Journal of

Plant Ecology

VOLUME 7, NUMBER 2,
PAGES 115-125

APRIL 2014

doi:10.1093/jpe/rt070

available online at
www.jpe.oxfordjournals.org

Functional traits of tree species
with phylogenetic signal co-vary
with environmental niches in two
large forest dynamics plots

Jie Yang'?, Xiugin Ci'*, Mengmeng Lu'?,Guocheng Zhang'~,

Min Cao', Jie Li" and Luxiang Lin'*

' Key Laboratory of Tropical Forest Ecology, Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, No.
88 Xuefu Road, Kunming, Yunnan 650223, China

2 University of Chinese Academy of Sciences, No. 19A Yuquan Road, Beijing 100049, China

*Correspondence address. Key Laboratory of Tropical Forest Ecology, Xishuangbanna Tropical Botanical

Garden, Chinese Academy of Sciences, No. 88 Xuefu Road, Kunming, Yunnan 650223, China. Tel: +86-8-71-

65-11-26-37; Fax: +86-8-71-65-16-09-16; E-mail: linluxa@xtbg.ac.cn

Abstract

Aims

While using phylogenetic and functional approaches to test the
mechanisms of community assembly, functional traits often act as the
proxy of niches. However, there is little detailed knowledge regard-
ing the correlation between functional traits of tree species and their
niches in local communities. We suggest that the co-varying correla-
tion between functional traits and niches should be the premise for
using phylogenetic and functional approaches to test mechanisms of
community assembly. Using functional traits, phylogenetic and envi-
ronmental data, this study aims to answer the questions: (i) within
local communities, do functional traits of co-occurring species co-
vary with their environmental niches at the species level? and (ii)
what is the key ecological process underlying community assembly
in Xishuangbanna and Ailaoshan forest dynamic plots (FDPs)?

Methods

We measured seven functional traits of 229 and 36 common species
in Xishuangbanna and Ailaoshan FDPs in tropical and subtropical
China, respectively. We also quantified the environmental niches
for these species based on conditional probability. We then ana-
lyzed the correlations between functional traits and environmental
niches using phylogenetic independent contrasts. After examining

phylogenetic signals of functional traits using Pagel’s A, we quanti-
fied the phylogenetic and functional dispersion along environmen-
tal gradients within local tree communities.

Important Findings

For target species, functional traits do co-vary with environmental
niches at the species level in both of the FDPs, supporting that func-
tional traits can be used as a proxy for local-scale environmental
niches. Functional traits show significant phylogenetic signals in
both of the FDPs. We found that the phylogenetic and functional
dispersion were significantly clustered along topographical gradi-
ents in the Ailaoshan FDP but overdispersion in the Xishuangbanna
FDP. These patterns of phylogenetic and functional dispersion sug-
gest that environmental filtering plays a key role in structuring local
tree assemblages in Ailaoshan FDP, while competition exclusion
plays a key role in Xishuangbanna FDP.
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INTRODUCTION

Plant functional traits are the traits that are linked to organ-
ismal performance in a given environment and therefore
are expected to provide critical information regarding how
organismal form and function relate to resource acquisition

and ecological strategies (Diaz and Cabido 2001; McGill ef al.
2006; Lavorel et al. 1997; Westoby et al. 2002). A large body
of the literature on functional traits has developed over the
past two decades. The expected trait-performance linkage in
these studies has resulted in implicit use of traits as surrogates
for local-scale niches by many researchers (e.g. Ackerly et al.
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2006; Bohning-Gaese et al. 2003; Slingsby and Verboom 2006;
Swenson et al. 2007; Violle and Jiang 2009). Thus it is criti-
cal for all downstream analyses and inferences that the traits
measured in these studies and others are linked to environ-
mental niches at the species level.

Linking traits to niches is important not only for func-
tional trait-based ecology but also for community phyloge-
netics. In recent years there has been a tremendous interest
in using phylogenetic and functional approaches in unison
to infer the ecological processes underlying species coexist-
ence and community assembly (Swenson 2013; Webb ef al.
2002; Vamosi et al. 2009). Many of previous studies in this
field simply assumed phylogenetic relatedness was a solid
proxy of niche similarity, but this assumption is now gen-
erally greatly debated (Swenson 2013). Rather, researchers
now often quantify phylogenetic signal in functional trait
data to determine if phylogenetic relatedness actually does
serve as a proxy for niche similarity. In these studies, if phy-
logenetic signal in functional traits is detected, then phyloge-
netic dispersion (clustering or overdispersion) is often used to
infer an ecological process (environmental filtering or biotic
interactions) that plays a dominant role in structuring com-
munity composition. For example, if functional traits have
phylogenetic signal, phylogenetic clustering can indicate that
environmental filtering is important (e.g. Kraft et al. 2010;
Swenson et al. 2006; but see Mayfield and Levine 2010). Thus,
the phylogenetic approach, when there is phylogenetic signal
in traits, effectively uses the same inference pathway as that
used by ecologists directly using functional trait dispersion
patterns (e.g. Ackerly and Cornwell 2007; Garnier and Navas
2012; Kraft et al. 2008; Siefert et al. 2013). Importantly, both
approaches make the implicit assumption that functional
traits are actually indicative of species niches.

Given the heavy reliance of phylogenetically and functional
trait-based community ecology on trait-niche relationships,
investigations that explicitly link traits to the environment a
species occupies are critical for a mechanistic understanding
of community structure. Such investigations could then lead
to the linkage of niches to traits to phylogenies and ultimately
towards understanding what patterns of trait and phylogenetic
dispersion in communities do or do not tell us regarding the
mechanisms underlying community structure. Without forg-
ing such explicit linkages it is possible that we may be wrongly
using functional trait data as a proxy of niche differentiation
on local scales when investigating community patterns.

Here, we integrate functional trait data, well-resolved
molecular phylogenies and topographical data from two large
forest dynamics plots in Chinese tropical and subtropical for-
ests to test whether there are explicit linkages between traits,
niches, phylogenetic relatedness and community phyloge-
netic and functional trait dispersion patterns. Specifically, we
first ask: is there a significant relationship between traits and
environmental niches? We address this question by quantify-
ing the correlation between functional traits and topographi-
cal niches using phylogenetic independent contrasts where
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topographical niches are based upon four attributes (aspect,
convexity, elevation and slope). We then ask whether the
traits linked to topographical niches have phylogenetic signal.
Lastly, we ask whether we can formulate an explicit linkage
between traits and niches, the evolutionary history of traits
and the phylogenetic and functional dispersion of tree com-
munities in the two forest dynamics plots along local-scale
topological gradients. We utilize two forest dynamics plots in
highly dissimilar environments to determine whether there
are any consistencies between different types of forests.

MATERIALS AND METHODS

Study sites and target species

This study was conducted in the 20-ha Xishuangbanna Forest
Dynamics Plot (FDP) (21°36'N, 101°34’E) and the 6-ha
Ailaoshan FDP (24°32'N, 102°01’E) located in the Yunnan
Province, southwest China (Fig. 1). The Xishuangbanna FDP is
characterized as a seasonal tropical rainforest and is dominated
by large individuals of Parashorea chinensis (Dipterocarpaceae).
The climate is strongly seasonal with distinct alterations
between the wet season (from May to October) and the dry
season (from November to April). The annual mean precipita-
tion is 1493 mm, of which 1256 mm (84 %) occurs in the wet
season (Cao et al. 2006). Elevation within this FDP ranges from
708.2 to 869.1 m. The Ailaoshan FDP is characterized as an
evergreen broadleaved forest and it is dominated by Castanopsis
wattii (Fagaceae) and Lithocarpus xylocarpus (Fagaceae). The
annual mean precipitation is 1931 mm with 85% of the annual
precipitation falling between May and October (Gong et al.
2011). Elevation within this FDP ranges from 2490 to 2530
m. The Xishuangbanna and Ailaoshan FDPs were established
in 2007 and 2008, respectively, where all freestanding woody
stems >1 cm diameter at 130 cm from the ground (DBH, diam-
eter at breast height) were measured, mapped, tagged and
identified to species (Gong et al. 2011; Lan et al. 2009). There
are 468 and 76 tree and shrub taxa in the Xishuangbanna and
Ailaoshan FDPs, respectively. In this study, we selected 229
and 36 common tree species with more than 20 individuals
(Xishuangbanna plot) and 6 individuals (Ailaoshan plot) >1 cm
in diameter as the target species for investigation, in order to
assure robust estimations of environmental niches.

Phylogenetic tree reconstruction

We generated two molecular phylogenetic trees using 229 and
36 target species for Xishuangbanna FDP and Ailaoshan FDP,
respectively. The molecular phylogenies were generated from
four sequence regions—rbcL, matK, trnH-psbA and ITS (Kress
et al. 2009). The rbcL and matK DNA region alignment follows
the methods described in Kress ef al. (2009, 2010). The trnH-
psbA and ITS DNA regions were aligned with in families using
software package SATé (Liu ef al. 2012). The DNA super-
matrix was then analyzed using RAXxML (Stamatakis 2006)
via the CIPRES supercomputer cluster (Miller ef al. 2009) to
infer a maximum likelihood phylogeny using the APG III
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Figure 1: geographic location of the Ailaoshan and Xishuangbanna forest dynamics plots in Yunnan Province, China.

phylogenetic tree as a constraint or guide tree as described in
Kress etal. (2010). A constraint tree approach helps assure the
basal topology of a molecular community phylogeny is con-
sistent with the global working hypothesis for the angiosperm
basal topology. Node support was estimated using bootstrap
values with nodes with <50% support being collapsed into
soft polytomies. Finally, an ultrametric tree was obtained
using the non-parametric rate smoothing approach in the r8s
software package (Sanderson 2003).

Trait selection and measurement

Seven functional traits for the target species in the
Xishuangbanna and Ailaoshan FDPs were selected and meas-
ured following globally standardized protocols (Cornelissen
et al. 2003) with the exception of leaf chlorophyll content
and stem specific resistance. These functional traits (Table 1)
are believed to represent fundamental functional trade-offs
in leaves, wood and seeds among tree species (Cornelissen
et al. 2003; Pérez-Harguindeguy et al. 2013; Westoby 1998;
Westoby et al. 2002). Leaf area has important consequences
for the leaf energy and water balance (Cornelissen et al. 2003;
Pérez-Harguindeguy et al. 2013); specific leaf area (SLA) rep-
resents a trade-off between construction costs photosynthetic
capacity and leaf life spans (Cornelissen et al. 2003; Wright

et al. 2004); leaf chlorophyll content is directly involved in
the photosynthesis calculation of plants (Coste et al. 2010;
Gitelson et al. 2003); leaf thickness is related to leaf life span,
litter decomposition and nutrient cycling (Onoda et al. 2011;
Pérez-Harguindeguy ef al. 2013). Maximum tree DBH repre-
sents adult size and adult light niche (Cornelissen et al. 2003).
Wood density, as a trade-off between volumetric growth rates
and mechanical strength, is traditionally determined by calcu-
lating the volume and mass of wood cores. While this method
isaccurate it can be a very destructive measurement that could
alter the growth of individuals being permanently monitored
in the FDP (Isik and Li 2003). Isik and Li (2003) have used a
new device termed a Resistograph (Rinntech Co., Germany)
for rapid assessment of stem specific resistance. It has been
shown that stem specific resistance is strongly correlated with
wood density (Isik and Li 2003) and it is frequently used by
horticulturalists for non-destructive analyses of stem health
and density. Therefore, we used the stem specific resistance to
represent the similar trade-off as wood density in this study.
Seed mass is important traits related to the dispersal of species
and their regeneration niche (Cornelissen ef al. 2003).

Leaf traits were quantified from randomly collected mature
leaf samples (relatively young but fully expanded and hard-
ened) from the outer canopy of adult trees without obvious
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Table 1: correlation coefficients of phylogenetically independent contrasts between functional traits and topographical niches for 36 and
229 tree species in the Ailaoshan and Xishuangbanna forest dynamics plots, respectively

SM DBH . WR LT LA SLA LC

Ailaoshan plot

Aspect niche 0.164* 0.128% —-0.281** —0.410%** 0.375%** 0.284%* -0.407*

Convexity niche -0.050* -0.104 -0.077 0.078 —0.399** 0.070 0.144*

Elevation niche 0.229%* 0.145 —0.403** -0.233* —-0.184* 0.010 -0.218

Slope niche 0.195%* -0.001 -0.226** 0.036 -0.308* -0.170* 0.046
Xishuangbanna plot

Aspect niche -0.014* —-0.064* 0.087* -0.069* —-0.025* -0.120* —-0.042

Convexity niche -0.074* —-0.040* 0.104* -0.110* -0.108* 0.018* -0.025

Elevation niche -0.019* 0.009 0.122* -0.049 -0.088* —-0.098 0.128*

Slope niche 0.045* -0.137 -0.119 -0.182 -0.093 -0.022 0.156*

SM = seed mass (milligram); DBH,,,, = maximum DBH (millimeter); WR = wood resistance (N); LT = leaf thickness (millimeter); LA = leaf area
(square centimeter); SLA = specific leaf area (square centimeter per gram); LC = leaf chlorophyll content (SPDA). ***P < 0.001, **P < 0.01,

*P < 0.05.

symptoms of pathogen or herbivore attack and without sub-
stantial cover of epiphylls (Cornelissen ef a/. 2003). More than
25 leaves were sampled from five individuals of each taxon.
Each leat was scanned as a computer image and leaf area
(square centimeter) was measured by using ImageJ software
(Abramott et al. 2004) then dried to a constant weight at 60°C.
SLA (square centimeter per gram) was the ratio of one-sided
area of a fresh leaf to oven-dry mass. Leaf thickness (millime-
ter) was measured by electronic digital micrometer (CANY Co.,
Shanghai, China) on fresh leaves (Seelig ef al. 2012). Relative
leaf chlorophyll content was measured by using a hand-held
‘SPAD-502 Chl meter’ (Minolta Camera Co., Osaka, Japan).
Three readings were taken from the widest portion of the leaf
blade to the narrow portion at ~15mm from the leaf mar-
gin (Marenco et al. 2009; Uddling et al. 2007). Stem specific
resistance (N) was measured on the five largest individuals for
each taxon by using Resistograph (Rinntech Co., Germany).
Maximum tree DBH (centimeter) was from the largest indi-
viduals in the 2007 census. Each seed mass was an average
value of oven-dry mass (<80°C for 48h) from 30 to 200 col-
lected mature seeds for each species without any appendages.

Environmental variables and environmental
niches measurement

Four continuous topographical variables (aspect, convexity,
elevation and slope) were used to quantify environmental
niches. For each 20 m x 20 m quadrat, elevation was cal-
culated as the mean of values at its four corners. Slope was
calculated as the mean angular deviation from horizontal of
each of the four triangular planes formed by connecting three
of its corners (Harms ef al. 2001). Convexity was calculated as
the elevation of a focal quadrat minus the mean elevation of
the eight surrounding quadrats. For edge quadrats, convexity
was calculated as the elevation of the center point minus the
mean of the four corners (Valencia et al. 2004). Aspect was
calculated as the following formula:

Aspect =180 —arctan ( fy/ fx)-(180/3.141592)+90-(fx/ | fx )

fx was the elevation difference from east to west in the quad-
rat and fy was the elevation difference from north to south in
the quadrat. Finally, the value of aspect represents the direc-
tion (the degree from north to south, regardless of west and
east) to which the slope of a quadrat faces.

The conditional probability of tree occurrence (E) for a
given habitat variable x: p(Elx) represents the probability
that a focal species exists at the selected point when the envi-
ronmental variable of the point is x. Values of p(Elx) are not
affected by the frequency distribution of x within a study
plot. We therefore calculated the environmental niche as
the x when p(EIx) achieves its maximum. For each species
we can therefore find the environmental variable value on
which species occurs with maximum probability (hereafter
this value was referred to as environmental niche). We calcu-
lated the environmental niche for each topographical variable
for each target species. The details to estimate p(xIE), p(x) and
p(Elx) can be found in Itoh er al. (2010).

To test whether the average phylogenetic and functional
dispersion in 20 m x 20 m quadrats changes along topograph-
ical gradients, we divided all quadrats into different orders for
each topographical variable. Because the topography is rela-
tively homogeneous in Ailaoshan plot (Fig. Sla, see online
supplementary material), we divided each topographical vari-
able equally into two orders, low and high. Considering the
relatively heterogeneous topography in Xishuangbanna plot
(Fig. S1b, see online supplementary material), we divided
the each topographical variable equally into four orders, with
the sequence from order one to order four representing the
sequence from low to high level.

Phylogenetic comparative methods

Phylogenetic independent contrasts (PICs) were calculated
to correlate all functional traits with environmental niches
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(Felsenstein 1985; Garland et al. 1992). For N species, N-1 con-
trasts were computed for each variable. All traits and niches
data were logl0 transformed prior to approximate a normal
distribution. To examine the correlation between functional
traits and niches throughout the phylogeny, a Pearson’s cor-
relation through the origin was calculated for all pairwise
contrasts. A significant correlation between PICs for traits and
niches indicates that the traits and niches have undergone
changes in similar direction and magnitude across the phy-
logeny and supports a possible evolutionary link between the
traits and niches (Jacobsen ef al. 2007).

Phylogenetic signals of functional traits

The degree of phylogenetic signal in the seven functional
traits for the target species was tested using Pagel’s lambda
estimator (M) (Pagel 1999). A value of A = 0 indicates no phy-
logenetic signal in the trait data, while a value of A = 1 indi-
cates that traits evolve according to Brownian motion on the
given phylogeny. The A value normally varies between 0 and
1 but it can exceed 1 depending on the shape of the phylogeny
(Freckleton et al. 2002). We used a log-likelihood ratio test to
examine the significance of phylogenetic dependence for the
seven traits (Freckleton ef al. 2002). Pagel’s A estimation and
significance tests were conducted in the R (R Development
Core Team, 2012) package ‘Geiger’ (Harmon et al. 2008).

Testing community-wide phylogenetic dispersion
The net relatedness index (NRI) and the nearest taxon index
(NTI) were used to quantify the phylogenetic dispersion of
co-occurring species in 20 m x 20 m quadrats. The NRI is the
standardized effect size (S.E.S.) for the mean pairwise phy-
logenetic distance (MPD) for all individuals in each quadrat.
The NTI is the standardized effect size for the mean near-
est taxon index (MNTD) for all individuals in each quadrat.
NRI and NTI metrics were abundance-weighted calculation,
which used the following equations.

NRI = — (MPD,,, - mean (MPD,,))/sd(MPD, )

null

NTI = — (MNTD,,, - mean (MNTD,,))/sd(MNTD, )

MPD is the mean pairwise phylogenetic distance between all
taxa within a local sample and MNTD the mean phylogenetic
distance to the closest relative of each species in the sample.
The MPD.,, and MNTD,,, are the observed value of mean
pairwise phylogenetic distances and mean nearest taxon phy-
logenetic distances for each quadrat. The mean(MPD,,,;) and
mean(MNTD,,;;) are the mean values from a null distribu-
tion where species names were randomly shuffled on the tips
of the community phylogeny 999 times and the MPD and
MNTD values were calculated each time for each quadrat. The
sd(MPD,,,;;) and sd(MNTD,,;;) are the standard deviations of
the null distribution. A negative NRI or NTI indicates that a
community is phylogenetically overdispersed, whereas a posi-
tive NRI or NTI indicates that a community is phylogenetically
clustered.
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Because the NRI and NTI values in the quadrats were spa-
tially auto-correlated, we estimated spatially independent
NRI and NTI values within each quadrat using simultaneous
spatial auto-regression (SAR). Following Kembel and Hubbell
(2006), a generalized least-squares model with a first order
spatial neighbor SAR in ‘spdep” package (Bivand 2010) of R
was used. A Wilcoxon'’s test was used to test for significant
deviations of NRI or NTI from the expectation of zero.

Testing community-wide functional dispersion

We measure functional dispersion by first generating trait
dendrograms from trait distance matrices allowing for direct
comparisons between trait and phylogenetic results (Swenson
et al. 2012). Trait dispersion within quadrats was quantified
by calculating the mean pairwise trait distance (PW) and
mean nearest neighbor trait distance (NN) between all indi-
viduals in a quadrat. The distances between taxa were calcu-
lated from a trait dendrogram that was generated from the
Euclidean distance matrix for each of the logl10 transformed
trait variables. Hierarchical clustering was then applied to this
matrix to generate the dendrogram and used as analogous to
a phylogenetic tree. To determine whether the trait disper-
sion observed in a quadrat differed significantly from a ran-
domly assembled community, we compared observed values
with a distribution of 999 communities generated from a null
model. As with phylogenetic analyses, the null model shuffles
the names of species across the dendrogram 999 times. This
randomization procedure retains observed trait combinations
and correlations and only changes the identity of the species
with a particular trait combination. S.E.S. PW and S.E.S. NN
metrics were abundance-weighted calculation, which used
the following equations.

S.E.S PW = — (PW,,. - mean (PW,

null

)/ sd(PW, ;)

S.E.S NN = — (NN, - mean (NN, _,))/sd(NN,,)

obs

A positive S.E.S. PW or S.E.S. NN indicates that traits are clus-
tered in a quadrat, whereas a negative S.E.S. PW or S.E.S. NN
indicates that traits are overdispersed in a quadrat. Because
S.E.S. PW and S.E.S. NN values in the quadrats were spatially
auto-correlated, we estimated spatially independent S.E.S.
PW and S.E.S. NN values within each quadrat using simulta-
neous SAR analyses. Following Kembel and Hubbell (2006),
a generalized least-squares model with a first order spatial
neighbor SAR in ‘spdep’ package (Bivand 2010) of R was
used. A Student’s t test was used to test for significant devia-
tions of S.E.S. PW or S.E.S. NN from the expectation of zero.

RESULTS

Correlations between functional traits and
environmental niches

In both the Ailaoshan FDP and the Xishuangbanna FDP, each
of the seven functional traits was significantly correlated
with one or more of the four topographical niches (Table 1).
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Correlation coefficients between functional traits and topo-
graphical niches are generally greater in the Ailaoshan plot than
in the Xishuangbanna plot (Table 1). In the Ailaoshan plot, all
functional traits were significantly correlated with the aspect
niche. In the Xishuangbanna plot, all functional traits except
leaf chlorophyll content were significantly correlated with the
aspect and convexity niches. In both of the plots, seed mass was
significantly correlated with all the four topographical niches.

Phylogenetic signal in functional traits

In both of the plots, the Pagel’s A values for all seven func-
tional traits were significantly greater than 0, ranging from
0.272 to 0.811 in the Ailaoshan plot and from 0.060 to 0.831
in the Xishuangbanna plot (Table 2). All seven functional
traits showed significant phylogenetic signal as quantified
using the log-likelihood ratio test (Table 2).

Phylogenetic dispersion along topographical
gradients

The means of both NRI and NTI metrics were significantly dif-
ferent from zero along all topographical gradients in both the
Ailaoshan and Xishuangbanna plots (Wilcoxon test, P < 0.05),
indicating that there were generally non-random phyloge-
netic structure in both of the plots. In the Ailaoshan plot,
phylogenetic clustering was consistent along all topographical
gradients (Figs 2a and b). In contrast, in the Xishuangbanna
plot, phylogenetic overdispersion was consistent along all
topographical gradients (Figs 3a and b).

Functional dispersion along topographical
gradients

The means of both S.E.S PW and S.E.S NN metrics were
significantly different from zero, both in Ailaoshan and
Xishuangbanna plots (Wilcoxon test, P < 0.05), indicating that
there was generally non-random functional structure in both
of the plots. In the Ailaoshan plot, functional clustering was
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consistent along all topographical gradients (Figs 2c and d). In
contrast, in the Xishuangbanna plot, functional overdisper-
sion was consistent along all topographical gradients (Figs 3¢
and 2d). In the Ailaoshan plot, functional clustering increased
along low to high convexity, elevation and slope gradients,
and decreased along north to south aspect gradients (Figs 2¢
and d). In the Xishuangbanna plot, functional overdispersion
decreased along low to high convexity gradient. For the other
three topographical gradients, there were no clear trends in
the change of functional overdispersion.

DISCUSSION

In the present study, we argue that the correlation between
traits and niches should be the premise for the use of phyloge-
netic and functional approaches to infer the role of determin-
istic or stochastic processes underlying community assembly.
We found that the seven functional traits examined were
significantly correlated with local-scale topographical niches
in both of the Ailaoshan and Xishuangbanna plots, indicat-
ing that the difference of functional traits can be used as the
proxy for local-scale environmental niche differentiation in
these two local tree assemblages. We also found that these
functional traits had significant phylogenetic signal in both of
the plots. We further found that phylogenetic and functional
clustering dominated in the Ailaoshan plot and overdisper-
sion in the Xishuangbanna plot. Combined with these find-
ings, we confirmed that environmental filtering played a key
role in structuring tree communities in Ailaoshan plot and
biotic interactions in Xishuangbanna plot.

Correlation between functional traits and
environmental niches

Community ecologists have emphasized a central role of niche
differentiation to explain patterns of community composition

Table 2: phylogenetic signal of seven functional traits examined using Pagel’s A for the target species in the Ailaoshan and

Xishuangbanna forest dynamics plots

Ailaoshan plot Xishuangbanna plot

Functional

traits n A In lik In lik (A = 0) Inlik (A=1) n A In lik In lik (A =0) Inlik (A=1)
SM 36 0.41 -84.64 —-86.79* —86.79%** 229 0.83 -497.31 —568.70%** —568.70%**
DBHjax 36 0.81 -48.61 —-49.09* —49.09%** 229 0.44 -278.12 —287.29%%* —287.29%%*
WR 36 0.70 -3.85 -5.58* —5.58%%* 229 0.54 -54.52 —72.78%%* —72.78%%*
LT 36 0.76 -25.53 -27.14* —27.14%%* 229 0.25 29.44 25.58* 25.58%*%
LA 36 0.27 -14.67 -15.80* —15.80%** 229 0.16 -258.76 -259.71* —259.71%%*
SLA 36 0.33 —6.45 -7.01* =7.01%** 229 0.22 -91.43 -96.41%** -96.41%**
LC 36 0.78 14.73 13.54* 13.54%** 229 0.06 159.46 159.16*** 159.16***

n = the number of target species; In lik = the maximum likelihood estimate of A is given together with its associated log likelihood; In lik
(A= 0) = the log-likelihood values for the model with A set to 0; In lik (A = 1) = the log-likelihood values for the model with A set to 1; SM = seed
mass (milligram); DBH,,,x = maximum DBH (millimeter); WR = wood resistance (N); LT = leaf thickness (millimeter); LA = leaf area (square
centimeter); SLA = specific leaf area (square centimeter per gram); LC = leaf chlorophyll content (SPDA). Values significantly different from the

test value (determined from a log-likelihood ratio test) are indicated in bold. ***P < 0.001; **P < 0.01; *P < 0.05.
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Topographical gradients

Figure 2: phylogenetic and functional dispersion in relation to
topographical gradients in the 6-ha Ailaoshan forest dynamics plot.
Positive values indicate phylogenetic or functional clustering, nega-
tive values indicate phylogenetic or functional overdispersion. AS:
aspect; CO: convexity; EL: elevation; SL: slope; (a) phylogenetic pat-
tern (NRI); (b) phylogenetic pattern (NTI); (c) functional pattern
(S.E.S. PW); (d) functional pattern (S.E.S. NN). Wilcoxon tests were
used to examine whether the means of NRIs, NTIs, S.E.S PWs and
S.E.S NNs along topographical gradients are significantly different
from zero. ***P < 0.001; **P < 0.01; *P < 0.05; ns, P > 0.05.
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and species coexistence on local scales (e.g. Chesson 1991,
2000; Silvertown 2004). It is widely recognized that fine-scale
environmental heterogeneity may promote species coexist-
ence by the differentiation of environmental niches among
coexisting species within local communities (e.g. Harms ef al.
2001; Plotkin ef al. 2000). However, there have been few
reports using environmental data directly to measure local-
scale environmental niches and extending those analyses to
the analysis of niche differentiation (but see John et al. 2007;
Schreeg et al. 2010). Some studies have used functional traits
as surrogates of local-scale environmental niches (e.g. Ackerly
et al. 2006; Bohning-Gaese et al. 2003; Kerkhoft et al. 2006;
Slingsby and Verboom 2006; Violle and Jiang, 2009); however,
there is still little knowledge regarding the correlation between
functional traits and environmental niches in tree assem-
blages. Our results show that functional traits universally cor-
relate with topographical niches in both of the plots examined
(Tablel), indicating the difference of functional traits could
serve as a reasonable proxy for the topographical niche dif-
ferentiation. Species distributions are often found to correlate
with different topographical features (Legendre ef al. 2009).
Some recent studies have shown that there were significant
contributions of topographical niches to species distribution in
local tree communities (e.g. Gunatilleke et al. 2006; Hu ef al.
2012; Legendre et al. 2009; Queenborough ef al. 2007; Valencia
et al. 2004). All the seven functional traits examined have a
strong correlation with aspect niches in the Ailaoshan plot.
Aspect is correlated with solar radiation, soil temperatures
and moisture indicating why there is an expected general bio-
logical importance of this topographic variable (Ackerly 2004;
Ackerly et al. 2002; Whitney 1991). Solar radiation, tempera-
ture and moisture differences may alter nutrient mineraliza-
tion and availability along aspect and slope gradients (Miller
1983) and may also influence the trade-off between strategic
allocations to construction costs, seedling establishment and
subsequent species regeneration patterns (Kutiel 1997).

Seed mass was found to have a significant correlation with
all the four topographical niches in both the Ailaoshan and
Xishuangbanna plots (Table 1). Previously, Peco et al. (2009)
have found that seed mass was significantly correlated with
topography, especially seed mass of most annual species pref-
erentially distributed on shallower slope zones. Topography-
related spatial heterogeneity may be expected to produce a
differential distribution of diaspore size so that small-seeded
species will establish towards the drier and less productive
upper slope and elevation zones (Azcarate et al. 2002).

Key ecological processes underlying species
coexistence in the two FDPs

The tight correlation between functional traits and envi-
ronmental niches (Table 1) supports the premise for using
phylogenetic and functional approaches in order to infer
the importance of deterministic and stochastic assembly
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Figure 3: phylogenetic and functional dispersion in relation to topographical gradients in the 20-ha Xishuangbanna forest dynamics plot.
Positive values indicate phylogenetic or functional clustering, negative values indicate phylogenetic or functional overdispersion. AS: aspect;
CO: convexity; EL: elevation; SL: slope; (a) phylogenetic pattern (NRI); (b) phylogenetic pattern (NTI); (c¢) functional pattern (S.E.S. PW); (d)
functional pattern (S.E.S. NN). Wilcoxon tests were used to examine whether the means of NRIs, NTIs, S.E.S PWs and S.E.S NNs along topo-
graphical gradients are significantly different from zero. ***P < 0.001; **P < 0.01; *P < 0.05; ns, P > 0.05.
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processes. In this study, the phylogenetic and functional
dispersion were significantly clustered along topographi-
cal gradients in the Ailaoshan plot, while overdispersion
in the Xishuangbanna plot (Figs 2 and 3). The consistent
results between phylogenetic and functional approaches may
be due to the significant phylogenetic signal in functional
traits (Table 2). Thus, we inferred that environmental filter-
ing played a key role in structuring tree assemblages in the
Ailaoshan plot and biotic interactions in the Xishuangbanna
plot. The topography in the Xishuangbanna plot is very rug-
ged with elevation ranging from 869.1 to 708.2 m, but the
topography in Ailaoshan plot is relatively flat with elevation
ranging from 2530 to 2490 m. Why does the relatively homo-
geneous topographical environment in the Ailaoshan plot
consistently produce phylogenetic and functional clustering,
while relatively heterogeneous topographical environment
in the Xishuangbanna plot consistently produce phylogenetic
and functional overdispersion? We postulate that the extent
of topographical heterogeneity might be an important fac-
tor that caused the contrasting patterns of phylogenetic and
functional structures between these two plots (Fig. S1, see
online supplementary material).

Lastly, we would like to discuss some potential limi-
tations of this study. Whether the functional traits and
environmental niches examined are those that are the
most reliable indicators of assembly processes is a critical
question. For example, if the functional traits examined
do not represent a full representation of the main aspects
of plant function, or the environmental niches measured
do not represent important niches axis along which co-
occurring tree species differentiate, a significant correlation
between functional traits and environmental niches can
not guarantee the reliability of phylogenetic and functional
approaches for inferring the importance of different eco-
logical processes. Nevertheless, it is unrealistic to measure
all functional traits and niches in communities. The seven
functional traits examined in this study have been widely
considered as important indicators of plant functional strat-
egies (Cornelissen et al. 2003; Pérez-Harguindeguy et al.
2013).

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of Plant
Ecology online.

FUNDING

National Natural Science Foundation of China (31000201,
31370445, 31061160188); National Key Basic Research
Program of China (2014CB954104); the West Light
Foundation of Chinese Academy of Sciences and the Special
Program for Basic Research of the Ministry of Science and
Technology of China (2012FY10400, 2011FY120200).

123

ACKNOWLEDGEMENTS

We thank all the people who have contributed to the 20-ha
Xishuangbanna tropical seasonal rainforest dynamics plot and 6-ha
Ailaoshan subtropical evergreen broadleaved forest dynamics plot.
We thank Germplasm Bank of Xishuangbanna Tropical Botanic
Gardens and the China Germplasm Bank of Wild Species of Kunming
Institute of Botany for supplying a part of seed mass data in this study.
We thank J. W. Ferry Slik for collecting part of molecular samples
for DNA sequencing and Dr. Zhenhua Sun for preparing Figure 1.
Logistical support was provided by Xishuangbanna Station for
Tropical Rainforest Ecosystem Studies (National Forest Ecosystem
Research Station at Xishuangbanna) and Ailaoshan Station for
Subtropical Forest Ecosystem Studies (National Forest Ecosystem
Research Station at Ailaoshan), Chinese Academy of Sciences. We
thank Nathan G. Swenson, Hong Qian, Lin Jiang and the two anony-
mous reviewers for valuable comments on the manuscript.

Conflict of interest statement. None declared.

REFERENCES

Abramoff MD, Magelhaes PJ, Ram SJ (2004) Image processing with
ImageJ. Biophotonics International 11:36-42.

Ackerly DD, Knight CA, Weiss SB, et al. (2002) Leaf size, specific leaf
area and microhabitat distribution of chaparral woody plants: con-
trasting patterns in species level and community level analyses.
Oecologia 130:449-57.

Ackerly DD (2004) Functional strategies of chaparral shrubs in relation
to seasonal water deficit and disturbance. Ecol Monogr 75:25-44.
Ackerly DD, Schwilk DW, Webb CO (2006) Niche evolution and adap-

tive radiation: testing the order of trait divergence. Ecology 87:S50-61.

Ackerly DD, Cornwell WK (2007) A trait-based approach to commu-
nity assembly: partitioning of species trait values into within- and
among-community components. Ecol Lett 10:135-45.

Azcarate FM, Sanchez AM, Arqueros L, et al. (2002) Abundance and
habitat segregation in Mediterranean grassland species: the impor-
tance of seed weight. J Veg Sci 13:159-66.

Bivand RS (2010) Spatial econometric functions in R. In Fischer
MM, Arthur G (eds). Handbook of Applied Spatial Analysis. Berlin,
Germany: Springer, 53-71.

Bohning-Gaese K, Schuda MD, Helbig AJ (2003) Weak phyloge-
netic effects on ecological niches of Sylvia warblers. J Evol Biol
16:956-65.

Cao M, Zhou X, Warren M, et al. (2006) Tropical forests of
Xishuangbanna, China. Biotropica 38:306-9.

Chesson P (1991) A need for niches? Trends Ecol Evol 6:26-8.

Chesson P (2000) Mechanisms of maintenance of species diversity.
Annu Rev Ecol Syst 31:343-67.

Cornelissen JHC, Lavorel S, Garnier E, ef al. (2003) A handbook of
protocols for standardised and easy measurement of plant func-
tional traits worldwide. Aust J Bot 51:335-80.

Coste S, Baraloto C, Leroy C, etal. (2010) Assessing foliar chlorophyll
contents with the SPAD-502 chlorophyll meter: a calibration test
with thirteen tree species of tropical rainforest in French Guiana.
Ann Forest Sci 67:607-11.

Diaz S, Cabido M (2001) Vive la différence: plant functional diversity
matters to ecosystem processes. Trends Ecol Evol 16:646-55.

¥T0Z ‘82 AN UO (DG1X) Uspie [oluelog [eoldol | eutedgbuenustx e /Bio'seuinolpioxoiad(y/:dny woiy pspeojumod


http://jpe.oxfordjournals.org/lookup/suppl/doi:10.1093/jpe/rtt070/-/DC1
http://jpe.oxfordjournals.org/lookup/suppl/doi:10.1093/jpe/rtt070/-/DC1
http://jpe.oxfordjournals.org/lookup/suppl/doi:10.1093/jpe/rtt070/-/DC1
http://jpe.oxfordjournals.org/

124

Felsenstein J (1985) Phylogenies and the comparative method. Am
Nat 125:1-15.

Freckleton RP, Harvey PH, Pagel M (2002) Phylogenetic analy-
sis and comparative data: a test and review of evidence. Am Nat
160:712-26.

Garland T, Harvey PH, Ives AR (1992) Procedures for the analysis
of comparative data using phylogenetically independent contrasts.
Syst Biol 41:18-32.

Garnier E, Navas M (2012) A trait-based approach to comparative
functional plant ecology: concepts, methods and applications for
agroecology. A review. Agron Sustain Dev 32:365-99.

Gitelson AA, Gritz Y, Merzlyak MN (2003) Relationships between
leaf chlorophyll content and spectral reflectance and algorithms
for non-destructive chlorophyll assessment in higher plant leaves.
J Plant Physiol 160:271-82.

Gong H, Zhang Y, Lei Y, et al. (2011) Evergreen broad-leaved forest
improves soil water status compared with tea tree plantation in
Ailao Mountains, Southwest China. Acta Agr Scand 61:384-8.

Gunatilleke CVS, Gunatilleke TAUN, Esufali S, et al. (2006) Species-
habitat associations in a Sri Lankan dipterocarp forest. J Trop Ecol
22:371-84.

Harmon LJ, Weir JT, Brock CD, et al. (2008) GEIGER: investigating
evolutionary radiations. Bioinformatics 24:129-31.

Harms KE, Condit R, Hubbell SP, ef al. (2001) Habitat associations of
trees and shrubs in a 50-ha neotropical forest plot. J Ecol 89:947-59.

Hu YH, Sha LQ, Blanchet FG, et al. (2012) Dominant species and dis-
persal limitation regulate tree species distributions in a 20-ha plot
in Xishuangbanna, southwest China. Oikos 121:952-60.

Isik F, Li B (2003) Rapid assessment of wood density of live tree using
the Resistograph for selection in tree improvement programs. Can
J Forest Res 33:2426-35.

Itoh A, Ohkubo T, Nanami S, ez al. (2010) Comparison of statistical tests
for habitat associations in tropical forests: a case study of sympatric
dipterocarp trees in a Bornean forest. Forest Ecol Manag 259:323-32.

Jacobsen SE, Monteros C, Corcuera LJ, et al. (2007) Frost resistance
mechanisms in quinoa (Chenopodium quinoa Willd.). Eur J Agron
26:471-5.

John R, Dalling JW, Harms KE, et al. (2007) Soil nutrients influence
spatial distributions of tropical tree species. Proc Natl Acad Sci U S A
104:864-9.

Kembel SW, Hubbell SP (2006) The phylogenetic structure of a neo-
tropical forest tree community. Ecology 87:5S86-99.

Kerkhoff AJ, Fagan WE Elser JJ, et al. (2006) Phylogenetic and
growth form variation in the scaling of nitrogen and phosphorus
in the seed plants. Am Nat 168:E103-22.

Kraft NJ, Valencia R, Ackerly DD (2008) Functional traits and niche-
based tree community assembly in an Amazonian forest. Sciernce
322:580-2.

Kraft NJB, Ackerly DD (2010) Functional trait and phylogenetic tests
of community assembly across spatial scales in an Amazonian for-
est. Ecol Monogr 80:401-22.

Kress WJ, Erickson DL, Jones FA, et al. (2009) Plant DNA barcodes
and a community phylogeny of a tropical forest dynamics plot in
Panama. Proc Natl Acad Sci U S A 106:18621-6.

Kress WJ, Erickson DL, Swenson NG, ef al. (2010) Advances in the
use of DNA barcodes to build a community phylogeny for tropical
trees in a Puerto Rican forest dynamics plot. PLoS One 5:¢15409.

Journal of Plant Ecology

Kutiel P (1997) Spatial and temporal heterogeneity of species diversity
in a Mediterranean ecosystem following fire. Int J Wildl Fire 7:307-15.

Lan G, Zhu H, Cao M, et al. (2009) Spatial dispersion patterns of trees
in a tropical rainforest in Xishuangbanna, southwest China. Eco!
Res 24:1117-24.

Lavorel S, McIntyre S, Landsberg J, et al. (1997) Plant functional
classifications: from general groups to specific groups based on
response to disturbance. Trends Ecol Evol 12:474-8.

Legendre P, Mi X, Ren H, ef al. (2009) Partitioning beta diversity in a
subtropical broad-leaved forest of China. Ecology 90:663-74.

Liu K, Warnow TJ, Holder MT, ef al. (2012) SATe-II: very fast and
accurate simultaneous estimation of multiple sequence alignments
and phylogenetic trees. Syst Biol 61:90-106.

Marenco RA, Antezana-Vera SA, Nascimento HCS (2009) Relationship
between specific leaf area, leaf thickness, leaf water content and SPAD-
502 readings in six Amazonian tree species. Photosynthetic 47:184-90.

Mayfield MM, Levine JM (2010) Opposing effects of competitive
exclusion on the phylogenetic structure of communities. Ecol Lett
13:1085-93.

McGill BJ, Enquist BJ, Weiher E, et al. (2006) Rebuilding community
ecology from functional traits. Trends Ecol Evol 21:178-85.

Miller MA, Holder MT, Vos R, et al. (2009) The CIPRES Portals.
http:// www.phylo.org/sub_sections/portal(July 31 2011, date
last accessed). (Archived by WebCite® at http://www.webcitation.
org/5tFwiKMKS8).

Miller PC, Poole DK, Miller PM (1983) The influence of annual pre-
cipitation, topography, and vegetative cover on soil moisture and
summer drought in southern California. Oecologia 56:385-91.

Onoda Y, Westoby M, Adler PB, et al. (2011) Global patterns of leaf
mechanical properties. Ecol Lett 14:301-12.

Pagel M (1999) The maximum likelihood approach to reconstructing
ancestral character states of discrete characters on phylogenies. Syst
Biol 48:612-22.

Peco B, Rico L, Azcarate FM (2009) Seed size and response to rainfall
patterns in annual grasslands: 16 years of permanent plot data. J
Veg Sci 20:8-16.

Pérez-Harguindeguy N, Diaz S, Garnie E, ef al. (2013) New handbook
for standardised measurement of plant functional traits world-
wide. Aust J Bot 61:167-234.

Plotkin JB, Potts MD, Leslie N, ef al. (2000) Species-area curves, spa-
tial aggregation, and habitat specialization in tropical forests. J
Theor Biol 207:81-99.

Queenborough SA, Burslem DFRP, Garwood NC, et al. (2007) Habitat
niche partitioning by 16 species of Myristicaceae in Amazonian
Ecuador. Plant Ecol 2:193-207.

R Development Core Team (2012) R: A Language and Environment for
Statistical Computing.Vienna, Austria: R Foundation for Statistical
Computing. http://www.R-project.org/.

Sanderson MJ (2003) r8s: inferring absolute rates of molecular evo-
lution and divergence times in the absence of a molecular clock.
Bioinformatics 19:301-2.

Schreeg LA, Kress WJ, Erickson DL, ef al. (2010) Phylogenetic analy-
sis of local-scale tree soil associations in a lowland moist tropical
forest. PLoS One 5:€13685.

Seelig H, Stoner RJ, Linden JC (2012) Irrigation control of cowpea
plants using the measurement of leaf thickness under greenhouse
conditions. Irrigation Sci 30:247-57.

¥T0Z ‘82 AN UO (DG1X) Uspie [oluelog [eoldol | eutedgbuenustx e /Bio'seuinolpioxoiad(y/:dny woiy pspeojumod


http://www.phylo.org/sub_sections/portal
http://www.webcitation.org/5tFwiKMK8) 
http://www.webcitation.org/5tFwiKMK8) 
http://www.R-project.org/
http://jpe.oxfordjournals.org/

Yang et al. Functional traits co-vary with environmental niches

Siefert A, Ravenscroft C, Weiser MD, et al. (2013) Functional beta diver-
sity patterns reveal deterministic community assembly processes in
eastern North American trees. Global Ecol Biogeogr 22:682-91.

Silvertown J (2004) Plant coexistence and the niche. Trends Ecol Evol
19:605-11.

Slingsby JA, Verboom GA (2006) Phylogenetic relatedness limits
co-occurrence at fine spatial scales: evidence from the schoenoid
sedges (Cyperaceae: Schoeneae) of the Cape Floristic Region,
South Africa. Am Nat 168:14-27.

Stamatakis A (2006) RAXML-VI-HPC: maximum likelihood-based
phylogenetic analyses with thousands of taxa and mixed models.
Bioinformatics 22:2688-90.

Swenson NG, Enquist BJ, Pither J, et al. (2006) The problem and promise
of scale dependency in community phylogenetics. Ecology 87:2418-24.

Swenson NG, Enquist BJ, Thompson J, et al. (2007) The influence of
spatial and size scale on phylogenetic relatedness in tropical forest
communities. Ecology 88:1770-80.

Swenson NG, Erickson DL, Mi X, et al. (2012) Phylogenetic and func-
tional alpha and beta diversity in temperate and tropical tree com-
munities. Ecology 93:S112-S125.

Swenson NG (2013) The assembly of tropical tree communities—the
advances and shortcomings of phylogenetic and functional trait
analyses. Ecography 36:264-76.

125

Uddling J, Gelang-Alfredsson J, Piikki K, et al. (2007) Evaluating the
relationship between leaf chlorophyll concentration and SPAD-
502 chlorophyll meter readings. Photosynth Res 91:37-46.

Valencia R, Foster RB, Villa G, et al. (2004) Tree species distributions
and local habitat variation in the Amazon: large forest plot in east-
ern Ecuador. J Ecol 92:214-29.

Vamosi SM, Heard SB, Vamosi JC, ef al. (2009) Emerging patterns
in the comparative analysis of phylogenetic community structure.
Mol Ecol 18:572-92.

Violle C, Jiang L (2009) Towards a trait-based quantification of species
niche. J Plant Ecol 2:87-93.

Webb CO, Ackerly DD, McPeek MA, et al. (2002) Phylogenies and
community ecology. Annu Rev Ecol Syst 33:475-505.

Westoby M (1998) A leaf-height-seed (LHS) plant ecology strategy
scheme. Plant Soil 199:213-27.

Westoby M, Falster DS, Moles AT, et al. (2002) Plant ecological strate-
gies: some leading dimensions of variation between species. Annu
Rev Ecol Syst 33:125-59.

Whitney GG (1991) Relation of plant species to substrate, landscape
position, and aspect in north central Massachusetts. Can J For Res
21:1245-52.

Wright 1J, Reich PB, Westoby M, et al. (2004) The worldwide leaf
economics spectrum. Nature 428:821-7.

¥T0Z ‘82 AN UO (DG1X) Uspie [oluelog [eoldol | eutedgbuenustx e /Bio'seuinolpioxoiad(y/:dny woiy pspeojumod


http://jpe.oxfordjournals.org/

