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Summary
1. Many studies of community assembly focus on two mechanisms: environmental ﬁltering and
competitive interactions. This focus ignores the importance of other assembly processes such as
equalizing ﬁtness processes and facilitation. The contribution of different processes to community
assembly can be elucidated by examining functional diversity patterns of traits that differ in their
contribution to different assembly processes.
2. In alpine tundra, we explored trait patterns along a stress–resource gradient that varied in productivity, nitrogen availability and soil moisture. We explore whether functional diversity is low in
abiotic stressful environments and increases in more benign environments as competition becomes
more important, and if equalizing ﬁtness processes and facilitation affect functional diversity. We
calculated community-weighted mean trait values and functional diversity for speciﬁc leaf area
(SLA), leaf area, stomatal conductance, plant height and chlorophyll content as well as multivariate
functional diversity and phylogenetic diversity.
3. At the community level, functional diversity increased at both ends of the gradient: high resource
availability was associated with greater functional diversity in height and leaf area, and lower
resource availability was associated with greater functional diversity in SLA, stomatal conductance,
and chlorophyll content. As a result of this trade-off in functional diversity among traits, multivariate functional diversity did not change across the gradient. Phylogenetic diversity increased with
increasing resource availability.
4. We ﬁnd evidence for at least three assembly processes along the gradient. Abiotic ﬁltering by
wind and cold exposure may reduce functional diversity in height and leaf area at the low resource
end of the gradient. Also at low resource availability, increasing functional diversity in the other
three traits suggests competition for below-ground resources. At the resource-rich end of the gradient, increased functional diversity in height and leaf area suggests increased competition for light or
facilitation.
5. Synthesis: Our results suggest that multiple assembly processes (abiotic ﬁltering, above-ground
competition, and below-ground competition) operate simultaneously to structure plant communities along a stress–resource gradient. These processes would be obscured by a single multivariate
trait index or phylogenetic diversity and are only evident by analysing functional diversity patterns
of individual traits.
Key-words: abiotic ﬁltering, Alpine, competition, determinants of plant community diversity
and structure, equalizing ﬁtness processes, facilitation, Niwot Ridge, phylogenetic diversity,
plant functional traits
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One classic question in plant ecology is how local communities
are assembled from an available pool of species (Diamond
1975; Weiher, Clarke & Keddy 1998; Cornwell & Ackerly
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2009). Assembly is often assumed to represent the outcome of
differing strengths of two opposing forces operating along a
single niche axis: environmental ﬁltering (stress tolerance) that
increases species similarity through abiotic constraints (Weiher
& Keddy 1995; Cornwell, Schwilk & Ackerly 2006) and
competitive interactions (niche partitioning, limiting similarity) that prevent coexisting species from being too similar
(MacArthur & Levins 1967; Chesson 2000). Based on these
assumptions, a widespread expectation is that functional
diversity, diversity in traits that inﬂuence community structure
and ecosystem function (Schleuter et al. 2010), is low in regions
of strong abiotic stress and increases in regions where competitive interactions are relatively stronger (Weiher & Keddy
1995).
While widespread, this expectation overlooks several other
bodies of work indicating the importance of other assembly
processes (Mayﬁeld & Levine 2010; Weiher et al. 2011). For
instance, coexistence among species may be due to equalizing
ﬁtness processes where species coexist by competing relatively
equally rather than partitioning resources (Chesson 2000;
Grime 2006). In other words, species may compete equally by
having similar capacities for resource use and capture, resulting in similar trait values for those species which in turn results
in reduced functional diversity among these coexisting species
(Chesson 2000; Grime 2006). Second, facilitation often allows
coexistence in stressful environments (Callaway et al. 2002;
Brooker et al. 2008; Butterﬁeld 2009). As many facilitative
interactions involve functionally distinct species (Callaway
2007), facilitation could act to prevent coexisting species from
being too similar and increase functional diversity in stressful
environments. Furthermore, the assumption of a single stress–
competition niche axis overlooks a large body of work differentiating the importance of below-ground and above-ground
competition in community assembly (Tilman 1982, 1988; Sammul, Oksanen & Magi 2006). This additional niche axis associated with below-ground resources suggest that functional
diversity associated with competition for below-ground
resource [i.e. nitrogen (N), water] should be high when soil
resources are limiting and decrease as these resources become
more available.
Studies focusing solely on multivariate functional diversity
that do not decompose functional diversity into the components associated with each trait (e.g., Weiher, Clarke & Keddy
1998; Cornwell, Schwilk & Ackerly 2006; Thompson et al.
2010) or only focus on phylogenetic diversity (e.g., Cadotte,
Hamilton & Murray 2009; Machac et al. 2011) suffer from
integrating multiple niches axes into one variable. As different
traits are often associated with different ecological processes
which relate to different niche axes (Violle et al. 2007), multivariate functional diversity or phylogenetic diversity may mask
community assembly processes when traits are associated with
opposing niche axes. For example, Cornwell, Schwilk & Ackerly (2006) found no difference in the multivariate trait space
occupied by species in wet and dry chaparral sites because
functional diversity in water use and transport was greater
in drier sites and functional diversity in stature was greater in
wetter sites (Cornwell & Ackerly 2009). Similarly, patterns of

phylogenetic diversity integrate patterns of all species’ traits
(Webb et al. 2002; Kraft et al. 2007; Kembel 2009) and analysing phylogenetic patterns without analysing trait data provides limited insights as patterns associated with particular
niche axes may be masked (Mayﬁeld & Levine 2010; Weiher
et al. 2011). Thus, overall patterns in functional and phylogenetic diversity depend on the compilation of patterns of many
individual traits and interpreting mechanisms without understanding these underlying patterns may be misleading (Weiher
et al. 2011).
Using functional diversity patterns to detect the opposing
‘signatures’ of abiotic ﬁltering and limiting similarity in community assembly assumes that other assembly processes (such
as equalizing ﬁtness processes and facilitation) and multiple
niche axes are relatively unimportant. Here we use multiple
trait comparisons along a well-documented stress–resource
environmental gradient (Walker et al. 1993, 2001; Bowman &
Fisk 2001) in alpine tundra where aboveground plant productivity varied 20-fold and species richness varied 3-fold to
explore the role of environmental ﬁltering, competition, equalizing ﬁtness processes and facilitation in community assembly.
We describe functional diversity patterns in ﬁve important
traits that we expected to differ in their contribution to speciﬁc
assembly processes, as well as the more common multivariate
trait and phylogenetic approaches which takes into account
all traits. We compared observed trait distributions within a
community with those expected based on a null model that
assumes random community assembly. Using this approach,
we are able to: (i) test whether functional diversity is low in
abiotic stressful environments and increases in more benign
environments as competition becomes more important, (ii)
explore whether facilitation would increase functional diversity in stressful environments, and (iii) assess whether equalizing ﬁtness processes would decrease functional diversity as
competition becomes more important. Few studies have
explored patterns of functional diversity along environmental
gradients (e.g., Coomes et al. 2009; Cornwell & Ackerly
2009), and we are the ﬁrst, to our knowledge, to explore functional diversity patterns as indicators of different assembly
processes.

Methods
STUDY SITE

This study was conducted in alpine tundra on Niwot Ridge (4003¢N,
10535¢W) which is located in the Front Range of the Colorado
Rocky Mountains. Niwot Ridge has a short growing season (c.
2–3 months) with a mean annual temperature of )3 C (6.4 C in the
growing season) and an average annual precipitation of 930 mm,
with the majority of the precipitation (94%) falling as snow (Greenland & Losleben 2001). Niwot Ridge daily wind speeds average
8.1 m s)1, with an average daily maximum wind speed of 19.8 m s)1
(M. Losleben and K. Chowanski unpublished data). Our study area
was in a small southeast-facing catchment at c. 3400 m elevation.
An important structuring factor in alpine tundra is snow redistribution by wind (Greenland, Caine & Pollak 1984; Walker et al. 1993;
Bowman & Fisk 2001; Williams, Helmig & Blanken 2009). Wind
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keeps some areas snow-free all winter; these unproductive areas are
characterized by temperature stress, low water availability, and low
nitrogen availability (Billings & Mooney 1968; Walker et al. 2001).
Areas where the blown snow accumulates, in contrast, are markedly
more productive, being buffered from wind scour and temperature
stresses in the winter, and snow melt during the growing season
enhances water and nitrogen availability. Across a range of these habitats, plant production is limited by nitrogen, suggesting widespread
competition for N (Bowman et al. 1993; Bowman & Fisk 2001).
Competition for water may also occur in less productive sites as they
have lower water availability, and production declines in low snowpack years (Walker et al. 1994), though water is likely to be limiting
across the alpine tundra in low precipitation years (Bowman, Theodose & Fisk 1995). The role of light competition in alpine tundra has
been less studied, however several studies have found evidence for
competition for light in alpine habitats (Song et al. 2006; Wang et al.
2008; Chu et al. 2009).

FIELD SAMPLING

To explore patterns of functional diversity, we sampled species composition by establishing a 2-km transect along a 100-m elevation gradient running from high-elevation fellﬁeld to the alpine ⁄ subalpine
interface. Along this transect, every 200 m we ran a smaller 18-m
transect along a productivity gradient, avoiding shrubs, krumholtz,
and rocky areas (nine transects total). Within each small transect we
set up nine 1-m2 plots spaced every 2 m (81 plots total). Species presence and cover were estimated using a point-intercept method
between 6 July and 1 August 2009 at peak biomass. Using a 100
point grid, we recorded the ﬁrst species touched at 10-cm intervals
with a pin ﬂag and the presence of all species not touched in the
plot.
To characterize the environment in each plot, we measured aboveground biomass, soil depth, soil moisture, inorganic Nitrogen (N)
pools, and potential N mineralization rates. We harvested all live biomass to ground level in two 100-cm2 subplots within each plot
between 13 July 2009 and 1 Aug 2009 to coincide with peak biomass.
To quantify soil depth, we inserted a metal pin ﬂag as far as possible
into the soil in eight locations equally spaced within each plot.
Between 29 July and 1 August, we collected and composited three 10cm deep soil cores in each plot for N analyses. In every third plot, an
additional soil sample was taken to determine bulk density. Soils samples were sieved, and volumetric soil moisture was determined on a
subsample. Another subsample was extracted in 2 mol L)1 KCl and
analysed colorimetrically on a continuous ﬂow autoanalyzer (Latchat
QuikChem 8000, Lachat Instruments, Loveland, CO, USA). To
determine potential N mineralization, a third subsample was brought
to 60% water ﬁlled pore space based on bulk density and incubated at
4 C. After 28 days the samples were extracted with 2 mol L)1 KCl
and analysed for N content as above. Potential N mineralization rate
was calculated as the difference between inorganic nitrogen in the
incubated and initial sample, divided by the 28 day incubation period.

TRAIT MEASUREMENTS

We measured all traits on six different individuals of each species
present along each of the nine shorter transects (i.e. on a total of 54
individuals if the species was present on all nine transects). We followed protocols outlined in Cornelissen et al. (2003). Plant height, a
trait that is often allometrically related to overall plant size (biomass,
rooting depth, lateral spread) and competitive interactions for light
(Westoby 1998; Aan, Hallik & Kull 2006; Vojtech et al. 2008) as well

as facilitative interactions by blocking wind (Wilson 1959), was measured as length from ground level to the highest photosynthetically
active tissue. Chlorophyll content was measured using a Minolta
SPAD-502 (Osaka, Japan) and is highly correlated with tissue N
(Markwell & Blevins 1999). Stomatal conductance, indicative of
water acquisition ability (Oberbauer & Billings 1981; Ehleringer &
Marshall 1995), was measured between 0900 and 1100 under similar
weather conditions using a steady state diffusion leaf porometer
(model SC-1 Decagon Devices, Pullman, WA, USA). We then collected a fully formed adult leaf, with no signs of damage or senescence
at peak biomass. Collected leaves were stored in sealed plastic bags
with a moist paper towel and scanned (to determine area) within 2 h
of collection. Leaves were then dried at 55 C for 4 days, and weighed
to determine leaf dry weight. Individual leaf area was calculated from
the leaf scans using Image-J (Rasband 2007); leaf area is associated
with leaf energy and water balance, with heat stress, drought stress,
cold stress and high-radiation stress tending to select for small leaf
area (Cornelissen et al. 2003). Speciﬁc leaf area, a trait associated
with leaf life span and tissue N (Reich, Walters & Ellsworth 1997)
and with an allocation strategy including fast relative growth rate and
high photosynthetic capacity per unit leaf area (Westoby et al. 2002),
was calculated as leaf area (cm2) per unit of dry leaf mass (g). For each
species we calculated a mean trait value across the six measured individuals within each transect. We use this transect-level (rather than
overall species-level) mean in functional diversity and communityweighted mean (CWM) calculations to take into account environmental plasticity.

STATISTICAL ANALYSES

We conducted a principal components analysis (PCA) of the sox measured environmental variables in JMP version 7.0.2 (SAS Institute
Inc., Cary, NC, USA). Two plots were dropped from this analysis
because the N samples were contaminated, bringing the total sample
size to 79. Because the ﬁrst principal component described the variation in productivity along with many related resource measurements,
we use that axis score as a measure of our environment gradient in
subsequent analyses.
To describe species diversity within each plot, we calculated species
richness and Simpson’s diversity index for each plot. To describe species diversity among plots, we grouped plots into nine groups of similar environmental conditions (PC1 scores). To group sites, we used a
cluster analysis using Ward’s method in JMP version 9.0 (SAS Institute Inc.) and restricted the clustering so that no group could have less
than eight sites. This method gave us nine groups of 8–9 sites. We then
calculated mean pairwise Bray–Curtis dissimilarity values among
plots within each group and averaged them to obtain group dissimilarity values (Fukami et al. 2005). We used CWM trait values to
describe the functional composition of each plot (Garnier et al.
2004). CWM trait values are a quantitative translation of the biomass
ratio hypothesis (Grime 1998), calculated as the sum across all species
of the products of each species trait value and their relative abundance (Garnier et al. 2004).
We calculated functional diversity as functional dispersion (FDis)
as per Laliberte & Legendre (2010). In multidimensional trait space,
FDis is the mean distance of each species, weighted by relative abundances, to the centroid of all species in the community. While there
are currently many metrics of functional diversity available
(reviewed by Mouchet et al. 2010; Schleuter et al. 2010), FDis was
the most appropriate for our study because it is independent of species richness, takes into account species abundances, and can be used
for single traits or multiple traits (Laliberte & Legendre 2010).
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We calculated FDis for each trait individually and for all traits in
combination. To create a null community, we randomized trait data
with respect to the plot by species matrices, conserving richness and
abundances within each plot. We conserve abundances within our
null model because, while shufﬂing abundance can indicate if community assembly processes are operating, it gives little insight into
which processes are structuring communities, whereas shufﬂing trait
values does provide this information. Furthermore, these null communities include species not present within a given plot but present
in our data set. However, this approach can miss some additional ﬁltering as it does not include species present in the region but absent
in the data set (Partel, Szava-Kovats & Zobel 2011). We then calculated a null FDis for each plot and calculated 95% conﬁdence intervals (CI) based on 9999 iterations of the null model. We then
calculated the differences between the observed FDis and null FDis:
FDisobserved – FDisnull, where positive values indicate greater functional diversity than the null expectation and negative values indicate lower functional diversity than null. Finally, to describe
variability among communities in functional diversity, we used a
cluster analysis using Ward’s method in JMP version 9.0 (SAS Institute Inc.) and restricted the clustering so that no group could have
less than eight plots. This method gave us nine groups of 8–9 plots,
regardless of transect position. Plots did not cluster solely on transect identity, and plots that had very similar PC1 scores were not
necessarily in the same transect. We then calculated the coefﬁcient
of variation (CV) of FDis for each group and the groups’ mean environmental condition (PC1).
To calculate phylogenetic diversity, we ﬁrst generated a phylogenetic supertree using the software Phylomatic (Webb & Donoghue
2005) and set all branch lengths equal to one as a full molecular
phylogeny is not available for these species. We then calculated phylogenetic diversity as the mean pairwise distance (MPD) among
co-occurring species. Mean pairwise distance is a metric of relatedness which measures the sum of the branch lengths that connect all
co-occurring taxa in each plot (Webb et al. 2002) and is more sensitive to tree wide patterns of phylogenetic clustering and evenness
(Kraft et al. 2007). We compared our observed MPD to null
communities by randomizing species co-occurrences 9999 times
while maintaining sample richness and species occurrence frequencies. This technique is proposed to have the best ability to detect ﬁltering when multiple traits are involved in community assembly
(Kembel 2009). We then calculated the net relatedness index (NRI)
for each plot. Then, NRI is calculated as the standard effect size (as
per the study by Gurevitch et al. 1992) based on a comparison of
observed MPD and null MPD, where a NRI of zero indicates no
difference between observed and null values, values greater than zero
indicate phylogenetic overdispersion and values less than zero
indicate phylogenetic underdispersion.
Statistical analyses were conducted in R (R Development Core
Team 2010); we used the FD package (Laliberte & Legendre 2010) to
calculate CWM and FDis, the vegan package (Oksanen et al. 2010) to
create null communities, and the picante package (Kembel et al. 2010)
to calculate NRI. To determine how the measured response variables
(e.g. species diversity, mean Bray–Curtis dissimilarity, CWM traits,
difference in FDis, NRI, CVFDis) changed along the environmental
gradient, we focus on the direction and strength of correlations and
comparisons across correlations, rather than statistical signiﬁcance
due to the chance effects, using a general linear model with PC1 (or
mean PC1 in the case of CVFDis) as a continuous variable to describe
the environmental gradient. For each response measure, we tested for
both linear and nonlinear relationships. We selected the best ﬁt using
Akaike Information Criteria (Crawley 2007).

Results
ENVIRONMENTAL GRADIENT

Above-ground biomass in plots ranged from 36.5 to
758.0 g m)2 and was positively correlated with soil depth, soil
moisture and inorganic nitrogen availability. This set of environmental factors was described by the ﬁrst principal component axis (PC1), which accounted for 46% of the variation in
the environmental data. Differences in nitrogen mineralization
among plots were described by principal component 2, which
accounted for an additional 19% of the variation among plots
(see Appendix S1 in Supporting Information). In the subsequent analyses, we use the ﬁrst axis scores as the descriptor of
the environmental gradient, running from stressful areas (characterized by low above-ground production, shallow and dry
soils, low inorganic N) to more-resource-rich areas (higher biomass production, soil moisture and inorganic N). Greater
exposure to wind and cold also occur at the stressful end of this
gradient (Walker et al. 1993; Bowman & Fisk 2001; Williams,
Helmig & Blanken 2009).

SPECIES DIVERSITY

There were 75 species in the study area species pool. Community species richness varied from 11 to 29 species m)2. Species
richness and Simpson’s diversity index decreased linearly along
the stress gradient (F1,78 = 38.92, r2 = 0.33, P < 0.0001 and
F1,78 = 30.39, r2 = 0.27, P < 0.001 respectively; see Fig. S1
in Supporting Information), with the greatest species diversity
in the most stressful end of the gradient. We found a similar
trend in the variability in species composition among communities, where communities in more stressful environments
(regardless of transect position) tended to be more dissimilar
to each other in species composition (i.e. greater beta-diversity;
F1,7 = 7.14, r2 = 0.43, P = 0.03; see Fig. S1).
FUNCTIONAL AND PHYLOGENETIC DIVERSITY

Trait relationships were largely independent of one another.
Among the ﬁve focal traits, correlations were generally weak;
the strongest pairwise correlation was between height and leaf
area (r = 0.13, n = 79, P < 0.001).
Communities at the abiotic stressful end of the gradient
tended to be signiﬁcantly shorter in stature, with lower leaf
area and lower chlorophyll content (Fig. 1). CWM speciﬁc leaf
area (SLA) and stomatal conductance did not signiﬁcantly
change along the gradient (Fig. 1).
Functional trait diversity within communities varied from
being signiﬁcantly less than expected from the null expectation
(underdispersed), to not signiﬁcantly different from null expectations, to being signiﬁcantly greater than expected (overdispersed) (Fig. 2). Functional diversity in height was the most
variable with over 20% of the communities having greater
diversity in height than expected and another 20% having
lower diversity in height than expected (n = 18 and 16, respectively). Diversity in leaf area often was more constrained than
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Fig. 1. Community-weighted mean (CWM) trait values for individual traits along the stress–resource environmental gradient (principal components analysis component 1). CWM trait values describe each plot (black symbols) by the sum of its traits and are a quantitative translation of
the biomass ratio hypothesis, where species contribute to ecosystem function based on their relative abundance in a community. Communityweighted height (a: F1,78 = 94.44, r2 = 0.54, P < 0.001), leaf area (b: F1,78 = 83.83, r2 = 0.52, P < 0.001) and chlorophyll content (d:
F1,78 = 14.80, r2 = 0.26, P < 0.001) all signiﬁcantly increased with increasing productivity. There was no relationship between productivity
and community-weighted speciﬁc leaf area (SLA) (c: F1,78 = 1.92, P = 0.17) or stomatal conductance (e: F1,78 = 2.73, P = 0.10).

the null expectation (signiﬁcantly underdispersed, n = 13);
leaf area was overdispersed in only two communities sampled.
For speciﬁc leaf area, 8% of the communities exhibited more
trait diversity than expected, while another 8% exhibited less
than expected trait diversity (n = 6 for each group). Diversity
in chlorophyll content and stomatal conductance was generally not signiﬁcantly different than null expectations. Diversity
was either signiﬁcantly greater or lower from null expectations
for chlorophyll content in <5% of communities, and seven
communities (9%) were signiﬁcantly underdispersed in stomatal conductance. When all traits were considered together
(multivariate functional diversity), functional diversity was
never greater than the null expectation and was lower than
expected (signiﬁcantly underdispersed) in ﬁve communities
(Fig. 3).
Functional diversity in height and leaf area increased
towards the less stressful end (higher PC1 score) of the gradient
(Fig. 2); species were more similar than expected in these traits

at the abiotically stressful end of the gradient and less similar
than expected in the more benign areas. In contrast, functional
diversity of the other three traits showed the opposite pattern:
diversity in SLA, chlorophyll content and stomatal conductance all declined towards the less stressful end of the gradient
(Fig. 2). For these traits, diversity was greatest in communities
with higher abiotic stress and declined as resource availability
increased. Owing to these contrasting patterns, when considering all traits, functional diversity did not change across the gradient (Fig. 3). Finally, phylogenetic diversity increased
towards the less stressful end of the gradient (Fig. 3).
Functional diversity was highly variable among communities (high CVFDis) at the stressful end of the environmental gradient. In particular, at the more stressful end of the
environmental gradient, trait diversity in height and chlorophyll content was signiﬁcantly overdispersed in some communities while signiﬁcantly underdispersed in other communities
(Fig. 2). Variability among communities diminished (lower
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Fig. 2. Functional diversity (FDis) for individual traits along a stress–resource environmental gradient (principal components analysis component 1). Functional diversity signiﬁcantly increased with increasing productivity for height (a: F1,78 = 54.50, r2 = 0.41, P < 0.001) and leaf area
(b: F1,78 = 35.58, r2 = 0.30, P < 0.001), and signiﬁcantly decreased for speciﬁc leaf area (SLA) (c: F1,78 = 25.28, r2 = 0.24, P < 0.001), chlorophyll content (d: F1,78 = 5.81, r2 = 0.06, P = 0.02) and stomatal conductance (e: F1,78 = 12.17, r2 = 0.12, P = 0.003). The dashed line represents null functional diversity where positive values indicate greater functional diversity than null and negative values indicate less functional
diversity than null. Black symbols represent communities where functional diversity signiﬁcantly differed from the null expectation; grey symbols
represent communities where the observed functional diversity was not signiﬁcantly different from the null expectation.
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Fig. 3. Multivariate functional diversity (FDis) did not change along the stress–resource environmental gradient (principal components analysis
component 1) (F1,78 = 0.07, P = 0.41), but phylogenetic diversity [net relatedness index (NRI)] increased towards the less stressful end of the
gradient (F1,78 = 13.97, r2 = 0.14, P < 0.001). The dashed line represents null functional or phylogenetic diversity where positive values indicate greater functional or phylogenetic diversity than null and negative values indicate less functional or phylogenetic diversity than null. Black
points represent plots where functional or phylogenetic diversity signiﬁcantly differed from the null model.
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CVFDis) towards the less stressful end of the gradient for height
(F1,8 = 11.14, r2 = 0.56, P = 0.01), leaf area (F1,8 = 6.11,
r2 = 0.39, P = 0.04) and chlorophyll content (F1,8 = 8.07,
r2 = 0.47, P = 0.02). CVFDis did not change over the environmental gradient for SLA (F1,8 = 2.48, P = 0.16) or stomatal conductance (F1,8 = 0.43, P = 0.53).

Discussion
Functional diversity patterns are increasingly being utilized
to detect the opposing ‘signatures’ of abiotic environmental
ﬁltering and competition in community assembly (Cornwell
& Ackerly 2009; Mouchet et al. 2010; Mason et al. 2011).
A related widespread expectation is that functional diversity
is low in regions of strong abiotic stress and increases
in regions where competitive interactions are relatively stronger (e.g. Weiher & Keddy 1995; Cornwell & Ackerly 2009).
While we found evidence for this pattern in the diversity in
two of the ﬁve traits we quantiﬁed, we also found the opposite pattern (trait diversity increasing with abiotic stress) for
four other traits, and when all traits were considered
together, multivariate functional diversity did not change
over the environmental gradient. These results indicate that
other assembly processes – such as equalizing ﬁtness processes and facilitation – may be more important than commonly assumed.

CHANGES IN COMMUNITY-WEIGHTED TRAITS

While we did not measure assembly processes directly, we
chose traits that we expected to differ in their importance to a
range of assembly processes. Thus, we infer changes in assembly processes based on individual trait patterns. At its most
basic, a change in the CWM of a trait across an environmental
gradient indicates that habitat ﬁltering is occurring. While this
ﬁltering could be due to abiotic stress tolerance, as is commonly assumed in assembly (Weiher & Keddy 1995; Cornwell
& Ackerly 2009; Lebrija-Trejos et al. 2010), it also can be due
to biotic ﬁltering where resource competition can act to constrain a community to certain traits or trait combinations (i.e.
greater niche overlap than expected by chance). In both cases,
these patterns point to the importance of equalizing ﬁtness processes (functional redundancy around an optimal trait) in
coexistence rather than niche partitioning (Chesson 2000;
Grime 2006).
We ﬁnd a change in the CWM trait values across the environmental gradient for three of the ﬁve traits we measured:
height, leaf area and chlorophyll content increased as resource
availability increased. Filtering at the resource-rich end of the
gradient is most likely due to biotic ﬁltering or equalizing ﬁtness processes and based on the trait response, likely results
from selection for species that are fast-growing and that
acquire N and light quickly (tall, high leaf area, high chlorophyll content). At the abiotically stressful end of the gradient,
it is difﬁcult to ascribe ﬁltering to stress tolerance or biotic
interactions, particularly as many of the stresses that occur at
this end of the gradient (i.e. water stress) also relate to

resources. Based on the trait patterns we found, ﬁltering at this
end of the gradient was likely due to wind and cold exposure
(low height, leaf area) as well as low nitrogen availability (low
chlorophyll content) (Billings & Mooney 1968; Walker et al.
2001).
Even in cases where the community-weighted trait mean did
not change across environments, decreased variance among
communities can indicate the occurrence of a strong ﬁlter constraining trait values. For example, while the mean SLA and
stomatal conductance did not change across the studied environmental gradient, variance across communities in the trait
mean decreased in resource-rich environments. The decrease in
variance across the gradient likely indicates stronger ﬁltering
for an intermediate trait value in resource-rich environments.
In particular, these patterns suggest that intermediate SLA is
optimal in resource-rich productive tundra habitats (Westoby
et al. 2002).

CHANGES IN FUNCTIONAL DIVERSITY

The functional diversity within a community can suggest the
importance of several assembly processes including limiting
similarity, facilitation among differing functional types and
equalizing ﬁtness processes (Weiher & Keddy 1995; Grime
2006; Callaway 2007). Although it is often assumed that
increased functional diversity should occur in competitive,
highly productive environments due to resource partitioning
(limiting similarity), we ﬁnd evidence of increased functional
trait diversity occurs at both ends of our environmental gradient. Communities in more-resource-rich environments were
more diverse in terms of height and leaf area than expected, a
pattern supportive of the shift described by Weiher & Keddy
(1995). This result suggests that as communities become taller,
increased partitioning of light can occur (Song et al. 2006;
Wang et al. 2008; Chu et al. 2009; Mason et al. 2011). It also
may suggest that tall large-leaved species may facilitate the persistence of other smaller species, possibly due to protection
from wind or cold exposure or reducing evapotranspiration
losses.
The expectation that trait diversity increases in more productive environments does not take into account the possibility for strong competitive interactions and resource
partitioning for below-ground resources in unproductive
stressful environments (Tilman 1982). Importantly, we found
evidence for enhanced functional diversity in several traits (i.e.
SLA, stomatal conductance, chlorophyll content) at the stressful end of the gradient. While weaker than the diversity
patterns in height and leaf area, enhanced functional diversity
of the other three traits may indicate an increased importance
of resource partitioning for below-ground resources (nitrogen,
water) in resource-poor environments, where complex tradeoffs among nitrogen and water acquisition and tolerance
strategies may allow for increased coexistence. While this
pattern is also consistent with increased facilitation in stressful
environment (Callaway et al. 2002; Callaway 2007), resource
partitioning mechanisms seem more likely given that the traits
largely characterize differences in resource acquisition strate-
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gies (Garnier & Laurent 1994; Ehleringer & Marshall 1995;
Poorter & De Jong 1999). Additionally, facilitation in stressful
environments is particularly expected when abiotic stress is
mainly induced by a non-resource stressors (e.g., temperature;
Maestre et al. 2009) as is commonly the case in mountain
areas.
An additional aspect of community assembly that is often
overlooked in functional diversity work is the role of stochasticity (Hubbell 2001; Schwilk & Ackerly 2005). The patterns of
variability in CWMs and functional diversity in areas of stress
on the environmental gradient suggest a role for stochastic
processes inﬂuencing assembly. Variability among communities can also arise from priority effects (Booth & Larson 1999;
Chase 2003), and it could be that initial colonization and establishment history may play a larger role in unproductive alpine
environments. However, priority effects have been generally
found to be more prominent in higher productivity environments (Chase 2010), and we suspect the increased variability in
stressful environments is likely due to functional redundancy
and neutral trade-offs among functional traits rather than
mechanisms such as priority effects, but further research on
this aspect is needed.
It is important to note that inferring community assembly
from functional diversity patterns is far from perfect, as it
requires assumptions about what trait relates to what assembly process, even though we know that traits can contribute
to several assembly processes (Diaz, Cabido & Casanoves
1999; Violle et al. 2007). Using functional diversity patterns,
we cannot entirely disentangle the mechanisms operating
and experimental approaches that test interactions among
species that vary in trait similarity are needed to fully assess
the community assembly processes operating. However, this
approach does provide a set of quantitative hypotheses to
be addressed in future experiments. Additionally, examining
multiple traits associated with multiple niche axes along a
well-documented stress–resource gradient allows us a greater
degree of conﬁdence in interpreting our results, as we are
less likely to miss mechanisms that may be masked in multivariate and phylogenetic patterns. Additionally, when experimental approaches are more challenging due to slow
growth and short growing seasons (such as in tundra ecosystems), these observational approaches provide one of the
only indications of the community assembly mechanisms
operating.

OVERALL PATTERNS IN FUNCTIONAL AND
PHYLOGENETIC DIVERSITY

When we analysed functional diversity in multivariate trait
space, functional diversity did not change along the environmental gradient because our traits were associated with two
opposing niche axes; one related to plant stature (leaf area and
plant height) and one linked with leaf traits and resource acquisition. Similarly, Cornwell, Schwilk & Ackerly (2006) found
no difference in the multivariate trait space occupied by species
in wet and dry chaparral sites, despite individual trait patterns
(Cornwell & Ackerly 2009), where species in drier sites exhib-

ited greater functional diversity in water use and transport,
and species in wetter sites exhibited greater functional diversity
in stature. Thus, overall patterns in functional diversity depend
on the compilation of patterns of many individual traits and
may be masked by opposing niche axes.
In contrast to multivariate functional diversity, phylogenetic
diversity increased along the gradient suggesting a switch from
stress tolerance to competition (Webb et al. 2002; Ackerly
2003). This pattern matches the patterns found in leaf area and
height and likely reﬂects that these traits have a higher phylogenetic signal. This higher phylogenetic signal likely indicates
overall selection for tolerance to wind and cold at the stressful
end of the gradient and selection for competition for light at
the resource-rich end. That we found a change in phylogenetic
diversity, but not multivariate functional diversity likely
reﬂects the net change in all niche axes along this gradient and
includes traits and niche axes we did not measure (CavenderBares et al. 2009).
The contrast between individual, multivariate trait patterns
and phylogenetic patterns illustrates the difﬁculty and potential problems associated with interpreting functional diversity
in multivariate space or phylogenetic diversity without understanding how individual traits relate to different niche axes
and their associated assembly mechanisms. Because different
assembly mechanisms inﬂuence the functional diversity of different traits, the net outcome of these patterns indicates little
change in functional diversity overall. It highlights the importance of including only traits linked with speciﬁc assembly
mechanisms. Including many traits related to similar processes
will bias overall results towards the well-measured traits
despite their relative contribution to overall functioning (Violle et al. 2007). For instance, reconciling why some authors
ﬁnd that multivariate functional diversity increases with productivity (Weiher, Clarke & Keddy 1998) while others do not
(Thompson et al. 2010) may be inﬂuenced as much by the
traits chosen as the ecology of the systems studied. Conducting a sensitivity analysis is one way to determine the contribution of speciﬁc traits to the multivariate functional diversity
patterns. For instance, we ﬁnd that multivariate functional
diversity becomes more negative if height or leaf area are
omitted and becomes more positive if any of the other traits
are omitted. These results suggest that trait selection should
focus traits associated with different niche axes. Similarly,
phylogenetic patterns represent the net outcome of potentially
opposing phylogenetic signals of multiple traits (measured
and unmeasured), and thus represent the net pattern of all
potential niche axes, and may therefore limit the information
on which niche axes may be important or the relative strength
of those axes. We feel more conﬁdent in interpreting results
relating to speciﬁc traits and mechanisms rather than a relationship involving multiple combinations of traits or phylogenetic patterns.

Conclusions
The important recognition that both stabilizing and equalizing processes can inﬂuence coexistence (e.g., Chesson 2000)
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is reﬂected in the idea of environmental ﬁltering and competitive interactions in assembly research (Weiher & Keddy
1995). However, the assumption that ﬁltering increases trait
convergence in stressful environments (Weiher & Keddy
1995; Cornwell, Schwilk & Ackerly 2006), while competition
(niche partitioning, limiting similarity) prevents coexisting
species from being too similar in more productive environments (MacArthur & Levins 1967; Chesson 2000) ignores
the importance of other alternative mechanisms (i.e. facilitation, functional redundancy) operating on multiple niche
axes. By focusing on ﬁve ecologically important traits along
a stress–resource gradient in alpine tundra, we ﬁnd that contrasting processes can act along different niche axes, with
environmental tolerance for some axes and competition for
other axes operating simultaneously. These patterns in functional diversity cannot be described by a single multivariate
trait index or phylogenetic diversity but rather need to be
related to speciﬁc functional relationships of the individual
traits involved.
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