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III phylogeny to examine how phylogenetic beta diversity 
(indicating the degree of phylogenetic similarity of two 
communities) was related to environmental gradients within 
tropical tree communities. Using distance-based redun-
dancy analysis we found that phylogenetic beta diversity, 
expressed as either nearest neighbor distance or mean pair-
wise distance, was significantly related to both soil and top-
ographic variation in all study sites. In general, more phylo-
genetic beta diversity within a forest plot was explained by 
environmental variables this was expressed as nearest neigh-
bor distance versus mean pairwise distance (3.0–10.3 % and 
0.4–8.8 % of variation explained among plots, respectively), 
and more variation was explained by soil resource variables 

Abstract  While the importance of local-scale habitat 
niches in shaping tree species turnover along environmen-
tal gradients in tropical forests is well appreciated, relatively 
little is known about the influence of phylogenetic signal in 
species’ habitat niches in shaping local community struc-
ture. We used detailed maps of the soil resource and topo-
graphic variation within eight 24–50 ha tropical forest plots 
combined with species phylogenies created from the APG 
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than topographic variables using either phylogenetic beta 
diversity metric. We also found that patterns of phyloge-
netic beta diversity expressed as nearest neighbor distance 
were consistent with previously observed patterns of niche 
similarity among congeneric species pairs in these plots. 
These results indicate the importance of phylogenetic signal 
in local habitat niches in shaping the phylogenetic structure 
of tropical tree communities, especially at the level of close 
phylogenetic neighbors, where similarity in habitat niches is 
most strongly preserved.

Keywords  Center for tropical forest science · Distance-
based redundancy analysis · Phylogenetic beta diversity · 
Phylogenetic community structure · Phylomatic

Introduction

Understanding how ecological and evolutionary pro-
cesses interact to influence the composition of ecologi-
cal communities at varying spatial scales is central to 
ecological science. Evolutionary processes determine 
the ecological traits that underlie species’ interactions 
with their environment, and the evolutionary lability (or 
rate of evolution) of these traits determine the degree to 
which closely related species are ecologically similar, 
or the degree of ‘phylogenetic signal’ present in spe-
cies’ ecological niches (sensu Losos 2008). Phylogenetic 
signal in species’ ecological niches may arise simply 
due to Brownian motion evolution of ecological traits, 
while evolutionary selection or constraints may also 

lead closely related species to occupy similar ecological 
niches (referred to as niche conservatism; Wiens and Gra-
ham 2005). Alternatively, evolutionary lability of traits 
could cause close relatives to occupy dissimilar niches 
and distant relatives to occupy similar niches (referred to 
as convergent evolution). The degree of phylogenetic sig-
nal in species’ ecological niches, along with the degree 
of niche differentiation among species in a community, is 
expected to impact the phylogenetic structure of ecologi-
cal communities (Cavender-Bares et  al. 2004; Ackerly 
et al. 2006).

The habitat niche of tree species, or the physical and 
chemical conditions necessary for mature individuals to 
persist (Grubb 1977), has been shown to be an important 
part of the niche of tropical tree species, explaining the 
distribution and abundance of species over a variety of 
spatial scales. At local spatial scales (distances <1  km), 
tropical forest community structure is strongly influenced 
by habitat heterogeneity in the form of topo-edaphic vari-
ation. Topographic variation, which is often used as a sur-
rogate for ecologically relevant habitat variables such as 
moisture and light availability, has been shown to explain 
the distributions of individual tree species and community 
turnover within many tropical forest dynamics plots (up 
to 50-ha; Harms et  al. 2001; Valencia et  al. 2004; Guna-
tilleke et  al. 2006; Legendre et  al. 2009; Chuyong et  al. 
2011; De Cáceres et al. 2012), and the importance of soil 
resource variation in explaining community structure has 
come to light more recently as a result of fine-scale map-
ping of soil variables (Davies et al. 2005; John et al. 2007; 
Baldeck et  al. 2013a). However, while the importance of 
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tree species’ local habitat niches in shaping community 
structure is well appreciated, we have a relatively poor 
understanding of how phylogenetic signal in the habitat 
niches of tree species may also influence tropical forest 
community structure.

A general pattern of phylogenetic signal in species’ eco-
logical niches has been supported by a number of studies 
examining phylogenetic signal in species’ ecological traits 
in a variety of taxonomic groups (e.g., Peterson et al. 1999; 
Prinzing 2001; Chazdon et  al. 2003; Burns and Strauss 
2011; Violle et al. 2011; Baraloto et al. 2012), though nota-
ble exceptions have also been observed (Losos 2008). In 
an attempt to understand how tree species’ local habitat 
niches were influenced by their evolutionary relatedness, 
Baldeck et  al. (2013b) tested whether congeneric or con-
familial species pairs had more similar habitat niches than 
more distantly related species pairs within eight tropical 
forest dynamics plots. They found mixed results among 
study sites, with significant effects found for congeneric 
species pairs in five out of the eight plots examined, and 
the effect sizes were quite small (Mantel r values of 0.02–
0.06). These results suggest varying degrees of phyloge-
netic signal in species’ habitat niches in these communi-
ties, carrying implications for the phylogenetic structure of 
these communities and the degree to which that structure is 
related to habitat heterogeneity.

Phylogenetic community structure may be measured in 
ways analogous to measures of compositional biodiversity: 
it may be expressed as the degree of phylogenetic related-
ness among species in the same sample, which we refer 
to here as phylogenetic alpha diversity, or as the degree of 
phylogenetic relatedness between species in two samples, 
termed phylogenetic beta diversity (Webb et  al. 2008). 
Phylogenetic alpha diversity has proven useful for exam-
ining patterns of relatedness within small spatial neigh-
borhoods, providing insight into ecological assembly pro-
cesses within communities, with emphasis on determining 
the relative strength of habitat filtering and competitive 
exclusion (e.g., Webb 2000; Cavender-Bares et  al. 2004; 
Swenson et al. 2007; Kraft and Ackerly 2010). In contrast, 
phylogenetic beta diversity can reveal patterns of phyloge-
netic turnover along environmental gradients (Bryant et al. 
2008; Graham and Fine 2008; Faith et al. 2009). In plant 
communities, phylogenetic beta diversity has been used 
to elucidate the roles of habitat specialization and histori-
cal biogeographic and evolutionary processes in shaping 
regional community phylogenetic patterns along environ-
mental gradients (e.g., Fine and Kembel 2011; Swenson 
2011; Anacker and Harrison 2012; Zhang et al. 2013). An 
examination of phylogenetic beta diversity may therefore 
provide insight into the role of evolutionary processes in 
structuring forest communities over local environmental 
gradients.

We used tree census data and fine-scale maps of topo-
graphic and soil resource variation from eight fully-
censused tropical forest dynamics plots to test whether 
phylogenetic beta diversity within a plot was related to 
environmental variation. We expected that the effect of 
habitat heterogeneity on phylogenetic community structure 
is the outcome of habitat niche differentiation among spe-
cies and phylogenetic signal in habitat niches. As previous 
studies of these same plots had indicated the importance of 
environmental variation in shaping species compositional 
structure, as well as varying degrees of phylogenetic sig-
nal in species’ habitat niches (Baldeck et al. 2013a, b), we 
expected that the phylogenetic structure of these communi-
ties may also be shaped by environmental variation. Spe-
cifically, we expected that phylogenetic turnover, or phy-
logenetic beta diversity, would be related to environmental 
gradients within plots, and that areas with similar habitats 
would have more closely related tree communities in sites 
where there was evidence of phylogenetic signal in species’ 
habitat niches.

Methods

Study sites and environmental data

We used tree census data from eight Center for Tropi-
cal Forest Science (CTFS) forest dynamics plots located 
around the globe. The plots were 24–50 ha in size, spanning 
a variety of tropical climates, soil types, forest types, and 
species diversity (Losos and Leigh 2004; Table 1). Within 
each forest plot, all trees ≥1  cm dbh (diameter at breast 
height) were identified to species, their dbh was recorded, 
and their location within the plot was mapped to the nearest 
10 cm (protocol described in Condit 1998). The eight plots 
included Barro Colorado Island (BCI), Panama; Huai Kha 
Khaeng and Khao Chong, Thailand; Korup, Cameroon; La 
Planada, Colombia; Pasoh, Peninsular Malaysia; Sinharaja, 
Sri Lanka; and Yasuni, Ecuador. Information on individual 
plot characteristics is presented in Table 1.

Maps of soil resource concentrations across each plot 
were produced at the 20 ×  20 m scale following the soil 
sampling and kriging methods described in John et  al. 
(2007). Briefly, soil samples were taken in a 40 or 50  m 
grid across each plot, with additional samples taken near 
alternate grid points to estimate fine scale variation in 
soil variables. Non-nitrogen elements were extracted with 
Mehlich-III solution and analyzed on an inductively-cou-
pled plasma optical emission-spectrometer (ICP–OES, Per-
kin Elmer Inc., Massachusetts, USA), with the exception of 
phosphorus at the Yasuni study site, which was extracted 
with Bray-1 solution and analyzed colorimetrically on a 
Lachat Quikchem 8500 Flow Injection Analyzer (Hach 
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Ltd., Colorado, USA). For the three neotropical study sites 
(BCI, La Planada, and Yasuni) an estimate of the in  situ 
nitrogen mineralization rate (Nmin) was taken at each sam-
ple location by measuring inorganic nitrogen before and 
after a 28-day incubation period. Nitrogen was extracted in 
2 M KCl and detected as NH4

+ and NO3
− using an auto-

analyzer (OI FS 3000, OI Analytical, Texas, USA). Sample 
values were then kriged to obtain estimated concentrations 
of soil nutrients at the 20 ×  20  m quadrat scale. The set 
of soil variables for each study site contained 6–12 vari-
ables, generally including Al, Ca, K, Mg, Mn, P, and pH, 
but where available also included Nmin, B, Cu, Fe, and Zn 
(Table 1).

Topographic variables, including mean elevation, 
slope, convexity, and aspect were also calculated for all 
20 × 20 m quadrats from elevation measurements made at 
the intersections of a 20 × 20 m grid throughout each plot. 
Mean elevation was calculated as the mean of the elevation 
measurements at the four corners of a quadrat. Slope was 
calculated as the average slope of the four planes formed 
by connecting three of the corners of a quadrat at a time. 
Convexity was the elevation of a quadrat minus the average 
elevation of all immediate neighbor quadrats. Lastly, aspect 
was the direction of the steepest slope of a quadrat, and was 
calculated in ArcMap 9.3 (www.esri.com).

Phylogenetic beta diversity

A master phylogenetic tree was created by pooling species 
from all eight study sites and submitting this species list to 
the online tool Phylomatic (Webb and Donoghue 2005). 
Tree ferns and the few species that were not identified to 
genus were left out of the species pool. This created a phy-
logenetic tree containing all species in all plots, the back-
bone of which was taken from the most recent Angiosperm 

Phylogeny Group classification (APGIII; www.mobot.
org, accessed May 2011). This tree was assigned branch 
lengths according to the ‘bladj’ algorithm of the commu-
nity phylogenetic software Phylocom (Webb et  al. 2008), 
which anchors certain nodes at fossil and molecular dates 
estimated by Wikström et  al. (2001) and evenly spaces 
intervening nodes. Phylogenies were created for each study 
site by pruning the dated master tree to contain only spe-
cies from that study site, and the analysis for each study 
site was performed using its respective pruned tree.

Tree census data were divided into 20 ×  20  m quad-
rats and pairwise phylogenetic beta diversity indices 
were calculated for all quadrat pairs within a study site. 
We calculated two indices of phylogenetic beta diversity 
that measure phylogenetic turnover occurring at differ-
ent levels of the phylogeny (Webb et  al. 2008). The first 
index was the average pairwise phylogenetic distance for 
pairs of taxa between two samples, termed mean pairwise 
distance (βMPD). The second index was the average phy-
logenetic distance between each taxon in the first sample 
and its nearest phylogenetic neighbor in the second sam-
ple and vice versa, termed mean nearest taxon distance 
(βMNTD). βMPD expresses phylogenetic turnover at deeper 
levels of the phylogeny, while βMNTD expresses phyloge-
netic turnover at the tips of the phylogenetic tree and may 
be interpreted as scaling with the frequency of finding 
close phylogenetic relatives between samples. However, 
calculated values of βMPD and βMNTD are affected by the 
compositional beta diversity between samples because 
co-occurrence of the same taxa will enter a phylogenetic 
distance of zero into the calculation. Therefore, observed 
values of βMPD and βMNTD were standardized with respect 
to expected values calculated under a null model. The null 
model randomizes the species labels on the phylogeny and 
recalculates the values of βMPD and βMNTD, randomizing 

Table 1   Characteristics of study sites used in these analyses and list of soil nutrients and processes measured at each site

Nmin = N-mineralization rate; see text for details

Study site Area (ha) Census year Number of species Forest type Soil order Soil variables

BCI 50 2005 298 Semideciduous lowland 
moist

Oxisol Al, B, Ca, Cu, Fe, K, Mg, Mn, 
Nmin, P, Zn, pH

Huai Kha Khaeng 50 1992 233 Seasonal dry evergreen Ultisol Al, B, Ca, Cu, Fe, K, Mg, Mn, 
P, Zn, pH

Khao Chong 24 2000 571 Mixed evergreen Ultisol Al, Ca, Fe, K, Mg, Mn, P, Zn, 
pH

Korup 50 1996 452 Lowland evergreen Oxisol/ultisol Al, Ca, Fe, K, Mg, Mn, P, Zn

La Planada 25 1996 192 Pluvial premontane Andisol Al, Ca, Cu, Fe, K, Mg, Mn, 
Nmin, P, pH

Pasoh 50 2005 790 Lowland mixed diperocarp Ultisol/entisol Al, Ca, Cu, Fe, K, Mg, Mn, P

Sinharaja 25 1993 199 Mixed dipterocarp Ultisol Al, Ca, Fe, K, P, pH

Yasuni 50 2005 1088 Evergreen lowland wet Ultisol Al, Ca, Cu, Fe, K, Mg, Mn, 
Nmin, P, Zn, pH

http://www.esri.com
http://www.mobot.org
http://www.mobot.org
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the phylogenetic relationships among species while pre-
serving the compositional beta diversity and species rich-
ness of the samples. The standardized versions of βMPD 
and βMNTD are termed βNRI (net relatedness index) and 
βNTI (nearest taxon index), respectively, and are the beta 
diversity analogs to the NRI and NTI metrics that are 
often used to examine phylogenetic alpha diversity (Webb 
2000). Randomizations were repeated 99 times and the 
following standardizations were performed:

Thus, positive values of βNRI and βNTI indicate that taxa 
are less closely related between two samples and nega-
tive values indicate that taxa are more closely related than 
expected by chance. Both βNRI and βNTI can be calculated 
on a presence-absence or abundance modes; we calculated 
each metric in both modes and repeated the same analysis 
for each. Values of βNRI and βNTI were calculated in Phylo-
com (version 4.1; Webb et al. 2008).

Analysis

To visualize the multivariate dispersion among quadrats 
expressed as either βNRI or βNTI, or the phylogenetic struc-
ture of a study site, we performed ordinations of quadrats 
within each study site and displayed the ordination results 
as a three-color map. The pairwise phylogenetic beta diver-
sity matrices were ordinated in three-dimensional space 
with nonmetric multidimensional scaling. The position of 
each quadrat in the ordination space was translated into an 
RGB color by translating the scores on each axis to color 
intensity of red, green, and blue, and quadrats were then 
displayed as their corresponding colors. The difference in 
color between quadrats conveys information about their 
phylogenetic similarity: quadrats of similar color contain 
more closely related species than quadrats of dissimilar 
color, but the specific color of a single quadrat is arbitrary. 
We also summarized the ability of the three NMDS axes to 
capture the original phylogenetic beta diversity distances as 
the correlation between the original pairwise phylogenetic 
beta diversity values and the Euclidian distances among 
quadrats calculated from the NMDS axis scores.

We then examined the ability of the entire set of envi-
ronmental variables (soil plus topographic variables), as 
well as the soil and topographic variables separately, to 
explain phylogenetic community structure within the plots. 
Specifically, we tested whether the set of explanatory vari-
ables accounted for a significant amount of the multivariate 
dispersion among quadrats (given by the phylogenetic beta 

βNRI = −1×
(mean(βMPD random) − βMPD observed)

sd(βMPD random)

βNTI = −1×
(mean(βMNTD random) − βMNTD observed)

sd(βMNTD random)

diversity indices) using distance-based canonical redun-
dancy analysis (dbRDA; Legendre and Anderson 1999). 
Distance-based RDA works similar to ordinary redun-
dancy analysis (RDA; Rao 1964); however, whereas RDA 
with community data implicitly measures the dissimilar-
ity among samples as the Euclidian distances in the sam-
ples ×  species community matrix, dbRDA allows the use 
of any distance measurement. In dbRDA, a principal coor-
dinates analysis is performed on the matrix of inter-sample 
dissimilarities and all eigenfunctions with positive eigen-
values are retained as the sample coordinates. These coor-
dinates are then used as the response matrix in RDA.

Prior to analysis, βNRI and βNTI values were scaled 
between 0 and 1 to convert them to positive dissimilarity 
values. The matrix of the scaled phylogenetic beta diver-
sity values among quadrats was used as the dissimilar-
ity matrix in dbRDA. The set of environmental variables 
was expanded to increase model flexibility by adding the 
squared and cubed values of each variable, with the excep-
tion of aspect (Legendre et al. 2009; Baldeck et al. 2013a). 
We included the sine and cosine of aspect as the two aspect 
variables. This created a set of 11 topographic variables and 
18-36 soil variables for each study site. The ability of the 
environmental variables to account for the multivariate dis-
persion among quadrats was tested for significance using 
999 random permutations of the phylogenetic beta diver-
sity matrix. We derived the adjusted R2 from each dbRDA, 
which is an unbiased estimator of the proportion of varia-
tion explained that corrects for the number of explanatory 
variables used (Peres-Neto et  al. 2006). Additionally, to 
obtain a better understanding of the specific environmen-
tal variables that most strongly explained phylogenetic beta 
diversity within sites, we performed forward selection on 
the environmental variables using the double stopping cri-
terion of Blanchet et al. (2008).

We also examined the degree to which the phylogenetic 
beta diversity within a plot was spatially structured. Spatial 
variation in phylogenetic beta diversity was modeled with 
a set of spatial variables created through principal coordi-
nates of neighbor matrices (PCNM) (Borcard and Legendre 
2002). To create the PCNM spatial variables, a principal 
coordinates analysis was performed on a truncated matrix 
of the geographic distances among the 20 ×  20  m quad-
rats, and all eigenfunctions with positive eigenvalues were 
retained. These spatial variables are able to model spa-
tial structure in a dataset at any spatial scale that can be 
resolved by the sampling design (Borcard and Legendre 
2002; Dray et al. 2006). When modelling spatial variation 
in community composition, the spatial variation contained 
in the community data is attributed to all processes that 
may cause spatial correlation in the community data at the 
spatial scales that can be modeled, including relationships 
between species and spatially structured environmental 
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variation as well as spatial correlation in species distribu-
tions caused by limited dispersal. However, because the 
βNRI and βNTI values have been standardized to account 
for shared species, spatial aggregation in species distribu-
tions due to limited dispersal are unlikely to contribute to 
spatial patterns in phylogenetic beta diversity, and thus the 
spatially structured variation in phylogenetic beta diversity 
observed here is interpreted as representing the potential 
variation explained by spatially structured environmental 
variation.

For each dbRDA, we summarized the ability of the 
principal coordinates analysis to capture the original phy-
logenetic beta diversity distance values as the correlation 
between the original pairwise phylogenetic beta diversity 
values and the Euclidian distances among quadrats calcu-
lated from the variables generated by the principal coor-
dinates analysis. We also examined the pairwise relation-
ship between environmental dissimilarity and phylogenetic 
beta diversity within the plots to aid the interpretation of 
the relationship between environmental change and phy-
logenetic turnover. Environmental dissimilarity among 
quadrats was calculated as the distance among quadrats in 
the canonical (fitted) space of the dbRDA. The canonical 
axes from the dbRDA are linear combinations of the envi-
ronmental variables that explain the greatest amount of 
multivariate dispersion among quadrats, and preliminary 
analysis showed that the pairwise distance among quad-
rats in the canonical space (as a measure of environmental 
distance) was more strongly correlated with the pairwise 
phylogenetic beta diversity values than the Euclidian dis-
tance among quadrats in scaled environmental space. Cor-
relations between environmental dissimilarity and phyloge-
netic beta diversity were tested for significance via Mantel 
analysis using 999 random permutations of the phyloge-
netic beta diversity matrix. All analyses were performed 
in R (R Development Core Team 2012), with dbRDA and 
forward selection of environmental variables carried out in 
the ‘vegan’ (Oksanen et al. 2011) and ‘packfor’ (Dray et al. 
2009) packages, respectively.

Results

Maps of overall phylogenetic community structure revealed 
broad spatial patterns in phylogenetic community composi-
tion within many of the study sites (Fig. 1). This was espe-
cially true when phylogenetic beta diversity was expressed 
as nearest neighbor distances: maps produced from βNTI 
values showed more colorful variation, while those pro-
duced from βNRI values contained large gray areas, indicat-
ing quadrats at the center of the ordination space. However, 
the three-dimensional NMDS ordination captured more 

of the variation among quadrats when phylogenetic beta 
diversity was expressed as βNRI versus when expressed as 
βNTI. The correlation between the original phylogenetic 
beta diversity values and the Euclidian distances in three-
dimensional NMDS space was 0.78–0.91 (given as the 
Pearson’s r) among sites for βNRI versus 0.52–0.81 for βNTI.

All variable sets—total environmental, soil, topography, 
and spatial variables—explained a significant amount of 
phylogenetic beta diversity at every study site as tested by 
the dbRDA (Table 2). This result was the same regardless 
of whether phylogenetic beta diversity was calculated as 
βNTI or βNRI, or whether it was calculated from presence-
absence or abundance data. Results were qualitatively very 
similar between presence-absence and abundance modes of 
calculating the indices, and so we present only the results 
for indices calculated in abundance mode here and pro-
vide the presence-absence results in the supplementary 
materials.

Across study sites, the entire set of environmental vari-
ables explained 3.0–10.3 % of the multivariate dispersion 
among quadrats when phylogenetic beta diversity was 
expressed as nearest neighbor distance using βNTI, and 
0.4–8.8 % when expressed as mean pairwise distance using 
βNRI (Table  2). Across study sites and different explana-
tory variable sets, more variation was explained when phy-
logenetic beta diversity was expressed as βNTI than when 
expressed as βNRI, with the exception of two cases—soil 
and topography for BCI. The βNTI and βNRI distances also 
differed in how well they were fit by the principal coordi-
nates analysis: the correlation between the original βNTI 
distances and the Euclidian distances derived from prin-
cipal coordinates analysis was 0.66–0.80 (given as the 
Pearson’s r) among study sites, while this was 0.93–0.99 
for βNRI. For both types of phylogenetic beta diversity, soil 
variables generally explained slightly more variation than 
topographic variables (with the exception of Sinharaja), 
and spatial variation explained approximately two to three 
times the amount of variation as was explained by all envi-
ronmental variables combined.

Neither phylogenetic beta diversity index was consist-
ently related to geographic distance across study sites 
(Table  3). When the effects of environmental, soil, or 
topographic dissimilarity on phylogenetic beta diversity 
were tested using the distance matrix approach, the results 
were usually significant, but not always. Importantly, the 
distance matrix approach revealed that in a few instances 
(e.g., Korup for βNTI and Huai Kha Khaeng for βNRI), the 
relationship between environmental, soil, or topographic 
dissimilarity and phylogenetic beta diversity was nega-
tive. This relationship was not revealed by the dbRDA as 
response matrices expressed as either similarities or dis-
similarities produce the same adjusted R2 values. The effect 
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Fig. 1   Maps of phylogenetic community structure for a, b Barro 
Colorado Island, c, d Korup, e, f Yasuni, g, h Khao Chong, and i, j 
Sinharaja. Maps shown on the left side were produced from βNTI val-
ues (a, c, e, g, i) and maps on the right side were produced from βNRI 

values (b, d, f, h, j). βNTI and βNRI were both calculated from species 
abundance data. The similarity in color between two quadrats indi-
cates their phylogenetic similarity
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of environmental dissimilarity was larger than the effect of 
geographic distance in most of the study sites, especially 
when phylogenetic beta diversity was expressed as nearest 
neighbor distance.

Discussion

While it is well appreciated that evolutionary history has 
important impacts on the composition of floras at regional, 
continental, and global geographic scales (Ricklefs 2004; 
Wiens and Donoghue 2004; Wiens and Graham 2005), our 
results highlight the importance of evolutionary processes 
in shaping tropical forest tree community composition at 
the local scale. We found significant relationships between 
phylogenetic community structure and habitat heterogene-
ity, indicating a role for habitat heterogeneity and phylo-
genetic signal in species’ local habitat niches in shaping 
phylogenetic community structure in these communities. 
Our results are consistent with previous observations of 
the importance of habitat heterogeneity in shaping spe-
cies compositional structure of these communities (Harms 

et al. 2001; Valencia et  al. 2004; Gunatilleke et  al. 2006; 
Chuyong et  al. 2011; De Cáceres et  al. 2012; Baldeck 
et al. 2013a). Additionally, phylogenetic clustering of indi-
viduals in the same location has been observed in many 
forest communities, indicating the tendency of closely 
related individuals to occupy similar ecological niches 
(e.g., Webb 2000; Kembel and Hubbell 2006; Swenson 
et al. 2007; Kraft and Ackerly 2010). Here we relate phy-
logenetic community structure to measured habitat vari-
ables to show the importance of tree species’ topo-edaphic 
niches in shaping the phylogenetic structure of tropical 
forest communities.

Constrained ordination analysis revealed that phyloge-
netic beta diversity was significantly influenced by habitat 
heterogeneity in all the tropical forest communities exam-
ined. Across study sites, 3.0–10.3  % of the variation in 
βNTI was explained by the full set of environmental vari-
ables, which is likely to represent ecologically meaningful 
effects. In analyses of local-scale species compositional 
variation in forest communities, the proportion of compo-
sitional variation explained by all environmental variables 
in RDA was 13–39 %, and fractions of 3 % were thought 

Table 2   The percent of 
multivariate dispersion, 
expressed as the two types 
of phylogenetic beta diversity, 
explained by different 
combinations of soil, 
topographic (Topo.) and spatial 
variables in dbRDA

Env. the full set of soil and topographic variables combined. The percent of variation explained is given 
as the adjusted R2 of the dbRDA × 100. Results are shown for βNTI and βNRI calculated based on species 
abundance data. All effects were statistically significant (P = 0.001)

Study site βNTI βNRI

Env. Soil Topo. Spatial Env. Soil Topo. Spatial

BCI 5.5 4.4 3.0 11.3 5.2 4.6 3.2 9.4

Huai Kha Khaeng 3.8 2.9 2.4 9.6 3.0 2.1 1.5 8.1

Khao Chong 6.8 5.4 3.4 13.9 3.9 3.1 2.3 8.8

Korup 3.3 2.2 2.2 12.3 2.9 1.7 1.7 7.7

La Planada 3.0 2.3 1.4 6.9 0.4 0.2 0.2 1.2

Pasoh 4.8 3.8 2.8 13.4 1.8 1.5 0.8 4.4

Sinharaja 10.3 5.8 7.5 20.3 8.8 5.0 7.4 15.1

Yasuni 5.0 3.7 1.9 14.6 1.7 1.3 0.6 4.4

Table 3   Mantel test results for 
the effects of environmental 
dissimilarity on phylogenetic 
beta diversity, given as Mantel 
r values

Results are shown for βNTI and βNRI calculated based on species abundance data. Significant results are 
indicated in bold (α = 0.05 in a two-sided test)

Study site βNTI βNRI

Geog. Env. Soil Topo. Geog. Env. Soil Topo.

BCI 0.02 0.15 0.11 0.09 0.01 0.04 −0.03 0.06

Huai Kha Khaeng 0.00 0.09 0.05 0.08 −0.10 −0.12 −0.10 −0.15

Khao Chong 0.05 0.14 0.08 0.10 0.00 −0.03 −0.09 0.14

Korup −0.15 −0.06 −0.07 −0.09 −0.07 0.08 0.10 0.02

La Planada −0.08 0.09 0.08 0.02 0.01 0.13 0.09 0.05

Pasoh −0.01 0.16 0.11 0.15 0.11 0.10 0.11 −0.01

Sinharaja 0.01 0.32 0.10 0.24 0.01 0.36 0.07 0.27

Yasuni −0.03 0.13 0.09 0.05 0.00 0.10 0.10 −0.02
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to indicate important effects (Baldeck et al. 2013a). There 
are a variety of factors that may cause the amounts of 
explained variation to be small, including lack-of-fit of 
model to data inherent in constrained ordination techniques 
(Økland 1999), imperfect representation of the original 
phylogenetic beta diversity values by the principal coordi-
nates analysis, and lack of fine-scale resolution of the phy-
logenetic tree. It is less clear whether the small amounts of 
variation (<3 %) in βNRI  explained by the environment in 
half of the sites represent important effects.

The amount of phylogenetic beta diversity that was 
found to be spatially structured also provides context 
for interpreting the amount of variation explained by 
the environmental variables. In constrained ordination 
analyses of local community structure, spatial variation 
modelled through PCNM usually accounts for the larg-
est amount of variation explained as this encompasses 
all spatially structured ecological processes influencing 
the response variable that can be modelled by the sam-
pling design (e.g., Legendre et al. 2009; De Cáceres et al. 
2012; Baldeck et  al. 2013a). Thus we may think of the 
amount of variation explained by the spatial variables as 
representing an upper limit on the amount that might be 
explained by spatially structured environmental variation 
(both measured and unmeasured environmental variation, 
assuming influence of this variation may be captured by 
the sampling design). This upper limit was 6.9–20.3  % 
across sites for βNTI and 1.2–15.1  % across sites for 
βNRI, or approximately two to three times the amount of 
variation explained by the full set of environmental vari-
ables. Thus, the measured soil and topographic variables 
explain a portion of variation that is comparable in size 
to the portion of variation that is spatially structured. This 
also indicates that a similar amount of variation might be 
accounted for by unmeasured environmental variation, 
though further environmental measurements would be 
needed to confirm this.

The spatial structure of the phylogenetic beta diversity 
within a plot can be seen in the phylogenetic beta diversity 
maps (Fig. 1). Phylogenetic community structure appears to 
be strongly associated with environmental variation within 
these forest communities, especially when expressed as 
nearest neighbor distance. For example, it is easy to see the 
broad differences in phylogenetic composition between the 
plateau and slope areas of the BCI 50-ha plot (Fig. 1a; c.f. 
Figure 1 in Harms et al. 2001). Similarly, there is a broad 
division between lower and upper portions of the eleva-
tion gradient at Yasuni (Fig. 1c; c.f. Fig. 2 in Baldeck et al. 
2013a). The Sinharaja study site had the greatest amount of 
spatially structured variation in βNTI among plots (20.3 %), 
which appeared to be very strongly associated with topo-
graphic features. Close affinities of a particular genera to 
topographic microhabitats within the Sinharaja forest plot 

has been documented in previous work (Fig. 1e; c.f. Fig. 2 
in Gunatilleke et al. 2006).

There were also important differences in the relation-
ship between environmental variation and phylogenetic 
beta diversity from site to site. We expected that the effect 
of habitat heterogeneity on phylogenetic community struc-
ture is the outcome of two processes: habitat niche differ-
entiation among species and phylogenetic signal in habitat 
niches. In an analysis that applied identical methods to the 
same eight forest plots, Baldeck et  al. (2013a) found that 
community compositional variation was related to habitat 
heterogeneity within all of the plots. This indicated that 
habitat niche differentiation is an important driver of com-
munity structure in all sites, though there was considerable 
variation among sites in the size of this effect. In another 
analysis of the same set of forest plots, evidence for phy-
logenetic signal in soil resource and topographic niches 
was found in some communities but not in others (Baldeck 
et al. 2013b). By examining the differences among sites in 
terms of habitat niche differentiation and the evidence that 
was found for phylogenetic signal, we may better under-
stand how the relationship between habitat heterogeneity 
and phylogenetic turnover arises and how this relationship 
varies among sites.

When examining phylogenetic beta diversity at the 
level of close phylogenetic neighbors, the site with the 
greatest amount of phylogenetic community structure 
explained by environmental variables was Sinharaja, with 
10.3  % of variation explained, and the site with the least 
amount explained was La Planada, with 3.0  % of varia-
tion explained. These two sites are the same size and have 
similar species richness (Table  1). However, the previous 
analysis of community compositional variation (Baldeck 
et al. 2013a) found Sinharaja and La Planada to be the sites 
with the greatest and least community compositional vari-
ation explained by environmental variables, respectively. 
This indicates a relatively high degree of habitat differ-
entiation among species at Sinharaja and a lower degree 
of habitat differentiation at La Planada, which may have 
arisen due to stronger underlying topographic gradients in 
Sinharaja compared to La Planada (Losos and Leigh 2004). 
Conversely, the analysis of phylogenetic signal in habitat 
niches (Baldeck et al. 2013b) found relatively little differ-
ence between the two sites in the effect of relatedness on 
habitat niche similarity. Thus, differences in habitat niche 
differentiation, rather than differences in the strength of 
phylogenetic signal, may explain the different effects of 
habitat heterogeneity on phylogenetic community structure 
of these two communities.

When the relationships between environmental dis-
similarity and phylogenetic beta diversity were examined, 
the orientations of these relationships were revealed. The 
most common relationship found was the expected positive 
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relationship between βNTI or βNRI and environmental dis-
similarity, which indicates that communities with similar 
environments contain communities that are more closely 
related. However, sometimes this relationship was nega-
tive—a fact that was not revealed by dbRDA. The across-
site pattern in the effects of environmental dissimilarity on 
βNTI is generally consistent with the evidence for phyloge-
netic signal in habitat niches in these study sites (Baldeck 
et al. 2013b). In that study, congeneric species were gener-
ally found to have more similar niches along soil resource 
or topographic axes, with the main exception of the Korup 
study site, though effects were not always statistically 
significant.

In contrast to the other sites, Korup exhibited a negative 
relationship between topographic dissimilarity and βNTI 
(after accounting for the effect of geographic distance). It 
was previously shown that environmental variation strongly 
influences compositional community structure at Korup 
(Baldeck et  al. 2013a), so the idea that habitat niche dif-
ferentiation is less prevalent in this community can be ruled 
out. The negative relationship between topographic dis-
similarity and βNTI at Korup could be explained by conver-
gent evolution at the level of close phylogenetic neighbors, 
which was also suggested by the results of Baldeck et  al. 
(2013b). In contrast, a negative relationship was found 
between all types of habitat dissimilarity and βNRI at Huai 
Kha Khaeng, although this site had consistently positive 
relationships between βNTI and habitat dissimilarity. This 
pattern suggests conservation of habitat niches at the level 
of close phylogenetic neighbors (consistent with the pattern 
observed in Baldeck et al. 2013b) and convergent evolution 
of habitat niches at a deeper level of the phylogeny.

Previous studies have shown that the regional-scale phy-
logenetic turnover of plant communities is often related to 
topographic and climatic gradients, indicating that species 
sorting along these gradients is non-random with respect 
to phylogeny (e.g., Fine and Kembel 2011; Swenson 2011; 
Anacker and Harrison 2012; Ricotta et  al. 2012; Zhang 
et al. 2013). Here we found that there is important variation 
in the phylogenetic composition of a community within 
tropical forests at a much smaller spatial scale, and that 
this variation is linked to the habitat niches of trees and the 
phylogenetic signal in species habitat niches. These results 
reinforce the concept that the strength of niche differentia-
tion among species and the phylogenetic signal present in 
those habitat niches interact to determine the effect of habi-
tat heterogeneity on phylogenetic community structure.

Acknowledgments  We thank the Center for Tropical Forest Science 
for their collection and organization of the tree census data used 
in this study. The BCI forest dynamics research project was made 
possible by National Science Foundation Grants to Stephen P. Hub-
bell: DEB-0640386, DEB-0425651, DEB-0346488, DEB-0129874, 
DEB-00753102, DEB-9909347, DEB-9615226, DEB-9615226, 

DEB-9405933, DEB-9221033, DEB-9100058, DEB-8906869, 
DEB-8605042, DEB-8206992, DEB-7922197, support from the 
Center for Tropical Forest Science, the Smithsonian Tropical 
Research Institute, the John D. and Catherine T. MacArthur Founda-
tion, the Mellon Foundation, the Small World Institute Fund. Fund-
ing for soils work was provided by the US National Science Foun-
dation Grants DEB 0211004, DEB 0211115, DEB 0212284, DEB 
0212818, and OISE 0314581, the soils initiative of the Smithsonian 
Tropical Research Institute, and a CTFS grant to cover collection 
and extraction of soils from Korup. We also thank editor Walter Car-
son and two anonymous reviewers for their thoughtful comments on 
the manuscript.

Author contribution statement  NG, SG, SB, SK, AY, MNNS, RV, 
SJD, GBC, DK, and DWT coordinated collection of tree census and 
topographic data, JWD, KEH, JBY, and RJ designed the soil sampling 
protocol, BLT, SM, SB, SK, AY, HN, GBC, collected soil data, RJ 
kriged the soil data, CAB and SWK designed the statistical analysis, 
CAB performed analysis and wrote the manuscript, and JWD, SWK, 
KEH and contributed substantially to revisions.

References

Ackerly DD, Schwilk DW, Webb CO (2006) Niche evolution and adap-
tive radiation: testing the order of trait divergence. Ecology 87:S50–
S61. doi:10.1890/0012-9658(2006)87[50:NEAART]2.0 .CO;2

Anacker BL, Harrison SP (2012) Historical and ecological controls 
on phylogenetic diversity in Californian plant communities. Am 
Nat 180:257–269. doi:10.1086/666650

Baldeck CA, Harms KE, Yavitt JB, John R, Turner BL, Valencia R, 
Navarrete H et al (2013a) Soil resources and topography shape 
local tree community structure in tropical forests. Proc R Soc B: 
Biol Sci. doi:10.1098/rspb.2012.2532

Baldeck CA, Kembel SW, Harms KE, Yavitt JB, John R, Turner BL, 
Chuyong GB et  al (2013b) A taxonomic comparison of local 
habitat niches of tropical trees. Oecologia 173:1491–1498. 
doi:10.1007/s00442-013-2709-5

Baraloto C, Hardy OJ, Paine CET, Dexter KG, Cruaud C, Dunning 
LT, Gonzalez M-A et al (2012) Using functional traits and phylo-
genetic trees to examine the assembly of tropical tree communi-
ties. J Ecol 100:690–701. doi:10.1111/j.1365-2745.2012.01966.x

Blanchet FG, Legendre P, Borcard D (2008) Forward selection of explan-
atory variables. Ecology 89:2623–2632. doi:10.1890/07-0986.1

Borcard D, Legendre P (2002) All-scale spatial analysis of ecological 
data by means of principal coordinates of neighbour matrices. 
Ecol Model 153:51–68. doi:10.1016/S0304-3800(01)00501-4

Bryant JA, Lamanna C, Morlon H, Kerkhoff AJ, Enquist BJ, Green 
JL (2008) Microbes on mountainsides: contrasting elevational 
patterns of bacterial and plant diversity. Proc Natl Acad Sci 
105:11505–11511. doi:10.1073/pnas.0801920105

Burns JH, Strauss SY (2011) More closely related species are more 
ecologically similar in an experimental test. Proc Natl Acad Sci 
108:5302–5307. doi:10.1073/pnas.1013003108

Cavender-Bares J, Ackerly DD, Baum DA, Bazzaz FA (2004) Phy-
logenetic overdispersion in Floridian Oak communities. Am Nat 
163:823–843. doi:10.1086/386375

Chazdon RL, Careaga S, Webb C, Vargas O (2003) Community and phy-
logenetic structure of reproductive traits of woody species in wet 
tropical forests. Ecol Monogr 73:331–348. doi:10.1890/02-4037

Chuyong GB, Kenfack D, Harms KE, Thomas DW, Condit R, Com-
ita LS (2011) Habitat specificity and diversity of tree species 
in an African wet tropical forest. Plant Ecol 212:1363–1374. 
doi:10.1007/s11258-011-9912-4

http://dx.doi.org/10.1086/666650
http://dx.doi.org/10.1098/rspb.2012.2532
http://dx.doi.org/10.1007/s00442-013-2709-5
http://dx.doi.org/10.1111/j.1365-2745.2012.01966.x
http://dx.doi.org/10.1890/07-0986.1
http://dx.doi.org/10.1016/S0304-3800(01)00501-4
http://dx.doi.org/10.1073/pnas.0801920105
http://dx.doi.org/10.1073/pnas.1013003108
http://dx.doi.org/10.1086/386375
http://dx.doi.org/10.1890/02-4037
http://dx.doi.org/10.1007/s11258-011-9912-4


Oecologia	

1 3

Davies SJ, Tan S, LaFrankie JV, Potts MD (2005) Soil-related floris-
tic variation in a hyperdiverse dipterocarp forest. In: Roubik DW, 
Sakai S, Karim AAH (eds) Pollination ecology and the rain for-
est, ecological studies. Springer, New York, pp. 22–34

De Cáceres M, Legendre P, Valencia R, Cao M, Chang L-W, Chuyong 
G, Condit R et  al (2012) The variation of tree beta diversity 
across a global network of forest plots. Glob Ecol Biogeogr 
21:1191–1202. doi:10.1111/j.1466-8238.2012.00770.x

Dray S, Legendre P, Peres-Neto PR (2006) Spatial modelling: a com-
prehensive framework for principal coordinate analysis of neigh-
bour matrices (PCNM). Ecol Model 196:483–493. doi:10.1016/j.
ecolmodel.2006.02.015

Dray S, Legendre P, Blanchet G (2009) packfor: forward selection 
with permutation (canoco p.46)

Faith DP, Lozupone CA, Nipperess D, Knight R (2009) The cladistic 
basis for the phylogenetic diversity (PD) measure links evolu-
tionary features to environmental gradients and supports broad 
applications of microbial ecology’s “phylogenetic beta diver-
sity” framework. Int J Mol Sci 10:4723–4741. doi:10.3390/
ijms10114723

Fine PVA, Kembel SW (2011) Phylogenetic community structure 
and phylogenetic turnover across space and edaphic gradients in 
western Amazonian tree communities. Ecography 34:552–565. 
doi:10.1111/j.1600-0587.2010.06548.x

Graham CH, Fine PVA (2008) Phylogenetic beta diversity: linking 
ecological and evolutionary processes across space in time. Ecol 
Lett 11:1265–1277. doi:10.1111/j.1461-0248.2008.01256.x

Grubb PJ (1977) The maintenance of species-richness in plant com-
munities: the importance of the regeneration niche. Biol Rev 
52:107–145. doi:10.1111/j.1469-185X.1977.tb01347.x

Gunatilleke CVS, Gunatilleke IAUN, Esufali S, Harms KE, Ashton 
PMS, Burslem DFRP, Ashton PS (2006) Species–habitat asso-
ciations in a Sri Lankan dipterocarp forest. J Trop Ecol 22:371. 
doi:10.1017/S0266467406003282

Harms KE, Condit R, Hubbell SP, Foster RB (2001) Habitat associa-
tions of trees and shrubs in a 50-ha neotropical forest plot. J Ecol 
89:947–959. doi:10.1111/j.1365-2745.2001.00615.x

John R, Dalling JW, Harms KE, Yavitt JB, Stallard RF, Mirabello M, 
Hubbell SP et al (2007) Soil nutrients influence spatial distribu-
tions of tropical tree species. Proc Natl Acad Sci 104:864–869. 
doi:10.1073/pnas.0604666104

Kembel SW, Hubbell SP (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 NJB, Ackerly DD (2010) Functional trait and phylogenetic tests 
of community assembly across spatial scales in an Amazonian 
forest. Ecol Monogr 80:401–422. doi:10.1890/09-1672.1

Legendre P, Anderson MJ (1999) Distance-based redun-
dancy analysis: testing multispecies responses in multi-
factorial ecological experiments. Ecol Monogr 69:1–24. 
doi:10.1890/0012-9615(1999)069[0001:DBRATM]2.0.CO;2

Legendre P, Mi X, Ren H, Ma K, Yu M, Sun I-F, He F (2009) Par-
titioning beta diversity in a subtropical broad-leaved forest of 
China. Ecology 90:663–674. doi:10.1890/07-1880.1

Losos JB (2008) Phylogenetic niche conservatism, phylogenetic sig-
nal and the relationship between phylogenetic relatedness and 
ecological similarity among species. Ecol Lett 11:995–1003. 
doi:10.1111/j.1461-0248.2008.01229.x

Losos E, Leigh EG (2004) tropical forest diversity and dynamism. 
University of Chicago Press, Chicago

Økland RH (1999) On the variation explained by ordination 
and constrained ordination axes. J Veg Sci 10:131–136. 
doi:10.2307/3237168

Oksanen J, Blanchet FG, Kindt R, Legendre P, O’Hara RB, Simpson 
GL, Solymos P et al (2011) vegan: Community ecology package

Peres-Neto PR, Legendre P, Dray S, Borcard D (2006) Vari-
ation partitioning of species data matrices: estimation 
and comparison of fractions. Ecology 87:2614–2625. 
doi:10.1890/0012-9658(2006)87[2614:VPOSDM]2.0.CO;2

Peterson AT, Soberón J, Sánchez-Cordero V (1999) Conservatism of 
ecological niches in evolutionary time. Science 285:1265–1267. 
doi:10.1126/science.285.5431.1265

Prinzing A (2001) The niche of higher plants: evidence for phyloge-
netic conservatism. Proc R Society of London. Ser B: Biol Sci 
268:2383–2389 doi: 10.1098/rspb.2001.1801

R Development Core Team (2012) R: a language and environment for 
statistical computing. R Foundation for Statistical Computing, 
Vienna

Rao CR (1964) The use and interpretation of principal component 
analysis in applied research. Sankhyā: Indian J Stat, Ser A 
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