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The assembly of DNA barcode libraries is particularly relevant
within species-rich natural communities for which accurate species
identifications will enable detailed ecological forensic studies. In
addition, well-resolved molecular phylogenies derived from these
DNA barcode sequences have the potential to improve investiga-
tions of the mechanisms underlying community assembly and
functional trait evolution. To date, no studies have effectively
applied DNA barcodes sensu strictu in this manner. In this report,
we demonstrate that a three-locus DNA barcode when applied to
296 species of woody trees, shrubs, and palms found within the
50-ha Forest Dynamics Plot on Barro Colorado Island (BCI), Panama,
resulted in >98% correct identifications. These DNA barcode se-
quences are also used to reconstruct a robust community phylog-
eny employing a supermatrix method for 281 of the 296 plant
species in the plot. The three-locus barcode data were sufficient to
reliably reconstruct evolutionary relationships among the plant
taxa in the plot that are congruent with the broadly accepted
phylogeny of flowering plants (APG II). Earlier work on the phy-
logenetic structure of the BCI forest dynamics plot employing less
resolved phylogenies reveals significant differences in evolution-
ary and ecological inferences compared with our data and suggests
that unresolved community phylogenies may have increased type
I and type II errors. These results illustrate how highly resolved
phylogenies based on DNA barcode sequence data will enhance
research focused on the interface between community ecology and
evolution.

The most difficult challenge for DNA barcoding in plants is
discriminating among taxa of highly speciose genera where

rates of species identification by using a variety of putative
barcodes rarely exceed 70% (1). In some cases of complex
recently evolved species groups DNA barcoding may simply be
inappropriate as an identification tool (2). This difficulty is
especially acute in cases where certain life history traits have
affected the rates of molecular evolution in a lineage, which in
turn may affect rates of species assignment by DNA barcodes
[e.g., generation times (3) and age-of-crown group diversifica-
tion (4)].

In the absence of a universal barcode region capable of
discriminating among all species in all groups of plants, it is clear
that DNA barcodes will be most effectively applied in the
identification of a circumscribed set of species that occur to-
gether in a floristic region or ecological community, rather than
in distinguishing among an exhaustive sample of taxonomically
closely related species. In these cases only a limited number of
closely related species occur in the same region, so identification
to genus is all that is required.

It is now generally agreed that a plant barcode will combine
more than one locus (5–7) and will include a phylogenetically
conservative coding locus (rbcL) with one or more rapidly
evolving regions (part of the matK gene and the intergenic spacer
trnH-psbA). Although more laborious than a single-locus bar-
code, multilocus DNA barcodes can also be advantageous in
phylogenetic applications owing to increased nucleotide sam-

pling: the conserved coding locus will easily align over all taxa
in a community sample to establish deep phylogenetic branches
whereas the hypervariable region of the DNA barcode will align
more easily within nested subsets of closely related species and
permit relationships to be inferred among the terminal branches
of the tree.

In this respect a supermatrix design (8, 9) is ideal for using a
mixture of coding genes and intergenic spacers for phylogenetic
reconstruction across the broadest evolutionary distances, as in
the construction of community phylogenies (10). We define a
supermatrix as a phylogenetic matrix that may contain a high
incidence of missing data and the data content for any one taxon
is stochastic (11) (Fig. S1). Confidence of correct sequence
alignment is critical in building such complex matrices and
testing the robustness and application of these complex data
structures in phylogeny reconstruction is a major endeavor (9).

In the field of community ecology, recent investigations have
focused on the factors responsible for species assemblages within
a specific ecological community (12). In most cases estimates of
the phylogenetic relationships among species in an assemblage
are the least robust (10). Ideally characters used to generate a
phylogeny of a community, e.g., DNA sequence data, should be
independent of the functional characters under investigation and
reflect true evolutionary relationships among the species actu-
ally present in the assemblage. Unfortunately, most community-
based studies lack DNA sequence data for all of the taxa and rely
on previously published taxon-specific phylogenies (13) orga-
nized with programs, such as Phylomatic (14) to construct
community phylogenies usually only resolved to the generic and
family levels. Despite these drawbacks, such a phylogenetic
framework allows one to test the hypotheses that co-occurring
species are 1) more closely related than by chance (phylogenetic
clustering), 2) more distantly related than by chance (phyloge-
netic overdispersion) or 3) randomly distributed (10, 15).

In a community analysis of this type, Kembel and Hubbell (16)
constructed a community phylogeny of the 312 co-occurring tree
species (�1 cm in diameter) in the forest dynamics plot on Barro
Colorado Island in Panama, based on previously published
phylogenies assembled with Phylomatic. They found that tree
species in the younger forest and drought-stressed plateaus were
phylogenetically clustered, whereas coexisting species in the
swamp and slope habitats were more distantly related (over-
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dispersed) than expected, although the average phylogenetic
structure was close to random.

Here, we report on the feasibility of generating a multilocus
barcode library of three markers (rbcL, matK, and trnH-psbA)
for 296 woody plant species currently present in the forest
dynamics plot on Barro Colorado Island (BCI) as a tool for rapid
and reliable taxonomic identification in ecological studies con-
ducted in the plot. The long history of taxonomic work on BCI
(17), the intensive inventory of the species on the island (18), and
the inclusion in our study of a taxonomist with expertise on the
local f lora (R.P.) have been critical for our application of DNA
barcoding to the forest dynamics plot. We also undertake an
analysis parallel to that of Kembel and Hubbell (16) using the
three-locus DNA barcode to generate a community phylogeny of
woody species in the BCI plot. Our objective was to determine
whether the use of multilocus supermatrices to generate phylo-
genetic hypotheses at the species-level would improve the sta-
tistical power provided by a nearly complete sampling of the
actual taxa found in the plot. The ability to reconstruct com-
munity phylogenies at the species-level would be a significant
advance in testing hypotheses regarding the assembly of these
communities, the mechanisms of species coexistence, and the
role of trait conservatism in determining the community struc-
ture (10, 19–22).

Results
Sequence Recoverability and Quality. PCR and sequencing success
were extremely high for the rbcLa region (93%; Table S1). matK
had the lowest overall rate of recovery (69%), but the highest
sequence quality for recovered samples. For trnH-psbA, we
obtained a very high rate of recovery (94%) although some
problems were encountered in sequencing (see below). On
average the fraction of bases with quality scores �20 were:
matK � 95%, rbcL � 93%, and trnH-psbA � 88%. At least one
of the gene regions was generated for 98% of the 296 species. For
combinations of two regions, recovery rate declined to the rate
of the least successful marker (rbcLa and matK � 69%; rbcLa
and trnH-psbA � 93%; trnH-psbA and matK � 69%); all three
regions together were recovered 69% of the time (Table S1).

Sequence quality for the rbcLa marker was high for all taxa:
85% of the successfully amplified taxa had �50% contig overlap
and �9% of sequences were partial. For matK, 50% of the 205
recovered samples had �50% contig overlap, which was largely
because of the excessive length of the amplicon (�850 bp using
KIM3F�KIM1R primers). Another 20% of matK sequences had
sequence only in one direction. For trnH-psbA 74% of the 280
samples with sequence data had contigs with �50% contig
overlap between sequence reads; the remaining 26% of se-
quences were interrupted by mononucleotide repeats and had
either low overlap between reads or resulted in only partial
sequences. Fully 92% of trnH-psbA contigs had full-length
sequence when all contigs were included.

Species Assignment and Identification. The highest success of
species-level assignment using BLAST with individual barcodes
(Table S2) was obtained with matK (99%), followed by trnH-
psbA (95%), and then rbcLa (75%). However, when rates of
assignment are incorporated with rates of sequence recovery
(i.e., the product of PCR recovery rate times the correct
assignment rate), matK is less successful, resolving 69% of the
286 species compared with 70% for rbcLa and 90% for trnH-
psbA (Table S2). At the species-level for both matK and trnH-
psbA, all failures to assign to the correct species occurred in
genera that had numerous species in the plot (Inga, Ficus, and
Piper). Assignment to the level of genus ranged from 91% to
100% and all markers provided 100% correct assignment to
family (Table S2). The combinations of matK and rbcLa correctly
identified 92% of all species and trnH-psbA and rbcLa cor-

rectly identified 95% of all species whereas the three-locus
barcode identified 98% of the 286 taxa for which sequence data
were available.

Only 8% of species exhibited population-level variation in any
of the three loci in samples from the plot. This within-species
variation was limited to five genera (Inga, Ficus, Ocotea, Nectan-
dra, and Psychotria) with the large majority observed within the
trnH-psbA spacer.

Phylogenetic Reconstruction. Each of the trees that were generated
from the three different combinations of markers (i.e., trnH-
psbA � rbcLa, matK � rbcLa, and all three regions combined)
differed in topology and the degree of resolution. The three-
locus combination provided the most fully resolved and well-
supported tree (Fig. 1 and Table S3) thus we focus on the rbcL
� matK � trnH-psbA tree in the following discussion. The
three-locus tree closely matched the topology of the APG II
ordinal-level phylogeny (Fig. 2) with no significant discordances
among the 23 orders. In some cases where the APG II tree does
not resolve ordinal relationships (e.g., within the asterids and the
rosids), the three-locus barcode phylogeny does (e.g., Lamiales,
Solanales, and Boraginaceae; Oxalidales, Celastrales, Malpighia-
les). In several lineages, the barcode phylogeny slightly contra-
dicted the APG II topology (e.g., Piperales and Arecales;
Sapindales, Malvales, and Brassicales). Assignment of families
within orders was 100% for all marker combinations (Figs. 1 and
2); the topology of families within the major groups of angio-
sperms as defined on the barcode tree was also concordant with
the APG II classification (e.g., asterids; Fig. 2).

To assess and quantify branch support we defined four sep-
arate categories of parsimony ratchet values for each node of the
tree: 85% or greater � strong; 70–85% � moderate; 50–70% �
weak; 50% or less � poor or no support. The most strongly
supported tree was the three-locus supermatrix tree constructed
by using MP (Table S3). All 23 orders were supported as
monophyletic (ratchet values �70%) with 19 of these orders
strongly supported. We were able to obtain good sequence data
in 56 of the total 57 families in the plot (with poor quality
sequence for one sample in the Rhamnaceae). Of these 56
families 53 either had only one genus represented on BCI or were
supported as being monophyletic with 46 (89%) demonstrating
strong support (medium support level � 98%). The nonmono-
phyletic families were the Bignoniaceae, Euphorbiaceae, and
Salicaceae. Of the 47 genera with more than one species on BCI
35 (74%) were monophyletic (nonmonophyletic genera were in
the Laurales, Arecales, Ericales, Myrtales, Sapindales, Mal-
pighiales, and Fabales); 91% of these monophyletic genera were
strongly supported (median support of 97%). The total fraction
of nodes throughout the tree that were supported at each level
was: strong � 85.7%; moderate � 1.8%; weak � 10.2%; poor �
2.2%. In contrast, in the most fully resolved of the ML bootstrap
analyses (the three-locus supermatrix) the fraction of nodes that
were supported at each level was: strong � 54%; medium �
11.3%; weak � 16%; poor � 21%.

In a comparison of the three-locus barcode tree with that of
the most up-to-date Phylomatic tree for all taxa on BCI, the
barcode tree has 97.5% of the nodes resolved, whereas only
48.4% of the nodes of the Phylomatic tree are resolved. Within
the large plant families present on BCI, this disparity between
the barcode tree and the phylomatic tree in resolved nodes
ranges from 100% versus 19.35% in the Rubiaceae (32 taxa) to
82.35% versus 50.0% in the Fabaceae (35 taxa).

Community Phylogenetic Structure Analyses. Our pruned version of
the Kembel and Hubbell (16) Phylomatic tree yielded the same
set of inferences as they concluded in their original work (table
5 in ref. 16; Table S4). Specifically, we found phylogenetic
clustering in the ‘‘high plateau’’ and ‘‘young’’ habitats by using
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Dendropanax arboreus

Coccoloba coronata
Coccoloba manzinellensis
Triplaris cumingiana
Guapira standleyana
Neea amplifolia
Heisteria acuminata
Heisteria concinna

Ginkgo biloba

*

*

*
*

*

Cinnamomum triplinerve
Nectandra umbrosa
Ocotea oblonga
Ocotea cernua
Nectandra fuzzy
Ocotea puberula
Nectandra cissiflora
Nectandra lineata
Beilschmiedia tovarensis
Siparuna guianensis
Siparuna pauciflora

***
*

**

*

Annona acuminata
Annona spraguei
Guatteria dumetorum
Mosannona garwoodii
Unonopsis pittieri
Desmopsis panamensis
Anaxagorea panamensis
Virola multiflora
Virola sebifera
Virola nobilis

**
*
***

*
**

Attalea rostrata
Chamaedorea tepejilote
Elaeis oleifera
Bactris barronis
Bactris major
Bactris coloniata
Astrocaryum standleyanum
Oenocarpus mapora
Socratea exorrhiza
Piper arboreum
Piper cordulatum
Piper colonense
Piper reticulatum
Piper carrilloanum
Piper perlasense
Piper aequale

**
*

*
**

**
**

*
*

Ardisia guianensis
Ardisia standleyana
Stylogyne turbacensis
Ardisia bartlettii
Diospyros artanthifolia
Chrysophyllum argenteum
Chrysophyllum cainito
Pouteria fossicola
Pouteria stipitata
Pouteria reticulata
Gustavia superba

* ****

* *
**

*
*

Psychotria chagrensis
Psychotria psychotriifolia
Psychotria tenuifolia
Psychotria limonensis
Psychotria grandis
Psychotria graciliflora
Psychotria marginata
Psychotria horizontalis
Psychotria cyanococca
Psychotria deflexa
Psychotria racemosa
Palicourea guianensis
Psychotria acuminata
Morinda seibertii
Coussarea curvigemmia
Faramea occidentalis
Chimarrhis parviflora
Coutarea hexandra
Hamelia axillaris
Hamelia patens
Guettarda foliacea
Alibertia edulis
Borojoa panamensis
Amaioua corymbosa
Genipa americana
Rosenbergiodendron formosum
Tocoyena pittieri
Randia armata
Macrocnemum roseum
Pentagonia macrophylla
Alseis blackiana
Posoqueria latifolia
Stemmadenia grandiflora
Tabernaemontana arborea
Rauvolfia littoralis
Lacmella panamensis
Thevetia ahouai
Aspidosperma spruceanum

***
*

* **
*

*
**

*
*

**
**

**

*
***

*
*

*

**
**

**
*

**

Cordia bicolor
Cordia lasiocalyx
Cordia alliodora* *

Aphelandra sinclairiana
Trichanthera gigantea
Aegiphila panamensis
Jacaranda copaia
Tabebuia guayacan
Tabebuia rosea

*

*
*

*

*

*

Inga acuminata
Inga pezizifera
Inga punctata
Inga spectabilis
Inga umbellifera
Inga cocleensis
Inga oerstediana
Inga thibaudiana
Inga marginata
Inga nobilis
Inga ruiziana
Inga sapindoides
Inga goldmanii
Inga laurina
Enterolobium schomburgkii
Abarema macradenia
Schizolobium parahyba
Cojoba rufescens
Tachigali versicolor
Vachellia melanoceras
Senna dariensis
Pterocarpus belizensis
Pterocarpus rohrii
Platypodium elegans
Platymiscium pinnatum
Erythrina costaricensis
Ormosia amazonica
Lonchocarpus heptaphyllus
Ormosia coccinea
Ormosia macrocalyx
Dipteryx oleifera
Swartzia simplex var grandiflora
Swartzia simplex var ochnacea
Myrospermum frutescens
Andira inermis
Ficus costaricana
Ficus obtusifolia
Ficus trigonata
Ficus popenoei
Ficus bullenei
Ficus citrifolia
Ficus insipida
Ficus yoponensis
Ficus maxima
Ficus tonduzii
Maquira guianensis
Trophis caucana
Perebea xanthochyma
Poulsenia armata
Brosimum alicastrum
Brosimum guianense
Sorocea affinis
Trophis racemosa
Cecropia insignis
Cecropia obtusifolia
Cecropia longipes
Pourouma bicolor
Urera baccifera
Celtis schippii
Trema micrantha
Garcinia intermedia
Garcinia madruno
Symphonia globulifera
Chrysochlamys eclipes
Vismia baccifera
Vismia billbergiana
Marila laxiflora
Calophyllum longifolium
Hasseltia floribunda
Xylosma oligandra
Casearia aculeata
Casearia guianensis
Casearia sylvestris
Laetia procera
Laetia thamnia
Zuelania guidonia
Casearia arborea
Casearia commersoniana
Tetrathylacium johansenii
Cespedesia spathulata
Ouratea lucens
Lozania pittieri
Lacistema aggregatum
Hybanthus prunifolius
Rinorea sylvatica
Lindackeria laurina
Hieronyma alchorneoides
Margaritaria nobilis
Acalypha diversifolia
Alchornea latifolia
Acalypha macrostachya
Adelia triloba
Sapium broadleaf
Sapium glandulosum
Hura crepitans
Croton billbergianus
Hirtella americana
Hirtella triandra
Licania hypoleuca
Licania platypus
Erythroxylum macrophyllum
Erythroxylum panamense
Cassipourea elliptica
Malpighia romeroana
Spachea membranacea
Maytenus schippii
Sloanea terniflora

*

*

*

**

**
* *

*
*

*
*

* *
*

*
*

***

***
**

*
*

*

*
*

*
*

* ****

∆

****

* *
*

****

*
***

*
**

*

***
*

**
*

*

**

*
*

*
*

**
* ***

*
*

***

*

**
*

*
*

Solanum asperum
Solanum lepidotum
Solanum hayesii
Solanum circinatum

*
*

*

Miconia dorsiloba
Miconia elata
Miconia impetiolaris
Clidemia septuplinervia
Miconia affinis
Miconia hondurensis
Leandra dichotoma
Clidemia dentata
Clidemia octona
Miconia argentea
Miconia nervosa
Conostegia bracteata
Conostegia cinnamomea
Mouriri myrtilloides
Terminalia amazonia
Terminalia oblonga
Eugenia galalonensis
Eugenia nesiotica
Eugenia oerstediana
Eugenia coloradoensis
Chamguava schippii
Myrcia gatunensis
Psidium friedrichsthalianum
Vochysia ferruginea
Lafoensia punicifolia

**

*

**
*

* *

*

*

*
****

*
* *

*

Guarea grandifolia
Guarea guidonia
Guarea fuzzy
Trichilia pallida
Trichilia tuberculata
Cedrela odorata
Zanthoxylum panamense
Zanthoxylum setulosum
Zanthoxylum ekmanii
Zanthoxylum juniperinum
Cupania cinerea
Cupania latifolia
Cupania seemannii
Cupania rufescens
Allophylus psilospermus
Talisia croatii
Protium confusum
Protium tenuifolium
Protium panamense
Protium costaricense
Trattinnickia aspera
Anacardium excelsum
Astronium graveolens
Spondias mombin
Spondias radlkoferi
Quassia amara

**
*

**
* ***

* **
*

*
* *

*
*

*
* * *

*

Guazuma ulmifolia
Hampea appendiculata
Herrania purpurea
Theobroma cacao
Apeiba membranacea
Apeiba tibourbou
Luehea seemannii
Cavanillesia platanifolia
Ceiba pentandra
Ochroma pyramidale
Pseudobombax septenatum
Pachira quinata
Sterculia apetala

*

***
* **

* *

*

***

Capparis frondosa
Turpinia occidentalis* Picramnia latifolia

*

∆

∆

∆

∆

∆
∆

∆

∆∆

∆

∆

∆

∆
∆

∆

∆

∆

∆

∆

∆

∆

∆

∆

∆

∆∆

∆

∆

∆

Gymnosperms
Laurales
Magnoliales
Piperales
Arecales
Santalales
Caryophyllales
Ericales
Apiales
Gentianales
Boraginaceae
Lamiales
Solanales
Myrtales
Sapindales
Malvales
Brassicales
Crossosomatales
Picramniaceae
Oxalidales
Celastrales
Malpighiales
Rosales
Fabales

Fig. 1. Maximum-parsimony tree of 281 species of woody plants in the Forest Dynamics Plot on Barro Colorado Island (BCI) based on a supermatrix analysis
of rbcLa, matK, and trnH-psbA sequence data. Color highlights indicate orders represented on BCI. The small tree at the bottom of the central column shows
just the ordinal relationships among the species in the BCI flora (see Fig. 2). Nodes with strong ratchet support (�85%) are indicated by an asterisk and nodes
with moderate (�70–85%) or weak (�50–70%) support by an open triangle.
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the Net Relatedness Index (NRI) metric and in the ‘‘young’’
habitat using the Nearest Taxon Index (NTI) metric; we also
found phylogenetic overdispersion in the ‘‘swamp’’ and ‘‘slope’’
habitats by using the NRI metric (Table S4 and Fig. S2).

Using the barcode phylogeny, we found significant phyloge-
netic structuring for eight of the 14 inferences made (Table S4).
When comparing our barcode phylogeny to the less resolved
Phylomatic tree, nine of 14 inferences were dissimilar. Analyses
based on the barcode phylogeny identified significant phyloge-
netic structure in five cases for which the pruned Kembel and
Hubbell phylogeny did not. In two cases (NRI values on the
‘‘slope’’ and ‘‘young’’ habitats) significant phylogenetic structure
was revealed in both analyses, but the opposite inference was
made. In the remaining two cases, the pruned Kembel and
Hubbell phylogeny demonstrated significant phylogenetic struc-
turing and the barcode phylogeny did not. Only two of the five
cases of significant phylogenetic structuring reported in Kembel
and Hubbell and confirmed with our pruned Phylomatic tree
were supported by the barcode phylogeny. When directly com-
paring the NRI and NTI values from the 1,250 individual
subplots within the seven habitat types by using paired t tests,
eight of the 14 comparisons were significantly different between
the pruned Kembel and Hubbell phylogeny and the barcode tree
(Table S4).

Discussion
Species Identification. We have demonstrated here that a three-
locus DNA barcode provides accurate species identifications for
98% of the 281 taxa on BCI for which we had data. The three
loci, rbcLa, matK, and trnH-psbA, correctly identified species at
75%, 99%, and 95% success, respectively (Table S2). As ex-
pected rbcLa demonstrated insufficient sequence variation to
distinguish among closely related species (5, 23). matK was
principally handicapped in our study by poor PCR recovery.
Other investigations have shown higher rates of recovery for
matK (7, 24), which suggests that the success of this locus may be
improved in the future.

The trnH-psbA spacer alone showed the highest rates of
species identification (90%) of the three loci when both sequence
recovery and correct assignment were taken into account. By
combining all three loci correct species assignment was improved
to an impressive 98%. The taxonomic distribution of the 296
species on BCI, which includes a high proportion of single-
species families and genera (Dataset S1), almost certainly yields
higher rates of correct assignment than would be the case for
communities comprised of more taxonomically dense samples of
species.

In summary, our results show that DNA barcodes can be very
effective in the context of a clearly circumscribed floristic sample
or plant community, and that additional data, such as geography
and morphology may be required to obtain higher rates of
species identification in other contexts. The importance of a solid
taxonomic foundation (17) for such applications of DNA bar-
coding cannot be overemphasized.

Community Phylogenies. Our application of an aligned superma-
trix of the three barcode loci permitted the construction of a
well-resolved phylogeny of the woody plant community in the
forest dynamics plot on BCI. The ability to build such well-
resolved phylogenies adds extra value to the development of
DNA barcode libraries in general and supports future endeavors
to collect DNA barcodes in ecologically important environ-
ments, especially in the tropics.

The high level of correspondence of the topology of the BCI
barcode phylogeny to the APG II classification is a clear
reflection of the central role that the plastid gene rbcL has played
in our overall understanding of the evolution of the angiosperms
(13, 25). In this respect the selection of rbcL as a component of
the plant DNA barcode was not simply fortuitous (5). However,
the ability of a 540-bp portion, which was selected for use as a
plant barcode, of the complete 1,428-bp gene to resolve higher
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Fig. 2. Comparison of phylogenetic relationships based on barcode se-
quence data versus the Angiosperm Phylogeny Group (APG II; 13). (A) Com-
parison of the phylogenetic relationships of 23 orders of flowering woody
plants found in the forest dynamics plot on Barro Colorado Island between the
maximum parsimony analysis of the barcode sequence data on the right-hand
side and the Angiosperm Phylogeny Group (APG II, 2003) on the left-hand side.
The major groupings of angiosperms are indicated by the color shading. (B)
Comparison of the family-level relationships within the asterid clade between
the maximum parsimony analysis of the barcode sequence data on the right-
hand side and the Angiosperm Phylogeny Group (APG II, 2003) on the left-
hand side.
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level relationships across a broad section of the angiosperms was
surprising.

The successful alignment of matK through back-translation
across the entire taxonomically diverse sample set, as well as, the
use of a supermatrix alignment for the hypervariable trnH-psbA
spacer also account for the success of our phylogenetic recon-
struction. Supermatrix methodology allows for broad taxonomic
sampling, where alignment across all phylogenetic markers and
for all taxa is problematic. Thus, despite the sparseness of our
alignment matrix (94% of the cells were missing data) the
topological arrangements closely approximated expected rela-
tionships according to APG II. The importance of including in
a supermatrix one gene that is present for all taxa and readily
aligns across the full matrix, e.g., rbcL in our analysis, has been
shown in other studies using supermatrices for building phylog-
enies (8, 9).

The most advantageous aspects of generating community
phylogenies from DNA barcode sequences are the refinements
and improvements provided in the resolution of the terminal
branches of the tree. Trees produced by Phylomatic may in
principle result in equally resolved terminal branches if the
species have been included in previously published molecular
phylogenetic investigations (14). This situation is unlikely for a
majority of communities and it is particularly unlikely for
tropical communities where phylogenetic information at the
species-level is rare. The ability of the barcode phylogenies both
to resolve the terminal branches of phylogenies and to provide
refined measures of branch lengths is because the phylogenies
are built from sequence data of individuals representing the
species in the community.

Highly variable intergenic spacers, which present some disad-
vantages when used as a DNA barcode because of problems with
alignment and length variation (26), provide a significant
amount of sequence variation when reconstructing phylogenies
within a family or a genus (27, 28). In such taxonomically narrow
phylogenies, intergenic spacers contain few indels and are likely
to have many more point mutations than a coding region,
thereby providing more phylogenetic information. Our applica-
tion of a supermatrix approach to the analysis of community
phylogenies has allowed us to avoid the alignment problems of
intergenic spacers while taking advantage of the high levels of
sequence variation found within them. The combination of the
slower evolving coding gene rbcL with the faster evolving spacer
trnH-psbA and coding matK gene in a supermatrix provides the
appropriate complement of sequence evolution for constructing
phylogenies of the set of disparate taxa which occur in tropical
plant communities, such as BCI. If greater phylogenetic resolu-
tion is required for a particular group of taxa, the analysis can
always be enhanced with more extensive and targeted sequence
data from additional genes, such as the nuclear internal tran-
scribed spacer (29).

Community Structure. The primary use of phylogenies in plant
community ecology has been to determine whether coexisting
species are more or less closely related than expected by chance,
which would be evidence for the overriding influence of habitat
filtering as a determinant of community membership. Con-
versely, the coexistence of distantly related species would be
evidence for the overriding influence of biotic interactions in
determining community membership.

Of the seven habitat types in the BCI forest dynamics plot, our
analyses demonstrated that five contained nonrandom phyloge-
netic assemblages. Thus, in general we can conclude that the
coexistence of species in this forest is structured by abiotic and
biotic interactions. In particular, both the low plateau and slope
habitats had assemblages where the coexisting species were more
closely related than expected by chance. This result suggests that
habitat filtering plays a dominant role in structuring these

communities. The high plateau and the mixed and young habitats
were phylogenetically overdispersed and thus, in these habitats
biotic interactions are likely to play a dominant role in deter-
mining species coexistence. Along streams and in swamps spe-
cies assemblages were no different from those expected by
chance, which suggests that phylogenetic relatedness may not
play a role in determining the structure of communities in these
habitats.

Our reexamination of the phylogenetic structure of subplots in
the different BCI forest habitats revealed the power of a more
finely resolved barcode phylogeny, which increased the statistical
power to reject the null expectation and showed that the less
resolved Phylomatic trees are prone to falsely accepting a null
hypothesis of no effect (Type II error). For example, in five cases
the barcode phylogeny found significant phylogenetic structure
whereas the Phylomatic phylogeny found none. Furthermore, of
the five cases of significant phylogenetic structuring detected by
the Phylomatic tree, only one was supported by the barcode
analyses and most of the barcode results tended to find more
phylogenetic overdispersion.

The popularity and success of the Phylomatic approach to
building community phylogenies has been based upon the ability
of the program to produce rapid estimates of phylogenetic
relatedness of complex lists of species within a community. It is
now clear that studies of community evolution will be substan-
tially improved by the production of more finely resolved phy-
logenetic trees and that DNA barcodes stand poised to serve as
an efficient and effective approach to building community
phylogenies. Such studies will have a bearing on the factors that
govern not only local plant community assembly and dynamics,
but also on understanding niche conservation and the dynamics
of species composition at landscape and global scales (30, 31).

Materials and Methods
Tissue Sampling and DNA Extraction, Amplification, and Sequencing. The
1,000 � 500 m Forest Dynamics Plot on Barro Colorado Island (BCI) in Panama
was established in 1982 and all tree stems �1 cm diameter at breast height
(dbh) have been mapped and identified to species in repeated censuses (32).
DNA barcodes were generated for one to four tagged individuals for each of
the 296 species (1,035 total samples) recorded from the plot in the last census
in 2006 representing 23 orders, 57 families, and 181 genera. The standing
plant serves as a living voucher for the life of each tagged individual. In
addition, an herbarium voucher for each species sampled for this study is
deposited at STRI and US (see Dataset S1).

Tissue samples were field collected at BCI and preserved through either
flash freezing or silica gel desiccation. Approximately 50 mg of each sample of
leaf material was placed within a well of a 2-mL polypropylene 96-well matrix
screen-mate plate (Matrix Technologies) and transferred to the Laboratories
of Analytical Biology at the Smithsonian Institution for DNA extraction and
sequencing. Details on extraction, PCR, and robotic sequencing are provided
in SI Materials and Methods and Table S5.

Sequence Editing, Alignment, and Assembly into a Supermatrix. Recovered
trace files for each of the three markers were imported into Sequencher 4.8,
trimmed, and assembled into contigs. Each of the three markers was handled
differently in alignment. Alignment of rbcLa was unambiguous because of the
absence of indel variation and all sequences were readily assembled. For matK
we used transAlign (33) to perform alignment via back-translation. The matK
sequences were then aligned with each other and concatenated onto the
rbcLa alignment using MacClade (34) to produce a two-gene alignment for
all taxa.

The trnH-psbA sequences were partitioned by family or order to build
eighteen separate taxonomically structured sequence files, which were each
then aligned by using Muscle (35). In cases where only one species per family
was present in the plot, that individual was aligned with another family in the
same order. When only a single species was represented for an order the
sequence was not included in the phylogenetic alignment because the rbcLa
sequence would accurately place the taxon on the tree. The individual sets of
aligned trnH-psbA sequences were then assembled into a supermatrix by
sequentially concatenating them with the rbcLa � matK alignment by using
MacClade (Fig. S1). The resulting matrix had �94% of the cells consisting of
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missing data or gaps. For more details on the supermatrix construction see SI
Materials and Methods.

Rates of Sequence Assignment to Species. The rate at which each barcode
marker could be assigned to the correct species was determined by using
BLASTn (short nearly exact search; 36). All recovered sequences at each of the
three markers were formatted as both database and query; all query se-
quences were compared against the entire database library of sequences. For
barcode sequences that varied within a species, all variant haplotypes were
included within the database and queried in the BLASTn searches. For species
lacking intraspecific variation only a single individual was included. A se-
quence was counted as being correctly assigned when that species had the
highest Bit-Score among all candidates; a sequence was not counted as
correctly assigned when the correct species was either tied with another
species, or received a lower score. All barcodes were tested singly and in
combination.

Phylogenetic Reconstruction. We reconstructed a community phylogeny for
the woody species of the BCI plot using maximum likelihood (ML) and maxi-
mum parsimony (MP) algorithms with three different marker combinations:
rbcL � matK, rbcL � trnH-psbA, and rbcL � matK � trnH-psbA. For each
combination either 281 or 277 of the 296 species were included depending on
the available sequences. ML analyses were conducted using RAxML (37) and
the MP analysis using PAUP v.4.0 (38), both run through the CIPRES super-
computer cluster (www.phylo.org). Implementation of the MP ratchet (39)
was used to assess support for trees. To assess phylogenetic structure the trees
were compared with the topology of APG II (13) using Mesquite (34) by directly
projecting ordinal-level trees and family-level trees (within the asteroid clade)
in opposition. For more details on phylogeny construction see SI Materials and
Methods (S1).

Community Phylogenetic Structure Analyses. One of the 121 equally parsimo-
nious trees of the three-locus MP analysis of 281 BCI taxa was selected to
quantify the phylogenetic structure of tree assemblages in different habitats
in the forest dynamics plot. Proportional branch lengths from the MP barcode
phylogeny were applied to the community analyses, which were designed to
emulate the original phylogenetic structuring-habitat analyses of this plot
performed by Kembel and Hubbell (16). To facilitate a direct comparison
between the two approaches, we pruned their Phylomatic phylogeny to
include only the taxa found in our MP barcode phylogeny and retained their
original branch lengths produced by using the Phylocom algorithm bladj (40).

For both the barcode and Phylomatic phylogenies, we quantified by using
Phylocom (40) the Net Relatedness Index (NRI: 10) and the Nearest Taxon Index
(NTI: 10) for each 400-m2 subplot (n � 1,250 subplots). Positive NRI and NTI
values indicates phylogenetic clustering; negative NRI and NTI values indicate
phylogenetic overdispersion.

Because the NRI and NTI values in the 1,250 subplots were spatially auto-
correlated, we estimated the mean NRI and NTI values within habitats by using
simultaneous spatial autoregression analyses. Next, we used the habitat de-
fined for each 400m2 subplot (41) to determine, using t tests, whether each
habitat tended to contain subplots that were on average phylogenetically
clustered, overdispersed, or random. Finally, for each subplot, we compared
the barcode NRI and NTI values to those values calculated from the Phylomatic
phylogeny by using paired t tests. For more details on the community structure
analyses see SI Materials and Methods (S1).
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