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Forest dynamics plots, which now span longitudes, latitudes, and habitat types across

the globe, offer unparalleled insights into the ecological and evolutionary processes that

determine how species are assembled into communities. Understanding phylogenetic

relationships among species in a community has become an important component of

assessing assembly processes. However, the application of evolutionary information

to questions in community ecology has been limited in large part by the lack of

accurate estimates of phylogenetic relationships among individual species found within

communities, and is particularly limiting in comparisons between communities. Therefore,

streamlining and maximizing the information content of these community phylogenies

is a priority. To test the viability and advantage of a multi-community phylogeny, we

constructed a multi-plot mega-phylogeny of 1347 species of trees across 15 forest

dynamics plots in the ForestGEO network using DNA barcode sequence data (rbcL,

matK, and psbA-trnH) and compared community phylogenies for each individual plot

with respect to support for topology and branch lengths, which affect evolutionary

inference of community processes. The levels of taxonomic differentiation across the

phylogeny were examined by quantifying the frequency of resolved nodes throughout.

In addition, three phylogenetic distance (PD) metrics that are commonly used to infer

assembly processes were estimated for each plot [PD, Mean Phylogenetic Distance

(MPD), and Mean Nearest Taxon Distance (MNTD)]. Lastly, we examine the partitioning of

phylogenetic diversity among community plots through quantification of inter-community

MPD and MNTD. Overall, evolutionary relationships were highly resolved across the DNA

barcode-based mega-phylogeny, and phylogenetic resolution for each community plot was

improved when estimated within the context of the mega-phylogeny. Likewise, when

compared with phylogenies for individual plots, estimates of phylogenetic diversity in

the mega-phylogeny were more consistent, thereby removing a potential source of bias
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at the plot-level, and demonstrating the value of assessing phylogenetic relationships
simultaneously within a mega-phylogeny. An unexpected result of the comparisons
among plots based on the mega-phylogeny was that the communities in the ForestGEO
plots in general appear to be assemblages of more closely related species than expected
by chance, and that differentiation among communities is very low, suggesting deep
floristic connections among communities and new avenues for future analyses in
community ecology.

Keywords: ForestGEO, barcode, phylogeny, community assembly, phylogenetic diversity, ecology

INTRODUCTION

Phylogenetic hypotheses have played an increasingly important

role in ecology over the last decade and their use in understanding

community processes has been well reviewed (Webb et al., 2002;

Cavender-Bares et al., 2009; Swenson, 2013). Knowledge of phy-

logenetic relationships among species has been used to quantify

various aspects of ecology, including competition (Webb, 2000;

Kembel and Hubbell, 2006; Webb et al., 2008; Cavender-Bares

et al., 2009; Lebrija-Trejos et al., 2013), environmental filtering

(Cavender-Bares et al., 2004; Uriarte et al., 2010; Liu et al., 2013;

Pearse et al., 2013), pathogen and herbivore selection (Gilbert and

Webb, 2007; Whitfeld et al., 2012), succession (Whitfeld et al.,

2012) and the spatial differentiation of phylogenetic diversity

(Weiblen et al., 2006; Graham and Fine, 2008; Fine and Kembel,

2011). In the context of conservation biology, phylogenetic infor-

mation has also been used to quantify diversity within and among

communities (Faith, 1992; Hardy and Senterre, 2007). The best

measure of diversity that is most relevant for conservation assess-

ment remains an important question. For example, does species

diversity or phylogenetic diversity best capture the full spectrum

of organismal diversity and traits in a community or habitat to be

conserved (e.g., Swenson, 2013)? Nonetheless, the ability of phy-

logenetic data to precisely quantify evolutionary history within

and among communities provides a framework for addressing

how best to quantify, manage and conserve biodiversity and

communities.

The application of evolutionary information to questions in

community ecology has been limited in large part by the lack

of accurate estimates of phylogenetic relationships among indi-

vidual species found within communities. This dearth of infor-

mation has been particularly true for the most species- and

ecologically-diverse communities in the tropics where existing

phylogenetic data are most limiting (Webb and Donoghue, 2005;

Kress et al., 2009). Traditionally, phylogenetic systematists have

focused on taxonomic groups and lineages, not communities,

on the assumption that phylogenetic treatments are most robust

when all members of a clade are included in the analysis. In com-

munities where diverse sets of species are present, the very large

evolutionary divergences among co-occurring taxa and more

sparse taxonomic sampling have been thought to hinder accurate

reconstructions of phylogenetic relationships (Poe and Swofford,

1999).

Newly emerging tools for constructing community phyloge-

nies have largely ameliorated these concerns. Supertree methods,

which prune and graft taxa from existing phylogenetic trees, can

be used to construct phylogenetic relationships among species

in a community (Bininda-Emonds and Sanderson, 2001; Webb

and Donoghue, 2005). However, these methods have two draw-

backs. Firstly, a phylogeny assembled from separate phylogenetic

trees carries topological information, but contain no informa-

tion on the evolutionary distances connecting species (i.e., branch

lengths). Because the use of phylogenies in community ecol-

ogy is specifically dependent upon evolutionary distances, branch

lengths must be inferred. Assigning branch lengths to a topology

with no intrinsic branch length information requires assumptions

(e.g., bladj; Webb et al., 2008) where the branch lengths between

any two dated nodes are evenly divided among the nodes separat-

ing the dates, which is unrealistic. Secondly, unless the reference

trees from which the super-phylogeny is constructed contain all

members of the community, which is extremely unlikely particu-

larly for diverse tropical communities, the relationships of many

species will be inferred only at higher taxonomic levels where

relationships are completely resolved (Kress et al., 2009) and

information about the tips of the phylogeny will be lost. Despite

these limitations supertree-based community phylogenies have

in many ways revolutionized community ecology. The availabil-

ity of supertree tools, such as phylomatic (Webb and Donoghue,

2005), has resulted in an explosion of interest in the merging

of community ecology and phylogenetic systematics (Swenson,

2013).

A relatively new source of phylogenetic character informa-

tion available to complement supertree methods in community

ecology is DNA barcode sequence data. Multi-locus DNA bar-

codes for plants are composed of genes or parts of genes that

have traditionally been used in molecular systematics (Soltis

et al., 2011). The community phylogenies that have been esti-

mated from DNA barcode sequence data are robust and con-

gruent with overall phylogenetic expectations for vascular plants

(Kress et al., 2009; Pei et al., 2011; Whitfeld et al., 2012;

Yessoufou et al., 2013). The advantage of these DNA barcode

phylogenies is their ability to (1) better resolve relationships

at the species-level in clades where supertree methods are less

robust and (2) provide direct estimates of evolutionary distances

(e.g., branch lengths) that connect clades within the phylogeny

(Kress et al., 2009).

Recently supertree methods have been combined with DNA

barcode sequence data to enhance resolution in community

phylogenies (e.g., Kress et al., 2010). In these cases the phy-

logenetic relationships generated through supertree algorithms

are a combination of broadly accepted patterns of taxonomic

relationships at the deepest phylogenetic nodes provided by a

guide or constraint tree while phylogenetic resolution among

genera and species at the tips of the branches is provided by

the rapidly evolving DNA barcode markers. Equally important
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is that branch lengths may be estimated with the DNA bar-

code sequence data throughout the tree, including the parts of

the tree that are constrained. This merging of the two methods

has been particularly fruitful in a number of community studies

(e.g., Kress et al., 2010; Uriarte et al., 2010; Lebrija-Trejos et al.,

2013).

The next step in community analyses is to build multiple

local phylogenies simultaneously that can be quantitatively com-

pared. Currently most community phylogenies are constructed

for one community at a time using different genes and differ-

ent algorithms for estimating the phylogeny, as well as employing

different dating methods, all of which will likely limit the abil-

ity to compare results among the communities. A few studies

have employed molecular phylogenies to multiple communities

(Swenson et al., 2012), but most comparisons among commu-

nities have relied upon either species taxonomic lists (Ricklefs

et al., 2012) or taxonomic supertree methods (e.g., phylomatic).

If we are to use phylogenetics to compare the structure, diversity,

and ecological determinants of diversity among communities,

then we must develop robust methods to build and employ

multi-community phylogenies. Furthermore, an area in which

the application of phylogenetic hypotheses to understanding

ecological processes remains relatively less well explored is the

geographic distribution of phylogenetic diversity and structure

(Hardy and Jost, 2008). The power of sequence-based phylo-

genies to resolve evolutionary relationships and calculate evo-

lutionary distances within communities can now be applied

to determining genetic differentiation and phylogenetic diver-

sity among sites and communities by combining DNA barcode

sequence data from multiple communities into a mega-phylogeny

across these communities. The value of using these measures

of phylogenetic diversity to assess the conservation status of

communities representing various habitat types and regions

across the globe should not be underestimated (e.g., Faith,

1992).

In this study the ForestGEO (http://www.forestgeo.si.edu)

global network of forest dynamics plots was used as the focus

for developing a single large phylogeny for comparing mea-

sures of phylogenetic structure within and among plots. These

plots have been developed over the last three decades to mon-

itor forest change in different forest types around the world.

Recently an effort has been initiated to generate DNA bar-

codes for tree species in each plot as a new tool for foren-

sic ecology and community phylogenetics (e.g., Kress et al.,

2009, 2010; Jones et al., 2011; Pei et al., 2011; Swenson et al.,

2012). Here a method is developed for reconstructing species

relationships based on the DNA barcode sequence data in fif-

teen different ForestGEO plots simultaneously by constructing

a single mega-phylogeny. The benefits of a simultaneous phy-

logenetic reconstruction are addressed by estimating branch

lengths and evolutionary divergence within and among the

individual plots. Finally, analyses of the geographic distribu-

tion of community structure, measures of phylogenetic diversity

across these plots (e.g., Phylogenetic Diversity, Mean Phylogenetic

Diversity, and Mean Nearest Taxon Density), and inferences

into the mechanisms that produce these observed patterns are

provided.

MATERIALS AND METHODS

COMMUNITY SAMPLING AND GENOTYPING

The samples for our analyses were obtained from 15 forest

dynamics plots, which are part of the ForestGEO network orga-

nized by the Smithsonian Institution (http://www.forestgeo.si.

edu; Figure 1). Some of these sites have been the focus of inves-

tigations into the application of DNA barcodes in understanding

the processes of community ecology (e.g., Kress et al., 2009, 2010;

Uriarte et al., 2010; Pei et al., 2011; Swenson et al., 2012). We

used samples from four plots in tropical Asia, two from sub-

tropical Asia, one from temperate Asia, two from the neotropics,

five from temperate North America, and one from temperate

Europe (Table 1). A total of 1347 species were included in the

final dataset, encompassing 553 genera in 125 families and 43

orders.

Three samples per species were directly sequenced at three sep-

arate loci corresponding to the commonly used DNA barcode

markers: (1) 552 bp of the ribulose-bisphosphate/carboxylase

Large-subunit gene (rbcL;), (2) approximately 760 bp of the

maturase-K gene (matK), and (3) the psbA-trnH intergenic spacer

(median 450 bp). All three markers are derived from the chloro-

plast genome. Methods for DNA extraction, PCR, and sequencing

follow Kress et al. (2009) and Pei et al. (2011). Sequences for some

of taxa were retrieved from GenBank (trees in Yosemite, Wind-

River, and Wytham plots); for an individual species we used only

our original sequence data or GenBank data and never combined

original DNA barcode sequence data with GenBank data for the

same species. All DNA barcode data generated for the study have

been submitted to GenBank (see Supplemental Table S1 for acces-

sion numbers for our original sequences and those retrieved from

GenBank).

SEQUENCE ALIGNMENT

DNA barcode sequence data for trees collected from the 15 for-

est dynamics plots at each of the three separate markers were

aligned across all species then concatenated together in an align-

ment supermatrix for estimation of phylogenetic relationships.

The rbcL gene data were aligned through back-translation, using

transAlign (Bininda-Emonds, 2005). The matK gene was also ini-

tially aligned using transAlign, and then adjusted manually to

remove gaps corresponding to frame-shift mutations. Following

manual adjustment of the alignment to remove gaps, the matrix

was aligned a second time using MAFFT (Katoh and Standley,

2013), implementing the FFT-NS-2 option for larger datasets.

The psbA-trnH marker was aligned using SATe (Liu et al., 2012),

implementing the PRANK aligner (Löytynoja and Goldman,

2005) for sub-groupings and the MUSCLE aligner (Edgar, 2004)

for merging sub-alignments. SATe is a “divide and conquer” style

algorithm where an initial set of sequences is subdivided into

smaller sets which are aligned and then joined back into a single

alignment using a consensus alignment algorithm. SATe is itera-

tive and goes through many cycles of generating sub-alignments

and merging to consensus alignment using the likelihood score of

a phylogenetic tree to determine an optimal alignment state. To

improve the estimate of alignment in SATe, a guide tree derived

from the Phylomatic portal (Webb and Donoghue, 2005) was

used as a starting tree in the alignment. The guide tree used in
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FIGURE 1 | The distribution of the 15 ForestGEO plots incorporated into the mega-phylogeny are shown. The plots encompass temperate, sub-tropical

and tropical habitats and are distributed globally.

Table 1 | Descriptions of the ForestGEO plots examined in this study are given.

Plot Species Genera Families Geography Habitat Coordinates

BCI 337 205 55 New-world Tropics 8.63, −77.81

Bukit-Timah 326 177 61 Asian Tropics 3.37, 98.92

Dinghushan 192 114 20 Asian Sub-tropics 23.30, 114.54

Gutianshan 146 97 44 Asian Sub-tropics 28.04, 121.08

Luquillo 141 107 39 New-world Tropics 17.61, −67.68

Lienhuachih 129 79 49 Asian Tropics 25.44, 120.27

Fushan 98 62 30 Asian Tropics 24.21, 123.59

SCBI 62 37 52 New-world Temperate 38.89, −78.14

Changbaishan 54 35 17 Asian Temperate 42.38, 128. 08

Nanjenshan 42 36 17 Asian Tropics 22.070, 122.73

Waibikon lake 30 23 18 New-world Temperate 45.551, −88.78

SERC 28 20 15 New-world Temperate 38.89, −76.56

Wytham 18 12 5 Europe Temperate 51.77, −1.338

Wind river 7 4 3 New-world Temperate 45.82, −121.95

Yosemite 7 5 4 New-world Temperate 37.77, −119.82

Mega-phylogeny 1347 553 125

For each plot, the number of species, genera, and families is shown, as are general classification of the Geography, habitat type, and GPS coordinates. The number

of species in the Mega-phylogeny is given, and is smaller than the sum among all communities due to shared species in some communities.

SATe was not a constraint tree, and thus the tree inferred from

a final alignment in SATe may differ from the phylomatic input

tree. SATe allowed us to generate a single alignment block for the

hyper-variable psbA-trnH marker for all species, in contrast to sets

of nested alignments as used previously (Kress et al., 2009).

PHYLOGENETIC RECONSTRUCTION

The aligned 3-gene matrix was fully analyzed in the phylogenetic

tree-building algorithm GARLI (Zwickl, 2006) via the CIPRES

portal (Miller et al., 2010) to produce the 1347 taxon phylogeny

that we call the “mega-phylogeny.” The configuration file used
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with GARLI is given in Supplemental Table S2. In addition to

the aligned 3-gene matrix we utilized a phylogenetic constraint

tree (described below). The aligned data-file was also partitioned

by locus for use in GARLI, so that each of the three genes

had separate model parameters estimated using the program

MODELTEST 3.7 (Posada and Crandall, 1998). The use of SATe

greatly assisted model estimation at this stage because only a sin-

gle model was required for the psbA-trnH marker, whereas with

nested alignments either a single model would need to be chosen

for all discrete alignment blocks (which would be artificial since

the same model would not readily be chosen for all alignment

partitions), or a very large number of models would be estimated

separately for the same genetic locus. For a best tree search, 100

search replicates were initiated, each starting from random tree, to

search for a best, most likely phylogeny. Further, we implemented

a separate set of 100 bootstrap runs under the CAT-GAMMA

model in GARLI, while still using the ordinal level constraint

tree, to quantify support for the topology used in subsequent

analyses.

Because of the relatively rapidly evolving sequence data pro-

vided by the DNA barcode markers and the inclusion of a

large number of species spanning broad evolutionary distances,

we employed a constraint tree to fix the deep phylogenetic

relationships (Kress et al., 2010). The search for the best tree

was performed with a constraint tree derived from Phylomatic

using the R20120829 phylogenetic tree for plants, derived from

the Angiosperm Phylogeny Group III reconstruction (APGIII,

2009). The constraint was modified in Mesquite (Maddison and

Maddison, 2014) in which each taxonomic order was reduced to

a polytomy. This effect enforced phylogenetic relationships at the

level of order and above. The molecular data were then responsi-

ble for reconstructing family, generic, and species relationships

within orders. The quality of the phylogenetic reconstructions

was evaluated by quantifying the fraction of resolved nodes, and

the level of monophyly at the taxonomic family- and genus-

levels. Although the constraint tree fixed relationships among

orders according to APGIII, the branch lengths for all groups of

taxa, including those fixed by the constraint-tree, were calculated

from the aligned DNA barcode sequence alignment. As such, the

combination of the constraint and sequences enabled phylogeny

reconstruction by limiting the searched tree space and estimation

of branch lengths across the depth of the tree.

In addition to constructing a single phylogeny for 15

ForestGEO community plots, phylogenetic relationships were

estimated in each of the 15 plots separately. Taxa corresponding

to each plot were pruned out from the aligned 3-marker matrix

produced for the full 1347 taxon set and a phylogeny was con-

structed using the alignment for the taxa present in each plot as

described above. Any benefits of high-taxon density to sequence

alignment in the larger dataset were accordingly propagated to

the estimates of alignment for each individual plot. For each of

the 15 community plots, a best tree search with 100 indepen-

dent search replicates was conducted in GARLI via the CIPRES

portal using the same configuration parameters as the mega-

phylogeny. The best scoring ML tree was used in subsequent com-

parisons between individually constructed community phylogeny

and those estimated within the context of the mega-phylogeny.

To evaluate how well taxa were resolved in the mega-phylogeny

and in individually constructed plot phylogenies, the fraction

of non-zero length branches (that is, the fraction of resolved

branches) were calculated for the entire mega-phylogeny, for indi-

vidual plots that were pruned out of the mega-phylogeny, and for

each individually constructed plot phylogeny. To compare how

changes in taxonomic composition were associated with degree

of phylogenetic resolution, spearman rank correlation was com-

puted between the resolution of each phylogeny with species

richness, Mean Phylogenetic Distance (MPD) and Mean Nearest

Taxon Distance (MNTD), the latter described below. Similarly,

we used spearman correlation to examine how rates of resolution

changed as a function of latitude, as we moved from the tropics to

temperate environments.

MEAN PATH LENGTH (MPL) CALIBRATION OF PHYLOGENY

Mean Path Length (MPL) calibration (Britton et al., 2002) was

used to transform all molecular phylogenies into ultrametric

chronogram. MPL estimates branch lengths using the mean of all

branches descending from it, and thus is closer to molecular clock

calibration. The algorithm was implemented using APE (Paradis

et al., 2004) implemented through the Picante package (Kembel

et al., 2010) of the R programming language (R Core Team,

2012) with the “chonoMPL” command, setting the root age to

1, as opposed to attempting to assign any dates. This method was

selected because (1) it most directly reflects inferred evolutionary

distances (i.e., branch lengths) with the minimum of alteration of

branch length relative to other methods of generating an ultra-

metric tree (Britton et al., 2002), and (2) attempts to use Bayesian

methods for branch length calibration (e.g., BEAST; Drummond

and Rambaut, 2007) were unable to reach a state where the

optimization converged for the larger phylogenies. Thus, each

of the 15 separately generated community phylogeny, and the

mega-phylogeny were transformed with MPL and these trans-

formed phylogenies were used in analysis of phylogenetic distance

(PD) and diversity (Sections Phylogenetic Diversity Metrics and

Comparative Community Phylogenetic Diversity and Structure).

PHYLOGENETIC DIVERSITY METRICS

Three common metrics of phylogenetic diversity were utilized

to quantify differences among the 15 ForestGEO plot-based

community phylogenies. All of these metrics were estimated

within the Picante package (Kembel et al., 2010) of the R pro-

gramming language. For each plot community, the phylogenetic

diversity was calculated and then the values observed were com-

pared for individually constructed phylogenies and for those

estimated within the mega-phylogeny. The PD metric (Faith,

1992), which sums the branch lengths for any defined set of

taxa in a phylogeny, is correlated with species richness, but

greatly refines estimates of diversity by incorporating a quan-

titative measure of evolutionary divergence (Faith, 1992; Forest

et al., 2007; Morlon et al., 2011). For individually constructed

community phylogenies, PD was simply the sum of all branch

lengths in the phylogeny. For community phylogenies within the

mega-phylogeny, PD was the sum of all branch lengths within

the mega-phylogeny connecting the species belonging to that

community.
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The second metric utilized was MPD (Webb et al., 2002),

which obtains an average for the pair-wise PD across all pairs

of taxa in a community. As such, MPD is not directly correlated

with species number by default, and is strongly influenced by

branch lengths at the deepest nodes of the phylogeny (Swenson,

2013). This metric gives an estimate of the overall divergence

of taxonomic clades present in a community and is sensitive to

replacement of taxa that differ in broad taxonomic placement.

The third metric employed was MNTD (Webb et al., 2002),

which provides an average of the distances between each species

and its nearest phylogenetic neighbor in the community. MNTD

quantifies the degree that a community may be a set of closely

related species vs. a heterogeneous set of taxa from disparate

taxonomic clades. MNTD is necessarily sensitive to replacement

of closely related taxa and is much less sensitive to changes at

the basal (or oldest) nodes of the phylogeny. For each of these

terms, the phylogenetic diversity is inferred through the summed

branch length distances connecting species in the phylogeny, thus

distance is equivalent to diversity.

The absolute values of PD, MPD, and MNTD are not rele-

vant here; rather the differences in these metrics estimated from

independently derived phylogenies vs. those estimated from the

mega-phylogeny are most important. To compare how estimates

of phylogenetic diversity vary, the proportional difference for the

values in each community were measured and values of differ-

ence were plotted for all 15-plot communities. For each metric,

15 values were calculated representing the difference between

individually constructed plot phylogeny and values inferred from

the mega-phylogeny. The percentage difference was calculated as:

[(Mi − Mj)/Mj]
∗100 where M = the metric under evaluation

(PD, MPD, or MNTD), i = the value estimated from indi-

vidually constructed community phylogeny and j = the value

estimated from the mega-phylogeny. A value of zero corresponds

to no difference in estimates of PD between that inferred in the

mega-phylogeny and that from individually constructed phyloge-

nies. We further examined if there was a significant correlation

between latitude and phylogenetic diversity using the spearman

correlation coefficient with decimal values of latitude for each

community plot. Whereas species richness is known to exhibit a

strong latitudinal gradient, we used this correlation to evaluate if

phylogenetic diversity metrics exhibit similar patterns.

COMPARATIVE COMMUNITY PHYLOGENETIC DIVERSITY AND

STRUCTURE

To compare the phylogenetic diversity and structure among

ForestGEO plots, two methods were used, both estimated within

the Picante package of the R programming language, and using

the MPL transformed mega-phylogeny. The first metric was the

Inter-community Mean Pairwise Distance, which is a measure of

phylogenetic beta diversity (Webb et al., 2002) and is calculated

as the mean for all pair-wise comparisons of PD between the

taxa of two different communities (the “mpd.comdist” routine

within Picante). The second metric is the MNTD among nearest-

neighbor pairs of species in different communities (the “comdis-

tnt” routine within Picante) and is sensitive to higher-level

taxonomic substitutions (i.e., changes in representation of taxo-

nomic family or order) among communities. For mpd.comdist

and comdistnt, both the mean and variance of the inter-

community PDs were plotted.

To further test if each of the 15 ForestGEO plots was a ran-

dom sample of the larger community of species represented by the

mega-phylogeny, a randomization test implemented in Picante

was used to estimate the standard effects size of each of the three

PD metrics. This test was run for the three phylogenetic diver-

sity metrics PD, MPD, and MNTD using the MPL transformed

mega-phylogeny. For each of the three metrics, the algorithm

in Picante was run using 999 randomizations of the commu-

nity within the mega-phylogeny applying the “taxa.labels.” The

“taxa.labels” model maintains the species richness of each com-

munity as well as the number of forest plots a particular species

may be assigned to (i.e., a species observed in one forest can

only be found in one forest in the randomized data), but alters

the evolutionary relationships (i.e., branch lengths connecting

species) in that community by randomizing the names of the

species at the tip of the phylogenetic tree (Webb et al., 2002).

The model generates a distribution from the 999 independent

randomizations, against which the observed value of phyloge-

netic diversity (PD, MPD, or MNTD) may then be compared and

a p-value assigned to it. Communities with a p-value of <0.05

were judged to be significantly different from random within the

context of the 15 plot mega-phylogeny. Z-values, observed and

expected values of diversity, and p-value are given as supplemen-

tal data (Supplemental Tables S3–S5, respectively, for PD, MTD,

and MNTD). Departures from random have been interpreted as

a signal for local-level processes within communities, such that

species with observed PDs significantly less than the randomized

mean are more closely related than expected (i.e., phylogeneti-

cally clustered) and hence the result of environmental filtering

on phylogenetically structured traits (Webb, 2000). Alternatively,

species with evolutionary distances significantly greater than the

observed mean are more distantly related than expected (i.e.,

phylogenetically overdispersed), which is consistent with the role

of competition in structuring species composition (Webb et al.,

2002). The entire ForestGEO mega-phylogeny was treated in

essence as a global “meta-community” and as such these metrics

provide evidence for similar ecological processes among commu-

nities that are linked to the environment or taxonomic structure.

RESULTS

PHYLOGENETIC RECONSTRUCTION

Phylogenetic resolution, which is the fraction of non-zero length

branches in a phylogeny, varied among the 15 single-plot phy-

logenies and the 15-plot mega-phylogeny. The 15-plot mega-

phylogeny with molecular branch lengths selected from the most

likely of 100 independent maximum-likelihood tree searches is

shown in Figure 2. The distribution of the Orders throughout

the 15-plot mega-phylogeny are presented in Figure 3A; with the

diversity of orders within each plot shown in Figure 3B. The

fraction of resolved species for the mega-phylogeny was over

78% using the phylogeny with the best likelihood score derived

from 100 independent search replicates. A consensus tree from

rapid bootstrapping of the mega-phylogeny found 70.2% of all

nodes were supported using majority rule 50% criterion, which

closely mirrored the 78% resolution in the highest scoring ML
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FIGURE 2 | Representation of the ForestGEO 15-plot mega-phylogeny,

reconstructed with Maximum-Likelihood, shown with un-transformed

branch lengths.

tree. The rates of resolution for the independently derived com-

munity phylogenies (Table 2) ranged from 81% (Dinghushan)

to 100% (Wytham and Yosemite). A significant relationship

was found between phylogenetic resolution and species richness

(r = −0.799, p > 0.001), as smaller community phylogenies (and

those at higher latitudes) were more likely to be fully resolved.

Importantly, however, phylogenetic resolution for a plot was

consistently higher when estimated within the context of the

mega-phylogeny (Table 2). On average a 3.5% increase in reso-

lution was found, ranging from an 8% increase for Bukit-Timah

and Changbaishan to no increase for Wind-River and Yosemite

(Table 2).

A significant relationship was found between MNTD for a

plot and its phylogenetic resolution (r = 0.874; p > 0.001), with

higher MNTD equating to improved resolution. A similar effect

was seen with MPD (r = 0.658; p = 0.008). The relationship of

MNTD with phylogenetic resolution paralleled the observation

of species richness and phylogenetic resolution, and was simi-

lar to correlation with latitude (r = 0.397, p = 0.142), such that

as communities were composed of fewer species, it was easier to

distinguish among them topologically.

COMMUNITY PHYLOGENETIC DIVERSITY AND STRUCTURE

The three diversity metrics (PD, MPD, and MNTD) calculated

for each plot varied for those derived from the mega-phylogeny

vs. the individually constructed plot phylogenies (Figure 4). A

weak relationship was observed between species richness and

the proportional difference for PD (r = 0.393, p = 0.083), but

exhibited a significant positive relationship for MPD (r = 0.741,

p = 0.002) and MNTD (r = 0.525, p = 0.028) as larger plots

exhibited less differentiation in the estimated metrics (Figure 4).

Averaged over all communities, the percent difference in esti-

mated PD was, PD = 14.38%, MPD = 2.297%, and MNTD =

38.76%. The percent difference for MNTD was striking, and is

most evident in the smallest plots with a range of 60% divergence

for Changbaishan, to 15% divergence for BCI (Figure 4), which

FIGURE 3A | Phylogenetic relationships of taxa in the 15 ForestGEO

plots as a mega-phylogeny and as separate plots resolved at the

level of taxonomic family. A cladogram of the ForestGEO 15-plot

mega-phylogeny,with 1347 taxa derived from molecular data is

presented. Seven separate major phylogenetic groups of vascular plants

are indicated to demonstrate the evolutionary diversity of species

included in the mega-phylogeny. The composition of the

mega-phylogeny is broadly congruent with land plant relationships

showing high diversity in the Asterid, Rosid, and Basal Eudicot clades,

and very low diversity among Monilophytes and Gymnosperm clades.

reflects the difficulty that phylogenetic reconstruction methods

may have in inferring evolutionary distances when the mean of

those distances is very large. The improvements in estimates of

PD within the mega-phylogeny are most dramatic for the small-

est plots where the higher taxon density of the mega-phylogeny

greatly improves estimates of branch lengths among all species

found in those communities. The inter-plot Mean Phylogenetic

Distance (inter-MPD) was broadly similar for 13 of the 15 plots

(Figure 5), with only the most species poor plots (e.g., Wind-

River and Yosemite) differing significantly from the other 13

plots. This reflects the wide taxonomic composition of many of

the plots, where high variation within plots obscures differentia-

tion among the plots, as seen through taxonomic representation

of different orders within each plot (Figure 3B). Similarly, the

inter-plot Mean Nearest Taxon Distance (inter-MNTD) exhibited

no differentiation among any of the ForestGEO plots, regardless

of geographic location or species richness (Figure 4).

In contrast to the inter-community diversity metrics, ran-

domization tests, which evaluate if communities are a random

subsample of the larger phylogeny, found that the communi-

ties were not a random set of species (Table 3). In the three

PD metrics used, all three exhibited significant differences from
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FIGURE 3B | Individual cladograms for each of the 15 separate ForestGEO plots arranged by species richness. The families that are present in each

individual plot are mapped on the mega-phylogeny in red to show the evolutionary and taxonomic diversity present in each plot.

random in the most speciose plots, with a consistent trend toward

their being significantly clustered (Table 3, and Supplemental

Tables S3–S5 for PD, MPD, and MNTD, respectively). For PD, the

five temperate sites exhibited no departure from random, whereas

each of the plots with more than 62 species (excepting Luquillo)

was significantly clustered. For MNTD the result was even more

skewed with 12 of the 15 plots exhibiting significant cluster-

ing. For MPD significant clustering was found for the four most

species rich tropical plots (BCI, Bukit-Timah, Dinghushan, and

Gutianshan), whereas the most species-poor community plots

were inferred to be overdispersed (Wabikon Lake, Wind River,

Wytham, and Yosemite). Overall the eight tropical or sub-tropical

plots, when considered over all three PD metrics, were signifi-

cantly clustered in 15 out of 24 cases. In the remaining nine cases

they were not different from random, and none were inferred to

be over-dispersed. Alternatively for the seven species-poor tem-

perate plots, four were overdispersed (only with MPD), eight were

significantly clustered (seven for MNTD and one for PD with

Changbaishan), and the remaining 12 showed no departure from

random (Table 3). Two plots, Luquillo and Nanjenshan, were

Frontiers in Genetics | Evolutionary and Population Genetics November 2014 | Volume 5 | Article 358 | 8

http://www.frontiersin.org/Evolutionary_and_Population_Genetics
http://www.frontiersin.org/Evolutionary_and_Population_Genetics
http://www.frontiersin.org/Evolutionary_and_Population_Genetics/archive


Erickson et al. Comparative community phylogeny with ForestGEO mega-phylogeny

Table 2 | Fraction of resolved nodes within the ForestGEO15

mega-phylogeny and each of the individual plots when estimated

separately.

Plot # Taxa Individually Mega- Difference

constructed phylogeny

ForestGEO15 1347 n/a 0.78 n/a

BCI 337 0.89 0.93 0.04

Bukit-Timah 326 0.86 0.94 0.08

Dinghushan 192 0.81 0.85 0.04

Gutianshan 146 0.87 0.93 0.06

Luquillo 141 0.95 0.97 0.02

Lienhuachih 129 0.88 0.92 0.04

Fushan 98 0.89 0.91 0.02

SCBI 62 0.89 0.94 0.05

Changbaishan 54 0.85 0.93 0.08

Nanjenshan 42 0.95 0.96 0.01

SERC 30 0.92 0.97 0.05

Wabikon lake 28 0.95 0.98 0.03

Wytham 18 1 1 0

Wind river 7 1 1 0

Yosemite 7 1 1 0

The fraction of non-zero length nodes in the phylogeny was used to determine

the percent resolution for the best-supported ML phylogeny.

FIGURE 4 | The percentage difference in observed value of PD, MNTD,

and MPD are plotted for each community. Each point is the percent

difference in the value of a metric calculated from individually constructed

community phylogeny vs. that observed for the same community in the

mega-phylogeny. Values are plotted as a function of Species Richness of

the ForestGEO community.

consistent in exhibiting no significant departures from random

for any of the phylogenetic diversity metrics whereas all other of

the plot phylogenies exhibited some significant departure from

random for at least one of the metrics.

FIGURE 5 | Two methods to infer differentiation among communities

are shown, with the inter-community MNTD (top) and

inter-community MPD (bottom). Boxplots for each community show the

mean (dark bar within box), interquartile range (box), and 95% confidence

interval (whisker bars), computed from all pairwise contrasts between

plots.

DISCUSSION

In the field of ecology phylogenetic data have been used to under-

stand ecological processes (Webb et al., 2002; Cavender-Bares

et al., 2009), the roles of trait conservatism and dispersal limi-

tation in structuring communities (Fine and Kembel, 2011; Liu

et al., 2013), and the regulation of beta diversity (Swenson et al.,

2012). In addition, phylogenetic information has been applied

to the identification of specific environments critical for con-

servation (Faith, 1992; Forest et al., 2007; Morlon et al., 2011).

Accordingly, the ability to generate and use phylogenetic data

to address core questions in ecology and to assess conservation

priorities are of increasing importance.

The results shown here demonstrate that constructing a single

mega-phylogeny inclusive of many individual community plots

improves the estimation of the evolutionary relationships and dis-

tances among species in each separate plot. The mega-phylogeny

is also helpful in examining the patterns of phylogenetic diversity

within and among plots to explore broad scale patterns that may

reflect processes regulating community assembly and the main-

tenance of diversity. Long-term biodiversity monitoring plots,
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Table 3 | Values for three species richness (SR) and three

Phylogenetic Diversity metrics Phylogenetic Distance (PD), Mean

Phylogenetic Distance (MPD), and Mean Nearest Taxon Distance

(MNTD) are given for each plot.

Plot SR PD MPD MNTD

BCI 337 28.88 0.61 0.09

Bukit-Timah 326 25.80 0.60 0.08

Dinghushan 192 18.55 0.72 0.09

Gutianshan 146 16.1 0.60 0.12

Luquillo 141 19.57 0.67 0.14

Lienhuachih 129 14.17 0.62 0.11

Fushan 98 12.67 0.86 0.12

SCBI 62 8.67 0.61 0.13

Changbaishan 54 7.15 0.69 0.10

Nanjenshan 42 8.27 0.59 0.23

SERC 30 6.19 0.66 0.19

Wabikon lake 28 5.63 0.75 0.18

Wytham 18 4.38 0.78 0.17

Wind river 7 3.13 0.92 0.31

Yosemite 7 3.00 0.79 0.31

For each metric 999 randomizations were used to assess departure from random

community structure. Significant differences from random are in bold, with pat-

tern denoted by superscript. Standard effect sizes, Z and p-values are reported

in Supplemental Tables S3–S5.

, Significant Overdispersion; , Significant Clustering.

such as the ForestGEO network, provide an ideal context for

investigating phylogenetic diversity and geographic structuring

among plots to address questions regarding community assembly

at very broad scales.

GENERATING PHYLOGENIES

The use of a constraint tree to construct the mega-phylogeny was

adopted in this study and it is recommended for use in large

community phylogenies, particularly those built with rapidly

evolving sequence data as found in DNA barcodes (Kress et al.,

2010). For example, the non-protein coding marker psbA-trnH

has been used phylogenetically at very low taxonomic scales

(e.g., within genera or families) because of the difficulty in

aligning sequences among distantly related taxa. This limita-

tion has slowed its adoption as an official DNA barcode marker

(Hollingsworth et al., 2011). However, in this study we were able

to use the SATe algorithm to align psbA-trnH across all species,

including distantly related ones, in the analysis rather than as in

prior studies in which the marker was aligned in a nested format

within a supermatrix and did not contribute to the inferred rela-

tionships of deeper taxonomic scales (Kress et al., 2009; Pei et al.,

2011). This marker evolves very rapidly and global alignment

may have contributed to the non-constrained mega-phylogeny

exhibiting differentiation from expectations in APGIII. However,

the use of psbA-trnH in a global alignment produced a higher

fraction of resolved nodes than the use of only rbcL+matK, and

did not negatively affect rates of family and generic monophyly

(Table 1). Also, a nested approach to alignment of psbA-trnH

requires some subjective decisions with regards to the scale at

which to group sequences, which may result in the exclusion of

sequences from taxa that are not readily included in groupings.

This effect in turn will result in a greater asymmetry in the aligned

sequence matrix, and, therefore, will complicate model selec-

tion for different data partitions in phylogenetic inference. For

these reasons we recommend a global alignment of psbA-trnH

in plant DNA barcode phylogenies using SATe in conjunction

with a constraint tree that will enforce higher-level taxonomic

resolutions.

Even the relatively limited sequence content from DNA bar-

code markers, as demonstrated here, can be successfully used

to the construct a highly robust phylogeny across multiple plots

with high rates of resolution and monophyly. When compared

with other studies of very large phylogenies, the mega-phylogeny

had comparable rates of resolution among species (Smith et al.,

2009, 2011), and an overall remarkably high rate of 78% taxo-

nomic resolution. The 15-plot mega-phylogeny with 1347 species

in 43 orders and 125 families (Table 1, Figure 2) was signif-

icantly larger than the individual plots in which the average

was 12 orders and 38 families (Table 1). The mega-phylogeny

improved resolution among species in most communities relative

to constructing phylogenies for individual plots (Table 2). The

construction of a community phylogeny is greatly improved in

the context of resolving difficult taxonomic relationships when

taxon density is high (Smith et al., 2011) and the lower level of

taxonomic resolution in the mega-phylogeny as a whole does not

affect the inferred rates of resolution for the included plots. The

increased taxon density of the mega-phylogeny represented by

a lower estimate of the MNTD was a central driver in improv-

ing rates of phylogenetic resolution (see Supplemental Table S4).

As the genetic distances among species become more contin-

uous and evenly distributed, the ability to infer phylogenetic

relationships increases, which is reflected in the strong correlation

between decreasing MPD and increasing phylogenetic resolution

(0.73). Therefore, as ever-larger mega-phylogenies are generated

to include an expanded scope of land plant diversity, then more

fully resolved and well-supported community phylogenies can be

pruned from them.

IMPROVING PHYLOGENETIC RESOLUTION

Improving the accuracy of relationships among species in a com-

munity phylogeny is not just a methodological detail. Poorly

resolved phylogenies can result in biased estimates of the diver-

sity metrics used to infer ecological process (Davies et al., 2012)

or may lead to very different conclusions about ecological pro-

cess in a particular community (Kress et al., 2009). The low

rates of taxonomic resolution in supertrees relative to molecular

derived community phylogenies may adversely affect ecological

inference (Kress et al., 2009); yet with supertrees, at least all

samples in a study are assembled and dated similarly, and thus

results observed among communities are consistent and compa-

rable (Fine and Kembel, 2011). The challenge of collecting genetic

data for all the members of a community has limited the use of

molecular phylogeny in studies of community ecology, particu-

larly in studies comparing across multiple communities (Swenson

et al., 2012). With the widespread generation of DNA barcode

data across tropical plots, such as the ForestGEO network of
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forest dynamics plots, information on phylogenetic relationships

can now be applied to many communities simultaneously. The

benefits of constructing phylogenies for multiple communities

concurrently as well as the advantages of increased taxonomic res-

olution and more accurate evolutionary distances among species

and clades are many. Because evolutionary distance, or branch

lengths, are necessary to infer processes of community assem-

bly, one of our goals was to quantify the improvement of

estimating evolutionary distances through the use of a mega-

phylogeny of many plots to construct phylogenies of individual

plots.

Nearly all studies of community phylogenetics have exam-

ined one community at a time. In most cases the community

phylogenies were constructed using supertree methods, includ-

ing phylomatic (Webb, 2000; Cavender-Bares et al., 2004; Fine

and Kembel, 2011) or direct sequence data (Kress et al., 2009;

Uriarte et al., 2010; Pei et al., 2011), but it is difficult to know

if differences in the results are attributable to differences in the

phylogeny employed or in the ecological processes themselves. We

have shown here that constructing a molecular phylogeny for all

communities together improves estimates of phylogenetic diver-

sity and structure compared to estimating individual phylogenies

for each community.

PHYLOGENETIC DIVERSITY

A mega-phylogeny may also improve estimates of commu-

nity phylogenetic diversity through the conversion of all phy-

logenies into molecular-clock-based ultrametric trees using the

MPL adjustment (Britton et al., 2002) and then directly esti-

mating three commonly employed diversity metrics (Table 3).

Communities with the lowest species diversity showed the great-

est contrast in diversity measures when estimated in the mega-

phylogeny vs. the individual-plot phylogenies (Figure 4). For

example, in the Yosemite and Wind-River plots (where species

richness = 7), diversity estimates from individually-derived phy-

logenies were less than half that observed in the mega-phylogeny;

whereas for the larger plots the differences were much less. For

all communities, the values of PD were lower in individually-

constructed community phylogenies (Figure 4). We note that this

result considers only trees, and that work comparing canopy and

understory diversity suggest that temperate forests may contain

comparable phylogenetic diversity when all plants are consid-

ered (Halpern and Lutz, 2013). However, for our observations,

divergence between estimates were correlated with species rich-

ness of the plot (Species Richness vs. % difference in MPD =

0.68) with smaller plots showing the greatest differentiation,

and suggests that the mega-phylogeny should greatly improve

comparisons among plots, particularly when those communities

differ in species richness.

PHYLOGENETIC STRUCTURE AMONG COMMUNITIES

A growing, but still small, number of studies have compared

phylogenetic structure across communities (Hardy et al., 2012;

Swenson et al., 2012; Oliveira-Filho et al., 2013a,b). However,

as shown here the evolutionary structure among plots, via

the inter-community measures of MPD and MNTD (Figure 5),

complements similar patterns of phylogenetic structure within

communities. The lack of differentiation among plots (Figure 5),

with the exception of the extremely taxon-poor Yosemite and

Wind-River plots in the Cascade and Sierra Nevada Mountains,

is striking. The prevalence of trees in the families Fabaceae,

Euphorbiaceae, and Myrtaceae in the tropical plots and their rel-

ative paucity in the plots located in temperate environments was

not significant enough to differentiate these communities in most

cases. The effect of latitude on measures of phylogenetic diver-

sity was highly significant (with PD, MPD, and MNTD showing

Spearman correlation coefficient of -0.905, 0.684, 0.521, respec-

tively) and followed changes in species richness along the tropical

to temperate transition. The correlation for PD was negative with

latitude, whereas MPD and MNTD were positive, reflecting how

the two latter metrics remove the effect of species richness on

phylogenetic diversity. The reliance of MPD on the genetic dis-

tances of the most basal nodes of the phylogeny and the emphasis

on the presence or absence of basal lineages suggest that sub-

stitution of one family (or order) in communities that differ in

species number are equivalent. It is even more striking that the

inter-community estimates of MNTD should show similarly low

rates of differentiation among sites. While the differentiation in

MPD can be more readily explained by the role of deeper nodes

in determining differentiation, the MNTD would be inflated

when comparing environments from the tropics with that of the

temperate zones. The lack of differentiation among plots corre-

sponds well to the observation that trees in these plots are in

general phylogenetically clustered, and that environmental filter-

ing is driving assembly processes. The main caveat is that we can

infer a role of environmental filtering from phylogenetic clus-

tering only when the traits that drive fitness are evolutionarily

conserved.

PHYLOGENETIC DISTANCE AND ECOLOGICAL PROCESSES

A central benefit of constructing a mega-phylogeny containing

many communities is our ability to more accurately contrast eco-

logical processes operating in different communities. Therefore,

phylogenetic patterns that are observed (e.g., clustering, overdis-

persion) are not attributable to differences in how community

phylogeny are assembled, but are more directly linked to dif-

ferent ecological processes in those communities. We note that

disentangling these processes within a community phylogenetic

context remains a challenge, as we are just beginning to apply

phylogenetic information to multiple communities and appropri-

ate null models of phylogenetic pattern that incorporate explicit

geographic differentiation are still being developed. The role

of dispersal limitation and biogeographic vicariance in gener-

ating differences in species composition observed in different

communities affect our results as would community assem-

bly processes within sites. Yet the patterns derived with exist-

ing models can at least be viewed as having an ecological or

evolutionary basis rather than a simple product of phylogeny

construction.

In our study, for each of the different metrics of PD the

most diverse tropical communities were composed of a set

of more closely related species than expected at random in

the context of the null model used (Table 3). The pattern of

increased relatedness was most evident for the nearest-taxon
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metric MNTD, which exhibited significant clustering for all but

two plots, but was also true for MPD and PD for the trop-

ical communities. This clustering of related species could be

attributable to several factors. From the perspective of com-

munity ecology, these observations are consistent with local

scale environmental filtering for phylogenetically conserved traits

and niche conservatism. We note that with such geographi-

cally widespread communities other factors, including dispersal

limitation linked with regional vicariance speciation, will play

important roles and will require further investigation. Null mod-

els of no-dispersal limitation among communities will need to

be explicitly re-examined in future work as we continue to

construct phylogenies that encompass an increased number of

communities.

With respect to environmental filtering and niche conser-

vatism, these two processes are not mutually exclusive, although

they make different assumptions regarding the role of phyloge-

netic conservatism and the role of dispersal. Much work has been

done on the degree to which trait conservatism occurs in trop-

ical forests (reviewed in Cavender-Bares et al., 2009) and the

role of trait conservatism on phylogenetic pattern (Kraft et al.,

2007; Crisp et al., 2009). Kraft et al. (2011) demonstrated that

increasing phylogenetic trait conservation will amplify phyloge-

netic structure, which results in communities composed of more

closely related sets of species. Crisp et al. (2009) examined phy-

logenetic distribution across major South American biomes and

found a high degree of constraint on the ability of related groups

to invade novel biomes. These results are concordant with our

observations of the tropical communities studied here, in which

species in each community tended to be phylogenetically clus-

tered. A growing number of studies (e.g., Hardy et al., 2012;

Ricklefs et al., 2012) have found evidence for globally-scaled pro-

cesses regulating species diversity in the tropics. For example,

in the neotropics the number of individuals and the number of

species in certain families is strongly conserved across five repli-

cated forest plots (Ricklefs et al., 2012). While the main objective

of that particular study was an evaluation of the theory of ecologi-

cal neutrality in community assembly (Hubbell, 2001), the results

are concordant with high levels of phylogenetic trait conservatism

and environmental filtering (Kraft et al., 2011). In some cases,

field-based studies have shown mixed results in linking phyloge-

netic signal to trait dispersion in tropical forests (Liu et al., 2013).

Therefore, even though the current results are consistent with a

global pattern of environmental filtering and niche conservatism

as a driving force in community assembly, more work needs to

be done to clarify the role of phylogenetic trait conservatism in

large-scale community processes.

ACKNOWLEDGMENTS

This study was made possible by the CTFS-ForestGEO net-

work through the support of the Smithsonian Institution, the

Smithsonian Tropical Research Institute, The Chinese National

Science Foundation, Ministry of Science and Technology, Taiwan,

the Arnold Arboretum of Harvard University, and the Frank

Levinson Family Foundation. The paper resulted from a CTFS-

CForBio workshop in Changbaishan, China, supported by NSF

grant DEB-1046113 to Stuart J. Davies, a National Natural Science

Foundation of China grant 31200471 to Nancai Pei. In addition to

additional National Natural Science Foundation of China grants

31011120470 and 312111072 to Zhanqing Hao. Support was also

provided by the Ministry of Science and Technology, Taiwan,

grants 101-2313-B-178-001-MY2 and 102-2313-B-178-002-MY3

to Chun-Lin Huang. Most importantly, we wish to note and thank

the outstanding efforts of individuals in the field, who have made

the voucher and tissue collections/identifications, as well as those

in the lab, who have generated the molecular genetic data.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found

online at: http://www.frontiersin.org/journal/10.3389/fgene.

2014.00358/abstract

REFERENCES
APG. (2009). An update of the Angiosperm Phylogeny Group classification for the

orders and families of flowering plants: APG III. Bot. J. Linn. Soc. 161, 105–121.

doi: 10.1111/j.1095-8339.2009.00996.x

Bininda-Emonds, O. R. P. (2005). transAlign: using amino acids to facilitate the

multiple alignment of protein-coding DNA sequences. BMC Bioinformatics

6:156. doi: 10.1186/1471-2105-6-156

Bininda-Emonds, O. R. P., and Sanderson, M. J. (2001). Assessment of the accuracy

of matrix representation with parsimony analysis supertree construction. Syst.

Biol. 50, 565–579. doi: 10.1080/10635150120358

Britton, T., Oxelman, B., Vinnersten, A., and Bremer, K. (2002). Phylogenetic dat-

ing with confidence intervals using mean path lengths. Mol. Phylogenet. Evol. 24,

58–65. doi: 10.1016/S1055-7903(02)00268-3

Cavender-Bares, J., Ackerly, D. D., Baum, D. A., and Bazzaz, F. A. (2004).

Phylogenetic overdispersion in floridian oak communities. Am. Nat. 163,

823–843. doi: 10.1086/386375

Cavender-Bares, J., Kozak, K. H., Fine, P. V. A., and Kembel, S. W. (2009). The merg-

ing of community ecology and phylogenetic biology. Ecol. Lett. 12, 693–715. doi:

10.1111/j.1461-0248.2009.01314.x

Crisp, M. D., Arroyo, M. T. K., Cook, L. G., Gandolfo, M. A., Jordan, G. J., and

McGlone, M. S. (2009). Phylogenetic biome conservatism on a global scale.

Nature 458, 754–756. doi: 10.1038/nature07764

Davies, T. J., Kraft, N. J. B., Salamin, N., and Wolkovich, E. M. (2012). Incompletely

resolved phylogenetic trees inflate estimates of phylogenetic conservatism.

Ecology 93, 242–247. doi: 10.1890/11-1360.1

Drummond, A. J., and Rambaut, A. (2007). BEAST: Bayesian evolutionary analysis

by sampling trees. BMC Evol. Biol. 7:214. doi: 10.1186/1471-2148-7-214

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accu-

racy and high throughput. Nucleic Acids Res. 32, 1792–1797. doi: 10.1093/nar/

gkh340

Faith, D. P. (1992). Conservation evaluation and phylogenetic diversity. Biol.

Conserv. 61, 1–10. doi: 10.1016/0006-3207(92)91201-3

Fine, P. V. A., and Kembel, S. W. (2011). Phylogenetic community struc-

ture and phylogenetic turnover across space and edaphic gradients in

western Amazonian tree communities. Ecography (Cop.) 34, 552–565. doi:

10.1111/j.1600-0587.2010.06548.x

Forest, F., Grenyer, R., Rouget, M., Davies, T. J., Cowling, R. M., and Faith, D. P.

(2007). Preserving the evolutionary potential of floras in biodiversity hotspots.

Nature 445, 757–760. doi: 10.1038/nature05587

Gilbert, G. S., and Webb, C. O. (2007). Phylogenetic signal in plant

pathogen–host range. Proc. Natl. Acad. Sci. U.S.A. 104, 4979–4983. doi:

10.1073/pnas.0607968104

Graham, C. H., and Fine, P. V. A. (2008). Phylogenetic beta diversity: link-

ing ecological and evolutionary processes across space in time. Ecol. Lett. 11,

1265–1277. doi: 10.1111/j.1461-0248.2008.01256.x

Halpern, C. B., and Lutz, J. A. (2013). Canopy closure exerts weak controls on

understory dynamics: a 30-year study of overstory–understory interactions.

Ecol. Monogr. 83, 221–237. doi: 10.1890/12-1696.1

Hardy, O. J., Couteron, P., Munoz, F., Ramesh, B. R., and Pélissier, R.

(2012). Phylogenetic turnover in tropical tree communities: impact of

Frontiers in Genetics | Evolutionary and Population Genetics November 2014 | Volume 5 | Article 358 | 12

http://www.frontiersin.org/journal/10.3389/fgene.2014.00358/abstract
http://www.frontiersin.org/journal/10.3389/fgene.2014.00358/abstract
http://www.frontiersin.org/journal/10.3389/fgene.2014.00358/abstract
http://www.frontiersin.org/journal/10.3389/fgene.2014.00358/abstract
http://www.frontiersin.org/journal/10.3389/fgene.2014.00358/abstract
http://www.frontiersin.org/journal/10.3389/fgene.2014.00358/abstract
http://www.frontiersin.org/Evolutionary_and_Population_Genetics
http://www.frontiersin.org/Evolutionary_and_Population_Genetics
http://www.frontiersin.org/Evolutionary_and_Population_Genetics/archive


Erickson et al. Comparative community phylogeny with ForestGEO mega-phylogeny

environmental filtering, biogeography and mesoclimatic niche conser-

vatism. Glob. Ecol. Biogeogr. 21, 1007–1016. doi: 10.1111/j.1466-8238.2011.

00742.x

Hardy, O. J., and Jost, L. (2008). Interpreting and estimating measures of com-

munity phylogenetic structuring. J. Ecol. 96, 849–852. doi: 10.1111/j.1365-

2745.2008.01423.x

Hardy, O. J., and Senterre, B. (2007). Characterizing the phylogenetic

structure of communities by an additive partitioning of phyloge-

netic diversity. J. Ecol. 95, 493–506. doi: 10.1111/j.1365-2745.2007.

01222.x

Hollingsworth, P. M., Graham, S. W., and Little, D. P. (2011). Choosing and using

a plant DNA barcode. PLoS ONE 6:e19254. doi: 10.1371/journal.pone.0019254

Hubbell, S. P. (2001). The Unified Neutral Theory of Biodiversity and Biogeography.

Princeton, NJ: Princeton University Press.

Jones, F. A., Erickson, D. L., Bernal, M. A., Bermingham, E., Kress, W. J.,

and Herre, E. A. (2011). The roots of diversity: below ground species rich-

ness and rooting distributions in a tropical forest revealed by DNA bar-

codes and inverse modeling. PLoS ONE 6:e24506. doi: 10.1371/journal.pone.00

24506

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment soft-

ware version 7: improvements in performance and usability. Mol. Biol. Evol. 30,

772–780. doi: 10.1093/molbev/mst010

Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon,

H., and Ackerly, D. D. (2010). Picante: {R} tools for integrating phyloge-

nies and ecology. Bioinformatics 26, 1463–1464. doi: 10.1093/bioinformatics/

btq166

Kembel, S. W., and Hubbell, S. P. (2006). The phylogenetic structure of a

neotropical forest tree community. Ecology 87, S86–S99. doi: 10.1890/0012-

9658(2006)87[86:TPSOAN]2.0.CO;2

Kraft, N. J. B., Comita, L. S., Chase, J. M., Sanders, N. J., Swenson, N. G., and

Crist, T. O. (2011). Disentangling the drivers of β diversity along latitudi-

nal and elevational gradients. Science 333, 1755–1758. doi: 10.1126/science.12

08584

Kraft, N. J. B., Cornwell, W. K., Webb, C. O., and Ackerly, D. D. (2007). Trait

evolution, community assembly, and the phylogenetic structure of ecological

communities. Am. Nat. 170, 271–283. doi: 10.1086/519400

Kress, W. J., Erickson, D. L., Jones, F. A., Swenson, N. G., Perez, R., Sanjur, O., et al.

(2009). Plant DNA barcodes and a community phylogeny of a tropical forest

dynamics plot in Panama. Proc. Natl. Acad. Sci. U.S.A. 106, 18621–18626. doi:

10.1073/pnas.0909820106

Kress, W. J., Erickson, D. L., Swenson, N. G., Thompson, J., Uriarte, M., and

Zimmerman, J. K. (2010). Advances in the use of DNA barcodes to build a com-

munity phylogeny for tropical trees in a puerto rican forest dynamics plot. PLoS

ONE 5:e15409. doi: 10.1371/journal.pone.0015409

Lebrija-Trejos, E., Wright, S. J., Hernández, A., and Reich, P. B. (2013).

Does relatedness matter? Phylogenetic density-dependent survival of

seedlings in a tropical forest. Ecology 95, 940–951. doi: 10.1890/13-

0623.1

Liu, K., Warnow, T. J., Holder, M. T., Nelesen, S. M., Yu, J., Stamatakis, A. P.,

et al. (2012). SATe-II: very fast and accurate simultaneous estimation of mul-

tiple sequence alignments and phylogenetic trees. Syst. Biol. 61, 90–106. doi:

10.1093/sysbio/syr095

Liu, X., Swenson, N. G., Zhang, J., and Ma, K. (2013). The environment and space,

not phylogeny, determine trait dispersion in a subtropical forest. Funct. Ecol. 27,

264–272. doi: 10.1111/1365-2435.12018

Löytynoja, A., and Goldman, N. (2005). An algorithm for progressive multi-

ple alignment of sequences with insertions. Proc. Natl. Acad. Sci. U.S.A. 102,

10557–10562. doi: 10.1073/pnas.0409137102

Maddison, W. P., and Maddison, D. R. (2014). Mesquite: a Modular System for

Evolutionary Analysis. Available online at: http://mesquiteproject.org

Miller, M. A., Pfeiffer, W., and Schwartz, T. (2010). “Creating the CIPRES science

gateway for inference of large phylogenetic trees,” in Proceedings of the Gateway

Computing Environments Workshop (New York, NY), 1–8.

Morlon, H., Schwilk, D. W., Bryant, J. A., Marquet, P. A., Rebelo, A. G., and Tauss,

C. (2011). Spatial patterns of phylogenetic diversity. Ecol. Lett. 14, 141–149. doi:

10.1111/j.1461-0248.2010.01563.x

Oliveira-Filho, A. T., Cardoso, D., Schrire, B. D., Lewis, G. P., Pennington, R.

T., and Brummer, T. J. (2013a). Stability structures tropical woody plant

diversity more than seasonality: insights into the ecology of high legume-

succulent-plant biodiversity. S. Afr. J. Bot. 89, 42–57. doi: 10.1016/j.sajb.2013.

06.010

Oliveira-Filho, A. T., Pennington, R. T., Rotella, J., and Lavin, M. (2013b).

“Exploring evolutionarily meaningful vegetation definitions in the tropics: a

community phylogenetic approach,” in Forests and Global Change, eds D. A.

Coomes, D. F. R. P. Burslem, and W. D. Simonsen (Cambridge: Cambridge

University Press), 239–260.

Paradis, E., Claude, J., and Strimmer, K. (2004). APE: analyses of phylogenetics and

evolution in R language. Bioinformatics 20, 289–290. doi: 10.1093/bioinformat-

ics/btg412

Pearse, W. D., Jones, F. A., and Purvis, A. (2013). Barro Colorado Island’s phy-

logenetic assemblage structure across fine spatial scales and among clades of

different ages. Ecology 94, 2861–2872. doi: 10.1890/12-1676.1

Pei, N., Lian, J.-Y., Erickson, D. L., Swenson, N. G., Kress, W. J., Ye, W.-H., et al.

(2011). Exploring tree-habitat associations in a chinese subtropical forest plot

using a molecular phylogeny generated from DNA barcode loci. PLoS ONE

6:e21273. doi: 10.1371/journal.pone.0021273

Poe, S., and Swofford, D. L. (1999). Taxon sampling revisited. Nature 398, 299–300.

doi: 10.1038/18592

Posada, D., and Crandall, K. A. (1998). MODELTEST: testing the model of DNA

substitution. Bioinformatics 14, 817–818.

R Core Team. (2012). R: A Language and Environment for Statistical Computing.

Vienna: R Foundation for Statistical Computing.

Ricklefs, R. E., Renner, S. S., Etienne, R. S., and Rosindell, J. (2012). Global

correlations in tropical tree species richness and abundance reject neu-

trality AND Comment on. Science 336, 464–467. doi: 10.1126/science.12

15182

Smith, S. A., Beaulieu, J. M., and Donoghue, M. J. (2009). Mega-phylogeny

approach for comparative biology: an alternative to supertree and supermatrix

approaches. BMC Evol. Biol. 9:37. doi: 10.1186/1471-2148-9-37

Smith, S. A., Beaulieu, J. M., Stamatakis, A., and Donoghue, M. J. (2011).

Understanding angiosperm diversification using small and large phylogenetic

trees. Am. J. Bot. 98, 404–414. doi: 10.3732/ajb.1000481

Soltis, D. E., Smith, S. A., Cellinese, N., Wurdack, K. J., Tank, D. C., and

Brockington, S. F. (2011). Angiosperm phylogeny: 17 genes, 640 taxa. Am. J.

Bot. 98, 704–730. doi: 10.3732/ajb.1000404

Swenson, N. G. (2013). The assembly of tropical tree communities

- the advances and shortcomings of phylogenetic and functional

trait analyses. Ecography 36, 264–276. doi: 10.1111/j.1600-0587.2012.

00121.x

Swenson, N. G., Erickson, D. L., Mi, X., Bourg, N. A., Forero-Montaña, J., Ge,

X., et al. (2012). Phylogenetic and functional alpha and beta diversity in tem-

perate and tropical tree communities. Ecology 93, S112–S125. doi: 10.1890/11-

0402.1

Uriarte, M., Swenson, N. G., Chazdon, R. L., Comita, L. S., Kress, W. J., and

Erickson, D. (2010). Trait similarity, shared ancestry and the structure of

neighbourhood interactions in a subtropical wet forest: implications for com-

munity assembly. Ecol. Lett. 13, 1503–1514. doi: 10.1111/j.1461-0248.2010.

01541.x

Webb, C. O. (2000). Exploring the phylogenetic structure of ecological com-

munities: an example for rain forest trees. Am. Nat. 156, 145–155. doi:

10.1086/303378

Webb, C. O., Ackerly, D. D., and Kembel, S. W. (2008). Phylocom: software

for the analysis of phylogenetic community structure and trait evolution.

Bioinformatics 24, 2098–2100. doi: 10.1093/bioinformatics/btn358

Webb, C. O., Ackerly, D. D., McPeek, M. A., and Donoghue, M. J. (2002).

Phylogenies and community ecology. Annu. Rev. Ecol. Syst. 33, 475–505. doi:

10.1146/annurev.ecolsys.33.010802.150448

Webb, C. O., and Donoghue, M. J. (2005). Phylomatic: tree assembly for

applied phylogenetics. Mol. Ecol. Notes 5, 181–183. doi: 10.1111/j.1471-

8286.2004.00829.x

Weiblen, G. D., Webb, C. O., Novotny, V., Basset, Y., and Miller, S. E. (2006).

Phylogenetic dispersion of host use in a tropical insect herbivore com-

munity. Ecology 87, S62–S75. doi: 10.1890/0012-9658(2006)87[62:PDOHUI]

2.0.CO;2

Whitfeld, T. J. S., Kress, W. J., Erickson, D. L., and Weiblen, G. D. (2012).

Change in community phylogenetic structure during tropical forest succession:

www.frontiersin.org November 2014 | Volume 5 | Article 358 | 13

http://mesquiteproject.org
http://www.frontiersin.org
http://www.frontiersin.org/Evolutionary_and_Population_Genetics/archive


Erickson et al. Comparative community phylogeny with ForestGEO mega-phylogeny

evidence from New Guinea. Ecography (Cop.) 35, 821–830. doi: 10.1111/j.1600-

0587.2011.07181.x

Yessoufou, K., Davies, T. J., Maurin, O., Kuzmina, M., Schaefer, H., van der Bank,

M., et al. (2013). Large herbivores favour species diversity but have mixed

impacts on phylogenetic community structure in an African savanna ecosystem.

J. Ecol. 101, 614–625. doi: 10.1111/1365-2745.12059

Zwickl, D. J. (2006). Genetic Algorithm Approaches for the Phylogenetic Analysis of

Large Biological Sequence Datasets Under the Maximum Likelihood Criterion.

Ph.D. dissertation, The University of Texas at Austin, Austin, TX.

Conflict of Interest Statement: The authors declare that the research was con-

ducted in the absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Received: 30 May 2014; accepted: 26 September 2014; published online: 05 November

2014.

Citation: Erickson DL, Jones FA, Swenson NG, Pei N, Bourg NA, Chen W, Davies

SJ, Ge X-j, Hao Z, Howe RW, Huang C-L, Larson AJ, Lum SKY, Lutz JA, Ma K,

Meegaskumbura M, Mi X, Parker JD, Fang-Sun I, Wright SJ, Wolf AT, Ye W, Xing

D, Zimmerman JK and Kress WJ (2014) Comparative evolutionary diversity and phy-

logenetic structure across multiple forest dynamics plots: a mega-phylogeny approach.

Front. Genet. 5:358. doi: 10.3389/fgene.2014.00358

This article was submitted to Evolutionary and Population Genetics, a section of the

journal Frontiers in Genetics.

Copyright © 2014 Erickson, Jones, Swenson, Pei, Bourg, Chen, Davies, Ge, Hao,

Howe, Huang, Larson, Lum, Lutz, Ma, Meegaskumbura, Mi, Parker, Fang-Sun,

Wright, Wolf, Ye, Xing, Zimmerman and Kress. This is an open-access article dis-

tributed under the terms of the Creative Commons Attribution License (CC BY). The

use, distribution or reproduction in other forums is permitted, provided the original

author(s) or licensor are credited and that the original publication in this jour-

nal is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | Evolutionary and Population Genetics November 2014 | Volume 5 | Article 358 | 14

http://dx.doi.org/10.3389/fgene.2014.00358
http://dx.doi.org/10.3389/fgene.2014.00358
http://dx.doi.org/10.3389/fgene.2014.00358
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Evolutionary_and_Population_Genetics
http://www.frontiersin.org/Evolutionary_and_Population_Genetics
http://www.frontiersin.org/Evolutionary_and_Population_Genetics/archive

	Comparative evolutionary diversity and phylogenetic structure across multiple forest dynamics plots: a mega-phylogeny approach
	Introduction
	Materials and Methods
	Community Sampling and Genotyping
	Sequence Alignment
	Phylogenetic Reconstruction
	Mean Path Length (MPL) Calibration of Phylogeny
	Phylogenetic Diversity Metrics
	Comparative Community Phylogenetic Diversity and Structure

	Results
	Phylogenetic Reconstruction
	Community Phylogenetic Diversity and Structure

	Discussion
	Generating Phylogenies
	Improving Phylogenetic Resolution
	Phylogenetic Diversity
	Phylogenetic Structure among Communities
	Phylogenetic Distance and Ecological Processes

	Acknowledgments
	Supplementary Material
	References


