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Review
Glossary

Assembly rules: rules that aim to explain the assemblage and relative

abundances of species in a given community (or guild) from the regional pool

potentially containing many more species [87]. These rules are largely

hypothetical and controversial at present.

External filter: all assembly processes that operate at a larger spatial scale than

the scale of the community, including climate, soil and possible non species-

specific agents such as generalist predators (Box 1).

Functional trait: any trait affecting, directly or indirectly, individual performance

and fitness of species [14,89].

Internal filter: all assembly processes internal to the community, including

competition, parasitism and microenvironmental heterogeneity (Box 1).

Limiting similarity: an ecological concept that refers to the level of niche overlap

between two species above which coexistence is not possible. It was originally
Despite being recognized as a promoter of diversity and a
condition for local coexistence decades ago, the impor-
tance of intraspecific variance has been neglected over
time in community ecology. Recently, there has been a
new emphasis on intraspecific variability. Indeed, recent
developments in trait-based community ecology have
underlined the need to integrate variation at both the
intraspecific as well as interspecific level. We introduce
new T-statistics (‘T’ for trait), based on the comparison of
intraspecific and interspecific variances of functional
traits across organizational levels, to operationally incor-
porate intraspecific variability into community ecology
theory. We show that a focus on the distribution of traits
at local and regional scales combined with original ana-
lytical tools can provide unique insights into the primary
forces structuring communities.

The importance of variance has been neglected in
community ecology
Community ecologists are interested in documenting and
predicting the structure and dynamics of assemblages of
organisms that co-occur within a local place and time [1].
The most probable conditions that allow for such coexistence
of species were worked out long ago through classical niche-
based coexistence theory [2,3]. MacArthur and Levins [2]
highlighted the importance of the quotient of the interspe-
cific differences in niche means, d, and intraspecific niche
widths, s. This ratio was seen as the central quantity to
resolve the paradox of Gause’s Principle which states that
two species cannot share the same niche [4]. How small the
value of d/s could be while still maintaining species coexis-
tence was termed ‘limiting similarity’ (see Glossary) [3,5,6].
Thus, from the beginning of coexistence theory both inter-
specific species means and intraspecific variance have the-
oretically been important for the study of coexistence.

Since the work of MacArthur and Levins [2], numerous
coexistence studies have invoked the difference between
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species niche means, d, as a key promoter of diversity [7,8].
This assumption follows from the mindset of the common
mathematical tool of mean field theory (the study of the
behavior of the mean while ignoring variance). Interest-
ingly, the role of MacArthur and Levins’ s in coexistence
has received diminished attention through the 1980s and
1990s despite the existence of potentially wide within-
population variation being widely recognized in ecology
and evolutionary biology [9–11]. The dominant theories in
ecology in recent years support our claim that intraspecific
variation is no longer considered in the study of communi-
ties. For instance, community assembly theories, and re-
lated assembly rules [12], have focused on interspecific
differences between co-occurring species. Furthermore, in
the emerging field of community phylogenetics, where
community assembly is studied from a phylogenetic per-
spective [13], within-species variation is largely ignored.

The mean field theory has been widely adopted in trait-
based community ecology [12,14] where the focus is on trait
differences between co-occurring species. Indeed, McGill
et al. [14] stated that ‘to be useful to community ecology,
traits should vary more between than within species’. This
statement has been a key assumption guiding the devel-
opment of functional ecology [15] and has been further
defined as the ratio of the distance between species niche means (d) to their

niche widths (s) [2,3].

Trait: any morphological, physiological, phenological or behavioral feature

measurable at the individual level [89].
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amplified in community ecology by the use of species mean
trait values extracted from global databases [16]. In sup-
port of these theoretical and pragmatic assumptions, sev-
eral studies have reported low intraspecific variation for
both organismal traits [17] and population-level param-
eters [18]. However, several recent studies have challenged
the findings that intraspecific variation is necessarily low
by measuring trait values either for all individuals within a
community [19] or for a large number of populations along
environmental gradients [20].

The gap between theoretical assumptions that the mean
captures a majority of the important dynamics and empiri-
cal results suggesting that there is significant intraspecific
variation, indicates a fundamental issue in the theoretical
foundation of community ecology. Indeed, recent papers
[19,21–39] have demonstrated the importance of intraspe-
cific variability for the maintenance of species coexistence
and the dynamics of communities. Specifically, the question
is whether community ecology should be based on the
ecology of species or individuals [10,37]. Because interac-
tions with the biotic and abiotic environment are ultimately
based at the level of the individual, it makes sense to build a
theory of community ecology starting with individuals.

Here we review the limitations of the mean field ap-
proach in community ecology and present a framework for
incorporating ‘both’ intraspecific (s) and interspecific (d)
trait variability into community ecology theory. Our ap-
proach builds on the F-statistics familiar from population
ecology. Specifically, we propose a renaissance of the study
of MacArthur and Levins’ ratio d/s to more quantitatively
predict the assembly, structure and dynamics of commu-
nities and to further disentangle several competing theo-
ries of species coexistence.

Limitations of the mean field approach in community
ecology
The ubiquitous presence of individuals within populations
that differ from each other was the central independent
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observation made by both Darwin and Wallace that laid
the foundation for the theory of evolution by natural
selection. Variation between individuals has also been
widely discussed in ecology, as emphasized by the concepts
of ‘niche variation’ [40–42], ‘individual specialization’
[10,43–45], ‘individual heterogeneity’ [9,25,36,46] and ‘in-
traspecific polymorphism’ [23,47]. These theories state
that some individuals within the population have a more
specialized behavior to forage for alternative resources or
prey (i.e. behavior specialization) or to select alternative
habitats (i.e. habitat specialization) [10,43,45], allowing
the population to release intra- and interspecific competi-
tion or predation [10,43–45]. Below we use the generic term
of ‘individual variation’ (see also Figure 3c) to refer to the
possibility for individuals within a local population to
exhibit different ecological strategies. This idea is rein-
forced by the fact that a given organism can respond to the
presence of direct neighbors via phenotypic plasticity (i.e.
trait adjustment) [48–50]. The immediate neighbors are
the ones directly involved in species interactions [29,51].
As such, niche complementarity, that is ‘the tendency for
phenotypically divergent individuals (or species) to com-
pete less strongly’ [21], most probably occurs primarily at
this neighborhood scale [29,48,51,52]. This partly explains
why intraspecific (genetic and phenotypic) variation usu-
ally coincides with greater coexistence and resource use
among species [24,31,34,36,37].

Considering traits as mean values per species (i.e. mean
field approach) then underestimates the ability of a species
to endure the presence of others in a community [48],
misrepresents the fraction of resources that the population
can use [10], and ultimately underestimates the degree of
niche and trait overlap between species [39] (Figure 1). In
short, using mean traits will have consequences for the
predictive ability of community ecology and can lead to
critical misinterpretations. First, in order to understand
the mechanisms promoting species coexistence, the use of
the mean field approach is not appropriate due to the direct
Increasing TIP/IC
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 differences between species. In the mean field approach, the traits of species are

rait frequency can be different between species if the abundance of species is taken

e in the community; [89]). When accounting for intraspecific trait variation, the trait

 between species can be assessed by the TIP/IC-statistic (Box 2). Note that a partial

 traits, standardized protocols minimizing intraspecific variation are used; [67]) can



Box 1. Ecological filters: a plea for a more operational

framework

Traditionally, community assembly theories aim at predicting the

arrival and persistence of species inside a community via the sorting

of species across various ‘ecological filters’ – including dispersal,

abiotic (habitat) and biotic filters – according to their trait values

[87,90]. Although intuitively appealing and a useful heuristic tool to

organize assembly processes [53], over the past several years the

traditional paradigm of filtering has been questioned because these

filters are operationally difficult, if not impossible, to separate

[13,91]. For instance, facilitation and competition, both biotic filters,

can actually act as ‘habitat’ filters by regulating microclimate and

resources [70,92]. Moreover, this paradigm describes sequential

filtering processes that actually occur simultaneously in natural

communities.

To overcome the complexity of ‘traditional’ ecological filters, we

propose a new spatially explicit framework that invokes two

operational filters: the ‘external’ and ‘internal’ filters. The advantage

of this approach is that the filtering processes are relative to the

spatial scale of the community being investigated. Here, the external

filter includes all assembly processes outside the community,

whereas the internal filter includes all of the assembly processes

internal to the community. The external filter conditions the sorting

of species from a regional pool. The internal filter represents all local

processes, including microenvironmental heterogeneity [93] and

density-dependent processes [77] that regulate species coexistence

within the community. As we discuss in the main text, our revised

assembly theory, based on a clearer articulation of filtering, aims at

disentangling the role of both filters in the establishment and

persistence of traits and taxa in the community through the

comparison of intra- and interspecific trait variation at local and

regional scales.
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limitations detailed above. Second, to detect nonrandom
community assembly mechanisms, adequate null models
have been proposed to compare patterns in natural versus
randomized communities [53]. Because the mean field
approach omits intraspecific variation the use of null mod-
els can bias the estimation of coexistence in multispecies
communities. An illustrative example of this comes from
grassland communities where Jung et al. [22] found that
the detection of community-wide limiting similarity was
improved when intraspecific trait variation was taken into
account. Nonetheless, the role and presence of intraspecific
variability is usually discussed as a caveat in most com-
munity assembly studies [54,55]. Third, to understand and
predict the dynamics of communities, the mean field ap-
proach is inappropriate in so far as intraspecific trait
variation is the rough material for the eco-evolutionary
dynamics of natural communities [56,57]. Finally, to quan-
tify functional diversity (the kind, range and relative
abundance of functional traits in a given community,
[58]), there is both: (i) a theoretical understanding that
intraspecific trait variation can affect the assessment of
functional diversity [59] and (ii) an increasing number of
field and simulation studies showing that neglecting in-
traspecific trait variation in the computation of functional
diversity can result in a misinterpretation of the real
dynamics and functioning of communities [22,26,60–63].

How do we measure intraspecific variability?
The main sources of intraspecific trait variation are well
known [64]. They consist of genetic variability and pheno-
typic plasticity for a given sex and age class. Genetic
variability and phenotypic plasticity cause similar effects
in ecological communities [24,30–32,34,48]. Given this,
when studying community ecology questions, we suggest
measuring all phenotypic variation (i.e. intraspecific trait
variation ipso facto) within natural populations, regardless
of whether it is caused by genetic or environmental causes.
Then we can estimate the variation of a given species
simply by measuring the distribution of trait values in
the local community. Although we focus primarily on
intraspecific variation with regard to individual traits,
our approach also necessitates consideration of interspe-
cific variation (see next section). Further, our approach is
readily extendable to the cases of multiple traits which
often combine to determine fitness [65,66] (Box 3).

When applying a trait-based approach to community
ecology, we recommend relaxing standardized protocols
currently used in functional ecology [67]. Specifically, rath-
er than aiming to minimize intraspecific variability, the
goal is to accurately quantify intraspecific variation within
communities. In an ideal world, all individuals of a com-
munity should be measured [61,68] but in practice this is
frequently not feasible. Instead, we advocate the random
selection of individuals [61], which is typically not the case
today in most community ecology studies, as well as the use
of individual-based trait distributions [19,20,69] to more
accurately quantify the width of the niche of species and,
ultimately, mechanisms of species coexistence. Further-
more, recent evidence suggests that biotic interactions and
niche complementarity do appear at the neighborhood
scale [29,34,52] and that individuals can modify their traits
in response to the activity of their closest neighbors
[48,70,71], at least in sessile organisms. As a consequence,
we strongly encourage those carrying out future studies to
investigate the spatial structure of trait distribution to
estimate the importance of these fine-scales processes,
especially in plants.

A special case of individual variation is the polymor-
phism for sex or age [45,72]. In community ecology, the
mean field approach is implicitly applied to ‘a-gendered’
adult organisms. Juveniles and adults can however use
different resources thereby increasing the niche of the
species [10,72]. Similarly, male and female individuals
can behave differently [10]. This intraspecific polymor-
phism can also help a species to escape exclusion via
density-dependent interactions such as interspecific com-
petition [10]. Further, the coexistence of differently aged
individuals allows for the storage effect, that is, a temporal
partitioning of niches that enhances the maintenance of
species diversity [73,74]. Trait-based community assem-
bly studies can then benefit from hierarchical trait sam-
pling to account for age- and sex- structure of populations
[15]. This will also help to incorporate the storage effect in
community assembly theories (Box 3). In plants, sampling
traits and running assembly analyses for seedlings and
adults separately can be of interest to identify the specific
mechanisms controlling the establishment and success
of species.

Incorporating intra- and interspecific variances into
community ecology theory: introduction of T-statistics
We propose a simple approach to incorporating intraspe-
cific variation into existing theory that starts from a
3
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process-based perspective and translates immediately into
easy-to-measure proxies for these processes. Our approach
models community assembly via two different filters: ex-
ternal (filtering processes outside the community) and
internal (filtering processes inside the community). By
using this simple distinction between filtering processes,
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our aim is to propose a more operational framework to
community assembly (Box 1). As such, it is possible to
compare the trait distribution in a local community to
the total amount of trait variation within the regional
pool, as a more operational way to track the assembly of
communities.
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Box 2. Partitioning of intraspecific and interspecific variances across hierarchical levels: the T-statistics

Four organizational levels are involved in community assembly:

individual, population (i.e. community-specific species), community

and regional pool (Figure I). We consider the distribution of the trait

of individuals at these different hierarchical levels. Six variance

components are identified: sIP
2, variation of trait values among

individuals within population; sPC
2, variation of population mean

trait values within community; sCR
2, variation of community

mean trait values within regional pool; sIC
2, variation of trait values

among individuals within community; sPR
2, variation of population

mean trait values within regional pool; sIR
2, variation of trait values

among individuals within regional pool.

In population and evolutionary genetics, Wright’s F-statistics are

widely used to describe the structure of genetic variation within and

among populations [94]. Inspired by the machinery of quantitative

genetics, we proposed T-statistics (‘T’ for trait) as ratios of

variances to quantify the importance of internal and external

filtering in the maintenance of local trait and species coexistence.

We specifically highlight three ratios that can be implemented for

any trait:

� TIP=IC ¼
s2
IP

s2
IC

, the within-population variance conditional within the

community;

� TIC=IR ¼
s2
IC

s2
IR

, the community-wide variance relative to the total

variance in the regional pool, assessed at the individual level;

� TPC=PR ¼
s2
PC

s2
PR

, the community-wide variance relative to the total

variance in the regional pool, assessed via population-level means.

TIP/IC represents the community-wide overlap of intraspecific trait

variation, which is a measure of niche packing between the species of

the community. It quantifies the strength of internal filtering. TIC/IR

quantifies the strength of external filtering. The use of both TPC/PR and

TIC/IR allows one to identify which filtering processes act on species

averages or on individual values.
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Figure I. Hierarchical partitioning of variances among the four levels involved in

community assembly. In the case of clonal plants, the ‘individual’ level is a clone

or a ramet because ramets of a modular plant can display wide phenotypic

variation in a community [95]. The ‘population’ level is the community-specific

species. In animals, the ‘community’ level is preferentially a guild. The regional

pool is the set of species belonging to a regional area or preferentially the set of

species that are able to disperse up to the local community.

Box 3. Future directions

� Develop sampling protocols to quantify intraspecific variation

simultaneously for multiple traits at differing spatial scales

Intraspecific trait variability is expected to reflect the width of

species niche [96,97]. However, the emergence of the concept of

‘trait niche’ [96] is still largely based on single-trait analysis. In

reality the species’ niche results from multiple traits and the

degree of covariation between them [98]. Future elaboration of

trait-based ecology will necessitate measures of intraspecific

multi-trait variability.

� Incorporate temporal variability in traits into community assem-

bly theory

A community includes the complexity of age structure of its

constitutive populations. Trait sampling is most often performed

on mature adult individuals, which underestimates the role of age

structuring within and among populations. A more complete

sampling framework for community-wide intraspecific variability

needs to include age as well as sex structure [72]. Trait sampling is

classically done once in a community and thus represents a

snapshot of realized trait distribution. However, temporal niche

partitioning is also a well-known mechanism that favors species

coexistence (see the storage effect) [74]. Investigating the

temporal structure of interspecific and intraspecific trait variability

should allow accounting for the role of temporal niche partition-

ing in community assembly.

� Develop tools and methodologies to connect functional trait-

based approaches to community genetics

Community genetics asserts that the genetic diversity of a

species can influence the persistence of interacting species

[35,99]. This burgeoning field classically refers to a keystone or

dominant species but can also be extended to any species in the

community. How do genetic differences among individuals

translate into functional trait differences? What is the genetic

basis of functional traits? What are the consequences of

intraspecific and interspecific traits distribution in the actual

community for its ecoevolutionary dynamics?
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Traditional community assembly theory predicts that
the filters operate on the mean values of species traits
(Figure 2a). To build a more general trait-based ecology,
we propose a revised assembly theory involving filtering
processes that operate on individuals instead of species
(Figure 2b). Our framework specifically considers the
distribution of traits of individuals at different hierarchi-
cal levels. We make two explicit assumptions. First, for a
given local community J, external conditions EJ select an
optimal trait value TJ [75,76]. Individuals with trait
values close to TJ pass through the external filter to grow
and reproduce, whereas individuals with trait values far
from TJ have a fitness of zero and fail to establish. This is
very similar to the idea of stabilizing selection [47]. Inter-
nal filters, mostly governed by density-dependent process-
es such as competition [77], suggest that if most
individuals in a community possess trait values close to
TJ, then individuals possessing trait values away from TJ

can have higher fitness [77]. This idea is also a central
tenet of adaptive dynamics as applied to evolutionary
theory [78]. Altogether, external and internal filtering
processes create a distribution of trait values around
TJ. The external and internal filters cause the trait values
in a local community to have the following properties: (i)
the mean trait of the community is potentially different
from the mean trait of the regional pool and the modal trait
value is at the optimal trait value TJ for the external
conditions EJ experienced in that community; (ii) traits
values in the local community will spread around TJ, with
the spread (variance: s2

IC, see Box 2) being small with
strong external filtering and being large with strong inter-
nal density-dependent constraints.
5
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Variance partitioning gives a simple way to test these
ideas and make them operational. Whereas classical as-
sembly theory focused on differences (essentially subtrac-
tions) between means, a variance-based theory focuses on
ratios of variances on differing scales. The use of ratios of
variances has long-standing roots in ecology in the context
of analysis of variance and the R2 of regression. An analysis
of variation is also extremely common in the study of
dispersal and population structure [79] in the form of
F-statistics as introduced by Sewall Wright [80,81]. It also
echoes the partitioning of the niche of a population into
within- and between-individual variation to assess the
potential of niche variation and the level of ‘individual
specialization’ within a population [10,40,41,43,44]. In-
creasingly, community ecologists are exploring variance
partitioning across hierarchical levels [19,61,82]. Loosely
inspired by Wright’s F-statistics, we propose several
‘T-statistics’ (‘T’ for ‘trait’) to quantify the relative strength
of internal and external filters that operate within and
between species during community assembly. Specifically
we considered four hierarchical levels: individual (I), pop-
ulation (P), community (C) and regional pool (R) (Box 2).
Below, we consider three key T-statistics (TIP/IC, TIC/IR and
TPC/PR) that are useful in quantifying ecological filtering
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variation is higher in community B (high TIP/IC value) than in community A (low TIP/IC val

fraction (niche width) decreases when the number of species increases [83,100]. We the
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6

processes and the level at which they act (species or
individual level).

The ratio TIP/IC is the variance within a single species
(population) belonging to the community relative to the
total variance of the community over all species. The
magnitude of TIP/IC measures the strength of internal
filters; that is, how strongly local processes, such as
microenvironmental heterogeneity or density-dependent
processes, act on species coexistence. In essence TIP/IC is
a measure of ‘interspecific’ niche packing [83]. Specifical-
ly, as more competitors are established in the communi-
ty, there is a reduction of local intraspecific variation
(s2

IP; i.e. s in MacArthur and Levins’ ratio). Niche packing,
with nonoverlapping niches, would then lead to a TIP/IC

close to 0 (Figures 1 and 3a). Alternative theories, includ-
ing the neutral theory of biodiversity [84] and ‘individual
variation’ theories [36,46] (Figure 3), suggest the processes
that pack species are indifferent to overlap or strongly
screen against niche overlap, and in these cases TIP/IC

tends to be close to 1. A simple plot of species richness
versus TIP/IC would then provide a strong test of these
ecological theories. Negative, positive or flat slopes would
reflect niche, individual variation or neutral processes
(Figure 3). TIP/IC is close to estimators of niche overlap
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plicitly identify intraspecific variation as the main driver of local diversity [36,46]. In

ade-offs in life-history traits, favors the maintenance of diversity.
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developed for quantitative traits [85] and discrete traits
[86]. Similarly to the tests developed in the context of niche
overlapping [86], field-observed TIP/IC can be confronted to
randomized assemblages through permutation tests.

The variance within the community relative to the total
variance of the regional pool is a measure of the strength of
external filters; that is, how strongly filtered the entire
community is. This can be evaluated in two ways: (i) at the
individual level (namely TIC/IR; the trait values of all
individuals in the community and in the regional pool
are considered, regardless of species identity) or (ii) at
the species level (namely TPC/PR; only the population
means are considered) (Box 2). When TIC/IR (respectively
TPC/PR) is close to 1, the community variance, s2

IC (respec-
tively s2

PC), is high in comparison to the total variance, s2
IR

(respectively s2
PR), indicative of relatively little external

filtering (e.g. climatic constraints or impact of a generalist
predator). Conversely, when TIC/IR (respectively TPC/PR) is
close to 0, then the community collectively has been strong-
ly filtered by either abiotic stress or external interactions.
Again, permutation tests can be applied to compare TIC/IR

(respectively TPC/PR) to a randomized filtering from the
regional pool (at the individual or species level). Further,
the comparison of TIC/IR and TPC/PR indicates whether
filtering processes act on species averages as suggested
in the mean field approach [87] (TIC/IR<TPC/PR) or on
individual values [19] (TIC/IR>TPC/PR). A situation where
both measures are close suggests that filtering acts on
species as a consequence of filtering on individuals. An
important challenge for community ecology is to then
identify the ‘currency’ that is being filtered during commu-
nity assembly.

Concluding remarks
An increasing number of studies have documented the
importance of intraspecific variation to many ecological
and evolutionary processes. Nonetheless, traditional eco-
logical theory has emphasized interspecific variation. We
advocate moving beyond the mean field theory in commu-
nity ecology by examining the structure of intraspecific
variability in actual communities as a signature of past
community assembly processes. This will enhance the
predictive power of the trait-based toolkit for community
ecology. Altogether, theories and models incorporating
intraspecific variability [25,36,38] predict higher local di-
versity than those based on population averages. Therefore
the trait variance of species needs to be included when
forecasting the fate of species and functional diversity in
response to environmental changes [60] and the conse-
quences for ecosystem functioning [88]. Ultimately, this
will facilitate the shift from species-based to individual-
based community ecology and lead to a more predictive
ecological theory.

Acknowledgments
We thank C. Baraloto, P. Chesson, P. Craze and anonymous reviewers for
valuable comments that helped improve this manuscript. CV was
supported by a Marie Curie International Outgoing Fellowship within
the 7th European Community Framework Program (DiversiTraits
project, no. 221060), BJE by a NSF ATB (EF-0742800) and
Macrosystems (EF-1065836) awards, CHA by ANR CIS 3Worlds (ANR-
07-CIS7) and ANR DIVERSITALP (ANR-07-BDIV-014), BJM by
Sustainability Solutions Initiative (National Science Foundation award
EPS-0904155 to Maine EPSCoR at the University of Maine), LJ by NSF
(DEB-1120281).

References
1 Vellend, M. (2010) Conceptual synthesis in community ecology. Q.

Rev. Biol. 85, 183–206
2 MacArthur, R.H. and Levins, R. (1967) The limiting similarity,

convergence and divergence of coexisting species. Am. Nat. 101,
377–385

3 May, R.M. and MacArthur, R.H. (1972) Niche overlap as a function
of environmental variability. Proc. Natl. Acad. Sci. U.S.A. 69,
1109–1113

4 Gause, G.F. (1934) The Struggle for Existence, Williams and Wilkins
5 May, R.M. (1974) On the theory of niche overlap. Theor. Popul. Biol. 5,

297–332
6 Abrams, P. (1983) The theory of limiting similarity. Annu. Rev. Ecol.

Evol. Syst. 14, 359–376
7 Levine, J. and HilleRisLambers, J. (2009) The importance of niches for

the maintenance of species diversity. Nature 461, 254–257
8 Violle, C. et al. (2011) Phylogenetic limiting similarity and competitive

exclusion. Ecol. Lett. 14, 782–787
9 Cam, E. et al. (2002) Individual covariation in life-history traits:

seeing the trees despite the forest. Am. Nat. 159, 96–105
10 Bolnick, D. et al. (2003) The ecology of individuals: incidence and

implications of individual specialization. Am. Nat. 161, 1–28
11 Hallgrı́msson, B. and Hall, B. (2005) Variation: a Central Concept in

Biology, Elsevier Academic Press
12 Weiher, E. et al. (2011) Advances, challenges and a developing

synthesis of ecological community assembly theory. Philos. Trans.
R. Soc. Lond. B: Biol Sci. 366, 2403–2413

13 Cavender-Bares, J. et al. (2009) The merging of community ecology
and phylogenetic biology. Ecol. Lett. 12, 693–715

14 McGill, B.J. et al. (2006) Rebuilding community ecology from
functional traits. Trends Ecol. Evol. 21, 178–185

15 Albert, C.H. et al. (2011) When and how should intraspecific trait
variability be considered in plant ecology? Perspect. Plant Ecol. Evol.
13, 217–225

16 Kattge, J. et al. (2011) TRY: a global database of plant traits. Glob.
Change Biol. 17, 2905–2935

17 Garnier, E. et al. (2001) Consistency of species ranking based on
functional leaf traits. New Phytol. 152, 69–83

18 Buckley, Y. et al. (2010) Causes and consequences of variation in plant
population growth rate: a synthesis of matrix population models in a
phylogenetic context. Ecol. Lett. 13, 1182–1197

19 Messier, J. et al. (2010) How do traits vary across ecological scales? A
case for trait-based ecology. Ecol. Lett. 13, 838–848

20 Albert, C.H. et al. (2010) A multi-trait approach reveals the structure
and the relative importance of intra- vs. interspecific variability in
plant traits. Funct. Ecol. 24, 1192–1201

21 Bolnick, D.I. et al. (2011) Why intraspecific trait variation matters in
community ecology. Trends Ecol. Evol. 26, 183–192

22 Jung, V. et al. (2010) Intraspecific variability and trait-based
community assembly. J. Ecol. 98, 1134–1140

23 Pruitt, J. and Ferrari, M. (2011) Intraspecific trait variants determine
the nature of interspecific interactions in a habitat forming species.
Ecology 92, 1902–1908

24 Hughes, A. et al. (2008) Ecological consequences of genetic diversity.
Ecol. Lett. 11, 609–623

25 Lichstein, J. et al. (2007) Intraspecific variation and species
coexistence. Am. Nat. 170, 807–818

26 Paine, C. et al. (2011) Functional traits of individual trees reveal
ecological constraints on community assembly in tropical rain forests.
Oikos 120, 720–727

27 Schreiber, S. et al. (2011) The community effects of phenotypic
and genetic variation within a predator population. Ecology 92,
1582–1593

28 Long, W. et al. (2011) Within- and among-species variation in specific
leaf area drive community assembly in a tropical cloud forest.
Oecologia 167, 1103–1113

29 Whitlock, R. et al. (2011) Fine-scale community and genetic structure
are tightly linked in species-rich grasslands. Philos. Trans. R. Soc.
Lond. B: Biol. Sci. 366, 1346–1357
7



Review Trends in Ecology and Evolution xxx xxxx, Vol. xxx, No. x

TREE-1489; No. of Pages 9
30 Whitlock, R. et al. (2007) The role of genotypic diversity in
determining grassland community structure under constant
environmental conditions. J. Ecol. 95, 895–907

31 Vellend, M. (2006) The consequences of genetic diversity in
competitive communities. Ecology 87, 304–311

32 Berg, M. and Ellers, J. (2010) Trait plasticity in species interactions: a
driving force of community dynamics. Evol. Biol. 24, 617–629

33 Crutsinger, G. et al. (2006) Plant genotypic diversity predicts
community structure and ecosystem processes. Science 313, 966–968

34 Fridley, J. and Grime, J. (2010) Community and ecosystem effects of
intraspecific genetic diversity in grassland microcosms of varying
species diversity. Ecology 91, 2272–2283

35 Whitham, T. et al. (2006) A framework for community and ecosystem
genetics: from genes to ecosystems. Nat. Rev. Genet. 7, 510–523

36 Clark, J. (2010) Individuals and the variation needed for high species
diversity in forest trees. Science 327, 1129–1132

37 Clark, J. et al. (2010) High dimensional coexistence based on
individual variation: a synthesis of evidence. Ecol. Monogr. 80,
569–608

38 Yamauchi, A. and Miki, T. (2009) Intraspecific niche flexibility
facilitates species coexistence in a competitive community with a
fluctuating environment. Oikos 118, 55–66

39 Courbaud, B. et al. (in press) Intra-specific variability and the
competition-colonisation trade-off: coexistence, abundance and
stability patterns. Theor. Ecol. DOI:10.1007/s12080-010-0095-8
Key: citeulike:7962690

40 Van Valen, L. (1965) Morphological variation and width of ecological
niche. Am. Nat. 99, 377–389

41 Roughgarden, J. (1972) Evolution of niche width. Am. Nat. 106, 683–

718
42 Roughgarden, J. (1974) Niche width, biogeographic patterns among

Anolis lizard populations. Am. Nat. 108, 429–441
43 Devictor, V. et al. (2010) Defining and measuring ecological

specialization. J. Appl. Ecol. 47, 15–25
44 Bolnick, D. et al. (2010) Ecological release from interspecific

competition leads to decoupled changes in population and
individual niche width. Proc. R. Soc. Lond. B 277, 1789–1797

45 Araujo, M. et al. (2011) The ecological causes of individual
specialisation. Ecol. Lett. 14, 948–958

46 Clark, J. et al. (2007) Resolving the biodiversity paradox. Ecol. Lett.
10, 647–662

47 Kingsolver, J. and Pfennig, D. (2007) Patterns and power of
phenotypic selection in nature. Bioscience 57, 561–572

48 Ashton, I. et al. (2010) Niche complementarity due to plasticity in
resource use: plant partitioning of chemical N forms. Ecology 91,
3252–3260

49 Galloway, L. and Etterson, J. (2009) Plasticity to canopy shade in a
monocarpic herb: within- and between generation effects. New Phytol.
182, 1003–1012

50 Aarssen, L. (1983) Ecological combining ability and competitive
combining ability in plants: toward a general evolutionary theory
of coexistence in systems of competition. Am. Nat. 122, 707–731

51 Aarssen, L.W. (1989) Competitive ability and species coexistence: a
‘plant’s-eye’ view. Oikos 56, 386–401

52 Gross, N. et al. (2009) Effects of land-use change on productivity
depend on small-scale plant species diversity. Basic Appl. Ecol. 10,
687–696

53 Gotelli, N. and Graves, G. (1996) Null Models in Ecology, Smithsonian
Institution Press

54 Lake, J. and Ostling, A. (2009) Comment on ‘Functional traits and
niche-based tree community assembly in an Amazonian forest’.
Science 324, 15c

55 Kraft, N. and Ackerly, D.D. (2009) Response to comment on
‘Functional traits and niched-based tree community assembly in an
Amazonian forest’. Science 324, 15d

56 Fussmann, G. et al. (2007) Eco-evolutionary dynamics of communities
and ecosystems. Funct. Ecol. 21, 465–477

57 Stegen, J. and Swenson, N. (2009) Functional trait assembly through
ecological and evolutionary time. Theor. Ecol. 2, 239–250

58 Diaz, S. et al. (2007) Functional diversity – at the crossroads between
ecosystem functioning and environmental filters. In Terrestrial
Ecosystems in a Changing World (Canadell, J. et al., eds), pp. 81–

91, The IGBP Series, Springer-Verlag
8

59 Schleuter, D. et al. (2010) A user’s guide to functional diversity
indices. Ecol. Monogr. 80, 469–484

60 Cianciaruso, M. et al. (2009) Including intraspecific variability in
functional diversity. Ecology 90, 81–89

61 De Bello, F. et al. (2011) Quantifying the relevance of intraspecific
trait variability for functional diversity. Methods Ecol. Evol. 2, 163–

174
62 Albert, C. et al. (2011) On the importance of intraspecific variability

for the quantification of functional diversity. Oikos 121, 116–126
63 Leps, J. et al. (2011) Community trait response to environment:

disentangling species turnover vs intraspecific trait variability
effects. Ecography 34, 856–863

64 Pigliucci, M. (2001) Phenotypic Plasticity: Beyond Nature and
Nurture, The John Hopkins University Press

65 Marks, C. and Lechowicz, M. (2006) Alternative designs and the
evolution of functional diversity. Am. Nat. 167, 55–67

66 Pigliucci, M. (2003) Phenotypic integration: studying the ecology and
evolution of complex phenotypes. Ecol. Lett. 6, 265–272

67 Cornelissen, J.H.C. et al. (2003) A handbook of protocols for
standardised and easy measurement of plant functional traits
worldwide. Aust. J. Bot. 51, 335–380

68 Baraloto, C. et al. (2010) Functional trait variation and sampling
strategies in species-rich plant communities. Funct. Ecol. 24, 208–216

69 Lichti, N. and Murphy, M. (2010) Selection ratios on community
aggregated traits estimate ecological filters imposed on species by
sites. Ecology 91, 347–354

70 Violle, C. et al. (2009) Competition, traits and resource depletion in
plant communities. Oecologia 160, 747–755

71 Miller, A. et al. (2007) Plant uptake of inorganic and organic nitrogen:
neighbour identity matters. Ecology 88, 1832–1840

72 Dayan, T. and Simberloff, D. (2005) Ecological and community-wide
character displacement: the next generation. Ecol. Lett. 8, 875–894

73 Chesson, P. (2000) Mechanisms of maintenance of species diversity.
Annu. Rev. Ecol. Evol. Syst. 31, 343–366

74 Angert, A. et al. (2009) Functional tradeoffs determine species
coexistence via the storage effect. Proc. Natl. Acad. Sci. U.S.A. 106,
11641–11645

75 Norberg, J. et al. (2001) Phenotypic diversity and ecosystem
functioning in changing environments: a theoretical framework.
Proc. Natl. Acad. Sci. U.S.A. 98, 11376–11381

76 Shipley, B. (2010) From Plant Traits to Vegetation Structure. Chance
and Selection in the Assembly of Ecological Communities, Cambridge
University Press

77 Rosenzweigh, M. (1978) Competitive speciation. Biol. J. Linn. Soc. 10,
275–289

78 Dieckmann, U. et al. (2004) Adaptive Speciation, Cambridge
University Press

79 Hardy, O. and Senterre, B. (2007) Characterizing the phylogenetic
structure of communities by an additive partitioning of phylogenetic
diversity. J. Ecol. 95, 493–506

80 Wright, S. (1931) Evolution in Mendelian populations. Genetics 16,
97–159

81 Wright, S. (1965) The interpretation of population structure by F-
statistics with special regard to systems of mating. Evolution 19, 395–

420
82 McGill, B. (2008) Exploring predictions of abundance from body mass

using hierarchical comparative approaches. Am. Nat. 172, 88–101
83 MacArthur, R.H. and Wilson, O. (1967) The Theory of Island

Biogeography, Princeton University Press
84 Hubbell, S.P. (2001) The Unified Neutral Theory of Biodiversity and

Biogeography, Princeton University Press
85 Mouillot, D. et al. (2005) Niche overlap estimates based on

quantitative functional traits: a new family of non-parametric
indices. Oecologia 145, 345–353

86 Geange, S. et al. (2011) A unified analysis of niche overlap
incorporating data of different types. Methods Ecol. Evol. 2, 175–184

87 Weiher, E. and Keddy, P.A. (1995) Assembly rules, null models, and
trait dispersion: new questions from old patterns. Oikos 74, 159–164

88 Hillebrand, H. and Matthiessen, B. (2009) Biodiversity in a complex
world: consolidation and progress in functional biodiversity research.
Ecol. Lett. 12, 1405–1419

89 Violle, C. et al. (2007) Let the concept of trait be functional! Oikos 116,
882–892

http://dx.doi.org/10.1007/s12080-010-0095-8


Review Trends in Ecology and Evolution xxx xxxx, Vol. xxx, No. x

TREE-1489; No. of Pages 9
90 Keddy, P. (1992) Assembly and response rules: two goals for predictive
community ecology. J. Veg. Sci. 3, 157–164

91 Mayfield, M.M. and Levine, J.M. (2010) Opposing effects of
competitive exclusion on the phylogenetic structure of
communities. Ecol. Lett. 13, 1085–1093

92 Callaway, R.M. (2007) Positive Interactions and Interdependence in
Plant Communities, Springer

93 Baraloto, C. and Couteron, P. (2010) Fine-scale microhabitat
heterogeneity in French Guianan Forest. Biotropica 42, 420–428

94 Holsinger, K. and Weir, B. (2009) Genetics in geographically
structured populations: defining, estimating and interpreting FST.
Nat. Rev. Genet. 10, 639–650

95 Magyar, G. et al. (2007) Importance of plasticity and decision-making
strategies for plant resource acquisition in spatio-temporally variable
environments. New Phytol. 174, 182–193
96 Violle, C. and Jiang, L. (2009) Towards a trait-based quantification of
species niche. J. Plant Ecol. 2, 87–93

97 Ackerly, D.D. and Cornwell, W.K. (2007) A trait-based approach
to community assembly: partitioning of species trait values
into within- and among-community components. Ecol. Lett. 10,
135–145

98 Savage, V. et al. (2007) A general multi-trait-based framework for
studying the effects of biodiversity on ecosystem functioning. J. Theor.
Biol. 247, 213–229

99 Hersch-Green, E. et al. (2011) Community genetics: what have we
accomplished and where should we be going? Philos. Trans. R. Soc.
Lond. B: Biol. Sci. 366, 1453–1460

100 Hutchinson, M.F. (1957) Concluding remarks, In Cold Spring
Harbour Symposia on Quantitative Biology (22), Cold Spring
Harbor 415–427
9


	The return of the variance: intraspecific variability in community ecology
	The importance of variance has been neglected in community ecology
	Limitations of the mean field approach in community ecology
	How do we measure intraspecific variability?
	Incorporating intra- and interspecific variances into community ecology theory: introduction of T-statistics
	Concluding remarks
	Acknowledgments
	References


