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Herbivores as drivers of negative
density dependence in tropical
forest saplings
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Ecological theory predicts that the high local diversity observed in tropical forests is
maintained by negative density–dependent interactions within and between closely
related plant species. By using long-term data on tree growth and survival for coexisting
Inga (Fabaceae, Mimosoideae) congeners, we tested two mechanisms thought to
underlie negative density dependence (NDD): competition for resources and attack
by herbivores. We quantified the similarity of neighbors in terms of key ecological traits
that mediate these interactions, as well as the similarity of herbivore communities.
We show that phytochemical similarity and shared herbivore communities are
associated with decreased growth and survival at the sapling stage, a key bottleneck
in the life cycle of tropical trees. None of the traits associated with resource acquisition
affect plant performance, indicating that competition between neighbors may not
shape local tree diversity. These results suggest that herbivore pressure is the primary
mechanism driving NDD at the sapling stage.

T
ropical forests contain high levels of alpha
diversity, with many species coexisting
at a single site. For instance, 1 ha of Ecua-
dorian rainforest contains 655 tree species,
more than the number in all of North

America (1). Such high levels of alpha diversity
are challenging to explain because competition
should cause dominant species to increase in
abundance until they exclude inferior compet-
itors from a community. Whereas many mech-
anisms have been proposed that could delay or
prevent competitive exclusion, negative density
dependence (NDD), a process by which a spe-
cies’s growth rate and survival decline at high
conspecific densities, has received considerable
attention and support [reviewed in (2–5)]. NDD
is widely considered to be responsible for the
high local diversity characterizing tropical for-
ests because it prohibits dominance by any one
species and allows species to recover from low
density (2, 3). Evidence from long-term forest
dynamic plots around the world confirms that
many species demonstrate NDD (6, 7). However,
the mechanisms responsible for NDD remain
controversial [(4), but see (8–11)].
Most studies examining the mechanisms un-

derlying NDD have focused on seed predation
and seedling mortality (4, 12, 13). Another vul-
nerable life stage is recruitment from seedling
to adult, the sapling stage. This stage can per-
sist for decades because of slow growth in the

low light of the shaded understory. Many spe-
cies reach a height of only 30 to 40 cm after
20 years of growing in this shaded environment.
During this bottleneck, deterministic diversi-
fying processes have long-lasting effects on
the composition and relative abundance of spe-
cies in tropical forests (14). Here, we compare
the two most prominent mechanisms hypothe-
sized to drive NDD during the prolonged sap-
ling stage. The first mechanism suggests that
conspecifics suffer increased competition for
resources with increased conspecific density
(2, 3). Although this has received less support
(4), it has been difficult to falsify. Another hy-
pothesis is that conspecifics share host-specific
pests, such as herbivores or pathogens, reducing
growth and survival at higher conspecific den-
sity (15, 16). Shaded saplings flush new leaves
only a few times per year, during which they
lose ~25% of their leaf area to herbivores and
only 3 to 4% to pathogens (17). In combination
with low light availability, the loss of substantial
leaf area to herbivores over decades could be a
major contributor to lower growth and increased
mortality of saplings. Hence, throughout the
prolonged sapling stage, NDD and community
assembly could be driven by herbivore pressure
and/or competition for shared resources.
In this study, we focus on species of Inga

(Leguminosae), found on Barro Colorado Island
(BCI) in Panama. Inga includes ~300 tree spe-
cies in moist and wet forests throughout the
New World and constitutes one of the most
abundant genera at a given site, manifesting
high levels of coexistence, with more than 40
species observed at a single site (1, 18). There-
fore, it represents an excellent candidate group
with which to ask how so many closely related
species can coexist at small spatial scales.

We follow the approach of several recent
studies that compared sapling growth and sur-
vival with conspecific density and neighborhood
phylogenetic similarity, showing that seedlings
and saplings perform better in areas of low phy-
logenetic similarity (6, 7). These studies show
that NDD interactions are not limited to con-
specific interactions but that they occur over
larger phylogenetic distances (19). This may
result because, although closely related spe-
cies can be ecologically and functionally sim-
ilar, some of the more phylogenetically distant
species may also have similar traits (20–23).
In this case, including traits in the analysis
should provide a more detailed and precise un-
derstanding of the mechanisms underlying
NDD. To test these mechanisms, we replace
phylogenetic relatedness with similarity in
terms of resource acquisition and antiherbi-
vore defense traits. A trait-based analysis has
the potential to compare the two proposed
mechanisms of NDD because it partitions plant
strategy into a number of continuous, often
orthogonal, axes of variation (24).
Resource acquisition traits for our nine focal

species include wood density, leaf morphology,
average tree height, and leaf elemental compo-
sition (25). This suite of traits has been shown
to capture how species respond to their phys-
ical environment (24). We also selected five de-
fensive traits previously shown to influence host
selection of insect herbivores feeding on Inga
(17, 26, 27). These include the timing and syn-
chrony of new leaf production (phenology), the
leaf expansion rate and chlorophyll content (de-
velopmental strategy), the density of trichomes
(hairs), the size of extrafloral nectaries, and the
number of ant visitors (ants). Most notably, we
quantified the chemical similarity between each
Inga species andneighboring congeners by lever-
aging recent advances in mass spectrometry and
untargeted metabolomics to compare plant sec-
ondary metabolites that are associated with de-
fense against insect herbivores (26, 27). We used
an index of structural and compositional chemi-
cal similarity,which integrates both the abundance
and structural similarity of hundreds of individual
secondary metabolites produced in a leaf (25).
In addition to the aforementioned traits,

we directly tested the role of attack by insect
herbivores by quantifying the degree to which
focal individuals shared herbivores with neigh-
boring congeners. We then used generalized
linear models (GLMs) to quantify the degree
to which neighborhood trait and herbivore sim-
ilarites influence focal tree growth and survival.
Specifically, we asked whether Inga saplings
have reduced growth and survival when grow-
ing near congeneric neighbors that are similar
in resource acquisition traits, are similar in de-
fense traits, and share herbivore species.
To answer these questions, we used data

from the forest dynamics plot on BCI in which
the locations, identities, and sizes of all stems
greater than 1 cm in diameter at breast height
have been recorded in eight censuses from 1981
to 2015 (27). From these census intervals, we
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calculated a normalized growth rate and tracked
survival. Whereas the BCI plot contains a total of
14 Inga species, only individuals from nine spe-
cies of Ingawere sufficiently abundant to be used
in this analysis both in terms of focal individuals
and neighboring congeners (table S1).
For each individual focal Inga sapling, we

quantified neighborhood trait similarity on
the basis of the similarity of resource acqui-
sition and defense traits between the focal spe-
cies and its neighboring congeneric trees within
a 10-m radius. To do so, we applied Eq. 1 to all
focal tree and congeneric pairs within each
neighborhood:

Xnneigh

i ¼1

basal areaneigh � trait similarityfocal�neigh

distancefocal�neigh

ð1Þ

where nneigh is the number of neighboring
congeneric trees. Our model assumes the ef-
fect that neighboring trees have on focal tree
growth and survival scales with the neighbor-
ing trees’ size (biomass) and decreases with
distance to the focal tree (28). We used a 10-m
radius because it has been shown to capture
the majority of neighborhood effects (28)
(table S2).
To test the influence of neighborhood simi-

larity on growth and survival, we ran a series
of GLMs where all nine species were included
in the same model after normalizing growth
within each species, size class, and census in-
terval grouping (19). We used a null model to
correct for variation in species richness among
neighborhoods (6, 7, 21, 23, 27).
If pressure from insect herbivores is the pri-

mary driver of NDD, we predict that a higher
density of plants with similar defense traits and
herbivore communities will negatively affect
growth and survival. Alternatively, if resource
competition drives NDD at the sapling stage, we
expect that a higher density of plants with
similar resource acquisition traits will decrease
growth and survival.
All nine axes of trait space were uncorrelated

(fig. S1) and showed little phylogenetic signal
(table S3). These findings are congruent with
the results of similar, more extensive studies on
the evolution of defense traits in Inga, which
demonstrate that closely related species tend to
be divergent in antiherbivore traits (17, 26). The
lack of correlation of these traits enables us to
independently test the relative roles of defensive
traits and resource acquisition traits in medi-
ating NDD interactions between congeneric
neighbors.
The focus of this analysis is on the effect of

plant traits on ecological interactions between
closely related individuals that persist in the
understory for decades. Thus, we sought to con-
trol for variation in abiotic factors. Light is the
most limiting factor for growth in the forest
understory, which receives as little as 1% of the
total sunlight (29). By contrast, tree-fall gaps
have higher light, temperature, nitrogen, and

phosphorus (30, 31), leading to higher produc-
tivity in gaps. However, as these are abiotic
factors and not plant traits under selection, we
sought to control for light levels in our analy-
ses in order to focus on the traits involved with
NDD. To do so, we curated a list of tree-fall
gap–colonizing species, in part on the basis
of data from (32) and the experience of P. D.
Coley and T. A. Kursar (table S4). As a proxy for
light levels, we included the percentage of in-
dividuals within a 10-m radius that were gap
specialists as a random effect in our GLMs. The
density of gap specialists had a strong positive
effect on focal tree growth, confirming that light
is a limiting factor for growth (Fig. 1 and table
S5). By contrast, we found that the survival of
focal trees decreased in areas of high density
of gap specialists (Fig. 1 and table S5). Although
no interaction effects were detected (table S5),
when we included the number of gap specialists
as a random effect in our model we found that
the strength of the effects generally increased,
indicating that high light availability can swamp
the effect that antagonistic biotic interactions
have on growth (table S6).
Neighborhood similarity in traits associated

with resource acquisition did not affect focal
tree growth or survival (Fig. 1). By contrast,
chemical similarity had the largest negative
influence on both growth and survival (Fig.
1). In other words, Inga trees growing near

chemically similar neighbors grew more slow-
ly and survived less. After P values were ad-
justed for multiple inferences, the negative
effect of chemical similarity became nonsig-
nificant for growth but remained highly sig-
nificant for survival (Fig. 1 and table S6). We
have previously reported that defensive chem-
istry explains most of the variation in herbi-
vore host use for Inga (26, 27) and that leaf
extracts are toxic to a generalist Lepidoptera
insect (17). These results, together with the
negative effect of chemical similarity on neigh-
boring Inga species, suggest that pressure from
insect herbivores is the primary driver of NDD
at the sapling stage.
To directly assess the effects of shared her-

bivores between focal trees and neighboring
congeners on growth and survival, we DNA-
barcoded the community of Lepidopteran and
sawfly herbivores found feeding on the expand-
ing leaves of understory Inga saplings by fol-
lowing methods outlined in the supplementary
materials. We focused on these herbivore as-
semblages because they are the most common
and cause the most damage to expanding leaves
(33–35). Briefly, we visually searched young leaf
flushes and collected only larvae that were ob-
served feeding to record host associations of
herbivores. Herbivores were observed on 36%
of all saplings sampled, and a total of 613 in-
dividual herbivores were collected (table S7).
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Fig. 1. Effect of neighborhood similarity. Neighborhood effects of gap species density, conspecific
density, congeneric density, resource acquisition traits, and defense traits on the (A) growth and
(B) survival of focal individuals. Estimated coefficients and 95% confidence intervals from
generalized linear mixed-effects models are shown.
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The herbivore community comprised 55 molec-
ular operational taxonomic units (MOTUs) from
24 families (fig. S2). Consistent with global trends
(36), we found that the herbivore community
associated with Inga saplings was markedly
specialized. Nearly half (n = 31) of the MOTUs
were restricted to a single host, whereas only a

single MOTU was shared among all nine Inga
species (fig. S3). The average herbivore similar-
ity between any two species of Inga was only
19% (fig. S4).
We found that similarity in the herbivore

community had a negative relationshipwith both
focal tree growth and survival (Fig. 2A). Herbi-

vore similarity (fig. S4) was also overdispersed
within the BCI 50-ha plot (Fig. 2B), meaning that
congeneric neighbors shared fewer herbivores
thanwould be expected by a randomnull model
of community assembly (37). Such a spatial struc-
ture is indicative of deterministic ecological
processes driving community assembly and is
congruent with observations that antiherbivore
defense traits are often overdispersed (22, 23, 38).
Moreover, this spatial structure would be the
expected outcome given our observation that
neighborhoodherbivore and chemical similarities
result in reduced growth and survival (Fig. 1).
Together, our results suggest that for saplings,

a key life-history stage of tropical forest trees, the
mechanisms driving NDD and community as-
sembly largely derive from herbivore pressure
and not competition for resources. Specifically,
as the density of plants with similar defenses
increases, the loss of leaf area to herbivores also
increases, ultimately causing lower growth and
increasedmortality of understory saplings. These
results for saplings are consistent with studies
of seeds and seedlings, demonstrating the crit-
ical role natural enemies play in the mainte-
nance of species diversity in tropical rainforests
(4, 9, 11–13, 39, 40).
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Fig. 2. Influence of herbivore similarity on focal tree growth and survival and community
assembly. (A) Similarity in herbivore communities between congeneric neighbors decreases
the growth and survival of focal trees. Error bars represent the 95% confidence intervals
for model coefficients. (B) Herbivores are less similar among neighbors than the null expectation
for Inga communities in the BCI 50-ha plot. Values given are the additive inverses of the
net relatedness index (NRI) and nearest taxon index (NTI) according to (37). Values of
>0 indicate overdispersion, and values of <0 indicate underdispersion. The departure from
the null expectation (zero) of communities being randomly assembled was evaluated by
two-sided t tests (***P < 0.001).
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