distributed 
with respect to habitats as expected by chance, and not whether 
the individuals are distributed entirely at random among habi-
tats. This is a bit like matching a paw to a track in the mud on a 
BCI trail to identify the track’s maker—when the shapes match, 
a causal relationship is more likely. 

We divided the BCI FDP into seven discrete habitat types, 
defined by a combination of topography, hydrology, and for-
est age (Harms et al., 2001; Fig. 1). We translated the habi-
tat map many times about a torus, while keeping the tree map 
fixed in space. Decoupling the habitat map from the tree map 
allowed us to generate many values for our metrics of habitat 

association (density or relative density per habitat) under the 
null hypothesis of random associations between the two. We 
then compared observed values of the metrics with the fre-
quency distributions from the torus randomizations to test 
whether observed values were extreme relative to expectations. 
Out of 171 species, each with ≥65 stems ≥1 cm dbh in the 1990 
census, 64% had one or more significant habitat associations 
(Harms et al., 2001; Fig. 2). 

One means by which to judge whether 64% surpasses 
random expectations employs false habitat maps. I inverted, 
reversed, and inverted-plus-reversed the BCI FDP habitat map to 
generate the three false maps that nevertheless perfectly maintain 
habitat shapes, sizes, and contiguities (Fig. 1). I overlaid the true 
tree map on each of these false habitat maps, and reran the entire 
set of torus-translation tests for species’ habitat-associations to 
generate an expected overall level of habitat association between 
the observed trees and the false habitat maps. For the 171 spe-
cies, the three false maps resulted in 73 (41%, inverted map), 53 
(30%, reversed map), and 72 (41%, inverted-plus-reversed map) 
species with significant habitat associations. The false-map aver-
age was 37%— more than 40% fewer than for the true habitat 
map (64%). Chance alone cannot account for patterns of habitat 
association on the BCI FDP. 

FURTHER RESEARCH DOCUMENTING HABITAT-
ASSOCIATION PATTERNS ON BCI AND BEYOND

Subsequent research has expanded on the initial torus-trans-
lation analyses of trees on the BCI 50-ha FDP in multiple ways, 
involving application to more plots, incorporation of continu-
ous environmental data, and development of additional testing 
methods. 

Two additional types of false-map habitat-association tests 
generate their null hypotheses by simulating many iterations of 
either false population maps or false habitat maps without torus 
translations. Plotkin et al. (2000, 2002) developed Poisson clus-
ter modeling methods to simulate false populations with true 
populations’ patterns of contagion. Zuleta et al. (2020) used an 
iterative amplitude-adjusted Fourier transform method to gener-
ate false habitat maps that nevertheless preserved key aspects of 
habitat spatial structure. Harms et al. (2001) also developed a 
randomized-habitat-generation technique. 

Other habitat-association tests take spatial aggregation into 
account through autologistic regression that incorporates an 
autocorrelation term into the statistical model (He et al., 2003), 
or wavelet analyses to disentangle spatial structure at different 
scales (e.g., potentially interpreted as small-scale seed-dispersal 
limitation versus larger-scale niche-based sorting; Clark et al., 
2018). Three especially good book-length resources for further 
details and methods to statistically test habitat association pat-
terns for plants treated as points on landscape maps are Illian 
et al. (2008), Legendre and Legendre (2012), and Wiegand and 
Moloney (2014).
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FIGURE 1. Habitats of the Barro Colorado Island (BCI) 50-ha Forest Dynamics Plot, as defined in Harms et al. (2001). Contour lines mark 5-m 
increments in elevation. The horizontal axis is easting (m); the vertical axis is northing (m). Red = High Plateau; orange = Slope; yellow = Low 
Plateau; green = Young Forest; blue = Stream; white = Swamp; brown = Mixed. (a) The true BCI seven-habitat map; (b) the false inverted map; 
(c) the false reversed map; and (d) the false inverted and reversed map.

Several assessments of patterns of habitat association, using 
the aforementioned techniques with discrete habitat catego-
ries, have since been done for other large-scale forest dynam-
ics datasets. This includes an analysis of lianas on BCI (Dalling 
et al., 2012) as well as multiple studies of trees in other plots 
in the Smithsonian ForestGEO network, formerly the Center 
for Tropical Forest Science (e.g., Valencia et al., 2004; Guna-
tilleke et al., 2006; Yamada et al., 2006; Chuyong et al., 2011). 
These additional assessments were, in many cases, facilitated 

by the availability of my torus-translation test in R packages, 
previously the CTFS R package (http://ctfs.si.edu/ctfsdev/CTF-
SRPackageNew/) and now as a function (tt_test) in the fgeo R 
package (https://forestgeo.si.edu/explore-data/r-package).

Research groups have sampled edaphic and hydrologic envi-
ronmental properties in FDPs, providing continuous variables 
for comparison with plant distributions. For example, John et 
al. (2007) sampled soils and used geostatistical kriging to map 
available elements and other edaphic properties (e.g., pH) of 

http://ctfs.si.edu/ctfsdev/CTFSRPackageNew/
http://ctfs.si.edu/ctfsdev/CTFSRPackageNew/
https://forestgeo.si.edu/explore-data/r-package
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FIGURE 2. Four selected species’ distributions with respect 
to habitats of the Barro Colorado Island (BCI) 50-ha Forest 
Dynamics Plot (as in Fig. 1). Habitat-association results are 
from Harms et al. (2001); accordingly, individual tree loca-
tions are from the 1990 BCI FDP census. Both axes indicate 
distance in meters. (a) Anaxagorea panamensis (Annonaceae) 
was positively associated with the Slope habitat according to 
the chi-squared test, but not according to the torus-transla-
tion test; all 589 stems occurred in the northwestern-most 
hectare (each individual stem is a black point on the map). 
(b) Although 21 stems of Elaeis oleifera (Arecaceae) were too 
few to conduct the tests using criteria in Harms et al. (2001), 
all individuals occurred within the Swamp or immediately 
adjacent Mixed habitat. (c) Gustavia superba (Lecythida-
ceae) was positively associated with the High Plateau and 
Stream habitats according to the chi-squared tests, but not 
according to the torus-translation test; and was positively 
associated with the Young Forest by both the chi-squared 
and the torus-translation tests—Young Forest results are 
from the same set of tests, but were not reported in Harms 
et al. (2001). (d) Ocotea whitei (Lauraceae) was positively 
associated with the Slope habitat by both the chi-squared 
and the torus-translation tests.

the BCI, La Planada (Colombia), and Yasuni (Ecuador) 
FDPs. Baldeck et al. (2013b) extended those analyses to 
community-level patterns, in which we found tree-assem-
blage species-compositional structure significantly related 
to soil properties. 

In addition to assessments of static patterns of habi-
tat associations, research groups have noted significant 
changes in FDP habitat associations through ontogeny 
(e.g., Comita et al., 2007; Kanagaraj et al., 2011; Baldeck 
et al., 2013a). From habitat-specific temporal floristic 
changes, Legendre and Condit (2019) suggested that the 
BCI FDP swamp is drying and being invaded by species 
previously excluded by seasonal inundation. A variety 
of larger-scale patterns of habitat association also occur 
among several BCI taxa throughout the entire island (Gar-
zon-Lopez et al., 2014) and across the Isthmus of Panama 
(Condit et al., 2013; Condit, 2024).

The take-home message from all of these assessments 
of habitat association is that an intermediate, but larger 
than expected, fraction of species have distributional 
biases (habitat associations). The consistency emerges 
even though results of these types of analyses depend to 
some degree on details of the statistical tests (e.g., Harms 
et al., 2001), user-defined habitat definitions (e.g., Itoh 
et al., 2010; Zuleta et al., 2020), placement of an FDP 
with respect to landscape-level heterogeneity, and other 
factors.
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PROCESSES BEHIND THE PATTERNS: POTENTIAL 
CAUSES OF HABITAT ASSOCIATIONS ON BCI

Insofar as species exhibit nonrandom habitat associations, 
the obvious next question is: which mechanisms underlie these 
associations? To the extent that species’ distributions are biased 
because of environmentally determined variation in postdisper-
sal performance, which physiological trade-offs and environ-
mental axes (e.g., water, nutrients) underlie these performance 
differences? Plant ecophysiology and other endeavors that relate 
environmental influences to plant traits, physiological or demo-
graphic performance, and various trade-offs have grown into an 
enormous enterprise on BCI. Here, I briefly discuss a few key 
studies specifically related to woody plant habitat-association 
patterns. Other chapters in these BCI centennial volumes provide 
additional examples: for rooting depth, see Andrade and Jackson 
(2024); for deciduousness, see Bohlman (2024); for drought resis-
tance, see Engelbrecht (2024); for wood traits, see Hietz (2024); 
for leaf traits, see Santiago (2024); for lianas, see Schnitzer and 
Carson (2024); and for plant hydraulics, see Wolfe (2024). 

Hydrologic-niche differences and variation in water avail-
ability appear to shape several relatively common species’ dis-
tributional patterns on BCI. For 48 native Panamanian tree 
and shrub species, Engelbrecht et al. (2007) found consistent 
relationships between experimentally determined estimates of 
drought sensitivity and habitat association patterns both within 
the BCI FDP (in which slopes tend to have moister soils) and 
across the Isthmus of Panama rainfall/seasonality gradient. At 
both spatial scales, species with lower drought sensitivity were 
associated with drier habitats, and species with higher drought 
sensitivity were associated with wetter habitats. Kupers et al. 
(2019c) generated a detailed hydrologic map for BCI’s FDP and 
found that naturally regenerating seedlings’ drought sensitivities 
were related to species’ hydrologic habitat-association patterns 
(Kupers et al., 2019a, 2019b). Similarly, among selected ever-
green tree species on the BCI FDP and across the Isthmus of 
Panama, plants with lower wilting points were associated with 
drier habitats (Kunert et al., 2021). Lopez and Kursar (1999) 
subjected four common BCI trees to experimental flooding and 
concluded that positive associations with flood-prone habitats 
(e.g., the BCI FDP swamp) in seasonal forests were associated 
with tolerance to flooding followed by drought. 

Edaphic-niche differences and variation in soil conditions 
also appear to shape species’ distributional patterns on BCI. 
For 15 pioneer species, seedling growth responses to phospho-
rus treatments matched expectations based on large-tree distri-
butions with respect to soil-phosphorus across the Isthmus of 
Panama (Zalamea et al., 2016). Silvera et al. (2003) hypothe-
sized that the two cooccurring morphotypes of Trema micrantha 
(Cannabaceae) partition the soil-nutrient differences between the 
poorer soils of landslides (exposed mineral soils) and the richer 
soils of island-interior gaps (Pizano, 2024).

Patterns of phylogenetic or trait dispersion among habitats 
are often interpreted in terms of habitat filtering and competitive 

displacement among taxa (Webb et al., 2002; Cavender-Bares et 
al., 2004). Several research groups have uncovered significant 
nonrandom patterns of phylogenetic structure among the FDPs’ 
discrete habitats and continuous-variable environmental condi-
tions (Kembel and Hubbell, 2006; Schreeg et al., 2010; Baldeck 
et al., 2013c, 2016; Pearse et al., 2013). Just as they do for a 
plant’s interactions with the abiotic environment, traits mediate 
a plant’s interactions with other organisms (competitors, herbi-
vores, mutualists; e.g., Pizano et al., 2011; Kembel et al., 2014; 
Coley, 2024a, 2024b). These biotic interactions can also shape 
habitat-specific plant performance and the emergent patterns of 
species’ habitat associations (e.g., Fine et al., 2004, 2006; Endara 
et al., 2022). 

Using a combination of traits and relative abundance 
changes among habitats through time, Rubio and Swenson 
(2022) suggested that species within the BCI FDP cluster into 
functional-group categories, within which ecological drift may 
be more influential than among those groups. This forest-
dynamics narrative echoes Hubbell and Foster (1986a). It is also 
consistent with an island-wide assessment of the relative roles 
played by deterministic and neutral processes (Svenning et al., 
2004, 2006), from which evidence supported important roles 
for both niche-based determinism and chance. Even so, a degree 
of nonrandom within-habitat partitioning is suggested by some 
negative relationships between trait similarity and spatial asso-
ciations between pairs of taxa at small, 5-m neighborhood scales 
within the BCI FDP (Velázquez et al., 2015). 

Just as a population’s distributional biases among habitats 
could result from environmental influences on postdispersal per-
formance, seed dispersal could also give rise to habitat associa-
tions. Through seed-addition experiments on BCI, Svenning and 
Wright (2005) found widespread, consequential seed-dispersal 
limitation among BCI’s woody plant taxa, so the potential exists 
for differential dispersal to cause abundance differences among 
habitats that run counter to patterns that would otherwise occur 
under unlimited dispersal. Habitat selection and habitat-related 
movement patterns of animal seed-dispersers could bias seed 
deposition (e.g., Schupp et al., 2002; Russo and Augspurger, 
2004; Hirsch et al., 2012). In addition, the third trophic level 
could have an indirect influence on habitat-related seed disper-
sal. For example, if the landscape of fear generated by ocelot 
predators (Gálvez and Hernández, 2022) varies among habitats, 
habitat-specific variation in secondary seed dispersal or preda-
tion by agoutis could occur. 

FUTURE DIRECTIONS

Many open questions remain concerning the causes and con-
sequences of habitat associations in tropical forests. (1) To what 
extent do nonrandom patterns of habitat association result from 
species’ niche requirements as expressed through phenotypic 
traits? For the majority of tropical plant species (especially rare 
taxa) on BCI and throughout the tropics, we remain ignorant 
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of the underlying causes of their patterns of distribution, their 
niche differences and similarities, and how their traits mediate 
the interplay between environment and demographic perfor-
mance. (2) How important is habitat specialization to patterns 
of relative abundance? Futuyma and Moreno (1988) convinc-
ingly argued that specialization should be gauged comparatively, 
and Hubbell (2001: 10) claimed that “no other general attri-
bute of ecological communities besides species richness has com-
manded more theoretical and empirical attention than relative 
species abundance,” yet we have almost no idea whether any 
particular species has the relative abundance value that it does 
(at any spatial scale) for niche-based (e.g., habitat specializa-
tion), mostly chance-based, or other nonniche historical reasons.  
(3) How important are niche differences (e.g., habitat special-
ization) for the origins and maintenance of BCI’s and the entire 
planet’s species diversity? We speculate repeatedly that they mat-
ter (e.g., Chesson, 2000; Wright, 2002), but we do not know 
with quantitative objectivity how important they are relative to 
other drivers (e.g., Janzen–Connell effects; Milici and Comita, 
2024). (4) How will species’ distributions, relative abundances, 
and persistence respond to anthropogenic global change (e.g., 
climate, nutrient deposition, land use)? Better understanding of 
the mechanisms that underpin current patterns of species’ distri-
butions would help predict the nature of changes to come. 

ACKNOWLEDGMENTS

I cannot sufficiently thank the enormous cast of characters 
who enriched my life through our shared experiences on BCI; I 
am forever grateful. For comments and suggestions on drafts of 
this book chapter, I thank Jim Dalling, Jessica Eberhard, Helene 
Muller-Landau, Joe Yavitt, and two anonymous reviewers.

REFERENCES

Andrade, J. L., and P. C. Jackson. 2024. Insights on Rooting Depths for Woody 
Species of the Barro Colorado Nature Monument. In The First 100 Years of 
Research on Barro Colorado: Plant and Ecosystem Science, ed. H. C. Muller-
Landau and S. J. Wright, pp. 217–221. Washington, D.C.: Smithsonian Insti-
tution Scholarly Press.

Augspurger, C. K. 2024. Seed Dispersal by Wind. In The First 100 Years of Research 
on Barro Colorado: Plant and Ecosystem Science, ed. H. C. Muller-Landau 
and S. J. Wright, pp. 109–119. Washington, D.C.: Smithsonian Institution 
Scholarly Press.

Baldeck, C. A., K. E. Harms, J. B. Yavitt, R. John, B. L. Turner, R. Valencia, H. 
Navarrete, S. Bunyavejchewin, S. Kiratiprayoon, A. Yaacob, M. N. N. 
Supardi, S. J. Davies, S. P. Hubbell, G. B. Chuyong, D. Kenfack, D. W. 
Thomas, and J. W. Dalling. 2013a. Habitat Filtering Across Tree Life Stages 
in Tropical Forest Communities. Proceedings of the Royal Society B, 280: 
20130548. https://doi.org/10.1098/rspb.2013.0548.

Baldeck, C. A., K. E. Harms, J. B. Yavitt, R. John, B. L. Turner, R. Valencia, H. 
Navarrete, S. J. Davies, G. B. Chuyong, D. Kenfack, D. W. Thomas, S. 
Madawala, N. Gunatilleke, S. Gunatilleke, S. Bunyavejchewin, S. Kiratip-
rayoon, A. Yaacob, M. N. N. Supardi, and J. W. Dalling. 2013b. Soil 
Resources and Topography Shape Local Tree Community Structure in Tropi-
cal Forests. Proceedings of the Royal Society B, 280: 20122532.

Baldeck, C. A., S. W. Kembel, K. E. Harms, J. B. Yavitt, R. John, B. L. Turner, 
G. B. Chuyong, D. Kenfack, D. W. Thomas, S. Madawala, N. Gunatilleke, 

S. Gunatilleke, S. Bunyavejchewin, S. Kiratiprayoon, A. Yaacob, M. N. N. 
Supardi, R. Valencia, H. Navarrete, S. J. Davies, S. P. Hubbell, and J. W. Dal-
ling. 2013c. A Taxonomic Comparison of Local Habitat Niches of Tropical 
Trees. Oecologia, 173: 1491–1498.

Baldeck, C. A., S. W. Kembel, K. E. Harms, J. B. Yavitt, R. John, B. L. Turner, S. 
Madawala, N. Gunatilleke, S. Gunatilleke, S. Bunyavejchewin, S. Kiratip-
rayoon, A. Yaacob, M. N. N. Supardi, R. Valencia, H. Navarrete, S. J. 
Davies, G. B. Chuyong, D. Kenfack, D. W. Thomas, and J. W. Dalling. 2016. 
Phylogenetic Turnover Along Local Environmental Gradients in Tropical 
Forest Communities. Oecologia, 182: 547–557.

Beckman, N. G., G. F. Schneider, B. Borah, and B. Harshbarger. 2024. Seed Dis-
persal by Frugivores on Barro Colorado Island, Panama. In The First 100 
Years of Research on Barro Colorado: Plant and Ecosystem Science, ed. H. C. 
Muller-Landau and S. J. Wright, pp. 131–140. Washington, D.C.: Smithson-
ian Institution Scholarly Press.

Bell, G., M. J. Lechowicz, A. Appenzeller, M. Chandler, E. DeBois, L. Jackson, B. 
Mackenzie, R. Preziosi, M. Schallenberg, and N. Tinker. 1993. The Spatial 
Structure of the Physical Environment. Oecologia, 96: 114–121.

Bohlman, S. A. 2024. Tropical Forest Foliar Phenology. In The First 100 Years of 
Research on Barro Colorado: Plant and Ecosystem Science, ed. H. C. Muller-
Landau and S. J. Wright, pp. 199–205. Washington, D.C.: Smithsonian Insti-
tution Scholarly Press.

Brokaw, N. 2024. Treefall Gaps on Barro Colorado Island. In The First 100 Years 
of Research on Barro Colorado: Plant and Ecosystem Science, ed. H. C. 
Muller-Landau and S. J. Wright, pp. 277–283. Washington, D.C.: Smithson-
ian Institution Scholarly Press.

Caillaud, D., M. C. Crofoot, S. V. Scarpino, P. A. Jansen, C. X. Garzon-Lopez, A. 
J. S. Winkelhagen, S. A. Bohlman, and P. D. Walsh. 2010. Modeling the Spa-
tial Distribution and Fruiting Pattern of a Key Tree Species in a Neotropical 
Forest: Methodology and Potential Applications. PLoS ONE 5(11): e15002. 
https://doi.org/10.1371/journal.pone.0015002

Cavender-Bares, J., D. D. Ackerly, D. A. Baum, and F. A. Bazzaz. 2004. Phyloge-
netic Overdispersion in Floridian Oak Communities. American Naturalist, 
163: 823–843.

Chesson, P. 2000. Mechanisms of Maintenance of Species Diversity. Annual 
Review of Ecology and Systematics, 31: 343–366.

Chuyong, G. B., D. Kenfack, K. E. Harms, D. W. Thomas, R. Condit, and L. S. 
Comita. 2011. Habitat Specificity and Diversity of Tree Species in an African 
Wet Tropical Forest. Plant Ecology, 212: 1363–1374.

Clark, A. T., M. Detto, H. C. Muller-Landau, S. A. Schnitzer, S. J. Wright, R. Condit, 
and S. P. Hubbell. 2018. Functional Traits of Tropical Trees and Lianas Explain 
Spatial Structure Across Multiple Scales. Journal of Ecology, 106: 795–806. 

Clifford, P., S. Richardson, and D. Hémon. 1989. Assessing the Significance of the 
Correlation Between Two Spatial Processes. Biometrics, 45: 123–134.

Coley, P. D. 2024a. Herbivores, Plant Defenses, and Tree Diversity. In The First 100 
Years of Research on Barro Colorado: Plant and Ecosystem Science, ed. H. C. 
Muller-Landau and S. J. Wright, pp. 389–392. Washington, D.C.: Smithson-
ian Institution Scholarly Press.

Coley, P. D. 2024b. Life History Trade-Offs Between Growth and Antiherbivore 
Defenses. In The First 100 Years of Research on Barro Colorado: Plant and 
Ecosystem Science, ed. H. C. Muller-Landau and S. J. Wright, pp. 229–232. 
Washington, D.C.: Smithsonian Institution Scholarly Press.

Comita, L. S., R. Condit, and S. P. Hubbell. 2007. Developmental Changes in Habitat 
Associations of Tropical Trees. Journal of Ecology, 95: 482–492.

Condit, R. 2024. Tree Species Composition of Barro Colorado Island in a Wider 
Context: The Canal Area and the Nation of Panama. In The First 100 Years 
of Research on Barro Colorado: Plant and Ecosystem Science, ed. H. C. 
Muller-Landau and S. J. Wright, pp. 79–87. Washington, D.C.: Smithsonian 
Institution Scholarly Press.

Condit, R., P. S. Ashton, P. Baker, S. Bunyavejchewin, S. Gunatilleke, N. Guna-
tilleke, 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.

Condit, R., B. M. J. Engelbrecht, D. Pino, R. Pérez, and B. L. Turner. 2013. Species 
Distributions in Response to Individual Soil Nutrients and Seasonal Drought 
Across a Community of Tropical Trees. Proceedings of the National Acad-
emy of Sciences, 110: 5064–5068.

Condit, R., S. P. Hubbell, and R. B. Foster. 1992. Recruitment Near Conspecific 
Adults and the Maintenance of Tree and Shrub Diversity in a Neotropical 
Forest. American Naturalist, 140: 261–286.

Connell, J. H. 1978. Diversity in Tropical Rain Forests and Coral Reefs. Science, 
199: 1302–1310.

https://doi.org/10.1098/rspb.2013.0548
https://doi.org/10.1371/journal.pone.0015002


314   •   H A R M S

Croat, T. B. 1978. Flora of Barro Colorado Island. Stanford, CA: Stanford Uni-
versity Press.

Dalling, J. W. 2024. Dimensions of Niche Differentiation Within the Barro Colo-
rado Island Pioneer Tree Community. In The First 100 Years of Research 
on Barro Colorado: Plant and Ecosystem Science, ed. H. C. Muller-Landau 
and S. J. Wright, pp. 285–296. Washington, D.C.: Smithsonian Institution 
Scholarly Press. 

Dalling, J. W., S. A. Schnitzer, C. Baldeck, K. E. Harms, R. John, S. A. Mangan, E. 
Lobo, J. B. Yavitt, and S. P. Hubbell. 2012. Resource-Based Habitat Associa-
tions in a Neotropical Liana Community. Journal of Ecology, 100: 1174–1182.

Darwin, C. (1859) 1985. On the Origin of Species. Reprint, New York: Penguin 
Books.

Dent, D. H., and A. Elsy. 2024. Structure, Diversity and Composition of Secondary 
Forests of the Barro Colorado Nature Monument. In The First 100 Years of 
Research on Barro Colorado: Plant and Ecosystem Science, ed. H. C. Muller-
Landau and S. J. Wright, pp. 61–69. Washington, D.C.: Smithsonian Institu-
tion Scholarly Press.

Detto, M. 2024. Spatial Patterns of Species Distribution Across the Barro Colo-
rado Island 50-ha Forest Dynamics Plot. In The First 100 Years of Research 
on Barro Colorado: Plant and Ecosystem Science, ed. H. C. Muller-Landau 
and S. J. Wright, pp. 325–335. Washington, D.C.: Smithsonian Institution 
Scholarly Press. 

Einzmann, H. J. R., and G. Zotz. 2024. A Gray-Green Band Around Barro Colorado 
Island: Population Structure of the Inundation-Tolerant Tree Annona glabra. 
In The First 100 Years of Research on Barro Colorado: Plant and Ecosystem 
Science, ed. H. C. Muller-Landau and S. J. Wright, pp. 665–670. Washington, 
D.C.: Smithsonian Institution Scholarly Press.

Endara, M.-J., A. J. Soule, D. L. Forrister, K. G. Dexter, R. T. Pennington, J. A. 
Nicholls, O. Loiseau, T. A. Kursar, and P. D. Coley. 2022. The Role of Plant 
Secondary Metabolites in Shaping Regional and Local Plant Community 
Assembly. Journal of Ecology, 110: 34–45.

Enders, R. K. 1935. Mammalian Life Histories from Barro Colorado Island, Pan-
ama. Bulletin of the Museum of Comparative Zoology, 78: 383–502.

Engelbrecht, B. M. J. 2024. Drought Resistance of Tropical Tree Seedlings. In The 
First 100 Years of Research on Barro Colorado: Plant and Ecosystem Science, 
ed. H. C. Muller-Landau and S. J. Wright, pp. 207–215. Washington, D.C.: 
Smithsonian Institution Scholarly Press. 

Engelbrecht, B. M. J., L. S. Comita, R. Condit, T. A. Kursar, M. T. Tyree, B. L. 
Turner, and S. P. Hubbell. 2007. Drought Sensitivity Shapes Species Distribu-
tion Patterns in Tropical Forests. Nature, 447: 80–82.

Fine, P. V. A., I. Mesones, and P. D. Coley. 2004. Herbivores Promote Habitat Spe-
cialization by Trees in Amazonian Forests. Science, 305: 663–665.

Fine, P. V. A., Z. J. Miller, I. Mesones, S. Irazuzta, H. M. Appel, M. H. H. Stevens, I. 
Sääksjärvi, J. C. Schultz, and P. D. Coley. 2006. The Growth-Defense Trade-
Off and Habitat Specialization by Plants in Amazonian Forests. Ecology, 87: 
S150–S162.

Futuyma, D. J., and G. Moreno. 1988. The Evolution of Ecological Specialization. 
Annual Review of Ecology and Systematics, 19: 207–233.

Gálvez, D., and M. Hernández. 2022. Ecology of Fear and Its Effect on Seed Dis-
persal by a Neotropical Rodent. Behavioral Ecology, 33: 467–473. 

Garzon-Lopez, C. X., P. A. Jansen, S. B. Bohlman, A. Ordonez, and H. Olff. 2014. 
Effects of Sampling Scale on Patterns of Habitat Association in Tropical 
Trees. Journal of Vegetation Science, 25: 349–362.

Gunatilleke, C. V. S., I. A. U. N. Gunatilleke, S. Esufali, K. E. Harms, P. M. S. 
Ashton, D. F. R. P. Burslem, and P. S. Ashton. 2006. Species-Habitat Associa-
tions in a Sri Lankan Dipterocarp Forest. Journal of Tropical Ecology, 22: 
371–384.

Harms, K. E. 1997. Habitat Specialization and Seed-Dispersal Limitation in a Neo-
tropical Forest. Ph.D. diss., Princeton University, New Jersey.

Harms, K. E., R. Condit, S. P. Hubbell, and R. B. Foster. 2001. Habitat Associa-
tions of Trees and Shrubs in a 50-ha Neotropical Forest Plot. Journal of Ecol-
ogy, 89: 947–959.

He, F., J. Zhou, and H. Zhu. 2003. Autologistic Regression Model for the Distribu-
tion of Vegetation. Journal of Agricultural, Biological, and Environmental 
Statistics, 8: 205–222.

Hietz, P. 2024. The Ecology of Tropical Wood. In The First 100 Years of Research 
on Barro Colorado: Plant and Ecosystem Science, ed. H. C. Muller-Landau 
and S. J. Wright, pp. 193–198. Washington, D.C.: Smithsonian Institution 
Scholarly Press. 

Hirsch, B. T., R. Kays, V. E. Pereira, and P. A. Jansen. 2012. Directed Seed Dispersal 
Towards Areas with Low Conspecific Tree Density by a Scatter-Hoarding 
Rodent. Ecology Letters, 15: 1423–1429. 

Howe, H. F. 2024. Insights Into Focal Seed-Dispersal Systems on Barro Colorado 
Island. In The First 100 Years of Research on Barro Colorado: Plant and Eco-
system Science, ed. H. C. Muller-Landau and S. J. Wright, pp. 121–130. Wash-
ington, D.C.: Smithsonian Institution Scholarly Press.

Hubbell, S. P. 1979. Tree Dispersion, Abundance, and Diversity in a Tropical Dry 
Forest. Science, 203: 1299–1309.

Hubbell, S. P. 2001. The Unified Neutral Theory of Biodiversity and Biogeography. 
Princeton, NJ: Princeton University Press.

Hubbell, S. P., and R. B. Foster. 1983. Diversity of Canopy Trees in a Neotropical 
Forest and Implications for Conservation. In Tropical Rain Forest: Ecology 
and Management, ed. S. L. Sutton, T. C. Whitmore, and A. C. Chadwick, pp. 
25–41. Oxford: Blackwell.

Hubbell, S. P., and R. B. Foster. 1986a. Biology, Chance, and History and the Struc-
ture of Tropical Rain Forest Tree Communities. In Community Ecology, ed. 
J. Diamond and T. J. Case, pp. 314–329. New York: Harper and Row.

Hubbell, S. P., and R. B. Foster. 1986b. Commonness and Rarity in a Neotropical 
Forest: Implications for Tropical Tree Conservation. In Conservation Biol-
ogy: The Science of Scarcity and Diversity, ed. M. E. Soulé, pp. 205–231. 
Sunderland, MA: Sinauer.

Hubbell, S. P., R. B. Foster, S. T. O’Brien, K. E. Harms, R. Condit, B. Wechsler, S. J. 
Wright, and S. Loo de Lao. 1999. Light-Gap Disturbances, Recruitment Lim-
itation, and Tree Diversity in a Neotropical Forest. Science, 283: 554–557.

Hubbell, S. P., R. B. Foster, and I. Rubinoff. 2024. Early History of the Barro Colo-
rado Island Forest Dynamics Project. In The First 100 Years of Research on 
Barro Colorado: Plant and Ecosystem Science, ed. H. C. Muller-Landau and 
S. J. Wright, pp. 47–53. Washington, D.C.: Smithsonian Institution Scholarly 
Press.

Hutchinson, G. E. 1957. Concluding Remarks. Cold Spring Harbor Symposium on 
Quantitative Biology, 22: 415–427.

Illian, J., A. Penttinen, H. Stoyan, and D. Stoyan. 2008. Statistical Analysis and 
Modelling of Spatial Point Patterns. Chichester: Wiley.

Itoh, A., T. Ohkubo, S. Nanami, S. Tan, and T. Yamakura. 2010. Comparison of 
Statistical Tests for Habitat Associations in Tropical Forests: A Case Study of 
Sympatric Dipterocarp Trees in a Bornean Forest. Forest Ecology and Man-
agement, 259: 323–332. 

John, R., J. W. Dalling, K. E. Harms, J. B. Yavitt, R. F. Stallard, M. Mirabello, S. P. 
Hubbell, R. Valencia, H. Navarrete, M. Vallejo, and R. B. Foster. 2007. Soil 
Nutrients Influence Spatial Distributions of Tropical Tree Species. Proceed-
ings of the National Academy of Sciences, 104: 864–869. 

Kanagaraj, R., T. Wiegand, L. S. Comita, and A. Huth. 2011. Tropical Tree Species 
Assemblages in Topographical Habitats Change in Time and with Life Stage. 
Journal of Ecology, 99: 1441–1452.

Kembel, S. W., and S. P. Hubbell. 2006. The Phylogenetic Structure of a Neotropi-
cal Forest Tree Community. Ecology, 87: S86–S99.

Kembel, S. W., T. K. O’Connor, H. K. Arnold, S. P. Hubbell, S. J. Wright, and 
J. L. Green. 2014. Relationships Between Phyllosphere Bacterial Communi-
ties and Plant Functional Traits in a Neotropical Forest. Proceedings of the 
National Academy of Sciences, 111: 13715–13720.

Kenoyer, L. A. 1929. General and Successional Ecology of the Lower Tropical Rain 
Forest at Barro Colorado Island, Panama. Ecology, 10: 201–272.

Knight, D. H. 1975. A Phytosociological Analysis of Species-Rich Tropical Forest 
on Barro Colorado Island, Panama. Ecological Monographs, 45: 259–284.

Kunert, N., J. Zailaa, V. Herrmann, H. C. Muller-Landau, S. J. Wright, R. Pérez, 
S. M. McMahon, R. C. Condit, S. P. Hubbell, L. Sack, S. J. Davies, and K. J. 
Anderson-Teixeira. 2021. Leaf Turgor Loss Point Shapes Local and Regional 
Distributions of Evergreen but not Deciduous Tropical Trees. New Phytolo-
gist, 230: 485–496.

Kupers, S. J., B. M. J. Engelbrecht, A. Hernández, S. J. Wright, C. Wirth, and N. 
Rüger. 2019a. Growth Responses to Soil Water Potential Indirectly Shape 
Local Species Distributions of Tropical Forest Seedlings. Journal of Ecology, 
107: 860–874.

Kupers, S. J., C. Wirth, B. M. J. Engelbrecht, A. Hernández, R. Condit, S. J. Wright, 
and N. Rüger. 2019b. Performance of Tropical Forest Seedlings Under Shade 
and Drought: An Interspecific Trade-Off in Demographic Responses. Scien-
tific Reports, 9: 18784. https://doi.org/10.1038/s41598-019-55256-x.

Kupers, S. J., C. Wirth, B. M. J. Engelbrecht, and N. Rüger. 2019c. Dry Season 
Soil Water Potential Maps of a 50 Hectare Tropical Forest Plot on Barro 
Colorado Island, Panama. Scientific Data, 6: 63. https://doi.org/10.1038/
s41597-019-0072-z

Legendre, P., and R. Condit. 2019. Spatial and Temporal Analysis of Beta Diversity 
in the Barro Colorado Island Forest Dynamics Plot, Panama. Forest Ecosys-
tems, 6(7). https://doi.org/10.1186/s40663-019-0164-4.

https://doi.org/10.1038/s41598-019-55256-x
https://doi.org/10.1038/s41597-019-0072-z
https://doi.org/10.1038/s41597-019-0072-z
https://doi.org/10.1186/s40663-019-0164-4


W O O D Y  P L A N T  S P E C I E S ’  H A B I TAT- A S S O C I AT I O N  P AT T E R N S   •   315

Legendre, P., and L. Legendre. 2012. Numerical Ecology. 3rd ed. Amsterdam: Elsevier. 
Levin, S. A. 1992. The Problem of Pattern and Scale in Ecology. Ecology, 73: 

1943–1967.
Lopez, O. R., and T. A. Kursar. 1999. Flood Tolerance of Four Tropical Tree Spe-

cies. Tree Physiology, 19: 925–932.
McPeek, M. A. 2017. Evolutionary Community Ecology. Princeton, NJ: Princeton 

University Press.
Milici, V. R., and L. S. Comita. 2024. Observational Studies of Conspecific Nega-

tive Density Dependence on Barro Colorado Island, Panama. In The First 100 
Years of Research on Barro Colorado: Plant and Ecosystem Science, ed. H. C. 
Muller-Landau and S. J. Wright, pp. 317–324. Washington, D.C.: Smithson-
ian Institution Scholarly Press.

Muller-Landau, H. C., J. W. Dalling, K. E. Harms, S. J. Wright, R. Condit, S. P. Hub-
bell, and R. B. Foster. 2004. Seed Dispersal and Density-Dependent Seed and 
Seedling Survival in Trichilia tuberculata and Miconia argentea. In Tropical For-
est Diversity and Dynamism: Findings from a Large-Scale Plot Network, ed. E. 
C. Losos and E. G. Leigh, Jr., pp. 340–362. Chicago: University of Chicago Press. 

Muller-Landau, H. C., S. J. Wright, O. Calderon, S. P. Hubbell, and R. B. Fos-
ter. 2002. Assessing Recruitment Limitation: Concepts, Methods and Case-
Studies from a Tropical Forest. In Seed Dispersal and Frugivory: Ecology, 
Evolution and Conservation, ed. D. J. Levey, W. R. Silva, and M. Galetti, pp. 
35–53. New York: CABI Publishing. 

Muller-Landau, H. C., S. J. Wright, O. Calderón, R. Condit, and S. P. Hubbell. 
2008. Interspecific Variation in Primary Seed Dispersal in a Tropical Forest. 
Journal of Ecology 96: 653–667.

Pearse, W. D., F. A. Jones, and A. Purvis. 2013. Barro Colorado Island’s Phyloge-
netic Assemblage Structure Across Fine Spatial Scales and Among Clades of 
Different Ages. Ecology, 94: 2861–2872.

Pizano, C. 2024. The Two Cryptic Species of Trema micrantha of Barro Colorado 
Island. In The First 100 Years of Research on Barro Colorado: Plant and 
Ecosystem Science, ed. H. C. Muller-Landau and S. J. Wright, pp. 701–704. 
Washington, D.C.: Smithsonian Institution Scholarly Press.

Pizano, C., S. A. Mangan, E. A. Herre, A. H. Eom, and J. W. Dalling. 2011. Above- 
and Belowground Interactions Drive Habitat Segregation Between Two 
Cryptic Species of Tropical Trees. Ecology, 92: 47–56.

Plotkin, J. B., J. Chave, and P. S. Ashton. 2002. Cluster Analysis of Spatial Patterns 
in Malaysian Tree Species. American Naturalist, 160: 629–644.

Plotkin, J. B., M. D. Potts, N. Leslie, N. Manokaran, J. LaFrankie, and P. S. Ashton. 
2000. Species-Area Curves, Spatial Aggregation, and Habitat Specialization 
in Tropical Forests. Journal of Theoretical Biology, 207: 81–99.

Rubio, V. E, and N. G. Swenson. 2022. Functional Groups, Determinism and the 
Dynamics of a Tropical Forest. Journal of Ecology, 110: 185–196.

Russo, S. E., and C. K. Augspurger. 2004. Aggregated Seed Dispersal by Spider 
Monkeys Limits Recruitment to Clumped Patterns in Virola calophylla. Ecol-
ogy Letters, 7: 1058–1067.

Santiago, L. S. 2024. The Development of Leaf Trait Ecology on Barro Colorado 
Island, Panama. In The First 100 Years of Research on Barro Colorado: Plant 
and Ecosystem Science, ed. H. C. Muller-Landau and S. J. Wright, pp. 233–239. 
Washington, D.C.: Smithsonian Institution Scholarly Press. 

Schnitzer, S. A., and W. P. Carson. 2024. Ecology of Lianas in the Barro Colorado 
Nature Monument. In The First 100 Years of Research on Barro Colorado: 
Plant and Ecosystem Science, ed. H. C. Muller-Landau and S. J. Wright,  
pp. 357–367. Washington, D.C.: Smithsonian Institution. 

Schreeg, L. A., W. J. Kress, D. L. Erickson, and N. G. Swenson. 2010. Phyloge-
netic Analysis of Local-Scale Tree Soil Associations in a Lowland Moist 
Tropical Forest. PLoS ONE 5(10): e13685. https://doi.org/10.1371/journal.
pone.0013685.

Schupp, E. W., T. Milleron, and S. E. Russo. 2002. Dissemination Limitation 
and the Origin and Maintenance of Species-Rich Tropical Forests. In Seed 

Dispersal and Frugivory: Ecology, Evolution and Conservation, ed. D. J. 
Levey, W. R. Silva, and M. Galetti, pp. 19–33. New York: CABI Publishing. 

Silvera, K., J. B. Skillman, and J. W. Dalling. 2003. Seed Germination, Seedling 
Growth and Habitat Partitioning in Two Morphotypes of the Tropical Pio-
neer Tree Trema micrantha in a Seasonal Forest in Panama. Journal of Tropi-
cal Ecology, 19: 27–34.

Standley, P. C. 1927. The Flora of Barro Colorado Island, Panama. Smithsonian 
Miscellaneous Collections, 78: 1–32.

Svenning, J.-C., B. M. J. Engelbrecht, D. A. Kinner, T. A. Kursar, R. F. Stallard, and 
S. J. Wright. 2006. The Relative Roles of Environment, History and Local 
Dispersal in Controlling the Distributions of Common Tree and Shrub Spe-
cies in a Tropical Forest Landscape, Panama. Journal of Tropical Ecology, 
22: 575–586.

Svenning, J.-C., D. A. Kinner, R. F. Stallard, B. M. J. Engelbrecht, and S. J. Wright. 
2004. Ecological Determinism in Plant Community Structure Across a Tropi-
cal Forest Landscape. Ecology, 85: 2526–2538.

Svenning, J.-C., and S. J. Wright. 2005. Seed Limitation in a Panamanian Forest. 
Journal of Ecology, 93: 853–862.

Valencia, R., R. B. Foster, G. Villa, R. Condit, J.-C. Svenning, C. Hernández, K. 
Romoleroux, E. Losos, E. Magård, and H. Balslev. 2004. Tree Species Dis-
tributions and Local Habitat Variation in the Amazon: Large Forest Plot in 
Ecuador. Journal of Ecology, 92: 214–229. 

Velázquez, E., C. E. T. Paine, F. May, and T. Wiegand. 2015. Linking Trait Similar-
ity to Interspecific Spatial Associations in a Moist Tropical Forest. Journal of 
Vegetation Science, 26: 1068–1079.

Vellend, M. 2016. The Theory of Ecological Communities. Princeton, NJ: Princ-
eton University Press.

Webb, C. O., D. D. Ackerly, M. A. McPeek, and M. J. Donoghue. 2002. Phylog-
enies and Community Ecology. Annual Review of Ecology and Systematics, 
33: 475–505.

Wiegand, T., and K. A. Moloney. 2014. Handbook of Spatial Point-Pattern Analy-
sis in Ecology. New York: CRC Press.

Wolfe, B. 2024. Plant Hydraulics on Barro Colorado Island, Panama. In The First 
100 Years of Research on Barro Colorado: Plant and Ecosystem Science, 
ed. H. C. Muller-Landau and S. J. Wright, pp. 187–192. Washington, D.C.: 
Smithsonian Institution Scholarly Press. 

Woodring, W. P. 1958. Geology of Barro Colorado Island, Canal Zone. Smithson-
ian Miscellaneous Collections, 135: 1–39.

Wright, S. J. 2002. Plant Diversity in Tropical Forests: A Review of Mechanisms of 
Species Coexistence. Oecologia, 130: 1–14.

Yamada, T., A. Tomita, A. Itoh, T. Yamakura, T. Ohkubo, M. Kanzaki, S. Tan, and 
P. S. Ashton. 2006. Habitat Associations of Sterculiaceae Trees in a Bornean 
Rain Forest Plot. Journal of Vegetation Science, 17: 559–566.

Yavitt, J. B. 2024. Soils of Barro Colorado Island. In The First 100 Years of 
Research on Barro Colorado: Plant and Ecosystem Science, ed. H. C. Muller-
Landau and S. J. Wright, pp. 29–39. Washington, D.C.: Smithsonian Institu-
tion Scholarly Press.

Yavitt, J. B., G. E. Lang, D. H. Knight, and S. J. Wright. 2024. Dynamics of a Late-
Stage Secondary Forest on Barro Colorado Island. In The First 100 Years of 
Research on Barro Colorado: Plant and Ecosystem Science, ed. H. C. Muller-
Landau and S. J. Wright, pp. 55–60. Washington, D.C.: Smithsonian Institu-
tion Scholarly Press. 

Zalamea, P.-C., B. L. Turner, K. Winter, F. A. Jones, C. Sarmiento, and J. W. Dalling. 
2016. Seedling Growth Responses to Phosphorus Reflect Adult Distribution 
Patterns of Tropical Trees. New Phytologist, 212: 400–408. 

Zuleta, D., S. E. Russo, A. Barona, J. S. Barreto-Silva, D. Cardenas, N. Castaño, S. 
J. Davies, M. Detto, S. Sua, B. L. Turner, and A. Duque. 2020. Importance of 
Topography for Tree Species Habitat Distributions in a Terra Firme Forest in 
the Colombian Amazon. Plant and Soil, 450: 133–149. 

https://doi.org/10.1371/journal.pone.0013685
https://doi.org/10.1371/journal.pone.0013685

