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ABSTRACT

The problem of species diversity and co-existence in hyper-diverse communities

remains. Traditionally ecologists have approached this problem from examining patterns

of co-occurrence, interaction matrices and abundance distributions.  This work, while

productive, generally has rarely explored the role of shared ancestry and species-specific

quantitative function in promoting species diversity and co-existence. This has been a

critical oversight as simply analyzing the list of Latin binomials in an assemblage ignores

the relatedness between taxa as well as the diversity in organismal form and

function—the very information relevant to evolutionary, ecological, and historical

hypotheses about the distribution of diversity and community assembly. The following

research is designed to investigate the role of phylogenetic and functional similarity on

species diversity and co-existence through space and time in diverse tropical tree

communities. Specifically, I investigate: (i) the role of phylogenetic relatedness in

determining community structure from very local to large regional spatial scales; (ii) the

role of phylogeny in determining the structure of tree communities at different

strategraphic levels in the canopy; (iii) the power of recently developed phylogenetic

analyses to detect non-random patterns of co-existence in communities when the

phylogenetic tree used is not completely resolved; (iv) the role of functional similarity in

promoting co-existence in a Neotropical dry forest through space and across body sizes;

(v) whether decadal long trends in forest composition can be explained on the basis of

species-specific function; and (vi) variability in a key functional trait across New World

forest communities and along the Angiosperm phylogeny.
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INTRODUCTION

The problem of how and why so many species can co-exist remains one of the

most perplexing in ecology.  Traditional approaches to this problem have been to analyze

the abundance distribution and/or an interaction matrix of co-existing species in a

spatially and temporally static assemblage of species.  This type of approach was the

cornerstone of early community ecology and has sparked multiple advances regarding the

mechanisms responsible for co-existence.  Eventually evidence mounted for mechanisms

ranging from entirely niche-based assembly rules (e.g. MacArthur and Levins 1967;

Diamond 1975) to almost entirely stochastic assembly (e.g. Bell 2001; Hubbell 2001)

leaving some in despair and threatening to completely decay the field of community

ecology.  Given the troubled state of the field resulting in challenges to the centerpiece of

species co-existence theory, the niche, ecologists are tasked with re-examining the

problem and approaching it from alternative angles.

Here I argue that to approach a solution to the problem requires an appreciation

for multiple processes acting on species-specific attributes on multiple spatial and

temporal scales (Ricklefs 1987; Ricklefs and Schluter 1993).  Specifically we must: (i)

quantify how attributes of species interact with the environment to allow for their

existence (autecology); (ii) quantify how variation among species allows for their co-

existence (synecology); and (iii) quantify the relative importance of stochasticity.  Often

we have been shackled to arguing only for the overarching role of one of these three

processes when in actuality the relative importance of each of these processes likely

varies in space and time.  Thus a fourth wrinkle, in the form of scale, has been added to
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the research program proposed.  Ultimately this demands a multi-disciplinary research

program linking local scale field measurements of species attributes to global scale

computationally- and informatics-based analytical procedures.  Here I outline the parts of

this my Ph.D. research program and how I envision their integration into classical plant

community ecology.

 In the past ecologists have typically categorically binned species (i.e. pioneer

species, con-generic species) in order to analyze the functional and taxonomic

composition and structure of communities.  Recently, plant ecologists have begun to

argue for the quantification of species-specific variability in function and the degree of

phylogenetic relatedness between co-existing species (Clark and Clark 1992; Webb et al.

2002; McGill et al. 2006). Quantification of evolutionary and ecological attributes of

constituent species is expected to allow for a more predictive science.  For example,

stating that the categorical group “xeric-loving species” should prosper under drier future

climates as has been stated for the BCI Forest Dynamics Plot in Panama (Condit 1998)

poses many problems.  Most importantly, it requires researchers to figure out what is a

“xeric-loving species” from direct observation generally carried out over many years.

Thus there is no way to really categorize species given only a species list.  Therefore it is

difficult to determine how this community will change with the future climate.

Conversely, if we knew the quantitative functional attributes of the species and/or the

probability that the species of interest have similar trait values to closely related

individuals (i.e. phylogenetic niche conservatism) for which we have trait values, then we

should be able to construct a quantitative prediction.  This type of research program
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requires the identification of easily measured traits linked to plant performance, the

measurement of those traits, the construction of large phylogenetic trees and the

development of appropriate null models.  This is a challenging list of requirements

particularly for those studying hyper-diverse tropical forests communities.  Fortunately,

recent advances in understanding central axes of plant functional variation (Westoby

1998; Westoby et al. 2002; Westoby and Wright 2006) and in construction of large plant

phylogenetic trees (Webb and Donoghue 2005) have cleared the way for such a research

program to be undertaken.

The following dissertation research undertook the above describe research

program by (i) quantifying the phylogenetic diversity and dispersion in tropical tree

communities across spatial and temporal scales; (ii) examining species-specific

functional trait distributions in tree communities on continental and local spatial scales;

(iii) integrating phylogenetic and functional trait information into combined analyses of

tropical tree community structure over three decades in an attempt to predict long-term

forest dynamics on the basis of function; and lastly (iv) providing a simulation study that

examines the relative statistical power of phylogenetic analyses of ecological

communities that utilize less than completely resolved phylogenies.
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PRESENT STUDY

The following section contains a brief description and summary of the most
important findings from my research program.  The entire methods, results and
conclusions of the research program are given as manuscripts appended to this
dissertation.

The problem and promise of scale dependency in community phylogenetics

(Author’s note: The following describes the results of a multi-authored manuscript in
which I was the primary contributor. Specifically, I conceptualized and designed the
analyses, wrote the majority of the statistical code for partitioning the forest data into
different scales and I conducted all of the analyses. The co-authors contributed forest plot
data, statistical code and/or editorial comments on the work.)

A recent interest in phylogenetic analyses of community structure stems from a long

history of using taxonomic similarity to address questions regarding community

assembly.  For example, the often used family to genus or genus to species ratios have

been used to determine whether or not closely related species are more likely to co-occur.

The success of this research program has been due to the ease with which such ratios can

be calculated and a general confidence that closely related species should be compete

more intensely. The obvious weakness of this research program is that phylogeny does

not always match taxonomy, taxonomic ranks are not equal (i.e. the rate of evolution

within clades is not homogeneous), and closely related species may not be more

functionally similar and therefore may not compete more intensely.  Through the use of

phylogenetic hypotheses ecologists are beginning to free themselves of many of these

traditional problems posed by taxonomic analyses of community assembly.

The handful of studies to date that have used a phylogenetic approach to plant

community assembly have provided mixed results spanning from closely related species
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are more likely to coexist to distantly related species are more likely to coexist. The

variety of the results reported in this literature left me asking whether there were any

generalities that could be uncovered using a phylogenetic approach in community

ecology. In particular, I was interested in the role scale in producing seemingly disparate

results across studies in this field.  As a starting point, this study proposed that these

apparent inconsistencies in the reported results in the above, and other studies, is

potentially due to variability in the taxonomic scale of the study and the spatial scale of

the species pool used in the study. Specifically, we hypothesized that biotic interactions

should be strongest amongst closely related species therefore phylogenetic overdispersion

should be strongest when only very terminal clades are used in a study.  We also

hypothesized that as the species pool is scaled out in space, the importance of the abiotic

environment and biogeographic processes should become more important and one should

increasingly find patterns of phylogenetic clustering in the focal community.  These two

hypotheses were tested using three Neotropical forest dynamics plots, regional species

checklists and phylogenetic supertrees.  Using consistent methodologies and spatially

defined local assemblages we found that as the species pool increased the focal

assemblage became more clustered as predicted. We also found that as the taxonomic

scale decreased where only one family-level clade was analyzed, the degree of

phylogenetic overdispersion increased as predicted. These two scale dependencies were

consistent across all three of the forest plots suggesting the generality of our findings and

their application to previous studies. Ultimately, the findings suggest that the presence of
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scale dependency can serve as a conduit for examining the importance of biotic and

abiotic interactions in generating co-existence through space and time.

The influence of spatial and size scale on phylogenetic relatedness in tropical forest
communities

(Author’s note: The following describes the results of a multi-authored manuscript in
which I was the primary contributor. Specifically, I conceptualized and designed the
analyses, wrote the statistical code for partitioning the forest data into different scales and
I conducted all of the analyses. The co-authors contributed forest plot data and editorial
comments on the work.)

The mechanisms responsible for determining the structure of ecological communities are

potentially numerous. They may be pervasive across space and time or they may operate

on separate, but equally important, spatio-temporal scales.  For example, while species

interact across all spatial and temporal scales, one would expect to see the greatest

evidence for these interactions in present day local scale assemblages where species are

physically interacting.  Further, we would expect that as time passes in this local area,

species that are similar will be locally extirpated in favor of another species.   These basic

assumptions provide a basis for generating predictions of scale dependency in the

structure of ecological communities.

This study builds off of my previous work in the first chapter that describes the

phylogenetic structure of communities as it relates to the spatial scale of the species pool

and the taxonomic scale of the investigation.  In particular, in the first chapter I found that

communities tend to become increasing phylogenetically clustered when a large species

pool is used and as the number of clades analyzed in the local assemblage increases.

While these scale dependencies are fundamental to understanding of the role of
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phylogeny in structuring communities, it seemed plausible based on the arguments made

in the preceding paragraph that the spatial scale of the local assemblage and the size class

inside the community analyzed would both influence the phylogenetic dispersion

detected in the community.  Thus this study was conducted to examine this possibility.

Specifically, using a phylogenetic approach I test the basic predictions made above that

biotic interactions between species should be most evident at very local spatial scales and

as the cohort of co-existing species ages.  To do this I again used Neotropical forest

dynamics plot data from Puerto Rico, Costa Rica and Panama. In this study, I first

quantified the phylogenetic signal in trait data in a majority of the tree species in each of

these plots. I found that traits tend to be similar amongst close relatives.  Using this

information it was predicted that closely related species should not co-exist on very local

spatial scales and in communities of large trees. I used the same phylogenetic tests used

in my previous work to test these predictions.  It was found that for three of the five

studied forests phylogenetic overdispersion increased as the spatial scale of the local

assemblage decreased.  A finding supporting my prediction made above. The general

pattern of phylogenetic structuring became clearer when the effects of spatial scale and

tree size were incorporated into the analysis.  At the smallest spatial scale almost all of

the forest dynamics plots showed significant and increasing degrees of phylogenetic

overdispersion with increasing tree size. I have synthesized the findings from this study

and from the findings from the first chapter into a graphical output representing all the

results of my phylogenetic investigations of communities along various scaling axes. The

figure therefore compiles the results of the first two studies of this dissertation to show
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that across very different tropical forest types and tree communities, we find consistent

scale dependent patterns in their phylogenetic structure. More importantly, not only are

these scale dependencies consistent across communities, but they follow general

predictions of how the relative influence of abiotic and biotic interactions on community

structure give way to one another through space and time.

Phylogenetic resolution and quantifying the phylogenetic diversity and dispersion of
communities

(Author’s note: The following describes the results of a single authored manuscript. I
conceptualized and designed this work and conducted all of the analyses myself.)

Quantifying the biodiversity in ecological communities has been of interest for

centuries.  Typically biodiversity is represented as a count of the number of species in a

community or a weighting of that number by species-specific abundances.  Although

such measures of species diversity are of interest and logistically somewhat easy to

quantify, these metrics fail to provide detailed information regarding the degree of shared

or unique evolutionary history between species in an assemblage. The lacking

information regarding the evolutionary relationships between taxa in such studies reduces

our ability to not only more precisely quantify the biodiversity present in a communities,

but it also hinders our ability to quantitatively test mechanistic hypotheses regarding

species co-existence.

In response to this need ecologists and conservation biologists have begun to use

metrics of biodiversity and relatedness that utilize phylogenetic hypotheses.  Such an

approach has conceptually propelled the fields of conservation biology and community
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ecology forward, but it has also presented some challenges.  Perhaps the foremost

challenge is that of generating phylogenetic hypotheses that contain all of the terminal

taxa in the community or ecosystem of interest.   As such information is often not

available, ecologists are challenged to generate their own phylogenetic hypotheses

through molecular analyses and/or through assembling phylogenetic supertrees using

previously published phylogenies. The latter approach is increasingly being taken by

plant ecologists interested in questions having to do with community biodiversity and co-

existence.  While attractive and less expensive, the phylogenetic supertree approach

almost invariably provides a phylogenetic tree with numerous soft polytomies (i.e. nodes

on the tree where the relatedness of the descended taxa can not be inferred).  As the use

of the phylogenetic supertrees to quantify the phylogenetic diversity and relatedness of

species in a community is likely to continue to grow, it is imperative that we quantify the

potential biases in results that may be introduced due to a lack of phylogenetic resolution.

In this was especially true for the inferences made in this dissertation.  Specifically, the

first two chapters of this dissertation utilize large phylogenetic supertrees to quantify the

phylogenetic dispersion of tropical forests.  I was interested in whether the inferences

made in these chapters were possibly sensitive to the lack of the resolution in the

phylogenetic supertrees utilized and if so in what direction may have my inferences been

biased.

As a result I conducted this third study in my dissertation to provide a

comprehensive analysis of the relative influence of phylogenetic resolution on metrics of

phylogenetic diversity and dispersion.  Specifically, fully bifurcating phylogenetic
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hypotheses were randomly generated and then internal nodes within these phylogenetic

trees were either randomly or systematically ‘unresolved’.  As the phylogenies became

less and less resolved, the phylogenetic diversity and dispersion of randomly assembled

and non-randomly assembled communities were quantified.  Thus, I could compare the

‘known’ phylogenetic diversity and dispersion of a community quantified from a fully

bifurcating phylogeny to the same metric from the same community yet quantified using

a less than completely resolved version of the original bifurcating tree.

There are numerous results from this study, but I will only outline the key points.

A lack of resolution terminally on the phylogeny had little to no impact on the

phylogenetic metrics used in this study. Conversely, when polytomies were introduced

randomly into the tree including basal nodes the statistical power of the metrics used in

this study was substantially reduced.  Thus researchers in the future should place an

increased focus on resolving basal nodes in their phylogenetic hypotheses over terminal

nodes in order to maximize their statistical power.

In respect to my previous two chapters and the next chapter, the findings of this

study were relevant for a couple of reasons.  First it suggested that the lack of resolution

in the phylogenetic supertrees in the first two chapters probably had minimal impact on

the nearest-neighbor metrics used in both studies.  Second, the pair-wise distance metrics

utilized in the first two studies may have been influenced as some of the basal nodes in

the supertrees were unresolved.  This likely biased my first to studies towards finding

random phylogenetic structure in the communities studied.  In other words, we likely

reported conservative estimates of the amount of non-random phylogenetic structure.
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Lastly, the lack of resolution in the supertree may have promoted a stronger degree of

mismatching in the results from the second chapter and the next chapter.

The simultaneous contribution of opposing assembly mechanisms in a Neotropical dry
forest: a challenge for phylogenetic and functional community ecology

(Author’s note: The following describes the results of a dual authored manuscript in
which I was the primary contributor. Specifically, I personally collected or compiled
from the literature all of the trait data, constructed the phylogenetic hypotheses, wrote the
statistical code for the community-level analyses, and conducted all of the analyses. My
co-author provided the forest plot data for use in the study and provided editorial
comments on the manuscript. This manuscript is in review at the journal Ecology.)

A major goal in plant ecology has been to determine the degree to which quantitative

traits match their environment.  Indeed, early plant ecologists studying plant geography

believed a physiological or functional approach was best suited for the problem.  Viewing

only through the lens of trait by environment interactions plant ecologists would therefore

expect plant assemblages to contain functionally convergent or homogeneous species that

occupy a small proportion of the global trait volume.  Although this strict trait by

environment paradigm has proven useful it still fails to explain why empirical studies

have found co-occurring species within an assemblage that encompass the entire range of

global trait variation.  This observed high degree of local scale variability therefore

provides evidence that factors aside from the regional scale climate are important in

determining the functional composition of plant communities.  Indeed, based on my

previous work regarding the phylogenetic structure of communities and scale dependency

in the first two chapters of this dissertation, one would predict that biotic interactions

should play a predominant role locally and that co-existing species should be functionally
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divergent. In this fourth chapter in my dissertation I tested the prediction that co-existing

species should be functionally divergent on small spatial scales.  The study was

conducted in one of the tropical forests studied in the first two chapters of my dissertation

where we uncovered phylogenetic randomness at small spatial scales, but phylogenetic

overdispersion at small spatial scales in large size classes.  Using this same exact

inventory dataset from the San Emilio Forest Dynamics Plot in northwestern Costa Rica

and a novel functional trait dataset, I wanted to see if the functional dispersion of co-

existing trees matched that predicted from the phylogenetic results in chapter two.

Converse to expectations we found that for the majority of the traits quantified,

co-existing species tend to be functionally similar on small spatial scales and as cohorts

age. This result stood in opposition to some of the phylogenetic findings in chapter two.

Specifically, the phylogenetic results in chapter two inferred that locally in large size

classes traits should be dissimilar.  This was not the case when we examined the

functional trait data. Interestingly, when examining small spatial scales and all size

classes in the phylogenetic study in chapter two we found phylogenetic randomness in

this forest.  The present results find simultaneous functional convergence and divergence.

Thus the combination of these opposing dispersion patterns could have potentially

generated the random phylogenetic structure we uncovered in chapter two.

As the majority of the trait results stood in opposition to the phylogenetic findings

regarding the combined roles of spatial scale and size class from this forest we performed

additional analyses serving to explore why there was a breakdown in our original path of

inference.  We hypothesized that perhaps traits may have significant phylogenetic signal,
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but that phylogenetic signal may be due to conservatism in traits basally in the phylogeny

and that terminally on the phylogeny the traits are less conserved.  Indeed we found this

to be the case and propose that phylogeny-wide metrics of phylogenetic signal in traits

may lead to weaker inferences regarding trait conservatism.

Ultimately this study provided two critical insights into the mechanisms

promoting species diversity and co-existence in the San Emilio forest plot. First, co-

existing species are likely simultaneously converging and diverging in their form and

function depending on the resources that are being shared or partitioned.  Again, this may

have played a key role in determining why a random phylogenetic structure was found in

chapter two. Second, because co-existing species seem to be simultaneously convergent

and divergent, it may be difficult to infer the mechanisms responsible for species co-

existence in a community from a phylogeny. This is because a phylogenetic inference

necessitates the inference of a singular community assembly mechanism when in reality

multiple mechanisms are likely operating. Thus while studies like those performed in

chapters one and two do likely provide a general insight into the ecological similarity

between co-existing species via a phylogenetic surrogate, these studies have a reduced

capacity to detect the simultaneous influence of abiotic and biotic interactions that may

govern community assembly.

Long-term shifts in the species, phylogenetic and functional composition of a tropical
forest: a 30-year study of a Neo-Tropical dry forest dynamics plot

(Author’s note: The following describes the results of a multi-authored manuscript in
which I was the primary contributor. Specifically, I organized and conducted the third
census of the San Emilio Forest Dynamics Plot, collected or compiled from the literature
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all of the functional trait data, wrote the statistical code, and conducted the analyses. The
co-authors did one or more of the following: assisted in the most recent census and trait
collection, organized and conducted a previous census of the forest plot, contributed
logistical or financial support and/or contributed editorial comments.)

A critical goal in tropical forest ecology is to mechanistically understand the

demographic or temporal dynamics of individual species within a community under

natural and disturbed circumstances.  A traditional approach to understanding the long-

term dynamics of tropical tree communities has been to bin species into life-history

categories (i.e. pioneer, shade tolerant) or functional types (i.e. understory, canopy).  This

approach is generally a by-product of researchers not having meaningful quantitative trait

data for each species in their study system.  Certainly our understanding of tropical forest

dynamics has been expanded using such a categorical approach, yet the assignment of

species to categories is often based on empirical observations of distributions leading to

potential tautology and it necessarily leads to qualitative analyses.

The utility of a quantitative trait approach to demography has long been

recognized, but has remained relatively elusive until recently. The reason for this lag has

largely been due to the need for repeated surveys of large forest plots over long periods of

time, a lack of knowledge of what plant traits are the best indicators of life-history

variation and abiotic affinities, and the logistical challenge of quantifying trait values for

all of the constituent species in a hyper-diverse tropical community.  Fortunately

demographic information are becoming more readily available and key functional traits

indicative of plant performance have been identified leaving the inventory of community-

wide trait values the remaining hurdle.  Recently one research group has come reasonably

close to accomplishing this feat in a tropical forest.  Recent work from the Forest



24

Fragments Plots in Manaus, Brazil has explored the link between species- or genus-

specific wood density values and changes in abundance.  This research group has

provided the exciting result that shows an explicit link between demographic rates and

wood density.  The results show higher mortality rates for heavy-wooded species that

should have lower mortality rates naturally, as compared to light-wooded species

suggesting a trait-based approach can detect the rapid degradation of a forest community

due to fragmentation and changes in micro-climate.

The anthropogenic pressures on the San Emilio Forest Dynamics Plot in

northwestern Costa Rica that has been studied in three of the first four chapters in this

disseration are drastically less than that experienced by the Forest Fragment Plots in

Brazil, yet portions of the plot were completely felled early in the 20th century and/or

selectively logged in recent decades.  An equally important extrinsic pressure on the

forest has been a gradual drying of the region.  Both of these pressures have likely caused

a shift in the community compositions. Specifically, we expect that as the forest has been

re-colonized, phylogenetically and functionally similar species should be thinned and

traits representative of slower life-histories should become more common.  We also

expect that if the regional climate has shifted to become more xeric that the functional

distribution should become increasingly filtered and shifted to more xerophytic trait

combinations.

This fifth chapter in my dissertation makes the prediction that those patterns of

phylogenetic functional dispersion detected in chapters two and four have likely not been

in an equilibrium state over the last thirty years due to the climatic and/or successional



25

history of the San Emilio forest.  Thus this study adds a temporal component to my

previous work by examining phylogenetic and trait dispersion through time.  In

particular, this study used the first two San Emilio forest plot censuses, a recently

completed third census, a phylogenetic supertree and a functional trait inventory.  It was

found that the species, phylogenetic and functional diversity in the San Emilio forest had

declined through time as predicted with the greatest decline occurring between the first

two census periods.  Further the mean value for nearly every functional trait shifted in

local assemblages through time suggesting a long-term shift in functional composition in

response to an external forcing, but the directionality of the functional shifts mirrored that

expected from either a climatic drying trend or a successional event. Lastly, it was found

that peripheral clades and functions were lost between the first and second census, but the

range in functions remained constant from the second to the third census and nearest-

neighbor distances remained constant across time.  Thus, the forest composition has

shifted non-randomly in directions predicted by the unique climatic and successional

history of this forest and the high number of drought years between the first and second

census may have resulted in a loss of peripheral clades and functions through time. This

further suggests that the long-term dynamics of a forest can be predicted on the basis of

species-specific function, but the interactions between climate and human disturbance are

likely difficult to disentangle. Lastly, this chapter serves as a temporal extension to my

work in chapters two and four suggesting that the phylogenetic and functional structure

of assemblages in this forest have not been in equilibrium or static over the past thirty

years and extrinsic forces likely play a causal role in this disequilibrium.
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Ecological and evolutionary determinants of a key plant functional trait: wood density
and its community-wide variation across latitude and elevation

(Author’s note: The following describes the results of a dual authored manuscript in
which I was the primary contributor. Specifically, I compiled the global dataset, merged
the dataset with the pre-existing Alwyn Gentry forest inventory dataset, constructed the
phylogenetic supertree, wrote the statistical code for the community-level analyses, and
conducted all of the analyses.  My co-author contributed logistical and editorial support.)

Plants vary spectacularly in their form and function across the globe in order to

optimize the acquisition of resources necessary for growth and reproduction.  Traits

representative of plant resource acquisition strategies are referred to as ‘functional traits’.

As functional traits are believed to reflect resource acquisition strategies it should come

as no surprise that associations between functional traits and the environment are often

reported.  Thus plant functional traits often appear to ‘fit’ their environment quite well

and are therefore seen as having adaptive significance.

The reported linkages between functional traits and the abiotic milieu further

suggests that the environment is actively filtering out suitable trait values.    This abiotic

filtering process should then ultimately produce the co-existence of functionally similar

or redundant species.  Contrary to this expected outcome multiple recent analyses of plant

functional traits have shown that trait values of species within a single community

occasionally span the global range.  In situations such as tropical forests where functional

diversity is exceedingly high, it would seem that the biotic interactions within a

community play a larger role in generating trait distributions than the abiotic background.

In chapter four of this dissertation, I have shown that this is in fact the case for a few

functional traits in a Neo-tropical dry forest, but many traits are also locally convergent
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suggesting a strong role for abiotic filtering on forest-wide and very local spatial scales.

Despite this finding, it is difficult to infer whether these patterns of dispersion are

consistent across gradients of disparate forest types on large geographic scales. It is

expected that the local scale predictions made regarding abiotic and biotic interactions

driving trait dispersion in communities may ‘scale up’ so that  the functional trait values

of co-existing species on the more abiotically stressful end of a large geographic gradient

should be more similar due to strong environmental filtering.  The species co-existing on

the less stressful end of the gradient are expected be less similar in their trait values due

to competitive adversity and niche differentiation.

On a global scale the above model predicts high functional trait diversity in

abiotically benign regions such as lower elevations and latitudes (i.e. tropical lowland

forests).  It is generally agreed upon that tropical forests are functionally diverse.  What is

less clear is whether tropical forests are more functionally diverse simply due to their

high levels of species richness (i.e. a sampling effect)?  Or are tropical forests more

functionally diverse irrespective of their species richness as a result of tropical habitats

allowing for a larger number of ways a plant species can acquire enough resources for

growth and reproduction?  Evidence of the latter of these two possibilities would be

consistent with the gradient model of functional trait distributions, while evidence of the

former would neither be enough to support or reject the gradient model.  Thus, I argue

that it is critical that support or rejection of the gradient model arises from analyses that

incorporate a null modeling approach.  In this section of the research program I aimed to

conduct the first such test of the gradient model of functional trait dispersion across broad
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geographic gradients and to extend upon the local scale findings of trait dispersion I

presented in chapter four.  Specifically, I am interested in whether the dispersion of trait

values is consistent across space and within a single trait.

To conduct this study I compiled from the literature a large global scale dataset of

the key plant functional trait wood density. Wood density is of interest as it represents a

fundamental trade-off between allocation to structural support or volumetric growth.  On

the scale of an entire individual this is ramified as a trade-off between growing cheap

wood quickly and high mortalities or growing dense wood slowly and low mortality

rates.  On the scale of tissues this trade-off is depicted as the ability to construct large

xylem conduits that can move large amounts of fluid quickly but that are susceptible to

failure due to negative pressure or the ability to construct small structurally sound xylem

conduits that move less fluid per unit time, but that are less susceptible to failure due to

negative pressures.

Using the global wood density database and a global dataset of forest inventories

conducted by Alwyn Gentry I quantified the community-wide wood density distribution

for forests across large climatic and physiographic gradients.  Next, I compared the mean

and the variance of these community trait distributions to the expected distributions from

a null model that conserved the community species richness.  It was found that

communities in lowland tropical regions tended to have on average denser wood as

expected due to the higher temperatures near the equator. Further it was found that the

tropical forests harbor higher than expected levels of variability in wood density and

temperate forests have lower than expected variability. This second results is that
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expected from the gradient model of plant functional trait community dispersion along

broad geographic gradients.  This brings up a couple interesting points in regards to my

findings in chapter four and the first two chapters of this dissertation. First, the wood

density was generally convergent locally in the Neo-tropical dry forest studied in chapter

four, but on the large geographic scales in this study Neo-tropical dry forests tended to

have a broad spectrum of wood densities compared to other forest types.  This was

contrary to expectations, but suggests that the convergent structure of a local scale dry

forest assemblages is comparative divergent compared to local scale assemblages in high

latitude or altitude forests types.  Thus this study serves to link functional dispersion

across biogeographic, regional and local spatial scales much in the same way that the first

two chapters of this dissertation served to link phylogenetic dispersion across these same

spatial scales.

To build upon the trait dispersion aspects of the study, I examined the relative

variability in wood density across nodes in the seed plant phylogeny. Specifically, I asked

whether this trait tended to be conserved on the phylogeny or whether closely related

species had very different values.  In chapter two, I had examined the relative degree of

phylogenetic conservatism in wood density across five Neo-tropical forests, but this study

served as a study with much broader inferences and denser sampling of the seed plant

phylogeny.  This study also allowef me to ask whether or not tropical clades tended to

have more variability in their wood density.  To do this I used a phylogenetic supertree

and a procedure that compared the subtended variability in trait values to that expected by

permutating trait data across the tips of the phylogenetic supertree. It was found that this
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trait is generally highly conserved within clades.  In other words, closely related species

tend to have similar wood density.   Despite this finding a few clades that were

predominantly tropical were found to have high levels of variability in their wood density

values. This finding supports the community-wide trait dispersion findings of temperate

convergence and tropical divergence in function. Lastly, it also reflected the findings in

chapters four and five where within tropical forests wood density is itself relatively

phylogenetically conserved and locally convergent, but when these measures of wood

density divergence through evolutionary time or within communities are viewed on

global scales tropical wood densities are less phylogenetically conserved and locally

convergent.
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Abstract
The problem of scale dependency is widespread in investigations of ecological

communities. Null model investigations of community assembly exemplify the

challenges involved because they typically include subjectively defined ‘regional species

pools’. The bourgeoning field of community phylogenetics appears poised to face similar

challenges. Our objective is to quantify the scope of the problem of scale dependency by

comparing the phylogenetic structure of species assemblages across contrasting

geographic and taxonomic scales. We conduct phylogenetic analyses on communities

within three tropical forests, and perform a sensitivity analysis with respect to two

scaleable inputs – taxonomy and species pool size. We show that (i) estimates of

phylogenetic overdispersion within local assemblages depend strongly upon the

taxonomic makeup of the local assemblage; and (ii) comparing the phylogenetic structure

of a local assemblage to a species pool drawn from increasingly larger geographic scales

results in an increased signal of phylogenetic clustering. We argue that, rather than

posing a problem, ‘scale sensitivities’ are likely to reveal general patterns of diversity that

could help identify critical scales at which local or regional influences gain primacy for

the structuring of communities. In this way, community phylogenetics promises to fill an

important gap in community ecology and biogeography research.

Keywords: community ecology; forest dynamics plot; phylogeny; species pool; scaling;

tropical forest.
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Introduction
The scale at which an ecological or evolutionary study is conducted determines

which hypotheses the investigator will be able to address, and how the results can be

interpreted. Thus, scale dependency is not a new concept or challenge for biologists

(Weins 1989; Levin 1992). In community ecology research, where null models that

involve subjectively defined ‘regional species pools’ are commonplace, the issue of scale

emerged early on as a problem because it clearly influenced how community structure

could be interpreted (Colwell and Winkler 1984).  The rapidly expanding field of

‘community phylogenetics’ may be facing a similar challenge (Webb et al. 2002). Our

objective is to establish the scope and nature of scale dependency in this field of research.

Community phylogenetics builds upon a long history of papers in community

ecology that focused on questions regarding the nature of community assembly by using

information on community taxonomic composition based on Linnaean ranks (e.g. Elton

1946, Simberloff 1970; Tokeshi 1991). By providing more accurate information

regarding the degree of relatedness and diversity of species within a local assemblage,

community phylogenetics offers a powerful tool for community ecologists,

macroecologists and biogeographers. The central methodology of community

phylogenetics is to compare the phylogenetic dispersion of local communities to random

species assemblages drawn from a more broadly defined species pool. If a local

assemblage is found to be significantly phylogenetically overdispersed compared to the

null distribution drawn from the species pool, then the evidence is considered consistent

with the hypothesis that competition among closely related species helped structure the

local community (Webb et al. 2002). If the local assemblage is significantly more
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phylogenetically clustered than the null distribution drawn from the species pool, then the

evidence is considered consistent with the hypothesis that selective filters (e.g.

environmental conditions) caused local assemblages to comprise closely related taxa,

which tend to share similar traits (Webb et al. 2002). On the one hand, community

phylogenetics offers a potentially powerful new way to address the old problem of

determining the relative importance of the forces (biotic versus abiotic) that structure

local communities.  On the other hand, there appear to be several limitations offered by

current phylogenetic information. For example, if information regarding the comparative

rates of evolution among clades is lacking community phylogenetics may have difficulty

detecting whether communities are structured in response to evolutionary divergence and

convergence in situ or by ancestral characteristics sorting out upon the environmental

template (Grandcolas 1998). Further, for the purposes of this paper, there remain two

important questions in regard to the above methodology: First, how does one

operationally define the spatial extent of the reference species pool, to which the local

assemblage is compared (Colwell and Winkler 1984; Kembel and Hubbell in press)?;

Second, are there general patterns of scale dependency which depend upon how one

delineates the taxonomic scale of the local assemblage and the reference species pool

(Cavender-Bares et al. in press)?

The handful of studies that have used community phylogenetics in this context

have provided mixed results concerning whether communities are phylogenetically

clustered (Webb 2000), phylogenetically overdispersed (Cavender-Bares et al. 2004), or

show no phylogenetic structure (Kembel and Hubbell in press). Recent evidence from
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Cavender-Bares et al. (in press) and Swenson et al. (unpublished data) shows that the

above studies are all prone to scale dependency. Specifically, as the local assemblage

becomes more finely defined spatially, phylogentic overdispersion is common. At

intermediate scales the community phylogenetic signal is generally random and at the

largest spatial scales communities are typically phylogenetically clustered. Importantly,

the conclusions of these studies may have changed had the size of the reference species

pool been different (Kembel and Hubbell in press), and had an alternative taxonomic

scope been used (Cavender-Bares et al. 2004, in press).

Here we perform phylogenetic analyses on three tropical forest dynamics plots

across a range of taxonomic and species pool size scales in order to quantify the scope

and generality of scale dependency in this emerging field. Specifically we ask: (i) does

the phylogenetic dispersion in multiple tree communities show scale dependency due to

species pool spatial scale?; (ii) does the phylogenetic dispersion in multiple tree

communities show general patterns of scale dependency due to the taxonomic scale of the

local assemblage consistent with those reported by Cavender-Bares et al. (in press)?; and

(iii) if scale dependency is widespread, what are the implications for the rapidly

expanding field of community phylogenetics?. We show that both spatial and taxonomic

scale can significantly influence one’s conclusions about the relative influence of the

forces that structure local diversity.  However, importantly, we show that there may exist

general patterns associated with the scale dependency of phylogenetic structuring.
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Methods
Study Locations

Tree community data from censuses of three forest dynamics plots (FDPs) were used for

the study: (i) Barro Colorado Island (BCI) is a 50 ha FDP characterized as tropical

lowland moist forest and located in Lake Gatun, Panama (Hubbell and Foster 1983;

Condit et al. 1996); (ii) San Emilio FDP (16 ha) is located within the seasonally dry

forest of northwestern Costa Rica (Enquist et al. 1999); (iii) Luquillo FDP (16 ha) is

characterized as a pre-montane moist forest and is located in the Luquillo Experimental

Forest in Puerto Rico and is part of the NSF Long-Term Ecological Research Program

(Thompson et al. 2002). Census data used for the analyses were from 1996 for San

Emilio and 1995 for Luquillo and BCI. During each FDP census all free standing woody

stems 1 cm or greater (3 cm or greater at San Emilio) at 1.3 m from the ground were

measured (Condit 1998).

Community Phylogenetic Analyses

Phylogenetic analyses of community structure require two main components. First, a

phylogenetic tree representing the species pool must be generated. For all of the

following analyses, a phylogenetic supertree representing the species pool was

constructed by using the database Phylomatic (Webb and Donoghue 2005). A Nexus file

was obtained from Phylomatic and was imported into the community phylogenetic

software Phylocom Version 3.21 (Webb et al. 2004). The latest Angiosperm Phylogeny

Group classification (APG II 2003; Phylomatic tree version R20031202) was used for the

supertree backbone. The BLADJ algorithm (Webb et al. 2004) was implemented inside
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Phylocom in order to calibrate each species pool supertree by applying known molecular

and fossil dates (Wikstrom et al. 2001) to nodes on the supertree. Briefly, the BLADJ

algorithm applies dates to “known” nodes on the supertree. Next, dates are applied to

“unknown” nodes on the supertree by evenly spacing the dates between “known” nodes.

It should be recognized that “known” dates used to calibrate the supertrees are crude

estimates at best, but calibration of the supertree provides a substantial advantage over

using nodal distances with all branch lengths set to one (Webb et al. 2002).

The second element required for community phylogenic analyses are local

assemblages representing the focal communities. The local assemblages used in the

present analyses were each derived from each individual FDP (BCI, Luquillo and San

Emilio described above). Using the community phylogenetic software Phylocom,

observed phylogenetic relatedness (mean pair-wise phylogenetic distance: MPD and

mean minimum phylogenetic distance: MMPD) of co-occurring taxa in local assemblages

was quantified. The metric MPD measures the pair-wise phylogenetic distance between

each species in the assemblage and ultimately reports the mean phylogenetic distance

between all taxa. Thus MPD is generally considered a tree-wide, or basal, metric of the

phylogenetic relatedness of co-occurring species (Webb 2000). The metric MMPD

measures the phylogenetic distance between each species and it’s nearest neighbor on the

phylogenetic tree with which it co-occurs in the local assemblage and reports the mean

nearest neighbor distance. Thus MMPD is generally considered to be a terminal metric of

the phylogenetic relatedness of co-occurring species (Webb 2000).
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The observed MPD and MMPD scores for each community were compared to the

phylogenetic relatedness of taxa in 1,000 randomly generated local assemblages

(rndMPD and rndMMPD respectively). All random local assemblages were generated

using an Independent Swap method (Gotelli and Entsminger 2001) in Phylocom ensuring

that the observed species diversity and abundance was maintained in the random

assemblages.

A net relatedness index (NRI) and Nearest Taxon Index (NTI) for each local

assemblage was then calculated using the following formula (Webb et al. 2002):

NRI = -1 * (MPD - rndMPD )/ sdrndMPD

and

NTI = -1 * (MMPD - rndMMPD)/ sdrndMMPD

Where, sdrndMPD and sdrndMMPD is the standard deviation of the 1,000 rndMPD and

rndMMPD values respectively. Negative values of NRI and NTI indicate higher mean

phylogenetic distances than expected given the random assemblages and are indicative of

phylogenetic overdispersion. Alternatively positive NRI and NTI values indicate lower

mean phylogenetic distances than expected and are indicative of phylogenetic clustering.

To test for significant deviations of NRI or NTI from a null, or neutral, expectation (NRI

or NTI = 0) we used a Wilcoxon test. Previous phylogenetic studies of FDPs have shown

that the distribution of NRI and NTI scores from multiple equally sized quadrats is
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generally right skewed (Kembel and Hubbell in press; Swenson et al. unpublished data)

thereby making a non-parametric statistical test more appropriate.

Taxonomic Scaling

To investigate the effect of taxonomic scale we divided each FDP into 8 (BCI and

San Emilio) or 9 (Luquillo) taxonomic scales. First, each FDP was divided into

individual 400 m2 quadrats from which species composition was recovered. Second, the

community phylogenetic dispersion of all species in each of the FDP quadrats was

quantified. Next, we moved to the next most terminal node on the supertreee (i.e.

Tracheophytes to Angiosperms, Angiosperms to Eudicots, etc.) and measured the

community phylogenetic dispersion of only those species terminal to that node (i.e. only

Angiosperms, only Eudicots, etc.). This process was repeated until we came to the family

level clade, Rubiaceae. The Rubiaceae were utilized as the smallest taxonomic scale

because almost every 400 m2 quadrat in each FDP has at least two species representatives

from this family. Although taxonomic levels are admittedly artificial, we consider the

hierarchical construct of taxonomy to be a useful heuristic tool in this analysis.

Species Pool Scaling
To determine (i) the effect of spatial extent of the species pool used to assess the

degree of local community phylogenetic relatedness and (ii) to quantify the degree to

which community phylogenetic results vary along this scaling axis we performed an

analyses using 30 randomly selected quadrats from each FDP that were 400 m2 (0.04 ha)

in size. These quadrats served as fixed local assemblages that were then compared to
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different sized species pools. This quadrat size (0.04 ha i.e. local assemblage spatial

scale) is a typical scale at which investigations of co-occurrence in trees and canopy

height measurements in FDPs are performed.  It is also the spatial scale at which FDPs

typically measure abiotic variables such as elevation, slope, aspect, and soil type (Losos

and Leigh 2004). It should be noted that previous scaling work in this field has shown

that the phylogenetic dispersion of co-occurring species is also susceptible to scale

dependency along a local assemblage spatial scaling axis (Cavender-Bares et al. in press;

Swenson et al. unpublished data). The general pattern shows increasing phylogenetic

overdispersion with decreasing local assemblage spatial scale.

Six species pools of different sizes were generated separately for each of the three

FDPs and each of the 30 local assemblages. The first species pool implemented was 3600

m2 (0.36 ha). This was done by placing a 60 x 60 m species pool quadrat around the local

quadrat (400m2) from which species composition could be determined. The second

species pool size of 1 ha was determined for each local quadrat using the same

methodology (i.e. placing a 100 x 100 m species pool quadrat around the local quadrat).

The third species pool size used the species list from each FDP as the next largest species

pool for all local quadrats. The fourth sized species pool for Luquillo used the species in

the Luquillo Experimental Forest and for San Emilio the combined woody flora of Santa

Rosa National Park and Palo Verde National Park (“Regional Pool” in Table 1; (Little et

al. 1974, Chavarria et al. 2001; Enquist and Sullivan 2001). The woody flora of the

Panama Canal Watershed served as the next biggest pool for BCI (“Regional Pool” in

Table 1; Condit and Perez 2005). The fifth species pool scale used all woody shrub or
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tree species from the island of Puerto Rico for Luquillo, and for San Emilio and BCI the

countries of Costa Rica and Panama (“Country Pool” in Table 1.; Little et al. 1974, Boyle

1996, Condit 2005). Finally, we compiled species lists of all woody species from Puerto

Rico, the U.S. Virgin Islands, and the British Virgin Islands (Little et al. 1974) for the

Luquillo species pool and Costa Rica and Panama combined for the BCI and San Emilio

FDPs (“Multiple Countries Pool” in Table 1).

For each species pool generated across differing spatial scales, as described

above, we constructed a phylogenetic supertree . Then, for each of the local quadrats, a

measure of the phylogenetic relatedness of the co-occurring taxa, also described above,

was measured. All local measures of phylogenetic relatedness were then compared to the

phylogenetic composition of species randomly drawn from each of the species pools

constructed at differing spatial scales. This process was repeated for each local quadrat

for each species pool size. A breakdown of forest types and species richness in the pools

utilized in this study can be found in Table 1.

Results
Taxonomic Scaling

Our taxonomic scaling analyses showed that as the taxonomic scale became finer the

level of phylogenetic overdispersion increased (Fig. 1). In particular, the distribution of

individual quadrat NRI scores was generally indistinguishable from neutral or clustered.

In both BCI and Luquillo FDPs this pattern continued until the taxonomic scale of the

Euasterid I clade was achieved. However, as taxonomic scale decreased from the



43

Euasterid I clade to the Gentianales to the Rubiaceae clade the phylogenetic structure of

the FDP communities became increasingly overdispersed.

All FDP communities, with the possible exception of San Emilio, showed a

general pattern of a reduction of neutrality or clustering and a shift towards

overdispersion as the taxonomic scale becomes finer (Fig. 1).  Although the Luquillo,

BCI, and San Emilio NTI scores all decreased with finer scales of taxonomy, the Luquillo

NTI scores had a random pattern of phylogenetic dispersion at finer taxonomic scales in

contrast to BCI and San Emilio.

Species Pool Scaling

The phylogenetic structure of 30 randomly sampled 400 m2 quadrats from each FDP

when analyzed as a whole did not deviate from the null expectation when the species

pool changed from 0.36 ha to the entire FDP. As the species pool was scaled out to

include the woody taxa from other forest types, other parts of the country or other parts of

the continent the local quadrats became phylogenetically clustered when compared to the

pool (Fig. 2).

Discussion
Our results show that one’s conclusions concerning the relative importance of the forces

that structure local assemblages can be significantly altered by the influence of scale

alone.  Strong scale dependency was detected in each of the scaleable inputs: species pool

and taxonomic scale. The taxonomic scaling analysis using the NRI revealed a general

lack of evidence for phylogenetic structuring until a single order, Gentianales, or family,
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Rubiaceae, was included. Cavender-Bares et al. (in press) have also shown that the

inclusion of other generic or higher level clades increased the level of phylogenetic

clustering detected, but they were uncertain as to the generality of this finding.  Our

findings, from different tropical forest types, are consistent with the work of Cavender-

Bares et al (in press). Further, our results suggest that there may be a general pattern of

scale dependency resulting from the taxonomic delineation of local assemblages where

more finely taxonomically defined communities are more likely to be phylogenetically

overdispersed.

Our results also show that the conclusions of phylogenetic analyses of community

structure are strongly dependent on species pool size. The present analyses found a large

shift towards phylogenetic clustering in the 30 sample quadrats in each FDP when the

species pool was increased to include all woody plant taxa in larger geographic regions

containing different forest types (Table 1; Fig. 2). Thus, extending the species pool to

include taxa residing in additional forest types was sufficient to change how the

phylogenetic structure of local assemblages was interpreted. This is especially evident in

San Emilio where the phylogenetic relatedness of species was not clustered using the

“Regional” scale species pool, which did not include other subjectively defined forest

types, while clustering was found in all other forests using the “Regional” scale pools that

did contain other forest types (Table 1; Fig. 2).  However, further broadening of the

species pool had little impact over the phylogenetic interpretation of the local quadrats,

suggesting that influential clades were no longer being added to the pool. At the same

time, phylogenetic clustering, indicative of abiotic filtering, is likely to result from
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processes occurring on larger spatial and temporal scales (Ricklefs 1987; Weiher and

Keddy 1995; Webb et al. 2002).

The existence of widespread scale dependency in phylogenetic dispersion argues

for either an explicit discussion of the spatial and taxonomic scale at which a given study

was conducted or, preferably, scale sensitivity analyses. Scale dependency and the

necessity for a scaling approach should not be considered a problem for phylogenetic

investigations of communities. Instead a scaling approach should be seen as a standard

methodology for gaining deeper insight from community phylogenetic analyses. Large

changes in phylogenetic signals appear to be driven by scale, or shifts between scaling

domains sensu Weins (1989). For instance, our species pool results all show a large jump

towards phylogenetic clustering. Highlighting such scaling shifts could potentially

indicate the spatial scale at which regional processes, biogeographic and/or evolutionary,

gain primacy in the structuring of communities (Ricklefs 1987).

While there is no correct or natural scale for an ecological investigation,

ecological and evolutionary phenomena are strongly dependent on scale (Levin 1992). A

scaling approach reveals general scale dependent patterns that could be utilized in the

future to better understand phylogenetic diversity in communities. In sum, our results

underscore previous conclusions that community phylogenetics promises to fill an

important gap in community ecological and biogeographic research.
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Table 1. A table of the number of species in pools (n) at each scale utilized and the forest

types (FT) included in the pool. BCI = Barro Colorado Island; SE = San Emilio; LUQ =

Luquillo; MF = Moist Forest, DF = Dry Forest, WF = Wet Forest; CF = Cloud Forest.

0.36 ha 1 ha FDP Region Country Multiple
Countries

n FT n FT n FT n FT n FT n FT
BCI 118

–
144

MF 157
-

181

MF 301 MF 1,270 DF,
MF,
WF

2,446 Cloud,
Dry,

Moist,
Wet

Forests

3,435 CF,
DF,
MF,
WF

SE 55
–

74

DF 85
-

88

DF 173 DF 197 DF 2261 Cloud,
Dry,

Moist,
Wet

Forests

3,435 CF,
DF,
MF,
WF

LUQ 49
–

70

MF 71
-

87

MF 151 MF 281 CF,
MF,
WF

738 Cloud,
Dry,

Moist,
Wet

Forests

779 CF,
DF,
MF,
WF
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Figure 1. The median NRI and NTI scores for BCI, San Emilio, and Luquillo FDPs using

eight or nine different taxonomic scales (* = P < 0.05, Wilcoxon Test). Positive values

indicate phylogenetic clustering and negative values indicate phylogenetic

overdispersion. The bars represent 95% confidence intervals.

Figure 2. The median NRI and NTI scores for BCI, San Emilio, and Luquillo FDPs using

six different species pool sizes (* = P < 0.05, Wilcoxon Test). Positive values indicate

phylogenetic clustering and negative values indicate phylogenetic overdispersion. The

bars represent 95% confidence intervals. FDP: Forest Dynamics Plot; PCZ: Panama

Canal Zone; PN: Panama; PN+CR: Panama and Costa Rica; LEF: Luquillo Experimental

Forest; PR: Puerto Rico; PR + VI: Puerto Rico and the Virgin Islands; GUA: Santa Rosa

and Palo Verde National Parks; and CR: Costa Rica.
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Abstract

The relative importance of biotic, abiotic and stochastic processes in structuring

ecological communities continues to be a central focus in community ecology.  In order

to assess the role of phylogenetic relatedness on the nature of biodiversity we first

quantified the degree of phylogenetic niche conservatism of several plant traits linked to

plant form and function. Next we quantified the degree of phylogenetic relatedness across

two fundamental scaling dimensions - plant size and neighborhood size. The results show

that phylogenetic niche conservatism is likely widespread indicating that closely related

species are more functionally similar than distantly related species.  Utilizing this

information we show that three of five tropical forest dynamics plots (FDPs) show

similar scale dependent patterns of phylogenetic structuring using only a spatial scaling

axis.  When spatial and size scaling axes were analyzed in concert phylogenetic

overdispersion of co-occurring species was most important at small spatial scales and in

four of five FDPs for the largest size class. These results suggest that phylogenetic

relatedness is increasingly important: (i) at small spatial scales, where phylogenetic

overdispersion is more common; and (ii) in large size classes, where phylogenetic

overdispersion becomes more common throughout ontogeny.  Collectively, our results

highlight the critical spatial and size scales where the degree of phylogenetic relatedness

between constituent species influences the structuring tropical forest diversity.
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Introduction

Since the writings of early naturalists, tropical forests have presented a persistent and

challenging problem to biologists (Wallace 1876; Dobzhansky 1950).  Specifically, what

are the critical ecological and evolutionary forces that generate and maintain patterns of

tree species richness in tropical forests?  Here we argue that recent applications of

phylogenetic information (Losos 1996; Tofts and Silvertown 2000; Webb 2000;

Cavender-Bares et al. 2004) and scaling (Menge and Olson 1990; Milne 1992; Enquist

and Niklas 2001) in community ecology together offer an analytical framework that

provides detailed information that could help elucidate the mechanisms that promote and

maintain tropical forest diversity.

The use of phylogenies to assess the relative influence of the forces that structure

diversity requires knowledge of whether traits central to resource acquisition and

allocation, often referred to as functional traits, display convergence or conservatism in

their evolution.  In other words, if traits are phylogenetically conserved on a phylogeny,

species that are closer to one another on the phylogeny have traits that are more similar

than expected.  This has also been referred to as phylogenetic signal (Blomberg et al.

2003).  If functional traits are found to be phylogenetically conserved then the level of

phylogenetic relatedness between co-occurring species can be used to infer the processes

important in structuring the focal community.  For example if functional traits are

conserved and co-occurring species are more closely related then expected,

phylogenetically clustered, this is suggestive of abiotic filtering (Webb et al. 2002).

Conversely, if co-occurring species are less related than expected, phylogenetically
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overdispersed, this suggests biotic interactions are important in structuring the focal

community (Webb et al. 2002).  Using the phylogenetic approach outlined above

provides a novel framework for testing some of the central mechanisms promoted as

being important in structuring ecological communities.

There are three mechanisms that are often invoked to understand the structure of

diversity within ecological communities - neutrality, competitive exclusion, and abiotic

filtering.   The concept of competitive exclusion has been a corner stone of modern

‘niche-based’ ecological theory and has provided a link between ecological processes and

evolutionary theory (Roughgarden 1983), while lately arguments for the importance of

abiotic filtering have become more common (e.g. Weiher and Keddy 1999).   As a result

there is a rich literature assessing the importance of biotic and abiotic forces in

structuring ecological communities (Gause 1934; Hardin 1966; Janzen 1970;

Roughgarden 1983; Pacala and Tilman 1994; Tilman 1994; Tilman 2004), yet there are

also compelling theoretical arguments against the importance of niches and instead point

to the fundamental role of neutral processes (Bell 2001; Hubbell 2001). Each of these

three mechanisms makes explicit hypotheses regarding the phylogenetic structure of

communities when functional traits are found to be phylogenetically conserved.  Below

we outline these predictions along with how they are expected to change along various

scaling axes.

A neutral model assumes that: (i) all taxa are demographically and ecologically

equivalent; and (ii) dispersal limitation plays a prominent role in the structuring of

communities (Hubbell 2001). Therefore, a neutral model makes three predictions: (i)
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phylogenetic relatedness should play no role in determining the co-occurrence of tree

species in a community (Hubbell 2001); (ii) there will be no difference in phylogenetic

relatedness across different size cohorts of trees; and (iii) the degree of phylogenetic

dispersion should not change with the spatial scale of analysis.

The competitive exclusion model (Hardin 1966; Roughgarden 1983; Tilman

1994) assumes that (i) competitive displacement occurs at the small spatial scale of inter-

individual interactions; and (ii) posits that when species are morphologically (and hence

ecologically) similar the superior competitor will drive the other species to local

extinction.  Thus, a competitive exclusion model yields three predictions for patterns of

phylogenetic relatedness assuming that more closely related species are also more

ecologically similar: (i) the process of competitive exclusion by limiting similarity results

in the phylogenetic overdispersion of co-occurring species (i.e. species assemblages will

be comprised of taxa that are further apart on a phylogenetic tree than expected from

chance); (ii) if competitive exclusion is more apparent at small spatial scales (to be

expected in sessile organisms such as trees) the degree of phylogenetic overdispersion

will increase with decreases in spatial scale; and (iii) at small spatial scales, because of

competitive thinning the degree of phylogenetic overdispersion will increase with

increasing plant size (Enquist et al. 2002). This is hypothesized to occur because as tree

cohorts grow in size (saplings to adults) there is a reduction or thinning of individuals

because of the steady state (or zero-sum) size distribution (Enquist and Niklas 2001).

Therefore there is a strong mortality effect of individuals within cohorts as they grow

from saplings to trees (Harms et al. 2000). Under a competitive exclusion model this
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mortality should be phylogenetically non-random so that as tree cohorts mature they

should become more overdispersed as tree size increases.

An abiotic filtering model assumes that, (i) the immigrants arriving at a given

location will result in a winnowed subset of taxa, or traits, which can survive in that given

spatially defined abiotic regime (Weiher and Keddy 1995, 1999; Webb et al. 2002). Thus,

an abiotic filtering model yields three predictions that differ from the competitive

exclusion and neutral models: (i) co-occurring species will share similar traits that are

necessary to tolerate the given abiotic backdrop (i.e. variability in edaphic or topological

conditions), and therefore co-occurring species should be phylogenetically clustered (ii)

phylogenetic clustering should be most apparent at medium to large spatial scales,

because of edaphic and topological variation on medium spatial scales and biogeographic

and evolutionary time scale processes (i.e. speciation or diversification within regional

clades; Webb et al. 2002) occurring at large spatial scales; and (iii) as trees grow in size

from seedlings to adults, filtering of traits will continue through differential mortality, so

neighbouring trees should become more phylogenetically clustered (Silvertown et al.

2006).

A study using spatial scaling and phylogentic methods has recently been

conducted using the tropical forest dynamics plot (FDP) on Barro Colorado Island (BCI),

Panama (Kembel and Hubbell 2006).  This study found a slightly clustered to random

signal across spatial scales ranging from 100 m2 to 1 ha.  Other recent work using

phylogenies to analyze communities has found that at spatial scales finer than 100 m2

phylogenetic overdispersion is more evident in Floridian Oak communities and in the
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Cape Floristic Region (Cavender-Bares et al. 2006; Slingsby and Verboom 2006). Both

of these studies argue for the importance of competition in structuring plant communities

at fine scales. Therefore it is presently unknown whether at spatial scales finer than 100

m2 tropical forest communities are phylogenetically structured.  Furthermore, the relative

role of the phylogenetic relatedness of species within different size classes and cohorts in

structuring tropical tree communities has remained completely unexplored.  As the above

three models make predictions regarding phylogenetic relatedness of species in space and

make predictions of the relatedness of species in time, it is important that we now also

analyze the combined effects of spatial and size scales in communities.

Here we first test for, and provide evidence of, phylogenetic conservatism in

ecologically important traits in tropical trees.  Second, we expand upon previous work

that addresses spatial scale and relatedness in tropical forests (Kembel and Hubbell 2006)

by analyzing smaller spatial scales across multiple different tropical forest communities.

Third we provide the first analysis of the combined influence of size and spatial scales on

phylogenetic relatedness across multiple different forest communities.  We argue that by

incorporating a size axis into community phylogenetic analyses, along with more finely

delineating the neighborhood size, ones ability to detect a non-random phylogenetic

structure in a local assemblage increases.  Finally, we discuss the general importance of

scaling axes presented in the present work along with axes presented elsewhere on the

phylogenetic relatedness of co-occurring species.

Materials and Methods
Plot Descriptions
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A total of five tropical forest dynamics plots (FDPs) were utilized for the study.  With the

exception of San Emilio, for which we used census data from 1996, for all other FDP’s

we used the 1995 census data.  The FDPs included: Barro Colorado Island (BCI) a 50 ha

FDP characterized as tropical lowland moist forest and located in Lake Gatun, Panama

(Hubbell and Foster 1983; Condit et al. 1996); San Emilio FDP (16 ha) is a seasonally

dry forest in northwestern Costa Rica (Enquist et al. 1999); Luquillo FDP (16 ha) is

characterized as a pre-montane moist forest and is located in the Luquillo Experimental

Forest in Puerto Rico and is part of the NSF Long-Term Ecological Research Program

(Thompson et al. 2002, 2004; Brokaw et al. 2004); Sherman FDP (6 ha) is a lowland

moist forest located on the Atlantic coast of Panama; and Cocoli FDP (4 ha)  is a semi-

deciduous plot located on the Pacific coast of Panama (Condit et al. 2004).  Each FDP

census includes all free-standing woody stems 1 cm or greater (3 cm or greater at San

Emilio) measured at 1.3 m from the ground (Condit 1998).

Phylogenetic Niche Conservatism
Phylogenetic analyses of community structure often assume that traits closely associated

with plant life history (growth, reproduction strategy, etc.) and ecological interactions are

phylogenetically conserved (but see Tofts and Silvertown 2000; Cavender-Bares et al.

2004, 2006).  To assess this critical assumption we conducted an analysis of several

functional traits associated with tropical tree life history and growth (including seed size,

wood density, specific leaf area, and leaf nitrogen and phosphorus content).  Seed size

was used as a surrogate for the reproductive strategy of species in each plot as plants can

span the gradient of producing few large seeds to many small seeds (Moles et al.
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2005a,b).  Wood density was used as it is highly correlated with tree radial growth rates

and is indicative of the trees’ place along the succession continuum (ter Steege and

Hammond 2001).  Leaf nitrogen and phosphorus are highly correlated with

photosynthetic capacities in plants and are central to what has been referred to as the

“world-wide leaf economics spectrum” (Wright et al. 2004). We tested for the

phylogenetic conservatism of these traits from data collected from the literature for

tropical trees from each FDP where available.  Although trait data was not available for

each species in each FDP, analyses have shown that the degree of phylogenetic trait

conservatism generally increases with an increase in sampling (Swenson unpublished

data).  Thus the results stemming from these analyses may be conservative estimates of

trait conservatism in these forests.

A phylogenetic supertree was constructed for the species from each FDP for

which we had a trait value.  The trait values were then assigned to the taxa in the

supertree for analysis.  The supertrees were constructed with Phylomatic and Phylocom

(Webb et al. 2005; Webb and Donoghue 2005) as described below and in the Online

Material.  Using the Analysis of Traits program (Webb et al. 2004) tree-wide trait

conservatism was quantified by randomizing trait values across the tips of the

phylogenetic supertree 9,999 times.  Next, the average magnitude of the standard

deviation between descendant trait means from each internal node across the whole tree

was quantified for each randomization.  This process created a null distribution of trait

divergences to which we could compare our observed values.  Observed values landing in

one of the first 500 quantiles were considered phylogenetically conserved.  A similar
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method of permutating trait values across the tips of the phylogeny has been promoted by

Blomberg et al. (2003) for quantifying the “phylogenetic signal” in data which is

synonymous with what we term “phylogenetic conservatism”.

Plant Size and Spatial Scaling
The raw data from BCI, San Emilio, Cocoli, Luquillo, and Sherman FDPs were managed

using the statistical platform “R” (R Development Core Team 2005).  Prior to importing,

the data from the Luquillo FDP were geo-referenced by binning trees into 25 m2 quadrats

in which they occur in order to attach XY coordinates to each quadrat for data selection

purposes. Each plot was divided into square quadrats with sides ranging in increments of

5 m per side from 25 m2 to 225 m2. During this process the abundance of each species

was calculated for each quadrat in each FDP.  Because the metrics used to test for

phylogenetic structure of communities are based on measures of interspecific dispersion

(see below) only quadrats that contained two or more species were used.  Quadrats

containing only one species therefore were omitted because they could not be interpreted.

This is because quadrats containing only one species could be seen as a prime example of

competitive exclusion of all other species, the ultimate example of abiotic filtering where

only one species can exist in that quadrat, or even an example of dispersal limitation

which is a central component of the neutral model.  The numbers of quadrats that

contained two or more species, and therefore used for our analyses, can be found in the

online material.

 This above process for generating quadrats was initially performed for all trees

and the full range of diameters.  For the second analysis the stem diameters were divided
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into five size classes and the abundance of stems in each diameter size class in each

quadrat was calculated in order to perform analyses that could make inferences

concerning plant size and community structure.  The San Emilio census data only

included stem diameters larger than 3 cm so only 4 size classes were used for this FDP.

The size classes were 1 – 2.9 cm, 3 – 4.9 cm, 5 – 9.9 cm, 10 – 14.9 cm, and 15 cm and

above. For a more refined analysis using plant size as a surrogate for time, each FDP was

divided into 25 m2 quadrats. Next, a list of tree species that can reach the canopy was

compiled for each FDP.  For the purposes of this study, we deemed any tree species from

a FDP that has an individual reaching ≥ 15 cm diameter as being a species that can reach

the canopy. Next all individuals, regardless of size, that were deemed canopy species

were extracted from the FDP census data.  These individuals were divided into the same

five size classes described above for the analysis. The species composition for each

separate size class of canopy species was compiled for each of the 25m2 quadrats.

Species Pool Construction
Phylogenetic supertrees representing species pools were constructed by inputting all of

the species in all of the FDPs into the plant phylogeny database Phylomatic (Webb and

Donoghue 2005). We used Phylomatic to output a supertree that contained all taxa in all

of the plots. The backbone of the supertree was taken from the latest Angiosperm

Phylogeny Group classification (APG II 2003; Phylomatic tree version R20031202).

This supertree was then assigned branch lengths and was pruned to construct species

pools for each plot using the community phylogenetic software Phylocom Version 3.21

(Webb et al. 2004). Branch lengths were assigned to the original supertree by applying
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known molecular and fossil dates (Wikstrom et al. 2001) to nodes on the phylogeny using

the BLADJ algorithm (Webb et al. 2004).  This algorithm fixes dates to nodes on the

supertree evenly between “known” nodes on the phylogeny. This resulted in a phylogeny

with branch lengths calibrated in millions of years rather than a cladogram with all

branch lengths set to one.  Thus, the degree of phylogenetic overdispersion or clustering

is quantified by differences in time. It should be noted that “known” molecular and fossil

dates applied to the supertrees are only estimates, yet they represent the best and most

widely accepted dates currently available to botanists (Moles et al. 2005a, 2005b) and

make phylogenetic analyses of communities much more robust when compared to the

alternative of using nodal distances (Webb 2000).

A species pool was created for each FDP as a whole and for each FDP size class

by pruning the original calibrated supertree.  Finally, the list of canopy species compiled

using the method described above was used to generate a species pool for each FDP from

which a supertree could be constructed. In sum a total of 48 species pools (10 for each

FDP except for San Emilio where n = 8) were utilized for this study. Thus, each FDP had

a separate supertree representing the species pool for each size class analysis, which

combined all species across all spatial scales and for each size class of canopy species at

one spatial scale. This method avoids the difficulty caused by small stature trees not

being present in the large size classes for reasons of their morphology rather than the

result of competitive exclusion. It should be emphasized that the supertrees generated in

this study generally had polytomies (unknown topologies) within generic and family

level clades due to current limitations of fully resolved published phylogenies.
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Therefore, while species are represented as the tips of the phylogenetic supertree, the

absolute topology of relatedness between species within a genus could not be determined

and they were treated as equally related.  This unavoidable consequence of analyzing

hyper-diverse tropical forests with phylogenetic methods reduces the power of the study

to detect non-random patterns, yet still allows for coarse preliminary insights into the

influence of phylogenetic relatedness on tropical forest community structure.

Community Phylogenetic Analyses
Using the software Phylocom (Webb et al. 2004), the mean observed pair-wise distance

(MPD; in millions of years) and mean minimum phylogenetic distance (MMPD; in

millions of years) between co-occurring taxa in each quadrat was calculated (Webb

2000).  The MPD represents the mean of all the pairwise phylogenetic distances between

all taxa within a local assemblage and is generally considered to be a tree-wide (i.e.

basal) metric.  The MMPD represents the mean of the phylogenetic distance for each taxa

to its nearest relative within a local assemblage and is generally considered a more

terminal metric.  The MPD and MMPD for each stem diameter size class or quadrat

dimension were compared to the same measure calculated from 1000 randomly generated

local assemblages from the species pool supertree, rndMPD and rndMMPD respectively,

for each individual quadrat.  For each quadrat an Independent Swap Algorithm

randomization process was performed to generate the random assemblages (Gotelli and

Entsminger 2001).  The Independent Swap Algorithm conserves both the observed row

and column totals in the binary presence – absence matrix when generating null

communities.  The difference between rndMPD and MPD as well as the difference
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between rndMMPD and MMPD for all the quadrats within each FDP was analyzed using

a Wilcoxon Test.  This difference was initially calculated without accounting for spatial

autocorrelation by reducing the degrees of freedom.  We then used the software SAM

(Rangel et al. 2005) to correct our degrees of freedom as outlined by Griffith (2003).

A Net Relatedness Index (NRI) and Nearest Taxon Index (NTI) sensu Webb et al.

(Webb et al. 2002, 2004) were also used to determine the proportion of individual

quadrats within each FDP that was significantly overdispersed or clustered.  These

metrics were calculated as follows:

NRI = -1 * (MPD - rndMPD )/ sdrndMPD

and

NTI = -1 * (MMPD - rndMMPD)/ sdrndMMPD

Where, sdrndMPD represents the standard deviation of the 1000 rndMPD values and

sdrndMMPD represents the standard deviation of the 1000 rndMMPD values.  Stated

another way the NRI metric is a standardized version of the MPD and the NTI metric is a

standardized version of the MMPD.  These metrics can then also be used to assess

phylogenetic overdispersion (negative values) or clustering (positive values).  Note that

the MPD and MMPD metrics can provide different results due to how they are

calculated. For example it is possible for a community to be comprised of species from

two clades distant to one another on the phylogenetic supertree.  In this case the MPD



68

(NRI) metric would detect phylogenetic overdispersion, yet the MMPD (NTI) would

detect phylogenetic clustering.

Results
Phylogenetic Niche Conservatism

All functional traits analyzed were ranked in low quantiles for all FPDs indicating

significant tree-wide trait conservatism (see Table 1).  Thus five traits in tropical trees

generally considered to be important in determining tree life-histories (Enquist et al.

1999; Westoby et al. 2002; Wright et al. 2004; Moles et al. 2005a, 2005b) showed

significant phylogenetic conservatism.  Therefore, measures of phylogenetic dispersion

of co-occurring species seem to provide reliable insights into whether biotic, abiotic or

stochastic processes are the most important in determining tropical plant community

structure and diversity and at which scales these processes occur.

Spatial Scaling
Restricting our analyses to changes in quadrat area reveals a suite of interesting results.

Three of the five FDPs, the Luquillo, Sherman, and Cocoli, had significant phylogenetic

overdispersion at the smallest quadrat sizes using the mean pair-wise distance (MPD) and

net relatedness index (NRI) metrics (Fig. 1) thereby providing some support for a

competitive exclusion model. In contrast, at medium to larger spatial scales, > 100m2,

most of the FDPs were characterized by phylogenetic signals indistinguishable from the

neutral or random expectation again using MPD and NRI.  When the individual quadrats

are analyzed a larger than expected proportion are non-random assemblages (i.e.
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clustered or overdispersed) with more quadrats being overdispersed than clustered at

small scales in all FDPs.

When using the mean minimum phylogenetic distance (MMPD) and nearest taxon

index (NTI) metrics the generality of the patterns of phylogenetic structure of

communities across plots is less obvious on average in each FDP.  Both of the dry forests,

San Emilio and Cocoli, are significantly phylogenetically overdispersed at the smallest

spatial scales whereas the three moist forests, BCI, Sherman, and Luquillo, are

significantly phylogenetically clustered at the smallest scales on average.  Yet, as with

the MPD and NRI metrics, a larger number of overdispersed quadrats compared to

clustered quadrats are evident at the smallest scales in each FDP.  Further a greater than

expected proportion of non-randomly assembled communities (i.e. clustered or

overdispersed) were evident across spatial scales. After accounting for spatial

autocorrelation in the above analyses the results did not change.

Plant Size, Age and Spatial Scaling
The general pattern of phylogenetic structuring becomes clearer when the effects of

spatial scale and plant size are incorporated into the analysis.  At the smallest spatial scale

almost all of the FDPs showed significant and increasing degrees of phylogenetic

overdispersion with increasing tree size no matter which community phylogenetic metric

was utilized (Fig. 2, Online Material).  At the 100 m2 scale, the BCI FDP was

significantly overdispersed at the two largest tree size classes and San Emilio was

overdispersed at only the largest size class.  At the 225 m2 scale, only BCI was

overdispersed at the largest size class (Fig. 2). For larger quadrat sizes (over 225 m2), no
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significant deviation from random was found.  Furthermore there was no significant

deviation from random for the three smallest size classes for any FDP at the 100 m2 scale

or for the largest size class in BCI at the 225 m2 scale when the degrees of freedom were

reduced to account for spatial autocorrelation in the data.  The general reduction of

phylogenetic structuring at larger spatial scales could also be due to a decrease of

statistical power because a smaller number of quadrats could be analyzed at this spatial

scale.

The canopy species analyses, which were used to assess the effect of a temporal

axis, showed that at the spatial scale of 25 m2, across all FDPs, local assemblages of

young cohorts (small size classes of canopy species) are generally random to

phylogenetically clustered.  In the older cohorts (larger size classes of canopy species) all

FDPs were phylogenetically overdispersed on average and at the largest size class San

Emilio, BCI, Cocoli and Sherman were overdispersed on average (Fig. 3).  These results

were not influenced by spatial autocorrelation in the data.

Discussion

In each of the forests studied, key functional traits that are indicative of tree life-history

strategies were found to be phylogenetically conserved across the phylogeny.  This

suggests that the degree of phylogenetic relatedness between co-occurring species can be

used to test the phylogenetic predictions made by the three models of community

structuring (neutral, competitive exclusion, and abiotic filtering).  The results from

assessing pair-wise community phylogenetic metrics, MPD and NRI, across spatial scales
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suggest that the degree of phylogenetic relatedness may be important in determining

community structure of these FDPs but only at small spatial scales. However, the BCI

and San Emilio FDPs, did not differ from random at the smallest scale.  Interestingly, in

support of an abiotic filtering model, both BCI and San Emilio were characterized by

significant phylogenetic clustering at medium spatial scales (Fig. 1).

The nearest neighbor phylogenetic metrics, MMPD and NTI, showed

phylogenetic clustering to be more prominent in moist forests when they were analyzed

as a whole, yet phylogenetic overdispersion was more prominent than phylogenetic

clustering in individual quadrats in each FDP.  Thus, no matter which metric was utilized,

phylogenetic overdispersion was increasingly prevalent at the smallest scales for three of

the FDPs, yet not for the remaining two.

The spatial scaling results for BCI in this study are similar to those of a recent

study by Kembel and Hubbell (2006) that mapped phylogenetic composition across a

smaller subset of spatial scales for BCI.  Their study did not include the smallest spatial

scale reported here and found a slightly clustered signal for BCI as a whole and greater

than expected proportions of quadrats showing non-random phylogenetic associations

(i.e. phylogenetically clustered or overdispersed). An interesting result from the present

study, which uses the 1995 census data, is that we found slightly more phylogenetic

clustering on average than the Kembel and Hubbell study, which used the 1982 census

data.  A large demographic shift inside the BCI FDP has been documented and attributed

to the 1983 El Nino drought (Condit et al. 1996). If local mortality was non-random

across species then the observed demographic shift could account for the slight increase
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in phylogenetic clustering observed in the present study (Weiher and Keddy 1995, 1999).

Further community phylogenetic analyses of tropical FDPs, which have been censused

multiple times, would likely prove instructive.

Scaling along a spatial axis, provided some preliminary evidence in support of

phylogenetic overdispersion on fine scales and is consistent with recent work by

Cavender-Bares et al. (2006) that also found increased phylogenetic overdispersion at

fine spatial scales.  Although it is important to note that we only found this result in three

of the five FDPs.  The evidence for phylogenetic overdispersion becomes more

pronounced when both spatial and plant size (or age) scaling axes were incorporated.

When the degree of phylogenetic relatedness is plotted as both a function of size and

spatial scale (Fig. 2), the importance of spatial scale and plant size becomes clearer.  We

argue that because the three models of community structure presently discussed

simultaneously make predictions concerning space and time the incorporating of both of

these axes in the same analysis provides a more powerful test.

These size results were also similar to the findings of Enquist et al. (2002) who

found that within woody plant communities the taxonomic ratios (genus: species and

family: genus) across several hundred 0.1ha community plots declined with increases in

plant size. Furthermore, the increase in overdispersion with age (stem size) in the canopy

tree analyses is consistent with the expectation that as cohorts of trees grow, biotic

interactions “play out” to influence community structure (Fig. 3).

Our analyses reveal preliminary evidence in support of general spatial and plant

size scaling relationships that govern phylogenetic associations of species within hyper-
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diverse tropical forests.  The similarity of pattern across FDPs suggests shared

mechanisms.  A phylogenetically overdispersed signal was observed only at the smallest

spatial scales and become increasingly stronger in the largest size classes. However,

when each FDP was analyzed at larger spatial scales and smaller size classes, the

overdispersed signal progressively dissipates into a random to clustered signal. This

suggests that the degree of phylogenetic relatedness between co-occurring species is the

most important at very small and large spatial scales and as cohorts age.  At this point it

is still unclear whether the random pattern detected at meso-scales in this study is due to

the mixing of overdispersion and clustering or whether this is actually indicative of

neutral processes (Hubbell 2001, 2005).

The finding that in local assemblages that are delineated on fine spatial scales are

often phylogenetically overdispersed has now been found in three studies including the

present (Cavender-Bares et al. 2006; Slingsby and Verboom 2006), yet the influence of

other issues such as the taxonomic scale of the analysis and the spatial scale of the

regional species pool have received less attention in community phylogenetics.  Recent

work by Swenson et al. (2006) has shown that as the spatial scale of the species pool is

increased in relation to the local assemblage scale, phylogenetic clustering becomes more

common.  The taxonomic delineation of the communities also seems to be largely

important in detecting non-random phylogenetic associations in communities. Cavender-

Bares et al. (2006) and Swenson et al. (2006) have independently found that as

communities are more finely defined taxonomically (i.e. a collection of species within a

genera as compared to a collection of genera in a family), phylogenetic overdispersion is
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common.  Thus the conceptual problem of melding all of this information regarding scale

dependency in community phylogenetics is now confronting researchers as it did for

researchers studying trait dispersion a decade ago (Weiher and Keddy 1995,1999;

Swenson et al. 2006).  In Figure 4 we present a graphical model adapted from the work of

Weiher and Keddy that predicts generalities in phylogenetic dispersion simultaneously

along two axes (space and taxonomy or size/age).  As more studies that incorporate

scaling and phylogenetic analyses of communities begin to amass it will be possible to

test the generality of this graphical model.  If it is indeed found to be general it may

provide a good starting point for trying to discern the scales at which competition and

abiotic filtering and/or local and regional processes gain primacy in the assembly of plant

communities.
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Table 1. Results of a tree-wide phylogenetic conservatism analyses.  Quantile scores (Q)
less than or equal to 500 signify traits that are significantly conserved on the phylogeny
for the number of species (n) in each FDP where trait values are available. Each analysis
used 9,999 randomizations of trait values across the tips of the phylogeny.  LUQ =
Luquillo Forest Dynamics Plot; BCI = Barro Colorado Island Forest Dynamics Plot;
COC = Cocoli Forest Dynamics Plot; SH = Sherman Forest Dynamics Plot; SE = San
Emilio Forest Dynamics Plot. SD = Species Diversity

FDP SD Wood
Density

Seed
Size

Specific
Leaf
Area

%N %P References

n Q n Q n Q n Q n Q

LUQ 151 56 4 46 480 47 460 44 390 38 250 Ovington &
Olson (1970)

BCI 301 124 8 124 9 Chave et al.
(2003,2004)

COC 175 67 19 73 12 Chave et al.
(2003,2004)

SH 237 67 21 77 10 Chave et al.
(2003,2004)

SE 173 134 5 49 375 127 237 155 10 155 33 Malavassi
(1992);

Swenson
unpublished

data
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Figure 1. The median deviation of MPD from expected (rndMPD) for Cocoli (a),

Sherman (b), Luquillo (c), BCI (d), and San Emilio (e) at the three smallest quadrat sizes.

(* = P < 0.05, Wilcoxon Test). Positive values indicate phylogenetic overdispersion and

negative values indicate phylogenetic clustering. The bars represent 95% confidence

intervals. A test for concordance among FPD’s gave a significant result (Kendall’s W =

0.91, P < 0.01).

Figure 2. The median deviation of MPD from expected (rndMPD) for all size class for

BCI (black), Sherman (blue), Luquillo (green), Cocoli (red), and San Emilio (orange) at

the three smallest quadrat sizes (a: 25 m2, b: 100 m2, c: 225 m2; * = P < 0.05; ** = P <

0.0001, Wilcoxon Test). Positive values indicate phylogenetic overdispersion and

negative values indicate phylogenetic clustering. The bars represent 95% confidence

intervals. A test for concordance among FPD’s for each quadrat size gave a significant

result (25 m2: Kendall’s W = 0.536, P < 0.05; 100m2: Kendall’s W = 0.496, P < 0.05; 225

m2: Kendall’s W = 0.544, P < 0.05).

Figure 3. The median deviation of MPD from expected (rndMPD) for canopy tree

species in Cocoli (a), Sherman (b), Luquillo (c), BCI (d), and San Emilio (e) in 25 m2

quadrats (* = P < 0.05, Wilcoxon Test). Positive values indicate phylogenetic

overdispersion and negative values indicate phylogenetic clustering. The bars represent

95% confidence intervals.
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Figure 4. Adapted from Weiher and Keddy (1995), a graphical model of the effect of

spatial and body size scale on phylogenetic dispersion in ecological communities (Left

Panel).  A graphical model of the spatial and taxonomic scale dependency of

phylogenetic dispersion in ecological communities (Right Panel).  The graphical

predictions presented are based on and consistent with the findings of this study and

Swenson et al. (2006).
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Abstract
Conservation biologists and community ecologists have increasingly begun to quantify

the phylogenetic diversity and phylogenetic dispersion in species assemblages. In some

instances, the phylogenetic trees used for such analyses are fully bifurcating, but in many

cases the phylogenies being used contain unresolved nodes (i.e. polytomies).  The lack of

phylogenetic resolution in such studies, while certainly not preferred, is likely to continue

particularly for those analyzing diverse communities and datasets with hundreds to

thousands of taxa. Thus it is imperative that we quantify potential biases and losses of

statistical power in studies that use phylogenetic trees that are not completely resolved.

The present study is design to meet both of these goals by quantifying the phylogenetic

diversity and dispersion of simulated communities using resolved and gradually

‘unresolved’ phylogenies.  The results show that: (i) measures of community

phylogenetic diversity and dispersion are generally more sensitive to loss of resolution

basally in the phylogeny and less sensitive to loss of resolution terminally; and (ii) the

loss of phylogenetic resolution generally causes false negative results rather false

positives.
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Introduction
The species list from a community may be used to provide two immediate indices

depicting the biodiversity of a community. The first is the number of species, or species

richness, found in the community.  The second is a measure of the taxonomic dispersion

between co-existing species such as the generic coefficient, the genus to species ratio

(e.g. Jaccard 1901, 1926, Elton 1946, Jarvinen 1982).  While these two measures are still

often reported and analyzed, conservationists and community ecologist have become

increasingly interested in quantifying the phylogenetic diversity and phylogenetic

dispersion of communities (e.g. Faith 1992, 1994, Losos 1996, Crozier 1997, Sechrest et

al. 2002, Webb 2000, Barker 2002, Faith 2002, Webb et al. 2002, Faith & Baker 2006,

Swenson et al. 2006, 2007). This is because both of these measures may provide more

detailed evolutionary information regarding the community composition than what can be

surmised from a list of Latin binomials. Specifically, phylogenetic branch lengths provide

a continuous metric of relatedness while taxonomic levels provide an ordinal metric of

relatedness (e.g. Faith 1992, Webb et al. 2002). The enhanced level of detail provided by

phylogenetic branch lengths has allowed for the quantification of phylogenetic diversity

and dispersion. These potentially refined metrics of community biodiversity are now

being applied for purposes ranging from delineating geographic regions as priorities for

conservation (Crozier 1997, Barker 2002, Rodrigues & Gaston 2002) to understanding
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the ecological and evolutionary mechanisms that promote species diversity and co-

existence (Losos 1996, Webb et al. 2002).

Despite this interest in quantifying the phylogenetic diversity and dispersion of

communities, ecologists and conservationist are often limited in their capacity to

calculate such phylogenetic metrics due to a lack of phylogenetic hypotheses for the

communities of interest.  This barrier has resulted in ecologists and conservationists

taking one of two pathways.  The first has been to not perform phylogenetic analyses and

to quantify the species richness and taxonomic ratios of a community.  The second has

been to construct a phylogenetic supertree that often has multiple nodes that are not

resolved.

The second pathway of generating phylogenetic supertrees has been increasingly

taken, but it has remained unclear how much information and statistical power is lost if a

researcher were to use a supertree with multiple polytomies compared to if they were to

use a fully bifurcating phylogenetic tree. On the one hand, one may assume that the lack

of resolution in the phylogeny may result in the researcher underestimating the

phylogenetic diversity in communities due to the loss of terminal resolution and increase

in the total phylogenetic tree length. This scenario would be particularly plausible if the

unresolved nodes do not subtended the taxa in the assemblage (Fig. 1). On the other hand,

we may expect a researcher to overestimate the phylogenetic diversity in communities

due to the increase in the total phylogenetic tree length.  This scenario would be more

likely if the unresolved nodes subtend many terminal taxa in the assemblage of interest

(Fig. 1).  Thus, there are opposing predictions regarding the relationship between the



94

degree of phylogenetic resolution and metrics of phylogenetic diversity.  Further, the

influence of phylogenetic resolution on metrics of phylogenetic dispersion has not been

quantified and a priori predictions are less clear because phylogenetic dispersion is

quantified using randomizations that may mitigate the loss of statistical power and the

potential to over- or under-estimate phylogenetic diversity and disperion.

Given the increasing interest in quantifying the phylogenetic diversity and

dispersion in communities and the increasing use of phylogenetic supertrees to conduct

such measurements, it is critical that we quantify the potential biases and the potential

loss of statistical power introduced by this approach.  The present study is designed to

provide such insights.  Specifically, it starts by quantifying the phylogenetic diversity and

dispersion in communities using a fully resolved phylogeny. Then it compares those

values to those for the same communities using a phylogeny that is gradually

‘unresolved’ using two different methods. The results are used to address the following

questions: (i) how correlated are the phylogenetic diversity and dispersion values

generated using a fully resolved phylogeny to those generated using a phylogeny

containing polytomies?; (ii) is the phylogenetic diversity and dispersion generally over-

or under-estimated when using a phylogeny containing polytomies?; (iii) are metrics of

phylogenetic diversity and dispersion less powerful as the number of polytomies in the

phylogeny increases?; (iv) is the power to detect the known phylogenetic diversity and

dispersion influenced more by basal or terminal polytomies?; (v) are metrics of

phylogenetic diversity and dispersion less powerful as the number of species in the
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community relative to the number of species increases?; and (vi) are different metrics of

phylogenetic diversity and dispersion equally sensitive to the above conditions.

Methods
Phylogeny Generation

The present study was designed to quantify the degree to which topological uncertainty in

phylogenetic trees influences measures of phylogenetic diversity and dispersion in

communities.  To achieve this, I first randomly generated fully resolved ultrametric

phylogenies using a uniform Yule-Harding branching process using the software PDA -

Phylogenetic Diversity Algorithm Version 0.5 (Minh et al. 2006,

http://www.cibiv.at/software/pda/) with the number of terminal taxa being 20, 40, 80, 160

or 320. Five random phylogenies were generated for each number of terminal nodes

thereby providing the 25 fully bifurcating phylogenetic trees used in this study. These

trees represented the species pool from which community assemblages were drawn.

Community Assemblage Generation
The community assemblages used in this study had species diversities that were 10, 15,

20, 25, or 30 percent of the number of terminal taxa in the phylogenetic trees representing

the species pools.  The assemblages were generated using three different methods.  The

first method was designed to generate the assemblage with the maximum possible

phylogenetic diversity given a species richness. These assemblages were generated using

the “Greedy Algorithm”  (Steel 2005, Minh et al. 2006) implemented using the software

PDA - Phylogenetic Diversity Algorithm Version 0.5 (Minh et al. 2006,

http://www.cibiv.at/software/pda/).  The Greedy Algorithm uses a phylogenetic tree and
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an assemblage species richness to output the species assemblage with the maximum total

phylogenetic diversity. The second method was designed to generate the assemblage with

the minimum possible phylogenetic diversity given an assemblage species richness.

These assemblages were also generated with the software PDA - Phylogenetic Diversity

Algorithm Version 0.5 (Minh et al. 2006, http://www.cibiv.at/software/pda/). The last

method randomly drew species from the species pool.  Specifically, thirty random

assemblages were drawn from a species pool for a given assemblage species richness.

Measurement of Phylogenetic Diversity and Dispersion
The phylogenetic diversity of the assemblages was measured using three methods.  The

first measure was Faith’s Index (FI: Faith 1992), which reports the shared branch lengths

between species in an assemblage as a proportion of the total branch lengths in the

species pool phylogeny.  The second method reports the mean pair-wise phylogenetic

distance (MPD: Webb 2000) between species in the assemblage.  The third method used

was the mean nearest phylogenetic neighbor distance (MNND: Webb 2000) for the

species in the assemblage.

The phylogenetic diversity of assemblages is generally correlated to species

richness. At the same time community ecologists are also interested in whether the

phylogenetic diversity in an assemblage is greater or less than that expected given the

assemblage species richness. This is termed here as the phylogenetic dispersion of an

assemblage. Two commonly used metrics were used in this study to quantify the

phylogenetic dispersion of assemblages.  Specifically, the Net Relatedness Index (NRI)
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and Nearest Taxon Index (NTI) of Webb and colleagues (Webb 2000; Webb et al. 2002)

were calculated as follows:

NRI = -1 * (MPD - rndMPD)/ sdrndMPD

and

NTI = -1 * (MNND - rndMNND)/ sdrndMNND

Where, rndMPD and rndMNND are the MPD and MNND of randomly generated

assemblages and the sdrndMPD and sdrndMNND are the standard deviations of the 999

rndMPDs and rndMNNDs.  Thus negative NRI and NTI values indicate a high level of

phylogenetic overdispersion.  In other words, negative NRI and NTI indicate higher than

expected phylogenetic diversity in the assemblage. The random assemblages generated in

the null models were generated by drawing the same number of species from the pool as

the number of species in the observed community and observed community occupancy

rates were fixed, also known as an Independent Swap (Gotelli & Entsminger 2001). All

calculations of NRI and NTI were made using the software Phylocom (Webb et al. 2004).

Phylogenetic Resolution
Two methods were used to introduce topological uncertainty (i.e. polytomies) into the

original fully bifurcating phylogenetic tress.  The first method used in this study was

designed to randomly ‘unresolve’ internal nodes in the phylogeny. There were four

different degrees to which the phylogeny was unresolved. Specifically, I randomly

collapsed 15, 20, 25, and 30 percent of the internal nodes. This provided four phylogenies



98

containing different numbers of polytomies for each original resolved phylogeny.  This

method was used to mirror a study where some basal nodes are unresolved, while at the

same time some terminal clades have some nodes resolved.

The second method ‘unresolved’ the most terminal nodes on the phylogeny.

Specifically, I collapsed 15, 20, 25, and 30 percent of the internal nodes in the phylogeny

that were the most terminal on the phylogeny. This method was used to simulate a

scenario where species- or genus-level relationships are unknown, but the most basal

nodes are bifurcating. The lack of resolution in more terminal internal nodes is common

in studies using phylogenetic supertrees, but these studies also tend to have polytomous

nodes basally as well (i.e. Webb 2000; Swenson et al. 2006, 2007).

Statistical Analyses
The first goal of this study was to determine the degree to which the phylogenetic

diversity and dispersion in a community measured using a fully bifurcating phylogeny is

correlated with the phylogenetic diversity and dispersion of the same community using a

phylogeny with multiple polytomies.  The second was to determine whether phylogenetic

diversity and dispersion tended to be over- or under-estimated when a less resolved

phylogeny was used.  In order to answer both of these questions, I regressed the

phylogenetic diversity and dispersion metrics from the phylogenies with polytomies onto

the phylogenetic diversity and dispersion metrics from the fully resolved phylogeny.  The

expectation was a perfect correlation with a regression slope of unity.  Thus all regression

lines were forced through the origin and the coefficient of determination and the slope of

the regression line were recorded.  The coefficient of determination was used to answer
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the first question as to how tightly the results from the less resolved and fully resolved

phylogenies were correlated.  The regression slope was used to determine whether the

results from the less resolved phylogeny tended to produce over- or under-estimates of

the results from the fully resolved phylogeny. In Figure 2 I have provided a graphical

example of this procedure.  For example, if the FI values generated from the less resolved

phylogenies were generally greater than the FI values generated from the fully resolved

phylogenies this would produce a slope greater than unity.  This would signify a bias

towards higher phylogenetic diversities (Fig. 2). Conversely, a slope less than unity

would signify a bias towards lower phylogenetic diversities (Fig. 2).

Results
Phylogenetic Diversity

Three metrics of community phylogenetic diversity were used in this study. Specifically,

I used: (i) the mean pair-wise phylogenetic distance between all taxa in an assemblage

(MDP); (ii) the mean nearest phylogenetic neighbor distance for the taxa in an

assemblage (MNND); and (iii) the proportion of the total branch lengths in the phylogeny

represented in the assemblage (Faith’s Index: FI).  The sensitivity of each of these three

metrics to the resolution of the phylogenetic tree was quantified by ‘unresolving’ the

phylogeny to varying degrees. There were a few general results from these analyses.

First, the correlation between the phylogenetic diversity in assemblages measured

using a bifurcating phylogeny and a phylogeny with polytomies was the weakest when

using the MNND to represent the phylogenetic diversity.  The MNND was followed by

MPD and the FI values had the tightest correlations (Table 1, 2, and 3). This ranking was
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reversed when analyzing which metric under-estimated the phylogenetic diversity of the

assemblage to the greatest degree when using a phylogeny with polytomies.  Specifically,

FI tended to under-estimate phylogenetic diversity to the greatest degree when using a

less than fully resolved phylogeny followed by MPD while the MNND from a phylogeny

with polytomies in some cases over-estimated then known phylogenetic diversity (Table

1, 2, and 3). These patterns were apparent when the phylogeny was randomly

‘unresolved’ and when the most terminal nodes of the phylogeny were ‘unresolved’

(Table 1, 2, and 3, Supplemental Material). Second, as the phylogenetic tree contained an

increasing number of unresolved nodes each observed phylogenetic diversity measure

was highly correlated with the ‘known’ phylogenetic diversity, but the phylogenetic

diversity tended to become slightly underestimated as the phylogeny became more

unresolved (Table 1, 2, and 3, Supplemental Material).  Again, both of these effects were

evident when the phylogeny was randomly and terminally ‘unresolved’ (Table 1, 2, and

3, Supplemental Material).  Third, as the number of terminal taxa in the phylogeny

increased each metric tended to be more sensitive to the degree of phylogenetic

resolution.  For example, the phylogenetic diversity was increasingly underestimated in

larger phylogenetic trees than smaller phylogenetic trees. Fourth, the above results were

generally consistent across all non- randomly (Table 1 and 2) and randomly generated

assemblages (Table 3). Last, it should be noted that the generalities highlighted above are

general patterns and they are not represented in every single case. Thus, the entire results

from these analyses are provided in Tables 1, 2 and 3 and in the Supplemental Material.
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Phylogenetic Dispersion
The present study tested the sensitivity of two commonly used metrics of phylogenetic

dispersion, the Net Relatedness Index (NRI) and the Nearest Taxon Index (NTI), to

varying degrees of phylogenetic resolution. When randomly ‘unresolving’ nodes on the

phylogeny, the correlation between the NRI from the fully bifurcating tree and the NRI

derived from phylogenies with polytomies generally became weaker as the phylogenetic

resolution decreased (Fig. 3, 4, and 5).  A similar result was found for the NTI, but the

correlations were generally slightly weaker (Fig. 3, 4, and 5).  The slope of the regression

equations for NRI and NTI were generally always lower than one and decreased as the

phylogenetic resolution decreased. Further, larger phylogenies tended to have shallower

slopes than smaller phylogenies (Fig. 3, 4, and 5).  In sum, the ability to predict the

‘known’ NRI and NTI decreased and the NRI and NTI values were generally closer to

zero as the phylogenetic resolution decreased and phylogeny size increased (Fig. 2, 3, 4

and 5)

When ‘unresolving’ only the most terminal nodes on the phylogeny, the NRI and

NTI in the assemblages were generally highly correlated (r2 > 0.8) with the NRI and NTI

values from the fully bifurcating phylogeny (Supplemental Material).  There was a slight

decrease in predictive power as the phylogenies were increasingly ‘unresolved’ and this

was the most severe in the smaller phylogenies.  The slopes of the regressions of the

known NRI and NTI values against the NRI and NTI values from the ‘unresolved’

phylogenies were generally very close to one with a few greater than one (Supplemental

Material).  Thus, unresolving only the most terminal nodes in the phylogeny had much

less influence on the power to predict the real NRI and NTI whereas randomly
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unresolving nodes on the phylogeny had a much greater negative impact. Further, the

above results were consistent when the communities were non-randomly (Fig. 3 and 4) or

randomly assembled (Fig. 5). Lastly, I investigated whether the number of taxa in an

assemblage influenced our power to predict the known NRI and NTI.  I found a weak

trend showing that the power to predict the known NRI increased and the power to

predict the known NRI decreased as the number of taxa in the assemblage increased

(Supplemental Material).  This result was particularly noticeable in the largest phylogeny

and again randomly unresolving the phylogeny had a much greater negative impact on

predictive power than unresolving the most terminal nodes (Supplemental Material).

Discussion
In recent decades ecologists, evolutionists and conservationists have become increasingly

interested in quantifying the phylogenetic diversity and phylogenetic dispersion of

communities (e.g. Faith 1992, 1994, Losos 1996, Webb 2000, Webb et al. 2002,

Swenson et al. 2006, 2007). Despite this interest, quantifying the phylogenetic diversity

and dispersion of communities often necessitates utilizing phylogenetic supertrees that

contain multiple unresolved nodes. In this study I asked how does the use of a phylogeny

with multiple polytomies bias commonly used metrics of phylogenetic diversity and

dispersion.

The first part of this study focused on the phylogenetic diversity of randomly

generated communities using three different metrics.  Interestingly, the phylogenetic

diversities recorded using phylogenies with polytomies were generally highly correlated

with the phylogenetic diversity found for the same communities using a fully bifurcating
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phylogeny.  Despite this strong correlation the phylogenetic diversity was increasingly

underestimated as the phylogenies became less resolved and when larger phylogenetic

trees were used.  This was especially true when randomly unresolving nodes in the

phylogeny.  This is an intuitive result as this method unresolved more basal nodes in the

phylogeny and therefore a larger number of terminal taxa were influenced.  Lastly,

Faith’s Index (FI) tended to underestimate the known phylogenetic diversity to the

greatest degree as the number of polytomies and phylogeny size increased followed by

the MPD and MNND metrics.  This result is most likely due to FI being represented as a

proportion. For example, as the total phylogenetic tree length increased or decreased the

FI will be altered even if the taxa subtended by the unresolved nodes are not in the

community (Fig. 1). Conversely, the MPD and MNND should not be  as influenced by

unresolved nodes that subtend taxa not found in the community, but as the number of

unresolved nodes increases, the probability that the MPD and MNND will be influenced

increases as shown in the results (Table 1, 2, and 3).  Further as the number of nodes

utilized in the calculation of MPD is generally higher than when calculating the MNND,

MPD is expected to be more sensitive to the phylogenetic resolution. Indeed the results of

this study supported these predictions (Table 1, 2, and 3).

The second section of this study was designed to quantify the sensitivity of two

commonly used phylogenetic dispersion metrics (NRI and NTI) to phylogenetic

resolution.  The NRI and NTI are calculated using the MPD and MNND respectively of

the communities, but are standardized by the mean and variance of the MPD’s and

MNND’s of the null assemblages.  Thus, it has been unclear whether the NRI and NTI
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should be equally or less sensitive to the resolution of the phylogeny as compared to

MPD and MNND.   The results from this study show that both the correlation of the NRI

and NTI measured using a fully resolved phylogeny and the NRI and NTI measured

using a ‘unresolved’ phylogeny generally decreases as the phylogeny becomes less

resolved (Fig. 3, 4 and 5, Supplemental Material).  The loss of predictive power is far

greater when the phylogeny is randomly unresolved (Fig. 3, 4, and 5) compared to when

the most terminal nodes were unresolved (Supplemental Material).  Further, in most

cases, the NRI and NTI quantified using less than fully resolved phylogenies were

generally skewed more closely towards zero.  This is shown by regressing through the

origin the NRI and NTI data from the randomly unresolved phylogenetic analyses onto

the NRI and NTI data from the fully resolved phylogenetic analyses where the regression

slope is less than unity (Fig. 2, 3, 4, and 5).  This trend shows that when using

phylogenetic trees that are not completely resolved, a researcher is biased towards finding

NRI and NTI values that are closer to the null expectation and there is a reduced power to

detect non-random community phylogenetic structure. Further, this bias toward not

finding non-random results was generally highest when using larger phylogenetic trees

(Fig. 3, 4, and 5, Supplemental Material). Converse to this pattern, when only the most

terminal nodes of the phylogeny were unresolved the slopes from the NRI and NTI

regression analyses were near zero with small deviations above and below zero.  In

particular, analyses using smaller phylogenies tended to have less power and were biased

toward over-predicting non-random community phylogenetic structure (Fig. 3,4, and 5).

The above results show that when large phylogenies are used containing polytomous
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nodes basally in the tree the researcher may expect to have substantially reduced

statistical power to detect non-random phylogenetic community structure.  While this loss

of power is of concern, the results also suggest that if the most basal nodes are bifurcating

and terminal nodes are unresolved the loss of power is greatly minimized.  Thus for those

constructing supertrees for phylogenetic community analyses, the priority should be to

attempt to resolve basal nodes prior to piecing together terminal topologies (i.e. con-

generic relationships).

The last portion of this study analyzed whether the species richness of an

assemblage compared to the number of terminal taxa in the phylogeny influenced the

degree to which phylogenetic dispersion results were biased.  There were no clear and

consistent trends stemming from these analyses.  The main result of interest came from

the analyses using the largest phylogeny, where the NRI and NTI metrics were biased in

opposing directions as the number of taxa in the assemblage increased.  Specifically,

power increased as the number of taxa increased when using NRI and the power

decreased for NTI.  This result is likely due to the NRI being calculated from pair-wise

distances and NTI being calculated from nearest neighbor distances that are expected to

be more sensitive to the degree of phylogenetic resolution (Fig.1).  Thus, increasing the

number of taxa in the assemblage may stabilize the NRI metric and destabilize the NTI as

the phylogeny becomes unresolved.

Conclusions
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As the interest in including phylogenetic information into studies of species diversity and

co-existence has outpaced our ability to generate fully resolved phylogenetic hypotheses

for every study system, more and more researchers have begun to use phylogenies in

their research that contain multiple unresolved nodes.  It is clear that the use of

phylogenies with multiple unresolved nodes is not the most desirable scenario, but it is

likely to persist.  Thus, it is now critical to quantify how this lack of resolution influences

the metrics of phylogenetic diversity and dispersion and in what instances do we

compromise the greatest amount of statistical power. The present analyses provide a first

step towards explicitly quantifying these biases.  In particular, I have shown that both

phylogenetic diversity and dispersion metrics can be very sensitive to phylogenetic

resolution when the phylogeny is large and when the lack of resolution is basal.

Encouragingly, when the lack of resolution is terminal the loss of statistical power is

greatly minimized.  Lastly, the analyses indicate that researchers are generally prone to

underestimate the phylogenetic diversity and dispersion in communities when

phylogenies are not completely resolved.
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Table 1. A table representing the power to predict MPD, MNND or FI of an assemblage

with the maximal possible phylogenetic diversity estimated using the Greedy Algorithm.

The slopes and r2 values from regressing the MPD, MNND or FI values derived using a

randomly ‘unresolved’ phylogeny onto the MPD, MNND or FI values derived using a

fully resolved phylogeny.  The size of the phylogeny is represented by N and the

percentage of nodes that were ‘unresolved’ is indicated by Rx.  Slopes less than one show

a bias towards under-predicting the phylogenetic diversity in an assemblage and vice

versa for slopes greater than one (see Figure 1).

R20 R25 R30 R35

N m r2 m r2 m r2 m r2

20 0.991 0.994 0.985 0.993 0.988 0.990 0.983 0.983

40 0.982 0.998 1.007 0.999 1.005 0.999 1.010 0.998

80 0.992 0.999 0.998 0.999 0.994 0.999 0.993 0.999

160 0.994 0.989 0.992 0.988 0.988 0.988 0.977 0.985

M
PD

320 1.000 0.995 0.999 0.997 0.999 0.996 0.998 0.995

20 1.010 0.999 0.998 0.995 0.995 0.995 0.993 0.988

40 1.011 0.997 1.001 0.995 1.012 0.992 1.045 0.989

80 0.992 0.996 0.999 0.993 0.999 0.989 1.001 0.985

160 0.981 0.988 1.001 0.988 0.999 0.982 0.997 0.973M
N

N
D

320 1.012 0.988 1.008 0.989 1.039 0.989 1.067 0.982

20 0.939 0.999 0.933 0.999 0.870 0.998 0.869 0.998

40 0.923 0.995 0.920 0.994 0.877 0.994 0.833 0.994

80 0.923 0.996 0.909 0.996 0.888 0.995 0.836 0.995

160 0.911 0.995 0.873 0.995 0.868 0.994 0.864 0.993

FI

320 0.910 0.997 0.863 0.992 0.855 0.989 0.852 0.990
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Table 2. A table representing the power to predict MPD, MNND or FI of an assemblage

with the minimal possible phylogenetic diversity estimated using the Greedy Algorithm.

The slopes and r2 values from regressing the MPD, MNND or FI values derived using a

randomly ‘unresolved’ phylogeny onto the MPD, MNND or FI values derived using a

fully resolved phylogeny.  The size of the phylogeny is represented by N and the

percentage of nodes that were ‘unresolved’ is indicated by Rx.  Slopes less than one show

a bias towards under-predicting the phylogenetic diversity in an assemblage and vice

versa for slopes greater than one (see Figure 1).

R20 R25 R30 R35

N m r2 m r2 m r2 m r2

20 0.993 0.995 0.989 0.995 0.988 0.992 0.985 0.989

40 0.990 0.996 0.990 0.997 1.001 0.996 0.999 0.991

80 0.993 0.998 0.991 0.998 0.993 0.996 0.990 0.988

160 0.994 0.998 0.999 0.996 0.996 0.994 0.986 0.985

M
PD

320 0.993 0.994 0.991 0.994 0.995 0.991 0.996 0.984

20 1.009 0.998 1.008 0.998 1.010 0.997 1.013 0.992

40 1.011 0.999 1.011 0.998 1.013 0.998 1.037 0.985

80 1.011 0.995 1.013 0.996 1.009 0.990 1.052 0.983

160 1.017 0.991 1.023 0.990 1.039 0.983 1.052 0.977M
N

N
D

320 1.023 0.992 1.040 0.988 1.035 0.980 1.077 0.979

20 0.953 0.999 0.950 0.998 0.920 0.998 0.901 0.997

40 0.942 0.998 0.910 0.997 0.907 0.995 0.873 0.996

80 0.933 0.996 0.923 0.995 0.900 0.995 0.870 0.993

160 0.933 0.997 0.904 0.996 0.876 0.994 0.869 0.994

FI

320 0.923 0.995 0.898 0.995 0.845 0.992 0.832 0.991
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Table 3. A table representing the power to predict MPD, MNND or FI of randomly

generated assemblages. The slopes and r2 values from regressing the MPD, MNND or FI

values derived using a randomly ‘unresolved’ phylogeny onto the MPD, MNND or FI

values derived using a fully resolved phylogeny.  The size of the phylogeny is

represented by N and the percentage of nodes that were ‘unresolved’ is indicated by Rx.

Slopes less than one show a bias towards under-predicting the phylogenetic diversity in

an assemblage and vice versa for slopes greater than one (see Figure 1).

R20 R25 R30 R35

N m r2 m r2 m r2 m r2

20 1.016 0.994 1.010 0.993 1.007 0.993 0.997 0.989

40 1.007 0.999 1.007 0.999 1.005 0.999 1.010 0.999

80 0.996 1.000 0.998 1.000 0.994 1.000 0.993 1.000

160 0.950 0.975 1.006 0.999 0.989 0.999 0.964 0.994

M
PD

320 1.003 0.995 1.002 0.995 1.002 0.995 1.002 0.995

20 1.015 0.995 0.998 0.992 0.995 0.990 0.993 0.983

40 1.019 0.996 1.022 0.995 1.020 0.994 1.045 0.991

80 0.990 0.992 1.008 0.991 1.001 0.989 1.003 0.988

160 0.973 0.978 1.033 0.997 0.984 0.984 0.952 0.961M
N

N
D

320 1.026 0.985 1.035 0.986 1.047 0.985 1.052 0.985

20 0.944 0.998 0.923 0.996 0.892 0.996 0.862 0.992

40 0.916 0.994 0.882 0.993 0.857 0.992 0.829 0.990

80 0.920 0.998 0.890 0.997 0.871 0.998 0.853 0.997

160 0.917 0.998 0.888 0.997 0.863 0.997 0.841 0.997

FI

320 0.906 0.996 0.876 0.993 0.850 0.994 0.827 0.995
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Figure 1. A graphical example of potential ways in which polytomies in the phylogenetic

tree may influence different metrics of community phylogenetic diversity. The top panel

is a fully resolved phylogenetic tree and the three different measures of phylogenetic

diversity (MPD, MNND, and FI) using four example assemblages. The MPD is the mean

pair-wise phylogenetic distance between all taxa in the assemblage.  The MNND is the

mean nearest phylogenetic neighbor distance for all taxa in the assemblage.  The FI

(Faith’s Index) quantifies the shared branch lengths between species in an assemblage as

a proportion of the total branch lengths in the species pool phylogeny. The bottom panel

shows the same phylogeny with one node now a polytomy and the same measures of

phylogenetic diversity using this less resolved phylogeny with an increased total branch

length.  In all cases the FI measured is influenced as it represents a proportion of the total

branch length.  The MPD and MNND metrics are not influenced if the polytomy does not

include species in the assemblage, but if it does include species in the assemblage these

metrics may artificially increase or decrease.

Figure 2. A graphical example how potential directional biases in phylogenetic diversity

(Top) and phylogenetic dispersion (Bottom) produced by using phylogenetic trees

containing polytomies were quantified in this study. In the top example, the phylogenetic

diversity (PD) quantified from a phylogeny with polytomies is regressed onto the PD

quantified from a fully resolved phylogeny through the origin.  Slopes greater than one

(finely dashed line) indicates an over-estimation of PD and slopes less than one (coarsely

dashed line) indicates a under-estimation of PD. Thus the slope provides a measure of
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directional bias.  The coefficient of determination is used to determine the correlation

between the two results. In the bottom panel, the NRI value generated for a community

using a phylogeny containing polytomies is regressed through the origin onto the NRI

value generated from the same community using a fully resolved phylogeny (dashed

lines). As in the above example, the expected relationship is a 1:1 line through the origin

(Solid Line). When the slope is greater than one (finely dashed line) shows a bias towards

higher phylogenetic overdispersion and phylogenetic clustering. In other words, a bias

towards non-random phylogenetic structuring (False Positives; Type I Error). When the

slope is less than one (coarsely dashed line) this shows a bias towards lower phylogenetic

overdispersion and phylogenetic clustering. In other words, a bias towards random

phylogenetic structuring (False Negatives; Type II Error).

Figure 3. A figure showing the power to predict NRI and NTI of an assemblage with the

maximal possible phylogenetic diversity estimated using the Greedy Algorithm. The

slopes and r2 values from regressing the NRI and NTI values derived using a randomly

‘unresolved’ phylogeny onto the NRI and NTI values derived using a fully resolved

phylogeny.  The size of the phylogeny is represented by color and dashing of the lines.

Specifically, the number of terminal taxa was 20 (finely dashed grey line), 40 (thickly

dashed grey line), 80 (solid grey line), 160 (dashed black line), and 320 (solid black line).

The percentage of nodes that were ‘unresolved’ is indicated by Rx on the x-axis.  Slopes

less than one show a bias towards under-predicting the phylogenetic diversity in an

assemblage and vice versa for slopes greater than one (see Figure 1).
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Figure 4. A figure showing the power to predict NRI and NTI of an assemblage with the

minimal possible phylogenetic diversity estimated using the Greedy Algorithm. The

slopes and r2 values from regressing the NRI and NTI values derived using a randomly

‘unresolved’ phylogeny onto the NRI and NTI values derived using a fully resolved

phylogeny.  The size of the phylogeny is represented by color and dashing of the lines.

Specifically, the number of terminal taxa was 20 (finely dashed grey line), 40 (thickly

dashed grey line), 80 (solid grey line), 160 (dashed black line), and 320 (solid black line).

The percentage of nodes that were ‘unresolved’ is indicated by Rx on the x-axis.  Slopes

less than one show a bias towards under-predicting the phylogenetic diversity in an

assemblage and vice versa for slopes greater than one (see Figure 1).

Figure 5. A figure showing the power to predict NRI and NTI of randomly generated

assemblages. The slopes and r2 values from regressing the NRI and NTI values derived

using a randomly ‘unresolved’ phylogeny onto the NRI and NTI values derived using a

fully resolved phylogeny.  The size of the phylogeny is represented by color and dashing

of the lines. Specifically, the number of terminal taxa was 20 (finely dashed grey line), 40

(thickly dashed grey line), 80 (solid grey line), 160 (dashed black line), and 320 (solid

black line). The percentage of nodes that were ‘unresolved’ is indicated by Rx on the x-

axis.  Slopes less than one show a bias towards under-predicting the phylogenetic

diversity in an assemblage and vice versa for slopes greater than one (see Figure 1).
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Table S1. A table representing the power to predict MPD, MNND or FI of an assemblage
with the maximal possible phylogenetic diversity estimated using the Greedy Algorithm.
The slopes and r2 values from regressing the MPD, MNND or FI values derived using a
terminally ‘unresolved’ phylogeny onto the MPD, MNND or FI values derived using a
fully resolved phylogeny.  The size of the phylogeny is represented by N and the
percentage of nodes that were ‘unresolved’ is indicated by Rx.  Slopes less than one show
a bias towards under-predicting the phylogenetic diversity in an assemblage and vice
versa for slopes greater than one (see Figure 1).

T20 T25 T30 T35

N m r2 m r2 m r2 m r2

20 0.999 0.999 0.999 0.998 0.998 0.998 0.995 0.996

40 0.999 0.999 0.998 0.999 0.999 0.998 1.000 0.998

80 1.000 0.999 0.999 0.998 1.000 0.998 1.000 0.995

160 0.998 0.999 0.997 0.999 0.998 0.999 0.998 0.999

M
PD

320 0.999 0.998 0.999 0.999 0.999 0.999 1.000 0.997

20 1.000 0.999 1.001 0.999 1.002 0.999 1.002 0.998

40 1.000 0.999 1.000 0.999 1.002 0.998 1.003 0.999

80 1.000 0.999 1.000 0.999 1.001 0.998 1.006 0.998

160 1.003 0.999 1.002 0.998 1.003 0.998 1.006 0.998M
N

N
D

320 1.004 0.999 1.004 0.998 1.004 0.997 1.006 0.996

20 0.999 0.999 0.997 0.999 0.988 0.999 0.981 0.998

40 0.998 0.999 0.988 0.999 0.984 0.999 0.974 0.998

80 0.996 0.999 0.989 0.999 0.985 0.998 0.977 0.996

160 0.986 0.999 0.979 0.998 0.975 0.997 0.969 0.996

FI

320 0.987 0.999 0.979 0.998 0.971 0.997 0.968 0.998
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Table S2. A table representing the power to predict MPD, MNND or FI of an assemblage
with the minimal possible phylogenetic diversity estimated using the Greedy Algorithm.
The slopes and r2 values from regressing the MPD, MNND or FI values derived using a
terminally ‘unresolved’ phylogeny onto the MPD, MNND or FI values derived using a
fully resolved phylogeny.  The size of the phylogeny is represented by N and the
percentage of nodes that were ‘unresolved’ is indicated by Rx.  Slopes less than one show
a bias towards under-predicting the phylogenetic diversity in an assemblage and vice
versa for slopes greater than one (see Figure 1).

T20 T25 T30 T35

N m r2 m r2 m r2 m r2

20 1.000 0.999 0.998 0.999 0.997 0.998 0.991 0.998

40 1.000 0.999 0.998 0.999 1.001 0.999 1.001 0.998

80 1.000 0.999 0.997 0.999 1.001 0.999 1.000 0.997

160 1.000 0.999 0.999 0.999 1.002 0.998 1.002 0.996

M
PD

320 1.000 0.998 0.998 0.997 1.001 0.996 1.002 0.995

20 1.002 0.999 1.003 0.998 1.004 0.997 1.005 0.994

40 1.004 0.999 1.004 0.998 1.004 0.997 1.006 0.993

80 1.004 0.999 1.008 0.999 1.012 0.997 1.019 0.993

160 1.004 0.998 1.006 0.999 1.011 0.998 1.017 0.991M
N

N
D

320 1.008 0.998 1.009 0.995 1.014 0.994 1.019 0.992

20 0.998 0.999 0.995 0.998 0.983 0.998 0.954 0.995

40 0.993 0.999 0.988 0.999 0.981 0.998 0.956 0.995

80 0.986 0.999 0.980 0.999 0.976 0.998 0.955 0.996

160 0.974 0.999 0.973 0.999 0.963 0.998 0.951 0.992

FI

320 0.970 0.999 0.970 0.998 0.962 0.996 0.932 0.991
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Table S3. A table representing the power to predict MPD, MNND or FI of randomly
generated assemblages. The slopes and r2 values from regressing the MPD, MNND or FI
values derived using a terminally ‘unresolved’ phylogeny onto the MPD, MNND or FI
values derived using a fully resolved phylogeny.  The size of the phylogeny is
represented by N and the percentage of nodes that were ‘unresolved’ is indicated by Rx.
Slopes less than one show a bias towards under-predicting the phylogenetic diversity in
an assemblage and vice versa for slopes greater than one (see Figure 1).

T20 T25 T30 T35

N m r2 m r2 m r2 m r2

20 1.000 1.000 0.999 0.999 0.994 0.999 0.987 0.997

40 1.000 1.000 0.999 1.000 1.000 1.000 0.999 1.000

80 1.000 1.000 1.001 1.000 1.000 1.000 1.001 1.000

160 1.000 1.000 1.000 1.000 1.000 1.000 1.001 1.000

M
PD

320 1.007 0.996 1.007 0.996 1.007 0.996 1.007 0.996

20 1.001 0.999 1.000 0.998 0.989 0.996 0.977 0.990

40 1.003 1.000 1.004 0.997 1.005 0.996 1.006 0.996

80 1.006 0.999 1.010 0.999 1.017 0.998 1.021 0.997

160 1.006 1.000 1.011 1.000 1.017 0.999 1.031 0.998M
N

N
D

320 1.019 0.993 1.027 0.993 1.031 0.993 1.042 0.992

20 0.965 1.000 0.945 0.998 0.919 0.997 0.906 0.996

40 0.974 1.000 0.949 0.999 0.929 0.998 0.908 0.998

80 0.971 1.000 0.954 0.999 0.931 0.999 0.907 0.999

160 0.977 1.000 0.960 1.000 0.939 0.999 0.906 0.999

FI

320 0.963 1.000 0.945 0.999 0.929 0.998 0.906 0.998
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Figure S1. A figure showing the power to predict NRI and NTI of an assemblage with
the maximal possible phylogenetic diversity estimated using the Greedy Algorithm. The
slopes and r2 values from regressing the NRI and NTI values derived using a
terminally‘unresolved’ phylogeny onto the NRI and NTI values derived using a fully
resolved phylogeny.  The size of the phylogeny is represented by color and dashing of the
lines. Specifically, the number of terminal taxa was 20 (finely dashed grey line), 40
(thickly dashed grey line), 80 (solid grey line), 160 (dashed black line), and 320 (solid
black line). The percentage of nodes that were ‘unresolved’ is indicated by Tx on the x-
axis.  Slopes less than one show a bias towards under-predicting the phylogenetic
diversity in an assemblage and vice versa for slopes greater than one (see Figure 1).
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Figure S2. A figure showing the power to predict NRI and NTI of an assemblage with
the minimal possible phylogenetic diversity estimated using the Greedy Algorithm. The
slopes and r2 values from regressing the NRI and NTI values derived using a terminally
‘unresolved’ phylogeny onto the NRI and NTI values derived using a fully resolved
phylogeny.  The size of the phylogeny is represented by color and dashing of the lines.
Specifically, the number of terminal taxa was 20 (finely dashed grey line), 40 (thickly
dashed grey line), 80 (solid grey line), 160 (dashed black line), and 320 (solid black line).
The percentage of nodes that were ‘unresolved’ is indicated by Tx on the x-axis.  Slopes
less than one show a bias towards under-predicting the phylogenetic diversity in an
assemblage and vice versa for slopes greater than one (see Figure 1).
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Figure S3. A figure showing the power to predict NRI and NTI of randomly generated
assemblages. The slopes and r2 values from regressing the NRI and NTI values derived
using a terminally ‘unresolved’ phylogeny onto the NRI and NTI values derived using a
fully resolved phylogeny.  The size of the phylogeny is represented by color and dashing
of the lines. Specifically, the number of terminal taxa was 20 (finely dashed grey line), 40
(thickly dashed grey line), 80 (solid grey line), 160 (dashed black line), and 320 (solid
black line). The percentage of nodes that were ‘unresolved’ is indicated by Tx on the x-
axis.  Slopes less than one show a bias towards under-predicting the phylogenetic
diversity in an assemblage and vice versa for slopes greater than one (see Figure 1).
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Figure S4. Box-plots showing the power to predict NRI and NTI of randomly generated
assemblages with different species diversities (x-axis). The slopes and r2 values from
regressing the NRI and NTI values derived using a randomly (top two rows) or a
terminally (bottom two rows) ‘unresolved’ phylogeny onto the NRI and NTI values
derived using a fully resolved phylogeny.  The size of the phylogeny (NTIPS) varies in the
columns from the left to right. Slopes less than one show a bias towards under-predicting
the phylogenetic diversity in an assemblage and vice versa for slopes greater than one
(see Figure 1).



128

APPENDIX D: THE SIMULTANEOUS CONTRIBUTION OF OPPOSING

ASSEMBLY MECHANISMS IN A NEOTROPICAL DRY FOREST: A CHALLENGE

FOR PHYLOGENETIC AND FUNCTIONAL COMMUNITY ECOLOGY

Nathan G. Swenson and Brian J. Enquist

Department of Ecology and Evolutionary Biology
University of Arizona

Tucson, Arizona 85721
U.S.A.

Submitted as an “Article”

RRH: FUNCTIONAL DIVERSITY AND COEXISTENCE

Keywords: functional diversity; functional ecology; community ecology; forest ecology;
spatial scale; tropical forest dynamics plot.



129

Abstract
Species diversity is promoted and maintained by ecological and evolutionary processes

that operate on species attributes through space and time. The degree to which variation

in species attributes promotes the distribution and co-existence of species has been

debated. Previous work has attempted to quantify the relative importance of species

attributes by using phylogenetic relatedness as a proxy for ecological or functional

similarity.  This key assumption may be necessary when quantifying species-specific

function in diverse communities is difficult, but we have not quantified the degree to

which phylogenetic dispersion matches functional dispersion in diverse communities.

Here we quantify the degree of functional trait dispersion along several key axes of tree

life-history variation in a Neotropical dry forest community on multiple spatial scales.

We next compare these results to previously reported patterns of phylogenetic dispersion

in this same forest. We find that on smaller spatial scales, co-existing species are

typically more functionally convergent than expected, but traits related to adult and

regeneration niches are more divergent than expected.  This outcome was repeated when

the analyses were restricted to within size classes. Our results show that on small spatial

scales co-existing species simultaneously converge along several trait axes and diverge

along a few trait axes.  The majority of the trait results stand in contrast to the previously

reported phylogenetic results.  We argue that, while phylogenetic relatedness may serve

as a good multivariate proxy of ecological similarity, it may have a reduced capacity to

depict the functional mechanisms behind species co-existence.
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Introduction
The problem of how and why so many species co-exist continues to be an important

focus in ecology and evolution (Chesson 2000).  Traditional approaches to this problem

have been to analyze the abundance distribution and/or the co-occurrence of species in

assemblages (e.g. MacArthur 1957, 1960; Diamond 1975).  These approaches have been

the cornerstone of community ecology and they have highlighted many mechanisms

potentially responsible for co-existence.  Proposed mechanisms range from niche-based

assembly rules (e.g. MacArthur & Levins 1967; Diamond 1975) to neutral assembly with

dispersal limitation (e.g. Hubbell 1979; Bell 2001; Hubbell 2001). However, it is

becoming increasingly clear that many of the conclusions of these studies appear to be

strongly influenced by the spatial and temporal scale of the study (Colwell & Winkler

1984; Weins 1989; Levins 1992; Swenson et al. 2006, 2007). Given the breadth of

empirical results and the proposed possibility that the centerpiece of most species co-

existence theory, the niche, may be less important than previously thought, ecologists are

now tasked with re-examining species co-existence using alternative approaches. For

example, phylogenetic community ecology (e.g. Losos 1996; Webb et al. 2002),

functional community ecology (McGill et al. 2006) and scaling (Weins 1989; Levins

1992; Weiher & Keddy 1995; Swenson et al. 2006, 2007) are three potentially

complementary alternative lines of enquiry to the problem of co-existence.

Phylogenetic community ecology builds upon a long history of using taxonomic

similarity to address hypotheses regarding community assembly.  For example, genus-to-

species ratios have been used to determine whether or not closely related species are

more likely to co-occur (e.g. Jaccard 1901; Jaccard 1926; Elton 1946; Simberloff 1970;
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Jarvinen 1982). When compared to a null model, a higher than expected genus-to-species

ratio is considered to be evidence of limiting similarity structuring the community (Grant

& Abbott 1980). The central assumption underlying this method is that closely related

species are likely to be more ecologically and functionally similar than distantly related

species. This critical assumption, now often termed ‘phylogenetic niche conservatism’,

was initially assumed by Darwin (1859) to explain local patterns of species co-existence

and the strength of competition. Through the use of phylogenetic hypotheses with branch

lengths, community ecologists are now re-visiting the above research program of

taxonomic relatedness in assemblages using more refined indices of phylogenetic

relatedness.

The rapidly accumulating literature regarding the phylogenetic structure of

communities is largely dominated by analyses of co-existing plants. An initial sampling

of these studies of phylogenetic plant community assembly provides mixed results.

Results range from the observation that closely related species are more likely to co-exist

(Webb 2000; Chave et al. 2007) to distantly related species are more likely to co-exist

(Cavender-Bares et al. 2004).  Still other studies have found minimal phylogenetic

structuring suggesting the potential importance of neutral processes (Kembel & Hubbell

2006).  Additional work has shown that the phylogenetic structure of a community varies

with habitat and is sensitive to the scale of the investigation (Tofts & Silvertown 2000;

Cavender-Bares et al. 2006; Kembel & Hubbell 2006; Swenson et al. 2006, 2007).  The

central conclusions of the vast majority of the above studies rest upon the same central

assumption as the genus-to-species ratio literature, that closely related species are more
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ecologically and functionally similar. It should be noted that this assumption could be

tested and married with patterns of phylogenetic relatedness in assemblages to allow for

stronger inferences regarding the ecological and functional similarity of co-existing

species (Webb et al. 2002).  Despite this, the degree of niche conservatism has been

rarely quantified in the above studies (but see Ackerly 2004; Cavender-Bares et al. 2004;

Swenson et al. 2007).

A priori, it seems reasonable that phylogeny alone may be a sufficient

multivariate proxy of ecological similarity simply due to shared ancestry (Darwin 1859).

However, the niche conservatism assumption may be violated by a few of the traits due to

convergent evolution. Convergent evolution and trait lability makes inferring the actual

functional mechanisms promoting species co-existence from phylogenetic patterns of

association exceedingly difficult.  For example, the overall phenotype may be

phylogenetically conserved, but a few key traits may not be as conserved.  If an

assemblage were composed of species more closely related than expected using a

phylogenetic approach and traits are assumed to be phylogenetically conserved, we

would conclude that all trait axes are converging in a community.  This conclusion would

be robust for most trait axes, but for those few axes that are not conserved we would have

inferred the wrong mechanism. Ultimately, this suggests that information regarding the

functional ecology of species will also be required in order to gain insight into the

mechanism(s) that promote species co-existence (Brooks & McLennan 2002; Cavender-

Bares et al. 2004; McGill et al. 2006). In other words, analyses of the phylogenetic

structure of a community by itself, will not provide the mechanistic detail needed to infer
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which traits/ecologies are influencing the composition of an assemblage at a given spatial

and temporal scale.

Here we build upon a previous phylogenetically-based analysis of community

structure in a neotropical forest (Swenson et al. 2007) and assess the role of functional

traits in species co-existence. We ask whether the dispersion of multiple functional traits

mirror previously reported patterns of phylogenetic dispersion.  Specifically, this paper

focuses on the species-specific trait values from what are believed to be functional trait

axes that represent fundamental trade-offs shared by land plants (Westoby 1998;

Westoby et al. 2002; Westoby & Wright 2006).  Using each trait axis, and a combination

of these axes as measured by multivariate scores, we first quantify the relationship

between trait variation and species richness on multiple spatial scales.  Next, we quantify

the degree of dispersion in trait values along spatial and size scaling axes using a null

model controlling for species richness and occupancy rates.  Our analyses follow the

same methodology as the previous phylogenetically-based analysis using the exact same

community (Swenson et al. 2007).  Our analyses indicate that the scale-dependence of

phylogenetic dispersion is often different from the scale-dependence of functional trait

dispersion.  Here it is important to note, that the previous phylogenetic study found that

all of the traits analyzed in this study had a large degree of phylogenetic signal, an often-

used indicator of phylogenetic trait conservatism.  Thus the present trait dispersion results

were generally the polar opposite of what was expected. We argue that two alternative

fundamental mechanisms of community assembly are simultaneously operating on

different and orthogonal trait axes. In particular, we show that abiotic filtering and biotic
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interactions can be equally important at the same spatial scale, a result that could not be

detected using just a phylogeny. Lastly, in order to outline when and why phylogenetic

and functional analyses are similar or dissimilar when traits appear to be phylogenetically

conserved, we also quantify the relative evolutionary timing of trait divergences.

Methods
Study Location

The following study was conducted in the San Emilio Forest Dynamics Plot (SEFDP)

located in Santa Rosa National Park, Area de Conservación Guanacaste, Guanacaste

Province, Costa Rica.  This forest is characterized as seasonally dry with the majority of

the annual rainfall (~1500mm) occurring between the months of June and December.

The SEFDP is 16 ha in area and has been censused in 1976, 1996, and 2006 (Hubbell

1979; Enquist et al. 1999; Swenson & Enquist unpublished data).  During each census

the diameter and spatial position of every woody stem 3 cm or greater in diameter 1.3 m

from the ground was recorded.  For the purposes of this study, which is only concerned

with the tree community, all lianas measured in each census were excluded from the

analyses.  All of the analyses and results presented were generated from the 1996 census

data.

Functional Traits That Characterize Central Life History Axes

For the purpose of this study we selected six plant functional traits that are often cited as

representing the fundamental functional trade-offs that define how species differentiate

from each other. Specifically, we quantified leaf area, the specific leaf area (SLA), leaf
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succulence, wood specific gravity, maximum height and seed mass. Three of these traits

(SLA, seed size, and maximum height) have been identified as characterizing the

“leading dimensions of ecological variation across plant species” (Westoby et al. 2002).

We acknowledge upfront that alternative traits are also likely of importance in this

system (i.e. additional reproductive traits; plant defense traits)

The functional traits we measured are often cited as reflecting fundamental trade-

offs in plant form and function.  Variation in leaf area is thought to reflect a trade-off

between the laminar area deployed for light capture and increased leaf temperatures due

to an increased boundary layer (Dolph & Dilcher 1980).  Specific leaf area (SLA: ratio of

leaf area to dry leaf mass) is often cited as representing a trade-off between low

construction costs, high photosynthetic rates and short leaf life spans versus high

construction costs, low photosynthetic rates and long leaf life spans (Reich et al. 1997;

Wright et al. 2004).    Leaf succulence (i.e. leaf water content per unit area) represents a

trade-off between long persistence and low productivity versus short persistence and high

productivity (Garnier & Laurent 1994).  Wood specific gravity represents a trade-off

between high volumetric growth rates, low construction costs and high mortality rates

versus low volumetric growth rates, high construction costs and low mortality rates

(Enquist et al. 1999; Swenson & Enquist 2007).  Maximum height represents the position

of a species along its adult light niche (Kohyama 1993; Aiba & Kohyama 1997;

Kohyama et al. 2003).  Finally, seed mass represents a trade-off between producing many

small seeds per unit energy versus producing a few large seeds per unit energy (Venable

1996; Moles & Westoby 2006).
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Functional Trait Measurement
Sun exposed leaves were collected from 3-5 individuals of each species from within the

SEFDP.  Leaves were collected from a similar position in the canopy. Specifically leaves

were collected from the outer canopy. Care was taken not to sample senescing or heavily

damaged leaves. All leaves had their fresh leaf area measured using a handheld leaf area

meter and had their masses recorded before and after being dried for two days at 60°C or

until their mass stabilized.  These measurements were used to calculate leaf area, specific

leaf area (SLA; ratio of area to dry mass) and leaf succulence ((wet mass – dry mass) /

leaf area).

Wood cores were collected using an increment borer at 100 cm from the ground

for 2-3 individuals of each tree species recorded in the SEFDP during the 1996 census.

For shrub species we took a basal stem section from 2-3 individuals.  As this process

resulted in the destruction of the plant, all individuals were taken from along roadsides

where plants are subject to pruning or from areas near fire-breaks where the forest is

occasionally burned in order to prevent the spread of fires into the National Park. All

cores and sections had their length and diameter measured immediately in the field after

the cortex was removed.  We calculated the green volume of the core or section using

these measurements. A water displacement method would have provided a more precise

wood specific gravity value and would be preferred, but for various reasons this method

was not possible at the field location.  The wood samples were then dried in a drying

oven at 60°C for two days or until their mass stabilized.  Wood specific gravity was

calculated as the ratio of dry mass to green volume.
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The maximum height of each species was recorded using literature sources

(Online Supplemental Material).  If there was substantial variation in the reported

maximum heights for a species we utilized the value from the region most climatically

similar to the SEFDP (i.e. tropical dry forest).  Those species 33 species that did not have

a maximum height in the literature had their maximum heights estimated from field

measurements of the largest known individual in Santa Rosa National Park.  The heights

of individuals were measured using a range finder while standing directly under the

canopy of the tree.

Seed mass was obtained for 54 of the 139 species in the SEFDP from the KEW

Millennium Seed Database (http://ftp.rbgkew.org.uk/msbp/index.htm) and from personal

field collections by NGS.  For those 45 species we did not have a species-specific value

we estimated the value as the mean of the con-generic values.  Although this is not a

preferred method, most of the global variation in seed mass is contained in taxonomic

levels higher than genera (Moles et al. 2005) and the results using the PCA scores in this

study were not differentially affected by the use of seed mass.

Lastly because some of the six functional traits measured were highly correlated

(Table 1) and we wanted to determine the multidimensional functional similarity between

species we conducted a principle components analysis (PCA) between the 139 species in

the 1996 census.  The first axes of the PCA space captured 65.9% of the variance (leaf

area and seed mass) and the second axis explained an additional 24.0% of the variance

(leaf area, seed mass and maximum height).  Therefore we used the PCA1 and PCA2

scores as composite measurements of functional similarity for the spatial scaling
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analyses.  For the analyses that included maximum height quartiles we excluded

maximum height and re-calculated the PCA1 and PCA2 scores. The first PCA axis was

again represented by leaf area and seed (68.9% of variance) and the second axis was

represented by leaf area, seed mass and SLA (24.5% of variance).

Spatial Scaling Analyses

In order to account for the influence of scale we examined trait convergence and

divergence at six spatial scales in this study.  For each spatial scale we divided up the

SEFDP into quadrats and recorded the presence of all species in each quadrat.  The

spatial scales used were 25m2, 100m2, 400m2, 2,500m2, and 10,000m2.  Within each

quadrat we calculated the standard deviation of species-specific trait and PCA values

present in the quadrat (TSDobs). Next, we quantified the relationship between the

observed variation in the six traits and two PCA scores with the quadrat species diversity

at all spatial scales.

In order to determine whether increased trait diversity within quadrats was

different than what is expected given their species richness we generated 1000 random

assemblages for each quadrat at each spatial scale within the SEFDP using an

Independent Swap (Gotelli and Entsminger 2001).  For each of these random

assemblages we calculated the standard deviation of species-specific trait and PCA

values present.  This null distribution was used to determine whether the observed

standard deviation in trait and PCA values (TSDobs) was larger, smaller or no different

than expected.  Specifically we calculated a standardized effect size as follows:
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Zsd = (TSDobs – TSDnull)/ TSDsdnull

Where, TSDnull is the mean value of the null distribution of random assemblage trait

distributions and TSDsdnull is the standard deviation of the null distribution (Gotelli &

Graves 1996).  We then tested whether the median Zsd for all of the SEFDP quadrats was

different from a null expectation of zero using a Wilcoxon Test.

Size Class Analyses

A previous phylogenetic study of this forest has shown that within trees that will

eventually reach the canopy, the degree of phylogenetic relatedness increases when only

small individuals are examined and relatedness decreases when only larger individuals

are examined (Swenson et al. 2007).  This was taken as evidence that as cohorts age,

closely related individuals tend to be competitively excluded because closely related

species are likely functionally similar (Swenson et al. 2007). Here we test whether co-

existing species are really more functionally divergent in larger individuals.  This was

done first by splitting the species into maximum height quartiles.  Within each quartile

we separated the species into size bins based upon their diameters at breast height (3-

4.9cm, 5-9.9cm, 10-14.9cm, and 15+cm).  Next, we divided the SEFDP into 400m2

quadrats and examined the degree of trait convergence and divergence in each size bin

for each quartile in each quadrat using the same randomization methods described above.

The deviation from expected was again quantified by using a Wilcoxon Test.
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Relative Timing of Functional Trait Divergences

In previous work in this forest we have shown that some of the traits in this study have

significant phylogentic signal (sensu Blomberg et al. 2003) on average across the

phylogeny (Swenson et al. 2007).  The measurement of phylogeny-wide phylogenetic

signal in a trait is often used an indicator of phylogenetic niche conservatism in

phylogenetic community ecology (e.g. Ackerly 2004; Cavender-Bares et al. 2004;

Swenson & Enquist 2007).  Here we refine this approach in order to gain deeper insights

into how differential phylogenetic patterns of functional trait evolution produced

similarities and dissimilarities in the present functional trait dispersion results and the

empirical patterns we have reported previously using phylogenetic dispersion and

phylogenetic signal (Swenson et al. 2007).  Specifically, we test the following

hypotheses. If traits have there largest divergences skewed terminally on the phylogeny,

then phylogenetically-based dispersion metrics would misrepresent actual trait dispersion

between co-existing species.  If traits have there largest divergences skewed basally on

the phylogeny, then phylogenetically-based dispersion metrics would represent actual

trait dispersion between co-existing species.

Here we perform a phylogenetic analyses that examines the relative timing of

large divergences for each trait and PCA score on a phylogenetic supertree of the SEFDP.

To do this we first generated a phylogenetic supertree using the software Phylomatic

(Webb & Donoghue 2005). We next resolved some of the larger polytomies using

recently published phylogenies (ie. Malpighiales: Davis et al. 2005) as described in
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Swenson et al. (2006, 2007).  Species-specific trait values were arrayed across the tips of

the phylogeny. At each internal node of the phylogeny the root mean square deviation of

descendent trait values was calculated (Moles et al. 2005; Swenson & Enquist 2007).

This is analogous to a standard deviation of descendant trait values weighted by branch

lengths.  This procedure produced an observed divergence size at each internal node.

Next, all trait values were permutated across the tips of the phylogeny 1000 times.

During each iteration, a divergence size was calculated for each internal node thereby

producing a null distribution of divergence sizes for each node that could be compared to

the observed value. This was repeated for all traits and both PCA scores using the

software Phylocom (Webb et al. 2004). The observed rank of the observed divergence

size in the null distribution was recorded and plotted against the age of the node.  Last, a

locally-weighted regression was then calculated for each trait to qualitatively examine

whether one trait tended to have lower or higher than expected divergence sizes than

another trait at any point along the phylogeny.

Results
Spatial Scaling Results

We initially quantified the relationship between quadrat species richness and the standard

deviation of species-specific trait values in the quadrat.  We found that species richness

and variation in trait values were generally positively correlated with the strength of the

relationship increasing as the spatial scale of the analysis decreased (Fig. 1). The

significance of the relationship disappeared for some traits as the spatial scale increased
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while for others the relationship remained strong (Fig. 1). In some cases the breakdown in

the relationship was likely due to a reduction in statistical power.

As it is difficult to discern whether the observed variation in trait values within a

quadrat is simply due to variation in species richness or biotic interactions, we conducted

a null model analyses that controlled for species richness within quadrats and quadrat

occupancy rates across the SEFDP.  At larger spatial scales the variation in trait values in

a quadrat was generally no different from the random expectation (Fig. 2).  At meso-

scales trait variances were also generally no different from the random expectation with a

few showing higher convergence than expected (Fig. 2).  At the smallest spatial scales

(i.e. 25m2) the dispersion for every trait and PCA score was non-random.  We found that

the majority of traits and both PCA scores showed high values of convergence (Fig. 2).

Thus, co-existing species were more functionally similar than expected.  However, there

were two trait axes that violated this general pattern.  Seed mass and maximum heights

had more variation than expected (Fig. 2).  This ultimately suggests that, for the traits

examined, co-existing species in this diverse tropical forest are generally functionally

convergent with divergence occurring on only a few trait axes.

Size Class Results

The maximum height of individuals was shown to be highly divergent among co-existing

species in the studied forest (Fig. 2).  However, our central question is, within groups of

species sharing a similar maximum height, does trait variation change directionally as

cohorts age?  Across all four maximum height quartiles, generally all traits were more
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convergent between co-existing species than expected (Fig. 3).  As the diameter size class

within a height quartile increased there was generally no change in the degree of

convergence or a slight increase in convergence.  The lack of signal in larger diameter

size classes in the first and second maximum height quartiles was likely due to a lack of

statistical power. The increase in convergence would suggest non-random increase in

mortality in functionally dissimilar species within cohorts. This is opposite to the patterns

reported for phylogenetically-based tests in this forest that showed increased

phylogenetic overdispersion with increasing size bins of canopy tree species (Swenson et

al. 2007). However, the general pattern of increased convergence to no change in trait

variation with time did not hold for seed mass. For seed mass we observed a slight

increase in trait divergence with size class across all maximum height quartiles.  This

suggests that as cohorts age within maximum height quartiles there is a non-random

increase in mortality for species sharing similar seed masses.  The seed mass result is

consistent with the phylogenetic dispersion with size class results reported previously

(Swenson et al. 2007). In other words, the critical trait responsible for phylogenetic

overdispersion for large trees at small spatial scales may be seed mass.

Timing of Trait Evolution Results

In an effort to uncover what may cause the observed incongruence between the

present trait-based analyses and a previous phylogenetically-based analysis of this forest

we examined the relative timing of divergences for each trait.  The test examined the

continuous distribution of divergence sizes along the entire phylogenetic supertree.
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Basally and terminally, seed mass and maximum height were generally more conserved

(i.e. had stronger phylogenetic signal) than the remaining traits (Fig. 4).  Although wood

specific gravity was as conserved as seed mass and maximum height terminally. It should

be reiterated that genus means were used for the majority of seed masses in this study.

This clearly biases the present tests toward a high degree of phylogenetic signal

terminally in this data and caution should be taken when interpreting the seed mass

phylogenetic conservatism results. None-the-less, the terminal conservation of maximum

height and the lack of terminal conservation in all other traits suggests why analyses

based solely on phylogeny and measurements that quantify the average degree of

phylogenetic conservatism across a large phylogeny can be misleading in studies of

phylogenetic community structure.

Discussion
Spatial Scaling

The present study was designed to ask if, in the same forest, does observed variation in

functional trait dispersion for several key traits match patterns of phylogenetic dispersion

when these traits were found to have a high degree of phylogenetic signal (Swenson et al.

2007)?  The answer appears to be both ‘yes’ and ‘no’.   We point to the patterns of

dispersion across spatial scaling axes.  Specifically, on small spatial scales the functional

trait dispersion, unlike the phylogenetic dispersion results, of co-existing species tended

to be a non-random and clustered subset of the species pool (Fig. 2).  Phylogenetic

analyses, for this same forest, revealed random phylogenetic dispersion (Fig. 1 in

Swenson et al. 2007).  The present analyses of trait dispersion show that, on small spatial
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scales four of the six functional traits and both PCA scores were more clustered, but that

within assemblages on small scales the remaining two traits (seed size and asymptotic

height) were divergent.

We suggest that the simultaneous functional convergence and divergence found in

the present study may largely explain why we found a random phylogenetic dispersion in

our original work.  Thus, interestingly, analyses of phylogenetic dispersion that produce a

random result do not necessarily imply that there is no functional mechanism of co-

existence in the community analysed.  In fact, it could be the exact opposite where

orthogonal trait axes are simultaneously being influenced by abiotic filters and limits to

similarity.

As mentioned above, the majority of the traits examined in this study show a high

degree of convergence in small-scale assemblages.  In other words, in this forest, at small

spatial scales, co-occurring trees are more similar in leaf and wood traits than expected

by chance.  This suggests that the local abiotic template allows for the co-existence of

only a winnowed functional subset of the species pool.  Grime (2006) recently proposed

that local scale functional convergence in plant communities should be found in trait axes

related to productivity. In particular, traits such as relative growth rate, leaf life span, and

leaf nutrients should be locally convergent.  The present study does not directly measure

any of these traits, but it does quantify correlates of each. Specifically, SLA is known to

strongly correlate with leaf life span (negative correlation), leaf nutrients such as nitrogen

and phosphorus (positive correlation) and maximum photosynthetic rates (positive

correlation)(Reich et al. 1991, 1997; Westoby et al. 2002; Wright et al. 2004). Volumetric
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growth rates of trees are known to correlate with WSG (Enquist et al. 1999).  Lastly,

recent theoretical work suggests that these leaf and wood traits may be fundamental in

predicting plant biomass production or relative growth rates (Enquist et al. 2007).  For

each of the traits mentioned above that are linked to plant productivity, we find a high

degree of local functional convergence (Fig. 2).  Thus the hypothesized general

convergence of productivity related traits in temperate herbaceous communities proposed

by Grime and colleagues (Thompson et al. 1996; Grime 2006), appears to be applicable

to the present tropical tree community.

Importantly, there were two trait axes in the present study, maximum height and

seed mass, which disobeyed the general finding of functional convergence on small

scales.  Both of these traits were found to be locally divergent.  The maximum height of a

species is representative of its adult niche and eventual vertical position in the canopy.

Previous empirical and theoretical evidence has suggested that this trait may be important

in promoting species diversity and co-existence in light limited forested ecosystems (e.g.

Thomas & Weiner 1989; Kohyama et al. 2003; King et al. 2006).  Our present results

lend further support to the importance of this trait in promoting species diversity and co-

existence in tropical forests.

Seed mass represents a fundamental trade-off between producing many small

seeds with versus few large seeds per unit energy (Venable 1996; Moles & Westoby

2006).  Seed mass has also been suggested to be a good indicator of the regeneration

niche of a species (Grubb 1977). For example, production of many small seeds allows a

species to quickly regenerate in a disturbed area (i.e. a light gap) and production of a few
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large seeds allows a species to persist under low light conditions (i.e. forest understory).

The seed mass results presented suggest that species may differ in their regeneration

niche thereby allowing for local co-existence.  Thus, the functional divergence in seed

mass also supports the prediction of Grime and colleagues (Thompson et al. 1996; Grime

2006) that the traits that should diverge locally should be related to disturbance and

regeneration.  Lastly, the combined maximum height and seed mass results suggest that

the answer to the long-standing question of whether species are adapted to their adult

niche or regeneration niche (e.g. Poorter 2007) may be that they are adapted to both.

Future work will be needed on this topic as the traits used in this study to represent the

adult and regeneration niche of each species are correlated (Table 1) and our results may

be specific to our study system.

Size Scaling
Along with spatial scale, communities may differentially converge or diverge

functionally as cohorts age.  Previous phylogenetic analyses in this forest have shown

that as one examines larger diameter individuals within a maximum height size class the

degree of phylogenetic overdispersion increases suggesting that as cohorts age they

represent a more divergent phylogenetic subset of the species pool (Swenson et al. 2007).

We tested this possibility by examining the functional dispersion in diameter size classes

of co-existing individuals that will attain similar maximum heights. In general, co-

existing species tended to be functionally convergent no matter the diameter size class or

maximum height quartile examined (Fig. 3). If anything communities may become more

convergent as diameter size class increases.  Although it should be noted that seed mass
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did become slightly more divergent in large diameter size classes.  Aside from the seed

mass result, the functional trait dispersion results in this study are the opposite of the

phylogenetic dispersion results from this forest (Swenson et al. 2007).

Phylogenetic – Functional Mismatch

The result that the previous phylogenetic dispersion results from this forest did

not match the present functional trait dispersion results from this forest was surprising.

This is because, it has been widely assumed that through measuring the phylogenetic

signal in a trait and the phylogenetic dispersion of species in a community one can safely

infer the dispersion of that trait in the community (e.g. Webb et al. 2002; Cavender-Bares

et al. 2004; Swenson et al. 2007).  The present results show that this is simply not the

case in this system where we have traits with a high degree of phylogenetic signal and

communities that are phylogenetically overdispersed.  Thus we would infer using a

strictly phylogenetic approach that the traits would also be overdispersed.  In this study

we find the exact opposite result.  The present results therefore find our original

conclusions in this system tenuous and suggest that previously reported results from other

systems should be re-examined.

In an effort to uncover how and why the observed disparity between phylogenetic

and functional dispersion exists in this forest we performed a phylogenetic analysis that

quantified the relative timing of large divergences in each of the traits in the present

study. We found that maximum height and seed mass tend to be more phylogenetically

conserved basally and terminally on the phylogeny with the other traits being generally
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more labile throughout the phylogeny (Fig. 4).  This suggests that analyses based only on

phylogenetic relatedness would be very unlikely to predict the dispersion of these traits,

but may be robust in predicting the dispersion of seed mass and maximum height in this

forest.  Ultimately, while a phylogeny may serve as a robust composite multivariate

representation of species ecological similarity, it may have a reduced ability on its own to

uncover the functional mechanisms behind co-existence and potentially other metrics of

trait conservatism will need to be considered in the future.

Conclusions

The present study was designed to examine the role of functional similarity in promoting

species diversity and co-existence in a diverse tropical forest and whether previous

phylogenetic analyses in this forest accurately predicted the degree of functional

similarity.  We have found that phylogenetic dispersion does not accurately predict the

dispersion of all functional traits in this forest and this is likely due to the distribution of

large trait divergences along the phylogenetic tree and that the use of phylogeny-wide

phylogenetic signal may be a poor indicator of trait conservatism.  In contrast to previous

phylogenetic analyses, we find that locally co-existing species tend to converge on

multiple trait axes.  This is presumably due to abiotic filtering.  Interestingly, co-existing

species simultaneously diverge on a few key trait axes presumably due to biotic

interactions such as competition or facilitation. We argue that the combined influence of

abiotic and biotic processes produced the random phylogenetic structure uncovered

previously on small spatial scales in this forest.



150

The presented functional trait results are similar to those reported for temperate

herbaceous communities suggesting that our results may be general (e.g. Thompson et al.

1996; Grime 2006).  Future work will need to quantify whether similar trait dispersion

patterns can be found in other tropical forests and ecosystems. Also, the present work

does not examine the role of many other reproductive traits and traits involved in

herbivore defense.  Both may be important in structuring tropical forest communities

(Janzen 1970).  Lastly, we have shown that multiple traits associated with productivity

converge on similar environments on very local scales.  These traits are also known to

converge on similar environments along broad environmental gradients.  This suggests

that these traits may prove useful in predicting small- and large-scale community

responses to changing climates.

In summary, we have shown that phylogenetic dispersion and trait dispersion are

not always congruent even when using measurements of the mean phylogenetic signal in

trait data across a phylogeny.  We have implemented alternative approaches to depict trait

evolution as a first step towards the development of novel indices of phylogenetic

conservatism that are needed in the field phylogenetic community ecology in lieu of

measuring phylogeny-wide mean phylogenetic signal. Last, we have argued that multiple

assembly mechanisms are likely simultaneously operating on multiple orthogonal

functional axes and that analyses of only phylogenetic relatedness are not likely to detect

this detail.  Thus additional work will be needed to marry functional and phylogenetic

community ecology methodologically and conceptually.  None-the-less, the methodology
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that we have outlined here provides a foundation by which to merge phylogenetic and

functional community ecology.
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Table 1. All pair-wise Pearson’s correlations between the six functional traits used in this

study. LA = leaf area; SLA = specific leaf area; LS = leaf succulence; WSG = wood

specific gravity.

LA SLA LS Maximum

Height

Seed

Mass

WSG

LA 1.00 0.17 0.02 0.38 0.13 -0.26

SLA - 1.00 -0.22 -0.01 -0.34 -0.25

LS - - 1.00 -0.01 0.01 -0.31

Maximum

Height

- - - 1.00 0.33 -0.11

Seed Mass - - - - 1.00 0.11

WSG - - - - 1.00
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Figure 1. The correlation between quadrat species richness and trait variance for all

quadrats plotted against spatial scale. LA = leaf area; SLA = specific leaf area; LS = leaf

succulence; WSG = wood specific gravity; HEIGHT = maximum height; SEED = seed

mass; PCA1 =  PCA1 score; and PCA2 = PCA2 score. Asterisks indicate a significant

correlation between trait variance and species richness at that spatial scale.

Figure 2. The relationship between spatial scale and functional trait dispersion in the San

Emilio FDP.  LA = leaf area; SLA = specific leaf area; LS = leaf succulence; WSG =

wood specific gravity; HEIGHT = maximum height; SEED = seed mass; PCA1 =  PCA1

score; and PCA2 = PCA2 score. Positive Z-scores indicate trait values in an assemblage

are more dissimilar than expected by chance.  Negative Z-scores indicate trait values in

an assemblage are less dissimilar than expected by chance.  Error bars are 95%

confidence intervals.  Asterisks indicate significant deviations from a null expectation

using a Wilcoxon Test.
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Figure 3. The relationship between functional trait dispersion in different sized

individuals in the four height quartiles in the San Emilio FDP.  Size Class 1 = 3-4.9cm

stem diameter. Size Class 2 = 5-9.9cm stem diameter. Size Class 3 = 10-14.9cm stem

diameter. Size Class 4 = 15+cm stem diameter. LA = leaf area; SLA = specific leaf area;

LS = leaf succulence; WSG = wood specific gravity; HEIGHT = maximum height; SEED

= seed mass; PCA1 =  PCA1 score; and PCA2 = PCA2 score. Positive Z-scores indicate

trait values in an assemblage are more dissimilar than expected by chance.  Negative Z-

scores indicate trait values in an assemblage are less dissimilar than expected by chance.

Error bars are omitted for clarity.  Asterisks indicate significant deviations from a null

expectation using a Wilcoxon Test.

Figure 4. Locally-weighted regressions (66% weighting window) of divergence size

quantile scores of internal nodes of the supertree versus the node age. LA = leaf area;

SLA = specific leaf area; LS = leaf succulence; WSG = wood specific gravity; HEIGHT

= maximum height; SEED = seed mass; PCA1 =  PCA1 score; and PCA2 = PCA2 score.

Higher quantile scores indicate a higher than expected observed divergence size.  Lower

quantile scores indicate a lower than expected observed divergence size.
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Figure S1: Locally-weighted regressions (66% weighting window) of divergence size

quantile scores of internal nodes of the supertree versus the node age. LA = leaf area;

SLA = specific leaf area; LS = leaf succulence; WSG = wood specific gravity; HEIGHT

= maximum height; SEED = seed mass; PCA1 =  PCA1 score; and PCA2 = PCA2 score.

Higher quantile scores indicate a higher than expected observed divergence size.  Lower

quantile scores indicate a lower than expected observed divergence size.
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Abstract
Over the past three decades there has been a concerted effort to study the long-term

dynamics of tropical forests throughout the world.  Data regarding temporal trends in

assemblage species diversity, species composition and species-specific demographic rates

have now been amassed. Despite this work, less is known about temporal trends in the

phylogenetic and functional diversity in tropical forests. Further we have only a handful

of studies that quantify directional shifts in the functional and phylogenetic composition

in tropical forests in response to natural and unnatural disturbance.  The present study

uses data from three censuses spanning 30 years in a Neotropical dry forest dynamics plot

to provide novel insights into how the functional and phylogenetic composition of a

tropical forest has changed through time.  Specifically we: (i) quantify long-term trends

in species, phylogenetic and functional diversity; (ii) test whether the successional and

climatic history of the forest studied has influenced phylogenetic and functional

similarity in assemblages though time; and (iii) whether phylogenetic and functional

diversity is more dynamic on smaller spatial scales or equally dynamic across all spatial

scales.
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Introduction
Tropical forests serve as a significant carbon sink slowing the accumulation of carbon

dioxide, a greenhouse gas, in the atmosphere (Phillips et al. 1998). A recent paradigm in

global change biology is that tropical forests are extremely sensitive to climate change

and that small natural or unnatural perturbations to these ecosystems can have a large

impact on the global carbon cycle (Overpeck et al. 1990; Phillips et al. 1998; Lal et al.

2000).  As such an increasing emphasis has been placed on quantifying species-specific

responses to natural and unnatural disturbance in tropical tree communities and to

determine if these responses vary in a predictable manner (e.g. Losos and Leigh 2004;

Condit et al. 2006; Laurance et al. 2006).  This research program therefore requires long-

term monitoring of the biodiversity in large forest plots and an intimate knowledge of

species-specific variability in plant functional strategies.

Since the late 1970’s several large long-term forest dynamics plots (FDPs) have

been established across the tropics largely to study tropical tree population demographics

(Losos and Leigh 2004).  An intriguing result emerging from many of these FDPs is that

populations of tropical tree species often respond non-randomly when the system is

perturbed (Zimmerman et al. 1994; Condit et al. 1996, 2004; Condit 1998; Ravindranath

and Sukumar 1998; Laurance et al. 2006). Such studies have often quantified changes in

the abundance, diversity, and distributional patterns of the species in the FDP. Less often

have researchers quantified the phylogenetic and functional diversity in these forests or

analyzed long-term compositional changes in the light of species-specific function (but

see Zimmerman et al. 1994; Laurance et al. 2006).
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Numerous studies have assessed the physiological responses of relatively few

focal species to climatic change or forest disturbance (e.g. Bullock 1997; Gilbert et al.

2001; Enquist and Leffler 2001; Engelbrecht and Kursar 2003). These physiological

studies have generally found that individual species have distinct responses to climate

change.  Fewer studies have been conducted on the responses of entire tropical forest

communities to climate change or disturbance.  Perhaps the best example comes from

Condit et al. (1998) who describe large compositional shifts in the Barro Colorado Island

(BCI) FDP in response to a particularly severe El Nino event in the 1980’s.  In particular,

Condit et al. found that species typically found in mesic habitats on BCI tended to have

much lower stem densities post-El Nino that those species that are typically found in

more xeric habitats.  Taken together these results suggest that species-specific variability

in function and life-history may drive non-random alterations in the functional

composition of tropical tree assemblages.  Therefore, in order to understand the link

between climatic variability, disturbance, local diversity, and forest functioning a detailed

understanding of functional diversity is needed.

As stated above the emergence of multiple tropical FDPs has allowed tropical

ecologists to reap the benefits of having the critical baseline long-term data necessary to

understand the response of tropical forests to climatic variability.  Despite this progress

these FDPs have been disproportionately placed in tropical rain forests with very few

active FDPs in what is perhaps the most threatened tropical forest type, the seasonally dry

tropical forest.  Seasonally dry tropical forests have been particularly susceptible to

destruction largely due to their relatively more hospitable climates, susceptibility to fire,
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and comparatively rich soils (Murphy and Lugo 1986; Janzen 1988; Pennington et al.

2006). This makes the existing dry forest FDPs uniquely valuable, as they are the only

ongoing efforts to collect the baseline needed to understand dry forest temporal

dynamics. In the neo-tropics, the dry tropical forests in Central America have been

subjected to anthropogenic disturbance in the form of fire and ranching leaving

approximately only 2% of these forests intact with less that 50% of that designated as

protected land (Janzen 1988). Thus, many Central American dry forests are now highly

degraded and those that are located in protected land are regenerating from previous

disturbance. The functional composition of these forests is thus likely shifting as they

regenerate.  For example, it is expected that late-successional forests will have denser

woods, larger seeds and taller maximum heights as compared to early-successional

forests  (Grubb 1977, ter Steege and Hammond 2001) and it may also be expected that a

thinning of similar functions will occur after the original stages of re-colonization. Thus,

one would expect long-term directional trends in the mean function in these forests as

well as a gradual thinning of similar species.

Compounding the problem of destruction of the seasonally dry tropical forest in

Central America by humans is the documentation of a long-term drying trend along the

Pacific coast of Costa Rica likely due to the increased frequency of El Nino events

(Vargas and Trejos 1994; Borchert 1998; Oberhauer et al. 1999).  The observed drying

trend in Costa Rican dry forests is problematic because the local tree species phenology,

physiology and life-history is tightly linked to seasonal rhythms in precipitation (e.g.

Reich and Borchert 1984; Sobrado 1986; Borchert 1994; Holbrook and Franco 2005).
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Therefore, it would be expected that the dry forests in this region would be undergoing a

shift in function.  We would expect compositional changes in the forests to be related to

species-specific functional traits related to water use and temperature. Specifically, we

would a general decline in community-wide leaf area and specific leaf area (dry mass per

unit leaf area) values and a general increase in community-wide wood density (ter Steege

and Hammond 2001). Ultimately the effect of this drying trend on the fate of primary and

regenerating Central American tropical dry forests can not be understood without detailed

long-term data from these forests and an in depth understanding of how these same

forests are functionally altered during succession and as the climate shifts.

The following study utilizes 30 years of data from a FDP in the dry forests of

northwestern Costa Rica to provide the first detailed analysis of long-term trends in the

species, phylogenetic and functional components of biodiversity in a tropical forest.  This

is followed by analyses of how the functional and phylogenetic composition has been

altered over the past 30 years in this FDP as it has regenerated and been subjected to a

general reduction in annual rainfall. Specifically, we ask: (i) has the species, phylogenetic

and functional diversity declined through time in this forest; (ii) if so, has the forest lost

peripheral functions and clades potentially due to increasingly xeric conditions during the

1980’s and 1990’s or have similar functions or lineages been thinned through time as

would be expected in a successional forest; (iii) has the mean function of forest

assemblages shift, and if so, have the traits shifted in a direction expected from

successional processes and/or increasingly xeric conditions; and (iv) are the three
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components of biodiversity in equilibrium across multiple spatial scales across the three

censuses.

Methods
Study Location

This study was conducted in the San Emilio Forest Dynamics Plot (SEFDP) located in

Santa Rosa National Park, Area de Conservación Guanacaste, Guanacaste Province,

Costa Rica.  The forest is a seasonally dry tropical forest with a distinct wet (June –

December) and dry (January – May) season with the annual rainfall totaling

approximately 1500mm. The annual rainfall over recent decades seems to have declined

in this region (Borchert 1998) likely due to an increasing El Nino frequency, but this

declining trend may have leveled off during the late 1990’s and 2000’s. The SEFDP has a

dynamic history with portions of the plot being heavily disturbed with some of the FDP

being a banana plantation as recently as 80 years ago and other portions being selectively

logged and subjected to cattle grazing even more recently (D. Janzen Personal

Communication).  Thus the SEFDP, like most Central American dry forests, is a

successional forest with the stage of succession varying spatially.

The SEFDP was originally censused in 1976 by Steven Hubbell and George

Stevens where all woody stems greater than or equal to 3cm diameter 1.3m off the

ground including lianas had their diameter measured and their spatial location in the plot

recorded (Hubbell 1979). The area of the plot is 14.4 hectares. In 1996, the SEFDP was

recensused by BJE and CAFE using the same methodology as the first census (Enquist et

al. 1999).  A third census of the SEFDP was recently conducted by NGS between 2006
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and 2007 using the same methodology.  In Table 1, we provide baseline data from each

census excluding lianas (Table 1). For the purposes of this study, that is concerned with

the tree and shrub community in the SEFDP, the liana data is excluded from all of the

following analyses.

Phylogenetic Diversity of San Emilio Over 30-Years

In order to quantify the phylogenetic diversity in the SEFDP, we needed to construct a

phylogenetic hypothesis for the species in the plot. To do this we constructed a

phylogenetic ‘supertree’ using the database Phylomatic (Webb and Donoghue 2005). A

Nexus file was obtained from Phylomatic and was imported into the community

phylogenetic software Phylocom Version 3.41 (Webb et al. 2004). The latest Angiosperm

Phylogeny Group classification (APG II 2003; Phylomatic tree version R20031202) was

used for the supertree backbone. The BLADJ algorithm (Webb et al. 2004) was

implemented inside Phylocom in order to calibrate each species pool supertree by

applying “known” molecular and fossil dates (Wikstrom et al. 2001) to nodes on the

supertree. The BLADJ algorithm applies dates to “known” nodes on the supertree. Next,

dates are applied to “unknown” nodes on the supertree by evenly spacing the dates

between “known” nodes. It should be recognized that “known” dates used to calibrate the

supertrees are crude estimates at best, but calibration of the supertree provides a

substantial advantage over using nodal distances with all branch lengths set to one (Webb

et al. 2002). This phylogenetic hypothesis was then used to calculate the phylogenetic

diversity in SEFDP assemblages by calculating Faith’s Index (Faith 1992). Faith’s Index



176

calculates the proportion of the total phylogenetic tree length that is represented in an

assemblage.  Thus a higher Faith’s Index represents higher phylogenetic diversity.  The

calculation of Faith’s Index was performed using Phylocom. We used a paired t-test to

calculate whether the phylogenetic diversity in each assemblage in a census tended to be

greater or less than another census.

Functional Composition of San Emilio Over 30-Years

Six plant functional traits were selected for this study.  These traits are often referred to

as representing fundamental functional trade-offs characterizing “leading dimensions of

ecological variation across plant species” (Westoby et al. 2002). The six traits were: leaf

area, the specific leaf area (SLA), leaf water content, wood density, maximum height and

seed mass. Each trait we measured on 3-5 individuals of each species known to occur in

the SEFDP.  A sampling of more individuals per species would be ideal, but it was not

practical particularly for species in the SEFDP represented by one or a few individuals.

For all leaf traits in this study we collected sun exposed leaves from the outer portion of

the canopy and leaves with heavy damage were not collected. The fresh area of the leaves

was measured using a handheld leaf area meter and then dried for two days at 60°C or

until their mass stabilized.  These measurements were used to calculate leaf area, specific

leaf area (SLA; ratio of area to dry mass) and leaf water content ((wet mass – dry mass) /

leaf area).

The wood density was determined in most cases using wood cores collected using

an increment borer at 100 cm from the ground for 2-3 individuals of each tree species. In
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shrubs we took a basal stem section from 2-3 individuals that were located in areas

outside of the plot along road sizes and near fire-breaks because of the destructive

methodology. The cores and sections had their length and diameter measured

immediately in the field after the cortex was removed allowing for an estimation of the

fresh wood volume. The wood samples were then dried in a drying oven at 60°C for two

days or until their mass stabilized.  The wood density was calculated as the ratio of dry

mass to green volume.

We obtained the maximum height of each species using literature sources.  If

there was substantial variation in the reported maximum heights for a species we utilized

the value from the region most climatically similar to the SEFDP (i.e. tropical dry forest).

Thirty-three species that did not have a maximum height in the literature had their

maximum heights estimated from field measurements of the largest known individual in

Santa Rosa National Park.  The heights of individuals were measured using a range finder

while standing directly under the canopy of the tree.

The seed mass data was obtained for 54 species in the SEFDP from the KEW

Millennium Seed Database (http://ftp.rbgkew.org.uk/msbp/index.htm) and an additional

50 species were collected in the field by NGS and CMH.  For those remaining species we

did not have a species-specific value we estimated the value as the mean of the con-

generic values.  This was not a preferred method, but we argue that most of the global

variation in seed mass is contained in taxonomic levels higher than genera (Moles et al.

2005) and the results from this study would not likely deviate greatly from what is

presented if data for the remaining species was available.
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As some of the six functional traits measured are highly correlated, we conducted

a principle components analysis (PCA) between the species as a way of reducing the

redundant trait data and to provide a multi-variate metric of function.  The first axes of

the PCA space explained 65.9% of the variance (leaf area and seed mass) and the second

axis captured an additional 24.0% of the variance (leaf area, seed mass and maximum

height).

The above functional trait data was next used to calculate long-term alterations in

functional diversity and the mean functional trait value in SEFDP assemblages.  The

functional diversity was calculated using functional trait dendrograms and the FD metric

(Petchey and Gaston 2002). Specifically, a hierarchical clustering algorithm was used to

construct dendrograms for each functional trait and PCA axis using the hclust function in

the statistical software R.  Next, we calculated FD, which is directly analogous to Faith’s

Index where the proportion of the total dendrogram branch lengths in an assemblage to

the total dendrogram tree length is reported.  The mean functional trait values for each

assemblage were also calculated with all species in the assemblage being equally

weighted.  Future analyses could weight species differentially on the basis of their

abundance, but because the FD metric does not incorporate abundance we felt it would be

most consistent to use an equal weighting for species.  Lastly, we used a paired t-test to

calculate whether the FD and mean functional trait value in each quadrat in a census

tended to be greater or less than another census.
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Phylogenetic and Functional Similarity in Assemblages Through Time

The overall change in phylogenetic and functional diversity in assemblages in San Emilio

through time could be due to one or two mechanisms.  Specifically, the overall

phylogenetic or functional volume may have changed and/or the nearest phylogenetic or

functional neighbor distance may have shifted.  To quantify whether either of these

processes had occurred we first used the constructed phylogenetic supertree  to compute

the mean observed pair-wise distance (MPD; in millions of years) and mean minimum

phylogenetic distance (MMPD; in millions of years) between co-occurring taxa in each

quadrat (Webb 2000) using the software Phylocom (Webb et al. 2004). The pair-wise

metric MPD was used to represent the total phylogenetic volume in the community, while

the nearest neighbor metric MNND represented the relative phylogenetic spacing in the

community. The MPD and MNND of assemblages were compared across censuses using

paired t-tests with the degrees of freedom reduced due to spatial autocorrelation in the

data.

An analogous approach was implemented for the functional trait data.  First we

calculated the range of values in quadrats for each trait as an indicator of the functional

trait specific volume in an assemblage.  Next we calculated the mean nearest neighbor

distance for all taxa in each assemblage with distance being the Euclidean distance in trait

space. Like the phylogenetic analyses we compared assemblages across censuses using

paired t-tests.
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Spatial Scale and Dynamics

The above methods were first applied to assemblages defined by 400m2 quadrats in the

SEFDP.  In order to quantify whether the quadrat species, phylogenetic and functional

composition in a later census could be predicted by the quadrat composition from a

previous census we regressed through the origin the later census data against the previous

census data with each data point being a quadrat.  As the compositional turnover may be

more influential on smaller spatial scales and less dramatic at larger spatial scales, the

above regression analyses were next conducted across four additional scales (25m2,

100m2, 1600m2, 10,000m2 or 1ha).

Results
Species, Phylogenetic and Functional Diversity Through Time

The species, phylogenetic and functional diversity in the SEFDP decreased between the

1976 and 1996 censuses across all spatial scales (Figure 2, Table 2).  On the two smallest

spatial scales in this study these three components of biodiversity tended to increase

between 1996 and 2006, but the net change of was a slight decrease from 1976 to 2006

across all spatial scales.  The species, phylogenetic and functional diversity in quadrats in

one census could generally be predicted with reasonable accuracy (r2 ~ 80-90) from the

previous census data (Table 3).  The strength of the relationships decreased with spatial

scale, tending to be the strongest at the largest spatial scales.
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Phylogenetic Similarity Through Time

The mean phylogenetic distance (MPD) in SEFDP assemblages tended to significantly

decrease in quadrats from 1976 to 1996 (Figure 3). The MPD in quadrats tended to

increase or stay the same from 1996 to 2006 resulting in little change in MPD overall

from 1976 to 2006. The nearest phylogenetic neighbor distance (MNND) remained

constant from each census to the next and there was no net change from 1976 to 2006.

Therefore the total phylogenetic volume seemed to slightly decreased through time, while

the relative phylogenetic similarity defined as the nearest phylogenetic neighbor has

remained relatively constant.

Functional Mean, Range and Similarity Through Time

The mean functional trait value in SEFDP assemblages for all traits has shown a

directional shift from 1976 to 2006 (Figure 4). There has been a net increase mean

maximum height, wood density and seed mass in assemblages.  The mean specific leaf

area (SLA), leaf area, PCA1 score and PCA2 score declined from 1976 to 1996 and

overall from 1976 to 2006.  Mean leaf water content decreased from 1976 to 1996, but

increased from 1996 to 2006 resulting in no net change from 1976 to 2006.

The range in functional trait values in assemblages decreased for nearly every

functional trait from 1976 to 1996 (Figure 5). The range in SLA values was the

exception, where the range in SLA values in assemblages has increased through time.

From 1996 to 2006 maximum height was the only trait that again reduced it’s range in

values in assemblages, whereas ranges in wood density and PCA2 scores tended to
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increase from 1996 to 2006 following the initial decrease in trait range from 1976 to

1996.

The nearest neighbor in functional trait space remained constant through time for

all functional traits in this study.  In other words the relative spacing in trait space

between coexisting species in assemblages has remained constant, while in most cases

the range in traits in assemblages was reduced from 1976 to 1996 and remained stable or

increased from 1996 to 2006.  Lastly, the above patterns were consistent across all spatial

scales (results not shown).

Discussion
In this study we asked whether the functional and phylogenetic composition of a long-

term dry forest dynamics plot has changed through time, and if so, was the compositional

shift similar to that expected given the climatic and successional history of the forest.  We

first examined long-term trends in the species, phylogenetic and functional diversity in

the forest plot.   On all three fronts the biodiversity in the SEFDP declined from the first

census in 1976 to the second census in 1996. From the second census to the third census

in 2006 there was no detectable change in the species, phylogenetic or functional

diversity in the forest plot. Over the 30-year span from 1976 to 2006 there was a

significant decrease in the species, phylogenetic and functional diversity in this forest at

all spatial scales examined.

The loss of biodiversity from 1976 to 1996 could have occurred due to a decline

in the range of function or the presence of peripheral clades in assemblages and/or a

thinning of similar functions or lineages (Figure 1).  A reduction of peripheral functions
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or clades might be expected in an increasingly stressful environment where fewer

functions can tolerate the abiotic conditions.  A thinning of similar functions or lineages

might be expected after the initial re-colonization in a successional forest. Our results

show that in general the former is the case for both the phylogenetic and functional trait

results.  Specifically, from 1976 to 1996 there was a reduction in the mean pair-wise

phylogenetic distance and a reduction in the range in functional trait values in

assemblages (Figures 3 and 5). Conversely there was no detectable change in the nearest

phylogenetic or functional neighbor distance in the same assemblages (Figures 3 and 6).

A general decline in peripheral functions, and potentially lineages, may be expected

during periods of climatic stress (Weiher and Keddy 1995), while a thinning similar of

functions or lineages may be expected from just successional processes.  If successional

processes play a predominant role, one may expect a thinning signal to persist from the

second to third census. Further, if the drying trend in this region of Costa Rica did truly

level off between 1996 and 2006, then the stability in the range of functions in

assemblages may be expected. Thus we may infer that from 1976 to 1996 the climate

may have played a dominant role in decreasing the biodiversity in this forest, but this is a

tentative and preliminary inference.

To gain a deeper insight into the functional dynamics in this forest we analyzed

the long-term trends in mean function in assemblages.  In nearly every trait axis studied

we found a shift in trait means from 1976 to 1996 and in some cases the shift continued

from 1996 to 2006 (Figure 4).  In particular, the mean maximum height, mean wood

density and mean seed mass tended to increase in assemblages through time, while the
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mean SLA and leaf area decreased through time. The mean maximum height result is

expected as this mean value in this trait increase in successional forests that slowly re-

gain slow growing canopy species. An increase in mean wood density may result from

more xeric conditions (Hacke et al. 2001) where denser woods are known to reduce the

probability of xylem failure due to negative pressues, but this mean is also expected to

increase in successional forests where fast growing light wood species are the first to

colonize followed by slow growing heavy wooded species (ter Steege and Hammond

2001). The increase in seed mass is expected from a successional forest (Grubb 1977)

and there is no clear mechanistic prediction of how this trait would respond to

increasingly xeric conditions.  Low SLA and leaf area values are often found in xeric

conditions where loss of water and high leaf temperatures are of concern. Thus, while

there is a clear directional shift in the above traits, it is difficult to attribute the shift in

function as a response to climate or simply succession as it appears expected patterns that

would result from both processes are apparent.

Lastly, we examined whether the ability to predict the species, phylogenetic and

functional diversity in an assemblage on the basis of previous censuses varied with

spatial scales.  Specifically, are these three components of biodiversity more dynamic on

smaller spatial scales or are their dynamics scale independent.  Here we have shown that

the species, phylogenetic and functional diversity in assemblages can generally be

predicted with high levels of accuracy from previous censuses (Table 3), but the

predictive strength declined to some extent with the spatial scale. Thus while there were

significant shifts in the three components of biodiversity from 1976 to 1996, they were
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generally only occurring on smaller spatial scales and the re-shuffling of biodiversity

tended to be local.

Conclusions

In this study we have provided one of the first documentations of long-term trends in the

species, phylogenetic and functional components of biodiversity in a tropical forest.

Further we have attempted to link long-term trends in phylogenetic and functional

similarity to the unique climatic and successional history of San Emilio forest plot.  We

have reported a general loss in species, phylogenetic and functional diversity of the 30-

years this forest has been studies.  The loss of diversity occurred primarily between thee

first and second census through the loss of peripheral functions and lineages and the

relative distance to the nearest phylogenetic and functional neighbor has remained largely

constant.  Further, we have shown persistent functional compositional shifts through time

towards trait combinations expected from successional processes and long-term increases

in aridity.  Thus in the forest of interest it may prove difficult to disentangle the

interaction of increasing aridity and successional processes, but at the same time it is

clear that the functional and phylogenetic composition of this forest has non-randomly

changed through time.
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Table 1. A table of the baseline data from the three censuses of the SEFDP.

1976 1996 2006
Total Number of

Species
139 137 135

Average Number of
Species in Hectare

75.57 73.92 71.33

Total Number of
Stems

23,437 17,200 21,969

Average Number of
Stems Per Hectare

1116.16 819.05 1046.14
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Table 2. Results from paired t-tests of species, phylogenetic or functional diversity in

assemblages from one census to the next at multiple spatial scales.  Negative t values

indicate a reduction in diversity.

Species
Diversity

Phylogenetic
Diversity

Functional
Diversity

Census
Interval Scale df t p t p t P
‘96-‘76 25m2 4734 -25.09 <0.025 -19.90 <0.025 -20.29 <0.025
‘06-‘96 25m2 4603 24.57 <0.025 22.28 <0.025 20.26 <0.025
’06-‘76 25m2 4712 -13.25 <0.025 12.86 <0.025 8.40 <0.025
‘96-‘76 100m2 1385 -23.46 <0.025 -19.32 <0.025 34.76 <0.025
‘06-‘96 100m2 1366 4.71 <0.025 5.03 <0.025 7.57 <0.025
’06-‘76 100m2 1384 -16.19 <0.025 -12.37 <0.025 40.49 <0.025
‘96-‘76 400m2 352 -14.29 <0.025 -9.55 <0.025 -6.63 <0.025
‘06-‘96 400m2 341 0.08 n.s 0.91 n.s 5.56 <0.025
’06-‘76 400m2 353 -13.10 <0.025 -8.28 <0.025 -1.98 n.s
‘96-‘76 1600m2 110 -6.95 <0.025 -3.56 <0.025 -3.73 <0.025
‘06-‘96 1600m2 109 -5.03 <0.025 -4.54 <0.025 0.09 <0.025
’06-‘76 1600m2 108 -9.90 <0.025 -6.60 <0.025 -2.29 <0.025
‘96-‘76 10,000m2 19 -0.10 n.s 2.17 n.s -0.77 n.s
‘06-‘96 10,000m2 19 -8.90 <0.025 -10.18 <0.025 -4.02 <0.025
’06-‘76 10,000m2 19 -5.57 <0.025 -3.92 <0.025 -3.58 <0.025



194

Table 3. Results from regression analyses of species, phylogenetic or functional

diversity in assemblages from one census to the next at multiple spatial scales.

The regression line was forced through the origin.  Thus slopes with values less

than one indicate a reduction in diversity.

Species
Diversity

Phylogenetic
Diversity

Functional
Diversity

Census
Interval Scale

Slope
r2 Slope r2 Slope r2

‘96-‘76 25m2 0.67 0.69 0.86 0.89 0.82 0.84
‘06-‘96 25m2 1.00 0.56 1.04 0.83 0.98 0.81
’06-‘76 25m2 1.00 0.56 1.04 0.83 0.98 0.81
‘96-‘76 100m2 0.75 0.87 0.86 0.94 1.31 0.88
‘06-‘96 100m2 0.78 0.84 0.89 0.93 1.37 0.89
’06-‘76 100m2 0.78 0.84 0.89 0.93 1.37 0.89
‘96-‘76 400m2 0.84 0.96 0.91 0.97 0.96 0.99
‘06-‘96 400m2 0.83 0.95 0.91 0.97 0.98 0.98
’06-‘76 400m2 0.83 0.95 0.91 0.97 0.98 0.98
‘96-‘76 1600m2 0.89 0.98 0.96 0.98 0.97 0.99
‘06-‘96 1600m2 0.84 0.98 0.92 0.99 0.98 0.99
’06-‘76 1600m2 0.84 0.98 0.92 0.99 0.98 0.99
‘96-‘76 10,000m2 0.99 0.99 1.03 1.00 0.99 1.00
‘06-‘96 10,000m2 0.89 0.99 0.93 0.99 0.97 1.00
’06-‘76 10,000m2 0.89 0.99 0.93 0.99 0.97 1.00
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Figure 1. A matrix of possible compositional change scenarios. The left hand column

represents a shift in the mean function across three census intervals (coded in shades of

gray), which would be expected in maturing forests or forests subjected to a changing

environment.  The right hand column shows no change in mean function. The top tow

indicates no change in the range or similarity in function.  The middle row indicates a

gradual reduction in the range of functions, but no change in the general similarity in

functions.  This may be expected in a forest that is experiencing gradually more stressful

conditions. The bottom row indicates no change in the range of functions, but rather a

thinning of similar functions through time.  This scenario may be expected in years

following the initial re-colonization of a forest.

Figure 2. A figure showing the relationship between species, phylogenetic or functional

diversity in one census versus another in 20m by 20m quadrats..  The y-axis is always the

later census and the x-axis is always the earlier census.  The dashed line is a 1:1 slope.

Regression slopes less than one indicate a reduction in diversity.

Figure 3. Boxplots depicting the change in mean pair-wise phylogenetic distance (MPD)

and the mean nearest phylogenetic neighbor distance (MNND) in 20m by 20m quadrats.

In each panel, the first box plot is the MPD or MNND in a 1996 minus the MPD or

MNND in 1976.  Thus a negative value suggests a decline in the MPD or MNND.  The

second box plot is 2006 minus 1996 and the third box plot is 2006 minus 1976. The

asterisks indicate a significant paired t-test.



196

Figure 4. Boxplots depicting the change in mean functional trait values from one census

to the next in 20m by 20m quadrats.  In each panel, the first box plot is the mean trait

value in a 1996 minus the mean trait value in 1976.  Thus a negative value suggests a

decline in the mean trait value.  The second box plot is 2006 minus 1996 and the third

box plot is 2006 minus 1976. The asterisks indicate a significant paired t-test.

Figure 5. Boxplots depicting the change in the range functional trait values from one

census to the next in 20m by 20m quadrats.  In each panel, the first box plot is the range

in trait values in a 1996 minus the range in trait values in 1976.  Thus a negative value

suggests a decline in the range of trait values.  The second box plot is 2006 minus 1996

and the third box plot is 2006 minus 1976. The asterisks indicate a significant paired t-

test.

Figure 6. Boxplots depicting the change in the nearest neighbor distance in functional

trait space from one census to the next in 20m by 20m quadrats.  In each panel, the first

box plot is the mean nearest neighbor distance in trait values in a 1996 minus the same

calculation for 1976.  Thus a negative value suggests a decline in the mean nearest

neighbor distance in trait space.  The second box plot is 2006 minus 1996 and the third

box plot is 2006 minus 1976. The asterisks indicate a significant paired t-test.
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Abstract
Wood density is an important trait in trees indicative of their life history, mechanical and

physiological strategies. The following examines the evolutionary ecology of wood

density using a large database for seed plants. A phylogenetic supertree was constructed

for over 4,600 taxa, allowing for comprehensive analyses of divergences across the seed

plant phylogeny. Community-wide wood density mean and variance was quantified for

171 standardized forest communities.  Wood density was generally highly conserved on

the seed plant phylogeny, yet large divergences were found within the Rosid clade.

Community-wide variation in wood density was significantly lower in temperate and

high elevation communities than in tropical lowland communities suggesting an increase

in trait filtering with latitude and elevation.  Together, our results support the notion that

both biotic and abiotic forces have been important in the evolution of wood density as

well as in controlling the observed trait mean and variance across geographic gradients.

Keywords: functional trait; life-history trait; macroecology; macroevolution; phylogeny;

trait conservatism
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A central goal in community ecology and macroecology is to understand the relative

importance of the various forces that control local patterns of diversity (Brown 1995).

For example, the role of local ecological interactions (competition, biotic enemies etc.),

climatic filtering, drift, evolutionary/biogeographic history, dispersal limitation each can

influence the nature of local community diversity (Ricklefs 1987; Ricklefs and Schluter

1993; Weiher and Keddy 1995; Hubbell et al. 1999).   The sub-discipline of functional

ecology attempts to link population, community and ecosystem processes to the key traits

that influence organismal performance (e.g. growth, metabolism, reproduction).  These

‘functional traits’ ultimately reflect variation in survivorship and reproduction (i.e.

fitness) across differing environments (McGill et al. 2006; Westoby and Wright in press).

An increasing number of botanical studies have documented prominent plant traits that

appear to correlate strongly with aspects of whole-plant performance (reviewed in

Westoby et al. 2002).  For example, plant size (West et al. 1999; Enquist 2002) and leaf

traits (leaf mass per unit area, leaf stoichiometry, gas exchange ; Reich et al. 1997;

Wright et al. 2004) have been highlighted as key functional traits that are important for

understanding variability in plant form, function, and diversity.  Recently, Westoby et al.

argued that there are likely just a few key functional trait dimensions by which most

species traits could be differentiated (Westoby et al. 2002).  One of the key traits that

seems to encapsulate, if not link, many of these plant functional traits is tissue density. In

particular, for woody plants, the density of woody tissue appears to be central in many

aspects of plant form, function, and diversity.
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The density of wood is indicative of the diameter growth rate, mortality rate,

timing of reproduction, hydraulic capacities of the stem, and the relative mechanical

strength of a plant  (Carlquist 1975; Putz et al. 1983; Niklas 1997; Enquist et al. 1999).

Wood density, also referred to wood specific gravity, is the ratio of dry mass to green

volume.  Therefore wood density describes the proportion of a stem that is tissue and cell

walls (i.e. xylem conduit walls) and the space within cell walls (i.e. xylem conduit

apertures).  Thus, plants with a high fiber tissue percentage per unit volume, and thick

fiber walls (relative to the fiber lumen diameters) have high wood densities and plants

with thin fiber walls have low wood densities.

There are two main theoretical formulations that explicitly show how wood

density can influence whole-plant form and function.  First, both intra- and inter-specific

differences in wood density are important because wood density positively correlates

with greater mechanical support (Niklas 1993, 1997).  An increase in mechanical support

with tissue density can be related to maximum plant height for a given stem diameter

using the Euler-Greenhill equation:

€ 

Hmax = c E
ρ

 

 
 

 

 
 

1/ 3

D2 / 3 (1)

Where Hmax is the maximum height physically achievable, c is the proportionality

constant, E is Young’s elastic modulus, and ρ is wood density (Greenhill 1881;

McMahon and Kronauer 1976; Niklas 1997).  Therefore the maximum height possible,
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for a given stem diameter, before the plant will buckle under it’s own weight critically

relies upon the density of wood.  In light limited environments, such as forests, Eq.1 is

expected to provide a good approximation of trade-offs associated with competitive

superiority (Hmax) and with the ability to withstand disturbances due to plant size (D) and

strength (ρ).  The increased whole-plant mechanical support provided by higher tissue

densities also increases resistance to stem breakage, and thereby mortality, due to

extrinsic forces (i.e. wind) which will ultimately influence plant community structure and

dynamics (Putz et al. 1983; ter Steege and Hammond 2001).

The second, theoretical formulation shows that on an inter-cellular and tissue

scale denser wood also provides increased mechanical support in the form of resistance to

xylem conduit implosion or rupture (Hacke et al. 2001). The pressure required for

conduit implosion (Pi) is predicted to be proportional to the ratio of conduit wall

thickness to the transverse width of the conduit squared (thickness-to-span ratio; t/b).

Further the density of wood (ρ) is proportional to the thickness-to-span ratio (Hacke et al.

2001, 2005) giving the following mechanistic link between Pi and ρ:

€ 

Pi ∝
t
b
 

 
 
 

 
 
2

∝ρ (2)

Therefore xylem conduit implosion or rupture should be proportional to wood density. As

a result, denser woods should then be less vulnerable to conduit cavitation and implosion

(Hacke et al. 2001).
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Importantly, variation in wood density also reflects differential allocation of

metabolic production.  Denser wood has, by definition, more carbon and energy content

per unit volume than lighter woods (Enquist et al. 1999).  Therefore, along with Eq. 1 and

Eq. 2, variation in wood density is central as it ultimately reflects a larger trade-off

between all of the tasks involved in allocation of metabolic production (defense,

maintenance, reproduction etc.) as well as biomechanical (Niklas 1993) and hydraulic

functioning (Sobrado 1986; Borchert 1994; Santiago et al. 2004) of plants.   For example,

the increased resistance to the loss of hydraulic conductivity via cavitation comes with

the increased cost of constructing thicker conduit walls (i.e. more carbon), thereby

decreasing the amount metabolic production allocated to vertical growth. Because

differential allocation to tissue density must then sacrifice carbon and energy that could

be used to grow and/or reproduce, the xylem safety versus efficiency trade-off is

fundamental to understanding the ecology and evolution of seed plants (Baas et al. 2004).

Due to the central role of water transport in the photosynthesis-transpiration

compromise and hence on whole-plant function, one would expect that traits linked to

plant hydraulics, such as wood density, to be evolutionarily less labile or to be

‘phylogenetically conserved’ (i.e. wood density should be less variable within clades than

expected by chance).  Chave et al. (in press) have recently quantified divergences in

wood density along a phylogenetic supertree containing approximately 2,400 species

located in the Neotropics (mainly Amazonia and Central America).  They found this trait

to be phylogenetically conserved in general with some large divergences in the Rosid

clade, yet this was not tested properly using randomization techniques (Blomberg et al.
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2003).  Chave et al. provide an impressive first step towards quantifying the conservatism

and divergences of wood density in seed plants, but as they correctly state, a more

extensive geographic and taxonomic sampling of the seed plants is needed in future

analyses to fully confirm their initial findings (Chave et al. in press).

The fundamental trade-off between the probability of xylem conduit failure and

the cost of constructing wood is shared between angiosperms and gymnosperms.

Interestingly, the construction cost of hydraulic safety differs greatly between

angiosperms and gymnosperms (Hacke et al. 2001). Specifically, for an equivalent cost

of construction (i.e. wood density), gymnosperms have a higher resistance to air-seeding

leading to xylem conduit failure (Hacke et al. 2001, 2005). Given the fundamental

difference between angiosperms and gymnosperms in their safety versus efficiency trade-

off the question becomes why is wood, in angiosperms and gymnosperms, with this more

cost efficient trade-off geographically restricted to high elevations and latitudes?  We

identify two hypotheses that address the two different ends of the elevational or

latitudinal gradient yet make the same prediction.  The first hypothesis, henceforth called

the “Canopy Hypothesis”, focuses on low elevations and latitudes.  It states that although

angiosperms have an increased metabolic cost of manufacturing denser wood for the

same level of conduit safety than gymnosperms, the increased whole-plant mechanical

strength allows for a greater variety of canopy morphologies (Hacke et al. 2005).

Specifically, denser angiosperm wood can support canopies with greater lateral spreads

thereby providing a potential competitive edge.   However, lighter wood densities provide

faster diameter growth rates that enable trees to reach the canopy faster and reproduce
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sooner than more dense woods (Enquist et al.  1999).  Therefore, in areas where light

may be limiting to plant growth (i.e. tropical lowland forests), biotic forces such as

competition for limiting resources may drive the evolution of alternative wood density

influenced trade-offs. In short, within warm, wet and light limited environments it is

expected that selection would lead to the exploration of phenotypes along the life history

trade-off mediated by wood density.

The second hypothesis, which we will refer to as the “Stress-Dominance

Hypothesis”, focuses on how differences in environmental water stress and differences in

xylem anatomy then influence whole-plant competitive ability.  This hypothesis states

that tracheids allow for competitive dominance in more hydraulically stressful

environments (i.e. high elevations and latitudes; Hacke et al. 2005).  Applied within or

across clades, the “Stress-Dominance Hypothesis” states that as the environment

becomes more stressful, stabilizing selection will increasingly limit ecological and

evolutionary variation in plant function within a community (Weiher and Keddy 1995).

Numerous studies have documented significant correlations between wood

density and climatic variables (i.e. temperature, precipitation, soil) and environmental

gradients (i.e. elevation and latitude; Lawton 1984; Williamson 1984; Wiemann and

Williamson 1989, 2002; Muller-Landau 2004; Chave et al. in press).  Together, these

studies seem to enable one to begin to address the mechanistic and theoretical linkages

between wood density and community structure.   However, there are three potential

limitations of these previous studies.  First, firmly concluding mechanistic linkages

between wood density and climate from these correlative studies is tenuous because none
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of these studies have accounted for shared ancestry through the use of phylogenetically

independent contrasts (Felsenstein 1985). Second, while a handful of studies have

successfully analyzed variation of this trait across abiotic gradients on a regional scale

(Muller-Landau 2004; Chave et al. in press), none have adequately addressed variation

across the entire latitudinal gradient. Lastly, the statistical inference one can glean from

these studies of community-wide variation in wood density is unclear due to regional

differences in species richness. In order to properly assess the role of the biotic and

abiotic environment in influencing the observed community-wide variation in wood

density one must utilize a null modeling approach (Gotelli and Graves 1996).  A null

model will enable one to assess if the observed variation in wood density is indeed a

pattern allowing one to quantify if the observed distribution of wood density in

communities is greater than or less than expected given the observed value of species

richness.

Here we assess the evolutionary history and role of wood density on woody plant

community structure by compiling and analyzing a unique and large database comprised

of wood density, community diversity, and species distribution data.  We utilize both

phylogenetic and null modeling approaches to assess three prominent, and yet to be

adequately tested, hypotheses.  Specifically, we test the predictions that: (i) that, in

general, wood density is a highly conserved trait within clades across the seed plant

phylogeny; (ii) that across the seed plant phylogeny divergences in wood density are

correlated with abiotic variables that affect the movement of water through plants (i.e.

temperature and precipitation/water availability); and (iii) that the mean and variance of
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local community wood density values decreases in more stressful locations along

gradients (i.e. elevation and latitude) when using a null model that controls for

differences in species richness.

Materials and Methods

Global Wood Density Database

A global wood density database for gymnosperms and angiosperms was compiled from

the literature and from publicly available wood density databases.  The literature and

databases used to compile our global wood density database can be found in the Online

Appendix 1.  Basic wood density values, defined as oven-dry mass divided by fresh

volume, were used for all calculations.  For those studies that did not report basic wood

density, yet did report wood density with a percent moisture content, we converted that

value to basic wood density (Sallenave 1971). The reported range in wood densities was

100 to over 1,200 kg m-3, while the average wood density of the database is 666.46 kg m-3

(standard deviation 184.64 kg m-3).  The database spans 40 orders, 132 families, 1,207

genera, and 4,667 species of seed plants.  The majority of the species had multiple

records in the database with the total number of individual records equaling 7,753.  As

wood density is known to occasionally be highly variable within a species we quantified

the degree of variation in the dataset attributable to intra- versus interspecific variation.

We found that 10.07% of the variation was due to intraspecific variation.  Recent

research using simulations has shown that this level of intraspecific variation is

sufficiently low to provide robust results from comparative analyses that use
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phylogenetic trees (Harmon and Losos 2005).  All taxonomy was standardized by using

nomenclature from The International Plant Names Index (www.ipni.org) and the software

TaxonScrubber (Boyle 2004).

Phylogenetic Analyses of Wood Density Divergences

Wood density values from the database were arrayed across a phylogenetic supertree of

seed plants using software developed by Webb and colleagues (Webb and Donoghue

2004; Webb et al. 2004).  Specifically, we used the maximally resolved Phylomatic tree

(tree version R20031202) as the backbone for our seed plant supertree.  This backbone is

based on the Angiosperm Phylogeny Group II classification of angiosperms (APG II

2003).  A proportion of the generic and species relationships within clades were uncertain

due to the present lack of resolved phylogenies for many seed plant families and genera.

Large clades that were unresolved by Phylomatic (i.e. Malpighales and Pinaceae) were

further resolved using recently published phylogenies (Wang et al. 2000; Davis et al.

2005; Gernant et al. 2005).  The remaining unresolved clades in the phylogeny were

treated as “soft” polytomies.  The phylogenetic supertree generated by this procedure had

895 internal nodes.  The supertree was then calibrated using the branch length-adjusting

algorithm BLADJ (Webb et al. 2004), which uses published estimates for node dates

(Wikstrom et al. 2001).  BLADJ assigns “known” dates to nodes within the seed plant

phylogeny and subsequently assigns dates to nodes between “known” nodes by dividing

the branch length between the two “known” nodes evenly (Webb et al. 2004).
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Following Moles et al. (2005), we calculated the divergence size and the relative

contribution to tree-wide variation in wood density at each node.  We also tested for tree-

wide conservatism of wood density values.  Divergence size was represented as the

standard deviation of wood density across “daughter” clades of the focal node. The

contribution of each node to tree-wide wood density variation is simply the product of

variation in the focal clade directly attributable to the focal divergence and the amount of

tree-wide trait variation that is attributable to terminal taxa within the focal clade (Moles

et al. 2005).

Tree-wide and nodal conservation of wood density was tested by randomizing

trait values across the tips of the phylogeny 29,999 times.  Next, the average magnitude

of the standard deviation between descendant trait means from each internal node across

the whole supertree was quantified for each randomization.  This value was then used to

generate a null distribution of divergence sizes for each internal node.  This technique is

similar to that described by Blomberg et al. (2003) that is designed to test for

“phylogenetic signal” in data, yet our analyses do not incorporate their descriptive

statistic, K, which allows for quantitative comparisons of the absolute level of

conservatism in one trait versus another.  In the present analyses we use the term

phylogenetic conservatism as a synonym for phylogenetic signal while recognizing that

many other authors have differentiated between the two (Blomberg and Garland 2002).

Lastly, in order to put the amount of trait conservatism into a taxonomic context we

performed a taxonomically nested analysis of variance.
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Comparative Study of Species Distributions

Using the online database SALVIAS (www.salvias.net) we obtained unique geo-

referenced locations for species for which we had a wood density value.  Using local

plant inventories and herbarium specimens we were able to extract 39,771 specimens for

analyses from several herbaria and organizations associated with the SALVIAS project

(Fig. 1). A GIS point file was created from specimen coordinates using DIVA-GIS

(Hijmans et al. 2004).  Next, we extracted mean annual temperature, minimum

temperature, maximum temperature, temperature seasonality, annual rainfall, minimum

monthly rainfall, maximum monthly rainfall, potential evapo-transpiration and elevation

values for each specimen using 10 minute resolution interpolated climatic surfaces

(Hijmans et al. 2005). If a species had more than one specimen with unique coordinates,

a mean value for each abiotic variable was calculated and assigned to that species.

Initially the mean abiotic values for each of the species were used to calculate a

Pearson’s correlation coefficient (r) with wood density.  Second, in order to account for

phylogenetic relatedness, we used phylogenetically independent contrasts (PIC r;

Felsenstein 1985).  Because of the multiple polytomies in the phylogeny we used an

alternative PIC method outlined by Pagel (1992).  This method ranks derived taxa from

a polytomous node based on the predictive trait, in this case wood density.  Next the

derived taxa are split into two groups, by maximizing the difference in the predictive

trait values. The mean trait values for each of the two groups is then calculated and used

for a single contrast at that node.  This technique therefore increases the difference

between the two daughter nodes in each analysis and reduces the power of the analysis
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ultimately leading to a conservative test for phylogenetic signal within the daughter

clades.

Comparative Study of Community Composition

Community level diversity in wood density was quantified using 171 standardized forest

inventory plots in the Western Hemisphere (Gentry 1988; Online Supporting Material

Fig. 1). Because wood density is highly conserved among species within a genus (see

below), genus means were used for species in the plots for which we had no wood

density values.  Lastly, if no con-generic wood density value was available for a species

in a plot we assigned the mean value from the species values in the plot.

After trait values were assigned to taxa within each community the observed

mean and coefficient of variation of trait values was calculated.  Next, we generated 999

random communities to which our observed communities could be compared. Each

random community was generated by randomly drawing, without replacement, wood

density values from a pool of all the taxa represented in the plots.  The observed species

richness of communities was conserved in the random communities.  Next, the mean and

coefficient of variation of wood density values in each of the random communities was

calculated to generate a null distribution.  Each observed community was assigned a

quantile score using the null distribution in order to assess whether it had a higher mean

wood density or a higher coefficient of variation of wood density values (i.e. higher

quantile scores) than expected or lower values (i.e. lower quantile scores) than expected.
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Results

Phylogenetic Analyses of Wood Density Divergences

Wood density was highly conserved for the 4,667 seed plant species used for this study.

The average magnitude of trait deviation values across all nodes in the phylogeny landed

in the first quantile out of 29,999 randomizations (P  < 0.0001).  Of the 895 internal

nodes only 49 (5.47%) had significant divergences in wood density, whereas 221 internal

nodes (24.69%) were significantly conserved.  Using a taxonomically nested ANOVA,

the variation in wood density was primarily attributable to genera within a family (58.2

%).  Family explained the next largest amount of the variance (29.9%) followed by order

(11.8%) and species (0.1%).

The largest divergences in wood density have occurred relatively recently, yet

caution should be taken when inferring the absolute dates of the divergences given the

estimates used for node ages (Fig. 2).  Many of the largest divergences in wood density

were observed between clades that had few taxa in our database and thus could not be

properly assessed without quantile scores from randomizations.  Therefore we chose to

address only those nodes that had significant divergences in relation to the random trait

distributions on the phylogeny in order to control for results potentially biased by under-

sampled clades.  Clades within the Fabaceae contained four of the top 16 significant

divergence sizes (Table 1).  This suggests that this speciose family has also undergone

significant radiations in wood density.  Further, the observe variance of wood density

within the Fabaceae is greater than expected by chance.  The Fabaceae also have the fifth

highest contribution to tree-wide variation in wood density values (Online Supporting



219

Material Table 1).  Along with Fabaceae, many other nodes embedded inside the Eurosid

I clade showed significantly large divergence sizes.  Of the top 16 significant divergences

in wood density values, 10 are located within the Eurosid I clade and 14 are located

within the Rosid clade (Table 1).

Comparative Study of Species Distributions

Wood density was positively correlated with mean annual temperature and maximum

monthly temperature for seed plants, gymnosperms and angiosperms using

phylogenetically informed (PIC r) or uninformed (Pearson’s r) analyses (Table 2).  A

negative correlation between wood density and precipitation variables was found in seed

plants and angiosperms using r, but this correlation disappeared when using PICs.

Pearson’s r and PIC r results showed significant negative correlations between wood

density and elevation in seed plants (Table 2).

Comparative Study of Community Composition

Our null model shows that the distribution of quantile scores for the community-wide

coefficient of variation of wood density, across many of our plots, had less variation than

expected given their richness (35%).  While many of the plots did have lower observed

coefficients of variation in wood density than expected, results from a multiple regression

analysis using physiographic variables showed community-wide variation in wood

density was negatively correlated with latitude (Estimate = -8.94, t = -4.50, P < 0.001)

and elevation (Estimate = -0.16, t = -4.54, P < 0.001; Overall Model r2 = 0.19, P < 0.001;
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Fig.e 3).  Latitude (Estimate = -3.82, t = -1.99, P < 0.05) and elevation (Estimate = -0.17,

t = -5.19, P < 0.001) were also negatively correlated with community-wide mean wood

density (Overall Model r2 = 0.19, P < 0.001).

Results from separate multiple regression analyses using climatic variables show

that mean annual temperature was positively correlated with both the community-wide

mean wood density quantile scores (Estimate = 16.13, t  = 2.18, P < 0.05) and total

annual precipitation was not correlated (Estimate = -0.002, t = -0.023, P = n.s., Overall

Model r2 = 0.10; P < 0.001; Fig. 4). Community-wide variation in wood density was

positively correlated with mean annual temperature (Estimate = 23.09, t  = 3.06, P <

0.01), while total annual precipitation (Estimate = 0.12, t  = 0.97, P = n.s.) was not

significantly correlated (Overall Model r2 = 0.13; P < 0.001; Figure 3).

Discussion
Conservatism and Divergences in Wood Density Among Seed Plants

The relative importance of wood density to whole-plant biomass allocation and hydraulic

efficiency suggests that this trait should be phylogenetically conserved.  Our results show

that overall wood density is a highly conserved functional trait in seed plants.   However,

wood density does not appear to be strongly conserved within certain clades.  Our results

show a significant degree of variation in wood density within the Fabaceae and the Rosid

I clade indicating relatively recent large divergences in this trait.  Interestingly, Fabaceae

and many of the families in Eurosid I (Malphigaceae, Chrysobalanaceae, Passifloriaceae,

Clusiaceae, Celastraceae etc.) dominate lowland tropical forest.  Our work verifies the

recent findings by Chave et al (in press) regarding tropical tree species. They analyzed
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divergences in wood density of Neotropical taxa and found that these same clades to be

highly variable.  However, their work used a subset of seed plant clades that are found in

the Neotropics and did not use randomization techniques to test whether the divergences

they report were larger than expected given the global distribution of wood density values

(Blomberg et al. 2003).  The present work, that utilized a dataset that spans the globe,

that is twice the size of Chave et al. dataset, and does test significance levels of trait

diverges generally supports their initial findings.

As wood density has been hypothesized to be indicative of a hydraulic efficiency

versus safety trade-off we expected to find wood density to be correlated with climatic

variables associated with water availability, temperature and precipitation.  Our results

did support previous functional ecology and physiology studies that have hypothesized

that temperature has been an important selective force on plant hydraulics, yet it does not

support previous conclusions relating precipitation levels to wood density.  Our analyses

using phylogenetically independent contrasts indicate that the evolution of wood density

in seed plants is correlated with temperature  (see Table 2).  Specifically, the existence of

a positive relationship between wood density and temperature on a global

“macroecological scale” lends support to the “Stress-Dominance Hypothesis” that

predicts a mechanistic connection between vulnerability to xylem cavitation and the

reduction in variation in plant function in stressful environments (Hacke et al. 2001;

Weiher and Keddy 1995).
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Variation in Wood Density Along Global Scale Environmental Gradients

The observed community-wide variation in wood density was typically lower than

expected given species richness.  This is evidence that, on a global scale, species within

communities represent a winnowed subset of the global pool of wood density values.

This suggests that generally there is a strong abiotic filtering of wood density values in

forest communities of this scale (Weiher and Keddy 1995; see below).  Such trait

filtering supports the expectation that differences in the local environment then influences

which wood density values best perform in these environments.  On the other hand,

although a large proportion of the study plots had little variation in wood density, some

plots showed remarkable variation in wood densities often covering a large portion of the

range of global values.  The plots with the highest trait variation were generally found in

tropical lowland forests (Fig. 3).   This is an intriguing empirical result especially when

thinking about the forces that structure tropical and temperate communities.  First, our

null model shows that many tropical plant communities exhibit more variation in wood

density than expected given their richness than their temperate counterparts. Conversely,

temperate plant communities exhibit far less variation in wood density.  Together, these

results suggest that plant species in lowland tropical tree communities may not be as

functionally constrained by their environment (Terborgh 1973). Interestingly, the

observed increased level of variation in wood density within tropical communities and

reduced variation in the temperate communities supports the prediction made by the

“Canopy Hypothesis” and the “Stress-Dominance Hypothesis”.  Thus suggesting that
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diversifying selection on the density of wood is occurring in tropical communities while

simultaneously stabilizing selection is occurring in temperate communities.

Weiher and Keddy (1995) have provided graphical representations of how traits

should be dispersed along an abiotic gradient.  Building upon classic work by Terborgh

(1973), Weiher and Keddy’s model states that communities on the more stressful end of a

given abiotic gradient (i.e. high latitudes and elevations) should generally have trait

distributions that are constrained to a subset of the global pool.  Within these

communities the stressful abiotic environment is the primary determinant of mean trait

values and variances.  However, toward the less stressful end of the gradient one should

expect to find communities exhibiting the whole spectrum of trait dispersion (i.e.

clustered, random, and overdispersed subsets of the global pool).  If biotic forces such as

competition (i.e. competitive exclusion due to resource competition) are important then

functional traits should be more variable than expected by chance.  Our results are fully

compliant with Weiher and Keddy’s model.

Together, our results also support the idea that in lower latitudes and elevations,

where environments are generally less hydraulically stressful, the more efficient wood

construction cost to xylem safety trade-off for gymnosperms as compared to angiosperms

is likely not important (Hacke et al. 2005). Thus, the ability of some angiosperms to have

higher hydraulic conductivity may allow them to competitively exclude gymnosperms

from lower latitudes and elevations.  While there is considerable overlap in hydraulic

conductivity in angiosperms and gymnosperms, angiosperms in tropical forests generally
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have hydraulic conductivity values higher than temperate angiosperms and gymnosperms

(Tyree and Zimmerman 2002; Sperry 2003).

A central goal of functional ecology is to mechanistically link how traits that

influence fitness then in turn ramify to influence ecological patterns of trait variation

(McGill et al. 2006, Westoby and Wright in press).  In this paper we have argued that

wood density is a critical functional trait for understanding the evolution and ecology of

whole-plant performance. Together, our analyses have shown that variation in wood

density across plant clades support the notion that both biotic and abiotic forces have

likely been important in the evolution of plant form, function, and diversity on different

ends of the elevational and latitudinal gradient.
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Table 1. Significantly diverged nodes given 29,999 randomizations of trait values across
tips of seed plant phylogeny. Divergence size calculated as the standard deviation of trait
values across subtended nodes (Moles et al. 2005).

Rank Divergence
Size

P Tips Age (mya) Clades Involved

1 3.18
<

0.001 23 24.0 Ormosia vs Erythrina (Fabaceae)

2 2.01
<

0.001 154 34.2 Moraceae vs Urticaceae

3 0.79
<

0.001 516 61.0 Sapindales

4 2.61
<

0.001 484 45.3 Malvaceae vs Dipterocarpaceae

5 1.93
<

0.001 304 70.0 Myrtraceae vs Vochysiaceae

6 2.66
<

0.001 233 59.2 Lauraceae vs Hernandiaceae

7 1.89
<

0.001 1613 98.0 Eurosid I

8 1.93
<

0.001 156 31.4

Erythrina, lonchocarpus,
millettia three-way polytomy

(Fabaceae)
9 1.89 0.001 89 40.0 Papilionideae
10 1.29 0.002 224 70.8 Rosales

11 1.77 0.004 30 64.0
Memecylaceae vs
Melastomataceae

12 1.41 0.004 53 36.1 Core Fagales

13 1.78 0.006 21 7.2

Rhizophora, Carallia,
Gynotroches, Pellacalyx,

Bruguiera, Ceriops, Kandelia
seven-way polytomy

(Rhizophoraceae)
14 0.71 0.006 195 71.0 Gentianales

15 0.81 0.007 601 89.5
Malpighiales and Oxalidales

polytomy
16 0.99 0.007 130 18.9 Mimosoideae
17 3.13 0.007 6 50.4 Caryophyllales
18 3.03 0.007 6 78.0 Solanales
19 3.62 0.008 4 73.0 Arecaceae

20 0.92 0.008 254 53.7
Simaroubaceae, Rutaceae,

Meliaceae three-way polytomy



232

Table 2. Correlations of climatic variables and elevation with wood density using a
Pearson’s correlation coefficient (r) and phylogenetically independent contrasts (PIC r).
* P < 0.05; ** P < 0.01; *** P < 0.001.

All Taxa Gymnosperms Angiosperms
TRAIT R PIC r r PIC r r PIC r

Mean Annual
Temperature

0.19*** 0.23*** 0.29** 0.32** 0.09* 0.18***

Maximum
Monthly

Temperature

0.24*** 0.21*** 0.27** 0.25** 0.19*** 0.20***

Minimum Monthly
Temperature

0.13*** 0.19*** 0.18 0.21** 0.03 0.11***

Standard Deviation
of Monthly Mean

Temperature

-0.07* -0.08 -0.06 -0.06 -0.01 -0.08

Annual
Precipitation

-0.09* 0.01 0.03 0.02 -0.19*** 0.01

Maximum
Monthly

Precipitation

-0.05 0.01 0.05 0.01 -0.14*** 0.02

Minimum Monthly
Precipitation

-0.10** -0.01 0.07 -0.02 -0.17*** -0.01

Standard Deviation
of Monthly

Precipitation

0.10** 0.03 0.02 0.02 0.13*** 0.02

Potential
Evapotranspiration

0.01 0.02 0.04 0.01 0.02 0.03

Elevation -0.12*** -0.15*** -0.02 -0.11* -0.04 -0.14***

Latitudinal Mid-
Point of Species

Range

-0.25*** -0.08* -0.18** -0.01 -0.28** -0.17

Latitudinal Extent
of Species Range

-0.14*** -0.09* -0.18*** -0.26*** -0.09 -0.47*
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Figure 1.  The mean wood density of all the species in each 1o grid cell based upon ~
40,000 specimen records stored in the SALVIAS database for which we could match a
wood density value from the compiled database.

Figure 2. Distribution of divergences in wood density through time. Each point
represents one of the 895 nodes in the supertree used for this study.  Black line is a
lowess curve with a smoothing span of 0.05.  It is important to note that the node ages
represented on the x-axis are rough estimates. The are used for inferences regarding the
relative timing of divergences and not the absolute timing.

Figure 3. An interpolation of community-wide average (a) and variation (b) in wood
density in response to physiographic gradients as predicted from multiple regression
analyses (see Results).  The plots utilized for the interpolation are represented as points in
the bottom panel (c).  As some regions of the latitude by elevation space are not sampled
in the 171 plots utilized for this study, some of the interpolated areas should be
interpreted with caution.

Figure 4. An interpolation of community-wide average (a) and variation (b) in wood
density in response to climatic gradients as predicted from multiple regression analyses
(see Results).  The plots utilized for the interpolation are represented as points in the
bottom panel (c).  As some regions of the temperature by precipitation space are not
sampled in the 171 plots utilized for this study, some of the interpolated areas should be
interpreted with caution.
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