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Abstract

The relationship between plant functional traits and demographic performance forms the foundation of
trait-based ecology. It also serves as the natural linkage between trait-based ecology and much of
evolutionary biology. Despite these important aspects, plant trait-demographic performance relationships
reported in the literature are typically weak or non-existent and a synthetic picture of how traits are
related to ecological and evolutionary patterns remains under-developed. Here, we begin by presenting an
overview of the shortcomings in functional trait-demographic performance research and why weak results
are more common than trait-based ecologists like to admit. We then discuss why there should be a natural
synthesis between trait-based ecology and evolutionary ecology and potential reasons for why this
synthesis has yet to emerge. Finally, we present a series of conceptual and empirical foci that should be
incorporated into future trait-demographic performance research that will hopefully solidify the
foundation of trait-based ecology and catalyze a synthesis with evolutionary ecology. These include: (1)
focusing on individuals as the fundamental unit of study instead of relying on population or species mean
values for traits and demographic rates; (2) placing more emphasis on phenotypic integration, alternative
designs and performance landscapes; (3) coming to terms with the importance of regional- and local-scale
context on plant performance; (4) an appreciation of the varied drivers of life stage transitions and what
aspects of function should be linked to those transitions; and (5) determining how the drivers of plant
mortality act independently and in concert and what aspects of plant function best predict these outcomes.
Our goal is to help highlight the shortcomings of trait-demographic performance research as it stands and
areas where this research could course correct, ultimately, with the hope of promoting a trait-based

research program that speaks to both ecologists and evolutionary biologists.
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Overview

The traits of individuals interact with the abiotic and biotic environment and are, therefore, fundamental
for understanding ecological and evolutionary dynamics (Arnold 1983; McGill et al. 2006). Specifically,
traits dictate ecological interactions, which contribute to the demographic success or failure of an
individual. These individual-level successes and failures scale up to determine the structure and dynamics
of populations and communities. Thus, establishing how the traits of individuals influence demography is
foundational to population and community ecology as well as evolutionary biology.

Plant ecologists have frequently focused their research efforts over the past decade on measuring
and analyzing functional traits (Reich et al. 1997; Westoby 1998; Westoby et al. 2002; Chave et al. 2009).
Broadly, we can define plant functional traits as traits that should influence plant fitness that can also be
measured in a standardized fashion across species, life forms and ecosystems (Reich et al. 2003). The
plant functional trait literature is now vast and there have been many studies that successfully demonstrate
how functional traits can be used to predict demographic rates (e.g. Enquist et al. 2007), to elucidate non-
neutral community structure and dynamics (e.g. Weiher et al. 1998; Swenson and Enquist 2009), to
modernize plant geography (e.g. Swenson and Weiser 2010; Swenson et al. 2012; van Bodegom et al.
2014) and to refine dynamic global vegetation models (e.g. Fyllas et al. 2014).

Despite these successes, there are two major weaknesses that need to be confronted. First, while
some have found moderately strong or strong relationships between traits and demographic performance,
these studies have been the exception and not the rule. Indeed, most studies find surprisingly little
variation in demography explained by commonly measured traits (Yang et al 2018; Worthy and Swenson
2019) Second, the empirical failure to routinely and robustly link functional traits to demographic rates
and under-appreciated conceptual connections have limited a synthesis between trait-based population
and community ecology and evolutionary ecology (McGill et al. 2006).

In this work, we have three major goals. First, we will discuss why the plant trait literature should
take a closer look at how well widely-measured traits have predicted demographic rates. Second, we will

discuss why a synthesis between trait-based population and community ecology and evolutionary ecology
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should be natural and why this synthesis has not taken root. Lastly, we will discuss potential ways
forward in plant trait-demography research that may lead to new opportunities and a more solid

foundation going forward.

Empirical Shortcomings in Trait-Demography Research
Foundational to most trait-based research in plant ecology and evolutionary biology is that the traits
measured mediate ecological interactions and resulting demographic rates. Certainly, many trait-based
ecological investigations do not venture to establish the links between traits and demographic rates, but
they do rely on this link having been established by others. For example, the definition of what a
functional trait is, typically, indicates that the trait is directly or indirectly linked to demographic rates or
fitness (Reich et al. 2003; Reich 2014). If this were not the case, then it would be less clear why the trait
was being considered for study in the first place. For these reasons, an examination of how well traits
predict demographic outcomes is valuable.

Researchers often use correlations between single functional traits or single principal component
(PC) axes derived from decomposing matrices of multiple traits and demographic rates to infer the
functional drivers of differential demography (e.g. Poorter et al. 2008; Kraft et al. 2010; Enquist et al.
2015; Jager et al. 2015; Paine et al. 2015). These methods often utilize species mean trait and
demographic rate values and seek to uncover new or confirm expected global trait-rate relationships.

The standard trait-demographic rate research approach implicitly assumes or expects a consistent
relationship between a trait and a rate (i.e. a single global optimum trait value). This may sound like an
unfair characterization of functional trait-demographic rate research in ecology. However, we argue that
conducting analyses of global scale datasets where a single trait is related to a demographic rate (e.g.
mortality or growth rate) using a linear regression model estimated using maximum likelihood or Bayes
implicitly assumes that there should be a global optimum trait value. For example, one may be expecting
that higher wood densities leads to lower mortality rates in forests worldwide (e.g. Kraft et al. 2010) or

higher specific leaf area will lead to faster sapling height growth in tropical forests worldwide (e.g.
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Poorter et al. 2008; Paine et al. 2015). We do not believe that those conducting global scale analyses truly
believe there is always a single global optimum trait, but the analytical approaches largely used to date in
trait-based ecology are designed to search for their existence. An alternative viewpoint, that is more
attractive to ecologists is that multiple trait optima occur and that the location of those local optima is
contingent upon the values of other traits that constitute the phenotype (e.g. Marks and Lechowicz 2006;
Enquist et al. 2007; Liu et al. 2016) as well as the local and regional biotic and abiotic contexts (e.g. Liu
et al. 2016; Zambrano et al. 2017). This literature regarding multiple phenotypic optima and the
importance of context aligns nicely with the study of fitness surfaces and phenotypic adaptive landscapes
in evolutionary biology (Conner and Hartl 2004), which provides one of the clearest examples of where a
synthesis of trait-based population and community ecology and evolutionary ecology should naturally

occur (Figure 1).

The Conceptual Shortcoming - A Missing Trait-Based Eco-Evo Synthesis

An attractive conceptual property of trait-based ecology is that a plant biologist may measure a series of
traits that indicate life-history and functional trade-off axes (Westoby 1998; Westoby et al. 2002). The
position of an individual or species along these axes and the environmental conditions should be the
primary determinants of the demographic rates that determine population, community and ecosystem
structure and dynamics.

If this is demonstrated empirically, trait-based approaches in ecology would be extremely
powerful. However, this is not the extent of what should be motivating the analysis of traits from
populations to ecosystems. The linkage of traits to demographic outcomes at the scale of individuals
provides a clear conceptual and empirical connection to evolutionary ecology. Therefore, traits and
demography are at the nexus of a synthesis between ecology and evolutionary biology. Despite this
importance, trait-based plant ecologists, the authors of this article included, have struggled to
conceptually and empirically link their work to evolutionary biology and have, thus far, missed on the

opportunity to provide a synthetic framework under which the two fields can operate and inform the work



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

of one another. In this section, we highlight areas where there should be a clear conceptual linkage
between trait-based plant ecology and evolutionary biology and potential reasons why the linkage has not
been made.

We begin with traits as indicators of demographic performance. An ecologist incorporates the
relationship between traits and demographic performance, generally, in one of two ways. The first would
be directly focusing on whether traits predict demographic performance in a given environment. This
approach sets the foundation for trait-based studies. Ideally, such work would be conducted at the scale of
individuals, but this is often not the case and species-level trait means are correlated with species- or
individual-level demographic rates. The second approach is to assume that a trait is predictive of
demographic performance so that the traits of interest may be utilized for other research foci such as
inferring mechanisms of community assembly or predicting the distribution and abundance of species.
This second approach relies upon and leverages the work of those taking the first approach. In other
words, an ecologist taking the first approach asks do traits predict demographic performance whereas an
ecologist taking the second approach states because traits predict demographic performance.

An evolutionary ecologist may be primarily interested in the differential performance of an
individual phenotype relative to the other individuals in a population. In other words, does a trait or a
combination of traits covary with the relative fitness of an individual in a population (i.e. analyses of
phenotypic selection and correlational selection)(Lande 1979; Lande and Arnold 1983; Arnold and Wade
1984; Wade and Kalisz 1990; Brodie 1992; Conner and Hartl 2004). Furthermore, how is this correlation
related to the environmental context in which the population exists, is of interest. Thus, while trait-based
population and community ecologist and evolutionary ecologist may operate in very different spheres
academically they share a major shared goal of linking trait differences to demographic performance.

So why has a shared interest in traits and demographic performance in plant ecology and
evolution not lead to a stronger unification of the two spheres of research? The first reason is that much of
trait-based ecology does not focus on individuals. Rather, it aggregates trait and, often, demographic data

to the population- or species-level, which weakens empirical analyses, as discussed above, and reduces
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the number of clear pathways for communication and synthesis with evolutionary ecology. Stated
differently, trait-based ecology cannot easily speak to evolutionary ecologists with the language of species
means. In most cases, population- or species-level means are the most pragmatic approach for an
ecologist to take, but this work will not lead to a general unification of the two fields as the use of mean
traits or demographic rates, itself, precludes the ability to link to relative fitness or performance and trait
differences. In other words, a core interest in phenotypic selection cannot be satisfied using the species
mean trait approach used by most ecologists. There are, however, some areas where mean values can still
lead to cross communication. Specifically, population mean trait values and placing them into the context
of phenotypic adaptive landscapes where changes in population mean traits and performance can be
compared through space or time, which leads us to our second reason for a delayed synthesis.

A second reason why a synthesis has not been generated relates to time and whether traits are
treated as static or dynamic data. Both ecologists and evolutionary biologists are interested in population
changes through time. However, trait-based ecologists may seek to predict population changes from traits
and changes in the environment. This approach may explicitly or implicitly treat trait data as static. That
is, an ecologist may predict the dynamics of a population as the environment changes from a static mean
trait value for that population or species. This is a semi-dynamic approach to trait-based studies. A fully-
dynamic approach would be to study how the size and trait distribution of a population changes through
time in a given environmental setting. This fully-dynamic approach should be of major interest to
ecologists and evolutionary biologists, but it is not common in trait-based ecology. One hurdle to such
research is the potential for high amounts of trait variation in populations, which makes distinguishing
similar mean trait values (i.e. those expected in a population of trees between two time points)
exceedingly difficult. For example, Hulshof and Swenson (2010) have shown that distinguishing mean
leaf trait values between species can require greater than 50 individuals being sampled in order to have
80% power. Rarely do trait ecologists quantify traits for that many individuals. In sum, a synthesis has
been delayed by too few studies examining trait distributions through time and too few studies that

demonstrate how differential demographic rates at the scale of an individual drives changes in trait
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distributions. That is, long-term observations of individual performance and resulting changes in trait
distributions in populations and communities would naturally bridge the gap between trait-based ecology
and evolutionary ecology.

A final issue delaying a trait-based synthesis is omitted context. This issue runs in both directions.
First, detailed and controlled studies of how traits relate to demographic performance are foundational.
Naturally, this often requires greenhouse and common garden studies and model species. The importance
of this work by evolutionary biologists cannot be questioned. However, a great deal of ecological context
is missing from such work. For example, shared enemies and intra- and inter-specific competitive effects
can be challenging to include in such work despite the importance of these drivers in natural populations.
Similarly, model systems are invaluable for elucidating mechanisms, but the degree to which these results
translate broadly will always be questioned by some. Thus, one may argue that field ecologists studying
natural populations and communities are capturing all of the important context that will elude those doing
controlled experiments. This may be true, but we argue that these researchers are also missing a great deal
of important context that is well-understood to be important by evolutionary biologists. For example,
rarely does the field ecologist studying traits in natural populations consider the genetic variation in the
populations they study. They may be studying two co-occurring species, but the populations under study
may occur in very different parts of the range of the species (i.e. one species may be on the edge of its
range while the other may be in the center), which is likely related to the genetic diversity in that
population (Hewitt 2000). Arguably, this contextual information would be as, or more, important than
other contextual information (e.g. soil texture) a field ecologist routinely measures. Furthermore,
evolutionary ecologists embrace the context-dependency of trait-demographic performance relationships
(Wade and Kalisz 1990). As we described in the previous section, a trait-based ecologist will routinely
conceptualize and analyze their data with the notion that traits and demographic rates are globally related.
Many would recognize that this is a flawed assumption and that the optimal trait value varies through
space and time as the environment changes. In sum, both sides of the synthesis are missing contextual

information that the other side considers critical for any analyses and understanding of the system.
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A Reframing for the Future

In the previous sections, we have outlined two existing issues in trait-based ecology relating to trait-
demographic rate relationships that require renewed attention. Wholly or partially resolving these issues
would solidify the foundation of trait-based ecology and catalyze a meaningful synthesis between this
field and evolutionary biology. The first of these issues is a lower than expected capacity of widely
measured traits to predict demographic outcomes (Yang et al. 2018). The second is a failure to connect
trait-based population and community ecology with evolutionary ecology, which has helped to prevent
the compelling synthesis of the ecology and evolution of plant traits that was a stated goal of many over
15 years ago in a landmark special issue in this journal (Ackerly and Monson 2003). In this section, we
hope to provide a partial roadmap for future research that seeks to link plant traits to the ecological
interactions and demographic rates that underlie ecological and micro-evolutionary dynamics. This
roadmap is incomplete and imperfect. Our hope in providing this incomplete and imperfect roadmap is

that it will provoke research that will refine, overturn and improve upon it.

Individuals as the Fundamental Unit of Study

We begin by stating that individuals should be the primary unit of study in trait-demography research.
Our goal here is simple, broad and designed to take on larger issues in the trait-based ecology literature
that must be solved prior to tackling more refined issues (e.g. levels of selection). As we have shown in
the previous sections, there is a strong tradition in trait-based ecology of measuring trait data on a few
individuals and aggregating these data into a species-level mean that is used in downstream analyses. The
aggregation of these data to the species-level may be perceived by a reader of the trait-based ecology
literature on a spectrum from fine to worrying to perplexing. When it comes to establishing trait-
demographic relationships, the aggregating of trait and demographic rate data to the population- or
species-level, should at least be worrying. There is wide variation among individuals in their traits,

demographic outcomes and their environmental contexts. Thus, weak relationships between aggregated
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trait and rate data should not be surprising (Yang et al. 2018). In support of this argument, there is
evidence that shows that stronger relationships arise when traits and demographic rates are analyzed at the
individual-level (Liu et al. 2016). Little progress will be made in the realm of trait-demography rate
research if the field continues to fixate primarily on data aggregated above the individual-level.

A focus on individuals also provides the most obvious and logical road for a synthesis between
trait-based ecology and evolutionary ecology. While the study of population-level mean trait values
through time is valuable and can be linked via phenotypic adaptive landscapes and long-term trait and
demographic data, individual-level data are even more critical for a synthesis to occur. However, simply
measuring traits on many individuals in ecological studies will not suffice. We will therefore offer a series
of considerations or approaches for future work with a greater focus on ecological studies. First, as we
will discuss below in more detail, the large variation in demographic performance between individuals
cannot be understood without individual-level contextual information. Thus, while projections can and
will be made on aggregated demographic and trait information in the future, such work will provide
limited mechanistic insight. Second, analyses of population-level trait mean shifts cannot attribute a
mechanism without coincident measures of the genetic composition of the population. Without these
pieces of information, we will fail to make reasonable population projections and to understand the

interplay of ecological and evolutionary outcomes.

Nothing Makes Sense Without Some Context

A large role for context-dependence in trait-demography relationships complicates the projection of
population and community structure and dynamics. Conversely, the variation introduced by context-
dependency could be relatively small and ignored for adequate predictions to be made. While gathering
infinite knowledge regarding the context of every individual is not possible, we must confront the reality
that there are multiple important pieces of contextual information that have large effects and that are
frequently ignored in trait-based ecology. These include phenotypic context or integration, regional scale

contexts relating to climate and the geographic range position of a population, and climatic variation.
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Ecologists should be more skeptical of analyses that simply correlate a trait with a demographic rate or
life-stage transition probability and that also ignore these contexts. Here, we briefly expand on the
importance of these contexts and how they may be incorporated into future trait-demography research.

We encourage trait-based ecologists to make stronger links between traits and demographic rates
or plant performance by collecting individual level traits. Ideally, this work would be informed by work
on phenotypic selection, correlational selection and fitness surfaces in evolutionary ecology. Ecologists
should aim to quantify the relative performance of individuals in a population relative to their
standardized trait values. This would align with phenotypic selection analyses and would be distinct from
correlating species mean traits with species mean or individual demographic rates. It would also be
similar too, but distinct from, analyses of individual-level performance and trait data across all species.
Rather, we advocate that the performance of an individual must be considered in the light of the
population and not the community per se.

Next, the measurement of multiple traits on individuals will allow ecologists to consider so-called
“alternative designs” in phenotypic space that should promote functional diversity within and between
communities (e.g. Marks and Lechowicz 2006; Laughlin and Messier 2015; Dwyer and Laughlin 2017b;
Laughlin et al. 2018). Some work in this realm has been conducted by investigating community mean
trait values along environmental gradients (e.g. Laughlin et al. 2018), which would be closer to
phenotypic adaptive landscapes that focus on communities rather than populations. However, we would
advocate direct analogs of fitness surfaces that consider correlational selection and focus on individual-
level traits rather than mean trait values. That is, multi-variate trait combinations that lead to multiple
performance peaks within and across environments. Such work could begin by considering populations,
but additional work of more interest to a community ecologist could place all individuals of all species
onto the same surface with the performance relativized to the population from which each individual
belongs. This would serve to form a bridge between trait-based ecology and evolutionary ecology and it

would also push trait-based ecologists to move beyond univariate trait-performance regressions and
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towards a consideration of how traits interact with each other and the environment to determine plant
performance (Figure 1).

While the benefits of fitness surfaces or performance landscapes are obvious, statistical support
for interactions between multiple traits and the environment on demographic rates is more complicated.
Before any mathematics are involved, large samples sizes of individual-level functional traits and
demographic rates are needed along with measurements of environmental gradients of interest (Yang et
al. 2018). Few studies to date have access to this vast amount of data due to extensive field work that it
entails, but databases are being compiled to make this type of data more available (Knevel et al. 2003;
Kattge et al. 2011; Salguero-Gomez et al. 2015; KlimeSova et al. 2017). Current research incorporating
these types of data has used a variety of statistical methods including both frequentist and Bayesian
mixed-models, path analysis, or simulations when empirical data are absent (Marks and Lechowicz 2006;
Clark et al. 2007; Clark 2010; Martinez-Vilalta et al. 2010; Blonder et al. 2018; Laughlin et al. 2018;
Borges et al. 2019).

Despite the advances that incorporating performance landscapes will bring to trait-based ecology,
they are not without challenges. For example, performance landscapes, to date, typically only consider
one demographic aspect at a time. Hence, if data are displayed on growth performance landscapes, the
influence of survival rate, recruitment, and reproductive output are, generally, ignored which could have
unknown effects on the growth performance peaks seen on the landscapes (Laughlin et al. 2018). Also, to
date, aspects of regional scale and climatic variation have yet to be included in a performance landscape
framework leaving out crucial contexts that influence trait-demographic rate relationships.

The regional scale context in which an individual and population reside is important for
quantifying trait-demography relationships for multiple reasons (Zambrano et al. 2017), but it is often
ignored (Yang et al. 2018). We begin with the importance of regional scale climate and will focus our
discussion on trees. Tree species ranges often contain a large range of climates that vary in their
suitability to the species. Stated another way, populations of a species are not always found in favorable

environments. In these less favorable environments, individuals may grow, survive and reproduce at
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lower rates and the populations may be maintained primarily through immigration. Conversely, more
favorable climatic conditions in the geographic range of a species may have individuals with higher
growth, survival and reproductive rates. This will, however, come with the cost of increased
neighborhood crowding and competition (Brown 1984). Negative density dependence has been described
as an important force shaping tree communities in tropical and temperate regions by imposing constraints
on the performance of an individual (Wills et al 1997, Harms et al 2000, HilleRisLambers et al 2002,
Johnson et al 2012, Comita et al 2014). Individuals growing in more dense areas are expected to
experience an increase in competition for resources with close neighbors leading to important trade-offs
between survival and growth (Janzen 1970, Connell 1971). Increased neighborhood crowding might lead
to asymmetric or hierarchical competition where individuals with more suitable traits may experience
weaker negative density dependent effects (e.g. Kunstler et al 2012, 2016). Thus, we may expect an
interaction to arise between regional scale climatic suitability and local scale population density when
modeling individual-level tree demographic performance. Indeed, in a recent study, Zambrano et al.
(2017) found a strong interaction between the local neighborhood and regional climate affecting the
survival and growth in tree communities in the northeast United States and in Puerto Rico. Specifically,
species sensitivity to local neighborhood crowding varied with regional scale climatic suitability and
strong density dependence promoted the co-occurrence of functionally similar species in the northeastern
United States while the opposite was found in Puerto Rico. Thus, we argue that future studies need to
consider the interaction between regional and local scale contexts to gain a better understanding of the
drivers shaping plant communities. A clear limitation to including continental and regional scale contexts
is obtaining demographic and trait data at these large scales. As we have mentioned above, long-term
vegetation monitoring plots are ideal for overcoming these limitations, but simply merging such data with
mean trait values taken from a few individuals potentially from a very different parts of the geographic
range and very different climates is not advised.

A second and related way in which regional scale context may influence trait-demographic rate

studies is the range position as it relates to genetic diversity. For example, historical range contractions
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and expansions will lead to dissimilar levels of population genetic diversity at range margins (Hewitt
2000). Populations at the leading edge of a range expansion may have lower genetic diversity relative to
populations at the center or trailing margin of the range (Eckert et al. 2008). This has several potentially
interesting implications. First, it would be important to know the degree to which intra-specific trait
diversity mirrors intra-specific genetic diversity across the range particularly with respect to non-neutral
loci. Second, one may assume based on published evidence that negative density dependence will be
stronger on the leading edge of a range expansion due to lower-intra-specific genetic diversity (e.g. Shao
et al. 2018). However, leading edge populations may be “chasing” favorable environments such that these
populations thrive despite their susceptibility to negative density dependence due to lower intra-specific
diversity and/or these populations may be so small that the realized impact of negative density
dependence is minimal. In either case, knowing the genetic diversity of the populations and the historical
biogeography and historical demography of the species and populations would greatly improve our
understanding of how traits relate to demographic rates and further link trait-based ecologist and
evolutionary ecology.

A final context that we believe should be considered in trait-demographic rate relationships is
inter-annual climatic variation and extreme events. It is surprising how often these contexts are ignored.
We can start with a non-botanical example, which nicely illustrates these contexts. Perhaps the most
detailed and important studies of trait and demographic outcomes come from Darwin’s finches. This work
has elucidated that the relationship between demographic performance and trait values (i.e. beak
dimensions) changes signs due to precipitation levels (Grant 1999) and that extreme events (i.e. ENSO)
can have major and long-lasting impacts on the trait structure of populations (Grant and Grant 1993).
Plants are no different. We should expect a priori that the relationships between traits and demographic
outcomes in plants are dependent on the climatic context and that that context varies between years and
that extreme events can have lasting impacts on the structure and dynamics of populations (Gutschick
2003; Kimball et al. 2012; Siepielski et al. 2017). Thus, ecologists studying trait-demographic rate

relationships need to more explicitly model trait-climate interactive effects in their models of
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demography. Furthermore, longer-term research is needed to sift out the importance of extreme events

that cannot be captured in short-term and many experimental studies.

Analyses Across the Life Cycle

The trait-demography literature frequently analyses the relationship at a single life stage (e.g. Paine et al.
2015). In other cases, multiple life stages are considered, but demographic rates are known to vary
dramatically through ontogeny as do traits (e.g. lida et al. 2014a, b, 2016). Rarely are the strengths and
signs of the relationships between traits and demographic rates considered to vary across life stages in
trait-based ecology (e.g. Wright et al. 2010; Visser et al. 2016). We argue that the drivers and traits
underlying plant performance vary across the life cycle and studying the relationship between traits and
life stage transitions offers a logical pathway forward (Figure 2)(Arnold and Wade 1984). Here, we focus
briefly on four key tree life stages and transitions between those stages and how trait-based studies may
be reframed going forward. There is a substantial theoretical and empirical literature that considers these
individual transitions. We begin by considering the transition from the seed stage to the established
seedling stage. A successful transition between these stages requires a site with abiotic conditions suitable
to the individual and one where negative biotic interactions (e.g. pathogen attack, resource competition)
are minimized. Theoretical frameworks highlighting the importance of a tolerance-fecundity tradeoff (e.g.
Muller-Landau 2010) and shared enemies (Janzen 1970; Connell 1971) during this transition provide a
series of clear predictions. Tolerance-fecundity tradeoff-based theory argues that large seeded species
with low fecundity are expected to be favored in low resource (e.g. shaded) environments, whereas small
seeded species with high fecundity should be competitively superior in high resource (e.g. gap)
environments. Thus, the probability of establishment is an outcome of site conditions and the competitive
fit of the functional strategy of a species to those conditions. Similarly, the Janzen-Connell model (Janzen
1970; Connell 1971) argues for negative biotic interactions leading to conspecific negative density
dependence. Though, in the classic Janzen-Connell case, the negative biotic interactions are intra-specific

and mediated by shared enemies rather than inter-specific resource competition. Combined, these bodies
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of theory lead to the empirical expectation that the seed-to-seedling transition should be maximized in
resource rich environments for smaller seeded species and in resource poor environments for large seeded
species and that the probability of individual establishment should be depressed when the neighborhood
density of conspecific individuals increases, which itself should be related to plant defense similarity.

Next, we consider the mechanisms influencing the transitions from a seedling to a sapling and
from a sapling to an adult. We will consider these transitions simultaneously as similar mechanisms have
been proposed to explain both. The majority of the mortality that occurs during this long phase in a tree
life-cycle happens during the seedling stage. For example, approximately 65% of established (i.e. ~10cm
tall) seedlings survive annually in a tropical forest (Green et al. 2014). This is compared to a ~95% annual
survival rate for saplings with 1cm stem diameter and a ~98% survival rate in adults (J. Needham and S.
McMahon pers comm.). As with the seed-to-seedling transition, the Janzen-Connell model is often
invoked as a key driver of seedling performance and transitioning to the sapling stage. Theory also
predicts that asymmetric resource competition should be important during the transitioning from seedling-
to-sapling-to-adult. Kohyama’s original forest architecture hypothesis, his derived theory (Kohyama
1993; Kohyama and Takada 2009, 2012) and additional frameworks (e.g. Coomes et al. 2011) highlight
the important role of neighborhood crowding and competition for light in tree communities. Specifically,
the demographic performance of an individual tree is influenced by the degree to which its canopy is
covered by neighboring individuals and this effect is potentially independent of the species identity or
functional similarity of the overlapping individuals.

Finally, we consider the transition from the adult stage to the seed stage. We can begin with a
zero-sum allocation expectation where allocation to adult growth will come at the expense of allocation to
reproduction leading to a growth - reproduction tradeoff (Roff 1992; Charnov 1997, 2005). For example,
work in Costa Rica on Bursera simaruba (Burseraceae) has shown that the annual diameter growth for an
individual in this species is negatively correlated with reproductive output (Hulshof et al. 2012).
Interestingly, this tradeoff weakens in years with low precipitation. The functional reasons why the

tradeoft weakens and how the strength of this tradeoff varies among species with different functional
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strategies remain open questions. Future research should pursue these questions with a specific focus on
whether acquisitive versus conservative functional strategies in trees strengthen or weaken the tradeoff
and whether where species fall on this functional spectrum dictates their sensitivity to inter-annual
climatic variation.

Importantly, the drivers of life stage transitions, including those we have not mentioned in the
above, are very likely to be context dependent. This is clear in the case of B. simaruba with respect to
climatic variability. Furthermore, population densities and genetic diversity will also play important roles
governing processes like the Janzen-Connell mechanism at the seed, seedling and sapling stages (Shao et
al. 2018). Similarly, inter-annual climatic variation and extreme events can play a large and non-uniform
role in driving plant mortality across life stages (e.g. Shenkin et al. 2018). Thus, a key challenge going
forward is to study life stage transitions, ideally with individual-level trait, demography and genetic data,

while taking into account regional and local scale contexts.

Balance the Focus on Death and Reproduction with that Given to Growth
The final area of study that we would like to encourage in trait-demography research is elucidating the
drivers of mortality. Many of the traits that are commonly measured in trait-based ecology are related to
resource acquisition, which should lead to strong predictions of recruitment, growth and reproduction.
Evidence of growth-survival tradeoffs can be quickly found in the literature (e.g. Wright et al. 2010). This
may indicate that the traits that predict growth should also predict mortality. However, the exact causes of
mortality remain unknown, making predictions of future population and community structure and
dynamics less robust. Thus, we need to answer the simple questions of what kills plants and what traits
predict that outcome? We suggest there are two obvious starting points. The first is mortality related to
drought and the second is mortality related to pests and pathogens. We will discuss both briefly with a
primary focus on trees.

Drought events have been reported to affect plant communities worldwide, ranging from humid

tropical forest to arid desert grasslands (Milton and Dean 2000) or high latitude boreal forests (Peng et al
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2011). Drought effects on plant communities can cause an increase in mortality rates on local and
regional scales. For example seedling mortality in a seasonal tropical forest can increase from 89% in the
wet season to 96% during the dry season (Marod et al. 2002) with evident regional-scale forest die-off
due to drought (Allen et al 2010). Drought-induced mortality appears to be site- (Zuleta et al 2017),
species- (Engelbrecht et al. 2005, 2007), and age class-specific (Bennett et al. 2015, Esquivel-Muelbert et
al. 2017), which makes predictions of mortality challenging (McDowell et al. 2008).

There is compelling evidence that herbivores and pathogens, through negative density
dependence, play a major role in shaping the structure and dynamics of plant communities, particularly in
tropical ecosystems (Comita et al. 2014). Nonetheless, the majority of studies are limited to indirectly
studying the impacts of herbivores and pathogens by assessing performance at the sapling and/or seedling
stages which typically cannot identify the causal mechanism of individual mortality. These shortcomings
are expected because studying the effects of natural enemies in any system, much less the tropics, is
challenging due to the high diversity of pests and pathogens and the potential for extreme host-enemy
specialization (Coley and Barone 1996).

Lastly, a consideration of compounding effects and how they drive mortality is needed in trait-
based ecology. For example, individuals likely die due to a confluence of factors where a weakening of an
individual due to a poor fit to the abiotic environment or exposure to a pathogen results in a susceptibility
to death due to a pathogen or drought, respectively. That is, the ultimate cause of death is not the same as
the proximate and the functional mechanism underlying each will not be the same (Raffa et al. 2008;

Anderegg et al. 2015).

Conclusions

Here, we have highlighted two major weaknesses in the current framework of trait-based plant ecology
and emphasized the main areas where improvements are needed and forthcoming. While we understand
that incorporating all of these contexts into a single study may not be currently feasible, we do hope that

trait-based ecologists will now consider the high-dimensionality of data needed to address important
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questions at the foundation of trait-based ecology when gathering and analyzing data in future projects.
Using the incomplete and imperfect roadmap we have proposed, we may begin to finally link individuals,
functional traits, and demography, which will allow research integration across scales, from populations,
to communities, to ecosystem, and between this trait-based ecology and that of evolutionary ecology.
However, despite the many theoretical and technological advances we have made since the original
special issue (Ackerly and Monson 2003), many aspects regarding the evolution of plant function and
how these are related to ecological interactions are still “sleeping”. Unfortunately, a generally consensus
gathered here is that individual-level, long-term, functional, demographic and genetic data are going to be
needed to fully “wake” the giant that is the evolution of functional traits in plants. We believe that the
combination of contexts and frameworks outlined here will propel the field of trait-based plant ecology
into an advanced realm of eco-evolutionary studies that will solidify the foundation of trait-based ecology

and its connection with evolutionary biology.

Acknowledgements
The authors thank the National Science Foundation and the Smithsonian’s ForestGeo Network for
funding our research into traits and demographic rates.

References

Ackerly DD, Monson RK. 2003 Waking the sleeping giant: the evolutionary foundations of plant
function. Inter J Plant Sci 164:S1-6.

Allen CD, AK Macalady, H Chenchouni, D Bachelet, N McDowell, M Vennetier, T Kitzberger,
A Rigling, et al 2010 A global overview of drought and heat-induced tree mortality reveals
emerging climate change risks for forest. For Ecol Manage 259:660-684.

Anderegg WRL et al. 2015 Tree mortality from drought, insects, and their interactions in a
changing climate. New Phyt 208:674-683.

Arnold SJ 1983 Morphology, performance and fitness. Amer Zool 23:347-361.

Arnold SJ, MJ Wade 1984 On the measurement of natural and sexual selection: Applications.
Evolution 38:720-734.



487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516

517
518
519

520
521
522
523
524
525
526
527

20

Bennett AC, NG McDowell, CD Allen, KJ Anderson-Teixeira 2015 Larger trees suffer most
during drought in forest worldwide. Nat Plants 1:15139.

Blonder B, RE Kapas, RM Dalton, BJ Graae, JM Heiling, @H Opedal 2018 Microenvironment
and functional-trait context dependence predict alpine plant community dynamics. J Ecol
106:1323-1337.

Borges IL, LZ Forsyth, D Start, B Gilbert 2019 Abiotic heterogeneity underlies trait-based
competition and assembly. J Ecol 107:747-756.

Brodie ED III 1992 Correlational selection for color pattern and antipredator behavior in the
gartner snake Thamnophis ordinoides. Evolution 46:1284-1298.

Brown JH 1984 On the relationship between abundance and distribution of species. Am Nat
124:255-279.

Charnov EL 1997 Trade-off-invariant rules for evolutionary stable life histories. Nature 387:393.

Charnov EL 2005 Reproductive effort is inversely proportional to average adult life span. Evol
Ecol Res 7:1221-1222.

Chave J, D Coomes, S Jansen, S Lewis, NG Swenson, AE Zanne 2009 Towards a worldwide
wood economics spectrum. Ecol Lett 12:351-366.

Clark JS, M Dietze, S Chakraborty, PK Agarwal, I Ibanez, S LaDeau, M Wolosin 2007
Resolving the biodiversity paradox. Ecol Lett 10:647-662.

Clark JS 2010 Individuals and the variation needed for high species diversity in forest trees.
Science 327:1129-1132.

Coley PD, Barone JA 1996 Herbivory and plant defenses in tropical forests. Ann Rev Ecol Syst
27:305-35.

Comita LS, SA Queenborough, SJ Murphy, JL Eck, K Xu, M Krishnadas, N Beckman, Y Zhu
2014 Testing predictions of the Janzen-Connell hypothesis: a meta-analysis of experimental
evidence for distance- and density-dependent seed and seedling survival. J Ecol 102:845-856.

Connell JH 1971 On the role of natural enemies in preventing competitive exclusion in some
marine animals and in rain forest trees. Pages 298-312. In Advanced Study Institute Symposium
on Dynamics of Numbers in Populations. (eds. Den Boer, P.J., and G.R. Gradwell). Oosterbeck,
Wageningen, Netherlands.



528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567

21

Conner JK, DL Hartl 2004. A Primer of Ecological Genetics. Sinauer Associates, Inc.
Sunderland, Massachusetts, U.S.A.

Coomes DA, Lines ER, Allen RB 2011 Moving on from metabolic scaling theory: hierarchical
models of tree growth and asymmetric competition for light. J Ecol 99:748-756.

Dwyer JM, DC Laughlin 2017 Constraints on trait combinations explain climatic drivers of
biodiversity: the importance of trait covariance in community assembly. Ecol Lett 20:872-882.

Eckert CG, Samis KE, SC Lougheed 2008 Genetic variation across species’ geographical ranges:
the central-marginal hypothesis and beyond. Molecular Ecology 17:1170-1188.

Engelbrecht BMJ, TA Kursar, MT Tyree 2005 Drought effects on seedling survival in a tropical
moist forest. Trees 19:312-321.

Engelbrecht, BMJ, LS Comita, R Condit, TA Kursar, MT Tyree, BL Turner, SP Hubbell 2007
Drought sensitivity shapes species distribution patterns in tropical forests. Nature 447:80-82.

Enquist BJ, AJ Kerkhoff, SC Stark, NG Swenson, MC McCarthy, CA Price 2007 A general
integrative model for scaling plant growth, carbon flux, and functional trait spectra. Nature
449:218-222.

Enquist BJ, J Norberg, SP Bonser, C Violle, CT Webb, A Henderson, LL Sloat, VM Savage
2015 Scaling from traits to ecosystems: developing a general trait driver theory via integrating
trait-based and metabolic scaling theories. Adv Ecol Res 52:249-318.

Esquivel-Muelbert A, D Galbraith, KG Dexter, TR Baker, SL Lewis, P Meir, L Rowland, ACL
da Costa, et al 2017 Biogeographic distributions of neotropical trees reflect their directly
measured drought tolerances. Sci Rep 7:8334.

Fyllas NM et al. 2014 Analysing Amazonian forest productivity using a new individual and trait-
based model (TFS v.1). Geosci Model Dev 7:1251-1269.

Grant PR 1999 Ecology and evolution of Darwin's finches. Princeton University Press,
Princeton.

Grant BR, Grant PR 1993 Evolution of Darwin’s finches caused by a rare climatic event. Proc
Roy Soc B. 251:111-7.



568
569
570
571

572
573
574

575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608

22

Green PT, Harms KE, Connell JH 2014 Nonrandom, diversifying processes are
disproportionately strong in the smallest size classes of a tropical forest. Proc Natl Acad Sci USA
111:18649-18654.

Gutschick VP, BassiriRad H 2003 Extreme events as shaping physiology, ecology, and evolution
of plants: toward a unified definition and evaluation of their consequences. New Phyt 160:21-42.

Harms KE, SJ Wright, O Calderén, A Herndndez, EA Herre 2000 Pervasive density-dependent
recruitment enhances seedling diversity in a tropical forest. Nature 404:493-495.

Hewiit G 2000 The genetic legacy of the Quaternary ice ages. Nature 205:907.

HilleRisLambers J, JS Clark, B Beckage 2002 Density-dependent mortality and the latitudinal
gradient in species diversity. Nature 417: 732-735.

Hulshof CM, NG Swenson 2010 Variation in leaf functional trait values within and across
individuals and species: an example from a Costa Rican dry forest. Funct Ecol 24:217-223.

Hulshof CM, Stegen JC, Swenson NG, Enquist CAF, Enquist BJ 2012 Interannual variability of
growth and reproduction in Bursera simaruba: the role of allometry and resource variability.
Ecology 93:180-190.

lida Y, TS Kohyama, NG Swenson, SH Su, CT Chen, JM Chiang, IF Sun 2014a Linking
functional traits and demographic rates in a subtropical tree community: the importance of size-
dependency. J Ecol 102:641-650.

[ida Y et al. 2014b Linking size-dependent growth and mortality with architectural traits across
145 co-occurring tropical tree species. Ecology 95:353-363.

lida Y, IF Sun, CA Price, CT Chen, ZS Chen, JM Chiang, CL Huang, NG Swenson 2016
Linking leaf veins to growth and mortality rates: an example from a subtropical tree community.
Ecol Evol 6:6085-6096.

Janzen DH 1970 Herbivores and the number of tree species in tropical forests. The American
Naturalist 104:501-528.

Jager MM, SJ Richardson, PJ Bellingham, MJ Clearwater, DC Laughlin 2015 Soil fertility
induces coordinated responses of multiple independent functional traits. J Ecol 103:374-385.

Kattge J, S Diaz, S Lavorel, IC Prentice, P Leadley, G Bonisch, E Garnier et al 2011 TRY —a
global database of plant traits Glob Change Biol 17:2905-2935.



609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627

628
629
630

631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648

23

Kimball S, Gremer JR, Angert AL, Huxman TE, DL Venable 2012 Fitness and physiology in a
variable environment. Oecologia 169:319-329.

Klimesova J, J Danihelka, J Chrtek, F de Bello, T Herben 2017 CLO-PLA: A database of clonal
and bud-bank traits of the Central European flora. Ecology 98:1179.

Knevel IC, RM Bekker, JP Bakker, M Kleyer 2003 Life-history traits of the Northwest European
flora: the LEDA database. J Veg Sci 14:611-614.

Kohyama T 1993 Size-structured tree populations in gap-dynamic forest--the forest architecture
hypothesis for the stable coexistence of species. J Ecol 81:131-143.

Kohyama TS, Takada T 2009 The stratification theory for plant coexistence promoted by one-
sided competition. J Ecol 97:463-471.

Kohyama TS, Takada T 2012 One-sided competition for light promotes coexistence of forest
trees that share the same adult height. J Ecol 100:1501-1511.

Kraft NJ, Metz MR, Condit RS, Chave J 2010 The relationship between wood density and
mortality in a global tropical forest data set. New Phyt. 188:1124-36.

Kunstler G, D Falster, DA Coomes, F Hui, RM Kooyman, DC Laughlin, L Poorter, M
Vanderwel, et al 2016 Plant functional traits have globally consistent effects on competition.
Nature 529:204-207.

Kunstler G, S Lavergne, B Courbaud, W Thuiller, G Vieilledent, NE Zimmermann, J Kattge, DA
Coomes 2012 Competitive interactions between forest trees are driven by species’ trait
hierarchy, not phylogenetic or functional similarity: Implications for forest community assembly.
Ecol Lett 15:831-840.

Lande R 1979 Quantitative genetic analysis of multivariate evolution, applied to brain:body size
allometry. Evolution 33:402-416

Lande R, SJ Arnold 1983 The measurement of selection on correlated characters. Evolution
37:1210-1226.

Laughlin DC, J Messier 2015 Fitness and multidimensional phenotypes in dynamic adaptive
landscapes Trends Ecol Evol 30:487-496.



649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669

670
671
672

673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688

24

Laughlin DC, RT Strahan, PB Adler, MM Moore 2018 Survival rates indicate that correlations
between community-weighted mean traits and environments can be unreliable estimates of the
adaptive value of traits. Ecol Lett 21:411-421.

Liu X, NG Swenson, D Lin, X Mi, MN Umana, B Schmid, K Ma 2016 Linking individual-level
traits to tree growth in a subtropical forest. Ecology 97:2396-2405.

Marks CO, MJ Lechowicz 2006 Alternative designs and the evolution of functional diversity.
Am Nat 167:55-66.

Marod, D, U Kutintara, H Tanaka and T Nakashizuka 2002 The effect of drought and fire on
seed and seedling dynamics in a tropical seasonal forest in Thailand. Plant Ecol 161:41-57.

Martinez-Vilalta J, M Mencuccini, J Vayreda, J Retana 2010 Interspecific variation in functional
traits, not climatic differences among species ranges, determines demographic rates across 44
temperate and Mediterranean tree species. J Ecol 98:1462-1475.

McDowell N, WT Pockman, CD Allen, DD Breshears, N Cobb, T Kolb, J Plaut, J Sperry et al
2008 Mechanisms of plant survival and mortality during drought: why do some plants survive
while others succumb to drought? New Phytol 178:719-739.

McGill BJ, Enquist BJ, Weiher E, Westoby M 2006 Rebuilding community ecology from
functional traits. Trends Ecol Evol 21:178-85.

Milton SJ, WRJ Dean 2000 Disturbance, drought and dynamics of desert dune grassland, South
Africa. Plant Ecol 150:37-51.

Muller-Landau HC 2010. The tolerance-fecundity trade-off and the maintenance of diversity in
seed size. Proc Natl Acad Sci USA 107:4242-4247.

Paine CET, L Amissah, H Auge, C Baraloto, M Baruffol, N Bourland, H Bruelheide, K Dainou,
et al 2015 Globally, functional traits are weak predictors of juvenile tree growth, and we do not
know why. J Ecol 103:978-989.

Parker IM, GS Gilbert 2007 When there is no escape : the effects of natural enemies on native,
invasive, and noninvasive plants. Ecology 88:1210—1224.

Peng, C, Z Ma, X Lei, Q Zhu, H Chen, W Wang, S Liu, W Li, et al 2011 A drought-induced
pervasive increase in tree mortality across Canada’s boreal forest. Nat Clim Chang 1:467-471.



689
690
691
692

693
694
695
696

697
698

699
700
701

702
703
704
705

706
707
708
709
710
711
712
713
714
715
716

717
718
719
720

721
722
723
724
725
726
727
728
729
730

25

Poorter L, Wright SJ, Paz H, Ackerly DD, Condit R, Ibarra-Manriquez G, Harms KE, Licona JC,
Martinez-Ramos M, Mazer SJ, Muller-Landau HC 2008 Are functional traits good predictors of
demographic rates? Evidence from five neotropical forests. Ecology 89:1908-20.

Raffa KF et al. 2008 Cross-scale drivers of natural disturbances prone to anthropogenic
amplification: the dynamics of bark beetle eruptions. Bioscience 58:501-517.

Reich PB 2014 The world-wide ‘fast—slow’plant economics spectrum: a traits manifesto. J Ecol
102:275-301.

Reich PB, Walters MB, Ellsworth DS 1997 From tropics to tundra: global convergence in plant
functioning. Proc Natl Acad Sci USA 94:13730-4.

Reich PB, Wright 1J, Cavender-Bares J, Craine JM, Oleksyn J, Westoby M, Walters MB 2003
The evolution of plant functional variation: traits, spectra, and strategies. Inter J Plant Sci
164:S143-64.

Roff DA 1992 The evolution of life histories: theory and analysis. Chapman and Hall, New
York, New York, USA.

Salguero-Gémez R, OR Jones, CA Archer, YM Buckley, J Che-Castaldo, H Caswell, D
Hodgson, A Scheuerlein, et al 2015 The COMPADRE plant matrix database: An online
repository for plant population dynamics. J Ecol 103:202-218.

Shao, X, C Brown, SJ Worthy, L Liu, M Cao, Q Li, L Lin, NG Swenson 2018 Intra-specific
relatedness, spatial clustering and reduced demographic performance in tropical rainforest trees.
Ecol Lett 21:1174-1181.

Shenkin A, Bolker B, Pena-Claros M, Licona JC, Ascarrunz N, Putz FE 2019 Interactive effects
of tree size, crown exposure and logging on drought-induced mortality. Phil Trans Roy Soc B
373:20180189.

Siepielski AM, Morrissey MB, Buoro M, Carlson SM, Caruso CM, Clegg SM, Coulson T,
DiBattista J, Gotanda KM, Francis CD, J Hereford 2017 Precipitation drives global variation in
natural selection. Science 355:959-962.

Swenson NG, BJ Enquist 2009 Opposing assembly mechanisms in a neotropical dry forest:
implications for phylogenetic and functional community ecology. Ecology 90:2161-2170.

Swenson NG, MD Weiser 2010 Plant geography upon the basis of functional traits: an example
from eastern North American trees. Ecology 91:2234-2241.



731
732
733
734
735
736
737
738

739
740
741
742

743
744

745
746
747

748
749
750
751
752
753

754
755
756
757

758
759
760
761
762
763
764
765
766
767

26

Swenson NG et al. 2012 The biogeography and filtering of woody plant functional diversity in
North and South America. Glob Ecol Biogeog 21:798-808.

Visser MD, Bruijning M, Wright SJ, Muller-Landau HC, Jongejans E, Comita LS, De Kroon H
2016 Functional traits as predictors of vital rates across the life cycle of tropical trees. Functional
Ecology 30:168-80.

Wade, MJ, Kalisz, S 1990 The causes of natural selection. Evolution, 44:1947-1955.

Weiher E, Clarke GP, PA Keddy 1998 Community assembly rules, morphological dispersion,
and the coexistence of plant species. Oikos 81:309-322

Westoby M 1998 A leaf-height-seed (LHS) plant ecology strategy scheme. P1 Soil 199:213-27.

Westoby M, Falster DS, Moles AT, Vesk PA, Wright IJ 2002 Plant ecological strategies: some
leading dimensions of variation between species. Ann Rev Ecol Syst 33:125-59.

Wills C, R Condit, RB Foster, SP Hubbell 1997 Strong density- and diversity-related effects help
to maintain tree species diversity in a neotropical forest. Proc Natl Acad Sci USA 94:1252-1257.

Worthy SJ, NG Swenson 2019 Functional perspectives on tropical tree demography and forest
dynamics Ecol Process 8:1.

Wright SJ, Kitajima K, Kraft NJ, Reich PB, Wright 1J, Bunker DE, Condit R, Dalling JW,
Davies SJ, Diaz S, Engelbrecht BM 2010 Functional traits and the growth—mortality trade-off in
tropical trees. Ecology 91:3664-74.

Yang, J, M Cao, NG Swenson 2018 Why functional traits do not predict tree demographic rates.
Trends Ecol Evol 33:326-336.

Zambrano J, P Marchand, NG Swenson 2017 Local neighborhood and regional climatic contexts
interact to explain tree performance. Proc R Soc B-Biol Sci 284:20170523.

Zuleta D, A Duque, D Cardenas, HC Muller-Landau, SJ Davies 2017 Drought-induced mortality
patterns and rapid biomass recovery in a terra firme forest in the Colombian Amazon. Ecology
08:2538-2546.



768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787

27

Figure Legends

Figure 1. Hypothetical relationship between traits, environment and plant demographic performance
represented as 3-dimensions (left) and 2-dimensional landscapes (right). (A) Performance is maximized at
a single trait value globally (i.e. across environments). This is the standard assumption of trait-
demographic rate studies. (B) Performance is maximized at different trait values along an environmental
gradient. This is consistent with trait-based ecology analyzing trait means across gradients, but not
standard trait-demographic rate studies. (C) Two roughly equivalent performance peaks that are the
outcome of two combinations. Importantly, if performance was regressed against one of these traits there
would be no correlation. Conversely, a statistical model with an interaction term for the traits would
detect how traits relate to performance.

Figure 2. A depiction of the four tree life stages and transitions between those stages. For simplicity, we
focus on four main mechanisms that are hypothesized to be important for transitions between stages.
Seed-to-seedling transitions are governed by tolerance-fecundity tradeoffs and Janzen-Connell effects.
Seedling-to-juvenile-to-adult transitions are governed by asymmetrical resource competition and Janzen-
Connell effects. Adult-to-seed transitions are governed by reproduction-growth tradeoffs. Finally, we
state contexts that should impact each of these transitions (e.g. the slopes and intercepts of the
regressions).
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