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Foundational to trait-based community ecology is the expectation that func-
tional traits determine demographic outcomes. However, trait–demographic
rate relationships are frequently weak, particularly in tree communities. The
foundation of trait-based tree community ecology may, therefore, appear to be
unstable. Here we argue that there are three core reasons why trait–demo-
graphic relationships are generally weak in tree communities. Specifically,
important contextual information is frequently ignored, there is too much focus
on species relative to individuals, and there are dimensions of tree function that
are critical for determining tree demographic rates that are not captured by
easily measured functional traits. Rather than being evidence that trait-based
community ecology is fundamentally flawed, these issues elucidate a pathway
towards a more robust research program.

The Demographic Foundation of Functional Trait-Based Community Ecology
Differential demographic performance across individuals and species scales up to determine
whole-community structure and dynamics [1]. A grand challenge in community ecology has,
therefore, been to identify the drivers of differential performance. Interactions between organisms
and their environment determine demographic performance and these interactions are governed
by an organism’s phenotype [2]. The linkage between phenotypes, differential demography, and
communities forms the foundation of functional trait-based community ecology (see Glossary).
Functional traits are typically defined as morphological, physiological, and phenological traits that
determine the performance of an individual given an environmental context [3,4]. These, typically
easily measured, traits have become wildly popular in plant ecology where the linkage between
traits and demographic performance has been directly investigated or used as an assumption [5–
9]. While the popularity of functional traits in community ecology is clear, the relative success of
ecologists attempting to link functional traits to demographic performance is questionable,
particularly in tree communities. Here, we first briefly highlight the accumulating evidence that
functional traits often fail to predict demographic rates, thereby apparently demonstrating that
there are cracks in the foundation of functional trait-based community ecology. We then suggest
three reasons why functional trait–demographic relationships are weak and how alterations of the
current research paradigm may improve these relationships and help to solidify the foundation of
functional trait-based community ecology.

Apparent Cracks in the Foundation
The composition and dynamics of tree communities arise from the demographic outcomes of
interactions between individuals and their environment. Ideally, functional trait information
should predict these demographic outcomes. Tree community ecology has turned from
producing patterns of trait similarity (e.g. [10–12]) towards quantifying functional trait–demo-
graphic rate relationships [5,13–16], but strong trait–rate relationships are more of an exception
than a rule. For example, a recent global-scale effort to relate commonly measured functional
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Glossary
Anisohydry: plants that do not
reduce their stomatal openings under
water stress and therefore have
wider ranges of leaf water potentials
and thus a higher probability of
xylem cavitation. This strategy may
be more suitable for droughts that
are less intense and short in
duration.
Demographic rate: the growth,
survival, or reproductive rate of an
organism.
Isohydry: plants that have a narrow
range of leaf water potentials
regulated by stomatal behavior in
response to water availability. These
species will have a lower probability
of xylem cavitation during intense or
long droughts.
Leaf area ratio: the total leaf area
of a plant divided by the total mass
of the plant.
Leaf mass fraction: the total leaf
mass of a plant divided by the total
mass of the plant.
Leaf mass per area: the mass of a
dried leaf divided by the area of the
same leaf before drying.
Phenotypic context: the overall
multivariate phenotype of an
individual in which an individual trait
is a component.
Functional trait: a physiological or
morphological trait that influences the
growth, survival, or reproductive rate
of an individual plant.

traits to sapling growth found that the traits considered explained �3% of the variation in
growth [5]. Similarly, a detailed study of the trees in the 50-ha forest plot on Barro Colorado
Island in Panama found that seed mass and leaf mass per area explained less than 8% of the
variation in the average relative growth rates of species, with wood density being the strongest
correlate (r2 = 0.19) [6]. Further, none of the traits measured explained more than 6% of the
variation in overall mortality rate among tree species. These results are consistent with other
extensive studies of tropical tree trait–demography relationships [13–17].

Given the central importance of linking traits to demographic rates to trait-based community
ecology, the consistent reporting of weak relationships between the two in the literature is
concerning [9], and we argue it has not been considered seriously enough. Simply put, if
commonly measuredfunctional traits donotpredict demographicperformance, inferences drawn
and predictions made from these traits are potentially greatly flawed. In the following sections, we
discuss reasons why commonly measured functional traits do not predict tree demographic rates
and what steps should be taken to confront and overcome these issues (Box 1).

Context Matters
The relationship between a trait and a demographic rate occurs in a particular context and
without this context this relationship may be obscured. Here we consider two types of context
that require more attention in the trait-based tree community ecology literature: the
phenotypic context and the environmental and biogeographic context. We begin with the
phenotypic context in which a trait and its value exist. One of the most commonly measured
traits in tree ecology is leaf mass per unit area (LMA), [the inverse of specific leaf area (SLA)].
Being a key trait in the leaf economics spectrum related to leaf lifespan and photosynthetic rates

Box 1. Three Core Reasons Why Traits Do Not Predict Demographic Rates

In this work we present three of the core reasons why commonly measured functional traits do not predict tree
demographic rates. Here, we aim to distill and briefly explain those reasons.

A Trait with Little Context Has Little Predictive Power

The way in which a trait of an individual influences demographic performance is dependent on the environment as well
as the other trait values of the individual. For example, trait values associated with elevated drought tolerance will confer
differing levels of demographic success dependent on the precipitation of a given growing season. Expecting a
consistent trait–rate relationship across environments that spatially and temporally vary is unrealistic. Similarly, the rate
of photosynthesis per cm2 of leaf will tell us little about total resource capture and growth rates without knowing the total
leaf area of a plant. Last, those traits most closely linked to demographic performance are likely to change through
ontogeny as the environment that an individual experiences changes.

Measuring Individuals Is Challenging, But Advised

A tradition in functional trait ecology has been to average trait and demographic rate values at the species level for
downstream analyses. Individuals, however, vary in their trait values as well as the environmental contexts that they
occur in on the landscape. Averaging this information will obscure trait–rate relationships that could be elucidated by
analyzing individual-level data. Utilizing species mean values measured from populations not in the study system that
they are being applied to will further exacerbate the problem.

Unmeasured Dimensions and Dynamics of Functional Diversity

Plant functional ecology has distilled global functional diversity into a few key axes that can be described by easily
measured traits. However, the aspects of function that determine demographic rates (survival rates in particular) are not
well characterized by the core set of traits that most measure. Furthermore, the dynamic functional responses of
individuals to environmental changes are generally not measured. Combined, these factors greatly reduce our ability to
predict demographic rates from traits and to predict the future structure and dynamics of forests.
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[18], it may be logical to assume that this trait would be strongly related to tree growth rates.
However, it is typically very poorly correlated with growth rates, if at all [6,14–16]. There are
multiple non-mutually exclusive reasons for this outcome. One might be that LMA is not
mechanistically linked to resource acquisition rates. Specifically, the inclusion of mass in
LMA and photosynthetic rate variables may drive their correlation rather than a mechanistic
link [19] (but see [20]). A second possibility is that LMA must be considered given the whole-
plant relative allocation to leaves versus other tissues (Box 2 and Figures 1 and 2). The
integration of leaf level traits into a whole-plant allocation context to predict growth has been
established in the plant ecology and physiology literature for over a decade [21–24] but has
been almost entirely ignored in the functional trait-based community ecology literature, which
relies on a foundation of trait–demographic rate linkages. The problem is likely to be of even
greater importance in trees, where relative allocation can vary substantially across species and
with ontogeny. Additional other work that has placed individual traits into a whole-phenotypic
context has shown that similar demographic rates can be arrived at via very different trait
combinations such that it may be nearly impossible to find that a single trait predicts demogra-
phy consistently without information regarding other trait axes [25,26]. Thus, it would seem
unreasonable to expect a single trait to predict demographic rates, and trait-based community
ecology should continue to progress towards trait–demographic rate studies that consider

Box 2. Leaf-Level Traits, Whole-Plant Allocation Context, and Predicting Growth

The functional trait literature frequently finds little to no relationship between leaf traits and tree growth rates (e.g.
[5,6,13,17]). To some this is a surprising result devoid of explanation, largely because the leaf traits chosen are believed
to be strong indicators of leaf-level life history tradeoffs and resource acquisition strategies. Some researchers have
exclaimed that they ‘do not know why’ these traits fail to predict tree growth [5]. We suggest that there is a clear reason
why leaf traits often fail to predict growth. Further, this reason has been discussed in the plant growth literature for
decades (e.g. [21–24]), but for unknown reasons this literature has been largely ignored in tree community ecology. Here
we briefly describe two constructs demonstrating the relationship between whole-plant allocation, leaf traits, and
growth.

Analyses of plant growth rates worldwide [55] have shown that growth rate (G) scales with body mass (M) to the 3/4
power and photosynthetic mass (Mp) scales to non-photosynthetic mass (Mnp) to the 3/4 power, such that G and Mp

scale isometrically:

G / M3=4: [I]

M3=4
np / Mp / G: [II]

The Mp of a standard tree (i.e., with no photosynthetic bark or fruits) can itself be assumed to be equal to the total leaf
mass of the tree (ML) and can be estimated as the product of total leaf area (AT) and the average leaf mass per unit area
(LMA):

ML � AT � LMA: [III]

If AT scales consistently across species, LMA may be expected to be a strong predictor of G. Conversely, if AT does
not scale consistently across species, it must also be considered when attempting to predict growth on the basis
of LMA. Specifically, the product of the two (ML) must be calculated to predict G. This simple model can be
expanded to consider more traits and interspecific scaling difference [24], but even this simple integration of
allocation and a leaf-level trait can provide a strong prediction of G.

Classically, before the scaling described above, plant functional biologists have equated G to the product of a unit leaf
rate (ULR) (i.e., the photosynthetic rate) and the leaf area ratio, which is equal to AT divided by M [21,22,24]. The leaf
area ratio can also be written as the product of the inverse of LMA and the leaf mass fraction (ML divided by M).

G ¼ ULR � 1

LMA
Þ �ML

M
¼ ULR � AT

M
:

�
[IV]

If comparing the growth of individuals within species where the differences in ULR may be minimal, G may be simply
predicted by the leaf area ratio. If comparing the growth of individuals from different species, incorporation of ULR would
be necessary as values can vary substantially across species.
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allocation and integrated phenotypes. Importantly, multivariate decomposition of a trait matrix
is likely to not be as useful in this regard. Rather, logical and informed piecing together of an
integrated plant phenotype should be a preferred approach [21–24]. Specifically, leveraging
knowledge from the physiological ecology literature that has elucidated how aspects of plant
form and function are interrelated will lead to more progress and mechanistic predictions of
plant performance in current and future climates.
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Figure 1. Two Contexts That Are Often Ignored in Trait–Demographic Rate Studies in Tree Community
Ecology. (A) A demonstration of where similar values of a commonly measured leaf-level trait (i.e., leaf mass per area) are
from species with very dissimilar relative growth rates due to differential allocation to leaves. Organ-level traits will be
misleading without a whole-phenotypic context, particularly in large, long-lived organisms like trees. (B) The factors with
the greatest impact on demographic rates will vary across habitat suitability gradients and geographic ranges. Here,
negative density dependence and intraspecific similarity depress performance in highly suitable habitats where population
densities are high while interspecific trait hierarchies and an ill-suited phenotype of the focal species depress its
performance in less-suitable habitats. Thus, habitat or geographic range context impact the relationship between traits
and demographic rates making general conclusions about the importance of a specific mechanism between populations
within species or between species, in a particular community, tenuous.
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The environmental and biogeographic context in which an individual is observed is also critical
for understanding of trait–demography relationships. A consideration of these contexts may
seem an obvious necessity, but frequently they are only partially considered in trait-based tree
ecology. If the environmental context of an individual is considered, it is with respect to local
abiotic gradients (e.g., soil nutrients [27]) or the individual trees immediately surrounding a focal
individual [8,28]. This work has successfully shown that these contexts are important, particu-
larly the density of neighboring conspecific individuals reducing survival rates [8]. However, the
regional-scale context of the populations being studied is often ignored. Where the observed
population falls in the climatic niche or geographic range of the species may have a large impact
on its demographic rates directly or through interactions with local-scale environmental con-
texts and traits. For example, recent work by Zambrano et al. [29] has shown that there is an
interactive effect between the habitat suitability in which a population is found and the local
population density on tree demographic rates such that growth and survival rates are sup-
pressed in very-suitable habitats where the density of conspecifics is high and in less-suitable
habitats where conspecific density is low. Thus, knowing the local density of conspecifics alone
and not the context of where the population is in the regional-scale habitat range will result in
flawed interpretation of the data.
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Figure 2. An Empirical Example of How Knowing Allocational Context Improves Trait–Demographic Rate Relationships. Here we show data for four
tropical tree species in Xishuangbanna, China where annual mean relative growth rates are plotted on the y-axis. In the top row, we plot relative growth rate against the
leaf mass per area (g/cm2) for individual trees and find little variance explained. In the middle row, we plot relative growth rate against the leaf mass per area multiplied by
the canopy area (p � mean canopy radius squared)(m2) as a rough estimate of relative leaf biomass. In the bottom row, we plot relative growth rate against canopy area
divided by trunk diameter at breast height (cm) as a rough estimate of leaf area per unit biomass (i.e., leaf area ratio).
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Temporal variation in the environment is additional context that merits more focus in trait–
demographic rate research. Specifically, the trait value that optimally fits a location changes
as the environment changes through time. Thus, the correlation between a trait and rate may
strengthen or even reverse through time dependent on environmental change. There are well-
known examples of this in the literature (e.g., Darwin’s Finches [30]), perhaps making it all the more
surprising that there is an expected consistent relationship between a trait and a demographic rate
without knowing the environmental context. This also underscores a problem with correlating
rates averaged over many years, and potentially populations, with average trait values.

Individuals versus Species
A comparison of the functional trait-based community ecology literature and evolutionary ecology
literature will lead to the realization that there is a substantial schism between the two in how they
conceptualize and analyze trait–performance relationships [31]. The functional trait-based com-
munity ecology literature has largely utilized mean trait values to characterize all individuals of a
species [32]. Additionally, a substantial fraction of that literature also uses mean demographic
rates for species. Conversely, evolutionary ecology has often, but not always, focused on
individuals as the fundamental unit of study, where traits of individuals are related to individual
performance and ultimatelyfitness (Figure 3).This framework, furthermore, has often incorporated
trait covariation as well, thereby addressing the issue of phenotypic context discussed in the
previous section [2]. The averaging of traits and demographic rates could itself substantially
obscureourunderstanding of how the two are related.Recent work byLiu etal. [33] that measured
a battery of easily measured functional traits along with less-easily measured traits (e.g., hydraulic
conductance) demonstrated thatspecies’ mean traitvalues weremoreweaklycorrelatedwith tree
growth than individual-level data. There are additional conceptual and empirical reasons that
should promote conversion to an individual-centric approach over a species-mean approach. For
example, there is tremendous interest in coexistence theory in the trait literature, with one of the
fundamentally important considerations being the relative strength of intra- and interspecific
interactions (i.e., niche differences) [34]. It is, therefore, perhaps surprising that intraspecific trait
variation is frequently ignored even when great pains are taken to measure competition coef-
ficients (e.g. [7]). In other words, the literature is now accumulating correlative studies of niche
differences andspeciesaveragetrait values that donotmeasuretherelativevariation in traits within
and among species and how this variation is associated with competition coefficients. Such
studies would be logistically challenging, which is why they are not commonplace, but would be of
greater use when trying to determine how traits may or may not align with coexistence theory.
Similarly, intraspecific negative density dependence is now widely documented in tree communi-
ties [8,35] and it should, therefore, be a major promoter of species co-occurrence. We are not
aware of studies that have clearly linked intraspecific functional variation to these patterns, but
there is evidence that the genetic relatedness of neighboring conspecifics is correlated with
demographic success [36]. Thus, the challenge is to determine the functional mechanisms
underlying these patterns. Last, a stronger focus on intraspecific variation as it relates to demog-
raphy will facilitate a clearer integration of evolutionary and community ecology where researchers
would be able to genotype and phenotype individuals to address the relative importance of local
adaptation and phenotypic plasticity and how these will influence the future composition and
dynamics of forests.

The Under-Studied Dimensions of Plant Function and Dynamic Functional
Responses
The distillation of the diversity in plant function into a few major axes of variation has been a
major goal in functional ecology [4,37–39]. This distillation has broadened the community of
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Figure 3. Two Approaches for Relating Traits to Demographic Performance. Top: A species-centric univariate approach when species mean trait values (SPx)
are taken in the context of the environment (ENV) to understand mean species mean demographic rates (DPx) with the ultimate goal of establishing a connection to
population (POPx) and community structure and dynamics. Bottom: An individual-centric multivariate approach here showing only two species in a community where
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researchers measuring plant function by focusing on relatively easily measured traits that do not
require expensive equipment and extensive facilities. The success of this approach should not
be discounted. An unintended consequence of these successes, however, may be the
impression that one need measure only a handful of easily measured traits in their system.
The diversity in plant function, however, is greater than that captured by these few traits [40].
Those dimensions that are not well characterized by commonly measured functional traits may
prove to be critically important in determining tree demography.

Commonly measured plant functional traits typically relate in some manner to resource capture
rates. They therefore should be strongpredictors of growth rates, particularly if they areplaced into
the whole-phenotypic context. Growth and survival rates are expected to be negatively correlated
and we might therefore expect that those traits that predict growth also predict survival. However,
it is common to observe results where traits do not predict growth and survival equally well (e.g.
[6,13]). This mayoccur forseveral reasons, including that growth and survival rates donotperfectly
trade off across individuals and species. More importantly, such results beg for a stronger focus in
tree community ecology on what processes lead to tree mortality.

For example, as noted above, negative-density-dependent mortality is widespread in tree
communities. Shared pests and pathogens are likely to be major drivers of these patterns [41].
The constitutive and induced defenses of plants, however, are typically unmeasured in trait-
based community ecology due to taxon-specific methodologies and potentially cumbersome
laboratory protocols (particularly in the tropics). As a result, when trait-based ecologists do
consider plant defense they will often use relatively crude indicators (e.g., leaf toughness [42])
with limited success. Recent work has sought to leverage emerging technologies such as
transcriptomics [43] and metabolomics [44] to quantify plant defense across a broad spectrum
of co-occurring species. We expect that such assays of plant defense will become more
commonplace in the near future and will greatly improve our understanding of the drivers of
mortality due to shared enemies.

Extreme climatic events are major drivers of tree mortality and forest ecologists have spent
considerable time focusing on how these events alter ecosystem fluxes and what aspects of
tree function best predict mortality. This literature, and the advances made therein, has been
largely disjunct from the trait-based tree community ecology literature. For example, drought is
a major driver of tree mortality and overall forest ecosystem dynamics [45–48]. The physiologi-
cal and ecosystem ecology literature has had a rich debate in recent years regarding the ways in
which drought causes tree mortality (e.g., hydraulic failure versus carbon starvation) [49–51]
and the physiological traits that best capture this diversity of drought responses [52]. Recent
work has begun to go beyond easily measured traits and shown that more detailed measure-
ments of drought-related traits [53] and gene expression response to drought [54] can provide
stronger insights into the drivers of community structure and dynamics than easily measured
functional traits. This work points to another important issue that merits more focus in trait-
based tree community ecology and may help resolve trait–rate relationships: dynamic environ-
ments, dynamic functional responses, and long lifespans.

The dynamic functional response of species to dynamic environments is critical for projections
of their demographic outcomes. In a previous section, we have discussed the importance of

covariation between traits (Tx) within an individual’s phenotype (IPx) is considered, as are the impacts of these traits on demographic rates of individuals (IDPx) and
population and community structure and dynamics. The first approach is more common in current trait-based community ecology while the second approach is central
to evolutionary ecology [2]. Here we argue that transitioning towards applying the second, individual- and multivariate-based approach across the species in a
community will lead to a more compelling trait-based community ecology and synthesis between evolutionary and community ecology.
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dynamic environments, but dynamic functional responses to dynamic environments are also
important and frequently ignored in trait-based community ecology. For example, the range of
ways in which a species could be drought tolerant (e.g., where it falls on the continuum from
aniso- to isohydry [56,57]) will dictate its differential demographic responses to drought
dependent on the duration, intensity, and frequency of drought events. These different dynamic
functional responses among individuals, populations, and species are difficult, if not impossible,
to gauge from the measurement of a static trait value in a non-stressful environment. Thus, if
trait-based community ecology wishes to predict demographic rates in dynamic environments
in long-lived species, additional focus must be placed on the dynamic functional responses of
individuals, populations, and species to changing environments.

Concluding Remarks: Moving Forwards
Trait-based tree community ecology needs to come to terms with the evidence that frequently
measured functional traits do not predict a substantial amount of the variation in demographic
rates [5,13–17]. We have presented three reasons why we believe trait–rate relationships are
weak (Box 1). Our opinion on these matters is that functional trait-based community ecology
should not be abandoned, but it can be moved forwards substantially by considering why traits
do not predict rates. In this section we venture to briefly outline this pathway forwards with the
realization that it is neither simple nor comprehensive.

A core issue is that the expectation that a single trait can predict a demographic rate – both
often averaged across individuals – without any contextual information is unrealistic. The
relationship between a trait and a rate is contingent on both the environmental and the
phenotypic context. In addition, the environmental and phenotypic contexts of a trait are
temporally dynamic. Thus, in moving forwards, trait-based community ecology will have to
focus more on modeling demographic performance as a function of trait–trait and
trait–environment interactions and environmental changes in space or time (e.g. [58,59]).
Ideally, this work will not blindly search for statistical interactions and it will build models
informed by the existing literature on plant phenotypic integration as it relates to the environ-
ment [21–24].

A second pathway that must be forged more vigorously is to broaden our assays of plant
function. The ability of tree ecologists to model survival rates is inextricably linked to whether
they have information about the factors that kill trees and the associated plant functions. The
response of plants to abiotic and biotic stresses should play a large role in this realm. Advances
in transcriptomics [54] and metabolomics [44] now mean that ecologists can assay a much
broader spectrum of plant function as well as the dynamic response of a plant to a key stressor.
In those cases where such approaches are not feasible, trait-based ecologists still should not
feel comfortable measuring a small set of traits and relying on the assumption that those traits
will indicate the relative success of a plant in a given environment.

The final pathway forwards in trait-based community ecology is to take intraspecific variation
more seriously. We are far from the first to make this plea (e.g. [32]) and we recognize that
measuring every individual is often impossible. However, if one is seeking to solidify the
foundation of trait-based ecology by demonstrating trait–demographic rate relationships, such
studies should focus on individual-level data. Importantly, to have the most useful insights
individual-level data should be averaged as little as possible. In other words, an average growth
rate over a decade still might not be correlated with the most detailed of individual-level trait
measurements. In sum, not all trait-based community ecology needs individual-level data, but it
becomes useful when the goal is prediction of demographic rates.

Outstanding Questions
Why is so little variation in growth and
survival explained by the traits believed
to explain the key axes of functional
differentiation in plants?

Are we measuring the ‘right’ traits and
just failing to put them into the proper
allocational context or are we also fail-
ing to measure many other traits of
importance?

Why do the traits that predict growth
often fail to predict survival?

Do we know what traits we should
measure and only fail to measure them
due to logistical and financial con-
straints or are there aspects of plant
function of importance that we would
never consider measuring?

Should trait-based community ecology
abandon univariate trait analyses?
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In closing, we hope that this work has served multiple purposes. First, trait–demographic rate
relationships are not as strong as often assumed or portrayed. Second, there are clear reasons
for these weak relationships. Third, by identifying these issues we can identify a pathway
forwards for those studying the relationships between traits and demography and how they
influence population and community structure and dynamics.
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