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Among approaches to establish the importance of niche differentiation for species coexistence, the use of functional traits
is attractive for its potential to suggest specific coexistence mechanisms. Recent studies have looked for trait patterns
reflective of niche differentiation, building on a line of research with a deep but somewhat neglected history. We review
the field from its foundation in limiting similarity theory in the 1960s to its resurgence in 2000s, and find the theory of
trait patterning still in a stage of development. Elements still to be accounted for include environmental fluctuations,
multidimensional niche space, transient dynamics, immigration, intraspecific variation, evolution and spatial scales. Recent
empirical methods are better than early approaches, but still focus on patterning arising in simplistic models, and should
rigorously link niche space with trait space, use informative null models, and adopt new metrics of pattern as theory
develops. Because tests based on overly simplistic expectations of trait pattern are of little value, we argue that progress in
the field requires theory development, which should entail exploring patterns across a set of conceptual and system-specific
models of competition along trait axes.

Traits relate to ecological performance and are easy to measure. Trait patterns can thus be a practical tool for
inferring community assembly processes, and have been extensively used for this purpose. Classical trait pat-
terning theory dates back to the 1960s, and despite heavy criticism still persists in empirical studies. Here we
highlight steps needed for traits to realize their potential. These include firmly linking them to niche axes, and
& updating pattern expectations to consider recent results from models of niche dynamics, such as the emergence
of species clusters. Further theory development should reveal whether there is a common traits-based signature

nthesis

across different niche mechanisms.

The idea that competition relates to species similarity is cen-
tral to theoretical community ecology, and has been veri-
fied in experimental studies (Johansson and Keddy 1991,
Jiang et al. 2010, Burns and Strauss 2011). Its corollary, that
coexistence is predicated on species differences, forms the
basis of niche theory. Recent debates over the importance
of niche differentiation (see Box 1 — Glossary) for coexis-
tence and community structure (Chesson 2000, Bell 2001)
have reignited empirical efforts to parse how strongly niche
differentiation drives community assembly and maintains
biodiversity (HilleRisLambers et al. 2012). Key approaches
include direct verification of frequency-dependence
(Siepielski and McPeek 2010), experimental removal of
stabilization (Adler et al. 2007), searching for phylogenetic
signatures of niche differentiation (Cavender-Bares et al.
2009), and examining the goodness of fit of coexistence
models to observed species abundance distributions (Chave
et al. 2002). As fruitful as these approaches may prove
to be, they leave open questions about the specific niche
mechanisms at work, and their role in shaping the presence
and relative abundance of species.

In parallel, there has been a recent drive among ecolo-
gists to understand communities in terms of traits impacting
individual fitness via their effects on growth, reproduction
and survival, so-called “functional traits” (Violle et al. 2007).
According to McGill et al. 2005, “statements about traits
give generality and predictability, whereas [research based on
species identities] tends towards highly contingent rules and
special cases”, because traits are more easily tied to physi-
cal, chemical and biological processes. Of particular inter-
est has been the use of trait-based patterns as evidence of
niche differentiation: sorting species by their trait value, one
looks for a pattern in species occurrence and/or abundance
along the trait axis (Stubbs and Wilson 2004). This approach
to establishing niche differentiation could point towards
specific niche mechanisms and a generalizable understanding
of their influence on species abundances.

Linking trait patterns to niche differentiation is not
new; rather, it represents the return of a classical line of
inquiry dating back to the 1960s. Early research in this
area was the subject of critical reviews highlighting meth-
odological issues and the many simplifications of models
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Box 1 — Glossary

Cluster: a set of species with similar trait values and relatively high abundance, separated from other such sets by sparsely
populated regions on the trait axis.

Community-wide character displacement: the idea that species coexisting within a community will differ from each other
more than expected by chance, which will be reflected as trait overdispersion.

Competition function, a.k.a. competition kernel: function describing the competitive suppression of a species’ per capita
growth rate caused by one individual of the same or another species. In trait-based models, it is often a function of
species traits. It is the extension of the community matrix in the limit of a continuum of species.

Expected scale of trait dispersion/scale of the niche mechanism: the spatial scale of sampling required to observe trait pattern.
Different niche mechanisms lead to trait patterning at different spatial scales. For example, Janzen—Connell effects are
expected to lead to overdispersion at spatial scales within the range of interactions between individuals, whereas niche
mechanisms that rely on habitat heterogeneity are expected to lead to overdispersion at scales commensurate with the grain
of the environment.

Fitness (sensu Chesson): in the context of a consumer—resource model, it is the mean per capita growth rate of the
species in the absence of resource limitation, scaled by the rate at which the per capita growth rate declines as resource
abundance declines. For stable coexistence, fitness differences must be compensated by the stabilization term.

Limiting similarity: has taken on multiple meanings over time. In the 1960s it was understood as a rule for coexistence
that imposed a specific minimum limit to the similarity of two coexisting species, namely the distance between two
consumers’ resource use curves could not be smaller than one standard deviation of those curves. Later, it was redefined
more generally by Abrams (1983) as the recognition that limits to the similarity of coexisting competitors always exist,
but their value depends on the species/system involved. It is also sometimes equated with community-wide character
displacement.

Niche axis: the axis of variation involved in a niche mechanism, if that variation can be sensibly arranged on an axis. For
a successional niche tradeoff, the axis runs from gap-specialist to shade-tolerant species.

Niche differences/differentiation: species differences that lessen competition between them. As argued by Chesson (1991),
these are necessary for stable coexistence. Niche differences will involve one or more niche mechanisms and may or may
not fall on a one-dimensional niche axis.

Niche mechanism: a process or set of circumstances whereby variation across species can lessen competition between
them. In a niche mechanism, the nature of species interactions, plus sometimes the presence of tradeofs, lead to
opportunities for species to differ in their interaction with limiting factors (Levin 1970). Examples include enemy
specialization, variation in resource use, and the successional niche tradeoff, where plant species differ by age of
patches exploited.

Resource use curve: specifies a consumer’s preferences among a large array of substitutable resources. In the MacArthur—
Levins 1967 paper, it describes the probability of use of a given resource in a unit tim by an individual.

Robust coexistence: an equilibrium state that resists changes in parameters that regulate dynamics. For example, a species
is robustly coexisting if it is still able to coexist upon a (small) reduction in its carrying capacity due to removal of nesting
sites.

Stabilization: in Chesson’s formalism, it is the contribution to the invasion growth rate from differences between
species competitive influence on themselves and their competitive influence on other species. It contains the frequency-
dependent part of a species’ growth rate, and can enable stable coexistence by causing a negative correlation between a
species’ abundance and its growth rate.

Stable coexistence: an equilibrium state that resists (small) changes in species abundances. For example, if some individuals
from one of the species are removed, the species will tend to bounce back towards higher abundance.

Trait: any measurable feature of an organism’s physiology/morphology/behavior/phenology, such as a canine’s tooth size,
or a plants specific leaf area. Often ‘traits’ is used implying specifically ‘functional traits’, meaning those that impact
individual fitness via their effects on growth, reproduction and/or survival.

Trait pattern: non-random distribution of species along a one-dimensional trait axis. This distribution may be based on
P g y
presence—absence or weighed by species abundances.

Trait—niche axis relationships: niche differences are not necessarily available for easy measurement, so variation in more
accessible traits are often used as proxy for niche differentiation. However, a relationship needs to be established between
a species’ placement on the niche axis and the trait axis before overdispersion in the latter can be taken as indication of
niche differentiation.
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used to derive expectations of pattern (Simberloff and
Boecklen 1981, Abrams 1983). In the 2000s, the subject
acquired renewed momentum. A number of studies have
reported patterns of trait dispersion that are interpreted as
reflecting niche differentiation (Stubbs and Wilson 2004,
Kraft et al. 2008, Cornwell and Ackerly 2009, Wilson and
Stubbs 2012).

Despite the rich literature and existing reviews on related
topics (Gotzenberger et al. 2012, HilleRisLambers et al.
2012, Adler et al. 2013), there has not been a synthesis of
the theoretical basis for pattern-based trait analysis specifi-
cally. Here, we revisit this science from early work to latest
developments, assess how current research deals with past
shortcomings, identify remaining and new issues, and map
out next steps to meet those challenges. The central mes-
sage of our review is that further theoretical development is
critical for moving forward in this line of research, as current
theory of trait patterning arising from niche differentiation is
too rudimentary to inform us of the pattern we should truly
expect in nature.

The section ‘Early trait pattern research: rise and fall of
limiting similarity’ reviews the origins of modern trait-pattern
work in the classical limiting similarity theory of the 1960s
and 70s, and describes the methodological and theoretical
criticisms raised at the time. The section New perspectives
and prospects on limiting similarity’ considers new insights
on the concept of limiting similarity, but suggests that this
concept is just one element of a more comprehensive theory
of trait patterning arising under niche differentiation. The
section ‘Recent empirical approaches in the context of past
criticisms’ argues that new empirical approaches have met
some but not all of the early criticisms. The section ‘Further
elements to be considered in trait research’ describes new
challenges that have come to light as interest in trait pattern
research resurged. The section “Toward a theory of trait pat-
terning under niche differentiation’” proposes that examining
trait pattern across a set of conceptual and system-oriented
niche models can help refine predictions of trait pattern
under niche differentiation.

Early trait pattern research: rise and fall of limiting
similarity

The general expectation about species coexisting in the
teeth of competition is that there should be limits to their
similarity. This is an old idea in ecology, found in one form
or another in the works of Gause, Hutchinson and others.
In his famous Santa Rosalia piece, Hutchinson (1959) pro-
posed heuristically that competition leads to a pattern of
regularity in the body size ratio of trophically similar spe-
cies, which he backed up with empirical evidence from
waterbugs. A few years later, a similar assembly rule was
derived by MacArthur and Levins (1967). Using a simple
Lotka—Volterra competition model with species arranged
along an axis of resource preference, and assuming that the
strength of competition between species is proportional to
the overlap in resource preference (“niche overlap”), they
obtained a quantitative limit to species similarity consis-
tent with coexistence. In particular, they showed that when
carrying capacities are equal across species, a new species
can only invade and coexist between two residents if it is

separated from each by at least one standard deviation of the
resource use curve (Fig. 1A). This niche overlap rule marked
the beginnings of the theory of limiting similarity.

May and MacArthur (1972) refined the theory by add-
ing considerations of robustness. They showed that limits to
similarity depend on species’ carrying capacities, and that
arbitrarily similar species can stably coexist if those values
are just right, but the carrying capacity range consistent
with coexistence decreases drastically with species similarity
(Fig. 1B). Limiting similarity occurs because coexistence of
very similar competitors depends upon fine-tuned param-
eters, whereas in nature those parameters are expected to
fluctuate. By that logic, one could expect limits to simi-
larity to be contingent upon the degree of environmental
variation. However, May (1973) argued that the one-stan-
dard-deviation niche overlap rule proposed by MacArthur
and Levins was universal, on two grounds. First, he high-
lighted that when distance between resource use curves d
is less than one standard deviation o, only a small range of
carrying capacity parameters allows for coexistence, but once
d > o, that range rises sharply (Fig. 1B). Second, upon
adding white environmental noise to carrying capacities in
the Lotka—Volterra competition model, he found that the
rule holds for species-rich communities regardless of the
magnitude of environmental variation, so long as it is not
too large (Fig. 1C).

‘These papers, along with Hutchinson’s original conjectures
on coexistence constraints, triggered extensive empirical
exploration focused on specific rules of trait separation, such
as the aforementioned niche overlap rule and Hutchinson’s
constant body size ratios. By the mid-1970s, the literature
featured numerous reports of confirmation of such rules
(reviewed by May 1973). Later, however, these studies were
questioned regarding the quality and consistency of the
results and methodology. Abrams (1975) contended that
overlap in commonly examined traits such as body size and
bill dimensions may not be truly representative of niche
overlap, and listed a number of studies where overlap was
found to be in disagreement with the MacArthur-Levins
rule. Furthermore, in a series of influential papers sparking
heated debate among community ecologists, Simberloff and
co-workers (Strong et al. 1979, Simberloff and Boecklen
1981) explained away much of the claimed evidence for
limiting similarity as either lacking statistical rigor or not
distinguishable from null expectations. Their relentless cam-
paign for a Popperian approach to community ecology led to
the widespread incorporation of null models in subsequent
studies.

The criticism did not stop at the empirical evidence;
the theoretical basis for the rules were questioned as well
(Abrams 1983). Roughgarden (1974) showed that the
minimum trait difference between resident species and a suc-
cessful invader depends heavily on the shape of the resource
use curve. Abrams (1975) contended that the MacArthur—
Levins rule and May and MacArthur’s expansion of it were
problematic because they ignored extinction of resources
and hinged on the particular way overlap in resource use
translates to Lotka—Volterra competition coeflicients in the
model. He emphasized that different assumptions lead to
different formulas for the competition coefficients, which in
turn lead to different limiting similarity rules. Turelli (1981)
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Figure 1. The niche overlap rule. (A) MacArthur and Levins (1967) concluded that if the separation & between nearest-neighbors were
much smaller than the standard deviation w in resource use curves, coexistence would not be possible. (B) The range of parameters allowing
three-species equilibrium (‘coexistence bandwidth’), as a function of niche overlap, 4/w. For simplicity, resident species 1 and 3 are chosen
to have the same carrying capacity, K; = K;. The bandwidth (shaded area) is narrow for similar species (0 <d/w << 1), and disappears as
d/w approaches zero (adapted from May 1973). (C) “The closest niche overlap d/w consistent with community stability in a randomly
varying environment with fluctuations characterized by variance 6%/K. Over a wide range, the variance has little influence on the species
packing distance for a number of surviving species # > 2’ (from May and MacArthur 1972).

criticized May’s mathematical approach to environmental
stochasticity, and through an alternative approach concluded
that “practical limits to similarity can be obtained by simply
ignoring the stochastic terms” (i.e. by using species’ average
carrying capacities). Abrams (1983) used this to argue that
limits to similarity will depend on the system and the species.
Further, he suggested that observed spacing between species
may often not conform to its theoretical minimum, as any
such minimal separation would be enlarged by evolutionary
character displacement. Later, he pointed out that theoreti-
cal studies that consider coevolution between competitors
often find that the ecological and evolutionary effects of
competition differ, either increasing or decreasing similarity
depending on the circumstances (Abrams 1990).

Given all these issues, one might conclude that limiting
similarity is irrelevant to natural systems. That, however,
is unjustified. Abrams did not dismiss limiting similar-
ity as much as he expanded its meaning and highlighted
its system-specific character. “What is needed instead is a
broader definition of limiting similarity. The concept should
be represented as a relationship between the difference in
competitive ability and the maximum similarity that will
permit coexistence. Such a relationship has the potential
to be different for every different pair of species and will
generally be different for a given pair of species in different
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environments” (Abrams 1983). Abrams saw a need for sys-
tem-specific, field-parameterized competition models, and
comparison of limits to similarity predicted by those models
with similarity observed in nature.

Technically, the principle that limits to similarity always
exist is unfalsifiable. One can always argue that the actual
limits are smaller than those probed empirically. But this
is mostly of academic interest, as most ecologists ask not
whether limits to similarity exist, but whether they shape
community structure. This can be answered by comparing
observed trait structure with null hypotheses.

The term “limiting similarity” has lost purchase over the
past two decades (Google Ngram Viewer 2015). Yet, most
empirical trait-based studies of community assembly still
expect biotic (niche) interactions to lead to trait overdisper-
sion, an expectation that has its basis in limiting similarity
theory.

New perspectives and prospects on limiting similarity

Abrams’s redefinition of the concept of limiting similarity
was recast by Chesson (2000) in his increasingly influential
framework for coexistence mechanisms. Chesson introduces
fitness-equalizing forces, which decrease average differences
in “fitness” between species, and stabilizing forces, which



allow species to invade each other from low abundance. By
“fitness” Chesson means the maximal population growth rate
in the absence of resource limitation, scaled by the sensitivity
of the species growth rate to resource availability. Chesson’s
“stabilizing” forces are those causing species’ competitive
influence on themselves to differ from that on other species
and hence leading to species’ population growth rates to be
positive at low abundance. They require niche differentiation
between species (Chesson 1991). Coexistence mechanisms
involve one force or the other, or very often both. In fact,
Chesson casts the population growth rate of an invading
species as the sum of two terms: one quantifying the fitness
differences between the invader and the residents, and the
other quantifying the effect of the stabilizing forces. Chesson
revisits limiting similarity by pointing out that for coexis-
tence to be possible, “the smaller the average fitness differ-
ences, the smaller the stabilizing niche differences can be.”

Chesson’s perspective has had a strong influence on com-
munity ecology (Adler et al. 2007), as it highlights how
species differences can either favor or disfavor coexistence.
However one must be careful in applying it. Chesson’s ideas
seem to naturally imply that 1) if there are no fitness differ-
ences between species, there are no limits to similarity; 2)
conversely, if there are fitness differences, there must be lim-
its to similarity. From a dynamic stability standpoint, both
conclusions turn out to be incorrect for coexistence between
more than two species. In the case of no fitness differences,
the niche-axis Lotka—Volterra model proposed by MacAr-
thur and Levins (1967) does not allow for stable coexistence
between three or more arbitrarily similar species. It must be
the case that Chesson’s stabilization term of the growth rate
of the potential third invader is actually negative unless the
two resident species are far enough apart on the trait axis. On
the other hand, some competition coeflicient choices in the
same model lead to coexistence of an indefinitely large num-
ber of arbitrarily similar species despite fitness differences
caused by differences in carrying capacities. (Herndndez-
Garcia et al. 2009).

Critically, these instances of stable coexistence of
arbitrarily similar competitors do not warrant the conclu-
sion that there may be systems in nature without limits to
similarity, at least not yet. Limits to similarity pervade all
competition models if one considers robustness to fluc-
tuations in model parameters set by environmental condi-
tions. For example, it has been shown for a large spectrum
of models that small changes in the carrying capacity of a
single species brings extinction to a number of its closest
competitors (Barabds et al. 2012, 2013a, D’Andrea et al.
2013), while changes in the carrying capacities of multiple
species throughout the trait axis lead to spacing between all
stably coexisting species (Barabds and Meszéna 2009).

The concept of robustness, or structural stability, has
not gained as much traction as the concept of dynamic sta-
bility, even though it may be equally relevant for analysis of
model predictions (Barabds et al. 2014). In a dynamically
stable state, species abundances return to their previous
equilibrium values after a perturbation, whereas in a struc-
turally stable state species equilibrium abundances change
little when environmental conditions setting the carry-
ing capacity are perturbed. Because both abundances and
environmental conditions can be expected to fluctuate

in nature, a predicted equilibrium state is arguably not
biologically relevant unless it is both dynamically and
structurally stable.

However, there is an unresolved tension between Turelli’s
work on environmental fluctuations, the robustness analysis
of Barabds and coworkers, and work by Chesson on envi-
ronmental fluctuations (Chesson and Huntly 1997). Turelli
(1981) concludes that small environmental fluctuations are
of little consequence for limiting similarity theory, whereas
Barabds and coworkers ascribe them primary importance.
The latter approach differs from the former by considering
potentially long-term changes in environmental conditions.
Chesson suggests environmental fluctuations can enhance
coexistence when species’ responses to them are negatively
correlated, but in this case environmental fluctuations
open up new niche axes along which there will be limits
to similarity (The reverse idea, that biodiversity stabilizes
community-level responses to environmental fluctuations,
has been borne out empirically (Gross et al. 2014). This
has been theorized to occur if species-level responses to the
environment are asynchronous (Yachi and Loreau 1999),
which presumably requires that species differ sufficiently
in traits related to such responses). Resolving this tension
is needed to achieve a clearer picture of whether one does
expect any special systems where limiting similarity does not
hold, and a more general understanding of the likely role of
environmental fluctuations relative to inherent population
dynamics in setting the limits to similarity in nature. Doing
so requires answering the empirical question of whether
negatively correlated responses to the environment are com-
mon, and whether environmental fluctuations are fast and
small enough for Turelli’s analysis to apply, or longer term
as assumed by the robustness analysis of Barabds et al. Yet
even once the nature of environmental fluctuations is better
known, limiting similarity theory will be just one ingredi-
ent in a comprehensive theory of trait patterning. Imposing
dynamic and structural stability constraints on simple niche
models gives conceptual insight into what competition might
do to communities, but it seems unlikely that it should be
able to tell us what trait pattern to actually expect to find in
nature, where so many additional complexities ignored in
these models come into play. The next two sections will dis-
cuss the current status of trait pattern research in the context
of old and new challenges to formulating such comprehen-
sive theory and developing better empirical methods.

Recent empirical approaches in the context of past
criticisms

A variety of recent studies look for patterns of spread and
evenness in the distribution of species along a trait axis
(Stubbs and Wilson 2004, Dayan and Simberloff 2005,
Kraft et al. 2008, Cornwell and Ackerly 2009, Wilson and
Stubbs 2012, reviewed by Gétzenberger et al. 2012). The
observed distribution of species traits is compared with a
null distribution, typically a random draw from the regional
species pool, often weighted by regional abundance and
constrained by the number of individuals or species in the
sample. Analysis focuses on species differences, and in par-
ticular how widely and evenly the observed species are dis-
tributed on one or more trait axes. Box 2 describes common
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Box 2

Trait-based metrics. A variety of trait metrics have been used to detect niche differentiation. Here we describe key met-
rics used in empirical studies, which can be presence—absence or abundance-weighted, one-dimensional or multivariate.
Multivariate metrics tend to be direct analogues of one-dimensional metrics. In common, almost have been applied with
the expectation that niche differentiation will lead to high trait dispersion and/or high evenness in the distribution of
species across trait space. As discussed in the main text, this is problematic because more complex niche differentiation
mechanisms (e.g. hierarchical tradeoffs) do not necessarily predict even spacing nor overdispersion and emergent clusters
may occur. We also describe some metrics that have been proposed to look for patterns of clustering, and offer sugges-
tions for further metric development.

Presence-absence metrics

Trait range. If strength of competition declines as species differ, species traits should spread over a wider range than could
be expected by chance (Stubbs and Wilson 2004). However, trait range is impacted in the opposite direction by habitat
filtering (Weiher et al. 1998), making it difficult to parse the influences of filtering and limiting similarity that may act
on the same trait simultaneously. It is also sensitive to outliers (Laliberté and Legendre 2010), and does not incorporate
abundance.

Minimum distance between nearest neighbors. This offers a direct measure of the potential limits to similarity, which
would be reflected as larger-than-random minimum separation between species (Stubbs and Wilson 2004).

Mean distance between nearest neighbors. A larger value than expected by chance could be indicative of competition
dependent on trait differences (Stubbs and Wilson 2004). Mean distance is not independent of trait range and hence
subject to the same confounding influence of habitat filtering.

Trait evenness. Measures variation in trait differences between adjacent species on the trait axis. Like the mean, the stan-
dard deviation of nearest neighbor distances scales with trait range and hence is subject to the confounding effects of
habitat filtering (Lake and Ostling 2009). Normalized measures such as the coeficient of variation and the ratio between
the standard deviation and the range are used to account for that effect (Kraft and Ackerly 2010). Limiting similarity is
expected to be expressed as excess evenness and thus low coefficient of variation. For related metrics, Stubbs and Wilson
2004.

Abundance-weighted metrics

Functional regularity index (FRO). An abundance-weighted measure of trait evenness, based on trait differences between
adjacent species on the trait axis scaled by the total abundance of the pair (Mouillot et al. 2005).

Functional divergence (FDvar). Measures the abundance-weighted mean of the deviation of species traits from the mean
species trait. A high functional divergence signals high niche differentiation (Mason et al. 2005).

Community-wide abundance-weighted distance. Yall pairs d;; nn;, where i and j represent two species, 7 is their abun-
dance, and d is the trait difference (Vergnon et al. 2009). Tilis index should be higher in communities driven by niche
differentiation than in communities where trait value are unrelated to abundance. A similar metric, Raos quadratic
diversity, is defined as Yall pairs d;; p; p, where p represents the relative species abundance, p; = n/>ny. It is the expected
dissimilarity between two individuals randomly sampled from the community (Laliberté and Legendre 2010).

Multidimensional metrics

Functional richness (FRic), or convex hull volume. The hypervolume spanned by the trait means of observed species in
multidimensional trait space (Cornwell et al. 2006, Villéger et al. 2008). It is the multidimensional equivalent of the
trait range, and hence suffers from the same problems as a metric for niche differentiation.

Minimum spanning tree. A measure of the functional diversity spanned by the species in a community. Essentially col-
lapses multidimensional trait space into a one-dimensional space. It is constructed by joining all species together in a
tree, with branches weighed by Euclidean distances in multidimensional trait space. Large trees and even spacing within
trees are indicative of niche differentiation (Franzén 2004).

Functional evenness (FEve). Measures the regularity with which species abundances are distributed across the minimum
spanning tree (Villéger et al. 2008). It is a multivariate extension of the functional regularity index.

Multivariate functional divergence (FDiv). Multivariate analogue of FDvar. Calculates the abundance-weighted devia-
tions between species traits and the trait center of gravity in multidimensional trait space (Villéger et al. 2008).

(Continued)
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Box 2 (Continued)

Functional dispersion (FDis). The abundance-weighted mean distance between species and their abundance-weighted
centroid (Laliberté and Legendre 2010). It is related to Rao’s quadratic diversity, which expresses the mean Euclidean
distance between two randomly selected individuals (Laliberté and Legendre 2010).

Metrics proposed to detect clustering on the trait axis

Trait clustering. Variation in trait differences between adjacent species on the trait axis can reflect clustering if it is higher
than expectations from a null (Yan et al. 2012). It should be noted that many of the metrics listed above would work
equally well to detect clustering, as that would be reflected as the opposite direction from overdispersion in the metric.

Distribution of species richness along the trait axis. Based on the idea that similarity in fitness between similar species,
coupled with partitioning of the trait axis into niches, may lead to an uneven distribution of species along the axis
(Vergnon et al. 2009).

Distribution of distance to nearest abundant species. Proposed in Jeraldo et al. 2012 for genetic sequences of gastrointesti-
nal organisms as an alternative to rank-abundance plots. A proportion of the sequences (‘species’) is arbitrarily selected
as modal (highly abundant), and the distribution of distances of all other sequences to their nearest modal sequence
(the most similar modal sequence) is obtained and compared with the expected distribution from a neutral community.
But see D’Andrea and Ostling 2015 for a discussion that appropriate null models must be used so that clustering from
mutation alone can be discarded.

Potential sources for further metric development

Time series analysis. Species abundances on a trait axis can be taken as a time series, with the trait axis being time and the
abundances being the signal. Fourier and wavelet analysis can be run to look for periodic waves of high and low abun-
dance on the axis, corresponding to the emergent groups (niches) found by Scheffer and van Nes (2006).

Spatial descriptive statistics. Spatial descriptive statistics that are normally used in geographic information systems (GIS),
such as Ripley’s K, could be used to measure the degree of clustering in the distribution of species trait values in trait
space. Clustering in trait space, as determined by such metrics, would indicate filtering, while overdispersion would
indicate niche differentiation. This would be especially useful in multivariate analyses.

Trends in abundance as a _function of distance to niche centers. Based on the idea that niche differentiation will lead to
clustering, metrics focusing on patterns of species abundances as a function of the position of a species in relation to
others within a cluster could prove useful. To our knowledge, this has not been investigated yet, and remains a promis-

ing line of research.

metrics and test statistics used. If niche differences associated
with that particular trait are an important driver of com-
munity assembly, or if evolution has driven niche differences
in sympatric species, then species are expected to be more
widely or evenly distributed than in the null models. Filter-
ing of traits best suited for local abiotic conditions can also
influence trait patterns in a local community and is expected
to lead to the opposite patterns. Authors typically look for
both processes, and in some cases factor filtering into the
null model for niche differentiation by restricting the species
pool (Cornwell and Ackerly 2009, de Bello et al. 2012), or
employ metrics that should have little impact from filtering
(Box 2).

Such current approaches are an improvement over the
first wave of empirical efforts of the 1960-1970s. Increased
trait range and even spacing may arise regardless of the
particular size of the niche spacing between species needed
for robust and stable coexistence. Further, use of null mod-
els conferred the statistical rigor lacking in the purely obser-
vational studies that were previously the norm. Still, given
the intense past debates in the literature and mixed results
in detecting limiting similarity, careful assessment of recent

approaches in the context of past methodological critiques
is warranted.

Some recent empirical trait patterning studies take
novel approaches, such as experiments to see how suc-
cessful invading species impact community trait pattern
(Breitschwerdt et al. 2015), and looking at trait patterning
along ontogenetic, successional, productivity, and environ-
mental gradients (Carboni et al. 2014, Letten et al. 2014,
Silva and Brandio 2014, Lasky et al. 2015) to gain addi-
tional evidence for community assembly processes (e.g.
differences in trait pattern between saplings and adults
may reveal processes influencing organism survival). We
do not specifically address these approaches here, but our
assessment of theoretical and methodological issues applies
equally well to them.

Is evenness to be expected?

Despite improvements in the pattern expectations of empiri-
cal studies, a closer look on whether limiting similarity
theory truly supports those revised expectations quickly
turns up potential issues. In particular there are issues with
the expectation of even trait spacing, which has been the
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focus of a number of studies due to the potential for this type
of pattern to be indicative of niche differentiation. To our
knowledge, Abrams (1990) was the first to explicitly ques-
tion even spacing as a general feature of competition, and
he had previously argued that limits to similarity may vary
between different species pairs in a single system (Abrams
1983).

The idea that niche assembly leads to even trait spacing
follows intuitively if interspecific competition depends solely
on species similarity. Indeed, evenness features strongly in
the MacArthur-Levins model (Fig. 1A). However, that
model assumes a great deal of simplifying symmetry, includ-
ing uniformity of carrying capacities and resource utilization
function shapes and widths across species. It also assumes
competition coefficients that depend exclusively on trait
differences and not the trait value itself, a simplification
that does not hold for traits such as plant size (Schwinning
and Weiner 1998). It is also not seen in other models, for
instance models with competitive hierarchies such as the
competition-colonization (Tilman 1994) and tolerance-
fecundity tradeoff (Muller-Landau 2010).

Simulations of the MacArthur—Levins model in a few
example cases with heterogeneous carrying capacity exhibit
even spacing (Barabds and Meszéna 2009, Barabds et al.
2013a), suggesting the effects of fitness differences on
evenness may be small. In contrast, the dependence of com-
petition on trait values can have large effects, as models
with this dependence yield spacing rules that can involve
irregular intervals between species (Kinzig et al. 1999,
Haegeman et al. 2014). For example, examination of pat-
terns in the Tilman—May—Nowak hierarchical competition
model reveal no obvious signs of evenness in species place-
ment along the trait axis (cf. figures in Buttel et al. 2002).
Even in models that predict even spacing, evenness may
only be expected when the niche space is full, i.e. when
there are as many species present as can stably and robustly
coexist. Lower diversity could allow for more variation in
species spacing, unless fast-acting evolutionary forces drove
species to more even spacing. We know of no multispecies
evolutionary studies that investigate impact on even spacing
(or more generally on the distribution of stably coexisting
species, but see Fussmann et al. 2007), although those would
be critical to establish whether evenness is to be expected at
evolutionary time scales.

Some ecologists believe that models based on an indefi-
nite number of consumer species feeding on a continuum
of substitutable resources, such as the ones discussed in the
previous paragraph, have little relevance for expected pat-
tern in nature because most natural systems have a small
number of resources and relatively limited species diversity.
Of course any real system has a finite number of consumers
and resources, so the real question is how large the num-
ber of species/resources needs to be for models based on
continuums to be useful (‘All models are wrong, but some
are useful’). For the purposes of predicting features of trait
pattern among local species sorting from a regional pool
of species, continuum models seem appropriate when the
number of species in the pool and number of potential
local resources for them greatly exceeds the number of sta-
bly coexisting species allowed by the model. There are often
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more potential resources or “limiting factors” (Levin 1970,
Chesson 2000) than a first look might reveal. For example,
terrestrial plants may be limited by the availability of patches
of different ages since disturbance, as in successional niche
models (Kohyama 1993, Pacala and Rees 1998).

Further exploration is in order before conclusions can
be drawn, but if evenness is not a universal feature of niche
differentiation, then empirical studies should shift focus to
other aspects of pattern more robustly suggestive of niche
differentiation.

Identifying niche axes and multidimensionality

Two important criticisms leveled at early trait studies
continue to be overlooked or not fully addressed in much of
the empirical literature.

First, to rigorously connect trait patterning and niche
differentiation, one must establish an explicit link between
candidate niche axes in a given system — i.c. the aspects of
organism performance in which differentiation confers stable
coexistence — and the actual traits measured in field studies.
Early trait studies were criticized because it was unclear that
axes of variation being examined actually corresponded to
niche differentiation.

Attempts at making such linkages have certainly been
made, but there are stumbling blocks. Consider plant traits
such as maximum height, seed size and specific leaf area.
These are known to influence species’ distributions along
abiotic gradients (Wright et al. 2004), but they are also
thought to be proxies for species’ positioning on life history
axes (Moles and Westoby 2004) and to enable coexistence
through a successional niche tradeoff (Pacala and Rees 1998,
Kohyama 2006). Many studies have connected these traits
to demographic performance (e.g. seed output, or growth or
mortality at various life stages); however, due to limitations
in the prevalence of different light conditions in forests, what
is typically considered is performance in full sun or in the
understory, and not the demographic response to shading
that is critical to successional niche differentiation (Poorter
et al. 2008, Wright et al. 2010, but see Sterck et al. 2011).
Beyond tree traits, theory is still developing regarding which
types of trait variation and tradeoffs are related to stabiliza-
tion and which are simply related to fitness differences and/
or fitness equalization (Herben and Goldberg 2014).

Another problem is that it is much easier to associate traits
with individual performance than with population growth
rates, but it is their effect on the latter that matters for niche
differentiation. Very few studies have tried to verify that con-
nection empirically (but see Adler et al. 2014). Considering
competition models formulated in terms of individual
performance, Kohyama’s (1993) model of size-structured
competition in forests, or even more detailed models like
individual-based forest simulators (Pacala et al. 1993), may
aid this process.

These hurdles have recently been circumvented in annual
plant systems, where manipulative experiments can get at
population dynamics and be used to parameterize compe-
tition models, to provide what seems at least compelling
evidence of which trait differences contribute to stabilization
(Kraft et al. 2014, Lasky et al. 2014a). But such manipulation
is not always possible.



Adler et al. (2013) provide a useful road map to the
broad types of niche axes — spatial and temporal heterogene-
ity, natural enemies, and resource partitioning — that could
be considered in forming linkages between traits and per-
formance more informative of potential niche mechanisms.
The next step is to develop mechanistic competition models
geared to specific example systems (Kohyama 1993) in order
to get a detailed sense of the candidate niche axes there, and
then link traits to these niche axes through both empirical
correlations and physiological theory (Sterck et al. 2011).
Adler et al. (2013) suggest that ecologists abandon pattern-
based analysis altogether in favor of establishing traic—niche
axis relationships. However, showing that trait variation
drives variation along a viable niche axis does not in itself
indicate that it is substantial enough, or of the right nature,
to enable stable coexistence. Pattern-based trait analysis,
when coupled with the establishment of trait-niche axis rela-
tionships, provides a means to gain suggestive evidence that
the trait variation is actually enabling coexistence.

The second issue is that the niche space in most cases
likely involves many dimensions. There is a dearth of mod-
els providing predictions for trait patterning caused by niche
interactions mediated by multiple traits. Multidimensional-
ity means more niche space, and hence more potential for
empty niche space in low-diversity systems, and for trait
patterns to be more complex or random-looking as a result.
In addition, the number of dimensions of niche space can
have effects on limits to similarity. For example, the mini-
mum multidimensional spacing required for coexistence
can be lower than the one-dimensional limit (Yoshiyama
and Roughgarden 1977). Multidimensionality can also lead
to greater sensitivity to environmental noise (May 1973,
p. 164). Finally, perfectly even niche segregation occurring
in multiple dimensions can elude detection on individual
trait axes. For example, if the niche space is two-dimensional
and niche axes are not parallel to measured trait axes, species
that are evenly distributed in the full niche space might seem
unevenly distributed when examined on a single trait axis.
(Fig. 2).

Empirical trait studies typically deal with this by calculat-
ing distances in multidimensional trait space (Mason et al.
2005, Mouillot et al. 2005, Villéger et al. 2008, Laliberté
and Legendre 2010, Paine et al. 2011) or performing a prin-
cipal-component analysis to determine the axes where trait
segregation is strongest (Swenson and Enquist 2009). Those
are not without issues, though. Most of these multivariate
metrics are direct extensions of their single-trait cousins (Box
2), and therefore inherit the same limitations: namely, they
are based on the idea that niche differentiation will lead to
high trait dispersion and/or evenness, which may not always
be justified. Furthermore, there are multiple ways to calculate
distance in multidimensional space (Deza and Deza 2000),
and without some guiding theory one is left with finding
whatever leads to the strongest signal. Similarly, with PCA
one heuristically finds which axes give the strongest pattern,
and must interpret the result after the fact. The problem
then is analogous to the Texas sharpshooter fallacy: by look-
ing everywhere, one is bound to find pattern somewhere,
but its meaning may be lost. Such heuristic measures may
thus fail to identify combinations of traits from which the
niche mechanisms involved can be surmised. An alternative
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Figure 2. Multidimensionality may mask species differences. When
separation between species is defined in multidimensional space,
limiting similarity may be hidden from the viewpoint of a single
axis. Here, even though species are evenly distributed when the full
two-dimensional trait space is considered, such structure is lost
when we take a projection onto a single axis. For example, the coef-
ficient of variation (CV) of the adjacent-neighbor distances between
the projections on the axis shown above is 0.9. In contrast, the CV
in 2-D is 0. When compared with 10 000 null distributions with
the same number of species and same first and last positions but
random positions in between, almost half of the null CVs are found
to be lower than 0.9. Thus the assemblage above, as seen from that
axis, would be indistinguishable from random. Note that different
angles between the orientation of the lattice and the axis will lead to

different CVs and p-values.

approach is to develop and ground-truth system-specific
mechanistic models to identify candidate niche axes, and
then identify the multiple traits that may be driving them
using physiological theory and phenomenology.

The null model

Trait studies may have universally accepted the importance
of comparisons with a null model, but not enough attention
has been given to what exactly the null model is supposed to
represent. In recent trait studies, null assemblages normally
consist of abundance-weighted random draws of a fixed
number of species or individuals from the regional pool, or
some related form of randomization of the observed data.
Some authors use more sophisticated randomized statistical
null models that, for instance, account for habitat filtering
by selecting only species that have been observed to survive
in the local environment (Cornwell and Ackerly 2009, de
Bello et al. 2012). But are randomized null models our best
option?

Many ecologists say yes. Gotelli and McGill (2000), citing
Gotelli and Graves (1996), argue that null expectations
intrinsically involve randomizations of observed patterns. To
them, null models should function as “a standard statistical
null hypotheses, in contrast to a scientific hypothesis, which
is a mechanism to explain the pattern”.

Others disagree. Some authors (Roughgarden 1983,
Manly 1991, Wilson 1999) argue that null models should,
as far as possible, represent explicit ecological processes by
which the community would have been assembled in the
absence of the process of interest. In other words, process-
based null models are preferable to statistical null models.
For example, Pigot and Etienne (2015) incorporate his-
torical processes of speciation and extinction ignored by
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statistical null models, and show that the latter may lead to
false detection of limits to phylogenetic relatedness.

Roughgarden (1983) pointed out that “fabricating
random communities [...] does not bear the relationship
to ecology that the neutrality hypothesis does to population
genetics.” However, little resulted from this insight because
at the time there was no framework in community ecology
comparable to neutral theory in population genetics. Yet
the past fifteen years have seen the development of a neu-
tral theory for community ecology (Hubbell 2001, Rosindell
et al. 2011), and we believe trait patterning studies should
move towards using it. Indeed one study suggests the use of
a neutral model instead of a purely random null can lead to
different results regarding patterns of species co-occurrence
(Ulrich 2004).

The idea of neutral theory as a null model in commu-
nity ecology is not new, and has its opponents. Interestingly,
while Gotelli and McGill (2006) reject it because neutral
models are mechanistic rather than purely statistic, Clark
(2012) rejects it because to him they are not mechanistic
enough. Our perspective is that neutral theory presents
some difficulties. First, it may require quite a bit of informa-
tion about a system, and the formulation of complex neu-
tral models accounting for that information. For example,
details regarding the nature of dispersal limitation (Ostling
2012), demographic complexity (e.g. size or age dependence
of reproduction and death, Waples et al. 2011), and the
spatial distribution of species in the regional pool, may all
have important consequences for expected distributions in
the absence of niche differentiation. However, less sensitivity
to at least some of these details might be achieved by shift-
ing focus from traditional species abundance distributions
to distributions of species abundance in trait space, where
more specific types of departures from neutral expectations
might be expected. Power analyses and theoretical explo-
ration of example tests could indicate what information is
most vital, and in what situations the use of a neutral model
rather than a pure random model is particularly important.
Another issue is scale. It is very hard to get good information
on the nature of neutral processes operating at the regional
scale, such as speciation, and this makes it difficult to build a
good neutral model at that scale. However, if data on current
regional abundances are available and can be used to make
adequate predictions of expected local abundances based on
dispersal alone, one can test for non-neutral dynamics at the
local scale without needing to make assumptions about neu-
trality at the regional scale.

It should be noted that alternative methods that do not
use null models are also possible. For example, approximate
Bayesian computation algorithms (Beaumont 2010) have
been used to estimate the relative importance of different
community assembly processes in shaping trait patterns by
comparing trait-based summary statistics produced under
different model assumptions about process with summary
statistics from the data (van der Plas et al. 2015).

Further elements to be considered in trait research

In addition to the classical methodological and conceptual
issues discussed in the previous section, new challenges
have come to light as interest in trait pattern research has
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resurged. As will be seen below, emergent clusters arising
from classical niche models offer fresh perspectives on expec-
tations of trait dispersion. Intraspecific variation presents
challenges in the degree of sampling needed to discern pat-
tern, and could impact coexistence and hence trait pattern-
ing predictions. The spatial scale of both the mechanisms
of niche differentiation and the sampling design impact the
likelihood of detecting pattern and the nature of the pattern
to be expected.

Emergent clusters

The MacArthur—Levins 1967 study and much subsequent
work focus on system equilibria, as nonlinear models typi-
cally cannot be solved but their equilibria can often be found
analytically. However, there is no guarantee that time to reach
these equilibria is short enough that real-world communities
can be expected to be at equilibrium. Advances in computer
power have opened the door to simulations of model dynam-
ics that were unavailable in the 1960s, and such simulations
reveal that transient regimes may be in striking contrast to
expectations from equilibria.

Key among newly discovered phenomena is the sponta-
neous emergence of groups of similar species under com-
petition. In simulations of the MacArthur-Levins model,
starting with a large number of species randomly placed on
a trait axis, Scheffer and van Nes (2006) found a transient
regime composed of clusters of similar species with high
abundance, separated by sparsely populated regions on the
axis (Fig. 3A).

The appearance of transient clusters in the competitive
context can be informally understood as follows. Because
competition increases with similarity, minimal interspe-
cific competition is achieved by partitioning the trait axis
into evenly spaced spots (determined by any small initial
heterogeneity in species abundances). Species located at
those spots will face the lowest competition and thus thrive,
while all others are eventually excluded. This arrangement
is the final equilibrium to which the system eventually con-
verges. On the other hand, species close together on the trait
axis are similar to one another in the competition they expe-
rience from other species. Transient clustering arises because
it takes time for the species at the favored spots to exclude
their slightly inferior neighbors. One can interpret the region
surrounding each spot as a niche, and describe the dynam-
ics as a two-stage process, the first characterized by species
being sorted into niches, and the second characterized by
within-niche competition leading to the exclusion of all but
one species per niche.

We note that fitness differences (sensu Chesson 2000)
play no necessary role in the formation of these clusters. In
Scheffer and van Nes’s (2006) model, all species have equal
intrinsic growth rates and carrying capacities, and can be
distinguished only by their position on the niche axis; yet,
clusters arise spontancously. Transient clusters could also
arise from fitness differences (Mayfield and Levine 2010)
and/or habitat filtering, but those would differ in trait space
from Scheffer and van Nes’s clusters: unless there were some
substructure of resource availability driving a multimodal
fitness curve, fitness differences would cause a single cluster
around the fittest species. In contrast, the emergent clusters
in discussion here consist of multiple regions on the trait axis
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Figure 3. Emergent clusters. (A) Transient regime in the
MacArthur-Levins model. The community is initially packed with
species lined along the trait axis. Before the final state of species at
their limits to similarity is reached, clusters are formed around the
favored sites on the axis. (B) Outcome when immigration is added
to the MacArthur—Levins model. The clusters differ from (A) in
that they are maintained by immigration, and are thus a permanent
feature of the community. This patterning was highlighted recently
in Barabds et al. 2013a.

—as many as the number of species that would stably coexist
at equilibrium.

Scheffer and van Nes showed clustering patterns for a
limited parameter range in one simple model, but clus-
ters have since been seen in many studies. Fort et al.
(2010) verified the robustness of the clustering pattern in
Lotka-Volterra niche overlap models with finite niche axes
by showing that it arises as a transient under a variety of
niche dimensions, competition functions, niche bound-
ary conditions, species initial abundances, species intrinsic
growth rates and carrying capacities. Furthermore, Schef-
fer et al. showed that the addition of a stabilizing term to
the population dynamical equations of the MacArthur—
Levins model leads to permanent rather than just transient
clusters (Scheffer and van Nes 2006, Vergnon et al. 2012,
but see Barabds et al. 2013b). Further, clusters are perma-
nent in niche models that include the effects of frequent
environmental variation (Ernebjerg and Kishony 2011),
mutation (Bonsall et al. 2004), and immigration (Barabds

et al. 2013b) — see Fig. 3B. Lastly, Scheffer and van Nes
found that implementing evolution by allowing species
to move along the trait axis makes clusters more robust to
variations in species carrying capacities (Scheffer and van
Nes 2006). Indeed, clusters are no strangers to the evolu-
tion literature: it has been shown that phenotypic clustering
can appear due to selection (Doebeli et al. 2007, Leimar
et al. 2008, Jeraldo et al. 2012), or simply due to muta-
tion in mutation-drift processes (Lawson and Jensen 2007,
D’Andrea and Ostling 2015).

In nature, clustering in the positioning of species on trait
axes has been seen in European aquatic beetles, Dutch fresh-
water algae, American prairie birds (Scheffer and van Nes
2006), marine and saline lagoon phytoplankton (Vergnon
et al. 2009, Segura et al. 2011), and alpine woody plants
(Yan et al. 2012). Some of the evidence is simply in the form
of visually apparent modes in histograms of species counts
along discrete portions of body size axes (Scheffer and van
Nes 2006), but other studies used quantitative metrics
such as looking for peaks in the curve of species density on
the trait axis (Vergnon et al. 2009), or looking for a larger
coeflicient of variation in nearest neighbor distances than
expected by chance (Yan et al. 2012). In addition to local
peaks in richness on the trait axis, Vergnon et al. (2009) and
Segura et al. (2011) also found evidence of local peaks in
abundance, like those predicted in Lotka—Volterra models,
using an abundance-weighted trait distance metric and a test
looking for peaks in Shannon—Weiver diversity respectively.

In sum, clusters appear in nature and feature in Lotka—
Volterra competition models, as well as evolutionary models.
It seems reasonable to expect clusters to arise in a wide range
of models of ecoevolutionary dynamics. More thorough
examination using system-specific ground-truthed mod-
els is needed, in particular regarding whether clusters will
arise for realistic levels of environmental variation, mutation
and immigration. If clusters prove to be a general feature
of niche models, this will have profound implications for
trait-patterning studies, as a clustered community is the exact
opposite of the type of trait dispersion generally associated
with niche differentiation. Future metric development
should take this into account (Box 2).

Spatial scales

Spatial scales have been brought to bear extensively on
examinations of community assembly patterns and eco-
system processes (Weiher and Keddy 1999), with focus
on scale-dependence of species diversity, composition and
spatial distribution (Cody 1999), phylogenetic related-
ness (Cavender-Bares et al. 2006, Swenson et al. 2007),
and ecosystem function (Bond and Chase 2002). Here,
we highlight the relevance of scales to patterns of trait
dispersion in the context of how niche mechanisms
relate to scales of species dispersal and environmental
heterogeneity.

Consider terrestrial plants. It may appear at first that
competition occurs primarily among neighboring individ-
uals, so niche patterns should occur at the neighborhood
scale (Kraft and Ackerly 2010, Uriarte et al. 2010). But
in reality, all individuals sending propagules to a location
potentially compete with one another. Therefore, expecta-
tions of niche differentiation must encompass more than
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just local resource competition (Kneitel and Chase 2004,
Kraft and Ackerly 2010). In addition, niche mechanisms
often require spatial variation in the environment to enable
coexistence. For example, species may simply differ in habi-
tat preference, so that variation in the conditions of local
habitat are required for coexistence. At a small spatial scale
encompassing a limited range of habitats, one would tend
to find trait filtering, reflecting selection for tolerance to
those habitats. At a larger scale, one would expect niche
differentiation (Fig. 4; Tilman 2004, Gravel et al. 2000).
The Supplementary material Appendix 1 describes how pat-
terning across spatial scales might similarly emerge for niche
mechanisms based on life history tradeoffs, and discusses
some examples of traits and the respective scales at which
niche patterning is expected.

Once one considers a variety of types of niche mechanisms,
it becomes clear that the spatial scale at which trait-based
niche patterns will be found depends on the particular niche

mechanism. If trait variation stabilizes coexistence through
spatial heterogeneity in the environment, then the grain of
environmental heterogeneity will affect the expected scale of
trait dispersion. This scenario presents a logistical hurdle for
trait-based analyses that may be difficult to overcome: data
may be needed from large swaths of land, and power issues
may ensue (Kraft and Ackerly 2010).

Spatially explicit population dynamic models should be
applied to more rigorously derive and refine predictions
of pattern. But, save for a few cases (Pacala and Tilman
1994, Hubbell 2006), this path remains essentially unex-
plored. Such studies must account for the potential interac-
tions of organismal dispersal limitation and the scale of the
niche mechanism. For instance, Adler and Muller-Landau
(2005) showed that the degree to which Janzen—Connell
effects maintain diversity in trees depends on the relative
scales of dispersal limitation and enemy-mediated density
dependence.
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Figure 4. Niche mechanisms and spatial scales. Top panels: representation of niche assembly operating at different spatial scales. Different
symbols represent individuals from different species distributed spatially. (A) Case where coexistence relies on a heterogeneous environment.
Species traits associate with environmental condition (represented by shading color). In this scenario, evidence of niche assembly is
stronger at intermediate or large scales rather than the neighborhood scale. (B) Case where the coexistence mechanism acts at the smallest
scale, such as Janzen—Connell effects. In that case, evidence for trait dispersion is strongest at the neighborhood scale. Three sampling
scales are shown in each scenario (dashed squares). (C) Compared to a null assemblage, dispersion in local samples can be expected to
decrease from small to intermediate or large scales if assembly mechanisms operate at the immediate vicinity of individuals (grey curves),
but increase if assembly mechanisms rely on environmental heterogeneity (black curves).

1380



Intraspecific variation

Substantial trait diversity within populations is common in
nature, and the subject has received extensive coverage in
the past few years. Recent reviews have discussed potential
implications for functional diversity, population productiv-
ity and stability, coexistence, and ecosystem processes (Albert
et al. 2011, 2012, Aragjo et al. 2011, Bolnick et al. 2011).
However, less is known about the potential implications for
trait patterning.

Intraspecific variation raises obvious issues. For exam-
ple, the common practice of using trait means to represent
a species has been criticized for inaccurately representing
resource use and strength of competition (Violle et al. 2012,
Fig. 5). Indeed, empirical studies have found that consid-
ering intraspecific variation may reveal otherwise obscure
pattern (Siefert 2012, Lasky et al. 2014b, Carlucci et al.
2015). For example, Siefert (2012) found that detection
of habitat filtering and niche differentiation is stronger
when considering variation in trait expression within
populations at the plot level and especially at the individ-
ual level, compared to using species means at the regional
level.

Sampling effort is also a concern. Plant studies look-
ing for niche differentiation rarely sample more than ten
individuals per species, premised on the idea that trait
variation is substantially larger across than within spe-
cies. However, given observed levels of variation within
populations, more recent studies suggest that sample sizes
of 10 to 20 individuals are needed to reliably distinguish
between species (Hulshof and Swenson 2010). Potential
consequences of undersampling include false indication
of the degree of trait spacing between species (Lake and
Ostling 2009) and missing spatial structure in trait expres-
sion that is critical for niche differentiation. A sampling
theory to guide empirical work on the appropriate sample
size for estimating species means could be helpful, but one
may ultimately need to move from using species means to
indices of functional diversity designed with intraspecific
variation in mind (Schleuter et al. 2010, Albert et al. 2012,
Siefert 2012, Violle et al. 2012), or to grouping individuals
by trait values rather than by species.

In addition to issues with sampling, likely impacts of
intraspecific variation on trait patterning depend on how it
affects coexistence (we discuss recent research on this question
in the Supplementary material Appendix 2). For example,
if’ intraspecific variation facilitates coexistence by slowing
down competitive exclusion, then transient patterns such as
emergent clusters can be expected to be persistent and eas-
ily maintained by immigration. Alternatively, if intraspecific
variation enables coexistence by allowing species to occupy
more than one viable niche, then coexistence between species
with any trait means is possible. Any trait mean in a particular
range can be achieved by having some individuals at a viable
niche on one end of that range and some at the other. Thus
one would expect weak to no patterning in species mean
traits. In contrast, abundance patterns of individuals grouped
by trait values rather than species would be preserved.

Very few theoretical studies have tried to verify how
intraspecific variation affects trait distribution between
coexisting species (but see Barabds and D’Andrea 2016).
In simulations of the competition—colonization model,
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Figure 5. Effect of intraspecific variation on competition. We
consider competition between individuals with traits x; and x, fol-
lowing a(x;,x,) = exp(—(x; — x,)?), as in MacArthur and Levins
1967, and compare the strength of competition estimated from
species mean trait values, 0l(x,,x,) to the average strength of com-
petition between pairs of non-conspecific individuals, o(x,,x,).
(A) and (B): consider two species whose trait distribution and means
are shown in the black and grey curves and lines, respectively. If
intraspecific variation is neglected, competition is overestimated
when the two species have the same means (A), but underestimated
when the distance between the species means is large compared to
the trait spread (B). C: The ratio 0((x,,,)/ 0l(x,,%,) increases from
lower to higher than 1 with distance between species means. For
comparison, if competition depends linearly on species positions
(black curve), intraspecific variation brings no difference, on
average, to the competition between homogeneous species.
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Courbaud et al. (2010) found that the addition of intraspe-
cific variation changes the region of trait space that allows
for coexistence between two species. In particular, a spe-
cies with intermediate fecundity and mean growth rate can
coexist with another very similar species only if intraspecific
variation is present. The authors conclude that intraspe-
cific variation in that model leads to the disappearance of
limits to similarity. (Importantly, robustness to parameter
changes was not examined. Indeed, it seems that a slight
variation in mean growth of a coexisting competitor could
result in exclusion.) Moving forward, theoretical studies of
the impact of intraspecific variation on coexistence and trait
patterning should model intraspecific variation not just as a
fixed parameter, as is often done, but as a dynamical quan-
tity shaped by a combination of selection and the genetic
details of trait inheritance.

Toward a theory of trait patterning under niche
differentiation

The primary challenge in linking trait patterns with niche
differentiation is gaps in the theoretical foundation from
which empirical expectations are derived. Theoretical prog-
ress can be made by exploring a spectrum of niche-axis
coexistence models for insight on the types of patterns to
be found under different biological conditions. We suggest a
two-pronged approach with analyses of both conceptual and
ground-truthed system-specific models.

Simple conceptual models allow exploration of the
impact of the most salient features of competitive interac-
tions commonly found in nature. In the MacArthur—Levins
model, competition strength depends strictly on trait differ-
ences. This is a common feature of nature (Johansson and
Keddy 1991, Jiang et al. 2010, Burns and Strauss 2011)
and the defining property of a niche mechanism. The pat-
tern arising from the model can be taken to represent the
effect of niche differentiation on trait distribution when
acting alone. The competition—colonization (Tilman 1994)
and tolerance—fecundity tradeoff (Muller-Landau 2010) are
simple representations of competitive hierarchies that may
be prevalent in nature (Kunstler et al. 2012) but do not fit
into the MacArthur—Levins framework due to the depen-
dence of competition on traits as well as trait differences.
We suggest that the MacArthur—Levins model and simple
hierarchical tradeoff models are a good starting point for
developing trait pattern theory. This review discussed natu-
ral phenomena likely to contribute to pattern which are
absent in these models, such as environmental fluctuations,
multidimensional niche space, immigration, intraspecific
variation, evolution and spatial scale-dependent interac-
tions. A systematic approach starting with these conceptual
models and adding in simple representations of each of
these additional factors in turn could provide insight into
the separate and combined effects of different processes on
trait dispersion.

Examining this spectrum of models will no doubt be
revealing. Yet it does not exhaust the complexity of com-
petitive interactions in nature. For example, competition
between neighboring trees in forests is size-structured, and it
is unclear how this local scale complexity translates into pop-
ulation-level competition. Hence to complement study of
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conceptual models, we suggest that a suite of system-specific
models also be developed and studied for trait pattern pre-
dictions. Such models would be built on empirical measure-
ments of how traits determine an individual’s response to
resources and other individuals in the system of interest.
Here we envision models with a level of detail similar
to the forest architecture hypothesis model (Kohyama
1993). Additional phenomena like those mentioned above
(environmental fluctuations, immigration, etc) can be incor-
porated to the degree to which measurements suggest they
are prevalent in the system of interest.

These model-based studies will give insight into the range
of trait patterns reflecting niche differentiation in species
assemblages, and culminate in more sophisticated predictions
for trait pattern and new metrics designed to better handle
potentially complex pattern than the ones currently available
(Box2). Thatsaid, itis entirely possible that no distinguishable
pattern will be observed under some circumstances, such as
high immigration and severe competitive asymmetries that
depart from the distance-based MacArthur—Levins competi-
tion. In that case, trait-pattern analysis will probably be of
little avail, and more data-heavy methods such as experi-
ments to directly verify stable dynamics would be required.
When trait pattern is distinctive, analysis of pattern across
spatial scales and environmental gradients could lead to
hypotheses about the predominant community assembly
processes, to be then further tested with experiments or
observational studies.

Conclusions

Empirical efforts should be informed by theory, and recent
modeling results regarding the distribution of species along
trait axes depart from classical expectations of overdisper-
sion and even spacing in trait space. Recent field studies
look for a less restrictive signature of niche differentiation
than earlier ones, but continue to focus on patterns arising
in overly simplistic models. Most still fall short of estab-
lishing firm links between trait axes and niche axes, and
use null models that may not accurately represent expected
background processes. The next generation of field stud-
ies should be founded on expectations that contemplate
patterns coming out of more realistic implementations of
niche models.

The theory of trait patterning is itself still a work in prog-
ress. Particularly needed are exploring more complex niche
mechanisms than the distance-dependent interactions in
the MacArthur—Levins model, elucidating the influence
of environmental fluctuations on pattern, incorporat-
ing intraspecific variation and explicit spatial structure in
models, and extending our purview to out-of-equilibrium
phenomena such as transients and factors that interact with
such dynamics, such as immigration and evolution. Fur-
ther work on conceptual models may shed light on how
different assembly processes shape communities, while
system-specific models may clarify the range of patterns to
be expected in nature.

Ultimately, trait pattern analysis is but one tool in the
toolbox of inference methods. There are of course many
complementary empirical approaches to infer niche differ-
entiation from a wide array of observational or experimental



data, including phylogenetic dispersion (Mayfield and
Levine 2010), variations in species composition through
time (McGill et al. 2005), direct measurement of frequency-
dependent competition (Wills et al. 1997), etc. As trait
patterning research matures, it can be used in tandem
with other methods to paint a more complete picture of
community assembly than currently available.
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