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To explain diversity in forests, niche theory must show how multiple plant species coexist while competing for the same resources.
Although successional processes are widespread in forests, theoretical work has suggested that differentiation in successional
strategy allows only a few species stably to coexist, including
only a single shade tolerant. However, this conclusion is based
on current niche models, which encode a very simplified view of
plant communities, suggesting that the potential for niche differentiation has remained unexplored. Here, we show how extending successional niche models to include features common to all
vegetation—height-structured competition for light under a prevailing disturbance regime and two trait-mediated tradeoffs in
plant function—enhances the diversity of species that can be
maintained, including a diversity of shade tolerants. We identify
two distinct axes of potential niche differentiation, corresponding
to the traits leaf mass per unit leaf area and height at maturation.
The first axis allows for coexistence of different shade tolerances
and the second axis for coexistence among species with the same
shade tolerance. Addition of this second axis leads to communities with a high diversity of shade tolerants. Niche differentiation along the second axis also generates regions of trait space
wherein fitness is almost equalized, an outcome we term “evolutionarily emergent near-neutrality.” For different environmental
conditions, our model predicts diverse vegetation types and trait
mixtures, akin to observations. These results indicate that the outcomes of successional niche differentiation are richer than previously thought and potentially account for mixtures of traits and
species observed in forests worldwide.

entiation for community assembly and to seek alternative explanations for forest diversity (1, 4, 11, 16, 18, 19).
So far, however, conclusions about the potential for niche
differentiation in forests have been drawn from models encoding a very simplified view of plant communities. Most theoretical investigations have relied on models lacking size-structured
dynamics in their populations (8–11, 15, 17, 20). Where sizestructured models have been used (6, 16, 21), only a single axis
of potential differentiation has been considered. In reality, sizestructured growth and competition are key processes in plant
communities, so adding them to models impacts strongly on the
population dynamics (6, 8, 22–24). The richer population dynamics could extend opportunities for coexistence. Also, coexisting
species are known to vary in multiple aspects of plant function
(25, 26). However, it remains unknown whether different traits
offer separate and potentially synergistic mechanisms of ecological differentiation.
Here, we show how a more realistic modeling of successional
niche differentiation can naturally lead to communities with a
higher diversity of types than was previously thought possible,
including a key feature some researchers have claimed could
not be explained by niche theory (19): a proliferation of slowgrowing, shade-tolerant strategies (Fig. 1). Further, we show how
the same model can produce a variety of other vegetation types
and trait mixtures under different conditions of the physical environment. To reach these conclusions, we extend classic models of
successional niche differentiation (6, 8, 14–16) by including four
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Walking through any forest, one is struck by the variety of
plant forms coexisting. Given that all plants compete for the
same basic resources, why is there not a single winner? Our
study shows that when key ingredients common to all forests
are accounted for—including disturbance events, competition
for light, and two widely observed trait-based tradeoffs—
models of niche differentiation predict forests of considerably greater diversity than was previously thought possible.
In particular, our model accurately predicts the proliferation
of species occupying niche space in low light, a feature of
tropical forests that motivated the so-called neutral theory of
biodiversity and biogeography. The presented results thereby
provide a platform for understanding diversity in forests
worldwide.

T

he central challenge of community ecology is to discern the
rules governing the assembly of species and growth types.
The problem is acute for vegetation, because trait differences do
not differentiate species in terms of resource requirement (1–3).
However, most forests accommodate tens to hundreds of plant
species (1, 2, 4). Hence, niche-based theories of biodiversity have
sought to identify mechanisms through which multiple species
can coexist while competing for a single resource such as light
(2, 5–10). Tradeoffs in plant function are key, because they prevent one species from monopolizing available resources. In particular, a tradeoff between growth in high light and survival in
low light (shade tolerance) has been shown theoretically to allow
different successional types (species with different shade tolerances) to coexist in vegetation subject to recurrent disturbance
(8). In tropical forests, diverse assemblages are distributed along
this growth–mortality axis (11, 12), suggesting that this tradeoff is
potentially important for community assembly. However, species
in the field are distributed unevenly along this axis, with a proliferation of species clustered at the slow-growing, shade-tolerant
end (4, 11, 13). By contrast, in existing niche models, only a few
species are maintained at equilibrium through successional processes, including only a single slow-growing, shade-tolerant type
(6, 14–18). This mismatch between theory and observation has
led many to question the importance of successional niche differwww.pnas.org/cgi/doi/10.1073/pnas.1610206114
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Fig. 1. Multitrait successional dynamics enable diverse species coexistence. We consider a model in which plant species inhabiting a metacommunity of
patches can differ in two functional traits, leaf mass per unit leaf area and height at maturation. (A) After a disturbance, vegetation development in a patch
follows successional dynamics under height-structured competition for light. A, Upper shows the height of individual plants in a patch as it ages, and A,
Lower shows the prevalence of species (left vertical axis and colored areas) as the probability that a patch remains undisturbed decreases (right vertical axis
and black line). The black line therefore shows the distribution of patch ages in the metacommunity, with an average interval between disturbances of 60 y.
After a disturbance, patches start at age 0 with a total shading of zero (A, Lower shows the successional dynamics starting from age 1 y). Note the log scaling
of the horizontal axis. (B) Across the metacommunity, patches are in different successional stages, linked through seed rain. In this schematic illustration,
patches are shown with finite size and internal horizontal structure, whereas in the model they are treated as being infinitely large and horizontally
homogeneous. (C) Evolutionary dynamics in the two functional traits give rise to a metacommunity with a characteristic pattern of coexisting species (white
circles), comprising a few early-successional fast-growing species (green and blue regions) and a high diversity of late-successional shade-tolerant species
(yellow and red regions). Colors in A and B indicate trait combinations as shown in C.

features that are ubiquitous in real-world vegetation. Although
each feature is known to be important, they have not yet been
simultaneously integrated into a model of niche differentiation.
It is this combination of features, more than any single feature
alone, that leads to additional insight.
First, we explicitly model the size-structured nature of growth,
mortality, and reproduction, in the context of a prevailing disturbance regime and based on a well-established mechanistic
understanding of growth and competitive shading (Fig. 1 and
SI Appendix, Fig. S1; Materials and Methods). The ecological
structure of our model is standard across many successional
frameworks (6, 14–16, 22). We consider a vegetation landscape
as represented by a metacommunity of patches in different stages
of development, linked via seed dispersal. Disturbance events
clear established plants within a patch. As patches age after a disturbance, the population within the patch develops through the
processes of growth, mortality, and reproduction, under heightstructured competitive shading (Fig. 1A). In contrast to much
previous work, where dynamics are simulated in patches of fixed
size and number, we model continuous density distributions of
both patch ages (reset at the time of disturbance) and plant
heights within each patch (22, 27, 28). This enables us deterministically to model entire metapopulations and evaluate the fitness
of competing types over their life cycle (29).
Second, we incorporate specific, well-known, physiological
tradeoffs in plant function. Species are represented by trait values indicating their position along these physiological tradeoffs.
Here we consider two prominent functional traits—leaf mass
per unit leaf area (LMA) and height at maturation (HMAT).
Demographic tradeoffs are not assumed a priori, but emerge
naturally from these trait differences via a carbon-based growth
model (Materials and Methods). Based on empirical data, LMA
is involved in a tradeoff between the cost of building leaves
and leaf turnover rate (25, 26, 30) (SI Appendix, Fig. S2A).
Via the growth model, variation in LMA generates a demographic tradeoff between the height growth rate and shade tolerance of seedlings, reflecting empirical patterns (26) (SI Appendix,
Fig. S2B). The trait HMAT specifies the height at which the allocation of surplus energy shifts from vegetative growth toward
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reproduction (SI Appendix, Fig. S3A). In the growth model,
changes in HMAT thereby affect several demographic outcomes,
including age at maturation, survival to maturation, and maximum fecundity (SI Appendix, Fig. S3B). Whereas other traits are
undoubtedly important for plant communities, we focus on these
two because they capture different aspects of plant growth strategy, are involved in central and well-established tradeoffs, and
are known to vary widely among coexisting species in real plant
communities (25, 26).
Third, in assessing the possibilities for niche differentiation, we
allow for species simultaneously to differentiate along two axes,
quantified by LMA and HMAT, whereas most existing niche
models consider only a single axis. Theoretically, it is known
that adding new traits will enhance diversity, provided the different traits offer separate or potentially synergistic mechanisms of
ecological differentiation (31). Because LMA and HMAT have
quite different demographic consequences, we investigate the
capacity of each trait to maintain diversity, as well as that of the
two traits combined.
Fourth, metacommunities are assembled evolutionarily as well
as ecologically, using methods of adaptive dynamics theory (32,
33). We not only ask whether specific trait mixtures can coexist ecologically, but also determine the mixtures likely to emerge
through repeated rounds of immigration, mutation, and selection on an evolving fitness landscape. The reproductive success
of plants in our system is frequency and density dependent (32).
A new strategy can invade if, and only if, its net rate of population increase across the metacommunity (i.e., its invasion fitness)
is positive. The current resident species mixture gives rise to a
fitness landscape in trait space, which comprehensively determines the potential for future demographic and evolutionary
change. Adaptive dynamics methods thus focus on determining the long-term outcomes of the intricate dynamical feedback
between a community’s composition and its fitness landscape.
Although previous models of trait evolution in size-structured
vegetation exist (34, 35), none have generated stable coexistence of multiple types. This is most likely because, to maintain
analytical solutions, some of the key features outlined above,
such as disturbance regimes, were omitted. By contrast, our
Falster et al.

Results
Our analyses focus on determining the coexistence patterns
of trait combinations resulting from the underlying ecological
model. The two trait-mediated tradeoffs included in our model
each promote diversity, meaning that, unless mutation and immigration cease entirely, a metacommunity with a single type cannot prevent other types from invading. This applies when only
LMA is evolving (SI Appendix, Figs. S4 and S5), when only
HMAT is evolving (except where noted; SI Appendix, Figs. S6
and S7), and when both traits are evolving (SI Appendix, Figs.
S12 and S13). To see how this tendency to promote diversity
plays out, we assemble metacommunities under a scenario akin
to that experienced in real vegetation, with new types generated
via two mechanisms: through small variation arising from mutations in the trait values of the resident (or existing) types and
through introduction of new residents with trait values drawn
from a uniform probability distribution across the entire viable
trait space (these can be thought of as dispersers from a regional
species pool). The assembly algorithm uses a discrete time step,
with each step corresponding approximately to the length of the
mean interval between disturbances. At each step, we update the

Single-Trait Evolution. Evolution of LMA in the model leads to

stable coexistence of up to three different types (Figs. 2A and
4). Embedding the tradeoff between LMA and leaf turnover
rate in our physiological growth model gives rise to a demographic tradeoff between the height growth rate and shade
tolerance of seedlings (SI Appendix, Fig. S2B). In the evolved
metacommunities, low-LMA strategies correspond to fastgrowing, early-successional types that flourish in high-light conditions immediately following a disturbance. Due to their fast
leaf turnover, low-LMA strategies pay high costs of leaf replacement and are intrinsically shade intolerant. They are unable to
regenerate in older patches, where higher-LMA strategies prevail, corresponding to mid- and late-successional types. The exact
number of LMA strategies also varies with the value of HMAT,
from two strategies when plants are constrained to be short to
three strategies when they are allowed to grow taller (Fig. 4A).

A

B

C

Fig. 2. Multitrait evolution under physiological tradeoffs offers alternative pathways of niche differentiation, leading to a high diversity of late-successional
shade-tolerant types. A–C show metacommunities resulting when (A) only leaf mass per unit leaf area evolves, (B) only height at maturation evolves, and
(C) both functional traits evolve together. A–C, Left and Center, respectively, show the size distributions and seed rains of each species within a patch in the
wake of a disturbance. Seed rains are expressed as fractions of total lifetime seed production. In A–C, Right, each circle represents a single species. Colors
indicate trait combinations as in Fig. 1. The intensity of shading in A–C, Left indicates the density of plants at a given height and patch age. A–C, Right
shows evolved trait mixtures and corresponding fitness landscapes, with C, Right colored as in Fig. 3.
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abundance of resident types via Eq. 1, introduce new types at a
minimum density, and remove resident types that have dropped
below that minimum. Thus, only types that experience positive
fitness during invasion are able to establish as residents. The
number of mutants and immigrants introduced is drawn from a
Poisson distribution, with an average rate of 0.1 and 1 per step,
respectively. The assembly process is continued for up to 5,000
steps, after which the assembled metacommunities are functionally fully differentiated and evolutionarily stable, as indicated by
a stable mean and covariance of trait values and a fitness landscape with no regions of positive fitness (Figs. 2 and 3 and SI
Appendix, Figs. S4–S7, S12, and S13). Generally, we find that the
ecological model enables the stable coexistence of different types
across the metacommunity. Moreover, we find that similar trait
mixtures are predicted when the rates of immigration and mutation are lowered 10-fold (SI Appendix, Figs. S8 and S9), indicating that mixtures primarily reflect the underlying tradeoffs.
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model covers a more realistic combination of salient ecological
details.
A model simultaneously incorporating these four enhancements allows us to investigate how two trait-mediated tradeoffs interact to shape forest diversity and structure. We begin by
investigating possibilities for coexistence with first one, and then
two, traits evolving under environmental conditions broadly akin
to those in tropical rainforests: high site productivity and disturbance regimes with intermediate return intervals of 60 y (36). We
then extend the analysis to show how the same tradeoffs can produce different trait mixtures for different site productivities and
disturbance intervals.
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H

Fig. 3. Community assembly leads to characteristically structured fitness
landscapes, including peaks, valleys, and plateaus. A–H show fitness landscapes at different stages of assembly of the metacommunity shown in Figs.
1, 2C, and 4C. Coloring across trait space indicates the invasion fitness of
rare species competing with the resident species (circles). In each panel, the
dashed curve delimits trait combinations that are not viable even in the
absence of any competition. Community assembly starts with a species randomly selected across the trait space (step 1). At each subsequent step, the
abundances of resident species are updated according to their fitness, and
new invaders are added around existing residents and across trait space.
Invasion is successful only in regions with positive invasion fitness (colored
yellow to red), whereas species that successfully invade but then find themselves in regions of negative invasion fitness (colored blue to cyan; e.g., lowest circle in D) are ultimately driven extinct. A ridge-shaped fitness plateau
(green region in H) naturally forms in the course of the community assembly,
after a high diversity of late-successional shade-tolerant species establish in
regions of positive fitness.

Differentiation in HMAT also promotes niche diversification
in the model, but through a different mechanism, allowing strategies with similar successional types (similar LMA) to coexist
with one another via the partitioning of reproductive opportunity
(Fig. 2B). By reproductive opportunity, we refer to the potential
of a plant with positive carbon budget to produce seeds. As they
have similar LMA strategies, different HMAT strategies show
the same patterns before maturation of seedling recruitment,
growth rate, shade tolerance, and reproductive opportunity.
However, as they begin to reproduce, species differentiate based
on how much they capitalize on current reproductive opportunity
vs. deferring reproduction into the future. These differences in
reproductive allocation generate differences in growth rate and
seed output among older plants (Fig. 2B). Within a set of similar LMA strategies, there is first a period of joint establishment
and growth, and then early-maturing strategies are progressively
overtopped by strategies with higher HMAT (Fig. 2B).
Importantly, we find that coexistence of different HMAT
strategies is possible only once LMA exceeds a threshold
(Fig. 4B). Below that threshold, only a single strategy can be
supported, whereas above it, a diversity of types can be maintained. The reason mixtures are easier to maintain at higher than
at lower LMA values is that competitive thinning during stand
development is less intense. The equilibrium population size in
single-strategy systems tends to decrease toward higher LMA
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values (SI Appendix, Fig. S10). The lower density of seeds implies
a lower density of germinating seedlings and thus a lower density
of plants during development of the stand. When the density of
competitors is lower, plants shifting to reproduction take longer
to be overtopped and thus have more opportunity to reproduce
before they eventually die.
The two traits considered here not only offer alternative pathways of niche differentiation, but also have different effects on
the resultant fitness landscapes. A fitness landscape describes
whether variants with new trait combinations can invade a resident community. During the process of community assembly,
new residents establish in positive regions of the landscape, until
these disappear. Residents can also be competitively excluded.
Whether the eventual metacommunities predicted by our model
contain one, few, or many types results from differences in the
way fitness landscapes are progressively reshaped during community assembly, which in turn reflects the way traits influence community dynamics. We find that differentiation in LMA creates
a fitness landscape with distinct adaptive peaks, allowing only a
finite number of types to coexist competitively (Fig. 2A; for the
pattern arising through the assembly, see SI Appendix, Figs. S4
and S5). Differentiation in HMAT, on the other hand, creates
an almost flat fitness landscape (Fig. 2B; for the pattern arising
through the assembly, see SI Appendix, Figs. S6 and S7). This can
support many more types compared with LMA. We use the term
“evolutionarily emergent near-neutrality” for these flattened fitness landscapes. Importantly, they do not start out flat, but rather
become leveled by density-dependent and frequency-dependent
selection, with nonresident strategies invading at trait combinations having positive fitness and resident strategies climbing up
nearby peaks through gradual evolution under directional selection (SI Appendix, Figs. S6 and S7).
The emergence of a peaked fitness landscape for LMA and a
flat fitness landscape for HMAT reflects the underlying nature
of the tradeoffs mediated by these traits. Because LMA generates a demographic tradeoff between growth rate and shade
tolerance, niche differentiation occurs when these types can
regenerate successfully at different patch ages (Fig. 1A). The
spacing of LMA types and the deep valley in the fitness landscape between the lower two LMA strategies in the evolved metacommunity (Fig. 2A) arise because there is a substantial cost
in having an LMA value only slightly higher than the resident.
This occurs because the intrinsic dynamics of size-structured
growth produce undulations in the total amount of shading at
ground level, with total shading during the first wave of recruitment jumping up (Fig. 1A) (24). As a result, species with only a
marginally higher LMA are unable to recruit below the canopy
of an early-successional strategy, whereas species with a substantially higher LMA are able to recruit. The dynamics of
recruitment thereby impose a form of limiting similarity in LMA
values. Because the amplitude of these undulations in total shading decreases with patch age (Fig. 1A), the relief of the fitness
landscape is more subdued around mid- and late-successional
types. In contrast to LMA, HMAT does not generate deep valleys or limiting similarity in the fitness landscape. Having the
same LMA (and thereby the same potential growth rate and
shade tolerance), plants differing only in their HMAT strategies
establish at the same time. Any undulations in total shading thus
impact similarly on species during establishment, irrespective of
HMAT. Coexistence of different HMAT types then becomes possible when the shorter species are able to produce sufficient seed
to survive into the next generation, despite being overtopped by
species with greater HMAT. Nothing in the shading profile or
dynamics prevents two species from maturing at similar heights.
Two-Trait Evolution. When LMA and HMAT coevolve, differen-

tiation in both produces a metacommunity with a limited number
of early- and midsuccessional strategies and a larger number
Falster et al.

A

of reproductive opportunity. Also, the possibility for strategies
with lower HMAT to invade arises only once the tallest latesuccessional strategy has neared its attractor (Fig. 3 E and F).
Joint evolution of the two traits crucially modifies the number
of types that can be maintained. As when each trait evolves in isolation, the range of supported LMA types is still low, with three
broad types emerging (Fig. 2C). Within the type with highest
LMA, there is a subtle negative covariation between LMA and
HMAT. Still, the high-LMA strategies are overall tightly clustered along the LMA axis. Compared with when HMAT evolves
in isolation, the range of supported HMAT types is lower. Nevertheless, the evolved metacommunity has a concentration of types
within the late-successional group. A nearly level plateau is generated in the fitness landscape at high LMA and across a range of
HMAT (Figs. 2C and 3). Once the plateau has been generated,
the nearly flat fitness landscape makes competitive advantage
very weak, so further competitive exclusion proceeds extremely
slowly.
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of late-successional, shade-tolerant trees and shrubs (Figs. 1,
2C, and 3). Except for the lowest-LMA strategy—the first to
reach its evolutionary attractor—the trait values favored when
the traits coevolve cannot be inferred either from the evolution
of each trait in isolation (Fig. 4) or from the fundamental niche
space given by the fitness landscape before competition begins
(Fig. 3A). The tendency remains for differentiation in HMAT
to occur only at higher LMA values. However, coexistence in
the HMAT dimension becomes possible at lower values of LMA
than when the traits are evolving in isolation (Fig. 4). This occurs
because the presence of lower-LMA strategies in the metacommunity reduces the abundance of the high-LMA types and thus
the intensity of competition within the high-LMA populations.
As noted above, it is this reduced competitive intensity within
the recruiting cohort that potentially allows for the partitioning

B

C

composition and diversity of a metacommunity experiencing environmental conditions similar to those of tropical forests (high site
productivity and intermediate disturbance interval), because this
is where previous niche models seemed least satisfying. We now
expand our results from this focus: Fig. 5 shows how, by varying
the disturbance interval and site productivity, our model readily
generates a much wider variety of trait mixtures and metacommunities, via the same fundamental set of processes.
Across the range of metacommunities that result, several features are notable. First, mean trait values shift across the environmental space (Fig. 5 A and B). Lower LMA values are favored in
locations with higher productivity and shorter disturbance intervals, whereas higher HMAT values are favored in locations with
higher productivity and longer disturbance intervals. Second, the
number of successional types (LMA values) drops from three
down to two and then to one as disturbances become more
frequent, such that shade-tolerant types are absent at locations
with shortest intervals between disturbances (SI Appendix, Fig.
S13). Third, metacommunities occurring on productive sites that
are infrequently disturbed lack the diversity of late-successional
species that arise at intermediate disturbance intervals, thus
resembling tall temperate forests (Fig. 5E). Fourth, diversity is
highest within the last successional type, irrespective of whether
the metacommunity comprises one, two, or three successional
types. As before, these diversity hotspots in trait space correspond to plateaus of evolutionarily emergent near-neutrality (SI
Appendix, Fig. S13). Also, in more frequently disturbed metacommunities, coexistence of different HMAT strategies becomes
possible at lower values of LMA. This occurs because the relative value of the seed output that plants can produce before
being overtopped increases as disturbances become more frequent, even if competitive intensity within the first successional
type is still high.
Sensitivity Analysis. Overall, we find that our results are robust

Fig. 4. Rich interactions between the two functional traits determine the
evolution of bivariate trait mixtures. A and B show the evolved univariate
mixtures in each trait when the other trait is fixed at a specific value, and C
shows the bivariate trait mixture that results when both traits are evolving
together. Each circle represents a single species. The shaded region is the
same in each panel and indicates trait combinations that are not viable even
in the absence of any competition (Fig. 3A).
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to changes in model parameters. In SI Appendix, Figs. S11, S14,
and S15 show how parameter changes affect mainly the quantitative details of the evolved trait mixtures, while leaving the
qualitative features of the reported coexistence patterns mostly
unaffected. In particular, we find that reducing the maximum
allocation to reproduction does not change the tendency for
coexistence of different HMAT types on a flat fitness landscape
when HMAT evolves alone (SI Appendix, Fig. S11). When both
traits evolve together, we find that reducing the maximum allocation to reproduction causes a narrower range of HMAT strategies to be maintained, but these still exist within a cluster of
strategies on a relatively flat plateau of the fitness landscape (SI
Appendix, Fig. S15).
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Environmental Factors. So far, we have focused on the functional
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Fig. 5. Extended niche models allow for natural variation of forest structure and diversity with environmental conditions, recovering widely observed
empirical patterns. (A and B) Mean trait values vary across metacommunities evolved for different average disturbance intervals and site productivities.
The resultant fitness landscapes are shown in SI Appendix, Fig. S13. Letters refer to the metacommunities illustrated in C–H. (C–H) Resultant successional
dynamics in a patch in the wake of a disturbance. The center tick labels along the logarithmically scaled horizontal axes indicate the average disturbance
intervals. Colors indicate trait combinations as in Fig. 1. Panel labels suggest real vegetation types bearing likeness to our model-evolved metacommunities.
Also shown is the number of distinct functional types in each metacommunity (determined as the number K of trait combinations with positive seed rain
differing from one another by at least 1% in each functional trait after 5,000 steps of community assembly).

Discussion
Although niche differentiation is widely regarded as a key process maintaining diversity in forests, models based on successional niche differentiation have so far been unable to demonstrate how more than a few functional types can stably coexist;
in particular, they have predicted only a single late-successional
type (6, 15–18). The fact that such niche models could not explain
“why niches are more finely partitioned under low-light conditions than under high-light conditions” (ref. 19, p. 169) has
provided continued motivation for an alternative neutral theory of biodiversity and biogeography based on the controversial assumption of fitness equivalence (11, 19, 37). However, our
results suggest that this perception of successional niche differentiation being able to support only a few strategies may have
arisen only because previous models lacked critical features of
real forests—most importantly, the ability of species to differentiate in traits influencing both seedling growth rate and reproductive allocation. Here we have demonstrated that when these features are added, successional niche models can indeed account
for the relatively denser occupation of niche space in low light,
as well as for other empirically observed patterns of forest structure, such as the shifts in trait mixtures along environmental gradients. These results highlight the importance of successional
dynamics and trait-mediated tradeoffs in shaping forest diversity.
Additionally, our eco-evolutionary framework for modeling forest composition bridges to, and potentially enhances, models of
ecosystem function, the neutral theory of biodiversity, and traitbased approaches in ecology.
Multiple Axes of Successional Differentiation. Coexistence of dif-

ferent strategies in our model, which occurs at the metacommunity level, becomes possible as species specialize in growing
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or reproducing in patches of particular ages within the successional process. A distribution of patch ages in the metacommunity is thus essential for stable coexistence. Under different environmental conditions, a variety of vegetation types emerge from
the same successional processes (Fig. 5). But if disturbance is
removed, the metacommunity collapses to a single patch and the
opportunity for coexistence disappears.
The two traits we have studied offer distinct mechanisms of
successional differentiation. Differences in LMA produce different successional types (i.e., strategies differing in growth rate and
shade tolerance), whereas differences in HMAT allow for differentiation within a successional type. Previously, it has been
recognized that the widely cited competition–colonization tradeoff actually entails two distinct tradeoffs, one involving differences in the ability of species to colonize vacant patches and
another involving differences in their ability to grow in high
vs. low light (8). Here, we have identified a third dimension of
differentiation in the maturation schedule of larger plants having the same seedling demography. Also, we have shown how
the latter two dimensions potentially interact to shape diversity
(Figs. 2 and 4). Our results demonstrate how joint differentiation in LMA and HMAT can lead to metacommunities exhibiting the archetypal structure of most tropical forests (4, 19): a
limited number of early-successional, shade-intolerant strategies
and a larger number of late-successional, shade-tolerant trees
and shrubs (Fig. 2C). This is exactly the feature of tropical forests
that was thought unattainable by niche models (19).
At the same time, the finding that only a limited number of
LMA types can be maintained suggests that differences in reproductive allocation (here via HMAT) may play a stronger role
than differences in growth rate (here via LMA) in maintaining total species richness in forests. Our analysis for LMA is
Falster et al.

Predicting Trait Mixtures and Vegetation Structure. It is well known
that coexisting plant species often exhibit a wide range of physiological traits, affecting various aspects of plant function (25, 30).
However, it has been less clear how such trait mixtures are maintained (3, 25, 34). The model we have introduced and analyzed
here has uncovered unique insights into what sort of mechanisms
can maintain a trait mixture. Building on well-established empirical results (12, 26, 30), we show how mixtures for two prominent traits can be maintained through differentiation along a
successional niche axis. Moreover, we find that the conditions
enabling diversification along the two considered trait axes are
at least widespread, if not universal, in forests. These are sizestructured competition for light, a disturbance regime, and tradeoffs in plant function related to leaf turnover and reproductive
allocation.
How much of plant trait diversity can be accounted for by
successional processes remains unclear, but a wide range of
traits have been implicated in such processes, including properties of leaves, seeds, wood, and xylem. Fundamentally, one can
expect any trait influencing growth, mortality, or fecundity to
have implications for successional dynamics. Successional processes therefore hold promise for explaining mixtures in many
traits, not only with regard to LMA and HMAT.
The eco-evolutionary framework applied here also holds
promise for predicting trait mixtures over environmental gradients, complementing previous efforts, which succeeded in using
evolutionary algorithms to predict carbon allocation among roots
and stems (35). Under different environmental conditions, our
model predicts a variety of vegetation types and trait mixtures
(Fig. 5). These evolved forests capture two well-known empirical
patterns whereby LMA values tend to be lower in more productive sites with shorter disturbance intervals (30, 39, 40) and plants
tend to be taller on more productive sites with longer disturbance
intervals (39, 41).
In addition, our model provides testable hypotheses about
other features of vegetation for which good data are as yet lacking. For example, we find that the number of LMA types varies
with the disturbance regime and that HMAT diversity is always
highest within the last successional type, irrespective of whether
the metacommunity comprises one, two, or three successional
types. More generally, frameworks like the one used here have
potential to bridge between models focusing alternatively on
the function and composition of forests (42), which have until
recently remained separate and largely incompatible.
Evolutionarily Emergent Near-Neutrality. The unified neutral the-

ory of biodiversity (UNT) (11) was proposed as a conceptual
alternative to the theory of niche differentiation, for explaining
species diversity in forests and, in particular, the high diversity
of late-successional types in tropical forests (19). Unlike niche
Falster et al.
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tified mechanisms that potentially promote diversity, using
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theory, the UNT assumes that all plants are functionally identical, having equal growth rates, shade tolerance, and fitness. Trait
differences do not affect community assembly; rather, stochastic speciation and population dynamics maintain diversity via the
continual introduction of new species combined with slow competitive exclusion. The parameters of the UNT can be tuned so
that it captures the high species diversity observed in tropical
forests. However, to most forest ecologists, including Hubbell
himself (11, 19), the core assumption of fitness equivalence on
which the UNT rests seems implausible, partly for theoretical
reasons (43), but mainly because coexisting species are known
to vary greatly in the demographic rates contributing to fitness
(4, 11, 19, 44).
Since its publication, multiple studies have therefore attempted
either to reconcile the UNT with traditional niche-based theories of diversity (10, 45–47) or to justify the assumption of fitness equivalence (19, 37, 45). In attempts thus far, slow competitive exclusion has been imposed on the system, rather than
emerging intrinsically. For example in the model by Hubbell (37),
strong dispersal and recruitment limitations are introduced to
bring the process of competitive exclusion to a near standstill.
Under such conditions a variety of types can be maintained, but
if competitive exclusion resumes, then diversity collapses to a single type. How conditions of near-neutrality or slow competitive
exclusion might arise in nature therefore remains hotly debated
(10, 37, 45).
Our study goes one step farther toward reconciling niche theory and neutral theory by showing how a central assumption of
the UNT—fitness equivalence—can arise intrinsically as an outcome of trait-based niche differentiation. Importantly, the fitness
equivalence arises not as a global property, but in specific regions
of trait space. Niche differentiation is often thought of as creating a fitness landscape with distinct adaptive peaks, supporting
a finite number of types that are able to persist without competitive exclusion (9, 15). Such a landscape does indeed result
when LMA is evolving alone (Fig. 2B). However, our model
shows that fitness landscapes of quite different shapes are also
possible. When HMAT is evolving alone, this produces a flattened fitness landscape (Fig. 2B; for the emergence of this fitness
landscape in the course of community assembly, see SI Appendix,
Fig. S7). When LMA and HMAT evolve jointly, a nearly level
(near-neutral) plateau arises, but only in a specific region of
trait space, corresponding to shade-tolerant, late-successional
types (Figs. 2C and 3). These plateaus in fitness landscapes
are what we call evolutionarily emergent near-neutrality. The
definition of “neutrality” used here is the same as that in the
UNT: equivalence in per capita fitness among all individuals of
every species (11, 45). However, evolutionarily emergent nearneutrality differs from the complete neutrality assumed in the
UNT in two important ways. First, the flattened fitness landscape appears only toward the end of community assembly—it
is a product of a competition process, not a property assumed
or imposed as in the UNT (11). Second, evolutionarily emergent
near-neutrality does not apply globally across the whole assemblage, but rather emerges in particular regions of trait space. The
fitness landscape as a whole can thus include both peaks and
plateaus.
The question then naturally arises whether the near-neutral
fitness landscapes created via trait-based niche differentiation
are sufficiently flat to enable ecological drift to contribute to the
range of types and species maintained in the community. In general, flattened fitness landscapes slow down the process of competitive exclusion. When combined with demographic stochasticity, they sustain a considerably larger number of species than
landscapes with steep relief and spaced peaks.
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undoubtedly more realistic than those of earlier niche models,
as we explicitly link to a prominent physiological trait as a driver
of successional niche differentiation. However, our results for
LMA are also aligned with core conclusions from earlier successional models: that successional processes can maintain only a
limited number of types differing in growth rate and shade tolerance, including only a single shade-tolerant species (6, 15–17).
Increased diversity in our model becomes possible through introducing HMAT as the second trait. Indeed, HMAT has been proposed before as a potentially independent axis of differentiation
among late-successional species (13, 14, 38). Our results support
this view, but with the caveat that the mechanism allowing coexistence of different HMAT types still relies on the successional
process. Furthermore, our results support the idea (13) that the
higher diversity of tropical forests in part can be attributed to an
absence of short, shade-tolerant types in temperate forests (compare Fig. 5 E–G).

models with simplified population dynamics. In this study, we
set out to investigate whether niche differentiation can generate
and maintain richer trait mixtures than had previously been recognized, by making the details of the population dynamics one
step more realistic. By linking to explicit traits, whose tradeoffs
can be quantified empirically, we have also sought to increase the
connection between field observations and theoretical research.
Nevertheless, the question remains how well the dynamics of our
model reflect those of real ecosystems.
Overall, the assumptions underlying our model seem well supported. The key demographic processes captured by our model—
disturbance, size-asymmetric shading, successional dynamics,
and trait-mediated tradeoffs in plant function—are found in
nearly all vegetation and have been applied broadly in successional models (22, 48). Predictions about the effects of traits on
growth made using the growth model applied in this study (24)
were found to be well supported in a meta-analysis of more than
100 studies (49). Whereas some previous theoretical models have
been shown to suffer from pathologies arising from discontinuous competition kernels (17, 50), the competitive interactions
in our model are not generated from a fixed kernel, but instead
dynamically arise from plants shading each other, with the effects
of this shading varying continuously with respect to size (via integration through photosynthesis) across the entire life cycle of a
plant (SI Appendix, Fig. S16).
However, some limitations of our approach and results should
be made clear. Compared with previous niche models lacking
size structure and traits of known importance, our approach is
an improvement. However, we focus on competition for a single resource (light) and model abstract disturbance events that
remove all vegetation. We also assume that competition can be
described in terms of vertical spatial structure within patches
without accounting for intricacies of horizontal spatial structure
and that the patches in the metacommunity are equally coupled
by dispersal. Although these are essential simplifications, they
are commonly used across a number of vegetation models to render tractable the computational analysis of size-structured populations (6, 14, 22). Additionally, we have considered only traits
involved in two tradeoffs. Although this is more than previously
considered in niche models, species in real forests are known to
vary widely in other traits involved in other tradeoffs (12, 25). In
extending our work, it will be interesting to investigate whether
the addition of extra traits further enhances the opportunities for
niche differentiation reported here.
The parameters of the physiological growth model applied in
our analysis would benefit from further empirical support and
testing. Here, we have used a previously published parameter
set (24): Although drawing on available data as much as possible, data for some parameters were limited. As an example, we
assume that mature plants eventually allocate all surplus energy
to reproduction. Data to test this assumption are almost entirely
absent (51). Because we have defined surplus energy as that
being left over after tissues lost via turnover are replaced, trees
allocating 100% of surplus energy to reproduction still produce
new cohorts of leaves and continue to expand in stem diameter.
Moreover, we have established that our results are not sensitive
to varying the parameter values used in our analysis (SI Appendix,
Figs. S11, S14, and S15). In particular, we have shown that relaxing the assumption that plants shift to allocating 100% of surplus
energy to reproduction does not change our core results: HMAT
mixtures can be maintained when HMAT evolves alone even
when we reduce the maximum fraction allocated to reproduction to as low as 20% (SI Appendix, Fig. S11). When HMAT and
LMA evolve jointly, we find that reducing the maximum fraction
allocated to reproduction narrows the range of HMAT coexisting strategies, without affecting our key result of finding a cluster
of strategies on a relatively flat plateau of the emergent fitness
landscape (SI Appendix, Fig. S15).
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Closing Remarks. Overall, our work demonstrates that when a

few key ingredients common to all forests are added, successional niche models can readily produce forests of considerably
higher diversity than was previously thought possible, including
the particular feature of tropical forests that helped motivate the
UNT: the proliferation of species occupying niche space in low
light. We have shown how the core tradeoffs underpinning two
prominent traits are sufficient to maintain stable coexistence of
species differing in those traits, via distinct pathways of successional behavior. Finally, we have shown how niche differentiation can create regions in trait space where fitness landscapes
are nearly flat and, through this evolutionarily emergent nearneutrality, promote rich patterns of coexistence enhanced by ecological drift across the resultant fitness plateaus.
Materials and Methods
SI Appendix, Fig. S1 summarizes the processes represented in the model,
and in SI Appendix, Tables S1 and S2 summarize all variables and parameters
defined below.
Population Dynamics. We consider a metacommunity of patches, with the
age a of each patch corresponding to the time since its last disturbance (Fig.
1). Disturbance events remove all plants within a patch. Following a disturbance, patches are colonized by seeds arriving from a global pool of dispersers; any seeds produced within the patch contribute to this global pool
of dispersers. Different patches within the metacommunity are assumed to
have similar abiotic properties and thus differ only in their age. The state
of a metacommunity can therefore be characterized by the density distribution P of patch ages and, for each patch age, the height distribution of
plants of all species within patches of that age. With continuous distributions, the model captures the ensemble behavior of an infinitely large number of patches and thus plants.
The distribution P is affected by the disturbance regime. We assume that
disturbances are caused externally and can be described fully by the average
time interval between disturbances, â (by default 60 y). Further, we let the
age-dependent probability γ(a) of patch disturbance increase linearly with
patch age a. Incorporating these assumptions into von Foerster’s equation
for age-structured population dynamics (52) leads to a Weibull distribution
of patch ages (53), P(a) = â−1 exp(− 14 πa2 /â2 ), as shown in Fig. 1A.
Competitive hierarchies among plants within developing patches are
modeled by tracking the height distribution of plants as patches age after a
disturbance. We denote by xi = (φi ,Hm,i ) the traits of plant species i, where
φi is the LMA and Hm,i is the HMAT of plant species i; by x = (x0 , . . . ,xK )
the traits of K resident species; and by y = (y0 , . . . ,yK ) their average seed
rain across the metacommunity (details below). Here traits refer to heritable characteristics of plants that are constant throughout ontogeny, in
contrast to a plant’s height, which changes through ontogeny. We denote
by N(H|xi ,Ex,y,a ) the density of plants with height H given their traits xi
and a competitive environment Ex,y,a and by g(xi ,H,Ex,y,a ), d(xi ,H,Ex,y,a ), and
f(xi ,H,Ex,y,a ) the height growth rate, death rate, and fecundity rate of those
plants in that environment. These variables depend on the vertical profile
of shading within the patch, Ex,y,a , which in turn depends on the resident
traits x, the seed rains y of these resident types, and the patch age a. For
each xi , the seed rain yi is given by the cumulative seed output across the
metacommunity,
Z ∞
Z ∞
yi =
P(a)
SD f(xi ,H,Ex,y,a ) N(H|xi ,Ex,y,a ) dH da,
[1]
0

0

where SD is the probability of offspring surviving dispersal.
The dynamics of the metacommunity, as described by the density distribution N, are then given by a partial differential equation
∂
N(H|xi ,Ex,y,a ) = − d(xi ,H,Ex,y,a ) N(H|xi ,Ex,y,a )
∂a
∂
−
[g(xi ,H,Ex,y,a ) N(H|xi ,Ex,y,a )]
∂H

[2]

(22, 27, 28). Eq. 2 has two boundary conditions. The first,
N(H0 |xi ,Ex,y,a ) =

yi SG (xi ,Ex,y,a )
,
g(xi ,H0 ,Ex,y,a )

[3]

equates the inflow of plants at the lower bound H0 of the height distribution to the rate at which offspring are produced in the metacommunity.
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N(xi ,H,Ex,y,0 ) = 0.

[4]

Plants and species interact via their influences on the vertical shading
profile Ex,y,a . Specifically, canopy openness at height z in a patch of age a is
calculated from the total leaf area above that height (54),
!
K Z ∞
X
Q(z,H) N(H|xi ,Ex,y,a ) dH ,
[5]
Ex,y,a (z) = exp −cext
i=1

z

where Q(z,H) is the total leaf area above height z for plants of height H and
cext is the light-extinction coefficient.
Invasion Fitness. We denote by F(x 0 ,x,y) the (invasion) fitness of plants with
traits x 0 growing in a metacommunity with one or more resident strategies
with traits x and seed rains y (32, 33). Invasion fitness is ideally calculated as
the long-term per capita growth rate of the population with traits x 0 when
rare; however, in structured metacommunities, the most convenient indicator of per capita growth rate is the logarithm of the basic reproduction
ratio, F(x 0 ,x,y)= log10 R(x 0 ,x,y) (29), where R(x 0 ,x,y) is the average number
of dispersing seeds with traits x 0 produced by each dispersing seed. The trait
combination x 0 can invade when R(x 0 ,x,y) > 1 or equivalently F(x 0 ,x,y) > 0.
Recalling that patches of age a have frequency density P(a) in the landscape, it follows that a dispersing seed with traits x 0 has probability P(a)da
of landing in a patch of age a to a + da.The basic reproduction ratio for
plants with traits x 0 is thus
Z ∞


0
0
R x ,x,y =
P (a) R̃ x ,Ex,y,a da,
[6]
0


where R̃ x 0 ,Ex,y,a is the expected number of dispersing seeds with traits x 0
produced by a single dispersing seed with traits x 0 arriving in a patch of age
a (29). Here, R̃ is calculated by integrating a plant’s fecundity, f(x 0 ,H,Ex,y,a ),
over the expected lifetime of the patch, taking into account competitive
shading from residents with traits x, the plant’s probability of surviving, and
its traits:
Z ∞
0
0
0
0
R̃(x ,Ex,y,a ) =
f(x ,H(x ,Ex,y,a ,a ),Ex,y,a0 )

r(H,Hm ) =

cr1
,
1 + exp (cr2 (1 − H/Hm ))

[8]

where cr1 is the maximum allocation (ranging between 0 and 1) and cr2
determines the sharpness of the transition. By default, we set cr1 = 1 and
cr2 = 50, implying a rapid transition to reproduction at H = Hm (SI Appendix,
Fig. S3). The remaining fraction of mass increment is allocated to growth.
Parameters. We use parameter values as provided for the previously published growth model (24) (SI Appendix, Table S2). To vary environmental
conditions, we change the mean disturbance interval, â, and a dimensionless
index of site productivity, which acts as a multiplier on the maximum photosynthesis per leaf area, cp1 . Default values for these parameters are â = 60
y and cp1 = 150.36 mol m−2 y−1 . We assess the sensitivity of our results to
changes in other parameters by evolving trait mixtures for parameter values at 90% and 110% of the default values (SI Appendix, Figs. S11, S14, and
S15).

H(x 0 ,Ex,y,a ,a0 ) and SI (x 0 ,Ex,y,a ,a0 ), respectively, are the height and the cumulative survival probability at the patch age a0 of seeds with traits x 0 arriving
in a patch of age a, and SP (a,a0 ) is the probability that the patch remains
undisturbed from age a to a0 .

Numerical Methods. To solve Eq. 2, we use a refined version of the Escalator
Boxcar Train (EBT) method (27, 55) powered by an embedded fourth-order
Runge–Kutta ordinary differential equation solver. This solver is also used to
calculate invasion fitness by numerically integrating Eqs. 6 and 7. The original EBT method proceeds by introducing cohorts at fixed time intervals and
then approximating the first and second moments of the density distribution
N within each cohort (27). We extend this method by adaptively refining the
time points at which new cohorts are introduced into the metacommunity.
This is necessary to handle the strongly size-asymmetric interactions occurring in our model. To generate Figs. 1 and 5, we sample from the continuous
distribution N for a series of patch ages (SI Appendix, section 2).

Physiological Dynamics. Rates of growth, mortality, and fecundity are given
by a physiological submodel specifically formulated for height-structured
metacommunity models (24). This submodel is fully described in SI Appendix,
section 1, Eqs. S1–S16. The principal ingredients are (i) growth driven by
carbon assimilation and light interception, (ii) an allometric model linking
a plant’s leaf area to its height and mass of supporting tissues, (iii) a continuous vertical distribution of leaf area within the crown of each plant,
(iv) net dry-matter production given by gross photosynthesis (calculated by
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15. Parvinen K, Meszéna G (2009) Disturbance-generated niche-segregation in a structured metapopulation model. Evol Ecol Res 11(4):651–666.
16. Gravel D, Canham CD, Beaudet M, Messier C (2010) Shade tolerance, canopy gaps and
mechanisms of coexistence of forest trees. Oikos 119(3):475–484.
17. D’Andrea R, Barabás G, Ostling A (2013) Revising the tolerance-fecundity trade-off;
or, on the consequences of discontinuous resource use for limiting similarity, species
diversity, and trait dispersion. Am Nat 181(4):E91–E101.
18. Purves DW, Vanderwel MC (2014) Traits, states and rates: Understanding coexistence in forests. Forests and Global Change, Ecological Reviews, eds Coomes DA,
Burslem DFRP, Simonson WD (Cambridge Univ Press, Cambridge, UK), pp 161–194.
19. Hubbell SP (2005) Neutral theory in community ecology and the hypothesis of functional equivalence. Funct Ecol 19(1):166–172.

a

0

0

0

0

×SD SI (x ,Ex,y,a ,a ) SP (a,a ) da .

Falster et al.

[7]

PNAS PLUS

integrating instantaneous assimilation rates in a given light profile over the
annual solar environment) minus costs of tissue respiration and turnover, (v)
fecundity calculated from reproductive investment and mass per seed, and
(vi) an exponential increase in mortality with declining carbon income per
leaf area (24).
The two evolving traits, LMA (φ) and HMAT (Hm ), generate demographic differences by influencing rates of net biomass production and
allocation. The details of the trait-mediated tradeoffs are as follows.
LMA determines the cost of deploying leaf area and is related to leaf
turnover kl via an allometric relationship observed in a global dataset (30),
−β
kl = α4 (φ/(kg m−2 )) 4 , with fitted parameters α4 and β4 (SI Appendix, Fig.
S2). We also vary the mass-based leaf respiration rate rl so that it stays constant per unit leaf area as LMA is varied, as is empirically observed (30),
rl = rRl0 /φ. HMAT affects the fraction r(H,Hm ) of mass increment allocated
to reproduction, varying with height H,

PNAS Early Edition | 9 of 10

ECOLOGY

Here, SG is the probability of offspring successfully establishing themselves
in a new patch, set to decrease as the growth rate of seedling declines (SI
Appendix, Eq. S16). The second boundary condition states that patches are
completely cleared after a disturbance,

20. Tilman D (1994) Competition and biodiversity in spatially structured habitats. Ecology
75(1):2–16.
21. Sakschewski B, et al. (2015) Leaf and stem economics spectra drive diversity of functional plant traits in a dynamic global vegetation model. Glob Chang Biol 21(7):
2711–2725.
22. Moorcroft PR, Hurtt GC, Pacala SW (2001) A method for scaling vegetation dynamics:
The ecosystem demography model (ED). Ecol Monogr 71(4):557–586.
23. Strigul N, Pristinski D, Purves D, Dushoff J, Pacala S (2008) Scaling from trees to
forests: Tractable macroscopic equations for forest dynamics. Ecol Monogr 78(4):
523–545.
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p hysiological model

Here we provide a full description of our physiological sub-model generating rates of growth,
survival, and fecundity in the size-structured metacommunity model described in the main
text. As noted in the Materials and Methods, we require functions g( x 0 , H, Ex,y,a ), d( x 0 , H, Ex,y,a ),
and f ( x 0 , H, Ex,y,a ), quantifying, respectively, the rates of height growth, death, and fecundity
of plants with traits x 0 and height H in the environment Ex,y,a . These functions enter into
Eqs. 2-3 to determine the dynamics of the density distribution N, and into Eqs. 1 and 7 to
determine seed rain and invasion fitness. The vital rates g, d, and f are all derived from
the rate at which living biomass is produced by a plant, which in turn is calculated based
on well-understood physiology (Fig. S1a). The physiological sub-model used in our current
analysis is identical to that presented in Falster et al. 2011 [1], who provide citations for its
empirical basis. Fig. S1a overviews processes represented in the model, while Tables S1 and
S2, respectively, summarize all model variables and parameters, as defined in the main text
and below.
1. 1

Photosynthesis and mass production

The vertical density distribution q(z, H ) of leaf area across heights z within crowns of plants
with height H is described by the following equation [2],
 z  η   z  η −1
η 
1−
,
(S1)
q(z, H ) = 2
H
H
H
which has a single parameter η. Setting η = 12, as in the present study, gives a top-heavy
canopy profile similar to those seen among angiosperms. The fraction Q(z, H ) of leaf area
above height z is then

 z  η 2
.
(S2)
Q(z, H ) = 1 −
H
We denote by p( x 0 , Ex,y,a (z)) the gross rate of leaf photosynthesis per unit leaf area within
the canopy of a plant with traits x 0 experiencing a canopy openness Ex,y,a (z). Here, Ex,y,a (z)
is the function describing the canopy openness (ranging from 0 to 1) at height z in a patch,
which in turn depends on the traits x and the seed rains y of the resident types, as well as
on the patch age a (Eq. 5). Even though p can vary with leaf photosynthetic traits, these are
held constant in the present study, so p is constant with respect to changes in x 0 . We therefore
only need to consider changes in p with respect to changes in E. Previously [1], we showed
that the annual average of p( x 0 , Ex,y,a (z)), calculated from a detailed solar model, was well
approximated by a relationship to Ex,y,a (z) of the form
p( x 0 , Ex,y,a (z)) =

cp1
.
Ex,y,a (z) + cp2

(S3)

The parameters cp1 and cp2 in Eq. S3 are fitted to data generated from the detailed model;
respectively, they correspond to the maximum annual photosynthesis and to the value of
Ex,y,a (z) at 50% of this maximum.
The average rate of leaf photosynthesis across the plant is then
p̄( x 0 , H, Ex,y,a ) =

Z H
0

p( x 0 , Ex,y,a (z)) q(z, H ) dz,

(S4)

where q(z, H ) is the density of leaf area at height z (Eq. S1). Note that in calculating p̄,
for simplicity we consider only the shading from surrounding plants and not self-shading
generated within the canopy.
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We account for five different tissues i within each plant, denoted by the subscripts l =
leaves, b = bark, s = sapwood, h = heartwood, and r = fine roots. The amount of biomass
available for growth, dB/dt, is given by the difference between income (total photosynthetic
rate) and losses (respiration and turnover) within the plant:
dB
dt
|{z}

= cbio Y
| {z }
yield
net biomass production


− ∑ Mi r i − ∑ Mi k i .
ω p̄
|{z}
i =l,b,s,r
i =l,b,s,r
{z
}
{z
}
|
photosynthesis |
turnover
respiration

(S5)

Here, Mi , ri , and k i refer to the mass, maintenance respiration rate, and turnover rate of the
different tissues. The parameter cbio measures the amount of biomass per mol of carbon and
Y is yield, i.e., the fraction of assimilated carbon fixed in biomass, with the remaining fraction
being lost as growth respiration. The growth respiration component comes in addition to the
costs of maintenance respiration. Gross photosynthetic production is proportional to leaf area
ω, with ω = Ml /φ and where φ is the leaf mass per unit leaf area. The total mass of tissues
is Mt = Ml + Mb + Ms + Mh + Mr .
1. 2

Allocation

To model allocation, we use a functional-balance allometric model linking the mass of the
aforementioned five plant tissues to a plant’s height. This approach allows us to track only
the plant’s height, while also accounting for the costs of growing.
Based on empirically observed allometry [1], we assume an allometric relationship between a plant’s leaf area ω and its height,
H = α1



ω/m2

 β1

,

(S6)

with parameters α1 and β 1 .
We also assume that each unit of sapwood area supports a fixed area of leaf, as in the
pipe model [2], so that the cross-section area of sapwood is ω/θ, where θ is the leaf area per
sapwood area. Under this assumption, and combined with Eq. S1, the total mass of sapwood
in a plant is given by
Ms = ρ ηc θ −1 ω H,
(S7)
where ηc = 1 − 1+2 η + 1+12η adjusts for the vertical distribution of leaf [1, 2] and ρ is the wood
density.
Bark tissue (including phloem) is modelled using an analogue of the pipe model [1],
leading to a similar equation as for sapwood mass (Eq. S7). The cross-section area of bark
per unit leaf area is assumed to be a constant fraction b of sapwood area per unit leaf area, so
that
Mb = bMs .
(S8)
Also consistent with the pipe model, we assume a fixed ratio of root mass to leaf area,
Mr = α3 ω.

(S9)

Even though nitrogen and water uptake are not modelled explicitly, imposing a fixed ratio of
root mass to leaf area ensures that approximate costs of root production are included in the
carbon budget.
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Finally, the amount of heartwood is assumed to increase with total leaf area based on an
empirically observed allometric relationship [1],

 β2
Mh = ρ ηc α2 ω/m2
,

(S10)

with parameters α2 and β 2 .
1. 3

Height growth

The key measure of growth required to model size-structured population dynamics is the
rate of height growth, g( x 0 , H, Ex,y,a ). For quantifying height growth, we translate mass
production into height increment while accounting for the costs of building new tissues,
allocation to reproduction, and architectural layout. Using the chain rule, height growth
can be decomposed into a product of physiologically relevant terms:
g( x 0 , H, Ex,y,a ) =

dH dω dMt dB
.
dω dMt dB dt

(S11)

The first factor, dH/dω, is the growth in plant height per unit growth in total leaf area –
accounting for the architectural strategy of the plant (here the same for all types). The second
factor, dω/dMt , accounts for the marginal cost of deploying an additional unit of leaf area,
including construction of the leaf itself and various support structures. As such, dω/dMt can
itself be expressed as a sum of construction costs across plant tissues per unit leaf area,
dω
=
dMt



dMl
dMb
dMs
dMh
dMr
+
+
+
+
dω
dω
dω
dω
dω

 −1
.

(S12)

The third factor, dMt /dB = 1 − r ( H, Hm ), is the fraction of net biomass production that is
allocated to growth rather than to reproduction or storage (Eq. 8), while the final factor is the
rate of net biomass production (Eq. S5).
The factors dH/dω and dω/dMt are thus readily calculated from Eqs. S6-S10.
1. 4

Seed production

The rate of seed production, f ( x 0 , H, Ex,y,a ), is a direct function of mass allocated to reproduction (Eq. 8),
r ( H, Hm ) dB
dt
f ( x 0 , H, Ex,y,a ) =
,
(S13)
s cacc
where s is the mass of the seed and cacc is a multiplier that accounts for the cost of accessories,
such as fruits, flowers, and dispersal structures (thus, cacc > 1).
1. 5

Mortality

Instantaneous rates of plant mortality are the sum of a growth-independent and a growthdependent rate,
d( x 0 , H, Ex,y,a ) = dI + dD ( x 0 , H, Ex,y,a ).
(S14)
The growth-independent rate dI is taken to be constant, independent of plant performance.
The growth-dependent rate is assumed to decline exponentially with the rate of mass production per unit leaf area,
dD ( x 0 , H, Ex,y,a ) = cd2 exp(−cd3 X ),
(S15)
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where X = dB/dt/ω. This relationship allows for plants to increase in mortality as their
growth rate approaches zero.
Survival of plants during establishment is assumed to depend on the rate of biomass
production per unit leaf area,
SG ( x 0 , Ex,y,a ) =

1

(cs0 /X )2 + 1

,

(S16)

where cs0 is a constant and X = dB/dt/ω is the rate of mass production per unit leaf area for
a seedling. Eq. (S16) is consistent with Eq. (S15), as both cause survival to decline with mass
production.

2

v isualization of process and pattern in the evolved
metacommunities

Figs. 1A and 5C-H illustrate successional dynamics in the evolved metacommunities for
particular environmental conditions. The panels depict populations of finite size and are generated by sampling from the continuous density distribution N ( H | xi , Ex,y,a ) of plant heights
H. Specifically, to illustrate temporal dynamics in a patch, we take an area of ground for a
given patch age a0 and fill it by sampling an appropriate number of plants for each species
from their size distributions N ( H | xi , Ex,y,a0 ), in two steps. First, the required number of plants
for each species at each age is calculated by averaging N ( H | xi , Ex,y,a0 ) with respect to H and
multiplying by patch area. Second, plants of different heights are sampled with probabilities
proportional to N ( H | xi , Ex,y,a0 ). Similarly, the ages of patches shown in Fig. 1B are obtained
by sampling a finite number of ages from the distribution P( a) of patch ages (Fig. 1A). The
horizontal locations of plants within each patch are sampled from a uniform distribution.
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Ta b l e S1 : Model variables.
Symbol
Patch state variables
K
a or a0
Ex,y,a (z)
Ex,y,a
Abundance measures
P( a)
y
N ( H | x 0 , Ex,y,a )
Plant traits
x
xi or x 0
φ
Hm

Unit

y

y−1
m−2 y−1
m−1 m−2

kg m−2
m

Plant state variables
H
H0 ( x 0 )
z
ω
q(z, H )
Q(z, H )
B
Mi

kg
kg

Physiological rates
p( x 0 , Ex,y,a (z))

mol y−1 m−2

p̄( x 0 , H, Ex,y,a (z))
ri
ki
r ( H, Hm )

m
m
m
m2
m−1

mol y−1 m−2
mol y−1 kg−1
y−1

Demographic rates and outcomes
g( x 0 , H, Ex,y,a )
m y−1
f ( x 0 , H, Ex,y,a )

y−1

d( x 0 , H, Ex,y,a )

y−1

dP ( a )
H ( x 0 , Ex,y,a , a0 )

y−1
m

SG ( x 0 , Ex,y,a )
SI ( x 0 , Ex,y,a , a0 )
SP ( a, a0 )
R̃( x 0 , Ex,y,a )
R( x 0 , x, y)
F ( x 0 , x, y)

Description
Number of species in the metacommunity
Patch age (time since disturbance)
Canopy openness at height z within the light environment Ex,y,a
Profile of canopy openness within a patch of age a with residents of
traits x and seed rain y
Frequency-density of patches of age a
Vector of global seed rain for resident metacommunity
Density of plants at height H per unit ground area for given traits x 0
in a patch with light environment Ex,y,a
Vector of traits for resident metacommunity
Vector of traits for focal plant
Leaf mass per unit leaf area
Height at maturation

Height of a plant
Height of a seedling with traits x 0 after germination
Height in canopy
Leaf area of a plant
Distribution of leaf area across heights z for a plant of height H
Fraction of leaf area above height z for a plant of height H
Biomass produced by a plant
Mass of tissue type i retained on plant

Photosynthetic rate per unit leaf area at height z within a plant with
traits x 0 in the light environment Ex,y,a
Average of p for a plant of height H in the light environment Ex,y,a
Respiration rate per unit mass of tissue type i
Turnover rate for tissue type i
Fraction of net biomass production allocated to reproduction for a
plant of height H with height at maturation Hm .
Height-growth rate of a plant with traits x 0 and height H in the light
environment Ex,y,a
Seed-production rate of a plant with traits x 0 and height H in the
light environment Ex,y,a
Instantaneous mortality rate of a plant with traits x 0 and height H
in the light environment Ex,y,a
Instantaneous disturbance rate of a patch of age a
Height of a plant with traits x 0 in a patch of age a0 having germinated
in light environment Ex,y,a
Probability of a seed of a plant with traits x 0 to germinate in the light
environment Ex,y,a
Probability of a plant with traits x 0 surviving to patch age a0 having
germinated in light environment Ex,y,a
Probability of a patch to remain undisturbed from patch age a to
patch age a0
Cumulative seed output of a plant with traits x 0 having germinated
in light environment Ex,y,a
Basic reproduction ratio of a rare plant with traits x 0 growing in a
metapopulation of resident plants with traits x and seed rains y
Invasion fitness of a rare plant with traits x 0 growing in a
metapopulation of resident plants with traits x and seed rains y
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Ta b l e S2 : Model parameters.

Description
Construction
Crown-shape parameter
Wood density
Leaf area per sapwood area
Height of plant with leaf area of 1 m2
Allometric exponent for height scaling
Heartwood volume of plant with leaf area of 1
m2
Allometric exponent for heartwood scaling
Root mass per leaf area
Ratio of bark area to sapwood area
Production
Leaf photosynthesis rate per unit leaf area
Half-saturation constant for leaf photosynthesis
rate per unit leaf area
Biomass per mol carbon
Yield
Leaf respiration rate per unit leaf area
Fine-root respiration rate per mass
Sapwood respiration rate per mass
Baseline rate of leaf turnover
Allometric exponent for leaf-turnover scaling
Turnover rate of bark
Turnover rate of fine roots
Fecundity
Seed mass
Maximum allocation to reproduction
Parameter determining steepness of r ( H, Hm )
around Hm
Multiplier accounting for accessory costs of seed
production
Mortality
Probability of a seed to survive dispersal
Half-saturation constant for germination probability
Growth-independent mortality
Maximum growth-dependent mortality
Scaling coefficient for growth-dependent mortality
Other
Average interval between disturbances
Light-extinction coefficient
1

Symbol

η
ρ
θ
α1
β1
α2
β2
α3
b

Unit

kg m−3
m
m3
kg m−2

In C++ code1

Value

Eta
wood dens
theta
a1
B1
a2

12
608
4669
5.44
0.306
6.67 × 10−5

B2
a3
b

1.75
0.07
0.17

cp1
cp2

mol y−1 m−2

c p1
c p2

150.36
0.19

cbio
Y
rrl0
rr
rs
α4
β4
kb
kr

kg mol−1

c bio
Y
rr
rs
a4
B4
kb
kr

2.45 × 10−2
0.7
39.27
217
6.59
2.86 × 10−2
1.71
0.2
1

s
cr1
cr2

kg

seed mass
c r1
c r2

3.8 × 10−5
1
50

c acc

4

mol y−1 m−2
mol y−1 kg−1
mol y−1 kg−1
y−1
y−1
y−1

cacc

SD
cs0

kg m−2 y−1

Pi 0
c s0

0.25
0.1

dI
cd2
cd3

y−1
y−1
y m−2 kg−1

c d0
c d2
c d3

0.01
5.5
20

â
cext

y

disturbanceInterval
c ext

60
0.5

Name of corresponding variables in the code accompanying this paper. See main text for link.
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Fig. S1: Overview of processes represented in the model, including physiological dynamics,
population dynamics, and evolutionary dynamics. Grey arrows indicate connection between
components. A, A plant’s vital rates are jointly determined by its light environment, height,
and traits according to the physiological sub-model detailed in Section S1. B, A metacommunity consists of a distribution of patches linked by seed dispersal. Seeds arrive from a global
disperser pool, while seeds produced within a patch contribute to that pool (dashed lines).
Disturbances occasionally remove all vegetation within a patch. Competitive hierarchies
within developing patches are modelled by tracking the height distribution of plants across
multiple species (distinguished by colors) as patches age after a disturbance. The intensity of
shading indicates the density of plants at a given height. Rates of change at any given height
and age are calculated from the physiological sub-model in A. C, The traits of the resident
species determine the shading environment across the metacommunity via the demographic
sub-model (B), which in turn determines fitness landscapes. Resident traits adjust through
directional selection up the fitness landscape and through the introduction of new species
with traits for which fitness is positive.
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A

B

Height growth rate (m y−1)

5.00

1.00
0.50

0.10

4
0.6
3
0.4
2
0.2
1

0.05

0.01

0.0

0.005

0.020

0.100

0.500

2.000

Leaf mass per unit leaf area (kg m−2)

Shade tolerance (m2 m−2)

10.00
Leaf turnover rate (y−1)

5

0.8

50.00

0

0.005

0.020

0.100

0.500

2.000

Leaf mass per unit leaf area (kg m−2)

Fi g. S 2: Tradeoff between leaf mass per unit leaf area and leaf-turnover rate, and its
demographic consequences. A, Across species, leaf mass per unit leaf area (l m a) is inversely
related to leaf-turnover rate. Data are for 678 species from 51 sites [3]. Green lines show
standardized major axes fitted to the data from each site, with the intensity of shading
adjusted according to the strength of the relationship. The black line indicates the allometric
relation used in the present study, as described by the equation for kl in the main text. B,
Modelled height-growth rate and shade tolerance for 25 cm tall seedlings differing in leaf
mass per unit leaf area. Shade tolerance is quantified as the amount of leaf area above a plant
that can be endured before its carbon budget becomes negative.
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B
1.0

Seed

0.8
0.6
●

0.4

Age at maturation: young
Survival to maturation: high
Maximum fecundity: low
Risk of being overtopped: high

0.2
0.0
0

Adult

Height at
maturation

Height
old
low
high
low

Hm
Plant height (m)

Fi g. S 3: Tradeoff between growth and reproduction, and its demographic consequences.
A, The fraction of net dry mass allocated to reproduction varies throughout ontogeny, with a
sharp increase from nearly 0% to nearly 100% when a plant reaches its height at maturation, as
described by Eq. 8 in the main text. B, Height at maturation influences four key demographic
factors, giving rise to several emergent life-history tradeoffs. Grey arrows the direction of
change for various life-history outcomes arising from changes in height at maturation.
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Figs. S4 and S5: Examples of community assembly when only leaf mass per unit leaf area is
evolving, for different values of height at maturation. In Fig. S4, height at maturation is set
to 6.57 m. In Fig. S5, height at maturation is set to 23.58 m. Each figure comprises three parts
and shows the process of community assembly in a metacommunity with a mean interval
between disturbances of 60 y, as in Figs. 1-4. Fig. S5 corresponds to the metacommunity
shown in Fig. 2A. See Fig. 4A for trait mixtures with other values of height at maturation.
A, A pairwise invasibility plot [4, 5] summarizes the potential outcomes of singles-species
evolution. Coloring indicates the invasion fitness F ( x 0 , x, y) of a rare variant type (vertical
axis) competing with an established resident type (horizontal axis), with values as in Fig.
3. Yellow and red regions represent combinations (x 0 , x) for which the variant type with
trait value x 0 can invade a resident population consisting of plants with trait value x. These
plots show that in all cases, metacommunities comprising a single type at its evolutionary
attractor can be invaded by variant types with larger trait values. B-C, Properties of the
metacommunity during a stochastic assembly process. Assembly starts with a type randomly
selected across the trait space (Step 1). At each step, the abundance of residents is updated
according to their fitness, and new types are added around existing residents (”mutants”)
and across the trait space (”immigrants”). Mutation and immigration are only successful in
regions with positive fitness, delineating the available niche space. Types that successfully
invade, but then find themselves in regions of negative fitness, are ultimately driven extinct.
In these examples, the metacommunity is fully differentiated after 1,000 steps, as indicated
by a stable mean and covariance of trait values, and a fitness landscape with no regions
of positive fitness. B, Panels show trait values present in the metacommunity at each step
during the assembly process: (top) raw values with shading indicating abundance; (middle)
abundance-weighted mean trait value; (bottom) coefficient of variation. C, Panels show the
resultant one-dimensional fitness landscapes at different moments of the assembly process.
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Figs. S6 and S7: Examples of community assembly when only height at maturation is
evolving, for different values of leaf mass per unit leaf area. In Fig. S6, leaf mass per
unit leaf area is set to 0.63 kg m−2 . In Fig. S7, leaf mass per unit leaf area is set to 4.22
kg m−2 . Each figure comprises three parts and shows the process of community assembly
in a metacommunity with a mean interval between disturbances of 60 y, as in Figs 1-4. Fig.
S7 corresponds to the metacommunity shown in Fig. 2B. See Fig. 4B for trait mixtures with
other values of leaf mass per unit leaf area. A, A pairwise invasibility plot [4, 5] summarizes
the potential outcomes of singles-species evolution. Coloring indicates the invasion fitness
F ( x 0 , x, y x ) of a rare variant type (vertical axis) competing with an established resident type
(horizontal axis), with values as in Fig. 3. Yellow and red regions represent combinations (x 0 , x)
for which the variant type with trait value x 0 can invade a resident population consisting of
plants with trait value x. These plots show that in the first case, a single type at its evolutionary
attractor cannot be invaded, i.e., is an evolutionarily stable strategy; whereas in the following
case a single type at its evolutionary attractor can be invaded by variant types with lower
trait values. B-C, Properties of the metacommunity during a stochastic assembly process.
Assembly starts with a type randomly selected across the trait space (Step 1). At each step,
the abundance of residents is updated according to their fitness, and new types are added
around existing residents (”mutants”) and across the trait space (”immigrants”). Mutation and
immigration are only successful in regions with positive fitness, delineating the available niche
space. Types that successfully invade but then find themselves in regions of negative fitness
are ultimately driven extinct. In these examples, the metacommunity is fully differentiated
after 1,000 and 3,500 steps, respectively, as indicated by a stable mean and covariance of trait
values, and a fitness landscape with no regions of positive fitness. B, Panels show trait values
present in the metacommunity at each step during the assembly process: (top) raw values
with shading indicating abundance; (middle) abundance-weighted mean trait value; (bottom)
coefficient of variation. C, Panels show the resultant one-dimensional fitness landscapes at
different moments of the assembly process.
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Figs. S8 and S9: Sensitivity of results when only height at maturation is evolving to reduced
mutation and immigration rates. In both figures leaf mass per unit leaf area is set to 4.22 kg
m−2 , as in Fig. S7. In Fig. S8, the rates of mutation and immigration are lowered ten-fold
relative to the default rates used in S7. A similar mixture of traits is assembled as without this
reduction, only at a slower pace over a longer time period. Fig. S9 shows the result of taking
the community from Fig. S7 after 1,100 steps of the assembly and then halting any further
mutation or immigration. A wide range of strategies persist without further input of new
variants. Other details as in Fig. S7.
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Fi g. S1 0: Dependence of equilibrium seed rain of tallest species on leaf mass per unit leaf
area when only height at maturation is evolving. Results are based on the metacommunities
shown in Fig. 4B.
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Fi g. S1 1: Sensitivity of results when only height at maturation is evolving to changes
in the maximum allocation to reproduction. Each panel shows the metacommunity’s trait
mixture resulting when the maximum allocation to reproduction, specified by the parameter
cr1 , is set to the value indicated above the panel. For these panels, the leaf mass per unit leaf
area is set to φ = 3.46 kg m−2 , a value enabling coexistence of different heights at maturation
in Fig. 4B. Colors indicate trait values as in Fig. 1. The panels show fitness landscapes after
1,000 steps of the assembly process.
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Fi g. S1 2 : Example of community assembly when both traits are evolving. Panels show
properties of the metacommunity during a stochastic assembly process in a metacommunity
with a mean interval between disturbances of 60 y, as in Figs 1-4. Panels show the resident
trait values present in the metacommunity at each step of the assembly process: (A,D) raw
values with shading indicating abundance; (B,E) abundance-weighted mean trait value; (C,F)
coefficient of variation. Fitness landscapes corresponding to this assembly sequence are
shown in Fig. 3. of the main text. Assembly starts with a type randomly selected across
the trait space (Step 1). At each step, the abundance of residents is updated according to their
fitness, and new types are added around existing residents (”mutants”) and across the trait
space (”immigrants”). Mutation and immigration are only successful in regions with positive
fitness, delineating the available niche space. Types that successfully invade, but then find
themselves in regions of negative fitness, are ultimately driven extinct. In this example, the
metacommunity is fully differentiated after 5,000 steps, as indicated by a stable mean and
covariance of trait values, and a fitness landscape with no regions of positive fitness.
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Fi g. S 1 3: Sensitivity of results when both traits are evolving to changes in disturbance
interval and site productivity. Coloring indicates the invasion fitness across the trait
space of rare species competing with the resident species (white circles), as in Fig. 3. The
panels show fitness landscapes after 5,000 steps of the assembly process, after which most
metacommunities have reached a stable trait mixture. In contrast, a few metacommunities
exhibit oscillatory dynamics in trait mixtures: across panels, these can be discerned by large
residual regions of positive invasion fitness (yellow).
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Fi g. S1 4 : Sensitivity of results when both traits are evolving to changes in a range of
model parameters. Each panel shows the metacommunity’s trait mixture resulting when a
single parameter is changed to 90% or 110% of its original value. All parameter symbols are
listed in Table S2. Coloring indicates the invasion fitness across the trait space of rare species
competing with the resident species (white circles), as in Fig. 3. The panels show fitness
landscapes after 5,000 steps of the assembly process.
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Fi g. S 1 5: Sensitivity of results when both traits are evolving jointly to changes in the
shape of the reproductive allocation function. Each panel shows the metacommunity’s
trait mixture resulting when a single parameter determining the shape of the reproductive
allocation function is changed to a fraction of its original value. Coloring indicates the
invasion fitness across the trait space for rare species competing with the resident species
(white circles), as in Fig. 3. The panels show fitness landscapes after 5,000 steps of the assembly
process.
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Fi g. S1 6: Illustration of the competitive feedback via shading. All plants within a patch
contribute to, and experience, a continuous vertical profile in shading. A, The leaf area
of individual plants is distributed continuously over a range of heights (Eq. S1). B, The
contribution of a plant to shading at a given height in a patch is determined by the fraction of
its leaf area above that height (Eq. S2). A, Lines show the canopy openness E that results in
patches with ages 2, 5, 10, 20, 30, 60, 100, and 180 y in a metacommunity in which both traits
are evolving as shown in Fig. 2C. The light environments in C are obtained by integrating the
product of two continuous functions (via Eq. 5): the continuous size-density distribution N
of plants from different species at a given patch age (as shown in Fig. 2C) and the vertical
distribution Q of leaf area within individual plants (as shown in B).
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