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Interspecific differences in relative fitness can cause local domi-
nance by a single species. However, stabilizing interspecific niche
differences can promote local diversity. Understanding these
mechanisms requires that we simultaneously quantify their effects
on demography and link these effects to community dynamics.
Successional forests are ideal systems for testing assembly theory
because they exhibit rapid community assembly. Here, we lever-
age functional trait and long-term demographic data to build
spatially explicit models of successional community dynamics of
lowland rainforests in Costa Rica. First, we ask what the effects
and relative importance of four trait-mediated community assem-
bly processes are on tree survival, a major component of fitness.
We model trait correlations with relative fitness differences that
are both density-independent and -dependent in addition to trait
correlations with stabilizing niche differences. Second, we ask
how the relative importance of these trait-mediated processes
relates to successional changes in functional diversity. Tree dynamics
were more strongly influenced by trait-related interspecific vari-
ation in average survival than trait-related responses to neighbors,
with wood specific gravity (WSG) positively correlated with greater
survival. Our findings also suggest that competition was mediated
by stabilizing niche differences associated with specific leaf
area (SLA) and leaf dry matter content (LDMC). These drivers of
individual-level survival were reflected in successional shifts to
higher SLA and LDMC diversity but lower WSG diversity. Our study
makes significant advances to identifying the links between in-
dividual tree performance, species functional traits, and mechanisms
of tropical forest succession.

community turnover | hierarchical Bayes | individual variation |
secondary forest | species interactions

uantifying the relative importance of mechanisms that drive
Q community assembly remains a central challenge in ecology.
Interspecific variation in ecological strategies is considered a
major driver of community assembly and has been classified by
Chesson (1) into relative fitness (i.e., per capita population growth
rate) differences and stabilizing niche differences (2). These pro-
cesses act concurrently, and their importance may vary over
space and time (3). However, the simultaneous effects of different
assembly mechanisms on community dynamics have not been well-
characterized, particularly in diverse communities such as tropical
forests. High dynamism of vegetation composition during tropi-
cal forest succession creates an ideal opportunity to investigate
the drivers of community assembly.

Interspecific niche and fitness differences can be characterized
through the lens of interspecific functional trait variation, an
approach that can shed light on drivers of community functional
composition and dynamics (2, 4, 5). Traits may mediate niche
and fitness differences in at least four ways (Fig. 1). First, in-
terspecific trait variation can be correlated with fitness in-
dependent of neighbor density, such that species possessing traits
associated with the highest fitness should exclude species with un-
favorable traits (1, 2) ( in Fig. 1). Second, traits may be associated
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with a species’ sensitivity to neighbor density (i.e., a trait x
crowding interaction effect on fitness). As a result, certain trait
values may have relatively low fitness under high crowding (6-9)
(2 in Fig. 1). For example, species with low wood specific gravity
(WSG) might have higher fitness at the initiation of succession
but be disadvantaged later in succession because of sensitivity to
crowding. Third, negative density effects of neighbors may be
asymmetric between species and dependent on hierarchies (i.e.,
species with favorable traits experience weaker negative density
effects of neighbors with unfavorable traits, generating relative
fitness differences) (10) (3 in Fig. 1). For example, species with
high WSG may have stronger negative density effects on neigh-
bors with low WSG than vice versa (10). Fourth, trait variation
may be related to local niche differences between neighbors,
such that greater trait differences weaken negative density effects
of neighbors and promote stable coexistence of functionally di-
verse neighbors (11, 12) (4 in Fig. 1). Overall, traits associated
with fitness differences (/-3 in Fig. 1) are expected to decrease in
diversity over time, whereas traits associated with stabilizing
niche differences (4 in Fig. 1) are expected to increase in diversity,
assuming no trait bias in immigration. Gaining a more nuanced,
complete, and predictive understanding of community assembly
requires that we quantify the effects of these assembly processes
on species demography and the associated changes at the com-
munity level (13, 14).

Successional tropical forests exhibit rapid community assembly
and thus, provide an ideal system for testing assembly theory (15).
High species richness and elevated tree growth and mortality rates
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Fig. 1. lllustration of the four mechanisms of trait-mediated assembly in-

cluded in our models. Assembly may be driven by species differences in (7)
survival independent of crowding by neighbors, (2) response to increased
crowding, (3) competitive hierarchies, and (4) local niche. All four processes
may be revealed through the lens of functional trait variation (the spectrum
from yellow to green) and its effects on mortality (black Xs). Note that the
color schemes are not meant to be mutually compatible. In 7, the green color
is associated with greater fitness (e.g., because of higher survival) compared
with yellow, independent of neighborhood crowding. (2) Green traits have
lower sensitivity to crowding relative to yellow traits (irrespective of
neighbors’ traits, which are shown in gray). (3) Species have trait hierarchies.
Here, green is dominant (i.e., greener species always have greater negative
effect on the performance of yellower neighbors than vice versa). (a) Be-
cause their traits are very different, the green species has a stronger com-
petitive effect on the yellow species compared with (b) the competitive
effect of the yellow-green species on the yellow species. (4) In contrast,
when trait variation is associated with stabilizing niche differences between
neighbors, negative density effects are experienced similarly by both species.
(a) Neighbors with greater trait-associated niche difference (green vs. yel-
low) have a weaker competitive effect relative to (b) species with less dif-
ference in traits (green vs. yellow-green).

relative to old-growth forests contribute to rapid species turnover
and increase the likelihood of detecting assembly processes
across succession (16). As succession proceeds, increased crowding
alters local resource availability, which may drive species turn-
over (17-19). Early successional forests are typically dominated
by species with acquisitive traits, such as low WSG and high
specific leaf area (SLA), which enable rapid growth, resource
capture, and high fitness under conditions of high resource
availability (17, 20, 21). In contrast, traits that tend to domi-
nate older forests [e.g., dense wood and tough leaves (22, 23)]
are thought to promote long-term survival and fitness under
high crowding and low resource availability (17, 24). Trait di-
versity is also expected to change as succession proceeds, although
the direction and mechanisms of diversity changes remain
unclear (23). Despite considerable previous efforts, few re-
searchers have tested these hypotheses using demographic
data in diverse systems.

We use a long-term dataset of tropical forest succession to dis-
entangle how trait-mediated processes drive community dynamics.
Spatially explicit longitudinal studies of individual performance
offer a powerful approach to reveal drivers of community dy-
namics (9, 12, 14, 25-27). Empirical studies of functional com-
munity assembly have typically compared static community
patterns across sites using aggregated trait metrics (28-30). These
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studies assume that community patterns are the result of prior
assembly processes. However, static and aggregated patterns
provide limited capability to distinguish between multiple, often
opposing assembly processes (14, 31).

Our novel approach simultaneously quantifies the relative im-
portance of multiple assembly processes and links these processes
to contrasting effects on functional diversity. We use trait data for
over 200 tree species, and we develop spatially explicit statistical
models of tree survival over 15 y across eight 1-ha forest plots at
diverse stages of succession in lowland wet forests of Costa Rica
(SI Appendix, Table S1). We ask three central questions about
trait-mediated effects on tree survival rates, a major component of
fitness, and successional community dynamics.

i) What are the simultaneous effects and relative importance of
four trait-mediated assembly processes on tree survival? Spe-
cifically, we ask four subquestions about the processes.

i.i) How are functional traits related to interspecific varia-
tion in average survival?

i.ii) How do trait relationships with survival change with
variation in neighborhood crowding?

i.iiif) Do competitive interactions depend on trait hierarchy,
indicating that crowding effects are based on dominance?

i.iv) Do competitive interactions with neighbors depend on
absolute trait differences between neighbors, suggesting
stabilizing niche differences?

ii) Is the demographic evidence for trait-mediated fitness and
niche differences (i) reflected in community-level changes
in trait diversity across successional stages? We expect that
traits associated with relative fitness (i.e., associated with greater
average survival, decreased sensitivity to crowding, and hierar-
chical dominance) will decrease in diversity over time, whereas
traits associated with stabilizing niche differences will increase
in diversity during forest succession.

iif) Is the demographic evidence for trait-mediated fitness differ-
ences reflected in functional differences between second-
growth specialists and old-growth specialists? We expect that
traits associated with greater relative fitness will be more
strongly associated with old-growth specialists compared with
second-growth specialists.

To answer these questions, we built hierarchical Bayes models
of community-wide stem survival, which include parameters for
each assembly process in questions ii-i.iv (12, 27) (details in
Methods). We fit models for each of three functional traits as-
sociated with resource use and life history: SLA (defined as leaf
area per unit dry mass), leaf dry matter content (LDMC; defined
as leaf dry mass over leaf fresh mass), and WSG (defined as the
density of wood relative to the density of water). These traits
represent leading axes of ecological variation among tropical
tree species that have been previously implicated in interspecific
variation in resource use efficiency, species interactions, and life
history strategies (32-34). SLA represents a major axis of vari-
ation between rapid resource acquisition for species with high
SLA vs. conservative strategies with low tissue turnover for
species with low SLA (32, 35). Species with high LDMC have
lower leaf protein and reduced ability to exploit resource-rich
environments but better performance under low resources and
drought (7, 34, 36, 37). WSG is associated with a tradeoff be-
tween rapid growth rates for species with low WSG and high
structural support and resistance to natural enemies for species
with high WSG (9, 33).

Results

Trait Relationships with Average Survival. Consistent with expect-
ations, average survival rates (independent of neighborhood)
were significantly higher for species with high LDMC and WSG
compared with species with low LDMC and WSG (/ in Fig. 2
and SI Appendix, Fig. S1). Contrary to expectations, SLA was not
significantly associated with survival.
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Standardized regression coefficients with greater absolute val-
ues are relatively more important in explaining survival. In this
regard, our model offers a clear way of comparing the relative
importance of the trait-based parameters that we studied. The
regression coefficient that determines the relationship between
traits and survival of each species independent of neighborhood
variation (f;) had the greatest magnitude of the four types of trait
effects considered (corresponding to /-4 in Figs. 1 and 2).

Neighborhood Crowding and Trait Relationships with Survival. On
average, species survival decreased with increased neighborhood
crowding, which was measured by the neighborhood crowding
index (NCI) (Methods). However, interspecific variation in sen-
sitivity to crowding was not significantly associated with any of
the three traits (2 in Fig. 2, f>-parameter and SI Appendix).

Trait-Mediated Competitive Dominance Hierarchy. The effects of
trait-mediated hierarchical dominance interactions, measured by
hierarchical trait differences with neighbors [signed trait differ-
ence weighted by NCI (NCIH)] (Methods), were only significant
for WSG (3 in Fig. 2, f3-parameter and SI Appendix). We found
that negative crowding effects on survival were lower for focal
trees when their WSG was higher than that of neighbors. Note
that hierarchical effects were dependent on the signed trait dif-
ference, size, and proximity of neighbors and thus, are distinct
from WSG effects on species average survival rates (f;).

Traits and Stabilizing Niche Differences Among Neighbors. Two of
three traits exhibited significant evidence for niche differences in
neighbor interactions. Focal trees had significantly greater sur-
vival when there were greater absolute differences with neigh-
bors in LDMC and SLA [absolute trait difference weighted by
NCI (NCIS)] (4 in Fig. 2, p,-parameter). Our findings suggest
that, overall, increased trait difference with neighbors was as-
sociated with increased survival of focal trees.

Successional Changes in Trait Diversity. Median neighborhood
crowding (NCI) among individuals in 10-m radius neighborhoods
increased rapidly during early succession (10-14 y after aban-
donment) (Fig. 3). After 15-20 y, median crowding remained
roughly constant but declined in old-growth stands. Neighbor-
hood trait diversity (NTD) was measured as the average trait
difference between focal trees and their neighbors weighted by
neighbor size and proximity. N7D showed divergent changes with

Decrease local trait diversity Increase local trait diversity

1. Intercept x trait 2. Crowding x trait 3. Hierarchial trait diff. 4. Absolute trait diff.

(Fig. 1.1, B1) (Fig. 1.2, B2) (Fig. 1.3, B3) (Fig. 1.4, B4)
0.0 0.5 0.0 05 0.0 0.5 0.0 0.5
| | | | | | | |
LDMC —| —— —— —— ——
SLA | —=— —o— - —e—
WSG —| —— —— —— ——

Fig. 2. Standardized regression coefficients modeling the effects of trait-
mediated assembly processes on survival. Numbered g-subscripts 1-4 corre-
spond to research questions i.i-i.iv and similarly numbered processes 1-4 in
Fig. 1, respectively. The first three modeled processes (7-3) promote lower
trait diversity among neighbors, whereas the last process (4) promotes
greater trait diversity. Circles show posterior medians of g-coefficients, and
lines indicate 95% confidence intervals (filled circles indicate significant
effects). Positive § indicates greater survival with increasing values of the
covariate. For example, positive ; for WSG for survival indicates that species
with greater WSG had greater survival, independent of crowding effects.
Negative f, for LDMC for survival indicates that species with greater LDMC
were more sensitive to crowding effects (NC), although the finding was not
significant. Positive 3 for WSG for survival indicates that trees with higher
WSG had a greater negative impact on neighbors with relatively lower WSG
than vice versa (NCIH). Positive 5, for LDMC and SLA indicates greater survival
for focal trees with high absolute trait differences with neighbors (NCIS).
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Fig. 3. Change in stem neighborhoods with increasing stand age. (A) Change
in median NC/ [log(NC/)] (Methods). (B) Change in NTD, which is weighted by
neighbor proximity and size. Gray lines indicate divisions between stand age
categories used to test the effect of stand age on NTD. NTD represents the
average trait difference between focal trees and their neighbors weighted by
neighbor size and proximity calculated for each trait (Methods). Each of the
eight 1-ha forest plots is represented by a differently colored line.

stand age depending on the functional trait (Fig. 3 and SI Appen-
dix). NTD measured with LDMC (linear mixed effects model;
t = 3.8, P =0.0003) and SLA (t = 5.3, P < 0.0001) significantly
increased from early-growth to midsuccessional to old-growth
stands. In contrast, WSG showed a decreasing trend in NTD
in older stands, although the trend was not significant (t = —1.2,
P =0.2291).

Trait Differences of Second-Growth vs. Old-Growth Specialists. We
used a recently developed multinomial model to classify 66 species
as second-growth specialists and 133 species as old-growth spe-
cialists based on relative abundances in each habitat; the remaining
189 species were either generalists or too rare to classify (38). Old-
growth specialists had significantly greater WSG (mean = 0.57)
compared w1th second-growth specialists (mean = 0.44, Wilcoxon
test: P < 1077). In contrast, old-growth spemahsts did not have
significantly different LDMC (mean =0.35 g g7 ') or log SLA
(mean = 2.68 log mm* mg™') compared with second-growth
spemahsts (mean LDMC = 0.34 g g~" and mean log SLA = 2.71
log mm? mg™'; P = 0.60 and P = .54, respectively).

Discussion

We coupled a long-term study of tree demography in successional
forests with a novel modeling approach to reveal the relative im-
portance of four trait-mediated, spatially explicit mechanisms un-
derlying community assembly during tropical forest succession.
Ourmodelsincluded trait-mediated effects associated with relative
fitness differences—mean survival, responses to crowding, and
dominance hierarchies—and effects associated with stabilizing
niche differences within local neighborhoods.

Among these mechanisms, our evidence indicated that the most
important were trait-mediated relative fitness differences among
species (Fig. 2, f;). The link between traits and average survival is
not surprising given that the traits that we studied are closely as-
sociated with resource acquisition, storage, and defense (32, 33, 35,
39-41). Among the traits considered, WSG was the strongest
predictor of species average survival, independent of variation
in neighborhood crowding. In accordance with other studies,
we found that higher WSG was associated with higher survival
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(9, 40, 42, 43). WSG is closely related to resistance to physical
damage but also correlates with other traits that may reduce
mortality, such as resource conservation and high leaf toughness
(44). Additionally, we found that average species survival was
greater for species with high LDMC values. Like WSG, high
LDMC is associated with conservative resource use strategies
and drought resistance (34, 36, 37). Our study sites are closed
canopy midsuccessional and old-growth stands with low light
availability, which may favor persistence of species with high
LDMC and WSG that can avoid mortality by withstanding low
resource availability.

We did not find significant effects of species traits on sensitivity
to crowding (Fig. 2, ,). The lack of crowding response effects may
seem surprising given findings that traits associated with late-
successional species typically confer higher relative fitness under
low resource conditions (17, 24). Successional niche theory pre-
dicts a tradeoff between species having high fitness under low
crowding and species with high fitness under high crowding (21).
This tradeoff is thought to be a major empirical driver of com-
munity turnover (45). Our findings may be partly due to the fact
that the youngest stands in our dataset were 10 y in age, and we
had fewer young stands with low crowding compared with mid-
successional stands with high crowding. Additionally, high fitness
of early-successional specialists may be caused by rapid growth
and fecundity, vital rates that we did not include here (8). Thus, we
may have been limited in our ability to characterize traits associ-
ated with fitness during initial stages of succession. Because our
study was observational, we were unable to observe all species
under a full range of crowding conditions, potentially limiting our
power to detect interspecific variation in crowding responses.
Nevertheless, our observations reflect the conditions that species
encounter in natural stands and thus, reflect the importance of
assembly mechanisms at work under realistic crowding variation.

Our study provides evidence for the importance of trait-
associated stabilizing niche differences in succession. We found
significant effects of trait similarity between focal trees and
neighbors (f,), consistent with the hypothesis that species niche
differences associated with functional traits mediate species
interactions. SLA, a key indicator of ecological strategy (35),
showed the strongest demographic evidence for stabilizing niche
differences among neighbors (Fig. 2, ;). SLA is closely linked to
a tradeoff between photosynthetic rate and cost of leaf con-
struction or leaf lifespan (32). Species that differ in SLA may
compete less strongly and be more likely to stably coexist com-
pared with species with similar SLA. Additional studies from
mature tropical forests have implicated SLA in environmental
filtering and niche differentiation (27-29), although SLA-medi-
ated interactions were less important in hurricane-prone forests
in Puerto Rico (12). Differences in LDMC among neighbors also
were associated with higher survival, although previous studies
did not find an importance of LDMC for neighborhood niche
differences among tropical trees (12, 28, 29). Additionally, effects
of trait similarity between focal trees and neighbors (f,) were
significant, whereas focal tree trait effects on crowding response
(p2) were not, indicating that crowding effects are more dependent
on the composition of neighborhoods than the traits of focal trees.

Our models showed weaker evidence for fitness differences
associated with trait-mediated hierarchical interactions than
trait-mediated stabilizing niche differences. However, hierarchi-
cal effects of high WSG species were evident in that species with
greater WSG had stronger impacts on neighbors with lower
WSG (Fig. 2, f5). This pattern may be the result of greater re-
source conservation in species with high WSG values (10). This
result supports the findings by Kunstler et al. (10) in French
forests, where neighborhood interactions were better modeled by
hierarchical trait effects than effects of absolute trait differ-
ences. Although we found hierarchical effects only for WSG, the
difference in our findings might be attributed to the fact that
Kunstler et al. (10) did not incorporate trait associations with
species average demography, which were the most important trait-
mediated drivers in our study. Our results suggest that the most
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important differences among species in community assembly may
be fitness differences independent of variation in neighbor density.

Another goal of our study was to link trait-mediated effects
on survival rates to long-term changes in trait diversity at the
community level. We expected that traits associated with stabi-
lizing niche differences among neighbors would display increased
trait diversity as stands age. Consistent with this expectation,
absolute difference in neighbor SLA and LDMC was associated
with significantly higher survival, suggesting niche differences among
neighbors, and these same traits also showed greater neighborhood
trait diversity in older stands. We previously observed increasing
phylogenetic diversity with stand age in our plots (46), which as-
suming that traits are conserved, is likely influenced by trait-medi-
ated niche differences. However, the demographic effects of trait-
mediated niche differences were countered by strong trait correla-
tions with average demography, suggesting that assembly simulta-
neously changed community trait means and variance. The only trait
that exhibited decreased diversity over time was WSG. This result is
consistent with the strong correlation between WSG and average
survival rates and competitive hierarchies suggesting relative fitness
differences, which are expected to reduce neighborhood trait di-
versity. Although other assembly processes can contribute to changes
in neighborhood trait diversity, we did not observe a significant trend
in neighborhood trait diversity caused by recruits replacing dead
stems (SI Appendix).

We expected that traits associated with higher relative fitness
would be more prevalent among old- vs. second-growth spe-
cialists. The trait-demographic relationships that we modeled
were largely consistent with differences that we observed be-
tween second- and old-growth specialists and findings from
previous studies. WSG is related to physical sturdiness and was
significantly higher among old- vs. second-growth specialists, and
it was also associated with higher species survival (Fig. 2 and SI
Appendix, Fig. S1). Thus, higher survival of better defended and
structurally sound species is likely a major driver of successional
habitat specialization, consistent with previous observations of
successional trait changes of other forests (10, 19, 22). Our
results suggest that communities shift to functional types with the
highest survival during succession. Additionally, it is possible that
trait differences between second- and old-growth specialists were
associated with competition colonization tradeoffs (21), although
we did not quantify colonization ability.

Our results offer important insights into the mechanisms of
successional community dynamics. Researchers have hypothesized
that increased crowding drives community succession, because
species with acquisitive functional traits that colonize and grow
rapidly early in succession compete poorly under crowded con-
ditions later in succession (18, 21, 45). We did not find evidence to
support this hypothesis, because no trait was significantly asso-
ciated with species response to crowding. However, additional
traits that we did not study may be associated with crowding
responses and other fitness and niche differences. Also, note that
a given trait may be associated with variation in both fitness and
niche (5). Our results suggest that second-growth specialists with
low WSG have lower fitness than old-growth specialists, leading
to declining populations during forest succession (22). The pres-
ence of second-growth specialists in successional habitats may be
promoted by colonization abilities and rapid generation time,
possibly trading off with competitive ability and long-term per-
sistence (21). Finally, our results are consistent with other studies
that show trait-dependent changes in functional diversity over
succession (23, 30). Our results suggest that differences in suc-
cessional trajectories among traits are partly caused by the degree
to which traits are associated with fitness vs. niche differences.

Conclusions

We used the large amount of information contained in individual
tree neighborhoods and long-term performance to elucidate
multiple functional and demographic drivers of tropical forest
community assembly. Our analysis revealed evidence of major
assembly roles for (i) trait-based demographic differences that
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contribute to interspecific fitness differences and (ii) trait-based
stabilizing niche differences that reduce interspecific compe-
tition and contribute to successional increases in functional
diversity (1, 2). Specifically, we showed that traits likely linked
with niche differences (SLA and LDMC) increased in diversity
with succession, whereas a trait likely linked with only fitness
differences (WSG) decreased in diversity with succession. Our
long-term study indicates that higher WSG likely enhances species
survival and fitness, supporting hypothesized links between
functional traits, demography, and successional change (47).
Our study makes significant advances to the goal of quantifying
the mechanisms underlying community assembly and dynamics in
natural communities. Future studies should include vital rates not
modeled here to definitively link neighborhood interactions, per
capita population growth rates, and species and functional diversity
with community assembly.

Methods

Study Sites and Data. We annually monitored woody stems >5 cm in diameter
at breast height (DBH) in six successional and two mature forest 1-ha plots in
the Caribbean lowlands (50-220 m above sea level) of Costa Rica (19, 46, 48,
49) (SI Appendix, Table S1). Four successional plots were monitored beginning
in 1997, and the remaining plots were monitored beginning in 2005. Here, we
include data through the 2011 census. All plots had been cleared and grazed
lightly for several years before abandonment and had closed canopies from
the initiation of vegetation monitoring (50). Each stem was identified to
species, tagged, mapped, and annually measured for DBH. After excluding
stems within 10 m of plot edges (4,870 stems), we modeled the survival of
5,265 unique stems across the 1997-2011 study period. Survival was not
modeled for 440 stems belonging to species with unknown trait data.

We used standardized, published protocols for all functional trait mea-
surements (more details in S/ Appendix) (39, 51). We measured functional
traits for 215 species of a total of 389 species, including 200 of 226 tree
species that had four or more individuals in any of the annual censuses.
Measurements were made on 1-62 individuals per sampled species. In ad-
dition to SLA, LDMC, and WSG, we measured leaf size (centimeters?), leaf
thickness (millimeters), leaf toughness (N millimeter™"), and leaf density
(milligrams millimeter=3). Results for leaf size, thickness, toughness, and
density can be found in S/ Appendix.

Demographic Models. We separately fit survival models for each trait to
manage model complexity and correlations among traits (SLA vs. WSG,
r = —0.07; WSG vs. LDMC, r = 0.30; LDMC vs. SLA, r = 0.63). Each model in-
cluded the species sampled for that trait. We excluded species with missing
traits from analysis of survival, although their effects on focal stems were
included as an additional term.

The model takes the form

Hptsim =Ps +Pas |°g (NCIptsim) +/33$NCIHptsim +Pas |°g (NCISptsim)
+ﬁ55 |°g (DBHptsim) +ﬂ65 Iog (NCIUptsim) [1]
U+ @y + 7+ 0pt,

where e#wsim gives the scale parameter for a Weibull distribution, de-
termining expected survival time. The subscripts refer to stem m of in-
dividual i (potentially multistemmed) of species s in plot p measured in
census years t and t + 1. The first four terms in the regression are associated
with the four studied ways in which functional trait variation affects com-
munity assembly (corresponding to 7-4 in Fig. 1). The first term of the re-
gression, fiz;, is a species-specific intercept, whereas the next three terms
determine the effects of crowding by neighbors (NC/), crowding by neigh-
bors dependent on trait hierarchy (NC/H), and crowding dependent on ab-
solute trait differences between focal trees and neighbors (NC/S). Additional
coefficients describe effects of size (DBH) and crowding by neighbors with
unknown traits (NCIU). All coefficients in a given trait model were fit si-
multaneously, including second-level regressions (Egs. 2 and 4). Expected
survival time b(up¢sim) was modeled with Weibull-distributed process error,
where survival time was left- and right-censored from the recensus date (52).
Covariate effects (e.g., DBH and NCI) are included as their state in year t.
Normally distributed random effects for individual, plot, year, and year x
plot are 1, @p, 7+ and v, respectively.

Trait relationships with average survival. To address question i.i above, we
modeled how species traits affect species average survival, ;s in a second-
level (i.e., species-level) regression:
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P1s=P1r.o+FsPr +e1s, [2]

where f; gives the effect of functional trait F;, £, is the normally distributed
random effect of species s, and f;, is the intercept for all species. High
values of |$;| indicate a close link between a trait and average survival.
Neighborhood crowding and trait relationships with survival. To address question
i.ii, we modeled how the traits of a focal tree mediate its response to
crowding (B). First, we calculated NC/ for each stem m based on the size
and distance of its neighbors,

J. DBH?
NClotsim= >~ 3]
j=1, m#  “mj

where d,,; is the distance between stem m and neighbor j, of which there are
Jtotal neighbors within a specified radius. We used a radius of 10 m, which is
sufficient to capture the great majority of neighborhood effects (25, 53). As
noted above, to avoid edge effects, we excluded stems within 10 m of plot
boundaries in our analysis.

Second, we modeled trait effects on species response to crowding, fzs
(Eg. 1), in an additional second-level regression:

Pas=Pro+FsPr+e2s, [4]

where g, determines the influence of functional trait F; on species response
to NCI. High values of |,] indicate a close association between interspecific
variation in traits and sensitivity to crowding.

Traits and competitive dominance hierarchies. To address question iiii, we
modeled crowding effects dependent on trait hierarchy between neighbors,
where the competitive effects of a species pair are asymmetric (e.g., low trait
value more negatively affected by crowding of neighbor with high trait
value). These effects, NCIH, are calculated as

s S DBH?
NClHptsim = Z |:isk Z fj ' [5]
k=1 j=t, m# “mj

where s is the focal species and S is the total number of neighbor species k.
The effect of crowding is mediated by the trait differences between neigh-
bors, Ag, which are calculated as Ay = F; — F, where F; and Fy are the traits of
focal species s and neighboring species k, respectively (10). The effect of NCIH
is determined by the gs-coefficient (Eq. 1), which when positive, indicates that
neighborhood crowding effects are relatively weaker when focal tree trait
value F; is greater than the neighbors’ trait value F,. When p3 is negative,
crowding effects are relatively weaker when focal tree trait value F; is less than
the neighbors’ trait value Fy. NCIH = 0 for conspecific neighbors (i.e., s = k).

Traits and niche variation among neighbors. To address question i.iv, we assumed
that crowding effects could depend on absolute symmetric trait differences
between focal stem m and neighbors j (of J, neighbors of species k) as follows:

s S DBH?
NCISptsim=Y {}Ask} > Tl [6]
k=1 j=1, m#j mj

As opposed to NCIH, NCIS is based on the absolute value of trait differences,
Jsk (12). The sign of the g -coefficient determines the effect of NCIS (Eq. 1),
with positive values indicating that greater trait differences with neighbors
lead to amelioration of crowding effects. NCIS = 0 for conspecific neighbors
(i.e., s = k).

Trait-independent effects. Ontogenetic changes in survival are modeled by the
DBH parameter (8s,), which is species-specific and drawn from a normal distri-
bution with mean fs. We lacked trait data for some rare species. To account for
potential bias in their crowding effects, we calculated an additional term, NCIU,
with coefficient fgs (EQ. 1). NCIU was not weighted by traits and was equal to NC/
summed only for neighbors j belonging to species with missing trait data.

Interspecific variation in trait-mediated crowding responses was modeled
such that species-specific parameters fs;, fs, and pg; were drawn from
normal hyperdistributions with means g3, 54 and ps, respectively (9, 27). For
regression purposes, NC/ and NCIS were transformed by adding one and
taking the log, because metrics were highly right-skewed. Trait, NCI, NCIS,
NCIH, and NCIU metrics were all standardized to mean zero and unit SD to
facilitate interpretation and comparisons among parameters (54).

We fit separate survival models for each trait. All parameters were given
proper diffuse priors, and posterior sampling was conducted by Markov
Chain Monte Carlo using JAGS software (http:/mcmc-jags.sourceforge.net/).
p-Parameters were considered significant when 95% confidence intervals
did not overlap with zero. We conducted predictive checks by simulating
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survival for each stem based on the underlying parameter posterior samples
and calculating accuracy of predictions (54).

Successional differences in neighborhood trait diversity. \We also studied succes-
sional changes in NTD of each stem, which were the weighted average trait
differences between a focal stem and its neighbors. We calculated NTD = NCIS/
NCI to weight pairwise trait differences by the proximity and size of neighbors
(i.e., the components of NCI). For each plot in each year, we calculated the
mean NTD for each trait. We classified stand age as a categorical ordinal
covariate [1 = early successional (<24 y old), 2 = midsuccessional (24-39 y old),
3 = old growth (unknown age)]. We then tested whether NTD for each trait
changed linearly across the three stand age categories using a linear mixed
effects model with plot as a random effect (implemented using the R package
nlme) (55).

Trait differences between second- and old-growth specialists. We tested for trait
differences among species classified as second- vs. old-growth specialists.
Classifications were taken from a multinomial analysis of species rela-
tive abundances in second- vs. old-growth stands (38). We tested for
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differences in species traits between the two categories using Wilcoxon
rank sum tests.
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Methods

Study sites

Our forest plots were located in Sarapiqui County, Heredia Province, Costa Rica
(Table S1). The regional life zone is tropical wet forest with annual temperature
and rainfall averaging 26° C and ~3800 mm, respectively (1). Soils in the study
areas are derived from weathered basalt and are primarily classified as ultisols (2).
Conditions at plots prior to abandonment were largely consistent although plots

varied in the abundance of remnant trees and surrounding vegetation (3).

Trait data

Whenever possible we sampled fully expanded sun-lit leaves with low levels of
herbivory or epiphyll cover. For each tree, we collected small branches from the
field and transported them to the lab in plastic bags. In the lab, we re-cut the stems
and stored them in water to ensure that all tissues were equally hydrated. Samples
were stored in the dark at 4°C until measurements were made. Fresh weight, leaf

size, leaf thickness and leaf toughness were measured within 24 hr. Leaf size was
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measured on a digital leaf area meter (LI-3100, LiCor Environmental, Lincoln,
Nebraska). Leaf thickness was measured with a digital micrometer, and we used a
leaf penetrometer to measure leaf toughness (punch force; Chatillion push-pull
gauge, Chatillion, USA). Dry leaf weight was measured after drying for ~72
hours at 60°C. Leaf density was calculated as the inverse of leaf thickness*leaf
dry matter content*specific leaf area (4). Trait values were measured on two
leaves per tree, and averaged prior to analyses. We measured wood specific
gravity (WSG) on 1-51 individuals of 176 study species. We used a 5.15 mm
increment borer (Suunto, Finland) to core each tree from the bark to the pith.
Samples were transported to the lab in plastic bags. After removing the bark, we
measured wood core volume with the water displacement method and dry weight
after ~72 hrs at 105°C (5).

Leaf traits were measured on a total of 1,984 individuals (Table S2).
Wood specific gravity (WSG, unitless) was measured on 1,281 individuals of 176
species. We log-transformed leaf size, leaf density, SLA, leaf thickness, and leaf

toughness because all were strongly right-skewed.

Demographic models

Diameter effects

In order to control for spurious correlations between species identity and mean
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DBH variation among species we standardized DBH to the mean for each species.

Change in neighborhood trait diversity (NTD)

In the main text we presented results on total change in NTD, i.e. change in
diversity due to growth, mortality and recruitment. To further investigate the
potential causes of changes in NTD, we also partitioned NTD into that arising
from growth and stem turnover. NTD change due to neighbor growth is calculated
as (NCIS / NCI for a stems’ neighbors at time ¢ + 1) - (NCIS / NCI for a stems’
neighbors at time ¢), restricted to those neighbors surviving the interval. Thus
when growth of neighbors increases neighbor trait diversity, NTD change is
positive. Change in NTD due to growth was averaged for all stems in each plot,
and plot averages were then averaged across years. Thus the unit of observation in
the t-test was each plot. Change in NTD due to stem turnover was computed
similarly, with the exception that it was calculated as (NCIS / NCI for a stems’
neighbors recruiting between time ¢ and ¢ + 1) - (NCIS / NCI for a stems’
neighbors dying between time ¢ and ¢ + 1). Thus a negative value for change in
NTD due to turnover indicates that recruiting stems were less functionally diverse

(standardized to their NCI) than dying stems.

Results
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Survival model overview — We fit survival models for each of the traits (see
Methods). Mean annual stem survival varied between 96.1 and 96.4%, depending
on the species included for each trait model. Posterior predictions had 93.4-94.0%
accuracy in predicting survival vs. mortality, predicting survival accurately in
96.6-96.9% of cases (Table S3). Survival was significantly greater for large DBH
individuals of a species compared to small individuals in all models (Table S4).
Survival also tended to be greater for individuals in less crowded neighborhoods

(Table S5)

1. Trait relationships with average survival

Species with high leaf toughness and low leaf size had significantly greater

average survival while other traits were not significant (Table S6).

2. Neighborhood crowding and changes in trait relationships with survival

No additional traits of focal trees significantly influenced species response to

crowding (S, parameter, Table S7).

3. Trait-mediated competitive dominance hierarchy
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Other traits did not show significant hierarchical dominance effects (Table S8, f;

parameter).

4. Traits and niche variation among neighbors

Two other traits exhibited significant evidence for niche-based neighbor
interactions. Focal trees exhibited significantly greater survival as absolute trait
differences with neighbors (NCIS: trait difference weighted by NCI) increased for
leaf size and leaf thickness (5, parameter, Table S9). Neighbor differences for
other traits had no significant effects on survival. However, estimates for the

effect of NCIS on survival were positive in all cases.

5. Successional differences in trait diversity

Neighborhood trait diversity (N7D) increased with stand age for the remaining
functional traits. Leaf size (linear mixed effects model; t=5.8, p<0.0001), leaf
thickness (t = 5.0, p<0.0001), leaf toughness (t = 6.6, p<0.0001) and leaf density
(t=3.9, p=0.0002) all showed significant increases in NTD from early- to mid-

successional stands to old-growth stands.

Sources of change in neighborhood trait diversity (NTD)
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Increases in NTD with stand age were partly due to annual growth of surviving
neighbors, with leaf size and thickness showing significant annual increases in
NTD due to growth (one sample t-tests, see Table S10, Figure S2). In contrast, no
traits showed significant positive annual change in NTD due to stem turnover, and
NTD for LDMC and WSG showed significant annual decreases due to stem

turnover (Table S10, Figure S2).
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Tables

Table S1. Stand characteristics of eight 1-ha monitoring plots in northeastern

Costa Rica. The number of unique stems whose survival was modeled is included.

This table is modified from Table 1 of Chazdon et al. (2010).

Plot name

(abbreviation)

El Bejuco
(EB)

Juan Enriquez

(JE)

Lindero Sur
(LSUR)

Tirimbina
(TIR)

Lindero El
Peje
secondary
(LEPS)

Year
abandoned

1995

1995

1985

1982

1977

Year
sampling
initiated

2005

2005

1997

1997

1997

Location

Chilamate

Chilamate

La Selva

La Virgen

La Selva

Latitude/
Longitude

10.46°N/
84.06°W

10.46°N/
84.07°W

10.41°N/
84.03°W

10.40°N/
84.11°W

10.43°N/
84.03°W

Surrounding
landscape

Pasture,
old-growth
and second-

growth

forest

Pasture,
old-growth
and second-

growth

forest

Old-growth
and second-
growth
forest

Pasture,
plantations,
and second-

growth

forest

Old-growth
and second-
growth
forest

Unique
stems
modeled

603

619

765

641

802



Cuatro Rios
(CR)

Lindero El
Peje primary
(LEPP)

Selva Verde
(SV)

150

155

1972

Old-
growth

Old-
growth

1997

2005

2005

La Virgen

La Selva

Chilamate

10.39°N/
84.13°W

10.42°N/
84.04°W

10.44°N/
84.07°W

Pasture,
second-
growth and
old-growth
forest

Old-growth
forest

Pasture,
second-
growth and
old-growth
forest

736

497

602



Table S2. Summary statistics for traits and number of individuals and species

sampled.
N individuals N species N species Mean Minimum  Maximum  Standard

w/ at least deviation
4 individuals

Leaf size (cm®) 1982 213 153 253.821 4442  9464.399 878.598

LDMC (g g™") 1985 214 153 0.337 0.136 0.590 0.079

SLA (mm’ mg™) 1982 213 153 16.363 4.607 38.424 5.887

Leaf thickness (mm) 1979 213 152 0.205 0.106 0.511 0.055

Leaf toughness (N mm™) 1902 212 150 0.359 0.057 1.198 0.180

Leaf density (mg mm™) 1979 213 152 1.079 0.699 2.480 0.225

WSG (unitless) 1281 176 110 0.513 0.139 0.806 0.138
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Table S3. Accuracy of posterior predictive simulations of survival (averaged
across posterior simulations). Accuracy is further split into proportion of
surviving trees predicted accurately and proportion of dying trees predicted

170  accurately. Trait abbreviations: LDMC = leaf dry matter content, SLA = specific

leaf area, WSG = wood specific gravity.

Prediction Surviving trees Dying trees
accuracy prediction accuracy prediction accuracy
Leaf size 0.939 0.968 0.143
LDMC 0.940 0.969 0.159
SLA 0.940 0.969 0.157
Leaf thickness 0.937 0.967 0.179
Leaf toughness 0.934 0.966 0.143
Leaf density 0.935 0.966 0.147
WSG 0.936 0.967 0.136
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Table S4. The slope of DBH effect on survival for the full model (eqn. 1 in the
main text), incorporating different traits, and showing median of posterior
distributions with 95% CI in parentheses. fs is the average DBH effect across
species; note that in our model the DBH effect varied randomly across species [fss
~N(0, ¢°)]. Also note that DBH effects were not modeled as a function of traits,
or neighbors, so that similar DBH effects were expected across models. DBH
values were standardized within species. Note that all 95% Cls exclude zero. Trait
abbreviations: LDMC = leaf dry matter content, SLA = specific leaf area, WSG =

wood specific gravity.

Model s survival DBH effect
Leaf size 0.184 (0.012, 0.338)
LDMC 0.206 (0.056, 0.382)
SLA 0.207 (0.038, 0.347)
Leaf thickness 0.215 (0.065, 0.357)
Leaf

toughness 0.205 (0.042, 0.355)

Leaf density 0.206 (0.07, 0.344)
WSG 0.229 (0.073, 0.367)



195  Table SS. The slope of NCI effect, 2 (see eqn. 4), on survival for models
incorporating different traits, showing median of posterior distributions with 95%
CI in parentheses. Entries in bold indicate 95% Cls that exclude zero. Trait
abbreviations: LDMC = leaf dry matter content, SLA = specific leaf area, WSG =

wood specific gravity.

200
Model B2.0 survival NCI effect
Leaf size -0.136 (-0.243, -0.029)
LDMC -0.097 (-0.203, -0.008)
SLA -0.155 (-0.258, -0.041)
Leaf thickness -0.098 (-0.205, -0.001)
Leaf toughness -0.063 (-0.166, 0.045)
Leaf density -0.103 (-0.208, -0.014)
WSG -0.077 (-0.196, 0.038)
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215

220

Table S6. Effect of interspecific trait variation on average survival rates f; (see
eqn. 2). Posterior medians and 95% Cls are shown. Entries in bold indicate 95%
CIs that exclude zero. Trait values were standardized to mean zero and unit
standard deviation. Trait abbreviations: LDMC = leaf dry matter content, SLA =

specific leaf area, WSG = wood specific gravity.

Model B survival intercept*trait effect
Leaf size -0.285 (-0.515, -0.068)

LDMC 0.293 (0.037, 0.53)

SLA -0.048 (-0.277, 0.186)

Leaf thickness  -0.065 (-0.303, 0.178)
Leaf toughness 0.373 (0.142, 0.596)
Leaf density -0.23 (-0.435, 0.02)
WSG 0.531 (0.279, 0.768)
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Table S7. Effect of the interaction between NCI and traits on survival rates, £,
(see eqn. 4). Negative values indicate greater sensitivity to NCI, i.e. reduced
performance as NCI and the trait increase or reduced performance as NCI
increases for specific habitat groups. Posterior medians and 95% Cls are shown.
Entries in bold indicate 95% Cls that exclude zero. Trait values were standardized
to mean zero and unit standard deviation. Trait abbreviations: LDMC = leaf dry

matter content, SLA = specific leaf area, WSG = wood specific gravity.

Model B2 survival NCI sensitivity
Leaf size 0.028 (-0.053, 0.131)
LDMC -0.103 (-0.216, 0.02)
SLA 0.013 (-0.089, 0.115)

Leaf thickness -0.006 (-0.098, 0.089)
Leaf toughness -0.008 (-0.097, 0.08)
Leaf density -0.016 (-0.103, 0.075)
WSG 0.054 (-0.047, 0.155)
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Table S8. Effect of crowding mediated by trait hierarchy of neighboring trees
(NCIH), p; (see eqn. 1). Positive values indicate that as a neighbor's value of the
trait decreases relative to the focal tree, the effect of crowding is reduced.
Posterior medians and 95% Cls are shown. Entries in bold indicate 95% CIs that
exclude zero. Trait values were standardized to mean zero and unit standard
deviation. Trait abbreviations: LDMC = leaf dry matter content, SLA = specific

leaf area, WSG = wood specific gravity.

Model L3 survival NCIH effect
Leaf size -0.018 (-0.091, 0.069)
LDMC 0.103 (-0.021, 0.194)
SLA -0.082 (-0.16, 0.001)

Leaf thickness  0.025 (-0.066, 0.109)
Leaf toughness 0.067 (-0.042, 0.171)
Leaf density 0.044 (-0.031, 0.136)
WSG 0.171 (0.028, 0.324)
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Table S9. Effect of crowding mediated by trait similarity of neighboring trees
(NCIS), B4 (see eqn. 1). Positive values indicate that as neighbor trait differences
increase, the effect of crowding is reduced. Posterior medians and 95% Cls are
shown. Entries in bold indicate 95% Cls that exclude zero. Trait values were
standardized to mean zero and unit standard deviation. Trait abbreviations:

LDMC = leaf dry matter content, SLA = specific leaf area, WSG = wood specific

gravity.
Model P4 survival NCIS effect
Leaf size 0.157 (0.03, 0.301)
LDMC 0.166 (0.035, 0.328)
SLA 0.184 (0.075, 0.308)

Leaf thickness 0.147 (0.041, 0.262)
Leaf toughness 0.056 (-0.039, 0.169)
Leaf density 0.098 (-0.008, 0.228)
WSG 0.052 (-0.041, 0.164)
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Table S10. Average plot change in NTD due to neighbor growth or turnover
tested versus a null expectation of zero (one sample t-test, N = 8 plots, df = 7).
NTD change due to neighbor growth is calculated as: (NCIS / NCI for a stems’
neighbors at time ¢ + 1) - (NCIS / NCI for a stems’ neighbors at time ¢), restricted
to those neighbors surviving the interval. Thus when growth of neighbors
increases neighbor trait diversity, NTD change is positive. Change in NTD due to
growth was averaged for all stems in each plot, and plot averages were then
averaged across years. Thus the unit of observation in the t-test was each plot.
Change in NRD due to stem turnover was computed similarly, with the exception
that it was calculated as: (NCIS / NCI for a stems’ neighbors recruiting between
time t and ¢ + 1) - (NCIS / NCI for a stems’ neighbors dying between time ¢ and ¢
+ 1). Thus a negative value for change in NTD due to turnover indicates that
recruiting stems were less functionally diverse (standardized to their NCI) than
dying stems. Entries in bold indicate significant results. Trait abbreviations:
LDMC = leaf dry matter content, SLA = specific leaf area, WSG = wood specific

gravity
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Trait

Leaf size
LDMC

SLA

Leaf thickness
Leaf toughness
Leaf density
WSG

Change in NTD due to

neighbor growth

2.55
-0.23
-1.16

3.07

1.22

1.03

0.10

0.0383
0.8219
0.2857
0.0182
0.2619
0.3385
0.9200

-0.13
-3.46
-0.88

0.60
-0.61
-1.50
-3.98

Change in NTD due to
Stem turnover

0.8974
0.0105
0.4087
0.5671
0.5624
0.1766
0.0053



Species mean survival (B s)

Figures
Figure S1. Relationship between species traits and survival. Each species is

285  represented by a dot with size proportional to the square root of number of
observations. A) Species (N=176) mean survival increases (y-axis) as WSG
increases (x-axis). B) As leaf dry matter content (LDMC) increases (shown as dot
color), species (N=214) mean survival increases (x-axis). Parameter values are
plotted in model units. Lines show 95% CI for each species parameter, which is

290  drawn from a hyperdistribution.
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Figure S2. The change in NTD due to (A) the growth of surviving neighbors or
(B) replacement of dying neighbors by recruiting neighbors. NTD change due to
neighbor growth is calculated as (NCIS / NCI for a stems’ neighbors at time ¢ + 1)
- (NCIS / NCI for a stems’ neighbors at time ¢), restricted to those neighbors
surviving the interval. Thus when growth of neighbors increases neighbor trait
diversity, NTD change is positive. Change in NTD due to growth was averaged
for all stems in each plot, and plot averages were then averaged across years. Thus
the unit of observation in the t-test was each plot. Change in NRD due to stem
turnover was computed similarly, with the exception that it was calculated as
(NCIS / NCI for a stems’ neighbors recruiting between time ¢ and ¢ + 1) - (NCIS /
NCI for a stems’ neighbors dying between time ¢ and ¢ + 1). Thus a negative value
for change in NTD due to turnover indicates that recruiting stems were less

functionally diverse (standardized to their NCI) than dying stems.
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