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Summary

1. A key issue in plant/herbivore interaction research is to understand which plant traits drive differ-
ences in herbivore damage. Variation in chemical, physical or phenological traits of plants may all
modulate the degree of herbivore damage among species and individuals, yet the relative importance of
these factors is still subject to debate, particularly in species-rich systems such as tropical rain forests.
2. To address this issue, we quantified leaf herbivore damage in 28 common tree species of the
Yasuni forest dynamic plot (YFDP) in the Ecuadorian Amazon over 11 months. Census data from
the YFDP allowed us to quantify several aspects of tree ecology potentially affecting herbivory
including leaf turnover and spatial distribution patterns. We measured six chemical, eight physical
and four ecological traits of the focal species. Using a combination of multivariate analyses and phy-
logenetic generalized linear regression model (PGLS), we assessed trade-offs between physical and
chemical traits and the relative effect of all these traits on leaf herbivore damage.

3. Herbivore damage was highly variable among species and individuals, with leaves on average
displaying damage over 13.4% (2.5-29.5%) of their area. We found no significant trade-off between
physical and chemical defences for the 28 studied tree species. Overall, leaf size, shearing resistance,
cellulose, ash content and leaf size x ash were the best predictors of herbivore damage. Surpris-
ingly, condensed tannins and latex did not significantly correlate with herbivore damage. In addition,
we found no relationships between herbivory and local tree density. However, we did find a weak
effect of tree clustering and strong effect of tree leaf turnover rates on herbivore damage.

4. Synthesis. In the western Amazon, leaves are defended against herbivores through a combination
of physical (toughness), chemical (toughness-related elements), and phenological (rapid leaf replace-
ment) characteristics that do not appear to be subject to obvious trade-offs. Conventional strategies,
such as condensed tannins or latex, do not seem to be strongly involved as a defence against herbi-
vores in this community.

Key-words: Amazonia, Ecuador, forest dynamics plot, Janzen—Connell hypothesis, leaf turnover,
plant-chewing—herbivore interactions, species defence functional traits, tree clustering, Yasuni National Park

from empirical, experimental and theoretical research, and
meta-analyses (Price et al. 1980; Loeuille, Loreau & Ferriere
Plant/herbivore interaction has been a topic of intense investi- 2002; Ohgushi 2005; Endara & Coley 2011; Johnson et al.
gation over the past 40 years with significant contributions 2012). A number of studies have shown that the extent of
herbivore damage on leaves is mainly driven by plant physi-
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Carmona, Lajeunesse & Johnson 2011; Loranger et al. 2013).
For example, high nitrogen content and specific leaf area
(SLA) can make plants more palatable to herbivores (Mattson
1980; Choong et al. 1992; Hanley et al. 2007), while the
presence of secondary metabolites and structural traits is known
to increase plant resistance to herbivory (Agrawal 2007;
Hanley et al. 2007). Phenological aspects of plant life history,
such as synchronous leaf production and rapid leaf expansion
rates, have also been shown to be negatively correlated with
herbivory (Aide 1988, 1992, 1993; Coley & Barone 1996).

There is no consensus in the literature about what determines
intra- and interspecific variation in herbivory among co-occur-
ring tropical trees. Several causes have been proposed to
explain high herbivory variation in the tropics. First, plant
defence strategies may rely on a suite of multiple traits (Syn-
dromes) that may covary across species as a consequence of
shared evolutionary ancestry or because of adaptive conver-
gence (Agrawal & Fishbein 2006). Plants inhabiting a given
environment may have — convergently or not — evolved a set of
particular defence traits as a function of local pathogens pres-
sures (Agrawal 2007). Second, these traits may trade-off
against each other because of physiological constraints suggest-
ing that trees may fall along an escape—defence continuum
(Kursar & Coley 2003). On the one hand, extreme ‘escape’
species are predicted to have few chemical defences, but rapid
synchronous leaf expansion that minimizes the window of vul-
nerability, and low leaf nutritional quality during expansion
making leaves less palatable. On the other hand, extreme
‘defence’ species may have high chemical defence, low nutri-
tional quality, and asynchronous leaf expansion (Kursar &
Coley 2003). Based on existing literature, Agrawal & Fishbein
(2006) proposed the so-called ‘defence syndrome triangle’
hypothesis that includes the most important defence categories:
‘low nutritional quality’, ‘nutrition and defence’ and ‘tolerance/
escape’ defence syndromes in an ‘edibility/digestibility’ and
‘toxicity/barrier to feeding’ two-dimensional array.

Although the investment in plant defences is conceived as a
survival strategy to guarantee tissue development, the energy
necessary for this purpose may interfere with growth rates
(Coley 1987). This plant dilemma of ‘to grow or defend’ has
been of interest to ecologists for decades (Herms & Mattson
1992). The widely accepted ‘resource availability hypothesis’
predicts that the optimal level of defence will vary with plant
growth rate (Coley, Bryant & Chapin 1985). In unproductive
habitats, such as some tropical forests, investment in defences
would cause slower growth rates to plants due to the impossi-
bility of allocating energy simultaneously to both growth and
defence (Coley 1987). Moreover, limited resources constrain
the ability of plants to compensate for herbivory because of the
cost of replacing loss tissue (Janzen 1974).

An additional factor that may explain the variability in herbi-
vore damage is the relative plant abundance and spatial distri-
bution patterns (Huntly 1991). The Janzen-Connell hypothesis
(Janzen 1970; Connell 1971) states that if adult trees serve as
reservoirs for natural enemies, conspecifics of the surroundings
may increase such effect (e.g. attracting herbivores), thus, for
example, presenting higher levels of herbivore damage. Herbi-

vore pressure, plants growth rate declining and mortality are
therefore predicted to increase along with conspecific plant
density (negative density dependence effect; Janzen 1974; Sul-
livan 2003). Species having a strong negative impact on them-
selves typically occur at lower abundances (Comita et al.
2010). For example, species susceptible to herbivory may be
more sensible to biotic interactions that inhibit their own
regeneration such as high levels of conspecific density or clus-
tering (Gilbert, Hubbell & Foster 1994; Bell, Freckleton &
Lewis 2006). Yet, different perspectives suggest that negative
density dependence (NDD) could also be generated by intra-
specific resource competition making individuals more prone
to attack by pathogens, so pathogens may be a symptom rather
than a cause of density dependence (Dobson & Crawley 1994).

In this study, we test for the relative importance of intrinsic
plant traits (e.g., leaf quality) and ecological factors (e.g., leaf
turnover, spatial distribution) in driving variation in leaf her-
bivore damage within and among species in a hyperdiverse
tree community located in the Ecuadorian Amazon. To do
this, we first quantified variability in leaf herbivore damage
for the 28 most abundant tree species in our study plot over
the course of 1 year. Second, we analysed the effects of sev-
eral key leaf functional traits on herbivore damage and also
tested for a trade-off between physical and chemical defences
among species (Moles et al. 2013). The assumption that defe-
nces are costly (Bazzaz et al. 1987) leads to the prediction of
a physical/chemical trade-off because plants have a finite pool
of resources to invest in defence (Twigg & Socha 1996; Read
et al. 2009). Tests focusing on univariate measures have
rarely revealed trade-offs. A more integrative perspective sug-
gests that consideration of the sets of traits that make up syn-
dromes are more likely to exhibit trade-offs because multiple
defensive traits are likely needed to defend against a range of
potential herbivores (Agrawal 2007). In this study, we
assessed whether sets of traits associated with resistance and
defence against herbivory exhibit trade-offs with sets of traits
associated with tolerance and escape. Third, we used the eco-
logical census data of the forest dynamics plot to test three
hypotheses that may explain interspecific variation in herbi-
vore damage: (i) fast-growing tree species have lower
amounts of constitutive defences than slow-growing species
(resource availability hypothesis, Coley, Bryant & Chapin
1985); (ii) species that produce better quality leaves may be
more tolerant to herbivory and may present a higher leaf turn-
over rate (total number of discarded leaves per individual per
species in 1 year) as an escape strategy for deterring herbi-
vores (the ‘tolerance/escape’ syndrome, Agrawal & Fishbein
2006); (iii) herbivore damage is associated with spatial clus-
tering of conspecific adult individuals (based on the Janzen/
Connell’s concept and prediction, Janzen 1970; Connell 1971)
where the most clustered species may suffer more herbivore
damage than the less clustered ones. Finally, we addressed a
fourth hypothesis related to intraspecific variation in damage,
following on the Janzen/Connell hypothesis concept: (iv) a
tree surrounded by a higher number of conspecifics in its
neighbourhood exhibits higher herbivore damage than trees
isolated from their conspecifics.
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Material and methods

STUDY SITE

The Yasuni National Park (YNP) and the adjacent Waorani Indige-
nous territory cover 1.6 million ha of forest (1.8 times the Yellow-
stone National Park in the USA) and form the largest protected area
in Amazonian Ecuador (~17.7% of the Ecuadorian Territory; Valencia
et al. 2004a), harbouring the world’s most diverse tropical forests
(Bass et al. 2010). YNP is an evergreen lowland wet forest ranging
in altitude from 200 to 300 m above sea level. It has a 15-30 m can-
opy with some emergent trees reaching 50 m (Dangles, Carpio &
Woodward 2012). Rainfall and temperature are aseasonal, with a
mean annual rainfall of 2826 mm (none of the 12 calendar months
averaging < 100 mm) and a mean monthly temperature ranging from
22 to 32 °C (min: 16.9; max: 38.9 °C) (see Valencia et al. 2004a for
more details; data obtained from YRS meteorological station, http://
WWWw.yasuni.ec).

The study plot was located in the vicinity of Yasuni Research Sta-
tion of the Pontificia Universidad Catolica del Ecuador (YRS-PUCE;
76°24'1.8"” W; 00°40'16.7"” S). As part of a global network of perma-
nent forest dynamics plots the YRS-PUCE, in collaboration with the
Smithsonian Tropical Research Institute and Aarhus University,
created in 1995 the Yasuni 50-ha plot (500 x 1000 m; 76° 24’ W;
00°41" S; see http://www.puce.edu.ec/portal/ content/Dindmica del
Bosque Yasuni). The primary objective of the project is to describe
the long-term demography of thousands of plant species and explain
their dynamics with ecological theories (e.g. Kraft, Valencia & Ackerly
2008; Romero-Saltos 2011). To achieve this goal, all trees with
trunk > 1 cm d.b.h. (diameter at breast height) have been tagged,
mapped and identified to the species level (census methodology
described in detail in Condit 1998 and Valencia et al. 2004b). The
plot lies at 230 m above sea level, and contains three large ridges
and intervening valleys (see Appendix S1 in Supporting Information)
that include small streams and a small swamp. There is a 33.5 m
difference between altitude extreme points in the plot which presents
an average slope of 13% (Valencia et al. 2004a). Forest dynamics
plots such as the Yasuni 50 ha plot offer a unique opportunity to
test the factors driving herbivory patterns in the tropics. Observa-
tional studies have the advantage of providing natural conditions and
fully intact assemblages of animals and plants with natural interac-
tions that are not reproducible in short-term experiments.

LEAF LITTER COLLECTION

To measure herbivore damage in the study plot, leaf litter was col-
lected from 100 litter-fall traps (mesh of 0.71 m? fixed on 0.8 m high
plastic tubes) located in a Western 650 x 400 m portion of the forest
plot (see Appendix S1). Traps were censused monthly between Febru-
ary 2011 and January 2012 (except May 2011). The leaf biomass col-
lected in the traps corresponded to the litter fall of the last 15
continuous days of each month only (we excluded the leaf litter fall
of the first 15 continuous days) and included leaves of all kinds: sun
and shade leaves, coming from adults, subadults and seedlings. We
targeted leaves of the 75 most abundant freestanding woody plants
tree species of the plot (accounting for > 36 % of the total number of
individuals and belonging to 26 plant families). Leaves were identi-
fied in the field with the expertise of a parataxonomist, and species
identities were confirmed using voucher material deposited at the
YRS-PUCE. Tree relative abundance was assessed using the 2009
census of the 50-ha plot (R. Valencia, unpublished data).
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LEAF HERBIVORE DAMAGE QUANTIFICATION

Of the 75 most abundant tree species in the plot that we targeted for
collection, we captured leaf material from 53 species in the litter-fall
traps. Leaves were pressed, dried at 60 °C for 48 h, weighted and
scanned at 2300 x 3300 pixels resolution for the quantification of
herbivore damage. We focused analyses on the 28 species (from 13
families, Table S1) for which we were able to collect more than 30
leaves and did not consider the 25 remaining species further. We
defined herbivore damage as the proportion of leaf area eaten over
the leaf life span. This represents the cumulative percentage of leaf
area lost (Schuldt e al. 2012) including herbivory events from previ-
ous seasons (see Brenes-Arguedas, Coley & Kursar 2008). Leaves
totally eaten (i.e. with only the petiole remaining) were not taken into
account for herbivore damage estimations. Our herbivore damage
metrics therefore primarily capture the action of leaf chewers (e.g.
Orthopterans, Lepidopteran larvae, Coleopterans like Chrysomelids,
Molluscs). Piercing/sucking damage (e.g. Cicadellids, Curculionids,
Cercopids) was not taken into account as it was impossible to mea-
sure its damage impact using our sampling methodology. Addition-
ally, leaves with mines, galls, necrotic areas, and scraped, scratched,
ripped or torn surfaces were excluded from analysis (< 20 % of the
total leaf collection, RC personal observation).

Leaf damage was quantified using ImageJ (http://rsb.info.nih.gov/ij/;
Abramoff, Magalhaes & Ram 2004). For this, leaf images were
cleaned (i.e. erase shadows, fill small scratches, eliminate the petiole)
and binary-transformed. We then quantified total and damaged areas
and then calculated the proportion of herbivore damage (eaten area
divided by total area). In the case of leaf-margin damage, we cloned
the missing edge from the opposite side of the same leaf or from
similar size-shaped leaves of the same species to infer the initial
total area in Photoshop CS (Adobe Systems Incorporated, San José,
CA, USA).

SAMPLING FOR LEAF TRAIT MEASUREMENTS

To quantify leaf physicochemical characteristics, foliar material was
collected from randomly selected individual trees located nearby
YRS-PUCE trails, rejecting individuals that showed generalized heavy
impact of herbivores, or that lacked sufficient recently produced, fully
expanded leaves (Cornelissen ef al. 2003). We targeted both understo-
rey and outer canopy young (new) green leaves from adults, subadults
and (rarely) seedlings in the 28-276 mm diameter at breast height
size class (Valencia et al. 2004b) that could be readily accessed from
the ground. Our sampling was designed to reflect the diversity of
leaves found in the leaf litter-fall traps. Typically, the targeted leaves
were the youngest of the leaves on the tree, exhibiting bright green
coloration relative to older (mature) leaves. Literature has demon-
strated that approximately 60-80% of the herbivore damage in shade-
tolerant tropical species occurs during the first weeks, while the leaf
is young and expanding (Coley & Aide 1991; Kursar & Coley 1992;
Coley & Barone 1996). However, we chose to perform the leaf trait
measurement on recently full-expanded young green leaves as (i)
quantitative and representative data on young expanding-leaves are
exceedingly difficult to obtain (Coley & Aide 1991). Soft expanding
young leaves are very rare in the plot (RC personal observation) and
new leaf flushes are unpredictable for most species in aseasonal for-
ests like Yasuni. (ii) 65% of our studied species showed some kind
of chromatic expanding-leaf defence as a strategy to deter herbivores
(Kursar & Coley 1992). Recently, Queenborough et al. (2013) have
confirmed that chromatic defences in tropical species significantly
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lowered mortality in seedlings and trees in Yasuni National Park
(Ecuador) and Barro Colorado Island (Panama). Hence, we assumed
most of our studied species were well defended during leaf expan-
sion. (iii) Herbivory events may have also occurred when leaves were
fully expanded but still young (probably not so far from ‘age zero’,
see Fig. 1 in Kursar & Coley 2003). At this stage, leaves are still
palatable for herbivores as they are not completely tough, nutritious
and are depressed in some chemical defences such as condensed tan-
nins and other phenolic compounds (comparing to mature leaves, see
Coley & Aide 1991; Kursar & Coley 2003). It was therefore relevant
to correlate our targeted leaves quality with herbivore damage
amounts.

In total, 40 to 60 young, fully expanded green leaves were sampled
from 5 to 6 individuals from the 28 tree species. Leaves designated
for chemical analyses (10-25 depending on its size and tangible bio-
mass) were dried at 45 °C for 48-96 h, separated into five groups,
homogenized by grinding, and kept in dry conditions until analyses.

LEAF TRAIT MEASUREMENTS

We selected a range of vegetative functional traits, both physical and
chemical, that have been shown to be correlated with herbivory or
anti-herbivory properties (Cornelissen e al. 2003; Hanley et al. 2007;

Kurokawa & Nakashizuka 2008; Carmona, Lajeunesse & Johnson
2011; Moles et al. 2013). We first characterized the ‘structural’ and
‘indirect defences’ of each species (Hanley ef al. 2007; Carmona,
Lajeunesse & Johnson 2011; Kessler & Heil 2011) by determining
the presence/absence of hairs/scales on the leaves and the presence/
absence of extra-floral nectaries/glands on the twigs. Physical traits —
or resistance to physical damage traits (Carmona, Lajeunesse & John-
son 2011) — corresponded to leaf thickness, and necessary force for
punching, shearing and tearing (Onoda et al. 2011). Tests were per-
formed over 28-30 leaves per species, except for tearing tests where
only 15-18 leaves were used for three species (Inga auristellae,
Eugenia florida, Eugenia ‘minicomun’).

Thickness was measured, taking care to avoid primary and secon-
dary veins, using an analogue 0-25 mm micrometre caliper with
0.005 mm precision (Amico Corporation, Ontario, Canada). For
punching, shearing and tearing quantification, we used a digital dual-
range force sensor (Vernier Software & Technology, 2010, Beaverton,
Oregon, USA) fixed to a handmade steel instrument that allowed the
performance of standard movements for all the three tests. Forces
were measured in Newtons (N) at 0.01 or 0.05 N precision for resis-
tances =10 N or £50 N, respectively. For the punching test, we
screwed on the force sensor a 1.68-mm-diameter aluminium flat-
ended rivet (area: 2.22 mm?) and measured the maximum force per
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unit of fracture (Npa/mm?) to perpendicularly punch the leaf avoid-
ing primary and secondary veins (Onoda et al. 2011).

For the shearing test, we screwed on the force sensor a peg-like
folded steel sheet that supported a razor blade (Procter & Gamble
Co., Rio de Janeiro, Brazil). The leaf was fixed between two pressure
plates leaving a space for shearing. Blades were replaced every 28-30
measurements (i.e. one blade per species). Measures were recorded as
the force per unit of time (s x N; the area under the curve) and nor-
malized to force per unit of fracture (s x N/mm; Onoda et al. 2011).

For tearing tests, we cut a leaf segment from the central part of
the leaf, in parallel to its main axis and avoiding the midrib. Length
and width were measured (mm) using a digital caliper (Fowler Tools
of Canada, Ontario, Canada), and the leaf strip was fixed between
two under-pressure plaques —one fixed, the other mobile— leaving a
space for tearing. The force sensor was attached to an arm that per-
formed a horizontal movement. A rubber bumper directly screwed to
the sensor pushed the mobile plaque until the leaf strip was ripped.
As tearing tests measured the maximum force to tear a leaf strip, we
normalized the data per unit of fracture (Np,/mm; Onoda et al.
2011). Leaf size (cm?) and specific leaf area (SLA, defined as the
ratio of fresh leaf area in cm? to dry weight) of the 28 tree species
were taken from Kraft, Valencia & Ackerly (2008) and Kraft &
Ackerly (2010, and unpublished data). Finally, the presence/absence
of latex was considered as a physical defence following Moles et al.
(2013).

For the 28 tree species, we quantified the following chemical traits:
nitrogen, carbon, lignin, cellulose, ash and condensed tannins. Nitrogen
and carbon values were taken from Kraft & Ackerly (2010 and unpub-
lished data). All other traits tests were measured at Colorado State Univer-
sity (Fort Collins, CO, USA) Soil, Water and Plant Testing Laboratory
(http://www.soiltestinglab.colostate.edu/). Lignin and cellulose contents
followed the gravimetric determination of acid detergent fibre (ADF) and
acid detergent lignin (ADL) methodology (Moller 2009). Ash content
corresponded to the leaf mass remaining after combustion of ADL sam-
ples at 550 °C for 2 h (Moller 2009). Condensed tannins were measured
using the Butanol-HC1 method and expressed as leucocyanidin equivalent
(% DM) following Porter, Hrstich & Chan (1986).

STATISTICAL ANALYSES

Plant trait relationships

We first explored, at the interspecific level, the relationships among
all plant traits simultaneously using a categorical principal component
analysis (CATPCA; Gifi 1991) in SPSS 15.0 (SPSS Inc., Chicago,
IL, USA). CATPCA allows for the analysis of categorical and numer-
ical variables, and for nonlinear relationships between traits (Ellis
et al. 2006; Costantini, Linting & Porzio 2009). Binary traits were
treated as ordinal (nectaries, hairs, latex), while continuous traits were
treated as numerical. We used the ‘symmetrical normalization’ option
as it is optimal for testing the relation between variables.

We then tested for potential trade-offs between chemical and physi-
cal defence trait groups. We used the first axes eigenvalues of the
CATPCA run on physical and chemical defence traits (see Moles
et al. 2013). SLA, leaf size, thickness, tearing, punching, shearing
and leaf turnover numerical traits, as well as extra-floral nectaries,
hairs and latex ordinal traits, were included in the model as physical
factors (Moles et al. 2013). Lignin, C, N, C:N, tannins, cellulose and
ash were included in the model as chemical factors. A simple linear
fit was used to characterize the general form of the relationship
between the defence groups.
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Phylogenetic signal

As phylogenetic nonindependence (sensu Felsenstein 1985) can inflate
measures of correlation among traits, we tested for phylogenetic sig-
nal in 13 traits in addition to total herbivore damage. We first con-
structed a molecular phylogeny (details in Appendix S3) and then
assessed signal with Blomberg’s K index using the ‘Picante’ package
in R (R Development Core Team 2013), with statistical significance
assessed using 999 replicates of a tip-swap null model. In addition,
we test for six traits and interactions Pagel’s lambda phylogenetic sig-
nal (Pagel 1999) using the package ‘Caper’ in R software (R Devel-
opment Core Team 2013). This test is used to measure the extent to
which correlations in traits reflect their shared evolutionary history (as
approximated by Brownian motion).

Herbivore damage predictors

Because leaf thickness, C:N ratio, condensed tannins and ash content
showed significant K phylogenetic signal (P = 0.006, P = 0.004,
P =0.050 and P = 0.006, respectively, but L = 0 in all cases except
for leaf size x ash interaction where model A = 0.498, Table 1), we
decided to use phylogenetic generalized least square (PGLS) linear
regression analyses to be conservative (Felsenstein 1985; Grafen
1989). Using PGLS, we tested for the best herbivore damage predic-
tors while accounting for phylogenetic relationships among species.
PGLS was performed using the package ‘Caper’ in R software (R
Development Core Team 2013), based on a phylogenetic tree for the
28 studied species (Appendix S3). Analysis was used to test the effects
of plant traits on herbivore damage. As the inclusion of the 13 plant
continuous traits (and their interactions) would have resulted in an
over-parameterization on the model, we only used traits that were the
best linear predictors of herbivore damage. We selected six plant traits
(thickness, leaf size, shearing, C:N, cellulose and ash contents) which
were the strongest predictors of leaf damage linear regressions
(P < 0.14). A parallel stepwise multiple regression analyses including
all plant traits confirmed that these six traits were the best predictors of
herbivore damage. To test for potential multicollinearity among
selected plant traits, we built a pairwise regression matrix, which
showed that none of the predictors included in the PGLS were autocor-
related (r < 0.60).

Herbivore susceptibility vs. tree growth rates, leaf
turnover and spatial distribution

We considered three factors related to the concentration of leaf
resources for herbivores. First, we evaluated the relationship between
species inherent growth rates averages with leaf physicochemical
eigenvalues obtained from CATPCA analysis (axes 1 and 2). Growth
rates and physicochemical leaf traits are intrinsic to a species and
could last over time reflecting herbivory events from the past (Tuomi
et al. 1984) that in turn may have affected plants growth. Growth
data rates were obtained measuring the diameter of the trunk of every
tree > 1 cm d.b.h. over a period of 5 years (2002 and 2007). Second,
we confronted herbivore damage to the leaf turnover of each of the
28 selected tree species. This was measured in two ways: the number
of leaves collected in the litter-fall traps per individual per species,
and the number of leaves collected per unit of species biomass. Bio-
mass was inferred from the trunk basal width mean data obtained
from the last plot census. The assumption behind this is that a big-
gest tree may contain a largest number of leaves. Third, we explored
the relationship between leaf damage and tree clustering in the forest
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Table 1. Results of the phylogenetic signal analyses and the PGLS of seven leaf plant traits on herbivore damage. In the PGLS adjusted

R*> 0.4 and P < 0.035 for every model. Significant P values of both analyses indicated in bold. Quotation marks mean the same terms included

in the model

Phylogenetic signal PGLS

Effect A K P Terms included in the initial model Estimate Standard error t-value  P-value
Thickness 0.000 0.28 0.006 Thickness, leaf size, shearing, C:N, cellulose, ash 42.96 22.98 1.87 0.076
Leaf size 0.000 0.17 0.240 Thickness, leaf size, shearing, C:N, cellulose, ash 0.027 0.012 2.231 0.037
Shearing 0.000 0.17 0.216 Thickness, leaf size, shearing, C:N, cellulose, ash  —855.1 264.3 —3.235  0.004
C:N 0.000 0.24 0.004 Thickness, leaf size, shearing, C:N, cellulose, ash 0.218 0.212 1.028 0.316
Condensed tannins  0.000 0.19 0.050 - - - - -
Cellulose 0.000 0.12 0.794 Thickness, leaf size, shearing, C:N, cellulose, ash 0.519 0.176 2.953  0.008
Ash 0.000 0.29 0.006 Thickness, leaf size, shearing, C:N, cellulose, ash  —392.2 181.7 —2.159 0.043
Leaf size x ash 0.498 — - Thickness, leaf size, shearing, C:N, cellulose, —10.83 3.502 —-3.092  0.007

ash + interactions

plot. We analysed the degree of tree clustering using the Ripley’s K
statistics (Ripley 1981) and the associated L(r) function (normalized
with the complete spatial randomness function). For each tree spe-
cies, a tree clustering index (TCI) was defined as the area under the
curve of the L(r) function. Aggregation is indicated when TCI > 0,
whereas TCI < 1 indicates spacing at some scale, and TCI = 0 a ran-
dom distribution. Fourth, we assessed the potential local effect of tree
clustering on herbivore damage by testing for a correlation between
herbivore damage of a focal tree species (from one to dozens of indi-
viduals) near a focal litter-fall trap and the density nearby conspecif-
ics. This analysis could only be performed for tree species
Eschweilera coriacea, for which we collected a total of 1503 leaves
in 53 litter-fall traps (traps with < 3 leaves were excluded from the
analysis). Using E. coriacea tree locations acquired during the 2009
census, we were able to count the number of E. coriacea trees within
a 20 m radius around each of 100 traps. We then compared herbi-
vore damage (averaged using all leaves in each trap) with tree densi-
ties around the trap to test the prediction that individual trees
experience greater herbivory when their local neighbourhood includes
many conspecific individuals. All spatial distribution analyses were
performed using the ‘SpatStat’ package in R (R Development Core
Team 2013).

Results

PATTERNS OF LEAF LITTER FALL AND HERBIVORE
DAMAGE

Over 11 months, a total of 6802 leaves from 53 of the 75 tar-
geted most common tree species in the plot were collected
from the 100 litter-fall traps (Fig. 1). This means that leaves of
some 22 common species in the plot were never collected in
our leaf litter survey. We found no significant relationship
between tree abundance in the plot and leaf litter abundance in
the traps (Spearman correlation, p = 0.01; d.f. =51; P =
0.934). For example, the third most abundant tree species in
the plot, Brownea grandiceps (n = 2573), contributed with
only 1.06% of the total number of fallen leaves. Contrastingly,
E. coriacea (n = 1530), ranked in the 10th position of tree
abundance in the plot represented 24.08% of the total fallen
leaves, the highest leaf litter contribution in the plot. Temporal

trends over 1 year of litter fall for the 28 species are presented
in Appendix S2.

For the 28 most common tree species, mean herbivore
damage was of 13.4% =+ 5.9 (min: 2.49%; max: 29.46%).
There was a high herbivore damage variability within and
between tree species (Fig. 2). Average standard deviation of
the full data set was 15.64% (min: 10.72; max: 22.69).
Otoba glycycarpa, Matisia malacocalyx, Matisia bracteol-
osa, and Rinorea apiculata showed the highest proportions
of herbivore damage, > 20 % on average. On the opposite
end, Inga ‘6cuadra’, E. ‘minicomun’ and Sorocea steinba-
chii presented the lowest proportions of herbivore damage,
<5% on average. For most species (82.1%), we found that
herbivore damage occurred mostly (> 50%) on the leaf edge
rather than on the lamina (Fig. 2). Brownea jaramilloi was
the species that presented the highest proportion of herbi-
vore damage on the edges (85.1%), while S. steinbachii
presented the highest herbivore damage on the lamina
(71.6%).

RELATIONSHIPS AMONG PLANT TRAITS

The categorical PCA used to assess multivariate relationships
among all plant traits explained 18.89% of the total variance
on the first axis, which separated species with high values of
N, C and thickness from those with high values of tannins
and latex (Fig. 3). The second axis explained 15.94% of the
variation and was best explained by species with high values
of punching, C:N ratio and tearing. The third axis explained
11.26% and separated species with high values of hairs from
those with high values of lignin. The force to shear was best
explained by the fourth axis (9.23%). The fifth axis (8.69%)
separated those species with high values of leaf turnover and
ash content from those with high values of cellulose. Leaf
size was better explained by the sixth axis (7.04%), SLA by
the seventh (5.90%) and nectaries by the eighth (5.18%).

The relationship between indexes of overall physical and
chemical traits was positive (slope = 0.17, Fig. 4) though not
significant (R = 0.023, P = 0.442). This means that some spe-
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cies with high physical defences may also present high chemi-
cal defences (e.g. Inga capitata and Neea ‘comun’), and vice
versa (e.g. Pseudolmedia laevis and Protium nodulosum).

PLANT TRAITS AFFECTING HERBIVORE DAMAGE

PGLS analysis showed significant relationships between her-
bivore damage and several physicochemical traits and one
interaction (Table 1). When considering factors without inter-
actions leaf size, shearing, cellulose and ash best explained
differences in herbivore damage (Table 1 and Fig. 5). Con-
trastingly, thickness and C:N were not significant predictors
of herbivore damage (P = 0.076; P = 0.316, respectively,
Table 1) but showed a general positive relationship (Fig. Se,
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f). The same PGLS model including interaction showed that
the term leaf size x ash was significant predictor of herbivore
damage (P = 0.007, Table 1).

HERBIVORE SUSCEPTIBILITY VS. TREE GROWTH
RATES, LEAF TURNOVER AND SPATIAL DISTRIBUTION

Species growth rates showed no significant relationships with
physicochemical defences (eigenvalues from axes 1 and 2)
(Fig. 6, linear regressions P > 0.05 in both cases). Contrary
to the prediction higher physicochemical defended species
(e.g. L capitata, O. glycycarpa) did not necessarily present
the lowest growth rate, or vice versa (e.g. B. grandiceps,
Acidoton nicaraguensis).

The relationship between herbivore damage and leaf turnover
resulted in a marginally significant fit to a logarithmic regres-
sion (Fig. 7a; P = 0.073). However, the relationship became
highly significant when the fit excluded one outlier species
0. glycycarpa (P = 0.001; y =7.32 — 2.96Inx, results not
shown). This same trend was conserved when analysing the
amount of herbivore damage against the leaf turnover per unit
of biomass per species (Fig. 7b; P = 0.038). Species with low
leaf turnover (LT, Table S2) seemed to be more susceptible
to herbivory than species with mid/high leaf turnover. This was

confirmed when comparing the five more ‘productive’ species
in terms of the number of leaves per unit of biomass (E. coria-
cea, A. nicaraguensis, 1. auristellae, E. ‘minicomun’, Protium
sagotianum) vs. the less productive species (Guarea sylvatica,
M. bracteolosa, R. apiculata, Perebea xanthochyma, Eschweil-
era giga), against herbivore damage. We found the first group
in average was two times less damaged comparing to the
second group (Table S2).

Herbivore damage was not significantly correlated with the
spatial distribution of tree species (P = 0.816, Fig. 7c). Here
again, the relationship was strongly affected by one species,
R. apiculata as, when it was removed from the fit, a signifi-
cant logarithmic regression could be adjusted to the data
(P =0.031; y = 12.37 — 0.92Inx, results not shown). Finally,
we found that tree density of E. coriacea at a given location
in the plot did not affect local herbivore damage (P = 0.191,
Fig. 7d).

Discussion

This study examined the factors that determine inter- and
intraspecific variation in susceptibility to herbivory at the
community level in a hyperdiverse tropical rain forest in the
Ecuadorian Amazon. We first explored whether sets of defen-
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Brenes-Arguedas, Coley & Kursar 2008). Factors such as
local environment, microhabitat (i.e. canopy, understorey and
gaps), temporality (i.e. dry vs. wet season) and the species of
plants involved, may be explaining results variability world-
wide (Landsberg & Ohmart 1989; Coley & Barone 1996).

Overall, we found a high variance in leaf herbivore damage
at both inter- and intraspecific levels, which is congruent with
other studies in both tropical and subtropical ecosystems
(Kurokawa & Nakashizuka 2008; Schuldt et al. 2012). Coley
(1983) found that intraspecific variance in leaf damage was
rather similar among tree species showing different life histo-
ries, defensive characteristics and levels of leaf damage. Our
results fully support these findings and further revealed that
herbivore damage was also highly variable in space and time
(results not shown), without any obvious patterns.

DO TROPICAL TREE SPECIES TRADE-OFF INVESTMENT
ON PHYSICOCHEMICAL ANTIHERBIVORE DEFENCE?

Because in unproductive habitats energy investment and allo-
cation in growth and defence should be carefully dosed, we
expected to find a trade-off between physical and chemical
defence investment given prior research and the fact that our
study was performed in the relatively infertile soils of the
Amazonian Region (Irion 1978; Fine et al. 2006). Despite
this prediction, 4 of the 28 studied species showed either low
physical and low chemical defences (e.g. P. laevis, P. nodulo-
sum) or high physical and high chemical defences (e.g.
L. capitata, N. ‘comun’), which does not support a general
trade-off at this site. Trade-offs among defences of most of
the common species in this community may, however, fall
along a tolerance/escape/defence syndromes continuum (Kur-
sar & Coley 2003; Agrawal & Fishbein 2006) because not all
combinations of multiple co-varying traits are possible due to
physiological constraints (Kursar & Coley 2003). For exam-
ple, five species (P. sagotianum, P. laevis, M. malacocalyx,
N. ‘comun’ and I. capitata) found along a continuum of phys-
icochemical defence syndromes, showed contrasting patterns
of leaf turnover (Table S2). The most the investment on rep-
resentative PCA physicochemical defences (e.g. thickness and
tannins) the less the investment on leaf turnover. Regardless
to the type of syndrome used by these plant species, with the
exception of M. malacocalyx, their amount of damage caused
by herbivores was comparable: 11.15%, 9.47%, 14.30% and
13.73%, respectively (Table S2).

Our results presenting single and interacting physical and
chemical traits as deterrents of herbivores, agree with a plural-
istic approach in the study of plant defences that considers a
wide spectrum of defence traits and other ecological correlates
(Agrawal 2011).

PHYSICOCHEMICAL LEAF TRAITS AND PLANT
TOLERANCE/ESCAPE STRATEGIES TO DEAL
WITH HERBIVORY IN THE AMAZON

Suites of covarying leaf traits are thought to reflect alternative
strategies for coping with high herbivore pressure in aseasonal

tropical forests. However, the relative importance of putative
defences remains unclear. Of the 14 plant traits we analysed,
three physical and three chemical traits were strongly corre-
lated with herbivore damage (Table 1), though, perhaps sur-
prisingly, tannins and latex were not. PGLS analysis showed
that leaf size, shearing resistance, cellulose and ash content
were the best factors explaining herbivore damage. Positive
correlation with leaf size supports the idea that larger leaves
may attract more herbivores (Garibaldi, Kitzberger & Ruggi-
ero 2011). Our results reveal that small leaves experience low
herbivory as well. This could be explained, at least in part,
through biomechanical constraints as very small or highly
divided and dissected leaves, which may reduce herbivore
feeding efficiency (Brown, Lawton & Grubb 1991). Interest-
ingly, E. ‘minicomun’ and I. auristellae, both possessing the
smallest leaves of the whole data set, also present nectaries as
indirect defences while Pourouma bicolor, P. nodulosum and
M. malacocalyx possessing the largest leaves lack this kind of
indirect defences. The presence of extra-floral nectaries has
proven to be an effective defence that use hymenopterans
(ants particularly) that might be contributing to protect the
plants against herbivore damage (Rosumek er al. 2009;
Kessler & Heil 2011).

The force to shear (a measure of toughness) showed a sig-
nificant negative relationship with herbivore damage, confirm-
ing that toughness is an efficient anti-herbivore defence
(Lowell, Markham & Mann 1991; Choong et al. 1992; Coley
& Barone 1996). This result makes sense biologically if we
consider that most herbivore damage in the tropics are caused
by invertebrates (~75%, Coley & Barone 1996) comparing
with mammals (< 20%, Coley & Barone 1996) and that
invertebrate radulas and mandibles act mainly as shears.

Cellulose showed to be positively related to herbivory in
both simple linear regression and PGLS, contradicting the pre-
diction that multiple carbon-based structural compounds are
contributing factors improving leaf resistance to mechanical
damage (Coley & Barone 1996; Schuldt et al. 2012). This may
be related to the fact that we performed our measurements in
young expanded leaves. Compared with mature leaves, young
leaves may be more attractive and digestible to herbivores as
they have less abundant cellulose, lignin and other cell wall
compounds (Kursar & Coley 2003).

Ash content is a measure of defences such as calcium
oxalates and silica-based phytoliths (the latter helps increas-
ing toughness of plant tissues, Massey, Ennos & Hartley
2007; Moles et al. 2013), two components that strongly
reduce herbivory (Korth et al. 2006; Massey, Ennos & Hart-
ley 2006). Our results corroborate these findings showing a
negative relationship between herbivore damage and ash
content. Furthermore, PGLS analysis showed a significant
interaction between ash and leaf size suggesting a general-
ized physicochemical defence strategy in our studied plant
community respecting these functional traits. This suggests
that from the physiological perspective, these strategies are
compatible, not mutually exclusive, and are consequences of
particular habitat selection pressures (Kursar & Coley 2003;
Agrawal 2007).

© 2014 The Authors. Journal of Ecology © 2014 British Ecological Society, Journal of Ecology



Surprisingly, we found no support that tannins and latex
represent effective antiherbivore defences. Our condensed tan-
nins results agree with other large-scale analyses that found
weak or no relationships between these phenolic compounds
and herbivore damage (Coley 1983; Kurokawa & Nakashizuka
2008; Carmona, Lajeunesse & Johnson 2011). On the other
hand, in spite that in the Amazon 20-35% of the plants are lat-
iciferous —compared with 8.9% of the rest of the world— our
results did not confirm the presence of latex as a predictor of
lower herbivore damage in this ecosystem (Farrell, Dussourd
& Mitter 1991; Lewinsohn 1991; Konno 2011). Tannins and
latex may instead have a secondary role in defending plants
from herbivores relative to morphology and physical resistance
traits (Carmona, Lajeunesse & Johnson 2011; Schuldt et al.
2012). The presence of these compounds in high quantities
may support the view that some plants contain accumulated,
largely inactive secondary compounds resulting from past
selection pressures (Jones, Firn & Malcolm 1991; Berenbaum
1995).

The defensive strategy chosen by any species may depend
on the particular herbivore pressure each species is submit-
ted to and the microenvironment where it grows (Janzen
1974; Fine et al. 2006). This confirms that the underlying
factors and mechanisms behind defence syndromes and its
continuums is a complex mosaic of action/reaction between
plants and herbivores, especially in extreme biodiverse eco-
systems such as tropical rain forests where there is an enor-
mous variation of herbivory kinds and consequently plant
responses.

EFFECT OF TREE GROWTH, LEAF TURNOVER
AND SPATIAL DISTRIBUTION ON HERBIVORE
SUSCEPTIBILITY

In a recent review, Endara & Coley (2011) evaluated the
resource availability hypothesis (Coley, Bryant & Chapin
1985) that states in part that ‘for fast-growing species the
optimal defence level is low, even though this leads to high
rates of herbivory, and for slow-growing species, the optimal
defence level is high, even though this cost further reduces
the realized growth rate’ (Endara & Coley 2011). Our results
did not support this prediction, as species with higher growth
rates did not exhibit lower levels of defences and species with
lower growth rates did not exhibit higher levels of defences.
This is in contrast to Fine et al.’s (2006) study that showed a
trade-off between growth rate and defence investment in 20
common species growing in two contrasting microhabitats in
South-western Amazonia. Additional analyses where we com-
pared growth rates with physical defences, chemical defences,
cellulose, leaf size and ash, as well as some traits interactions
(leaf size:ash, shearing:(C:N) ratios and shearing x ash), did
not support this prediction either (results not shown). Other
factors not measured in our study, such as root-feeding her-
bivory, may be contributing on the control of plants defence/
growth strategies, as different kinds of herbivory (e.g. pierc-
ing) have different effects on the response of the plant and its
consequent fitness (Strauss & Agrawal 1999). Finally, for pre-
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cisely testing whether tree growth and herbivory are actually
related, both parameters should be measured on individual
trees and in the same time interval, as growth responses can
be correlated with soil nutrients (Baribault, Kobe & Finley
2012) and light availability (Riiger et al. 2011).

A novel finding of our analysis was that trees producing
fewer leaves were more susceptible to herbivore damage than
more productive species. Our results strongly suggest that high
frequency of leaf replacement may help plant species to deter
herbivores more efficiently. Literature has shown that leaf pro-
duction patterns are clearly associated with herbivory where,
for example, synchronous flushing (new leaf production/emer-
gence) is one strategy used by species to satiate specialist her-
bivores (Aide 1993; Coley & Barone 1996). Part of herbivore
damage variability in these ecosystems may actually be
explained by the fact that some individuals are heavily defoli-
ated, while others are left untouched as a consequence of her-
bivore satiation (Lamarre et al. 2012). Unfortunately, we are
not currently able to identify which of the species exhibit con-
tinuous or synchronous leafing, at what season were produced
and what is its life span (see Aide 1993; Coley & Barone
1996 for other phenological traits implications on herbivory
rates). Continuous or synchronous leafing patterns may not be
necessarily reflected in the leaf litter-fall traps in part because
some tropical tree species shed most or all of their leaves dur-
ing the dry season to reduce water stress (Singh & Kushwaha
2005). Moreover, we did not find differences in herbivore
damage between continuous and synchronous-shedding spe-
cies in our study (ttest: F' =2.29; P = 0.323; results not
shown).

At the interspecific level, tree clustering (when excluding
R. apiculata) showed significant negative correlation with her-
bivore damage, such that species with clumped spatial distri-
butions tended to have low herbivore damage. In two
experimental studies Fine, Mesones & Coley (2004), and Fine
et al. (2006) showed that species grew best on their home soil
type (habitat specialization) in the presence of herbivores. This
suggests that species at the limit of their habitat tolerances
may be more susceptible to or less capable to recover from
attack (Comita et al. 2010). Accordingly, soil properties and
microtopography have been shown to shape species distribu-
tions in Yasuni (Valencia ef al. 2004a; Endara & Jaramillo
2011). Clustering may thus reflect habitat specialization (Sven-
ning 1999) and may imply specialized species may inhabit
only very specific microenvironments, which are closer to its
optimal. Our five most spatially aggregated species (R. apicu-
lata, B. jaramilloi, A. nicaraguensis, Rinorea viridifolia and
E. ‘minicomun’) tended to show high investment in defence
and, with the exception of R. apiculata, good effectiveness in
deterring herbivores. Our results may contradict Janzen (1974)
who suggested that clustered species adapted to resource-rich
soils may better tolerate herbivory and invest less in defence
relative to species on resource poor soils. If we hypothesize
that the studied species grow in optimal soil environment (e.g.
Endara & Jaramillo 2011), they should be able to tolerate local
clustering by profusely investing in defences to counteract the
synergistic effect of host density on herbivory events.

© 2014 The Authors. Journal of Ecology © 2014 British Ecological Society, Journal of Ecology
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In high diversity tropical forests, individuals with many
neighbouring conspecifics may have reduced survival due to
increased competition for shared resources or elevated pressure
from natural enemies (Janzen 1970; Connell 1971; Queenbor-
ough er al. 2007). Such negative density dependence (NDD)
has important consequences for species coexistence and pat-
terns of commonness and rarity (e.g. Comita et al. 2010). The
mechanisms behind NDD are commonly thought to result from
density-dependent host-specific natural enemies (e.g. soil
pathogens, Freckleton & Lewis 2006). At the intraspecific
level, we found, however, that E. coriacea tree density was not
related to the amount of herbivory. Data on this particular spe-
cies suggest that individuals are probably susceptible to herbi-
vore damage because of relatively low physicochemical
defences, and its commonness (i.e. abundance in the plot) may
rely in part on efficient strategies to deter pathogens at rela-
tively low energetic cost (e.g. high leaf turnover; extreme right
empty circle, Fig. 7a).
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