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Phylogenetic beta diversity in tropical forests: Implications for the roles
of geographical and environmental distance
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Abstract Various mechanistic theories of community assembly have been proposed ranging from niche-based
theory to neutral theory. Analyses of beta diversity in a phylogenetic context could provide an excellent opportunity
for testing many of these hypotheses. We analyzed the patterns of phylogenetic beta diversity in tropical tree
communities in Panama to test several community assembly hypotheses. In particular, the degree to which the
phylogenetic dissimilarity between communities can be explained by geographical or environmental distance can
yield support for stochastic or deterministic assembly processes, respectively. Therefore, we examined: (i) the
existence of distance decay of phylogenetic similarity among communities and its degree of departure from that
expected under a null model; and (ii) the relative importance of geographical versus environmental distance in
predicting the phylogenetic dissimilarity of communities. We found evidence that the similarity in the phylogenetic
composition of communities decayed with geographical distance and environmental gradients. Null model evidence
showed that beta diversity in the study system was phylogenetically non-random. Our results highlighted not only
the role of local ecological mechanisms, including environmental filtering and competitive exclusion, but also
biogeographical processes such as speciation, dispersal limitation, and niche evolution in structuring phylogenetic
turnover. These results also highlight the importance of niche conservatism in structuring species diversity patterns.
Key words community, distance decay, environmental filtering, neotropical forests, niche conservatism, null
model.

Understanding the mechanisms determining
species distribution patterns is a central issue in ba-
sic and applied ecology. A large number of studies have
focused on the species richness within communities (i.e.
alpha diversity) and the dissimilarity between communi-
ties (i.e. beta diversity) (Condit et al., 2002; Ruokolainen
& Tuomisto, 2002; Webb et al., 2002; Tuomisto et al.,
2003; Buckley & Jetz, 2008; La Sorte et al., 2008; Qian,
2009; Thrush et al., 2010; Anderson et al., 2011). The
debate regarding whether beta diversity is structured
relatively more by stochastic or deterministic processes
has received a great deal of attention. The relative con-
tribution of stochastic versus deterministic processes to
patterns of beta diversity is often estimated by quantify-
ing the amount of variation in community dissimilarity
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that is predicted by spatial distance, environmental dis-
tance, and their interaction. Variation explained by spa-
tial distance is generally attributed to stochastic assem-
bly and dispersal limitation, whereas variance explained
by environmental distance is attributed to deterministic
niche-based processes.

Despite the central role measures of species beta
diversity have played in the debate regarding stochastic
versus deterministic community assembly, the approach
suffers from one critical problem: that the phylogenetic
history and functional traits were not taken into account
in many beta diversity studies. Species are, of course, not
functionally identical or evolutionarily independent and
this can lead to faulty ecological inferences from mea-
sures of species beta diversity (Swenson, 2011; Swenson
et al., 2011). Thus, community ecologists are increas-
ingly considering functional and phylogenetic measures
of beta diversity in order to provide stronger inferences
regarding community assembly (Bryant et al., 2008;
Graham & Fine, 2008; Ricotta & Burrascano, 2008;
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Swenson, 2011; Swenson et al., 2011). The present
paper focuses on patterns of phylogenetic beta diver-
sity on a regional scale and the amount of variation in
phylogenetic beta diversity explained by spatial and/or
environmental distance. Previous phylogenetic beta di-
versity research has been carried out on regional scales.
For example, Bryant et al. (2008) quantified the distance
decay in phylogenetic similarity in microbial and plant
assemblages along an altitudinal gradient, Swenson
(2011) examined the phylogenetic dissimilarity among
Indian tree assemblages, and Fine & Kembel (2011) ex-
amined the phylogenetic beta diversity in Amazonian
tree assemblages. Although some of this research has
examined the environmental correlates of phylogenetic
beta diversity (Swenson, 2011), none has attempted to
partition variance between spatial and environmental
components to infer the relative influence of stochastic
versus deterministic assembly processes.

Empirical patterns of phylogenetic beta diversity
coupled with variance partitioning analyses can pro-
vide insights into community assembly beyond what
can be gleaned from traditional analyses of species beta
diversity. In particular, it is reasonable to expect that
the amount of variance in community dissimilarity ex-
plained by the geographical distance will be greater in
comparison with the cases of taking phylogenetic re-
lationship into account. This could be explained as, a
species may be dispersal limited, but a clade may be less
dispersal limited. Inferences from phylogenetic beta di-
versity are further strengthened if the level of phyloge-
netic signal in traits or niches is quantified (Swenson
et al., 2011).

Here, we aim to infer the relative degree to which
stochastic or deterministic processes dictate the assem-
bly of tropical tree communities in Panama. Specifically,
we integrate two independent measures of phylogenetic
beta diversity, null modeling analyses and variance par-
titioning, to ask the following questions: (i) is the non-
random pattern of phylogenetic turnover between forest
plots suggesting a role of deterministic processes in
community assembly at regional scale? (ii) is geograph-
ical or environmental distance more strongly linked to
the observed patterns of species and phylogenetic beta
diversity? and (iii) are null models commonly used in
community phylogenetic alpha diversity analysis suit-
able for phylogenetic beta diversity analysis and how
similar are the results from different null models?

1 Material and methods

1.1 Plot descriptions
This study analyzed 100 plots located in central

Panama, including the 50 1-ha quadrats from the Barro

Fig. 1. Locations of the plots scattered in Panama, including 50 ha of
Barro Colorado Island divided into 50 1-ha satellite plots.

Colorado Island (BCI) forest dynamics plot (Hubbell
et al., 1999) and 50 satellite forest plots (Condit et al.,
2002) (Fig. 1). Plots with an area larger than 1 ha, which
included BCI 50-ha forest dynamics plots, were divided
into multiple 1-ha plots and treated separately. The for-
est plots are scattered in the Panama Canal Watershed
with the lowest elevation 10 m and the highest elevation
830 m above sea level. The forests are in a fragmented
landscape, divided by the canal, railways, and agricul-
tural lands (Chust et al., 2006). Annual mean precipi-
tation in the plots ranges from 1887 mm to 4002 mm
with the mean of 2588.7 mm. All trees with a diameter
above 10 cm at breast height were tagged and identified
(Hubbell et al., 1999; Condit et al., 2002). Five species
that were unidentified to family level were removed from
the analysis. Species not identified to genus level were
treated as a separate genus in its family. The community
matrix included 792 taxa (species, subspecies and vari-
eties), 318 genera in 68 families (APGIII, Chase et al.,
2009). The Fabaceae, Sapotaceae, Moraceae, Rubi-
aceae, Lauraceae, Malvaceae, Myrtaceae, Annonaceae,
Euphorbiaceae, and Melastomataceae are the 10 top
families in species richness. The dominant genera
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Fig. 2. Phylogenetic tree reconstructed using Phylomatic to APGIII, in-
cluding 792 taxa, 319 genera, in 70 families.

include Inga Mill., Pouteria Aubl., Eugenia L., Ficus
L., Ocotea Aubl., Miconia Ruiz & Pav., Guarea L.,
Sloanea L., Ardisia Sw., Casearia Jacq., Licania Aubl.,
Eschweilera Mart. ex DC., Cupania L., and Dussia Krug
& Urb. ex Taub.

1.2 Phylogenetic tree reconstruction
A phylogenetic tree (Fig. 2) was reconstructed

using the online eco-informatics software Phylomatic
(Webb & Donoghue, 2005) that uses the APGIII (Chase
et al., 2009) topology as the backbone tree onto which
taxonomic relationships are grafted. Branch lengths
were assigned to the tree using the BLADJ algorithm in
Phylocom 4.1 (Webb et al., 2008) and estimates of an-
giosperm node ages taken from Wikström et al. (2001).
This approach suffers from the generation of a phylo-
genetic tree containing multiple soft polytomies using
crudely assigned branch lengths. This likely reduces
the statistical power of the analyses (Kress et al., 2009;
Swenson, 2009), but is the most suitable approach for
the present study system where many trees species have
no DNA sequence information available.

1.3 Statistical analysis
1.3.1 Measures of species and phylogenetic beta di-
versity The statistical analyses and data processing
were mainly carried out in R statistical software 2.12.0
(R-Core-Team, 2010) (see Doc. S1 for R codes). Vari-
ous measures of phylogenetic beta diversity have been
proposed in recent years, including the mean phylo-

genetic dissimilarity (Dpw) between the individuals or
species in two communities (Rao, 1982; Webb et al.,
2008), the mean nearest taxon distance (Dnn) between
the individuals or species in two communities (Ricotta
& Burrascano, 2008; Webb et al., 2008), and the amount
of phylogenetic branch length shared between species in
two communities (PhyloSor, Bryant et al., 2008; Gra-
ham & Fine, 2008; UniFrac, Lozupone et al., 2006).
Some of these metrics are mathematically identical to
existing functional trait beta diversity metrics (e.g. Rao,
1982; Ricotta & Burrascano, 2008; Swenson, 2011).

We used the following phylogenetic beta diversity
metrics, using both abundance weighted and presence–
absence data: Dpw, Dnn and their standard effective size
(Webb et al., 2008). Previous work has shown that the
Dpw metric is largely identical to Rao’s D, which is often
used in published reports on functional diversity (Swen-
son, 2011), and that the Dnn metric is highly correlated
with PhyloSor, UniFrac, and Phylogenetic Community
Dissimilarity (Ives & Helmus, 2010). That said, Dpw and
Dnn are generally uncorrelated. Therefore, using Dpw

and Dnn allows for coverage of the two main classes
of phylogenetic dissimilarity metrics while avoiding the
redundancy of calculating other nearly identical metrics
(Swenson, 2011).
1.3.2 Null model comparisons Null models have
been used to evaluate the importance of certain species
assembly mechanisms in community phylogenetics.
These processes often include biotic interactions and
abiotic filtering (Webb, 2000; Kembel & Hubbell, 2006;
Swenson et al., 2006, 2007). For example, the net relat-
edness index (NRI) and the nearest taxon index (NTI),
which are the standardized effect size quantified from
null model output, tells us about whether co-occurring
species are more or less phylogenetically related than
random. This approach can be extended to analyses of
phylogenetic beta diversity where one can ask whether
the phylogenetic relatedness between species in two
plots is any different from that randomly expected.
Specifically, a standardized effect size (S.E.S.) of the
phylogenetic beta diversity metrics, Dpw and Dnn, can
be quantified as follows:

S.E .S. Dpw = −1 × Dpwobserved
− Dpwrandom

sd(Dpwrandom
)

(1)

S.E .S. Dnn = −1 × Dnnobserved − Dnnrandom

sd(Dnnrandom )
(2)

S.E.S. Dpw and S.E.S. Dnn are the standard ef-
fective size of Dpw and Dnn, respectively, where neg-
ative values indicate higher than expected phylogenetic
dissimilarity, and positive values indicate lower than
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expected dissimilarity. For each plot, the random distri-
bution was generated by four algorithms of randomiza-
tion with each run 999 times, as shown below.

Null model 0. This null model shuffles the names
of species across the tips of the phylogenetic tree.
This algorithm randomized the relatedness of species
to one another, but it maintained the observed commu-
nity data matrix. Therefore, species occupancy rates,
abundances, and spatial distributions were fixed in each
randomization. This null model also fixes the observed
level of species beta diversity and has the advantage
of fixing any observed levels of dispersal limitation in
space while breaking up any signal in the phylogenetic
distribution of dispersal limitation.

Null model 1. This null model randomly gener-
ates communities by sampling the observed number of
species in a community from the species pool. This null
model fixes the observed community alpha diversities
and phylogenetic relatedness between species, but not
the occupancy rates, spatial distributions of species, or
the observed species beta diversity.

Null model 2. This null model is largely identical
in concept to null model 1 except for the pool of species
from which the random communities are assembled.
In this null model, the random communities are drawn
from the list of species in the phylogeny, whereas in
null model 1 species are drawn from the list of species
in the community data matrix. Thus, these nulls would
generally be expected to produce similar results unless
the number of species in the phylogeny was much larger
than the number of species in the community data ma-
trix. Note the reverse could not occur as all species in
the community data matrix must be represented in the
phylogeny for the analyses to be carried out.

Null model 3. This last null model is often referred
to as an “independent swap”, in which the observed
species richness of communities and occupancy rates of
species are fixed in the randomization (Gotelli, 2000).
During the randomizations, species richness per sam-
ple and the frequency of each species across the sam-
ples were kept as constant, while the co-occurrences in
samples were randomized. Only the co-occurrence for
each species was randomized for 1000 times. This null
model does not necessarily maintain the observed levels
of dispersal limitation, spatial distributions, or species
beta diversity.

We calculated the NRI and NTI for each plot (Fig.
S1), based on the null models listed above. To test the
effect of null models on the phylogenetic structure, the
correlations between the NRI and NTI indices were also
computed (Fig. S2).

In order to quantify the relationships between the
output of different null models, we calculated Pearson’s

correlation of NRI and NTI for each plot and S.E.S.
Dpw and S.E.S. Dnn between plots, generated by the
four null models using the R package “hydroTSM”
(Zambrano-Bigiarini, 2012). A pairwise t-test was used
to test whether any differences could be found among
the means of S.E.S. Dpw or S.E.S. Dnn, calculated using
different null models.
1.3.3 Quantifying the relative importance of ex-
planatory variables Geographical distance between
each pair of plots was calculated using GPS coordinates
taken from each plot and the R package “fossil” (Vavrek,
2011). Environmental distances were estimated by cal-
culating the Euclidean distances between plots based
on their precipitation and elevation. The relative im-
portance of roles played by geographical distance and
environmental distance was assessed using the statisti-
cal methods described below.

We used Mantel’s tests to quantify the correla-
tion between the matrix of the community phylogenetic
dissimilarity, geographical distance, and environmental
distance. Each Mantel’s test generated an r value simi-
lar to Pearson’s correlation index, which represents the
correlation between the distance matrices. Permutation
tests were applied to assess the significance of the cor-
relation by randomizing the distance matrix 999 times.

In order to assess the performance of null mod-
els, we calculated a Mantel correlogram to examine
the relationship between phylogenetic distance and ge-
ographical distances. A Mantel correlogram computes
a Mantel’s r for each geographic distance class between
phylogenetic distance and geographical distance. This
method allows for the examination of the correlation be-
tween two distance matrices in detail. Number of classes
of geographical distance in Mantel correlograms was
defined according to Sturges’ rule. A Mantel’s r was
also calculated between phylogenetic distance generated
by null models and the species dissimilarity. For abun-
dance weighted metrics, we used Bray-Curtis dissimi-
larity, and Jaccard’s dissimilarity for presence–absence
weighted metrics.

The variances in Dpw and Dnn were partitioned us-
ing multiple regression on distance matrices (MRM)
(Lichstein, 2007). Multiple regression on distance ma-
trices is based on Mantel’s test, and thus could be
used to determine the explanatory power of indepen-
dent distance matrices. The metrics were regressed
on geographical distances and environmental distances
(Ruokolainen & Tuomisto, 2002; Tuomisto et al., 2003).
Variance partitioning allowed us to examine the con-
tribution of independent effects and joint effects of
the factors (Qian & Ricklefs, 2012). For Dpw and
Dnn, we converted the community dissimilarity matri-
ces into pairwise lists. We combined the distances of
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Fig. 3. Selected principal coordinates of neighbor matrices (PCNM) eigenvectors using forward selection.

precipitation and elevation as a representative matrix
of environmental heterogeneity and subsequently par-
titioned the variance. Although some have suggested
that MRM-like methods would greatly underestimate
the variation explained by the variables (Legendre et al.,
2008), this partitioning method has the benefit of being
able to indicate the relative importance of the environ-
mental and spatial factors. The MRM analyses were
carried out using the R package “ecodist” (Goslee &
Urban, 2007) and “vegan” (Oksanen et al., 2012.)

The function “adonis” in the R package “vegan”
was also used to partition the sum of squares of the Dpw

and Dnn distance matrices. This method is analogous to
MANOVA (Anderson, 2001; McArdle & Anderson, 2001)
and redundancy analysis (Legendre & Anderson, 1999).
In order to understand the relative power of spatial struc-
ture in explaining the phylogenetic dissimilarity, princi-
pal coordinates of neighbor matrices (PCNM) was ap-
plied to simulate the spatial relationship between each
pair of plots (Borcard & Legendre, 2002; Legendre,
2008; Legendre et al., 2009) using R package “vegan”
(Oksanen et al., 2012). We obtained 99 eigenvectors rep-
resenting the spatial relationship of the plots. Only the
factors significantly correlated with Dpw and Dnn were
selected (Fig. 3) using forward selection as implemented
in R package “packfor” (Dray, 2011). Before forward
selection, the phylogenetic distances matrices for Dpw

and Dnn were transformed by principle coordinate anal-
ysis (pcoorda) in R package “ape” (Paradis et al.,
2004). These factors with environmental factors (pre-
cipitation, elevation) were further used as explanatory
factors.

2 Results

2.1 Phylogenetic signal, beta diversity, space, and
environment

The inferences in this study stem from an assump-
tion that species’ niches have phylogenetic signal in our
study system. This was tested using drought tolerance
data previously published (Engelbrecht et al., 2007) (see
Doc. S2). The results show that there is indeed phy-
logenetic signal (Blomberg’s K = 0.5659, P < 0.05)
(Blomberg & Garland, 2002; Blomberg et al., 2003) in
this key trait, suggesting that inferences from phyloge-
netic distances are tractable.

The phylogenetic dissimilarity of the tree com-
munities studied was significantly correlated with ge-
ographic and environmental distance using the Dpw

and Dnn metrics weighted by abundance or presence–
absence data (Table S1). For example, the abundance
weighted Dpw values were strongly correlated with ge-
ographical distance (Mantel’s r = 0.291, P < 0.01), the
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Fig. 4. The S.E.S. Dpw and S.E.S. Dnn (standard effective size for mean pairwise phylogenetic distance/mean nearest taxon distance between each pair
of plots) generated using null model 0. Null model 0 shuffled the tips of a phylogeny and maintained species similarity across plots, thus producing a
distance increasing pattern. Red lines are the lowess fitting for observed values; dotted blue lines are the lowess fitting for the randomized values, with
light blue bars indicating the standard deviation of the null distribution.

change of elevation (Mantel’s r = 0.291, P < 0.01), and
change of precipitation (Mantel’s r = 0.182, P < 0.01).

We carried out null model analyses to determine
whether the observed patterns of phylogenetic dissim-
ilarity were higher or lower than expected given the
observed data and the species pool. A total of four
different null models were used (Figs. S2, S3). The
results of the null model analyses show that phyloge-
netic dissimilarity was largely non-random with respect
to the underlying environmental gradient (Figs. 4, 5,
S4–S17).

Geographical distance and environmental distance
were both correlated with the observed patterns of
phylogenetic dissimilarity, but we were primarily in-
terested in the relative contribution of each to phy-
logenetic dissimilarity. Only a small proportion of
the variance in abundance weighted Dpw and Dnn

could be explained by geographical distance together
with environmental distance (R2 = 0.148, P < 0.01).
The explanatory power of environmental distance is
greater (R2 = 0.148, P < 0.01) than that of geo-
graphical distance (R2 = 0.107, P < 0.01) if we take
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Fig. 5. The S.E.S. Dpw and S.E.S. Dnn (standard effective size for mean pairwise phylogenetic distance/mean nearest taxon distance between each pair
of plots) results generated using null model 2. Null model 2 randomized the species list extracted from the community, thus a non-spatial pattern of
phylogenetic decreasing could be observed from this null model. Red lines are the lowess fitting for observed values; dotted blue lines are the lowess
fitting for the randomized values, with light blue bars indicating the standard deviation of the null distribution.

presence–absence Dpw as an example (Tables S2, S3).
Variance partitioning highlighted the roles of envi-
ronmental difference, if taking Dpw as an example
(Table 1). In contrast, the dominating factor for Dnn

is geographical distance (Table 1).

2.2 Null model comparisons
Both patterns of NRI and NTI were consistent

across null models (Fig. S1), but with considerable dif-
ferences in mean values (Table S4), and strongly corre-

lated with each other (Fig. 6: A). Although S.E.S. Dpw

and S.E.S. Dnn are strongly correlated between these
models (Fig. 6: B), pairwise mean difference of S.E.S.
Dpw and S.E.S. Dnn tend to be different under different
null models (Table 2). For example, the pairwise t-tests
reveal that the disparity between different null models
for S.E.S. Dpw could be relatively larger than with NRI
(Bartlett’s K-squared = 2.8561, d.f . = 1, P = 0.091),
as in the case of S.E.S. Dnn with NTI (Bartlett’s K-
squared = 32.8594, d.f . = 1, P < 0.001).

C© 2012 Institute of Botany, Chinese Academy of Sciences



78 Journal of Systematics and Evolution Vol. 51 No. 1 2013

Table 1 Results from the permutational multivariate analysis of variance using phylogenetic beta diversity indices by “adonis”

Phylogenetic beta diversity index Selected Environmental Joined effects of Variation
PCNM distance matrix selected PCNM unexplained

and environmental
distance matrix

S.E.S. Dpw abundance weighted 0.096
∗ ∗ ∗

0.024
∗ ∗ ∗

0.142
∗

0.738
S.E.S. Dpw presence–absence 0.043

∗ ∗ ∗
0.022

∗ ∗ ∗
0.070

∗ ∗
0.865

S.E.S. Dnn abundance weighted 0.952
∗ ∗

0.006
∗ ∗

0.018
∗ ∗

0.025
S.E.S. Dnn presence–absence 0.883

∗ ∗ ∗
0.008

∗
0.032ns 0.078

ns, Not significant; PCNM , principal coordinates of neighbor matrices of geographical distance between each pair of plots, used to quantify the
contribution of spatial distance; S.E.S. Dnn, standard effective size of mean nearest taxon distance between each pair of plots; S.E.S. Dpw, standard
effective size of mean pairwise phylogenetic distance between each pair of plots. ∗P < 0.05;

∗ ∗
P < 0.01;

∗ ∗ ∗
P < 0.001.

Fig. 6. Correlation between net relatedness index (NRI) (A) calculated using different null models and the correlation between S.E.S. Dnn (standard
effective size for the mean nearest taxon distance between each pair of plots) (B), calculated using different null models. Note that the results from null
model 0 tend to be distinct from the other null models. aw, abundance weighted.

2.3 Correlation between null model and geograph-
ical distance

Strong correlations between phylogenetic dissim-
ilarity and geographical distance were observed for
null model 0 using abundance weighted and presence–
absence data (Tables S5, S6). Further it should be noted
that the Mantel’s r-values for null models 1, 2, and 3
were lower than that generated using null model 0. This
indicates that the spatial relationships in the null phylo-
genetic pattern were lost in these three null models. The
Mantel correlograms further show how the correlation
changes with geographical distance (Figs. S18–S21).
In the correlograms, significant correlations can be ob-
served for null model 0, whereas few can be observed
for other null models.

3 Discussion

Patterns of beta diversity have been some of the
central pieces of empirical evidence in the study of
the mechanisms underlying community structure and
assembly (Condit et al., 2002; Cavender-Bares et al.,
2004; Swenson et al., 2006, 2007; Kraft et al., 2008;
Verleyen et al., 2009; Kraft & Ackerly, 2010; Soininen,
2010; Stokes & Archer, 2010; Anderson et al., 2011;
Svenning et al., 2011). Here we argue that, although pat-
terns of species beta diversity are interesting, additional
insights into community assembly can be achieved
through the measurement of phylogenetic beta diversity
coupled with variance partitioning analyses. We carried
out such analyses on a series of 100 forest plots located
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Table 2 Pairwise t-tests for the standard effective size of mean pairwise phylogenetic distance (S.E.S. Dpw) and mean nearest taxon distance (S.E.S.
Dnn) between each pair of plots generated by four null models (0–3)

Null model I Null model II t d.f. P-value Mean difference

S.E.S. Dpw Abundance weighted 0 1 −128.52 4949 < 0.001 −0.846
0 2 −126.54 4949 < 0.001 −0.843
0 3 −68.75 4949 < 0.001 −0.440
1 2 4.40 4949 < 0.001 0.003
1 3 180.35 4949 < 0.001 0.406
2 3 182.91 4949 < 0.001 0.403

Presence– absence 0 1 −179.30 4949 < 0.001 −1.307
0 2 −176.44 4949 < 0.001 −1.302
0 3 −54.48 4949 < 0.001 −0.470
1 2 6.12 4949 < 0.001 0.005
1 3 279.98 4949 < 0.001 0.837
2 3 276.74 4949 < 0.001 0.832

S.E.S. Dnn Abundance weighted 0 1 −92.36 4949 < 0.001 −4.165
0 2 −92.55 4949 < 0.001 −4.158
0 3 −21.18 4949 < 0.001 −0.712
1 2 3.26 4949 0.001124 0.007
1 3 203.71 4949 < 0.001 3.453
2 3 205.12 4949 < 0.001 3.446

Presence– absence 0 1 −97.98 4949 < 0.001 −5.184
0 2 −98.03 4949 < 0.001 −5.176
0 3 −8.36 4949 < 0.001 −0.421
1 2 2.82 4949 0.004896 0.008
1 3 494.31 4949 < 0.001 4.763
2 3 496.59 4949 < 0.001 4.755

S.E.S. Dnn, standard effective size of mean nearest taxon distance between each pair of plots; S.E.S. Dpw, standard effective size of mean pairwise
phylogenetic distance between each pair of plots.

in Panama where all trees 10 cm in diameter or larger
were inventoried.

3.1 Is species turnover phylogenetically non-
random and why?

To answer our first question we implemented a se-
ries of null models. The results showed that species
turnover between forest plots along both spatial and en-
vironmental gradients was non-random with respect to
phylogeny (Figs. S4–S17). From this result we infer that
non-random deterministic processes underlie the sort-
ing and assembly of species into communities in our
study system. The direction of the results shows that the
phylogenetic turnover between tree plots was on average
larger than that expected (Figs. 4, 5). From this we can
infer that the turnover of species between plots is not
simply a replacement of one congener with another from
plot to plot along spatial and environmental gradients,
but rather more phylogenetically “basal” turnover. This
was particularly true for plots on opposing ends of the
spatial and environmental gradients in our study system.
The phylogenetic signal results from our study suggest
closely related species typically share trait values that
are more similar than that expected under a Brownian
motion model of trait evolution (Blomberg & Garland,
2002; Blomberg et al., 2003). Thus, we can infer that the
observed patterns of higher than expected phylogenetic
turnover along spatial and environmental gradients in-
dicate a higher than expected functional turnover along

these same gradients, which further supports our infer-
ence of the importance of deterministic assembly.

3.2 Relative contribution of geographical and envi-
ronmental distances to phylogenetic beta diversity

The second central question posed in this research
was addressed by variation partitioning analyses that
reported the amount of variance in phylogenetic beta
diversity accounted for by spatial and/or environmen-
tal gradients. Correlative results show that phylogenetic
beta diversity is correlated with the environmental gra-
dients in our system (Table S1), but this result is im-
possible to disentangle from the influence of dispersal
limitation without variance partitioning analyses. The
results of the partitioning analyses showed that spatial
and environmental distances both explained significant
amounts of the variance in phylogenetic beta diversity
with spatial distance typically accounting for slightly
more of the variance (Tables S2, S3). Thus, while we
can infer that phylogenetic turnover is typically non-
random between tree plots, we cannot rule out the in-
fluence of dispersal limitation on the assembly of the
tree communities in our study system. It is important to
note that the 100 tree plots in our system are arrayed
across the Panama Canal Zone. There is a significant
rainfall gradient across the Canal Zone, which makes it
difficult to separate environmental from spatial effects.
Further, the size of the tree plots makes it more likely
that dispersal limitation will be observed in the system.
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Fig. 7. Percentage of variance of phylogenetic beta diversity across 100 plots explained by change in elevation, geographical distance, and change in
precipitation. A, Variation partitioning for presence–absence Dpw (mean pairwised phylogenetic distance). B, Variation partitioning for presence–absence
Dnn (mean nearest taxon distance).

In particular, species turnover is likely to be inflated
when the community sample is smaller in spatial scale.
This would be particularly true in a diverse tropical sys-
tem. Therefore, it may not be surprising that a signifi-
cant amount of variance in phylogenetic beta diversity
is explained by spatial distance. Our results showed that
altitude and precipitation are more important in deter-
mining the mean pairwised phylogenetic distance (Dpw)
(Fig. 7), whereas the geographical distance governs the
mean nearest taxon distance (Dnn) between each pair
of plots, indicating less power of Dnn in reflecting the
phylogenetic diversity beta diversity patterns. The Dnn

had been found to be closely related with PhyloSor and
UniFrac (Feng et al., 2012). Dnn has also been reported
to be able to reflect the species similarities in compari-
son with Dpw (Swenson, 2011). This indicates the Dpw

(phylogenetic distance between each pair of species)
could capture more information about the phylogenetic
relationship than Dnn (only the most closely related
taxon of one species over the phylogenetic tree in Dnn)
(Table S1).

3.3 Null model comparison
The third goal of our study was to quantify the

degree to which different null models produce similar
results and therefore inferences. Our results show that
different null models tend to yield different S.E.S. Dpw

and S.E.S. Dnn results (Table S4, Fig. 8: A, B). This
suggests that great care should be paid to the selec-
tion of null models. The results from null model 0 show
higher than expected phylogenetic turnover between for-
est plots. This null model maintains the observed species

beta diversity and patterns of dispersal limitation while
only randomizing phylogenetic relationships.

These properties of null model 0 described in the
preceding paragraph make this null model particularly
powerful for analyses of phylogenetic beta diversity
where one is typically interested in the influence of
dispersal limitation and whether phylogenetic beta di-
versity is greater than that expected given the observed
species beta diversity. Null models that do not constrain
the randomization by the observed patterns of dispersal
limitation and species beta diversity therefore make it
difficult to address questions regarding dispersal limi-
tation and non-random species turnover with respect to
phylogeny. Contrary to null model 0, null models 1, 2,
and 3 do not retain information for dispersal limitation
or species beta diversity. This largely explains why the
results from these null models are different from those
obtained when using null model 0. Thus, although null
models 1, 2, and 3 may be extremely useful in revealing
community phylogenetic structure within communities
(i.e. NRI or NTI), they may be less useful in phyloge-
netic beta diversity studies.

3.4 Limitations of the current study
The results of this study show that species turnover

is non-random with respect to phylogeny in the study
system and that patterns of phylogenetic turnover are
often strongly correlated with regional scale spatial and
environmental gradients. From this evidence we infer a
large role for deterministic processes in the assembly of
tree communities in this region. That said, we believe our
study has three key limitations that should be discussed.
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Fig. 8. Dispersion of net relatedness index/nearest taxon index (NRI /NTI) versus standard effective size of mean pairwise phylogenetic distance/mean
nearest taxon distance between each pair of plots (S.E.S. Dpw/S.E.S. Dnn) under different null models. A, Dispersion of NRI /S.E.S. Dpw calculated under
different null models. B, Dispersion of NTI /S.E.S. Dnn calculated under different null models. Note the dispersion of S.E.S. Dpw /S.E.S. Dnn is much
larger than NRI /NTI . This is due to the poor performance of null models 1, 2, and 3 in randomizing species assembly among communities.

First, scale dependency is omnipresent in ecologi-
cal studies and the strength of various processes is ex-
pected to vary with spatial scale (Cavender-Bares et al.,
2006; Swenson et al., 2006; Lira-Noriega et al., 2007;
Gardezi & Gonzalez, 2008; Qian & Kissling, 2010;
Smith et al., 2011). In our study, we were limited to
analyzing the phylogenetic beta diversity between all
species or individuals in 1-ha forest plots in the Panama
Canal Zone. We were unable to scale this research up
to include additional regions or down to include fine
scale spatial and environmental gradients. Thus, we are
unable to determine how general the observed patterns
may or may not be across several spatial scales. Future
research that could achieve such multiscale analyses
would be interesting and would be helpful to identify
the degree to which our results can be generalized.

A second key limitation to our study is that we con-
structed and used a phylogenetic tree that was not fully
resolved and that had crudely estimated branch lengths.
The extent to which the polytomies and crude branch
lengths may bias measures of phylogenetic alpha diver-
sity have been previously explored (Kress et al., 2009;
Swenson, 2009), but the bias introduced into studies
of phylogenetic beta diversity are not known. It is rea-
sonable to expect that the biases will be similar given
the mathematical similarity of the phylogenetic alpha
and beta diversity metrics used. Thus, we expect that
our results are likely to have been biased by the phy-
logeny that we used and the non-random phylogenetic
turnover would be less likely to be detected (Swenson,
2009).

The final key limitation of our study that we would
like to highlight has to do with partitioning variance
in beta diversity into spatial and environmental compo-
nents. There has been a healthy debate regarding which
statistical procedures should be preferred in partitioning
studies of beta diversities. The Mantel test and MRM
(Legendre et al., 1994; Goslee, 2010) have received a
great deal of criticism in published works (see Legendre
et al., 2008). The criticism leveled is that these meth-
ods often are incapable of explaining the actual amount
of variance that should be explained by environmental
distance. Further, the square of a Mantel’s r does not
reflect the variance of raw data, making inferences from
this statistic less tractable (Tuomisto & Ruokolainen,
2008).

4 Conclusion

In conclusion, we have presented a study of the
phylogenetic beta diversity in 100 tropical tree plots in
Panama. We report that species turnover in this system
is generally non-random with respect to phylogeny and
that species traits in this system have phylogenetic sig-
nal indicating a non-random functional turnover. From
this pattern, we infer the importance of deterministic
processes in the assembly of our study communities.
We have also shown that both spatial and environmen-
tal distances are significant correlates of phylogenetic
beta diversity, suggesting that dispersal limitation, along
with determinism, is important in our system. Lastly,
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we compared and contrasted phylogenetic beta diver-
sity results generated from four different null models.
We found that phylogenetic beta diversity results can
be very sensitive to null model choice and that three
of the four null models implemented have undesirable
qualities.
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Celesti-Grapow L, Thompson K. 2008. Distance decay of
similarity among European urban floras: The impact of

C© 2012 Institute of Botany, Chinese Academy of Sciences



ZHANG et al.: Phylogenetic beta diversity patterns 83

anthropogenic activities on β diversity. Global Ecology and
Biogeography 17: 363–371.

Legendre P. 2008. Studying beta diversity: Ecological variation
partitioning by multiple regression and canonical analysis.
Journal of Plant Ecology 1: 3–8.

Legendre P, Anderson MJ. 1999. Distance-based redundancy
analysis: Testing multispecies responses in multifactorial
ecological experiments. Ecological Monographs 69: 1–24.

Legendre P, Borcard D, Peres-Neto PR. 2008. Analyzing or
explaining beta diversity? Comment. Ecology 89: 3238–
3244.

Legendre P, Lapointe FJ, Casgrain P. 1994. Modeling brain evo-
lution from behavior: A permutational regression approach.
Evolution 1487–1499.

Legendre P, Mi X, Ren H, Ma K, Yu M, Sun IF, He F. 2009. Par-
titioning beta diversity in a subtropical broad-leaved forest
of China. Ecology 90: 663–674.

Lichstein JW. 2007. Multiple regression on distance matrices: A
multivariate spatial analysis tool. Plant Ecology 188: 117–
131.

Lira-Noriega A, Soberón J, Navarro-Sigüenza AG, Nakazawa Y,
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