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Understanding the influence of the environment on the functional structure of ecological communities is essential to
predict the response of biodiversity to global change drivers. Ecological theory suggests that multiple environmental factors
shape local species assemblages by progressively filtering species from the regional species pool to local communities.
These successive filters should influence the various components of community functional structure in different ways.
In this paper, we tested the relative influence of multiple environmental filters on various metrics of plant functional
trait structure (i.e. ‘community weighted mean trai¢’ and components of functional trait diversity, i.e. functional
richness, evenness and divergence) in 82 vegetation plots in the Guisane Valley, French Alps. For the 211 sampled
species we measured traits known to capture key aspects of ecological strategies amongst vascular plant species, i.e. leaf
traits, plant height and seed mass (LHS). A comprehensive information theory framework, together with null model
based resampling techniques, was used to test the various environmental effects. Particular community components of
functional structure responded differently to various environmental gradients, especially concerning the spatial scale at
which the environmental factors seem to operate. Environmental factors acting at a large spatial scale (e.g. temperature)
were found to predominantly shape community weighted mean trait values, while fine-scale factors (topography and
soil characteristics) mostly influenced functional diversity and the distribution of trait values among the dominant
species. Our results emphasize the hierarchical nature of ecological forces shaping local species assemblage: large-scale
environmental filters having a primary effect, i.c. selecting the pool of species adapted to a site, and then filters at finer
scales determining species abundances and local species coexistence. This suggests that different components of functional
community structure will respond differently to environmental change, so that predicting plant community responses
will require a hierarchical multi-facet approach.

Functional traits of species, e.g. measurable features affect-
ing their fitness in a given environment, provide insights
into how environmental factors shape biodiversity patterns
at continental, regional and local scales (Diaz et al. 1998,
Garnier et al. 2004, McGill et al. 2006, Albert et al. 2010a,
Shipley 2010). Functional traits help to improve biodiversity
predictions under environmental change since they capture
different aspects of species’ resource use and habitat require-
ments (Cornelissen et al. 2003, Suding et al. 2008, Thuiller
et al. 2010). Nevertheless, understanding the processes
driving the functional structure of ecological communities
remains one of the central challenges of community ecol-
ogy (Grime 2006, Cornwell and Ackerly 2009, Villeger et al.
2010, de Bello 2012). A substantial number of studies have
shown that community trait composition is often influenced
by different environmental factors, suggesting that natural
communities are not only assembled through dispersal and

stochastic events (Petchey et al. 2007, Swenson and Enquist
2009, Shipley 2010, Villeger et al. 2010, Mason et al. 2011).
One relatively well accepted ecological hypothesis suggests
that, besides neutral processes, environmental drivers act as
hierarchical ‘filters’ constraining the assemblage of commu-
nities, i.e. progressively selecting species best adapted to local
conditions from the regional pool (‘Environmental filtering’,
Fig. 1). Species would be filtered hierarchically according
to sets of functional traits, first by large-scale environmental
factors (e.g. climate), and subsequently by fine-scale envi-
ronmental factors and biotic interactions ultimately deter-
mining their relative abundances (Woodward and Diament
1991, Weiher and Keddy 1995, Diaz et al. 1998).

This important theoretical axiom stating that environ-
mental drivers act as hierarchical filters on species traits at
different spatial scales remains, however, largely unverified
empirically. Surprisingly, the response of trait assemblages
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Figure 1. Expected nested filtering effects from the environmental variables considered in this study (from large-scale to fine-scale; see
Introduction and Methods for more details) on the regional species pool. Given a particular regional flora formed according to different
geographical and historical filters, environmental factors would filter out species whose traits reflect lower fitness for the given environmen-
tal conditions, thus reducing the range of values (e.g. compare trait ranges before and after filtering; each species is represented by a circle
and ellipses expressing its position on a gradient of trait values; empty circles denote species excluded by given environmental filters;
the vertical dimension of circles denotes the abundance of a given species). With increasing finer spatial scales, species with higher fitness
for the given environmental conditions should become dominant and environmental filters will therefore act predominantly on the
dissimilarity between species traits and on the coexistence of dominant species.

to multiple environmental factors has been assessed only
in a relative small number of studies (Garnier et al. 2007,
Mason et al. 2008, Cornwell and Ackerly 2009, Pakeman
and Marriott 2010, Villeger et al. 2010, Meynard et al.
2011). Moreover, the functional structure of communities
cannot be assessed by a single measure but rather needs a
multi-faceted approach (Diaz et al. 2007, Pakeman 2011).
The most relevant components of the functional structure of
communities include dominant trait values (often expressed
by the ‘community weighted mean’, i.e. CWM; Garnier
et al. 2007, Lep$ et al. 2011) and different dimensions
of functional diversity, i.e. the extent of trait differences
among coexisting species (Petchey and Gaston 2002, Villeger
et al. 2008, Laliberte and Legendre 2010). Functional
diversity can be summarized mainly by three families of
metrics: functional richness (FRic), reflecting the amount
(or range) of functional trait variability in a given species
assemblage; functional evenness (FEve), representing the
evenness of abundance distribution across species traits;
and functional divergence (FDiv), capturing the degree of
divergence in the abundance distribution of species func-
tional traits (Villeger et al. 2008). These metrics are expected
to express different mechanisms of community assembly
and local species coexistence (Mouchet et al. 2010,
Miinkemiiller et al. 2012). Yet, the extent to which these
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different components of community functional structure
respond to environmental gradients remains poorly under-
stood (Cadotte 2011, Pakeman 2011).

The aim of this study was thus to verify empirically the
hypothesis that environmental drivers act as hierarchical
filters on the functional structure of plant communities.
Furthermore, we tested the hypothesis that the multiple
metrics of the functional structure of communities will
have varying responses to environmental filtering at different
spatial scales. Based on the existing literature it was expected
that the prevailing climatic conditions in a region (e.g.
precipitation, temperature), likely to exert larger scale filter-
ing, would mainly affect the CWM and FRic. By exclud-
ing species possessing maladapted traits, these filters will
probably reduce the range of available trait values from the
regional species pool, thus shifting the mean and range of
trait values in local communities across environmental gra-
dients (Diaz et al. 1998, Grime 2006, Cornwell and Ackerly
2009, Shipley 2010). At finer scales, local environmental
factors (e.g. topography, soil properties) would determine
which species are expected to become dominant (Mason
et al. 2011). As such, those filters should rather influence
functional diversity indices which account for the relative
abundance of species, i.e. this should influence FEve and
FDiv, and even produce further adjustments in the values of



CWM. Specifically, environmental variables acting at smaller
spatial scales related to resource availability could either
reduce, or increase, trait differentiation between dominant
species (Grime 2006, Mayfield and Levine 2010, Shipley
2010, Vandewalle et al. 2010, Mason et al. 2011). For
example, high or low levels of resource availability at a local
scale could reduce the functional dissimilarity between dom-
inant species (therefore having lower FEve or Fdiv values)
as species having traits associated with competition on the
one hand, and stress tolerance on the other, would become
more dominant (Grime 2006, Mayfield and Levine 2010).
Alternatively, niche partitioning would favour the coexis-
tence of functionally dissimilar dominant species (Grime
2006, Mason et al. 2011), which could be attained at high
or intermediate levels of resource availability and/or when
resources are locally heterogeneously distributed (Pakeman
2011, Miinkemiiller et al. 2012). In these cases, a significant
response of functional diversity and CWM to environmental
filters generally reveals non-equivalence of species in com-
munity assembly (Pillar and Duarte 2010).

In this paper, using plant community data from the
Guisane Valley (French Alps) for a case study, we tested
the following two hypotheses: 1) environmental factors
act as filters on multiple components of community func-
tional structure; 2) this filtering process is hierarchical, with
environmental factors acting at large spatial scale shaping
CMW trait values and FRic, while fine-scale factors mostly
influence how trait values are distributed among the domi-
nant species (FEve and FDiv). The environmental factors
considered in the data set encompassed a wide range of
climatic, topographic and fine-scale soil conditions, relevant
to mountain regions. We compare these patterns with the
response of taxonomical diversity, for which the connec-
tions with environmental filters are generally better known
(Magurran 2004).

Methods
Study site and environmental factors

In 2007, 82 vegetation plots of 10 X 10m were sampled
along the Guisane Valley, in the French Alps (~200 km?;
~12km long; 44.9°N, 6.6°E). In order to maximise inter-
plot environmental heterogeneity, these plots were sampled
according to a stratified sampling design based on two
uncorrelated gradients: mean minimal temperature in winter
and solar radiation in August (Albert et al. 2010b). Plots cov-
ered different vegetation and soil types (Table 1, Fig. 2). In
the upper part of the valley, communities were mainly grass-
lands and shrublands and, in its lower part, they included
also some forest stands (mainly Larix decidua, see Fig. 2
for more details on species composition). The herbaceous
communities considered were managed with low distur-
bance regimes including summer grazing by sheep, cattle or
horses, and mowing (Albert et al. 2010a). In each plot, we
quantified species composition and percentage cover. Species
cover was visually categorized into an ordinal scale (< 10%,
10-25%, 25-50%, 50-75% and >75%).

Together with species composition, each plot was
characterized by a set of environmental variables expected to

Table 1. Considered environmental variables, their units and range
in the study region. Based on the results shown in Fig. 2 we expect
that the variables considered in the upper part of the table are those
acting at larger spatial scale on the studied plant communities;
those in the lower part are those likely to be acting at a finer spatial
scale. See ‘Study site and environmental factors’ for more details.
Altitude and slope were estimated in situ. Solar radiation, topo-
graphic context and mean annual temperature were extracted
from the French meteorological model Aurelhy at a 50-m resolution
(Benichou and Le Breton 1987). Soil characteristics were measured
using standard procedures on soil samples collected in the different
plots.

Environmental
factor

Altitude

Mean annual
temperature (T°)

Radiation

Unit and range considered
(min.—max.)
1513-2710 m a.s.l.
1.7-6.7°C

Solar radiation in August: 37767-74680
kl m—2d-1

Position with respect to mountain versants
(5 semi-quantitative categories from
valleys [lower values], to crests [higher

Topographic
context

values])
Slope inclination 5.4-42%
Soil pH 52-83
Sand percentage 2-74%

influence both species and trait composition (Table 1). The
final list of environmental variables included in the analyses
(Table 1) was a subset of the multiple variables estimated
for each plot (Albert et al. 2010b), which were often cor-
related. In order to reduce collinearity we selected variables
1) with the lowest correlation (Supplementary material
Appendix 1A, the maximum Pearson pair-wise correla-
tion was R=10.37 between all included variables) and pri-
oritized those which 2) better predicted changes in species
composition among plots (using forward selection on canon-
ical correspondence analyses — CCA, with Monte Carlo
permutations; Fig. 2). The effect of excluding variables in
this selection (e.g. soil organic matter) is therefore cap-
tured by the effects of correlated variables included in the
analyses (e.g. soil texture). Although temperature and
altitude are correlated, they usually do not bear the same
information. Indeed, altitude also contains information on
precipitation and other factors, while temperature has the
advantage of being a direct variable with a physiological
influence on plants (Kérner 2003). To keep both levels of
information, we used residuals of the regression between
altitude and temperature instead of altitude for the follow-
ing analyses (Thuiller et al. 2006). These residuals provide
information on altitude effects without the pervasive effect
of temperature. Hereafter, ‘elevation’ refers to the residuals
from altitude against temperature.

The CCA helped us to understand how different envi-
ronmental variables explain changes in taxonomic compo-
sition. Temperature and ‘elevation’ variables drove the first
CCA axis. These continuous gradients operate as primary
environmental filters, acting at the landscape scale. Both
variables are indeed the ones known to shape the general
vegetation belts (i.e. montane, sub-alpine, alpine, nival),
so that two geographically close sites with similar temper-
ature and altitude are expected to have similar vegetation.
Within these belts, variations in species composition were
influenced by solar radiation and slope (the variables driving
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Figure 2. First two axis of canonical correspondence analysis (CCA) on community species composition. The environmental variables
displayed are those selected as significant (p <0.05) by a forward selection with Monte Carlo permutations (499). Grey dots indicate
the 82 plots sampled. Species (labels in italics) shown are those with a higher weight on the constrained axes (their position along the axes
is approximated to the centre of the labels). T® = mean annual temperature. Species: Achillea millefolium; Antennaria dioica; Anthyllis
vulneraria; Bromus erectus; Carex sempervirens; Cotoneaster integerrima; Dactylis glomerata; Deschampsia flexuosa; Dryas octopetala;
Festuca paniculata; Festuca ovina; Festuca violacea; Gentiana lutea; Geum montanums Helianthemum nummularium subsp. grandiflorum;
Knautia arvensis; Larix decidua; Laserpitium latifolium; Leucanthemum vulgare; Lotus corniculatus; Nardus stricta; Onobrychis montana;
Plantago alpina; Poa alpina; Polygonum viviparum; Potentilla aurea; Potentilla grandiflora; Salix herbacea; Sesleria caerulea; Thymus serpyllum;
Trifolium alpinums; Trifolium pratense; Trisetum flavescens; Vaccinium uliginosums Veronica allionii.

the second CCA axis), expected to act as secondary envi-
ronmental filters. Finally, soil characteristics (soil pH and
sand percentage) measured at plot level drove the third
CCA axis (not shown). These fine-scale variables were not
spatially continuous, as two neighbouring sites could have
had contrasted soil characteristics (Supplementary mate-
rial Appendix 1B), and were expected to influence site
productivity and resource availability. Building on these
results concerning taxonomical composition (Fig. 2) and
our theoretical expectations (Fig. 1), we hypothesized that
the environmental variables considered would determine
hierarchical filtering effects of trait community structure
following the same logic. In addition to the variables
significant in the forward selection (p < 0.05; Fig. 2), topo-
graphic position was included as another environmental
variable (marginally significant in the test; p<<0.1) because
it was not strongly correlated with the other variables already
selected (Supplementary material Appendix 1A).

Plant traits

Among the 82 sampled plots, a total of 301 vascular
species were found. We took a parsimonious approach by
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sampling only species which represented more than 80% of
the cumulated cover for each plot, being therefore considered
as representative of the functional composition of the local
communities (Pakeman and Quested 2007). This selection
resulted in a list of 211 plant species for which we measured
five functional traits (see below) in at least 12 well-developed
individuals per species. Traits were mostly sampled in
2008 and the previous years (Choler 2005, Lavorel et al.
2008), according to standardized protocols for plant func-
tional trait measurements (Cornelissen et al. 2003).

Selected traits were plant vegetative height at maturity
(H), leaf dry matter content (LDMC; the ratio of leaf
dry mass divided by the fresh mass), specific leaf area (SLA;
the ratio of dry weight leaf area), leaf nitrogen concentra-
tion (Leaf N) and seed mass. These five traits are quantitative
traits reflecting key components of plant fitness and biotic
interactions (Cornelissen et al. 2003, Lavergne et al. 2003,
Gross et al. 2009). In particular, the leaf-height—seed
combination (LHS) has proved to be a useful integrated
framework to capture key plant ecological strategies
(Westoby 1998, Lavergne et al. 2003). Plant height is
associated to competitive vigour and to trade-offs in toler-
ance and avoidance of environmental stress (climate, nutri-
ent, light), with shorter plants growing in colder conditions



(Cornelissen et al. 2003, Kérner 2003). LDMC tends to scale
with 1/SLA, although the two traits may not capture the
same functions (Cornelissen et al. 2003, Diaz et al. 2004).
SLA and LDMC are two of a number of inter-correlated leaf
traits, representing a fast—slow continuum in leaf econom-
ics across species, with slow resource-processing species
expected in more stressful conditions (Diaz et al. 2004,
Wright et al. 2004). Leaf nitrogen concentration, which
also often correlates with SLA, tends to be closely correlated
with maximum photosynthetic rate across species (on a
mass base; Wright et al. 2004) and positively associated
with local fertility (Lavorel et al. 2011), and is expected to
increase with altitude as nitrogen mobilization increases with
temperature (Kérner 2003). Seed mass variation expresses
a species’ chance of successfully dispersing a seed into an
establishment environment and a seedling’s ability to survive
various hazards (Westoby 1998, Cornelissen et al. 2003).
Seed mass is expected to increase in dry and warmer condi-
tions and when vegetation is taller (Pakeman et al. 2008).

Metrics of community functional structure

The functional structure of communities has multiple com-
ponents which can be summarized with different metrics
(Diaz et al. 2007, Lavorel et al. 2008, Villeger et al. 2008,
Vandewalle et al. 2010). The first component, the ‘commu-
nity weighted mean’ (CWM), represents the average trait
value in a community weighted by relative abundance of
the species carrying each value (Garnier et al. 2004, Diaz
etal. 2007, Leps et al. 2011). The index generally reflects the
trait value of the dominant species in a community (Garnier
et al. 2004, Vandewalle et al. 2010).

The other components describe the functional diver-
sity within the community. They can be estimated through
various metrics (Villeger et al. 2008): functional richness
(FRic), functional evenness (FEve) and functional diver-
gence (FDiv). These three diversity indices were calculated
for each individual trait and also for the leaf~height—seed
(LHS) scheme (Westoby 1998). For single traits, FRic
corresponds to the trait range value in a given plot and
reflects how much functional space is occupied in a com-
munity. As such it indicates which species possess traits
well-adapted to a set of given environmental conditions
(Cornwell and Ackerly 2009). FEve is calculated based on
the minimum spanning tree which links all the species in
a community and quantifies the regularity with which spe-
cies abundances in a community are distributed among
coexisting species depending on their trait values (Villeger
et al. 2008). The index is expected to show whether species
coexistence is based on full occupation of the niche space
available (corresponding to higher functional evenness;
Mason et al. 2005). FDiv quantifies how much dominant
species diverge in their trait values using trait dissimilarity
weighted by species abundance (Mason et al. 2005), which
was computed here with the Rao quadratic entropy index of
diversity (Rao 1982). This index expresses the sum of the dis-
similarities in the trait space among all possible pairs of spe-
cies weighted by the product of relative species abundances.
High functional divergence is expected to indicate a high
degree of niche differentiation (Mason et al. 2005).

For calculating indices based on multiple traits (i.e. LHS),
we calculated species dissimilarities with the commonly
used Gower distance (Leps et al. 20006, Pavoine et al. 2009).
Traits were log-transformed before calculations when neces-
sary. To compute a LHS composite index for FRic, FEve and
EDiv, we applied a weighted average for the different traits
considered: we summed 1/3 of the corresponding index
for H and seed mass and 1/9 for SLA, LDMC and leaf
N to give leaf traits collectively the same weight as height
and seed mass. All diversity calculations were made with
the dbFD function implemented in the FD package in R
(R Development Core Team, Laliberte and Shipley 2011).
Together with these indices, we also considered the number
of species (species richness) and the Simpson index of species

diversity for each plot.

Data analysis

The effects of environmental variables on species diversity
(i.e. species richness and Simpson index) and on the dif-
ferent metrics of the functional structure of the communi-
ties (i.e. CWM, FRic, FEve, FDiv) were quantified using
generalised additive models in an information-theory
approach (Burnham and Anderson 2002). Generalized
additive models (GAMs) were used with the traditional
cubic spline smoother of degree 4 (package gam in R). We
used an inference-based modelling approach which, unlike
stepwise model selection, was based on all possible sub-
models from a set of explanatory variables. This approach
reduced model selection bias and provided a relative mea-
sure of each predictor’s importance (weight of evidence).
The weight of evidence could be summarised with the
Akaike weights, in which the average prediction is the sum
of predictions from each sub-model weighted by the mod-
el’s Akaike. To assess the goodness-of-fit of the inference-
based model we calculated a pseudo-R2? by correlating each
observed variable of interest with the estimated values of the
model. This overall strategy was repeated for the different
metrics of interest (i.e. species richness, Simpson index, and
the different metrics of the functional structure of the com-
munities for each single trait).

The relative weight of evidence for each environmental
predictor was estimated as the sum of the model Akaike
weights over all models in which the selected predictor
appeared. To estimate the absolute power of our findings,
and provide a significance tests for variable importance,
we used a stratified permutation test (Brook et al. 2006,
Thuiller et al. 2007). This was created by random permu-
tation of each predictor separately within the data set, re-
calculating the weight of evidence for each predictor and
repeating this procedure 499 times for each predictor. The
significance of each predictor was calculated by comparing
the weight of evidence values in randomized vs original
models. The original variables and model residuals did
not show any strong autocorrelation patterns accord-
ing to Mantel test, so no further explicit spatial regression
approaches were needed. Spatial autocorrelation was limited,
as only large-scale variables (mainly elevation and tempera-
ture) showed a certain spatial correlation (Supplementary
material Appendix 1B).
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Results

Species diversity indices (i.e. species richness and Simpson
diversity) were significantly influenced by environmental
factors acting at both large and fine scales. In particular,
species diversity decreased with increasing elevation and
with increasing sand percentage (Fig. 3, Supplementary
material Appendix 2). The response of functional diversity
combining the LHS traits only partially overlapped the
response of taxonomical diversity to the same environmen-
tal factors (Fig. 3), highlighting the independence of metrics
of functional structure relative to species diversity, particu-
larly among fine-scale environmental filters. Species richness
was independent of all the metrics describing functional
structure, with the exception of a positive correlation with
FRic SLA (R=0.26, p=0.017).

The most striking result was that the multiple metrics of
the functional structure of plant communities responded
rather differently along the investigated environmental
gradients (Fig. 3, 4). First, large-scale filters (e.g. tempera-
ture, aspect, radiation) were the primary determinants of
dominant trait values (CWM), while the relevance of local
conditions increased for functional diversity indices (Fig. 4,
Supplementary material Appendix 3). In fact, although FRic
and FDiv often responded to temperature and elevation, fac-
tors such as slope, topography and soil pH were also par-
ticularly important drivers (Fig. 3, 4). Leaf N-metrics were
the exception to this, as CWM leaf N was also markedly
influenced by local soil characteristics (pH and sand pro-
portion) in addition to temperature, aspect and radiation.
We also expected FRic to be mainly driven by large-scale
filters as opposed to FDiv and FEve, but we found little
evidence for this. While FRic and FDiv often responded
similarly to the environmental variables, FEve was mostly
irresponsive to the different filters (see below).

In general, the community weighted mean (CWM)
of different traits (e.g. height, seed mass and SLA) was
better predicted by environmental predictors than diversity
indices such as FRic, FEve and FDiv (26-72% of vari-
ability explained for CWM and 16-54% for FRic, FEve
and FDiv, with differences in predictive capacity varying
largely with the trait considered; Supplementary material
Appendix 3). For plant height in particular, the response
of CWM to environment was much stronger than for
the three functional diversity indices (R2=0.72 for CWM,
and R2=0.42, 0.31 and 0.43 for FRic, FEve and Fdiv,
respectively). On the contrary, for traits related to resource
use, such as leaf N, LDMC and SLA, the response of
FRic, FEve and FDiv to environment was generally as
strong as, or slightly stronger, than CWM for the same
traits (Fig. 4, Supplementary material Appendix 3). Overall,
the strength of response to environment was much lower
for FEve than for FRic and FDiv. In addition, plant height
FEve responded in a direction opposite to FRic and FDiv
(Fig. 4, Supplementary material Appendix 3).

Opverall, the results of the response of dominant traits
(CWM) met the general expectations about plant strategies
and allometry, with colder conditions and lower radiation
generally selecting for short dominant species with higher
leaf tissue density (Fig. 4, 5). Seed mass decreased with
elevation, as taller species with higher seed mass decreased
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Figure 3. Schematic representation of the response of taxonomic
diversity (left column) and functional diversity (right column) indi-
ces to the environmental gradients considered (the full results are
shown in Supplementary material Appendix 2). For functional
diversity, both functional richness and functional divergence were
expressed based on multiple traits (i.e. LHS, leaf, height and seed-
related traits). The relationship between environmental variables
and diversity indices is schematized by using a different line for
each index (the slope indicates the strength of the relationship).
Only significant relationships are displayed. T® = mean annual
temperature.
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Figure 4. Schematic representation, as in Fig. 3, of the response of different metrics of plant community functional structure to the
environmental gradients considered (the full results are shown in Supplementary material Appendix 3). The relationship between
environmental variables and each metric is schematized for each single trait considered, by using a different line for each index (the slope
indicates the strength of the relationship). Only significant relationships are displayed. T® = mean annual temperature.

(not shown). The response of CWM for leaf nitrogen was
more complex, reaching lowest values at intermediate ele-
vation and lower radiation, whereas low soil pH and high
sand content partially following the presence of Larix

decidua and other woody species (although the relation-
ship was generally maintained even when removing Larix
decidua plots). Regarding the response of functional diver-
sity, colder conditions led to lower FRic and FDiv (both for
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single-trait and multi-trait measurements), indicating that
such habitats were dominated by species with similar trait
values. Slope inclination often increased FRic and FDiy,
probably due to the coexistence of herbaceous species
and various subshrubs (i.e. mostly woody chamaephytes;
Supplementary material Appendix 4) and to the presence
of bare ground limiting biotic interactions. FDiv for LMDC
and seed mass tended to decrease towards more neutral

pH values.

Discussion

In this study, we document consistent variation of vari-
ous components of community functional structure along
environmental gradients. These results provide interest-
ing insights into the hierarchical effects of environmental
gradients on the functional structure of plant communities
(Fig. 1). First we verified that environmental factors act as
filters on trait selection of species assemblages by affecting
various metrics of the community trait structure (Fig. 3, 4).
This confirms the lack of functional equivalence among
species in their environmental preferences, which is a
generally well-accepted notion especially in mountain areas
worldwide, including tropical mountains (Kérner 2003,
Swenson et al. 2011). Second, we showed that this filter-
ing process largely occurs at different spatial scales, i.e. spe-
cies are filtered progressively from the regional species pool
to local communities. To the best of our knowledge this is
the first time that such patterns have been documented
consistently. Third, we showed that this hierarchical filter-
ing operates on various metrics of community functional
structure at different spatial scales. In particular, we showed
that dominant trait values (CWM) were, as expected, largely
driven by large-scale filters, while functional diversity among
coexisting species (mainly FRic and FDiv) were controlled
by various filters across scales (from large to small scales).
Specifically, abiotic filtering on CWM operated mostly
along large-scale environmental gradients while trait dis-
similarity was more strongly affected by spatially heteroge-
neous factors modulating local conditions for plant growth
and reproduction. Overall, in agreement with Grime (2000),
the results suggest that functional diversity patterns are
determined mostly after species have been ‘filtered’” from

the regional species pool by large-scale environmental fac-
tors. Once the species are selected by large-scale environ-
mental factors (e.g. taller species with higher SLA and higher
seed mass found in warmer conditions; Fig. 5), the effect
of local factors on the functional dissimilarity in trait space
increases. In our study, for example, sites with gentler
slopes (generally associated to deeper and more productive
soils, and more human disturbances) showed the lowest
values in FRic and FDiv LHS (Table 2, Fig. 4). Such
increased functional similarity was likely associated to
an exclusion of more stress-tolerant small shrub species
by more competitive herbaceous species (Supplementary
material Appendix 4). This result supports findings suggest-
ing decreased functional diversity in more benign conditions
(Grime 2006, Michalet et al. 2006, Mayfield and Levine
2010, Pakeman 2011).

Another important observation was that species diver-
sity and functional diversity varied similarly with respect to
filters operating at larger spatial scales, but rather indepen-
dently with respect to filters acting at finer spatial scales
(Fig. 3). The response of species diversity to soil characteris-
tics (i.e. increase with sand %), for example, was not mirrored
by a marked response of community functional structure
(Fig. 3, 4). This suggests a decoupling of the process of trait
filtering and the number of species capable to inhabit a site.
This could suggest that once larger-scale filters have imposed
constraints on functional trait composition, additional
processes could shape the diversity of species coexisting at
the local level. The increase in species diversity at sites with
higher sand content, followed only by a reduction in FDiv
for leaf nitrogen, could for instance suggest an increase in
trait redundancy between species, i.e. more species having
more similar traits (de Bello et al. 2009). Soils with higher
sand content are generally less productive, having lower
organic matter and limited ability to retain water (the corre-
lation with sand % was —0.475 and 0.42 respectively). The
results would then support the view that in more productive
conditions species coexistence could be partially achieved
by an increase in the functional similarity between species,
instead of niche differences (Mayfield and Levine 2010).
Opverall, the lack of strong positive relationships between
species diversity and functional diversity, which has been
reported (Cadotte 2011), indicate that niche differentiation
does not necessarily maximize species diversity in all types of
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community (Gotzenberger et al. 2012). Species and func-
tional diversities are expected to be, at least partially, cor-
related (Diaz and Cabido 2001), but such correlation can be
dependent the ecosystem under study (Mayfield et al. 2011)
and, as we show here, on the environmental filters acting on
the species assembly.

The results of this study also strongly suggest that it is
essential to simultaneously consider various metrics of
community structure in order to assess the effect of envi-
ronmental filters on biodiversity and community assembly.
In this respect, the lack of strong responsiveness of FEve
to the environmental filters considered, sometimes with a
negative correlation to other indices of functional diversity,
suggests that the behaviour of this particular index might
be sometimes difficult to support with biological interpre-
tations. This index has indeed the disadvantage of being
potentially maximized by either even trait spacing or even-
ness in species abundance. Moreover, we suspect that FEve
is also maximized at lower levels of FRic (as lower ranges
will result in artificially more even trait spacing). Although
FEve has proven to be of certain use (Pakeman 2011), we
thus conclude here that its use should be subordinated
to a better understanding of its relevance for community
structure. Our results also suggest that the strength of the
environmental filtering on community functional structure
can largely depend on the trait considered, as hypothesized
previously (Grime 2006, Mason et al. 2011). For exam-
ple, for height and partially for seed weight, the response
of CWM to the selected environmental factors was much
stronger than for functional diversity. These results con-
firm the idea that the environmental filtering on dominant
species with similar size and reproduction patterns is rela-
tively more important than a filtering promoting functional
differentiations for these traits (Grime 2006). On the con-
trary, for traits related to nutrient economy, leaf N, LDMC
and SLA, which are theoretically more strongly related to
nutrient partitioning between species (Cornelissen et al.
2003, Diaz et al. 2004, Stubbs and Wilson 2004), the
response of trait dissimilarity indices to environmental vari-
ables was as strong, or even stronger, than for CWM. Such
variability in the responses of dominant traits vs trait diver-
sity depending on traits could remain undetected when
analysing a combination of multiple traits.

Finally, the fact that particular components of commu-
nity structure respond differently to environmental factors
acting at various spatial scales has a crucial implication
for the modelling of vegetation response to global change
(Cadotte 2011, Reu et al. 2011). Our results indicate that
environmental factors operating at larger spatial scales
are particularly effective in predicting changes in dominant
trait values (CWM) and, to a certain extent, functional
diversity. However, the results also highlight that modelling
trait community structure requires information on some
fine-scale environmental factors (i.e. those which cannot
be safely extracted from digital terrain models or are not
globally available). As functional diversity is usually under-
stood as underlying the coexistence of species and mainte-
nance of species diversity, models overlooking such local
environmental factors might produce only a partial repre-
sentation and projection of vegetation, and might underes-
timate the importance of trait diversity (Reu et al. 2011).

Predicting biodiversity responses to environmental change
will therefore require a hierarchical multi-facetted approach.
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