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a  b  s  t  r  a  c  t

Spatial  environmental  heterogeneity  is considered  a  fundamental  factor  for the  maintenance  of plant
species  richness.  However,  it still remains  unclear  whether  heterogeneity  may  also  facilitate  coexistence
at  fine  grain  sizes  or whether  other  processes,  like mass  effects  and  source  sink  dynamics  due  to  dispersal,
control  species  composition  and  diversity  at  these  scales.  In  this  study,  we  used  two  complimentary
analyses  to  identify  the  role  of  heterogeneity  within  15  m  ×  15 m plots  for the  coexistence  of species-rich
annual  communities  in  a  semi-arid  environment  along  a steep  precipitation  gradient.  Specifically,  we:
(a) analyzed  the  effect  of  environmental  heterogeneity  on  species,  functional  and  phylogenetic  diversity
within  microsites  (alpha  diversity,  0.06 m2 and  1 m2),  across  microsites  (beta  diversity),  and  diversity  at
the  entire  plot  (gamma  diversity);  (b)  further  we used  two null  models  to  detect  non-random  trait  and
phylogenetic  patterns  in  order  to  infer  assembly  processes,  i.e. whether  co-occurring  species  tend  to  share
similar traits  (trait convergence)  or dissimilar  traits  (trait  divergence).  In general,  our  results  showed  that
heterogeneity  had  a  positive  effect  on  community  diversity.  Specifically,  for  alpha  diversity,  the effect
was  significant  for functional  diversity,  and  not  significant  for  either  species  or phylogenetic  diversities.
For  beta  diversity,  all  three  measures  of community  diversity  (species,  functional,  and  phylogenetic)
increased  significantly,  as  they  also did  for gamma  diversity,  where  functional  measures  were  again
stronger  than  for species  or phylogenetic  measures.  In  addition,  the  null  model  approach  consistently
detected  trait convergence,  indicating  that species  with  similar  traits  tended  to co-occur  and  had  high
abundances  in  a given  microsite.  While  null  model  analysis  across  the  phylogeny  partly  supported  these
trait findings,  showing  phylogenetic  underdispersion  at the  1m2 grain  size,  surprisingly  when  species
abundances  in  microsites  were  analyzed  they  were  more  evenly  distributed  across  the phylogenetic

tress  than  expected  (phylogenetic  overdispersion).  In conclusion,  our  results  provide  compelling  support
that environmental  heterogeneity  at a relatively  fine  scale  is  an  important  factor  for  species  co-existence
as  it  positively  affects  diversity  as well  as  influences  species  assembly.  Our  study  underlines  the  need  for
trait-based  approaches  conducted  at fine  grain  sizes  in  order to better  understand  species  coexistence
and  community  assembly.

© 2017  Elsevier  GmbH.  All  rights  reserved.
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1. Introduction

Spatial environmental heterogeneity is a fundamental factor

affecting the coexistence of plant species (Chesson, 2000). The
unequal distribution of water, nutrients and light provides niches
for species with different environmental preferences and ecological
strategies. Although the positive effect of environmental hetero-
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eneity on species richness as well as the influence on species
ssembly is well documented in the literature (Adler et al., 2013;
ötzenberger et al., 2012; Stein et al., 2014), the underlying mech-
nisms of how heterogeneity facilitates plant coexistence are still
oorly understood. For instance, it was commonly accepted that
pecies richness increases with heterogeneity, since heterogeneous
abitats provide more niches than homogenous ones (MacArthur
nd MacArthur, 1961). However, this view has been recently chal-
enged, suggesting that the effect of heterogeneity on species
ichness is highly scale-dependent with an increasing positive
ffect with grain size, i.e. the spatial scale the vegetation is recorded
Giladi et al., 2011; Lundholm, 2009; Stein et al., 2014; Tamme
t al., 2010). At small spatial grains, high environmental hetero-
eneity leads to the loss of effective habitat area for species and
icro-fragmentation with subsequent species loss (Kadmon and

llouche, 2007; Laanisto et al., 2012). Therefore, heterogeneity may
ave a unimodal or even negative effect on species richness (Gazol
t al., 2013; Kadmon and Allouche, 2007; Laanisto et al., 2012). In
ontrast, theory of community assembly assumes that the finger-
rint of environmental heterogeneity on species sorting, i.e. the
o-occurrence of species, becomes less important with decreas-
ng grain size (Götzenberger et al., 2012; HilleRisLambers et al.,
012). As a result, species sorting appears increasingly random with
ecreasing grain size (Chase, 2014; Weiher et al., 2011). Hence,
hether heterogeneity is considered as important factor for species

o-existence depends on the investigated spatial grain size and
esponse variable, i.e. species diversity or species sorting. Therefore,
he joint analysis of these two response variables may  provide a bet-
er understanding of the effect of heterogeneity on the coexistence
f plant species.

Trait-based approaches are increasingly used to infer mecha-
isms of species coexistence and improve understanding of species
istributions (Cornwell and Ackerly, 2009; Dainese and Sitzia,
013; Götzenberger et al., 2012; May  et al., 2013a). Environmental
eterogeneity should lead to predictable species assembly from a

arger species pool (Keddy, 1992). Since all species in a given loca-
ion experience the same environmental conditions, co-occurring
pecies are assumed to exhibit similar ecological strategies and
hare similar traits (Cornwell et al., 2006; Keddy, 1992). The exclu-
ion of species with dissimilar or non-adapted traits from the site
ay  arise either because these species may  not survive under

hose conditions (environmental filtering sensu strictu;  e.g. Kraft
t al., 2015; Mayfield and Levine, 2010) or due to the species weak
ompetitive ability under the particular environmental conditions
‘weaker competitor exclusion’ sensu de Bello et al., 2012). While
isentangling these processes may  be challenging (Kraft et al.,
015; Mayfield and Levine, 2010; but see de Bello et al., 2012), they
oth lead to trait convergence in species assemblages (Mayfield
nd Levine, 2010). In contrast, the concept of ‘limiting similarity’
MacArthur and Levins, 1967) entails that competitive interactions
ead to trait divergence, because species with similar ecological
trategies experience strong niche overlap and may thus not coex-
st in the long run (Cornwell and Ackerly, 2009; MacArthur and
evins, 1967). In order to reveal species assembly processes, an
xtension to trait-based approaches is the detection of distinct phy-
ogenetic patterns of co-occurring species (Webb et al., 2002). The
hylogenetic relationships between species may  serve as a pre-
ictor for their ecological strategy, since closely-related species
re expected to share similar traits (Blomberg et al., 2003). If this
ssumption is met, the same processes entailing trait convergence
hould lead to phylogenetic underdispersion, i.e. closely-related
pecies tend to co-occur, whereas limiting similarity should lead to

hylogenetic overdispersion, i.e. distantly-related species tend to
o-occur (Webb et al., 2002). The application of phylogenetic rela-
ionships to infer community assembly processes receives frequent
riticism, since the same phylogenetic pattern can be generated
olution and Systematics 24 (2017) 138–146 139

by different processes (Cavender-Bares et al., 2009; Gerhold et al.,
2015). However, assembly processes may  affect traits differently
(e.g. Spasojevic and Suding, 2012) and trait-based approaches
frequently use the same easy-measurable ‘key functional traits’.
Complex traits are often not feasible to measure for species-rich
communities, but these can be well phylogenetically conserved
(de Bello et al., 2015). Therefore, “a combination of key measured
traits and phylogeny may  better assure that different axes of dif-
ferentiation between species are being considered” (de Bello et al.,
2015).

The detection of both trait patterns and phylogenetic patterns
varies with the scale under consideration (Kraft and Ackerly, 2010;
Swenson et al., 2007). Environmental filters presumably act at
larger scales, which should lead to the detection of trait con-
vergence (Cavender-Bares et al., 2009). At finer grains, species
assembly is assumed to be driven by limiting similarity or by
stochastic dispersal events (Götzenberger et al., 2012; Weiher et al.,
2011). Some small-scale studies confirmed limiting similarity by
detecting trait divergence (Bernard-Verdier et al., 2012; de Bello
et al., 2013), while others found random trait pattern (Thompson
et al., 2010). However, Adler et al. (2013) argued that trait diver-
gence may  be the result of environmental filtering at even finer
grain sizes. Consequently, trait pattern should be analyzed at dif-
ferent spatial scales, in order to identify the effect of environmental
heterogeneity on species assembly.

The framework of alpha, beta and gamma diversity (Whittaker,
1972) enables analysis of the effect of heterogeneity on species
diversity at different spatial grain sizes simultaneously. Since the
study presented in the current article focuses on describing pat-
terns at fine scales, we  define gamma  diversity as the species pool
at a plot-scale (i.e. 15 m × 15 m),  alpha diversity as the diversity
within microsites (two grain sizes, 0.06 m2 and 1 m2) and beta
diversity as turnover among microsites. Environmental hetero-
geneity, measured at the plot-scale, may  positively affect alpha,
beta and gamma  diversity through different mechanisms. Gamma
diversity may  increase with heterogeneity, as heterogeneous envi-
ronments offer more opportunities for niche differentiation and
species sorting across environmental variation. In line with that,
species turnover between microsites should increase with envi-
ronmental heterogeneity, if environmental differences between
microsites favor distinct species, as the concept of ‘environmental
filtering’ would suggest (see above). In contrast, diversity within
microsites may  increase either due to a higher environmental het-
erogeneity within the microsite (if there is a correlation between
microsite and plot-scale environmental heterogeneity) or simply
due to the inflow of species from the surrounding area through
spatial mass effects (Shmida and Wilson, 1985). Hence, the pos-
itive effects of environmental heterogeneity include niche-based
as well as dispersal-based mechanisms. Negative effects of het-
erogeneity on species richness may  emerge due to high extinction
risk, e.g. demographic stochasticity, of small populations (Kadmon
and Allouche, 2007). Depending on which mechanisms act, het-
erogeneity may  affect functional and species diversity differently
(as observed by Meynard et al., 2011), since species may  be func-
tional redundant. Therefore, comprehensive analyses of the effect
of environmental heterogeneity on species, functional and phylo-
genetic diversity at different spatial grain sizes may  help to reveal
the underlying mechanisms of environmental heterogeneity effects
on the maintenance of species richness and to link results of species
assembly studies.

Finally, the effect of heterogeneity on diversity and species
assembly may  depend on the position along environmental gra-

dients. Yang et al. (2015) proposed a model in which heterogeneity
has a positive effect on species richness at the extreme ends of
a stress-productivity gradient and a hump-shaped effect at the
intermediate position. With respect to species assembly, Price
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Fig. 1. Sampling design of the study. Vegetation surveys were done at two different
scales: 0.25 m × 0.25 m and 1 m × 1 m within a plot of 15 m × 15 m.  The environmen-
tal heterogeneity was  assessed along two transects that represent the diagonals of
the  plot (dashed lines). Along these transects the diversity of microhabitats was
40 K. Bergholz et al. / Perspectives in Plant Ecolo

t al. (2014) showed in an elegant experiment that with increasing
mall-scale heterogeneity and productivity niche overlap (i.e. trait
onvergence) increased, due to the suppression of slow-growing
pecies. However, we are not aware of any studies that analyze
he heterogeneity’s effect on both species diversity and species
ssembly along stress-productivity gradients.

In this study, we use two complimentary analyses with dif-
erent research approaches in order to reveal how environmental
eterogeneity affects species coexistence. Specifically, we:  i) iden-
ify trait- and phylogeny-based assembly processes that structure
o-occurrence and species abundances in microsites; ii) ana-
yze whether increasing plot-scale environmental heterogeneity
eature a higher species diversity within and across microsites
alpha and beta diversity, respectively) as well as a higher plot-
cale species diversity (gamma  diversity). Our study system is
ocated at the transition zone between Mediterranean and desert
cosystems along a steep precipitation gradient in Israel. The frag-
ented semi-steppe batha and grassland vegetation in this area

eatures a high proportion (79%) and diversity of annual plants
14.8 ± 6.7 species/m2). We  use vegetation surveys at two differ-
nt grain sizes (0.06 m2 and 1 m2) nested within 15 m × 15 m plots.

 previous study has found evidence for both trait convergence
nd divergence when these communities are compared to regional
pecies pools of ca. 6 km × 4 km land units (May  et al., 2013a). At
he same time, regional processes, i.e. propagule exchange between
abitat patches, are negligible in this area (Gemeinholzer et al.,
012; May  et al., 2013b). Therefore, it is especially relevant to inves-
igate coexistence mechanisms at the plot-scale.

We  address the following questions:

a) Does environmental heterogeneity affect species assembly
within plots, indicated by trait convergence in microsites?

) Does the phylogenetic approach point to the same species
assembly pattern as the functional approach does?

c) How does environmental heterogeneity, measured at the plot-
scale, affect the diversity within microsites (alpha), turnover
between microsites (beta) and the diversity of the plot (gamma
diversity)?

) Is the heterogeneity’s effect on diversity consistent between
species, functional and phylogenetic diversity and along a steep
precipitation gradient?

. Methods

.1. Study area

The study area is situated in the Southern Judean Lowlands,
srael (31◦24′00′′–31◦40′50′′N, 34◦48′30–34◦50′30′′E), at the transi-
ion zone between Mediterranean and desert ecosystems. Rainfall
n this area is restricted to winter (October–April) with decreas-
ng annual amounts from north (430 mm)  to south (291 mm)  along

 distance of 30 km (May  et al., 2013a). The fragmented land-
cape contains patches of semi-natural vegetation, set within a
atrix of intensive agricultural land. The semi-natural vegetation

as resulted from heavy grazing since the Bronze Age and can be
eferred to as semi-steppe batha and grassland (see Giladi et al.,
011 for further details). These vegetation types feature a high
iversity of annual plant species. Woody vegetation is dominated
y small shrubs (mostly Sarcopoterium spinosum) and some larger
ushes. The common tussock grass Hyparrhenia hirta is frequently
ound in grasslands, where it builds dense populations. Previous

tudies showed that the species composition changes drastically
long the precipitation gradient, including a decrease of species
ichness and density towards aridity (Giladi et al., 2011) accompa-
ied by a decrease of community weighted mean traits of specific
quantified within the 15 m × 15 m plot.

leaf area, plant height and seed mass (May  et al., 2013a). These shifts
indicate a stress-productivity gradient from north (productive) to
south (stressful).

2.2. Vegetation sampling & environmental heterogeneity
measurements

The vegetation sampling was  conducted in three land units
(6 km × 4 km each), which were placed from north to south along
the precipitation gradient (see Giladi et al., 2011 for details of the
vegetation sampling). In each land unit, we established 15 m × 15 m
plots (south n = 25, mid  n = 28, north n = 28) in different patches
of semi-natural vegetation. Each of these plots contained 12 small
quadrats 0.0625 m2 in size (0.25 m × 0.25 m,  henceforth 0.06 m2),
nested in six larger quadrats of 1 m2 (1 m × 1 m)  (Fig. 1). These
quadrats define our ‘microsites’ at two different grain sizes. In
spring 2009, all plant species were recorded for each quadrat
and the number of individuals was counted in the finer quadrats
(0.06 m2).

In order to estimate environmental heterogeneity, we deter-
mined the diversity of microhabitats within the plots. Along two
transects that form the diagonals of the plots, we placed at each
half meter a 0.06 m2 quadrat left and right of the transect (Fig. 1).
We visually assessed the most common microhabitat within each
of the resulting 84 quadrats per plot and assigned each to one
of six microhabitat types: ‘large bush’, ‘Sarcopoterium spinosum’,
‘small shrub’ (other than S. spinosum), ‘Hyparrhenia hirta’, ‘exposed
rock’ and ‘herbaceous patch’. Shrubs and perennial grasses are key
structures that modulate the light and water availability for annual
plants, which has a strong impact on the annual species composi-
tion (Luzuriaga et al., 2012; Segoli et al., 2012). Similarly, differences
in soil depth and micro-topography, indicated by exposed rocks,
influences the species composition in Mediterranean ecosystems
(Bernard-Verdier et al., 2012). The proportions of the different
microhabitat types within the plots were used to calculate the
Shannon index, which defines our environmental heterogeneity
(Giladi et al., 2011). We  are aware that our index quantifies the envi-
ronmental heterogeneity of the whole 15 m × 15 m plot and that
the scale at which environmental heterogeneity is measured may
influence the effect on species richness (Tamme et al., 2010). How-
ever, previous analyses have shown that this index is also highly

correlated (r = 0.87) with small-scale heterogeneity at 1 m2 (Giladi
et al., 2011).
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.3. Trait sampling & construction of the phylogenetic tree

Following standard protocols (Cornelissen et al., 2003), we mea-
ured species mean traits of specific leaf area [mm2/mg], seed mass
fter removing appendages [mg] and canopy height [cm] for 129
f the 237 observed annual species in the study area. For specific

eaf area and seed mass, we measured ten individuals; for canopy
eight 25 individuals of one healthy population within the whole
tudy area (see May  et al., 2013a for details of trait measurements).
ince mostly abundant species were measured, we  covered 89%
nd 85% of the annual species occurrences at the 0.06 m2 and 1 m2

rain size, respectively. The three measured traits constitute the
rinciple axes of the Leaf-Height-Seed (LHS) plant ecological strat-
gy scheme by Westoby (1998), which is a simple, generic way to
haracterize the ecological strategy of plants.

We constructed a phylogenetic tree of all annuals present in the
tudy area. At first, we built a tree of the respective plant families
ased on the proposed phylogeny of The Angiosperm Phylogeny
roup (2009). Notes and branch lengths of this tree were adjusted

o divergence times estimated by molecular data, which were cal-
brated to known fossil ages (Bell et al., 2010). The relationships
etween species within the families were resolved with 39 further
ublications (see supplementary material A1 for details).

.4. Analyses

.4.1. Phylogenetic trait conservatism
First, we revealed whether the investigated traits are phyloge-

etically conserved by using K-statistics (Blomberg et al., 2003),
mplemented in the R-package ‘picante’. K quantifies the degree of
rait conservatism in comparison to a Brownian motion model of
rait evolution. K < 1 signifies that traits are more divergent than
redicted by the model, whereas K > 1 indicates a high degree
f trait conservatism. The observed K values were compared to
xpected K values, under the consideration of no relationship
etween traits and phylogeny, derived from 999 random trait-tree
ssociations.

.4.2. Calculation of diversity indices
We used the mathematical framework of Rao’s quadratic

ntropy (RaoQ) to estimate the mean diversity of microsites
alpha), turnover between microsites (beta) and plot-scale diversity
gamma). RaoQ is known to reflect community assembly processes
ell (Mouchet et al., 2010) and allows a comparison of species

often referred as taxonomic), functional and phylogenetic diver-
ities using the same index. Here, we followed the approach of
e Bello et al. (2010). Alpha diversities were calculated for each
icrosite (i.e. 0.06 m2 and 1 m2) as follows:

Rao =
s∑

i=1

s∑

j=1

dijpipj

with dij the dissimilarity between species i and j where p is
heir relative abundance in the microsite. For species diversity, dij
etween species is always 1. Functional dissimilarities between
pecies were gathered from the Euclidean distance of the three
og-transformed and standardized traits (seed mass, canopy height,
pecific leaf area). Phylogenetic dissimilarities were derived from
he phylogenetic tree with the cophenetic function of the R-package
picante’. The relative abundance of the species was gathered from
he number of individuals, which was counted within the 0.06 m2
icrosites. For 1 m2 microsites, no relative abundances were avail-
ble and presence-absence data were used. The alpha diversities
f all microsites for a given grain size (either 0.06 m2 or 1 m2)
ithin a 15 m × 15 m plot were averaged to estimate the mean
olution and Systematics 24 (2017) 138–146 141

alpha diversity. Gamma diversity was calculated in the same way
as alpha diversity, but with the addition of pooling all microsites
(either 0.06 m2 or 1 m2) of the plot into one sample. Beta diversity
can finally be calculated as the proportional (ˇprop = (�  − ¯̨ )/�)
or additive difference (ˇadd = � − ¯̨ ) between gamma  and mean
alpha diversity (de Bello et al., 2010). We  report in the manuscript
only findings of the proportional beta diversity, since both indices
showed very similar results. Pearson’s correlation coefficient was
used to assess the correlation between species, functional and phy-
logenetic diversity indices.

2.4.3. Null model analyses
We used two  different null models in order to reveal species

assembly processes. The first null model assessed how species
assembled from the plot-scale species pool (15 m × 15 m)  and was
conducted for both grain sizes considered (0.06 m2 and 1 m2).
For this approach, observed mean alpha functional and phyloge-
netic diversities were compared to expected mean alpha diversities
under the consideration of random species assembly within the
plots. The null model shuffled species occurrences (presence-
absence) among microsites of the same plot by keeping the
frequency of species within the plot and the number of species
in the microsites constant. We  used the trialswap algorithm imple-
mented in the R-package ‘picante’ with 999 repetitions and 10 000
permutations. The second null model assessed how species abun-
dances at the very fine scale (0.06 m2) are related to traits and
phylogenetic relationships, respectively. If the particular environ-
mental conditions of a microsite favor a specific ecological strategy,
species with high abundances should have similar traits, leading
to trait convergence. Otherwise, if niche differentiation prevails,
species with high abundances should have dissimilar traits, which
would cause trait divergence (Bernard-Verdier et al., 2012). We
used the abundance-weighted RaoQ to quantify the (alpha) func-
tional and phylogenetic diversity within the 0.06 m2 microsites. The
observed values were compared with expected values derived from
a null model that shuffled abundances among the species within
the plots (999 repetitions). This analysis was only conducted for
microsites (n = 712) that contained more than two annual species
whose traits were available. Since assembly processes may  act con-
trastingly on different traits (Spasojevic and Suding, 2012), we
performed both null model analyses for each trait separately as
well as jointly in a multidimensional analysis. In both null model
approaches, we  calculated the standardized effect size, in order
to assess the deviation of the observed diversities (D)  from the
expected diversities,SES =

(
Dobs − D̄exp

)
/sd

(
Dexp

)
. For each plot,

we calculated a mean SES for both null models. Significance across
15 m × 15 m plots was  evaluated with a two-tailed Wilcoxon test.

2.4.4. Heterogeneity & precipitation effect on diversity
In order to reveal whether heterogeneity and precipitation gra-

dient affect the diversity indices as well as the assembly pattern
of species, we fitted a series of linear models. As response vari-
ables, we used observed mean alpha, beta (log-transformed) and
gamma  diversity indices (species, phylogenetic and functional) and
the standardized effect size (SES) of both null models. As predictors
we used the linear and quadratic term of the environmental het-
erogeneity index, land unit as categorical effect and the interaction
between both heterogeneity terms and land unit. Since beta diver-
sity indices often are dependent on the size of the species pool (Kraft
et al., 2011), the number of species of each plot was  incorporated
as covariate in these models. Models that had SES as response vari-
able included additionally the number of species and the observed

functional diversity included in the null model, since both variables
have a strong impact on the magnitude of SES (de Bello, 2012). Fol-
lowing Crawley (2007), we  did a stepwise backwards selection and
removed non-significant terms (p < 0.05) with a single-term dele-
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ion F-test to obtain the minimal adequate model. If the quadratic
erm of heterogeneity was  significant (three out of 27 models), we
dditionally fitted models that did not include the quadratic term,
n order to test the significance of the linear term of heterogene-
ty. The analyses were conducted with presence-absence data for
oth grain sizes and including abundances on the finer grain size
0.06 m2).

.4.5. Spatial autocorrelation of CWM  traits
Finally, we investigated whether the environment selects upon

raits at a specific scale, i.e. whether closely-situated microsites
hare more species with similar traits than do distantly-situated
icrosites. For this purpose, we analyzed the spatial autocorre-

ation of community weighted mean (CWM)  traits. For each plot,
e calculated Moran’s I correlograms for the CWM  traits of the

.06 m2 microsites for seven distance classes with ‘correlog’ (R-
ackage ‘ncf’). All statistics were carried out in R version 3.1.1 (R
ore Team 2012).

. Results

Our three investigated traits were moderately conserved,
lthough they were less conserved than a Brownian motion model
f trait evolution would predict (seed mass K = 0.35, p < 0.001; spe-
ific leaf area K = 0.29, p < 0.001; canopy height K = 0.24, p < 0.001),
ndicating that closely-related species tended to share similar
raits. Community weighted mean traits showed no apparent spa-
ial autocorrelation within our plots (15 m × 15 m)  (supplementary

aterial A2).
Species assembly was assessed with a null model that assumes

andom species assembly within the plots. The comparison
etween observed and expected functional diversities revealed
trong support for non-random assembly processes (Table 1). Func-
ional diversity of the multidimensional leaf-height-seed approach
as lower than expected, indicating trait convergence at both grain

izes considered (0.06 m2 and 1 m2). Similar results were obtained
hen functional diversity was calculated solely for seed mass as
ell as for canopy height (Table 1). Specific leaf area showed no

eviation from the null model. The phylogenetic approach revealed
hat at the 1 m2 grain size closely-related species tended to co-occur
phylogenetic underdispersion). At the finer grain size (0.06 m2),
pecies appeared to assemble randomly with respect to their phy-
ogeny (Table 1).

The second null model analyzed how species abundances within
ne microsites (0.06 m2) are related to the species’ traits and phy-

ogeny. This null model detected trait convergence for all traits
onsidered, indicating that species with high frequencies share
imilar traits (Table 1). In contrast, species abundances were more
venly distributed across the phylogeny than expected by chance
phylogenetic overdispersion). We  found no indication that the
esults of both null models changed along the precipitation gra-
ient or with plot-scale heterogeneity (one exception: null model
, specific leaf area, interaction between heterogeneity and land
nit p = 0.049; supplementary material A3).

The effect of environmental heterogeneity and precipitation
radient (represented by three land units) on diversity within
icrosites (alpha diversity, 0.06 m2 and 1 m2), turnover between
icrosites (beta) and plot-scale diversity (gamma) was  analyzed

or species (SD), functional (FD) and phylogenetic (PD) diversity.
bserved SD, FD and PD indices were highly correlated with each
ther, though the relationships were less strong with increas-
ng grain size (supplementary material A4). Both heterogeneity
nd land unit affected the diversity indices, but we  found no
vidence for significant heterogeneity by land unit interaction
Table 2, analyses of presence-absence data; Fig. 2, analyses includ-
olution and Systematics 24 (2017) 138–146

ing species abundances). Beta diversity (SD, FD and PD) consistently
increased with heterogeneity, particularly at the finer grain size
(0.06 m2), indicating that environmental heterogeneity increases
the turnover among microsites (Fig. 2). Along the precipitation
gradient, beta diversity showed no differences among the three
land units if the analyses included species abundances (Fig. 2) and
decreased with precipitation, if presence-absence data were used
(Table 2, supplementary material A5). The analyses and compar-
isons of alpha and gamma  diversities revealed some remarkable
differences between SD, FD and PD in relation to heterogeneity and
precipitation gradient. Heterogeneity had no significant effect on
alpha SD and positively influenced gamma  SD (Table 2). In contrast,
heterogeneity had a stronger effect on FD compared to SD and posi-
tively affected both alpha and gamma  FD. Furthermore, FD showed
in some models an unexpected U-shape pattern, if quadratic terms
were included in the maximal models (Table 2, supplementary
material A5). Alpha and gamma  PD appeared to be independent of
heterogeneity (one exception gamma  PD, 0.06 m2 including species
abundances). With respect to the precipitation gradient, species
diversity increased with annual precipitation amount at all grain
sizes. In contrast, alpha and gamma  FD was  highest in the interme-
diate land unit (particularly at the 1 m2 grain size, supplementary
material A5). Alpha and gamma  PD increased with precipitation at
the fine spatial grain sizes (0.06 m2) and showed a similar pattern
like FD diversity at the 1 m2 grain size.

4. Discussion

Environmental heterogeneity is a key factor in promoting
species coexistence and diversity, although the underlying mecha-
nisms are still poorly understood (Chesson, 2000; HilleRisLambers
et al., 2012; Stein et al., 2014). In particular, it remains unclear,
whether environmental heterogeneity has the potential to facili-
tate coexistence at fine grain sizes (Chase, 2014; Gazol et al., 2013;
Tamme  et al., 2010). In this study, we found evidence that within
15 m × 15 m plots species assembly of annual plants is strictly
non-random and further environmental heterogeneity positively
affected functional and species diversity at different spatial scales.

Null model 1 revealed that annual species are non-randomly
distributed within our 15 m × 15 m plots. Species with similar eco-
logical strategies, as quantified by the LHS concept (Westoby, 1998),
or solely by seed mass and canopy height, tended to co-occur at
both grain sizes considered (0.06 m2 and 1 m2). This trait con-
vergence pattern can be attributed to environmental differences
among microsites, as other processes that may  cause trait con-
vergence, e.g. herbivory and pollination (Cavender-Bares et al.,
2009), are unlikely to affect the investigated traits at the considered
scale. The detection of trait convergence shows that environmental
heterogeneity has an impact on the assembly and co-occurrence
of species. In order to reveal whether the environment selects
upon traits at a particular scale, we additionally assessed the spa-
tial autocorrelation of community weighted mean traits. Since
community weighted mean traits showed no apparent autocorre-
lation, it becomes evident that the trait (and species) composition
changes considerably even between nearby microsites (1.1 m dis-
tance), which is likely to be a result of small-scale heterogeneity;
potentially associated with shrubs, perennial grasses and varia-
tion of soil depth that modulate the light and water availability for
annual plants (Bernard-Verdier et al., 2012; Luzuriaga et al., 2012;
Segoli et al., 2012). In congruence with the null model approach,

environmental heterogeneity positively influenced beta diversity,
particularly at the finer grain size (0.06 m2). Hence, both analyses
– the null model approach and the effect of environmental hetero-
geneity on beta diversity – provide compelling evidence that local



K. Bergholz et al. / Perspectives in Plant Ecology, Evolution and Systematics 24 (2017) 138–146 143

Table  1
Results of both null model approaches that analyzed species assembly within 15 m × 15 m plots (null model 1) and the trait abundances within 0.06 m2 quadrats (null
model  2). Observed functional and phylogenetic diversities were compared with the expected diversities generated by the null models. The deviation between observed
and  expected diversities was quantified with the Standard Effect Size (SES). + and − indicate whether the mean SES is positive (obs > exp) or negative (obs < exp). The table
shows  significant deviations of the SES from zero across all 81 plots, with the respective p-values revealed by a two-tailed Wilcoxon test. LHS stands for the Leaf-Height-Seed
strategy by Westoby (1998), which is a multidimensional analysis of the three log-transformed traits; seed mass (SM), canopy height (CH) and specific leaf area (SLA).

Null model Grain size [m2] LHS SM CH SLA Phylogeny

1 0.06 – 0.0007 – 0.0005 – 0.0025 0.31 0.94
1  – 0.003 – 0.006 – 0.0002 0.58 – 0.006

2  0.06 – <0.0001 – 0.0017 – 0.038 – <0.0001 + 0.009

Table 2
Effect of environmental heterogeneity (Het) and land unit on mean alpha, beta, gamma  species (SD), functional (FD) and phylogenetic (PD) diversity for both grain sizes
(0.06  m2, 1 m2) and presence-absence data (see supplementary material A5 for graphical illustration). The maximal models included heterogeneity as linear and quadratic
term,  land unit und the interaction between heterogeneity and land unit. The table reports the minimal adequate models with marginally significant (p < 0.1) terms, which
were  revealed with single-term deletion F-test. The interaction between land unit and heterogeneity was not significant in any model. F-values marked with “#” base on
models  that did not include the quadratic term of the heterogeneity index (see methods for details). Statistical models of beta diversities also included the species richness
of  the 15 m × 15 m plot, since beta diversity indices are often influenced by the number of species. **** < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05,. p < 0.1.

Scale facet Grain size [m2] Het Het2 Land unit
F  F F

mean Alpha SD 0.06 84.17 ****
1  2.8 . 40.03 ****

FD  0.06 4.94 * 54.4 ****
1 #14.45 *** 5.11 * 13.55 ****

PD  0.06 0.015 63.31 ****
1  0.029 8.26 ****

log  Beta SD 0.06 12.38 *** 14.86 ****
1  4.95 * 5.61 **

FD  0.06 8.8 ** 14.47 ****
1  2.41 10.75 ****

PD  0.06 15.55 *** 13.62 ****
1  7.41 ** 5.18 **

Gamma  SD 0.06 3.59 . 43.44 ****
1  7.35 ** 35.05 ****

FD  0.06 #10.92 ** 6.8 * 24.03 ****
#
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nvironmental heterogeneity may  act as stabilizing factor for coex-
stence among species by the provision of different microhabitats.

The second null model analyzed whether species abundances
re related to traits within microsites (0.06 m2). Irrespective of
hich trait was considered, species with high abundances shared

imilar traits, as indicated by trait convergence. Hence, at the grain
ize where individuals interact and compete for resources, the envi-
onmental conditions favor species with similar strategies.

The consistent detection of trait convergence at fine scales
ontrasts the expectation and findings of other studies arguing
hat at very fine spatial grain sizes species assembly appears ran-
omly or that competition creates trait divergence (Weiher et al.,
011). For instance, de Bello et al. (2013) found trait divergence for
emperate grasslands at 1 m2; the same was detected by Bernard-
erdier et al. (2012) in Mediterranean grasslands at 54 m2. The
ontradiction between our and other studies may  have multiple
easons. While we analyzed annual communities, the other stud-
es focused on perennial-dominated systems. Annual plants are on
verage smaller compared to perennials and thus the influence
f small-scale heterogeneity should have a larger effect on the
ssembly of annuals compared to perennials. Moreover, compet-
tive intensity is assumed to be lower between annuals compared
o perennials (see Emery et al., 2009 for a summary of differences
etween annuals and perennials), especially in less productive sys-
em like ours (e.g. Schiffers and Tielbörger, 2006). At the same

ime, a large body of literature highlight differences in regeneration
trategies, like dormancy and germination timing, as important co-
xistence mechanism in annual communities (Pake and Venable,
996; Siewert and Tielbörger, 2010; Venable and Brown, 1988),
**** 6.89 * 11.34 ****
22.31 ****
4.65 *

while differences in regenerative strategies between perennials
seem to be less important (Emery et al., 2009). Hence, annual
communities may  show trait divergence particularly in complex
regenerative traits (see below phylogenetic analyses), since low
competitive intensities do not drive trait divergence in ‘key func-
tional traits’. However, Adler et al. (2013) showed that patterns of
trait divergence observed at a larger scale can actually result from
small-scale environmental filtering within microhabitats. Under
this consideration, the trait divergence observed by other stud-
ies may  need to be re-evaluated. For instance, the trait divergence
findings by May  et al. (2013a), who  analyzed the same annual
communities as in the current study but from a regional perspec-
tive, may  be the result of small-scale ‘environmental filtering’. Our
approach, therefore, underlines the need for a better understanding
of how small-scale heterogeneity affects the trait-based assembly
of species (Adler et al., 2013).

Environmental heterogeneity may  affect species richness pos-
itively by widening the available niche space and negatively
by reducing suitable area and increasing micro-fragmentation
for species (Kadmon and Allouche, 2007; Laanisto et al., 2012).
We found no indication for the unimodal species richness-
heterogeneity pattern predicted by Kadmon and Allouche (2007).
In our study, heterogeneity positively influenced species diversity
at the plot-scale. As the null model analyses suggest, microhabitats
favor species with different traits and thus plots with a higher diver-

sity in microhabitats may  contain a higher overall species diversity.
Additionally, we observed that heterogeneity had an even larger
positive effect on functional diversity compared to species diver-
sity. This pattern indicates that heterogeneity indeed affects the
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Fig. 2. Effect of environmental heterogeneity (Het) and land unit (LU) on mean alpha, beta and gamma  species, functional and phylogenetic diversity. The figure shows data
of  the finer grain size (0.06 m2) and considered species abundances (Table 2 shows results of presence-absence data). Lines indicate predictions of the minimal adequate
models. Significance of both predictors is shown at the right bottom of the figure. Please note that the maximal models also included the interaction between land unit and
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eterogeneity, which was  not significant in any model. Beta diversity models includ
f  species was  set to the median. The legend includes mean annual precipitation am
ot  significant (p > 0.05).

vailable niche space, since it increases the diversity of ecological
trategies of the species. Species may  have very similar ecologi-
al strategies and traits (functional redundancy) as indicated by
he weak correlation between taxonomic and functional diversity
t larger spatial extents. As a result, heterogeneity should primar-
ly affect the functional diversity rather than the species diversity
er se,  as our analyses indicate. Moreover, heterogeneity, which
as measured at the plot-scale (15 m × 15 m),  positively influenced

he functional diversity within microsites (0.06 m2 and 1 m2). The
igher functional diversity in microsites may  be the result of small-
cale heterogeneity within the microsite, since plots with a high
eterogeneity at the plot-scale also feature a higher heterogene-

ty within microhabitats (see Methods). Spatial mass effects, i.e.
he inflow of species from neighboring sites, may  also increase the
unctional diversity of microhabitats. However, such mechanisms
eem to be ineffective to increase the species diversity in microsites,
hich may  be due to very limited dispersal distances of annuals in

ur study system (Siewert and Tielbörger, 2010) and small-scale
environmental filtering’ even between closely-situated microsites
see above). The strong relationship between heterogeneity and
unctional diversity across different grain sizes highlights the role
f heterogeneity on niche-based processes and shows that analyses
hat solely rely on species diversity may  miss important insights.
oreover, we found an unexpected, although weak, non-linear
ncrease of functional diversity with heterogeneity in some models
ndicating that not only the strength, but also the shape of hetero-
eneity may  affect species and functional diversity differently.
ditionally the number of species as covariate. For the graphical illustration, number
 at the three land units. **** < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, ‘–‘ indicates

Along the precipitation gradient, we  observed contrasting
trends of species and functional diversity. Alpha and gamma species
diversity increased with precipitation amount, which is consis-
tent with numerous studies along similar precipitation gradients
(e.g. Giladi et al., 2011). Noteworthy, the corresponding alpha
and gamma functional diversity showed an idiosyncratic pattern
towards precipitation amount, with a peak in the intermediate land
unit. Our study region is located at the transition zone between
desert and Mediterranean ecosystems with a substantial species
turnover between the three land units (only half of the species
occur in all three land units, Giladi et al., 2011). Hence, the interme-
diate land unit contains possibly the largest overlap of species from
these two  ecosystems and features therefore the highest diversity
in functional traits. While beta diversity did not differ between
land units if species abundances were included in the analyses,
beta diversity decreases with precipitation, if the analyses based
on presence-absence data. The latter pattern is quite surprising,
since beta diversity indices generally increase with the size of the
species pool (Kraft et al., 2011). However, the observed differences
in beta diversity between land units are no indication for changing
assembly processes along the precipitation gradient. If the size of
the species pool varies much between land units, as in our study,
observed differences in beta diversity may  be a mathematical arte-

fact (Kraft et al., 2011). In this context, the effect of heterogeneity on
diversity and on species assembly (i.e. SES of null models) appeared
to be consistent along the precipitation gradient. Further, we found
no indication that species assembly was  affected by the hetero-
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eneity of the plot. It should be noted that also ‘environmental
omogenous’ plots in terms of microhabitat diversity, may  con-
ain some degree of environmental variation across microsites, as
or instance differences in soil properties were not assessed with
ur heterogeneity index. Therefore, it seems likely that the hetero-
eneity gradient in our study was not sufficiently large to reveal
ifferences in species assembly.

We  used phylogenetic relationships in order to extend our func-
ional approach, which relies on three key functional traits (de Bello
t al., 2015). Corresponding to the observed trait convergence pat-
ern, we expected to detect phylogenetic underdispersion, since
losely related species tended to share similar traits. As predicted,
hylogenetic underdispersion was found within larger microsites
1 m2), but at the finer grain size (0.06 m2) species appeared ran-
omly assembled with respect to the phylogeny (null model 1). The
ombination of a lower chance of detecting assembly processes
ith decreasing species numbers at finer scales (Weiher et al.,

011) and a lower sensitivity of phylogenetic approaches (Kraft
nd Ackerly, 2010) may  explain the deviation between the trait
nd phylogenetic approaches at 0.06 m2. However, more striking
s the phylogenetic overdispersion of the second null model. This
attern indicates that species’ abundances are more evenly dis-
ributed across the phylogenetic tree than expected by chance, and
hus species with high abundances tend to be distantly related. This
nding has two alternative explanations. One is that environmen-

al conditions favor species with similar traits, but closely-related
pecies actually have different ecological strategies. This scenario
ould lead to the detection of phylogenetic overdispersion, but

t is unlikely because trait conservatism is in general high, if the
nvestigated community comprises different phylogenetic clades
Cavender-Bares et al., 2009). More likely, competition might cre-
te divergence in traits that are phylogenetically conserved, but
hich were not measured in this study. As mentioned above,

iche differentiation in generative traits is important in annual
lant communities and generative traits show phylogenetic con-
ervatism (e.g. Hoyle et al., 2015). The contrasting pattern between
rait-based and phylogenetic approaches indicate that species
ssembly is affected contrastingly by traits (Spasojevic and Suding,
012). Therefore, rather than considering the disadvantages of phy-

ogenetic studies, we think that observed phylogenetic patterns
uild an excellent starting point for further research to reveal the
nderlying mechanisms and traits.

In conclusion, our analyses provide compelling evidence that
nvironmental heterogeneity facilitates coexistence among annual
lants through the provision of microhabitats and species sorting
mong these microhabitats. The combination of null models and
nalyses of heterogeneity-diversity relationships at different grain
izes and diversity facets allowed us to highlight the importance
f heterogeneity on niche-based processes. This study, therefore,
ighlights the need for trait-based approaches that are conducted
t small spatial extents in order to analyze coexistence mechanisms
t local scales, which remain overlooked or even misinterpreted
hen a more regional perspective is followed.
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J.,  Lindborg, R., Moora, M.,  Pärtel, M.,  Pellissier, L., Pottier, J., Vittoz, P., Zobel, K.,
Zobel, M.,  2012. Ecological assembly rules in plant communities—approaches,
patterns and prospects. Biol. Rev. 87, 111–127, http://dx.doi.org/10.1111/j.
1469-185X.2011.00187.x.

Gazol, A., Tamme, R., Price, J.N., Hiiesalu, I., Laanisto, L., Paertel, M., 2013. A
negative heterogeneity-diversity relationship found in experimental grassland
communities. Oecologia 173, 545–555, http://dx.doi.org/10.1007/s00442-013-
2623-x.

Gemeinholzer, B., May, F., Ristow, M.,  Batsch, C., Lauterbach, D., 2012. Strong
genetic differentiation on a fragmentation gradient among populations of the
heterocarpic annual Catananche lutea L. (Asteraceae). Plant Syst. Evol. 298,
1585–1596, http://dx.doi.org/10.1007/s00606-012-0661-1.

Gerhold, P., Cahill, J.F., Winter, M.,  Bartish, I.V., Prinzing, A., 2015. Phylogenetic

patterns are not proxies of community assembly mechanisms (they are far
better). Funct. Ecol. 29, 600–614, http://dx.doi.org/10.1111/1365-2435.12425.

Giladi, I., Ziv, Y., May, F., Jeltsch, F., 2011. Scale-dependent determinants of plant
species richness in a semi-arid fragmented agro-ecosystem. J. Veg. Sci. 22,
983–996, http://dx.doi.org/10.1111/j.1654-1103.2011.01309.x.

http://dx.doi.org/10.1016/j.ppees.2017.01.001
http://dx.doi.org/10.1016/j.ppees.2017.01.001
http://dx.doi.org/10.1016/j.ppees.2017.01.001
http://dx.doi.org/10.1016/j.ppees.2017.01.001
http://dx.doi.org/10.1016/j.ppees.2017.01.001
http://dx.doi.org/10.1016/j.ppees.2017.01.001
http://dx.doi.org/10.1016/j.ppees.2017.01.001
http://dx.doi.org/10.1016/j.ppees.2017.01.001
http://dx.doi.org/10.1016/j.ppees.2017.01.001
http://dx.doi.org/10.1016/j.ppees.2017.01.001
http://dx.doi.org/10.1016/j.ppees.2017.01.001
dx.doi.org/10.1111/ele.12157
dx.doi.org/10.1111/ele.12157
dx.doi.org/10.1111/ele.12157
dx.doi.org/10.1111/ele.12157
dx.doi.org/10.1111/ele.12157
dx.doi.org/10.1111/ele.12157
dx.doi.org/10.1111/ele.12157
dx.doi.org/10.1111/ele.12157
dx.doi.org/10.3732/ajb.0900346
dx.doi.org/10.3732/ajb.0900346
dx.doi.org/10.3732/ajb.0900346
dx.doi.org/10.3732/ajb.0900346
dx.doi.org/10.3732/ajb.0900346
dx.doi.org/10.3732/ajb.0900346
dx.doi.org/10.3732/ajb.0900346
dx.doi.org/10.3732/ajb.0900346
dx.doi.org/10.1111/1365-2745.12003
dx.doi.org/10.1111/1365-2745.12003
dx.doi.org/10.1111/1365-2745.12003
dx.doi.org/10.1111/1365-2745.12003
dx.doi.org/10.1111/1365-2745.12003
dx.doi.org/10.1111/1365-2745.12003
dx.doi.org/10.1111/1365-2745.12003
dx.doi.org/10.1111/1365-2745.12003
dx.doi.org/10.1111/1365-2745.12003
dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
dx.doi.org/10.1111/j.1461-0248.2009.01314.x
dx.doi.org/10.1111/j.1461-0248.2009.01314.x
dx.doi.org/10.1111/j.1461-0248.2009.01314.x
dx.doi.org/10.1111/j.1461-0248.2009.01314.x
dx.doi.org/10.1111/j.1461-0248.2009.01314.x
dx.doi.org/10.1111/j.1461-0248.2009.01314.x
dx.doi.org/10.1111/j.1461-0248.2009.01314.x
dx.doi.org/10.1111/j.1461-0248.2009.01314.x
dx.doi.org/10.1111/j.1461-0248.2009.01314.x
dx.doi.org/10.1111/j.1461-0248.2009.01314.x
dx.doi.org/10.1111/j.1461-0248.2009.01314.x
dx.doi.org/10.1111/j.1461-0248.2009.01314.x
dx.doi.org/10.1111/jvs.12159
dx.doi.org/10.1111/jvs.12159
dx.doi.org/10.1111/jvs.12159
dx.doi.org/10.1111/jvs.12159
dx.doi.org/10.1111/jvs.12159
dx.doi.org/10.1111/jvs.12159
dx.doi.org/10.1111/jvs.12159
dx.doi.org/10.1111/jvs.12159
dx.doi.org/10.1146/annurev.ecolsys.31.1.343
dx.doi.org/10.1146/annurev.ecolsys.31.1.343
dx.doi.org/10.1146/annurev.ecolsys.31.1.343
dx.doi.org/10.1146/annurev.ecolsys.31.1.343
dx.doi.org/10.1146/annurev.ecolsys.31.1.343
dx.doi.org/10.1146/annurev.ecolsys.31.1.343
dx.doi.org/10.1146/annurev.ecolsys.31.1.343
dx.doi.org/10.1146/annurev.ecolsys.31.1.343
dx.doi.org/10.1146/annurev.ecolsys.31.1.343
dx.doi.org/10.1146/annurev.ecolsys.31.1.343
dx.doi.org/10.1146/annurev.ecolsys.31.1.343
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0040
dx.doi.org/10.1890/07-1134.1
dx.doi.org/10.1890/07-1134.1
dx.doi.org/10.1890/07-1134.1
dx.doi.org/10.1890/07-1134.1
dx.doi.org/10.1890/07-1134.1
dx.doi.org/10.1890/07-1134.1
dx.doi.org/10.1890/07-1134.1
dx.doi.org/10.1890/07-1134.1
dx.doi.org/10.1890/07-1134.1
dx.doi.org/10.1890/0012-9658(2006)87[1465:ATTFHF]2.0.CO;2
dx.doi.org/10.1890/0012-9658(2006)87[1465:ATTFHF]2.0.CO;2
dx.doi.org/10.1890/0012-9658(2006)87[1465:ATTFHF]2.0.CO;2
dx.doi.org/10.1890/0012-9658(2006)87[1465:ATTFHF]2.0.CO;2
dx.doi.org/10.1890/0012-9658(2006)87[1465:ATTFHF]2.0.CO;2
dx.doi.org/10.1890/0012-9658(2006)87[1465:ATTFHF]2.0.CO;2
dx.doi.org/10.1890/0012-9658(2006)87[1465:ATTFHF]2.0.CO;2
dx.doi.org/10.1890/0012-9658(2006)87[1465:ATTFHF]2.0.CO;2
dx.doi.org/10.1890/0012-9658(2006)87[1465:ATTFHF]2.0.CO;2
dx.doi.org/10.1890/0012-9658(2006)87[1465:ATTFHF]2.0.CO;2
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0055
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0055
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0055
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0055
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0055
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0055
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0055
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0055
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0055
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0055
dx.doi.org/10.1016/j.ppees.2012.10.005
dx.doi.org/10.1016/j.ppees.2012.10.005
dx.doi.org/10.1016/j.ppees.2012.10.005
dx.doi.org/10.1016/j.ppees.2012.10.005
dx.doi.org/10.1016/j.ppees.2012.10.005
dx.doi.org/10.1016/j.ppees.2012.10.005
dx.doi.org/10.1016/j.ppees.2012.10.005
dx.doi.org/10.1016/j.ppees.2012.10.005
dx.doi.org/10.1016/j.ppees.2012.10.005
dx.doi.org/10.1016/j.ppees.2012.10.005
dx.doi.org/10.1016/j.ppees.2012.10.005
dx.doi.org/10.1111/j.1654-1103.2010.01195.x
dx.doi.org/10.1111/j.1654-1103.2010.01195.x
dx.doi.org/10.1111/j.1654-1103.2010.01195.x
dx.doi.org/10.1111/j.1654-1103.2010.01195.x
dx.doi.org/10.1111/j.1654-1103.2010.01195.x
dx.doi.org/10.1111/j.1654-1103.2010.01195.x
dx.doi.org/10.1111/j.1654-1103.2010.01195.x
dx.doi.org/10.1111/j.1654-1103.2010.01195.x
dx.doi.org/10.1111/j.1654-1103.2010.01195.x
dx.doi.org/10.1111/j.1654-1103.2010.01195.x
dx.doi.org/10.1111/j.1654-1103.2010.01195.x
dx.doi.org/10.1111/j.1654-1103.2010.01195.x
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0070
dx.doi.org/10.1111/1365-2745.12139
dx.doi.org/10.1111/1365-2745.12139
dx.doi.org/10.1111/1365-2745.12139
dx.doi.org/10.1111/1365-2745.12139
dx.doi.org/10.1111/1365-2745.12139
dx.doi.org/10.1111/1365-2745.12139
dx.doi.org/10.1111/1365-2745.12139
dx.doi.org/10.1111/1365-2745.12139
dx.doi.org/10.1111/1365-2745.12139
dx.doi.org/10.1007/s12224-015-9228-6
dx.doi.org/10.1007/s12224-015-9228-6
dx.doi.org/10.1007/s12224-015-9228-6
dx.doi.org/10.1007/s12224-015-9228-6
dx.doi.org/10.1007/s12224-015-9228-6
dx.doi.org/10.1007/s12224-015-9228-6
dx.doi.org/10.1007/s12224-015-9228-6
dx.doi.org/10.1007/s12224-015-9228-6
dx.doi.org/10.1007/s12224-015-9228-6
dx.doi.org/10.1007/s12224-015-9228-6
dx.doi.org/10.1111/j.1466-8238.2011.00682.x
dx.doi.org/10.1111/j.1466-8238.2011.00682.x
dx.doi.org/10.1111/j.1466-8238.2011.00682.x
dx.doi.org/10.1111/j.1466-8238.2011.00682.x
dx.doi.org/10.1111/j.1466-8238.2011.00682.x
dx.doi.org/10.1111/j.1466-8238.2011.00682.x
dx.doi.org/10.1111/j.1466-8238.2011.00682.x
dx.doi.org/10.1111/j.1466-8238.2011.00682.x
dx.doi.org/10.1111/j.1466-8238.2011.00682.x
dx.doi.org/10.1111/j.1466-8238.2011.00682.x
dx.doi.org/10.1111/j.1466-8238.2011.00682.x
dx.doi.org/10.1111/j.1466-8238.2011.00682.x
dx.doi.org/10.1111/j.1469-8137.2008.02676.x
dx.doi.org/10.1111/j.1469-8137.2008.02676.x
dx.doi.org/10.1111/j.1469-8137.2008.02676.x
dx.doi.org/10.1111/j.1469-8137.2008.02676.x
dx.doi.org/10.1111/j.1469-8137.2008.02676.x
dx.doi.org/10.1111/j.1469-8137.2008.02676.x
dx.doi.org/10.1111/j.1469-8137.2008.02676.x
dx.doi.org/10.1111/j.1469-8137.2008.02676.x
dx.doi.org/10.1111/j.1469-8137.2008.02676.x
dx.doi.org/10.1111/j.1469-8137.2008.02676.x
dx.doi.org/10.1111/j.1469-8137.2008.02676.x
dx.doi.org/10.1111/j.1469-8137.2008.02676.x
dx.doi.org/10.1111/j.1469-185X.2011.00187.x
dx.doi.org/10.1111/j.1469-185X.2011.00187.x
dx.doi.org/10.1111/j.1469-185X.2011.00187.x
dx.doi.org/10.1111/j.1469-185X.2011.00187.x
dx.doi.org/10.1111/j.1469-185X.2011.00187.x
dx.doi.org/10.1111/j.1469-185X.2011.00187.x
dx.doi.org/10.1111/j.1469-185X.2011.00187.x
dx.doi.org/10.1111/j.1469-185X.2011.00187.x
dx.doi.org/10.1111/j.1469-185X.2011.00187.x
dx.doi.org/10.1111/j.1469-185X.2011.00187.x
dx.doi.org/10.1111/j.1469-185X.2011.00187.x
dx.doi.org/10.1111/j.1469-185X.2011.00187.x
dx.doi.org/10.1007/s00442-013-2623-x
dx.doi.org/10.1007/s00442-013-2623-x
dx.doi.org/10.1007/s00442-013-2623-x
dx.doi.org/10.1007/s00442-013-2623-x
dx.doi.org/10.1007/s00442-013-2623-x
dx.doi.org/10.1007/s00442-013-2623-x
dx.doi.org/10.1007/s00442-013-2623-x
dx.doi.org/10.1007/s00442-013-2623-x
dx.doi.org/10.1007/s00442-013-2623-x
dx.doi.org/10.1007/s00442-013-2623-x
dx.doi.org/10.1007/s00606-012-0661-1
dx.doi.org/10.1007/s00606-012-0661-1
dx.doi.org/10.1007/s00606-012-0661-1
dx.doi.org/10.1007/s00606-012-0661-1
dx.doi.org/10.1007/s00606-012-0661-1
dx.doi.org/10.1007/s00606-012-0661-1
dx.doi.org/10.1007/s00606-012-0661-1
dx.doi.org/10.1007/s00606-012-0661-1
dx.doi.org/10.1007/s00606-012-0661-1
dx.doi.org/10.1007/s00606-012-0661-1
dx.doi.org/10.1111/1365-2435.12425
dx.doi.org/10.1111/1365-2435.12425
dx.doi.org/10.1111/1365-2435.12425
dx.doi.org/10.1111/1365-2435.12425
dx.doi.org/10.1111/1365-2435.12425
dx.doi.org/10.1111/1365-2435.12425
dx.doi.org/10.1111/1365-2435.12425
dx.doi.org/10.1111/1365-2435.12425
dx.doi.org/10.1111/1365-2435.12425
dx.doi.org/10.1111/j.1654-1103.2011.01309.x
dx.doi.org/10.1111/j.1654-1103.2011.01309.x
dx.doi.org/10.1111/j.1654-1103.2011.01309.x
dx.doi.org/10.1111/j.1654-1103.2011.01309.x
dx.doi.org/10.1111/j.1654-1103.2011.01309.x
dx.doi.org/10.1111/j.1654-1103.2011.01309.x
dx.doi.org/10.1111/j.1654-1103.2011.01309.x
dx.doi.org/10.1111/j.1654-1103.2011.01309.x
dx.doi.org/10.1111/j.1654-1103.2011.01309.x
dx.doi.org/10.1111/j.1654-1103.2011.01309.x
dx.doi.org/10.1111/j.1654-1103.2011.01309.x
dx.doi.org/10.1111/j.1654-1103.2011.01309.x


1 gy, Ev

H

H

K

K

K

K

K

L

L

L

M

M

M

M

M

M

M

213–251.
Yang, Z., Liu, X., Zhou, M.,  Ai, D., Wang, G., Wang, Y., Chu, C., Lundholm, J.T., 2015.
46 K. Bergholz et al. / Perspectives in Plant Ecolo

illeRisLambers, J., Adler, P. b., Harpole, W.  s., Levine, J. m.,  Mayfield, M.  m., 2012.
Rethinking community assembly through the lens of coexistence theory. Annu.
Rev. Ecol. Evol. Syst. 43, 227–248, http://dx.doi.org/10.1146/annurev-ecolsys-
110411-160411.

oyle, G.L., Steadman, K.J., Good, R.B., McIntosh, E.J., Galea, L.M.E., Nicotra, A.B.,
2015. Seed germination strategies: an evolutionary trajectory independent of
vegetative functional traits. Front. Plant Sci. 6, 731, http://dx.doi.org/10.3389/
fpls.2015.00731.

admon, R., Allouche, O., 2007. Integrating the effects of area, isolation, and habitat
heterogeneity on species diversity: a unification of island biogeography and
niche theory. Am.  Nat. 170, 443–454, http://dx.doi.org/10.1086/519853.

eddy, P.A., 1992. Assembly and response rules – two goals for predictive
community ecology. J. Veg. Sci. 3, 157–164, http://dx.doi.org/10.2307/3235676.

raft, N.J.B., Ackerly, D.D., 2010. Functional trait and phylogenetic tests of
community assembly across spatial scales in an Amazonian forest. Ecol.
Monogr. 80, 401–422, http://dx.doi.org/10.1890/09-1672.1.

raft, N.J.B., Comita, L.S., Chase, J.M., Sanders, N.J., Swenson, N.G., Crist, T.O., Stegen,
J.C., Vellend, M.,  Boyle, B., Anderson, M.J., Cornell, H.V., Davies, K.F., Freestone,
A.L., Inouye, B.D., Harrison, S.P., Myers, J.A., 2011. Disentangling the drivers of
beta diversity along latitudinal and elevational gradients. Science 333,
1755–1758, http://dx.doi.org/10.1126/science.1208584.

raft, N.J.B., Adler, P.B., Godoy, O., James, E.C., Fuller, S., Levine, J.M., 2015.
Community assembly, coexistence and the environmental filtering metaphor.
Funct. Ecol. 29, 592–599, http://dx.doi.org/10.1111/1365-2435.12345.

aanisto, L., Tamme, R., Hiiesalu, I., Szava-Kovats, R., Gazol, A., Pärtel, M.,  2012.
Microfragmentation concept explains non-positive environmental
heterogeneity-diversity relationships. Oecologia 171, 217–226, http://dx.doi.
org/10.1007/s00442-012-2398-5.

undholm, J.T., 2009. Plant species diversity and environmental heterogeneity:
spatial scale and competing hypotheses. J. Veg. Sci. 20, 377–391, http://dx.doi.
org/10.1111/j.1654-1103.2009.05577.x.

uzuriaga, A.L., Sánchez, A.M., Maestre, F.T., Escudero, A., 2012. Assemblage of a
semi-arid annual plant community: abiotic and biotic filters act hierarchically.
PLoS One 7, e41270, http://dx.doi.org/10.1371/journal.pone.0041270.

acArthur, R.H., Levins, R., 1967. Limiting similarity convergence and divergence
of coexisting species. Am.  Nat. 101, 377-+, http://dx.doi.org/10.1086/282505.

acArthur, R., MacArthur, J., 1961. On bird species-diversity. Ecology 42, 594,
http://dx.doi.org/10.2307/1932254.

ay, F., Giladi, I., Ristow, M.,  Ziv, Y., Jeltsch, F., 2013a. Plant functional traits and
community assembly along interacting gradients of productivity and
fragmentation. Perspect. Plant Ecol. Evol. Syst. 15, 304–318, http://dx.doi.org/
10.1016/j.ppees.2013.08.002.

ay, F., Giladi, I., Ristow, M.,  Ziv, Y., Jeltsch, F., 2013b. Metacommunity,
mainland-island system or island communities? Assessing the regional
dynamics of plant communities in a fragmented landscape. Ecography 36,
842–853, http://dx.doi.org/10.1111/j.1600-0587.2012.07793.x.

ayfield, M.M.,  Levine, J.M., 2010. Opposing effects of competitive exclusion on
the  phylogenetic structure of communities. Ecol. Lett. 13, 1085–1093, http://
dx.doi.org/10.1111/j.1461-0248.2010.01509.x.

eynard, C.N., Devictor, V., Mouillot, D., Thuiller, W.,  Jiguet, F., Mouquet, N., 2011.
Beyond taxonomic diversity patterns: how do alpha, beta and gamma
components of bird functional and phylogenetic diversity respond to
environmental gradients across France? Glob. Ecol. Biog. 20, 893–903, http://

dx.doi.org/10.1111/j.1466-8238.2010.00647.x.

ouchet, M.A., Villeger, S., Mason, N.W.H., Mouillot, D., 2010. Functional diversity
measures: an overview of their redundancy and their ability to discriminate
community assembly rules. Funct. Ecol. 24, 867–876, http://dx.doi.org/10.
1111/j.1365-2435.2010.01695.x.
olution and Systematics 24 (2017) 138–146

Pake, C.E., Venable, D.L., 1996. Seed banks in desert annuals: implications for
persistence and coexistence in variable environments. Ecology 77, 1427–1435.

Price, J.N., Gazol, A., Tamme, R., Hiiesalu, I., Pärtel, M., 2014. The functional
assembly of experimental grasslands in relation to fertility and resource
heterogeneity. Funct. Ecol. 28, 509–519, http://dx.doi.org/10.1111/1365-2435.
12186.

Schiffers, K., Tielbörger, K., 2006. Ontogenetic shifts in interactions among annual
plants. J. Ecol. 94, 336–341, http://dx.doi.org/10.1111/j.1365-2745.2006.01097.
x.

Segoli, M.,  Ungar, E.D., Giladi, I., Arnon, A., Shachak, M.,  2012. Untangling the
positive and negative effects of shrubs on herbaceous vegetation in drylands.
Landsc. Ecol. 27, 899–910, http://dx.doi.org/10.1007/s10980-012-9736-1.

Shmida, A., Wilson, M.V., 1985. Biological determinants of species diversity. J.
Biogeogr. 12, 1–20, http://dx.doi.org/10.2307/2845026.

Siewert, W.,  Tielbörger, K., 2010. Dispersal-dormancy relationships in annual
plants: putting model predictions to the test. Am. Nat. 176, 490–500, http://dx.
doi.org/10.1086/656271.

Spasojevic, M.J., Suding, K.N., 2012. Inferring community assembly mechanisms
from functional diversity patterns: the importance of multiple assembly
processes. J. Ecol. 100, 652–661, http://dx.doi.org/10.1111/j.1365-2745.2011.
01945.x.

Stein, A., Gerstner, K., Kreft, H., 2014. Environmental heterogeneity as a universal
driver of species richness across taxa, biomes and spatial scales. Ecol. Lett. 17,
866–880, http://dx.doi.org/10.1111/ele.12277.

Swenson, N.G., Enquist, B.J., Thompson, J., Zimmerman, J.K., 2007. The influence of
spatial and size scale on phylogenetic relatedness in tropical forest
communities. Ecology 88, 1770–1780, http://dx.doi.org/10.1890/06-1499.1.

Tamme, R., Hiiesalu, I., Laanisto, L., Szava-Kovats, R., Partel, M.,  2010.
Environmental heterogeneity, species diversity and co-existence at different
spatial scales. J. Veg. Sci. 21, 796–801, http://dx.doi.org/10.1111/j.1654-1103.
2010.01185.x.

The Angiosperm Phylogeny Group, 2009. An update of the Angiosperm Phylogeny
Group classification for the orders and families of flowering plants: APG III.
Bot. J. Linnean Soc. 161, 105–121.

Thompson, K., Petchey, O.L., Askew, A.P., Dunnett, N.P., Beckerman, A.P., Willis, A.J.,
2010. Little evidence for limiting similarity in a long-term study of a roadside
plant community. J. Ecol. 98, 480–487, http://dx.doi.org/10.1111/j.1365-2745.
2009.01610.x.

Venable, D.L., Brown, J.S., 1988. The selective interactions of dispersal, dormancy,
and  seed size as adaptations for reducing risk in variable environments. Am.
Nat., 360–384.

Webb, C.O., Ackerly, D.D., McPeek, M.A., Donoghue, M.J., 2002. Phylogenies and
community ecology. Annu. Rev. Ecol. Syst. 33, 475–505, http://dx.doi.org/10.
1146/annurev.ecolysis.33.010802.150448.

Weiher, E., Freund, D., Bunton, T., Stefanski, A., Lee, T., Bentivenga, S., 2011.
Advances, challenges and a developing synthesis of ecological community
assembly theory. Phil. Trans. R. Soc. B 366, 2403–2413, http://dx.doi.org/10.
1098/rstb.2011.0056.

Westoby, M.,  1998. A leaf-height-seed (LHS) plant ecology strategy scheme. Plant
Soil 199, 213–227, http://dx.doi.org/10.1023/A:1004327224729.

Whittaker, R.H., 1972. Evolution and measurement of species diversity. Taxon 21,
The effect of environmental heterogeneity on species richness depends on
community position along the environmental gradient. Sci. Rep. 5, 15723,
http://dx.doi.org/10.1038/srep15723.

dx.doi.org/10.1146/annurev-ecolsys-110411-160411
dx.doi.org/10.1146/annurev-ecolsys-110411-160411
dx.doi.org/10.1146/annurev-ecolsys-110411-160411
dx.doi.org/10.1146/annurev-ecolsys-110411-160411
dx.doi.org/10.1146/annurev-ecolsys-110411-160411
dx.doi.org/10.1146/annurev-ecolsys-110411-160411
dx.doi.org/10.1146/annurev-ecolsys-110411-160411
dx.doi.org/10.1146/annurev-ecolsys-110411-160411
dx.doi.org/10.1146/annurev-ecolsys-110411-160411
dx.doi.org/10.1146/annurev-ecolsys-110411-160411
dx.doi.org/10.3389/fpls.2015.00731
dx.doi.org/10.3389/fpls.2015.00731
dx.doi.org/10.3389/fpls.2015.00731
dx.doi.org/10.3389/fpls.2015.00731
dx.doi.org/10.3389/fpls.2015.00731
dx.doi.org/10.3389/fpls.2015.00731
dx.doi.org/10.3389/fpls.2015.00731
dx.doi.org/10.3389/fpls.2015.00731
dx.doi.org/10.3389/fpls.2015.00731
dx.doi.org/10.1086/519853
dx.doi.org/10.1086/519853
dx.doi.org/10.1086/519853
dx.doi.org/10.1086/519853
dx.doi.org/10.1086/519853
dx.doi.org/10.1086/519853
dx.doi.org/10.1086/519853
dx.doi.org/10.2307/3235676
dx.doi.org/10.2307/3235676
dx.doi.org/10.2307/3235676
dx.doi.org/10.2307/3235676
dx.doi.org/10.2307/3235676
dx.doi.org/10.2307/3235676
dx.doi.org/10.2307/3235676
dx.doi.org/10.1890/09-1672.1
dx.doi.org/10.1890/09-1672.1
dx.doi.org/10.1890/09-1672.1
dx.doi.org/10.1890/09-1672.1
dx.doi.org/10.1890/09-1672.1
dx.doi.org/10.1890/09-1672.1
dx.doi.org/10.1890/09-1672.1
dx.doi.org/10.1890/09-1672.1
dx.doi.org/10.1890/09-1672.1
dx.doi.org/10.1126/science.1208584
dx.doi.org/10.1126/science.1208584
dx.doi.org/10.1126/science.1208584
dx.doi.org/10.1126/science.1208584
dx.doi.org/10.1126/science.1208584
dx.doi.org/10.1126/science.1208584
dx.doi.org/10.1126/science.1208584
dx.doi.org/10.1126/science.1208584
dx.doi.org/10.1111/1365-2435.12345
dx.doi.org/10.1111/1365-2435.12345
dx.doi.org/10.1111/1365-2435.12345
dx.doi.org/10.1111/1365-2435.12345
dx.doi.org/10.1111/1365-2435.12345
dx.doi.org/10.1111/1365-2435.12345
dx.doi.org/10.1111/1365-2435.12345
dx.doi.org/10.1111/1365-2435.12345
dx.doi.org/10.1111/1365-2435.12345
dx.doi.org/10.1007/s00442-012-2398-5
dx.doi.org/10.1007/s00442-012-2398-5
dx.doi.org/10.1007/s00442-012-2398-5
dx.doi.org/10.1007/s00442-012-2398-5
dx.doi.org/10.1007/s00442-012-2398-5
dx.doi.org/10.1007/s00442-012-2398-5
dx.doi.org/10.1007/s00442-012-2398-5
dx.doi.org/10.1007/s00442-012-2398-5
dx.doi.org/10.1007/s00442-012-2398-5
dx.doi.org/10.1007/s00442-012-2398-5
dx.doi.org/10.1111/j.1654-1103.2009.05577.x
dx.doi.org/10.1111/j.1654-1103.2009.05577.x
dx.doi.org/10.1111/j.1654-1103.2009.05577.x
dx.doi.org/10.1111/j.1654-1103.2009.05577.x
dx.doi.org/10.1111/j.1654-1103.2009.05577.x
dx.doi.org/10.1111/j.1654-1103.2009.05577.x
dx.doi.org/10.1111/j.1654-1103.2009.05577.x
dx.doi.org/10.1111/j.1654-1103.2009.05577.x
dx.doi.org/10.1111/j.1654-1103.2009.05577.x
dx.doi.org/10.1111/j.1654-1103.2009.05577.x
dx.doi.org/10.1111/j.1654-1103.2009.05577.x
dx.doi.org/10.1111/j.1654-1103.2009.05577.x
dx.doi.org/10.1371/journal.pone.0041270
dx.doi.org/10.1371/journal.pone.0041270
dx.doi.org/10.1371/journal.pone.0041270
dx.doi.org/10.1371/journal.pone.0041270
dx.doi.org/10.1371/journal.pone.0041270
dx.doi.org/10.1371/journal.pone.0041270
dx.doi.org/10.1371/journal.pone.0041270
dx.doi.org/10.1371/journal.pone.0041270
dx.doi.org/10.1371/journal.pone.0041270
dx.doi.org/10.1086/282505
dx.doi.org/10.1086/282505
dx.doi.org/10.1086/282505
dx.doi.org/10.1086/282505
dx.doi.org/10.1086/282505
dx.doi.org/10.1086/282505
dx.doi.org/10.1086/282505
dx.doi.org/10.2307/1932254
dx.doi.org/10.2307/1932254
dx.doi.org/10.2307/1932254
dx.doi.org/10.2307/1932254
dx.doi.org/10.2307/1932254
dx.doi.org/10.2307/1932254
dx.doi.org/10.2307/1932254
dx.doi.org/10.1016/j.ppees.2013.08.002
dx.doi.org/10.1016/j.ppees.2013.08.002
dx.doi.org/10.1016/j.ppees.2013.08.002
dx.doi.org/10.1016/j.ppees.2013.08.002
dx.doi.org/10.1016/j.ppees.2013.08.002
dx.doi.org/10.1016/j.ppees.2013.08.002
dx.doi.org/10.1016/j.ppees.2013.08.002
dx.doi.org/10.1016/j.ppees.2013.08.002
dx.doi.org/10.1016/j.ppees.2013.08.002
dx.doi.org/10.1016/j.ppees.2013.08.002
dx.doi.org/10.1016/j.ppees.2013.08.002
dx.doi.org/10.1111/j.1600-0587.2012.07793.x
dx.doi.org/10.1111/j.1600-0587.2012.07793.x
dx.doi.org/10.1111/j.1600-0587.2012.07793.x
dx.doi.org/10.1111/j.1600-0587.2012.07793.x
dx.doi.org/10.1111/j.1600-0587.2012.07793.x
dx.doi.org/10.1111/j.1600-0587.2012.07793.x
dx.doi.org/10.1111/j.1600-0587.2012.07793.x
dx.doi.org/10.1111/j.1600-0587.2012.07793.x
dx.doi.org/10.1111/j.1600-0587.2012.07793.x
dx.doi.org/10.1111/j.1600-0587.2012.07793.x
dx.doi.org/10.1111/j.1600-0587.2012.07793.x
dx.doi.org/10.1111/j.1600-0587.2012.07793.x
dx.doi.org/10.1111/j.1461-0248.2010.01509.x
dx.doi.org/10.1111/j.1461-0248.2010.01509.x
dx.doi.org/10.1111/j.1461-0248.2010.01509.x
dx.doi.org/10.1111/j.1461-0248.2010.01509.x
dx.doi.org/10.1111/j.1461-0248.2010.01509.x
dx.doi.org/10.1111/j.1461-0248.2010.01509.x
dx.doi.org/10.1111/j.1461-0248.2010.01509.x
dx.doi.org/10.1111/j.1461-0248.2010.01509.x
dx.doi.org/10.1111/j.1461-0248.2010.01509.x
dx.doi.org/10.1111/j.1461-0248.2010.01509.x
dx.doi.org/10.1111/j.1461-0248.2010.01509.x
dx.doi.org/10.1111/j.1461-0248.2010.01509.x
dx.doi.org/10.1111/j.1466-8238.2010.00647.x
dx.doi.org/10.1111/j.1466-8238.2010.00647.x
dx.doi.org/10.1111/j.1466-8238.2010.00647.x
dx.doi.org/10.1111/j.1466-8238.2010.00647.x
dx.doi.org/10.1111/j.1466-8238.2010.00647.x
dx.doi.org/10.1111/j.1466-8238.2010.00647.x
dx.doi.org/10.1111/j.1466-8238.2010.00647.x
dx.doi.org/10.1111/j.1466-8238.2010.00647.x
dx.doi.org/10.1111/j.1466-8238.2010.00647.x
dx.doi.org/10.1111/j.1466-8238.2010.00647.x
dx.doi.org/10.1111/j.1466-8238.2010.00647.x
dx.doi.org/10.1111/j.1466-8238.2010.00647.x
dx.doi.org/10.1111/j.1365-2435.2010.01695.x
dx.doi.org/10.1111/j.1365-2435.2010.01695.x
dx.doi.org/10.1111/j.1365-2435.2010.01695.x
dx.doi.org/10.1111/j.1365-2435.2010.01695.x
dx.doi.org/10.1111/j.1365-2435.2010.01695.x
dx.doi.org/10.1111/j.1365-2435.2010.01695.x
dx.doi.org/10.1111/j.1365-2435.2010.01695.x
dx.doi.org/10.1111/j.1365-2435.2010.01695.x
dx.doi.org/10.1111/j.1365-2435.2010.01695.x
dx.doi.org/10.1111/j.1365-2435.2010.01695.x
dx.doi.org/10.1111/j.1365-2435.2010.01695.x
dx.doi.org/10.1111/j.1365-2435.2010.01695.x
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0205
dx.doi.org/10.1111/1365-2435.12186
dx.doi.org/10.1111/1365-2435.12186
dx.doi.org/10.1111/1365-2435.12186
dx.doi.org/10.1111/1365-2435.12186
dx.doi.org/10.1111/1365-2435.12186
dx.doi.org/10.1111/1365-2435.12186
dx.doi.org/10.1111/1365-2435.12186
dx.doi.org/10.1111/1365-2435.12186
dx.doi.org/10.1111/1365-2435.12186
dx.doi.org/10.1111/j.1365-2745.2006.01097.x
dx.doi.org/10.1111/j.1365-2745.2006.01097.x
dx.doi.org/10.1111/j.1365-2745.2006.01097.x
dx.doi.org/10.1111/j.1365-2745.2006.01097.x
dx.doi.org/10.1111/j.1365-2745.2006.01097.x
dx.doi.org/10.1111/j.1365-2745.2006.01097.x
dx.doi.org/10.1111/j.1365-2745.2006.01097.x
dx.doi.org/10.1111/j.1365-2745.2006.01097.x
dx.doi.org/10.1111/j.1365-2745.2006.01097.x
dx.doi.org/10.1111/j.1365-2745.2006.01097.x
dx.doi.org/10.1111/j.1365-2745.2006.01097.x
dx.doi.org/10.1111/j.1365-2745.2006.01097.x
dx.doi.org/10.1007/s10980-012-9736-1
dx.doi.org/10.1007/s10980-012-9736-1
dx.doi.org/10.1007/s10980-012-9736-1
dx.doi.org/10.1007/s10980-012-9736-1
dx.doi.org/10.1007/s10980-012-9736-1
dx.doi.org/10.1007/s10980-012-9736-1
dx.doi.org/10.1007/s10980-012-9736-1
dx.doi.org/10.1007/s10980-012-9736-1
dx.doi.org/10.1007/s10980-012-9736-1
dx.doi.org/10.1007/s10980-012-9736-1
dx.doi.org/10.2307/2845026
dx.doi.org/10.2307/2845026
dx.doi.org/10.2307/2845026
dx.doi.org/10.2307/2845026
dx.doi.org/10.2307/2845026
dx.doi.org/10.2307/2845026
dx.doi.org/10.2307/2845026
dx.doi.org/10.1086/656271
dx.doi.org/10.1086/656271
dx.doi.org/10.1086/656271
dx.doi.org/10.1086/656271
dx.doi.org/10.1086/656271
dx.doi.org/10.1086/656271
dx.doi.org/10.1086/656271
dx.doi.org/10.1111/j.1365-2745.2011.01945.x
dx.doi.org/10.1111/j.1365-2745.2011.01945.x
dx.doi.org/10.1111/j.1365-2745.2011.01945.x
dx.doi.org/10.1111/j.1365-2745.2011.01945.x
dx.doi.org/10.1111/j.1365-2745.2011.01945.x
dx.doi.org/10.1111/j.1365-2745.2011.01945.x
dx.doi.org/10.1111/j.1365-2745.2011.01945.x
dx.doi.org/10.1111/j.1365-2745.2011.01945.x
dx.doi.org/10.1111/j.1365-2745.2011.01945.x
dx.doi.org/10.1111/j.1365-2745.2011.01945.x
dx.doi.org/10.1111/j.1365-2745.2011.01945.x
dx.doi.org/10.1111/j.1365-2745.2011.01945.x
dx.doi.org/10.1111/ele.12277
dx.doi.org/10.1111/ele.12277
dx.doi.org/10.1111/ele.12277
dx.doi.org/10.1111/ele.12277
dx.doi.org/10.1111/ele.12277
dx.doi.org/10.1111/ele.12277
dx.doi.org/10.1111/ele.12277
dx.doi.org/10.1111/ele.12277
dx.doi.org/10.1890/06-1499.1
dx.doi.org/10.1890/06-1499.1
dx.doi.org/10.1890/06-1499.1
dx.doi.org/10.1890/06-1499.1
dx.doi.org/10.1890/06-1499.1
dx.doi.org/10.1890/06-1499.1
dx.doi.org/10.1890/06-1499.1
dx.doi.org/10.1890/06-1499.1
dx.doi.org/10.1890/06-1499.1
dx.doi.org/10.1111/j.1654-1103.2010.01185.x
dx.doi.org/10.1111/j.1654-1103.2010.01185.x
dx.doi.org/10.1111/j.1654-1103.2010.01185.x
dx.doi.org/10.1111/j.1654-1103.2010.01185.x
dx.doi.org/10.1111/j.1654-1103.2010.01185.x
dx.doi.org/10.1111/j.1654-1103.2010.01185.x
dx.doi.org/10.1111/j.1654-1103.2010.01185.x
dx.doi.org/10.1111/j.1654-1103.2010.01185.x
dx.doi.org/10.1111/j.1654-1103.2010.01185.x
dx.doi.org/10.1111/j.1654-1103.2010.01185.x
dx.doi.org/10.1111/j.1654-1103.2010.01185.x
dx.doi.org/10.1111/j.1654-1103.2010.01185.x
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0255
dx.doi.org/10.1111/j.1365-2745.2009.01610.x
dx.doi.org/10.1111/j.1365-2745.2009.01610.x
dx.doi.org/10.1111/j.1365-2745.2009.01610.x
dx.doi.org/10.1111/j.1365-2745.2009.01610.x
dx.doi.org/10.1111/j.1365-2745.2009.01610.x
dx.doi.org/10.1111/j.1365-2745.2009.01610.x
dx.doi.org/10.1111/j.1365-2745.2009.01610.x
dx.doi.org/10.1111/j.1365-2745.2009.01610.x
dx.doi.org/10.1111/j.1365-2745.2009.01610.x
dx.doi.org/10.1111/j.1365-2745.2009.01610.x
dx.doi.org/10.1111/j.1365-2745.2009.01610.x
dx.doi.org/10.1111/j.1365-2745.2009.01610.x
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0265
dx.doi.org/10.1146/annurev.ecolysis.33.010802.150448
dx.doi.org/10.1146/annurev.ecolysis.33.010802.150448
dx.doi.org/10.1146/annurev.ecolysis.33.010802.150448
dx.doi.org/10.1146/annurev.ecolysis.33.010802.150448
dx.doi.org/10.1146/annurev.ecolysis.33.010802.150448
dx.doi.org/10.1146/annurev.ecolysis.33.010802.150448
dx.doi.org/10.1146/annurev.ecolysis.33.010802.150448
dx.doi.org/10.1146/annurev.ecolysis.33.010802.150448
dx.doi.org/10.1146/annurev.ecolysis.33.010802.150448
dx.doi.org/10.1146/annurev.ecolysis.33.010802.150448
dx.doi.org/10.1146/annurev.ecolysis.33.010802.150448
dx.doi.org/10.1098/rstb.2011.0056
dx.doi.org/10.1098/rstb.2011.0056
dx.doi.org/10.1098/rstb.2011.0056
dx.doi.org/10.1098/rstb.2011.0056
dx.doi.org/10.1098/rstb.2011.0056
dx.doi.org/10.1098/rstb.2011.0056
dx.doi.org/10.1098/rstb.2011.0056
dx.doi.org/10.1098/rstb.2011.0056
dx.doi.org/10.1098/rstb.2011.0056
dx.doi.org/10.1023/A:1004327224729
dx.doi.org/10.1023/A:1004327224729
dx.doi.org/10.1023/A:1004327224729
dx.doi.org/10.1023/A:1004327224729
dx.doi.org/10.1023/A:1004327224729
dx.doi.org/10.1023/A:1004327224729
dx.doi.org/10.1023/A:1004327224729
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0285
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0285
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0285
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0285
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0285
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0285
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0285
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0285
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0285
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0285
http://refhub.elsevier.com/S1433-8319(17)30004-5/sbref0285
dx.doi.org/10.1038/srep15723
dx.doi.org/10.1038/srep15723
dx.doi.org/10.1038/srep15723
dx.doi.org/10.1038/srep15723
dx.doi.org/10.1038/srep15723
dx.doi.org/10.1038/srep15723
dx.doi.org/10.1038/srep15723

	Environmental heterogeneity drives fine-scale species assembly and functional diversity of annual plants in a semi-arid en...
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Vegetation sampling & environmental heterogeneity measurements
	2.3 Trait sampling & construction of the phylogenetic tree
	2.4 Analyses
	2.4.1 Phylogenetic trait conservatism
	2.4.2 Calculation of diversity indices
	2.4.3 Null model analyses
	2.4.4 Heterogeneity & precipitation effect on diversity
	2.4.5 Spatial autocorrelation of CWM traits


	3 Results
	4 Discussion
	Acknowledgements
	Appendix A Supplementary data
	References


