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Summary

1. Classic theory in plant–insect interactions has linked herbivore pressure with diversification in
plant species. We hypothesize that herbivores may exert divergent selection on defences, such that
closely related plant species will be more different in defensive than in non-defensive traits.
2. We evaluated this hypothesis by investigating two clades of closely related plant species coexis-
ting at a single site in the Peruvian Amazon: Inga capitata Desv. and Inga heterophylla Willd. spe-
cies complexes. We compared how these lineages differ in the suite of chemical, biotic,
phenological and developmental defences as compared to non-defensive traits that are related to
habitat use and resource acquisition. We also collected insect herbivores feeding on the plants.
3. Our data show that sister lineages within both species complexes are more divergent in antiherbi-
vore defences than in other non-defensive, functional traits. Moreover, the assemblages of herbivore
communities are dissimilar between the populations of coexisting I. capitata lineages.
4. Synthesis. Our results are consistent with the idea that for the I. capitata and I. heterophylla spe-
cies complexes, interactions with their natural enemies may have played a significant role in their
phenotypic divergence and potentially in their diversification and coexistence. It also suggests that
defensive traits are evolutionary labile.
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Introduction

The arms race between plants and insect herbivores has been
invoked as one of the main mechanisms driving trait diversifi-
cation and coevolution for both groups (Becerra 1997;
Thompson 1988, Becerra, Noge & Venable 2009; Futuyma &
Agrawal 2009; Kursar et al. 2009; Agrawal et. al. 2012). A
fundamental prediction of this theory is that herbivores drive
the evolution of plant antiherbivore defences faster than for
other traits (Thompson 2005; Kursar et al. 2009). Testing this
hypothesis requires demonstrating that sister species are more
different in antiherbivore defences than in traits related to
adaptations to other extrinsic factors, such as the abiotic envi-
ronment. However, studies testing this idea are surprisingly
few (e.g. Agrawal et al. 2009). Consequently, in this study,
we combine data on plant functional traits and insect herbi-
vores to compare patterns of divergence in two groups of clo-
sely related species coexisting at a single site.

The coevolutionary theory of plant–herbivore interactions
suggests that the production of defences against insects has
played a dominant role in host and enemy radiations (Ehrlich
& Raven 1964). Specifically, this theory predicts a tight cor-
relation between plant relatedness and plant defences.
Although widely accepted, relatively few studies have tested
this, and some even question the fundamental assumptions of
this theory. For example, Becerra (1997) found only a weak
relationship between the phylogenetic hypothesis and chemi-
cal similarity for the species of Bursera, common trees in the
dry forests of Mexico. Likewise, Kursar et al. (2009) found a
weak correlation between phylogenetic distances and chemical
distances within the Neotropical tree genus, Inga. This lack of
phylogenetic signal in the expression of secondary metabolites
suggests divergent selection on antiherbivore defences, such
that closely related species are not necessarily similar in
defences. This should make it more difficult for herbivores to
track hosts over evolutionary time thereby reducing herbivore
pressure on plants.
Although the role of the physical environment on trait
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Strauss 2014), the role of defensive traits in plant diversifica-
tion is not well understood (Futuyma & Agrawal 2009). Yet,
several studies have provided indirect evidence for the signifi-
cance of defensive traits in evolutionary diversification by
showing a relationship between variation in these traits and
species diversity (Farrell, Dussourd & Mitter 1991; Becerra
1997; Agrawal & Fishbein 2008; Agrawal, Salminen & Fish-
bein 2009; Agrawal et al. 2009; Kursar et al. 2009). A better
understanding of the relative importance of defensive traits in
phenotypic diversity and species divergence will require
examining differences in defensive and non-defensive traits
simultaneously between recently diverged species or popula-
tions at an incipient state of divergence (Futuyma & Agrawal
2009, Fine et al. 2013).
Here, we examine the contribution of plant–insect interac-

tions to divergence among species by determining variation in
functional traits and herbivore communities within two clades
of closely related species coexisting at a single site in the
Peruvian Amazon: Inga capitata Desv. and Inga heterophylla
Willd. species complexes. The taxa in each complex are con-
sidered a single species based on the morphological traits of
reproductive individuals (Pennington 1997). Our field obser-
vations of subtle differences within each clade in colour of
the expanding leaves (see Appendix S1 in Supporting Infor-
mation), number of leaflets and stipule morphology have
motivated the present characterization of trait divergence
within these clades. In fact, plastid DNA analyses distinguish
each member as a different evolutionarily significant unit
(ESU) and as sister taxa (Kursar et al. 2009, Fig. S2). Based
on these analyses, I. capitata comprises three ESUs and
I. heterophylla two ESUs. Four of the ESUs co-occur in terra
firme habitats, often within metres of each other, whereas one
I. capitata ESU species (cap2) occurs primarily in the nearby
floodplains.
In order to achieve a comprehensive analysis, we collected

data on many different defensive traits including chemical,
biotic, phenological and developmental defences, as well as
on insect herbivores. We also collected data on non-defensive
traits that are related to habitat use and resource acquisition.
Our previous studies on the genus Inga suggest that defences
evolve rapidly (Kursar et al. 2009). Specifically, we expect
the ESUs within an Inga lineage to be more similar with
respect to non-defence traits such as primary metabolites and
resource acquisition traits. In contrast, the observation that an-
tiherbivore traits show a greater difference among relatives
than for non-defence traits would support the key role of her-
bivores in shaping divergence and niche separation in their
host plants.

Materials and methods

STUDY SITE

This study was conducted at Los Amigos Biological Station (Spanish
acronym: CICRA, Centro de Investigaci�on y Capacitaci�on Rio Los
Amigos). Los Amigos is located in the south-eastern Peruvian Ama-
zon, in the Madre de Dios Department at 12°3409″ S, 70°600.40″ W,

268 m.a.s.l. Los Amigos covers 453 ha of lowland Amazonian forest
and consists of a mosaic of terra firme and floodplain forests. Mean
annual rainfall is between 2700 and 3000 mm, and the mean monthly
temperature ranges from 21 to 26 °C (Pitman 2007).

STUDY SPECIES

Inga capitata comprises three phenotypically divergent ESUs: cap1,
cap2 and cap3 (Kursar et al. 2009). In addition, they present different
habitat preferences, with cap1 and cap3 showing a preference for terra
firme and cap2 for floodplains. The I. heterophylla species complex
includes two phenotypically different lineages: het1 and het2 (Kursar
et al. 2009), both on terra firme. For those ESUs found in terra firme,
one ESU often is metres away from another and no intermediates
were observed. The study plants were widely distributed within their
respective habitat types; aside from as noted above, inspection of the
location data and our field observations showed no tendency for the
study species to be clumped or restricted to certain habitats (e.g. pref-
erence for treefall light gaps).

CENSUSES AND LEAF TRAITS

In the present study, antiherbivore defences are defined as those plant
traits that have been selected in response to herbivory. These include
developmental defences (leaf expansion rate; Kursar & Coley 2003),
biotic defences (leaf-defending ants and the area of extrafloral nectar-
ies; Koptur 1984; Brenes-Arguedas, Coley & Kursar 2008), phenolog-
ical defences (the timing and synchrony of young leaf production,
Aide 1993; Kursar & Coley 2003) and chemical defences (phenolics
and non-protein amino acids; Coley et al. 2005). This set of defence
traits was measured only on expanding leaves because more that 80%
of the damage accrued during a leaf’s lifetime happens during the
short period (1–3 weeks) of leaf expansion (Coley & Aide 1991; Kur-
sar & Coley 2003; Brenes-Arguedas et al. 2006). Therefore, young
leaf defences are under strong natural selection by herbivores.

Traits under selection from the physical environment are consid-
ered here as non-defence traits. These traits were measured only on
mature leaves. These include leaf mass per area (LMA), leaf nitrogen
content, area per leaflet, number of leaflets per leaf, and the presence
or absence of wings. These include some of the key ecophysiological
attributes that correlate with photosynthetic capacity and transpiration,
with habitat type such as light availability and with resources such as
soil nutrient content (Cornelissen et al. 2003; Wright et al. 2004; Fuj-
ita, van Bodegom & Witte 2013). Although, in principle, the LMA
and leaf nitrogen of mature leaves can affect leaf palatability to herbi-
vores, in actuality, herbivores attack the mature leaves of shade-toler-
ant tropical rain forest plants, such as Inga, at low rates.
Consequently, we consider that LMA and leaf nitrogen of mature
leaves are more important as adaptations for resource acquisition and
habitat and not to herbivore pressure (Endara & Coley 2011).

Data were collected for young and mature leaves on 0.5–4-m tall
saplings in the shaded understory from 2007 until 2011. More than
100 km of trails were walked regularly to search for plants, and col-
lections were widely separated. Specifically, based on trail locations,
we estimate that, for each ESU, our collections were made, on aver-
age, every 360 m. Leaf expansion rate was quantified for leaves
between 20% and 80% of full size by measuring their area every
1–4 days until they were fully expanded. To quantify synchrony in
leaf production for each ESU in the I. capitata complex, 30–70 indi-
viduals per ESU were marked and each plant was scored monthly for
the presence of young leaves. I. cap1 was censused between June and
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December of 2010. I. cap2, I. cap3 and I. het1 were censused
between January and December 2007. Due to the low abundance of
I. heterophylla het2 saplings, it was not possible to measure syn-
chrony in leaf flushing or the following leaf traits. At each census,
the number of ants visiting the extrafloral nectaries of expanding
leaves was quantified (number of ants per nectary). The area of the
nectary was estimated using a dial calliper. Leaf mass per unit area
(LMA; g m�2) was measured from discs of mature leaves of known
area that were dried at approximately 70 °C for 3 days. Mature leaves
were ground and analysed for leaf N content with a Costech 4010
Elemental Analyzer coupled to a Thermo Delta Plus XP IRMS (Cos-
tech Analytical Technologies, Valencia, CA, USA). The number and
size of leaflets were calculated for at least three leaves per sampled
individual, and the presence of wings on the rachis was recorded.

CHEMICAL ANALYSIS

Metabolites were extracted, separated, quantified gravimetrically and
analysed using ultra-high-performance liquid chromatography (LC) or
gas chromatography (GC) coupled to mass spectrometry (LC-MS and
GC-MS, respectively). Expanding leaves from five individual under-
story saplings were collected for each ESU of I. capitata and I. hete-
rophylla. For each individual sapling, we collected expanding leaves
that were 80% of the average maximum size. Fresh leaves were dried
in silica gel at room temperature and shipped to the University of
Utah for chemical analysis. Only soluble metabolites were studied;
thus, those covalently bound to cell walls were excluded (Lokvam &
Kursar 2005).

Extract preparation

The protocol of Bixenmann, Coley & Kursar (2013) was followed
with some modifications. For each sample, 300–500 g of vacuum-
dried leaf material was homogenized using a ball mill (MM 200;
Retsch, Haan, Germany) at 30 Hz for 30 s. Approximately 100 mg
of each homogenized plant sample was weighed in an Eppendorf tube
and mixed with 15 lL of a 1 mg mL�1 amino acid internal standard
solution (a mixture of 20 amino acids labelled with 13C and 15N;
Sigma-Aldrich, St. Louis, MO, USA) and 1.5 mL of 70% acetonitrile
30% water (v/v). We extracted with 70% acetonitrile (acetonitrile:
water, 70:30, v/v) instead of ethanol, a typical solvent used for extrac-
tion, because we found that polygallate esters are unstable in ethanol
(data not shown). After extraction for 10 min and centrifugation
(13 793 9 g) for 5 min, the supernatant was transferred to a glass
vial and the extraction repeated for a total of three times. The extrac-
tion was repeated two more times using 1 mL of 70% acetone (ace-
tone:water, 70:30, v/v). The extracts were combined and dried under
nitrogen gas until all organic solvents were evaporated. To remove
lipids, 3 mL of water and 3 mL of hexane were added to the dried
extract. After vortexing for 5 s, the extract was left to settle for a few
minutes until two distinct layers formed. The non-polar fraction was
then transferred to another pre-weighed glass vial and the extraction
repeated with 3 mL of hexane. Both the non-polar and the polar
organic fractions were dried under nitrogen gas and then under vac-
uum (0.8 torr) at ambient temperature.

The polar organic fraction was separated on an octadecylsilane
(ODS; BAKERBOND@ 40 lm Prep LC Packing, AVANTOR, Cen-
ter Valley, PA, USA) column. 2.9 g of ODS was dry-packed in a 10-
mL syringe. The dried extract was suspended in 2 mL of water and
transferred to the ODS column. Thirty mL of water was run through
the column and collected in a pre-weighed glass vial (polar fraction).

This process was repeated with 50% acetonitrile 50% water (v/v), fol-
lowed by 100% acetonitrile to collect the phenolic and saponin frac-
tions, respectively. After removal of solvents and vacuum drying
(0.8 torr) at ambient temperature, each fraction was weighed. The
weight for the saponin fraction was negligible and is not considered
further.

GC-MS analysis. The water or polar fraction was analysed by
GC-MS using a GCT Premier mass spectrometer (Waters, Milford,
MA, USA) fitted with a GC6890 gas chromatograph (Agilent
Technologies, Santa Clara, CA, USA) and a Gerstel MPS2
autosampler (Gerstel, M€ulheiman der Ruhr, Germany). The dried
polar fraction (0.25–0.47 mg) was suspended in 40 lL of
40 mg mL�1 O-methoxylamine hydrochloride in pyridine and
incubated for 1 h at 30 °C. To this solution, 25 lL of N-methyl-N-
trimethylsilyltrifluoracetamide was added using the autosampler and
incubated for 30 min at 37 °C with shaking. One microlitre of the
sample was injected in to the gas chromatograph at a 10:1 split ratio
with the inlet temperature held at 250 °C. The gas chromatograph
had an initial temperature of 95 °C for 1 min followed by a
40 °C min�1 ramp to 110 °C and a hold time of 2 min. This was
followed by a second 5 °C min�1 ramp to 250 °C, a third ramp to
350 °C and then a final hold time of 3 min at 350 °C. A 30-m ZB-
5MSi column (Phenomenex, Torrance, CA, USA) with a 5-m guard
column was employed for chromatographic separation.

LC-MS analysis. Liquid chromatography was performed on an
I-Class Acquity Ultra Performance Liquid Chromatography System
(Waters). Dried phenolic extract (0.01–0.055 mg) was resuspended in
1 mL of 50% acetonitrile 50% water (v/v), centrifuged (13 793 9 g)
for 5 min and the supernatant transferred to a HPLC vial. One
microlitre of sample was injected on an Acquity UPLC BEH C18
column (50 mm 9 2.1 mm 9 1.7 lm) (Waters). Sample and column
temperatures were held constant at 10 °C and 40 °C, respectively.
Samples were eluted using a mobile phase of 0.3 mL min�1 with the
gradient shown in Appendix S3. The mobile phases consisted of
water with 0.1% formic acid (Solvent A) and acetonitrile with 0.1%
formic acid (Solvent B). The solvents are Fisher LC-MS grade.

Compounds were detected using a Xevo G2 QToF mass spectrom-
eter (Waters) equipped with a lock spray and an electrospray ioniza-
tion source (ESI). Spectra were collected in positive ionization mode
(ES+) in the m/z range of 50–1200. The parameters of the ESI were
as follows: capillary voltage of 2.3 kV, sampling cone voltage of
30V, extraction cone voltage of 4 V, source temperature of 120 °C,
desolvation gas temperature of 400 °C, desolvation gas flow of
900 L h�1 and collision energy of 6 eV. The mass spectrometer was
calibrated using a sodium formate standard (0.5 mM in 90% 2-propa-
nol 10% water (v/v)), and leucine enkephalin (2 ng/lL) was used as
a lock mass.

INSECT HERBIVORES

To assess whether differences in defensive traits between the different
ESUs relate to differences in herbivore choice, we performed the fol-
lowing: (i) a field survey of the abundance of leaf-chewing insects
feeding on expanding leaves of the I. capitata species complex and
(ii) a captive choice experiment with sawfly larvae (Symphyta, Argi-
dae) that only fed on this species complex and was its most abundant
herbivore. For the herbivore survey, all leaf-chewing insects that were
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found feeding on the expanding leaves of saplings in the understory
were recorded. Insects were collected by hand from the leaves
between 2010 and 2011 for a period of 10 months, as part of a pro-
ject that is examining the insect herbivore fauna feeding on the entire
genus Inga in Los Amigos. Each plant was visited once every flush.
All Coleoptera were classified to genus based on morphology by spe-
cialists associated with the Pontificia Universidad Catolica del Ecua-
dor. All lepidopteran and sawfly insects were assigned to Molecular
Operational Taxonomic Units (MOTUS) using COI sequences. PCR
amplification and DNA sequencing were generated at the Canadian
Center for Barcoding and in our laboratory using standard bar coding
protocols (Ivanova, deWaard & Hebert 2006; deWaard et al. 2008).
PCR amplification with either the LCO/HCO or LepF1/LepR1 primer
pairs recovered a 658-bp region that was subsequently used to gener-
ate MOTUS.

For the feeding choice experiment, sawfly larvae and expanding
leaves of the three I. capitata ESUs were collected in the field. In the
laboratory, leaves were cut into square pieces of approximately
39 cm2. Sawfly larvae were deprived of food overnight prior to the
experiment, and then three pieces of leaf (one per ESU) were offered
to an individual larva (N = 9). The experiment was carried out in
Petri dishes lined with moistened filter paper. After 24 h, the area
eaten on each square leaf piece was recorded using an acetate grid.

DATA ANALYSIS

Leaf traits

The censuses were analysed for synchronization in leaf production for
each ESU using circular statistics (Zar 1999). Months were converted
to angles between 0° and 360°. The vector length r was calculated
for each population following Zar (1999). The length of the vector r
varies between 0 and 1 and is a measure of seasonality. High values
of r indicate aggregated phenological behaviour, and low values
represent a uniform distribution of phenological activity throughout
the year (Batschelet 1981). We determined whether ESUs differed in
their season of leaf production using the Watson’s test (U2) (Zar
1999).

Differences among ESUs in the number of ants visiting the ex-
trafloral nectaries, nectary area, leaf expansion rate as per cent
increase in area per day, LMA, number and size of leaflets, and
phenolic contents were examined using analysis of variance (ANOVA)
followed by Tukey’s post hoc tests for multiple comparisons. Tests
for normality of the data and appropriate data transformations were
performed. These analyses were performed in the statistical pro-
gramming language R version 3.0.1 (R Development Core Team
2011).

Chemical traits

Raw data from the GC-MS and the UPLC-MS were processed for
peak detection and peak alignment using MarkerLynx (MassLynx
v4.1; Waters, Manchester, UK) and XCMS (Smith et al. 2014). The
output files from the UPLC-MS were further processed for data qual-
ity as follows: because no late eluting saponins were found, the reten-
tion time window of interest was delimited to 22 min (peaks at
> 22 min to the end were discarded). Peaks (often referred to as
‘features’) that were not consistently detected were discarded. For
this, all peaks that occurred in only one species and in three or fewer
replicates of that species were discarded. Zero or missing values were
replaced with half of the minimum positive value in the data set.

Because our data set contained a large number of variables (> 490
peaks), multiple hypotheses were tested for each peak. Hence, we
applied a filtering method in order to adjust for multiple testing
(Hackstadt & Hess 2009). As recommended in Metaboanalyst (see
below) for a sample size of about 500 peaks, we eliminated the 10%
of peaks with the lowest intensities. For this, peak intensities were
ranked based on the interquantile range. Peak intensities, or the total
ion current, were normalized by the dry weight of the sample. The
most important compounds for discriminating metabolic differences
between these three ESUs, or ‘biomarkers’ were tentatively identified
based on MS/MS or as unknowns that were classified based on
retention time plus the mass to charge ratio (m/z, Appendix S6).
Unknowns from the GC-MS analysis were compared to the NIST

data base version 2.0 (2005) containing approximately 30 000 com-
pounds.

To quantify metabolite-wide variation among Inga ESUs, multivar-
iate statistical methods were used. First, normalized peak intensities
were Pareto scaled. Subsequently, a PCA model, a PLS-DA model
and hierarchical clustering were fitted on the scaled data in order to
see grouping patterns. When the PCA model was non-significant (no
clustering), the PLS-DA and hierarchical clustering analyses were not
performed. The hierarchical clustering was performed using the Pear-
son’s correlation similarity measure and the Ward’s linkage clustering
algorithm. All metabolomic data analyses were performed using the
Metaboanalyst webserver (Xia et al. 2012).

Insect herbivores

COI sequences of sawflies and lepidopterans were assembled into
contigs and manually edited using the program SEQUENCHER v5.1
(Gene Codes, Ann Arbor, MI, USA). The resulting sequences were
subsequently aligned using the program MUSCLE (Edgar 2004) and
clustered into MOTUS using the software package JMOTU (Jones,
Ghoorah & Blaxter 2011). Then, the abundance and composition of
these MOTUS were compared among the I. capitata ESUs using
multivariate analyses. All the feeding records that were limited to a
single individual in a particular host were not included in this analy-
sis. For this reason, from 64 plants and 37 herbivore species that
were originally sampled, only 38 plants and nine herbivore species
were included in the analysis. Overlap in feeding records was esti-
mated using the Bray–Curtis dissimilarity index with standardized
raw data. The resulting matrix was then analysed for differences in
herbivore communities between ESUs using a two-dimensional non-
metric multidimensional scaling ordination and a permutational multi-
variate analysis of variance (PERMANOVA, Anderson 2001) with
adjusted P values following the Holm–Bonferroni correction for mul-
tiple comparison testing. These analyses were performed using the R

package vegan (Oksanen et al. 2013).

Host selection and feeding preferences for the sawfly larvae in the
field and in the laboratory were estimated using a hierarchical Bayes-
ian model designed for count data (Fordyce et al. 2011). This analy-
sis was performed using the R package bayespref (Fordyce et al.
2011) in a Markov Chain Monte Carlo (MCMC) framework. Two
models were run to estimate the strength of preference of the sawflies
for a particular ESU. One model was run with individuals constrained
to have equal preference for the different ESUs, and the other model
was developed with variation in preference among ESUs (uncon-
strained). The deviance information criterion (DIC) value was used to
compare the fit of each model. In both models, the MCMC chains
were run for 5000 generations with the first 1000 generations dis-
carded as a burn-in. Significant differences between ESUs were analy-
sed using pair-wise comparisons of the proportion of times that a
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sawfly had a greater preference parameter for a particular ESU at each
step of the MCMC.

Results

INGA CAPITATA SPECIES COMPLEX

Leaf defence traits

Consistent with the colour and morphology of expanding and
mature leaves, and with DNA sequence differences, each
ESU had distinct defensive traits, with no intermediates
observed. Total production of soluble phenolics in expanding
leaves ranged from 32% to 39% of leaf dry weight across the
three ESUs (Appendix S4), values that are typical for the
genus as a whole. The fact that these metabolites had substan-
tial detrimental effects in the laboratory at only 0.5–2% of
diet (Coley et al. 2005; Lokvam & Kursar 2005; Lokvam
et al. 2006) demonstrates that the in vivo level of circa 35%
must be highly toxic. The profiles of defensive metabolites
showed clear qualitative differences among ESUs (Appendix
S5a). Quantitative analyses of the UPLC-MS metabolomics
data (phenolics) for clustering showed complete separation
among the three I. capitata ESUs, with cap3 being the most
distinct (Fig. 1). Similarly, a PLS-DA analysis of the metabo-
lites within the phenolic fractions in the UPLC-MS clearly
separated cap1, cap2 and cap3 (Fig. 2a). Component 1 sepa-
rates cap3 from cap1 and cap2, while the second component

illustrates the clear contrast between cap1 and cap2 (R2 = 0.8,
P ˂ 0.05, Fig. 2a). The most important biomarkers for dis-
criminating metabolic differences between these three ESUs
were a series of tyramine gallates and quinic acid gallates that
are relatively more abundant in cap3. The chemistries of cap1
and cap2 were distinguished from each other and from cap3
by a series of unknowns and kaempferol-galloyl-hexose
(Appendix S6).
Species of Inga also produce highly polar secondary metab-

olites such as toxic non-protein amino/imino acids that are
isolated in the polar fraction and have been shown to have a
toxic effect on herbivores (Coley et al. 2005; Lokvam et al.
2006). Metabolomic analysis of the secondary metabolites in
the polar fraction included non-protein amino acids that were
identified using standards (such as L-DOPA, b-alanine, homo-
serine, hydroxyproline) and uncharacterized compounds that
are thought to be secondary metabolites because they were
abundant and did not match any of the more than 30 000
known small molecules in the referenced data bases. This also
showed a trend for differences among the ESUs (R2 = 0.8,
P = 0.06, Fig. 2b).
The timing and frequency of leaf production differed con-

siderably between the ESUs within the I. capitata species
complex (Fig. 3). Patterns of leaf flushing between cap2 and
cap3 were significantly different (P ≤ 0.01). ESU cap1 was
not compared statistically as data were collected in a different
year and for only 7 months. Low population vector lengths
for cap2 and cap3 indicated low synchronization in leaf pro-
duction (cap2 r = 0.22, cap3 r = 0.26), although relative
peaks in leaf production were observed in July and October,
respectively. In contrast, cap1 had a peak in September (of
a different year) and, although several censuses were missed,
a large population vector length (r = 0.8) for cap1 indicated a
high degree of synchrony in leaf production.
The three ESUs differed also in the average area of extrafl-

oral nectaries (F2,140 = 47.75, P < 0.01, Fig. 3). Ant visita-
tion to extrafloral nectaries of I. capitata saplings differed
among the three ESUs (F2,84 = 5.71, P < 0.05, Fig. 3). Ant
abundance on cap1 and cap3, the terra firme ESUs, was two
times higher than on cap2 (P < 0.05), the floodplain ESU.
Another strategy to reduce the impact of herbivory is to
expand leaves rapidly, which minimizes the period of greatest
vulnerability to herbivores (Kursar & Coley 2003). We found
that the three ESUs differ dramatically in the rate of leaf
expansion, with cap1 showing a significantly higher percent-
age increase in leaf area per day than cap2 and cap3
(F2,16 = 33.29, P < 0.01, Fig. 3).

Insect herbivores

Consistent with the observed differences in defensive traits,
the abundance and composition of the insect herbivore assem-
blages showed divergent patterns between the I. capitata
ESUs (full model F2,36 = 3.16, P < 0.01; cap1 vs.
cap2 F1,22 = 2.37, P < 0.05; cap1 vs. cap3 F1,24 = 2.09,
P < 0.05; cap2 vs. cap3 F1,26 = 1.77, P < 0.05, Fig. 4). The
ordination diagram showed separation among the three ESUs,
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Fig. 1. Heatmap of a hierarchical clustering of Inga capitata and
Inga heterophylla evolutionarily significant unit (ESUs) based on rela-
tive abundances of the most important 25 UPLC-MS phenolic metab-
olites. Each column represents a metabolite with a unique m/z and
retention time; analyses are based on 5 individuals per ESU. Each
row is one UPLC-MS analysis from one individual plant. Metabolites
were identified as ‘important’ based on ANOVA. The colour scale for
metabolite relative abundance is based on signal intensity (total ion
current from the mass spectrometer).
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with cap1 supporting the most distinctive herbivore fauna.
The permutational analysis of variance suggested that ESU is
a more important factor than habitat in explaining the

variation associated with the host selection by herbivores
(ESU R2 = 0.2, P < 0.01, habitat R2 = 0.007, P < 0.05).
Given that there are three ESUs, we also performed a more
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restricted analysis that included only those herbivore species
that were collected three or more times. No conclusions were
affected, except that the differences between ESUs were more
significant (full model: P < 0.001, ESU R2 = 0.25, P < 0.01,
habitat R2 = 0.005, P < 0.05, Appendix S9).
Results from our choice experiment suggested that, even

for a shared herbivore species, differences in chemical
defences within the I. capitata complex are big enough to
affect herbivore preference. While the sawflies were found on
all I. capitata ESUs in the field, they showed a significantly
higher preference for cap2 over cap1 and cap3, both in the
field and in the choice experiment (pairwise post-burning
comparisons, P < 0.05 for all comparisons between cap2 and
the two other ESUs, Fig. 5, Appendix S8).

Leaf non-defence traits

Five non-defensive, functional traits were measured. LMA
and leaf nitrogen content are widely used indicators of habitat
specialization and photosynthetic ability. Both measures did

not vary across ESUs (LMA: F2,12 = 2.25, P = 0.15, nitro-
gen: F2,12 = 2.77, P = 0.1, Fig. 6). The presence vs. the
absence of wings on the rachis also did not show significant
differences between ESUs (Fig. 6). Similarly, GC-MS analy-
sis showed that primary metabolites in the polar fraction, such
as protein amino acids, did not differ. The PCA model fitted
to the primary metabolite data did not reveal separate clusters
for any of the ESUs (Fig. 7a) neither for the first two princi-
pal components, nor for any other combination of compo-
nents. However, saplings of cap1 had smaller leaflets
(P < 0.01) and fewer leaflets per leaf (P < 0.01) than cap2
and cap3 (Fig. 6).

INGA HETEROPHYLLA SPECIES COMPLEX

Leaf defence traits

The two ESUs within the I. heterophylla complex are extre-
mely different from each other with respect to their phenolic
compounds (Appendix S5b), with het1 showing the greatest
divergence (Fig. 1). In fact, I. heterophylla het2 more clo-
sely groups with I. capitata cap1 and cap2. For het1 and
het2, total phenolic investment varied between 17% and
23% of leaf dry weight (Appendix S4). Compounds
detected within the phenolic fraction in the UPLC-MS
clearly separated het1 and het2 by the first axis (R2 = 0.9,
P < 0.01; Fig. 2c). Saplings of het1 are distinguished from
het2 by the expression of relatively high abundant markers
tentatively identified as tyrosine gallate, a class of com-
pounds only known from Inga (Lokvam et al. 2007) and
galloyl-L-DOPA (Appendix S6). Analyses of the non-protein
amino/imino acid fraction also separated the two ESUs
(R2 = 0.9, P < 0.05; Fig. 2d), with the primary differences
being high levels of free tyrosine and L-DOPA in het1. No
marker phenolics or amino/imino acids were found in het2.
An insufficient number of individuals of het2 did not enable
us to perform statistical analyses for the other defensive
traits.

Leaf non-defence traits

The two non-defensive traits for which we had sufficient data
did not differ. Neither ESU had wings. The metabolic finger-
print of primary metabolites did not discriminate between
het1 and het2 (Fig. 7).

Discussion

DIVERGENCE IN DEFENCES

Insect herbivores are predicted to be major selective agents
(Agrawal et al. 2012), and results from our analyses are con-
sistent with this idea. First, we found a substantial investment
in plant defences against herbivores. Total soluble phenolics
accumulated to 32–39% of the dry weight of leaf tissue for
the I. capitata species complex and to 17–23% for the I. hete-
rophylla group. In addition, both groups invest in other costly
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defences, such as non-protein amino acids, extrafloral nectar
production, and phenological and developmental defences.
Secondly, the factors with the highest divergence between
closely related ESUs, for both species complexes, were the

antiherbivore traits. And thirdly, for the I. capitata complex,
close relatives were attacked by different insect herbivore
assemblages. Taken together, these results are consistent with
the hypothesis of strong selection on defences by herbivores
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and suggest that these traits are evolutionarily labile (Agrawal
et al. 2009, Kursar et al. 2009; Schemske 2009).
Among all defensive traits, the most contrasting and inter-

esting differences were found in chemistry. Although all
defences are important, clearly chemistry plays a central role
in plant–herbivore interactions (Thompson 1988). The meta-
bolomic analyses provided evidence for divergence in second-
ary metabolite expression (phenolics and non-protein amino
acids) for each species complex by separating the different
ESUs and identifying ESU-specific ‘biomarkers’ (Figs 1, 2
and 7; Appendix S6).
As with secondary metabolites, phenological defences

diverged markedly between the I. capitata lineages (Fig. 3).
Synchronous production of leaves is a strategy to satiate her-
bivores because, by flushing leaves simultaneously, leaf bio-
mass production may exceed the capacity of insects to
consume them; this is considered a phenological defence
(Aide 1988, 1993). In addition, because in tropical forests,
the temporal peak in leaf consumption by insect herbivores
closely tracks leaf production (Murali & Sukumar 1993),
especially for the most synchronous plant species (Lamarre
et al. 2014), temporal separation of leaf production among
species may be favoured as a strategy for partial escape from
herbivores. Individuals of cap1 showed a greater synchrony in
leaf production than cap2 and cap3 (Fig. 3). In addition, tim-
ing for leaf production was different between ESUs, that is,
during the study period, the main peaks of leaf production
were at different times of the year, with September for cap1
(data collected in a different year), July for cap2 and June for
cap3. Young leaves are an ephemeral stage in the life of a
leaf that lasts only a few weeks. Thus, time lags of only
2 weeks between ESUs would be biologically meaningful
with different ESU’s being available for oviposition at differ-
ent times of the year (Aide & Londo~no 1989).
Similarly, our analyses found differences among ESUs in

the rate at which young leaves expand, with leaves from cap1
expanding significantly faster than leaves from cap2 and cap3
(Fig. 3). Shortening the window of vulnerability to herbivores
provides a mechanism for temporal escape (Aide & Londo~no
1989). It appears that the strategy of escaping herbivory by
expanding leaves rapidly is fuelled by delaying the develop-
ment of the chloroplast (delayed greening) until the leaf is
fully expanded and defended by toughness (a defence syn-
drome termed ‘escape species’, see Kursar & Coley 2003).
Although delayed greening reduces the photosynthetic capac-
ity of young leaves, it also reduces the resources that are lost
per gram of leaf eaten (Coley & Kursar 1996).
Biotic defences also diverge between ESUs in the I. capita-

ta group. Our field observations indicated that, although all
the three lineages invest in active extrafloral nectaries, they
differ in the area of the nectary (a proxy for the amount of
nectar production, Rudger 2004; Dı́az-Castelazo et al. 2005)
and in the number of ants visiting each ESU (Fig. 3). Ant
visitation to the two terra firme ESUs, cap1 and cap3, mirrors
differences in extrafloral nectary size. Expanding leaves of
cap1 received less ant visitation than leaves from cap3. This
pattern could result from more nectar production in cap3, as

ants respond positively to higher concentrations and volume
of nectar (Bixenman et al. 2011). However, although cap2
has extrafloral nectaries that are intermediate in size, it
received significantly lower ant visitation than the other two
ESUs, presumably because it occurs in flooded forests where
the abundances of ground-nesting ants might be lower (Pear-
son & Derr 1986).
In contrast to what we found with defensive traits, leaf

functional traits that are unrelated to defence showed less var-
iation between closely related ESUs. Neither species complex
differed in the expression of primary metabolites (Fig. 7).
Similarly, LMA and nitrogen content of mature leaves did not
show significant differences between the ESUs of the I. capi-
tata complex (Fig. 6). These findings suggest that adaptations
to the abiotic environment, such as light and nutrients, may
not have acted as drivers of divergence between closely
related ESUs. However, cap1 did differ in the size and num-
ber of leaflets from cap2 and cap3 (Fig. 6), with cap1 having
only four leaflets of consistently smaller size, and cap2 and
cap3 having between four and six larger leaflets. Given that
adults from these three ESUs show a reduction in leaflet size
and mostly four leaflets per leaf (Pennington 1997; M. J. End-
ara pers. obs.), leaf morphologies may differ only at the sap-
ling stage. The fact that cap2 occurs in the floodplain
suggests that adaptations to seasonal flooding might be an
important factor in divergence between this ESU and the terra
firme ESUs, cap1 and cap2. Although we did not measure
plant traits associated with flooding tolerance, quantitative
trait-based studies have found that species adapted to flood-
prone environments show higher LMA and greater leaf area
than species from other habitats (Colmer & Voesenek 2009;
Huber, Jacobs & Visser 2009). In our study, these traits did
not differ between the terra firme and floodplain ESUs.
We also did not find distinct microhabitat preferences of

the terra firme forms. ESUs cap1 and cap3, the shade-tolerant,
terra firme ESUs coexist within metres of each other, similar
to I. heterophylla ESUs het1 and het2. Moreover, all five
ESUs occur in low-light microsites and show no preference
for treefall light gaps.
Studies in other lineages have also suggested greater diver-

gence among closely related species between defensive as
compared to non-defensive traits. In the milkweeds, a signifi-
cant correlation between variation in defensive traits and
diversification has been found, while other, non-defensive
traits did not show such a relationship (Agrawal et al. 2009).
Likewise, close relatives of the genus Psychotria (Rubiaceae),
an understory shrub of tropical forests, are more dissimilar in
secondary metabolites than in traits associated with shade and
drought tolerance (Sedio 2013). These findings suggest that
defences are relatively more labile than other traits, and high-
light the importance of insect herbivores in trait diversifica-
tion.

DIVERGENCE IN INSECT HERBIVORE SELECTION

Consistent with the observed differences in defensive traits, the
abundance and composition of insect herbivore communities
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showed divergent host association between the I. capitata
ESUs (Fig. 4). It is quite striking that these differences are
consistent even when considering the whole Inga community
in the study area (43 Inga species). Dissimilarities in Lepidop-
tera community between two of the three pairs of I. capitata
ESUs are significantly greater than between more distantly
related Inga species. The community mean dissimilarity index
bRC equals 0.69, whereas for cap1 vs. cap2, bRC equals 0.74
and for cap2 vs. cap3, bRC equals 0.92. But for cap1 vs. cap3,
bRC equals 0.10 (two-tailed test, alpha = 0.05, unpublished
analyses of MJE; for bRC analyses, see Chase et al. 2011).
Similarly, Fine et al. (2013) found substantial differences in
secondary metabolites and in the abundance and diversity of
insect herbivores between two ecotypes of Protium subserra-
tum that occur in white-sand and terra firme forests in the
Peruvian Amazon. In our study, the two I. capitata lineages
(cap1 and cap3) that occur within the same habitat, terra firme,
showed the biggest difference in total herbivore assemblage
(including Coleoptera, sawflies and Lepidoptera, Fig. 4). This
may result from the fact that, in terms of phenolic composi-
tion, cap1 more closely groups with cap2 than with cap3
(Fig. 1). Taken together, these results suggest that herbivores
might select for divergence in defences among coexisting
lineages.
Our feeding choice experiment and field survey of sawfly

larvae both showed a preference for cap2 over the other two
ESUs. This suggests that differences in chemical defences
within the I. capitata complex are big enough to affect herbi-
vore preference, even for those herbivore species that are
shared. Although many factors can influence host selection in
the field, including habitat preferences, phenology and ant vis-
itation to extrafloral nectaries, the primary factors assessed in
our controlled choice experiment were leaf secondary metabo-
lites and possibly nutrition. This consideration and the obser-
vation that, for sawfly larvae, host selection is related to plant
phenolics (Opitz et al. 2012) are consistent with our bioassay
results.

PATTERNS IN DEFENCE DIVERGENCE

Although both clades include closely related ESUs, two pat-
terns of divergence in chemical defences are evident, with
one species complex being more divergent than the other
(Fig. 1). One trend is exemplified by the I. heterophylla com-
plex, where the two ESUs express non-overlapping chemistry
(Fig. 1 and Appendix S6). A switch in secondary compounds
between sister species is often found across the genus Inga
(Kursar et al. 2009). Similar results have been obtained for
the Fabaceae in a recent study (Wink 2013), and for other
groups, such as Bursera (Becerra 1997). These patterns
diverge from the dominant paradigm of defence evolution,
which predicts that closely related species have similar
defences (Ehrlich & Raven 1964) and suggests that the pro-
duction of novel defence mechanisms arise primarily through
stepwise changes to structural genes coding for novel biosyn-
thetic enzymes (Berenbaum & Feeny 1981; Berenbaum &
Zangerl 1998; Berenbaum & Schuler 2010). We speculate

that large shifts in defence chemicals between sister species
can be better explained through changes in gene regulation
rather than in structural genes for biosynthetic enzymes. In
fact, most studies of systems at the genetic level report that
chemical traits have diverged due to changes in regulation
(Durbin et al. 2003; Tewari, Brown & Fristensky 2003;
Windsor et al. 2005; Burow, Halkier & Kliebenstein 2010).
The second pattern in defence divergence is also consistent

with regulatory changes. In the I. capitata complex, the three
lineages within the group show related chemistry. The most
common compounds expressed by the three ESUs are derived
from the same pathways, with differences between close rela-
tives found mainly at the level of expression of the different
metabolites and/or structural complexity. For example, tyra-
mine gallates, biomarkers for cap3, occur across the three
ESUs. However, its relative abundance is much higher in
cap3 than in cap1 and cap2. Similarly, in cap3 traces of an
unknown with m/z of 144.08 is found, but this unknown is
produced at high relative abundances only in cap1 (Appendix
S6). These observations support the idea that structural genes
are present in all ESUs, but ESUs differ in the extent to
which they are down or upregulated.
Modifications in gene regulation may be a fast and simple

mechanism for differential expression of metabolites between
species. This would allow for rapid defence evolution and
explain why close relatives are divergent in defences. Major
shifts in defences would help to neutralize the advantages that
short-lived herbivores have in an evolutionary arms race with
long-lived trees.

Conclusions

The results from a number of recent studies suggest that her-
bivores play an important role in trait diversification and spe-
ciation in plants. Our functional trait approach provides
evidence for enemy-related differentiation among closely
related lineages. That marked phenotypic differences occur in
defensive traits and not in other traits between sister lineages
within a clade lead us to hypothesize that selection exerted by
herbivores is one of the main ecological factors driving diver-
sification. This interpretation is consistent with the proposal
that the time scale for changes in abiotic selective pressures
may be much longer than for natural selection due to biotic
factors (Schemske 2002; Coley & Kursar 2014). Thus, plant
traits that are adaptations to the arms race may evolve quickly
in order to track counter-adaptations from their enemies. Sim-
ple and fast changes in defences through gene regulation are
consistent with this hypothesis.
Because four of the ESUs studied here co-occur as neigh-

bours, our findings have significant implications for coexis-
tence. In the tropics, growing evidence is showing
dissimilarity in defences between close relatives occurring in
sympatry. Thus, divergent selection on defensive traits by her-
bivores might be mandatory for coexistence of closely related
neighbours in tropical forests and could potentially explain
the astonishingly high local diversity of these forests (Coley
& Kursar 2014).
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