Oecologia (2018) 186:765-782
https://doi.org/10.1007/s00442-017-4043-9

COMMUNITY ECOLOGY - ORIGINAL RESEARCH

@ CrossMark

Decoupled dimensions of leaf economic and anti-herbivore defense
strategies in a tropical canopy tree community

K. McManus Chauvin'2® . G. P. Asner' . R. E. Martin? - W. J. Kress> - S. J. Wright* - C. B. Field®

Received: 18 December 2015 / Accepted: 11 December 2017 / Published online: 4 January 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Trade-offs among plant functional traits indicate diversity in plant strategies of growth and survival. The leaf economics
spectrum (LES) reflects a trade-off between short-term carbon gain and long-term leaf persistence. A related trade-off,
between foliar growth and anti-herbivore defense, occurs among plants growing in contrasting resource regimes, but it is
unclear whether this trade-off is maintained within plant communities, where resource gradients are minimized. The LES
and the growth-defense trade-off involve related traits, but the extent to which these trade-off dimensions are correlated
is poorly understood. We assessed the relationship between leaf economic and anti-herbivore defense traits among sunlit
foliage of 345 canopy trees in 83 species on Barro Colorado Island, Panama. We quantified ten traits related to resource
allocation and defense, and identified patterns of trait co-variation using multivariate ordination. We tested whether traits and
ordination axes were correlated with patterns of phylogenetic relatedness, juvenile demographic trade-offs, or topo-edaphic
variation. Two independent axes described ~ 60% of the variation among canopy trees. Axis 1 revealed a trade-off between
leaf nutritional and structural investment, consistent with the LES. Physical defense traits were largely oriented along this
axis. Axis 2 revealed a trade-off between investments in phenolic defenses versus other foliar defenses, which we term the
leaf defense spectrum. Phylogenetic relationships and topo-edaphic variation largely did not explain trait co-variation. Our
results suggest that some trade-offs among the growth and defense traits of outer-canopy trees may be captured by the LES,
while others may occur along additional resource allocation dimensions.
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Introduction

A resource-based theory of allocation hypothesizes that
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low-resource environments (Kursar and Coley 2003; Fine
et al. 2006). This trade-off may be related to a more funda-
mental trade-off observed among plants, in the allocation
of carbon and foliar nutrients towards key leaf functions,
known as the leaf economics spectrum (LES; Wright et al.
2004). Along the LES, species with ‘acquisitive’ strategies
allocate carbon resources sparingly towards the rapid con-
struction of nutrient-rich, metabolically active leaves that
turnover quickly. In contrast, ‘conservative’ species allocate
more carbon resources towards the durable construction of
individual leaves, betting on long-term returns-on-invest-
ment from leaves which are well-defended against threats
(both abiotic and biotic) to their survival (Wright et al. 2004;
Shipley et al. 2006). Interspecific variation along the LES is
associated with life-history variation and plant performance
among rainforest trees in gaps and understory environments
(Poorter and Bongers 2006; Wright et al. 2010). However,
less is understood about how the LES or other trade-off axes
are represented within plant communities, where resource
gradients may be minimized.

Within plant communities, trade-off patterns may be more
complex than a simple one-dimensional relationship. In the
absence of a single strong resource constraint, such as light,
water, or key macronutrients, multiple limiting resources
may contribute dynamically to species co-existence, and
allocation trade-offs may change with plant ontogeny (Til-
man 2004; Silvertown 2004; Kitajima and Poorter 2008).
Moreover, if one or several potentially limiting resources
exist in surplus within a community, allocation towards
multiple plant functions may be possible without trade-offs
(e.g., Dominy et al. 2003). This latter point has rarely been
addressed, as few plant communities are conceivably “free”
(in a relative sense) of resource constraints. One exception
may be the community of adult tropical canopy trees that
comprise the outermost surface of lowland tropical rainfor-
ests, which owing to their size, position, and location, are
arguably among most resource-rich terrestrial plants on the
planet.

Canopy trees represent an important, but poorly under-
stood, component of tropical rainforest biodiversity. As the
largest organisms in the forest, canopy, and emergent trees
have a disproportionate influence on forest productivity, car-
bon storage, and nutrient cycling, as well as providing the
physical architecture and much of the base of the trophic
pyramid in tropical forests (Basset et al. 1992; Clark and
Clark 1992, 1996). The foliage of canopy trees differs from
that of understory trees (including both species which com-
plete their lifecycle in the understory and juvenile canopy
trees) in several distinctive ways: fully sunlit canopy foliage
tends to be thicker, tougher, and has a higher light satura-
tion point and higher leaf mass per unit area (LMA) than
shaded understory foliage (Givnish 1988; Dominy et al.
2003; Kitajima and Poorter 2008). Yet, tropical canopy tree
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communities are biologically and functionally diverse, sug-
gesting that a wide range of ecological strategies may be
viable among trees that have attained the canopy (Clark and
Clark 1992; Condit 2000; Asner et al. 2014). However, lit-
tle is known about patterns of variation within adult canopy
communities, including whether trade-offs among plant
functions, or functional traits, occur among co-existing
canopy trees (but see Clark and Clark 1992; Kitajima et al.
2005; Asner and Martin 2011).

If carbon limitation is not the constraining paradigm of
the adult canopy tree community, axes of functional trait var-
iation among canopy foliage may reflect trade-offs beyond
those related to carbon uptake and investment. Leaf invest-
ment strategies may respond to other limiting resources,
such as soil nutrients that may be unevenly distributed across
landscapes, or modifications of the costs and benefits of a
given investment strategy imposed by fitness losses due to
herbivory (Coley et al. 1985; Clark et al. 1999; Baltzer and
Thomas 2010). Variation in plant responses to foliar her-
bivores (e.g., to tolerate or defend against herbivory) has
largely been considered as an extension of resource allo-
cation theory, suggesting that the optimal level of foliar
defense is linked to the ideal rate of leaf turnover: where
it is advantageous for leaves to be long-lived, they should
also be well-defended against herbivores (Coley 1988; Fine
et al. 2006; Mason and Donovan 2015). If this is true, then
plant defense traits should be largely correlated with LES
traits. Alternatively, multiple limiting resources affecting
plant growth may contribute to variation over several key
dimensions, with traits varying over multiple axes corre-
sponding to the resources to which they relate (Bloom et al.
1985; Tilman 2004; Ackerly 2004). Thus, if soil resources or
even ‘avoided herbivory’ function as additional constraints
on resource allocation for canopy trees, interspecific varia-
tion in foliar traits may be organized over multiple trade-off
axes, and a single dimension alone may fail to account for
the majority of functional variation within a canopy com-
munity. Jointly investigating patterns among leaf economic
and anti-herbivore defense traits among canopy trees may,
therefore, provide insight into constraints on tropical tree
functional diversity, beyond the primary dimension of light
availability.

Here, we assess the relationship between leaf economic
and anti-herbivore defense traits within a diverse com-
munity of tropical canopy trees at Barro Colorado Island
(BCI), Panama. We focus our analysis on traits with well-
established relationships with the LES, indicating variation
among foliar strategies of carbon uptake and investment,
as well as a limited number of individual anti-herbivore
defense traits that, albeit an incomplete characterization of
plant defense, represent a range of characteristics relevant
to the overall costs and benefits of defense (Feeny 1976;
Koricheva 2002; Wright et al. 2004; Agrawal and Fishbein
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2006). We ask whether trade-offs among foliar resource allo-
cation strategies and anti-herbivore defense occur among ten
foliar traits for a phylogenetically diverse group of 345 upper
canopy trees in 83 species, which span the topo-edaphic con-
ditions present at BCI. We then explore several plausible
mechanisms that may contribute to the generation of pat-
terns observed, including (1) phylogenetic dependency of
trait variation among closely related species, (2) ontogenetic
links between current patterns of functional trait co-variation
and juvenile demographic relationships, and (3) the influ-
ence of topo-edaphic variation, which may contribute to
spatial variation in resource availability across BCI.

16
degrees

97
ma.s.l.

Fig. 1 Canopy tree locations overlaid on topo-edaphic gradients and
forest age map of Barro Colorado Island, Panama (BCI). Centerpoints
of 345 canopy tree crowns included in study are shown as black cir-

Materials and methods
Site description and sampling design

Field sampling was conducted in January 2013 at BCI
(9°9'N, 79°51'W; Fig. 1). The island has an area of roughly
15 km? with a maximum elevation of 137 m above Lake
Gatun. BCl is classified as tropical moist forest (Holdridge
1947) with mean annual temperature of 26.9 °C, mean
annual precipitation of 2551 mm, and a dry season lasting
from December into April (Leigh 1999). Soils on BCI vary

cles, overlaid upon maps of a slope, b soil wetness index, and c¢ ele-
vation. BCI is located in Gatun Lake, on the Isthmus of Panama, as
shown in inset
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with underlying geology and topology, but are primarily
brown fine loams and clays with high concentrations of
many key nutrients (e.g., N, P, Ca, and S) and high cation-
exchange capacity (Yavitt and Wieder 1988; Yavitt 2000;
Baillie et al. 2007; Messmer et al. 2014).

We sampled 345 outer-canopy trees randomly distrib-
uted along transects running west to east across the island
(Fig. 1). Outer-canopy trees, defined here as mature indi-
viduals whose crowns have unobstructed exposure to the
sky, included both large canopy and emergent trees and were
carefully selected following the procedure of Asner et al.
(2011). Individuals are distributed across 83 species, 65
genera, and 35 families. Our sampling included 60 of the 87
most common species of canopy and emergent trees from 30
out of 34 families, as determined in a comprehensive study
by Condit et al. (1996), and spans the geological conditions
and forest age classes on BCI. Leaf chemistry and LMA
are sensitive to vertical light gradients within forests (e.g.,
Poorter et al. 2009), thus only fully sunlit, fully expanded,
top-of-canopy foliage was collected to avoid combining sun
and shade leaves, which could obscure meaningful chemi-
cal and trait distinctions both within and among species
(Asner and Martin 2011). For each individual, 2-3 intact
branches and an additional 25-50 full leaves were harvested
and immediately stored on ice. Trait measurements were
made on fresh or flash-frozen/lyophilized leaf tissue, and
all processing/stabilization was conducted within ~ 6 h of
collection. Visual examination of leaf voucher specimens
informed outlier removal for individual trees, where foliar

samples were clearly in the juvenile or senescent stages.
Three species containing high proportions of very young
foliage were omitted from the analysis (Jacaranda copaia,
Trattinickia aspera, and Platypodium elegans). The final
data set comprised 330 individuals across 80 species, 65
genera, and 35 families.

Determination of foliar functional traits

We measured ten leaf traits with well-established relation-
ships with the LES/foliar carbon investment strategies and/
or anti-herbivore defense for individual trees (Table 1).
Leaf nitrogen (N; % dry weight), leaf phosphorus (P; % dry
weight), and leaf water content (LWC; % total weight) are
foliar nutrients which are found in high concentrations in
species with acquisitive LES strategies (Wright et al. 2004).
Leaf mass per unit area (LMA; g m~2), has a positive rela-
tionship with leaf lifespan, and high LMA indicates a high
carbon investment, consistent with a conservative LES strat-
egy (Westoby et al. 2002). Leaf density (LD; mg mm ™) and
leaf toughness (LT; kN m~!) contribute to leaf longevity
by protecting against abiotic hazards such as high wind
and falling debris, as well as against herbivory by reducing
the palatability or nutrition of foliar tissue (Kitajima et al.
2012). Leaf latex (presence/absence) constitutes a physical
defense against herbivory, and also commonly contains a
variety of bioactive or toxic compounds, including terpe-
noids, phenolics, proteins, and alkaloids (Konno 2011).
Cyanogenic glycosides (CG, presence/absence), are a toxic,

Table 1 Foliar traits included in

. Trait  Units Nings  Ngpecies  Npresence  Mean Median Range Fecies  CViatio
this study P P P

N % Dry wt. 325 79 n.a. 22+06 2.0 1.2-42 18.2 2.37
P % Dry wt. 325 79 n.a. 0.11 £0.04 0.11 0.06-0.24 9.5 1.83
LWC % Total wt. 328 80 n.a. 57+7 57 36-77 10.4 1.64
LMA gm™ 327 80 n.a. 106 + 30 104 55-184 10.6 1.84
LD mg mm™> 225 61 n.a. 339+ 76 332 176-640 3.9 1.18
LT KN m™! 225 61 n.a. 0.24 £0.08 0.23 0.12-0.50 7.9 1.91
Latex Pres./abs. n/a 80 12 n.a. n.a. n.a. n.a. n.a.

CG Pres./abs. 327 80 3 n.a. n.a. n.a. n.a. n.a.

CT mggldrywt. 324 80 n.a. 67 +£29 63 14-132 15.2 1.96
HT mggldrywt 266 71 60 19+ 18 15 3-822 9.6 1.42
TP mggldrywt. 290 75 n.a. 120 + 47 122 43-227 11.1 1.68

The total number of individuals (V;

nds

) and species (N,,) with data available is reported for each trait, along

with the number of species with positive detections for three traits that were absent in at least some species

(N,

presence

). For all continuous traits, we report the mean + standard deviation, median, and range of trait

measurements (collected at the individual scale). F is the F statistic reported for one-way ANOVA between

species. All F values were highly significant (p < 1 x 1075). CV,

Latio 18 the ratio of the coefficient-of-vari-

ation between species to the mean coefficient-of-variation within species. TP, CT, and HT are reported in

gallic acid equivalents (GAE)

N nitrogen, P phosphorus, LWC leaf water content, LMA leaf mass per area, LD leaf density, LT leaf tough-
ness, CG cyanogenic glycosides, CT condensed tannins, HT hydrolysable tannins, TP total phenols

43 mg is the minimum detectable concentration
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highly potent defense against herbivores (Lechtenberg and
Nahrstedt 1999).

We included three measures of phenolic compounds in
foliar tissue. The total concentration of phenolic compounds
(TP; mg g~! dry weight) is a frequently reported metric of
chemical defense investment. Phenolics are phenol-con-
taining plant secondary metabolites, with a range of anti-
herbivore and antibiotic defense functions, as well as pro-
tective functions against abiotic stress such as UV radiation
(Appel 1993; Mazza et al. 2000). Condensed tannins (CT;
mg g~ ! dry weight) are a subset of TP with anti-digestive
or anti-nutritive properties, primarily through their ability
to irreversibly bind with ingested or endogenous proteins
(Ayres et al. 1997). However, many folivorous insects may
be largely immune to the effects of CT, as the protein-
precipitating activity occurs only under acidic to neutral
conditions, and the digestive environments of most insects
are alkaline (Bi and Felton 1995; Barbehenn and Consta-
bel 2011). In contrast, insects may be much more vulner-
able to the defensive activity of another category of TP, the
hydrolysable tannins (HT; mg g~! dry weight). HT have a
dose-dependent effect on oxidative stress in the digestive
environments of many insect herbivores, which stems from
their capacity to propagate free radicals (Ayres et al. 1997;
Salminen and Karonen 2011).

Leaf N, leaf P, LWC, and LMA were measured accord-
ing to the Carnegie Spectranomics Project protocols (http
://spectranomics.stanford.edu) and are briefly summarized
here. Total N and P were determined from oven-dried,
powdered leaf tissue. Total N was determined by combus-
tion—reduction elemental analysis on a Costech CHN Ana-
lyzer (Costech Analytical Technologies). Elemental P was
determined by inductively coupled plasma optical emission
spectroscopy on an IRIS/AP Plasma Spectrometer (Thermo
Jarrell Ash). LWC was calculated as the percent mass loss
of fresh leaves after oven-drying for 72 h. LMA was deter-
mined via measurements of leaf area and dry mass on leaves
(petioles and large midribs removed, leaves cut when nec-
essary) that filled a scan area of 21 X 25 cm on a 600 dpi
flatbed scanner, which were weighed immediately after scan-
ning, and again after 72 h of oven-drying. To obtain LD, we
measured leaf thickness for three leaves per individual as the
laminar thickness between secondary veins adjacent to the
mid-rib, two-thirds of the length from leaf tip to leaf base.
LD was calculated as the quotient of LMA divided by leaf
thickness. LT was measured concurrently as the critical mass
required to puncture the laminar tissue of the fresh leaf using
a penetrometer. LT and LD were collected for 184 out of
345 individuals, due to limitations on the number of meas-
urements that could be made on fresh leaves—priority was
given to obtaining a minimum of three individuals of each
species rather than to intensively sampling the most common
species at the expense of under sampling of rare species.

We measured the concentration of CG for all individuals
via the colorimetric determination of cyanide (CN), follow-
ing the method of Gleadow et al. (2011). CN is liberated
following the hydrolysis of the glycoside and is trapped in
a well containing 1 M NaOH. Freeze-dried, ground plant
tissue (10-20 mg) was incubated for 12-15 h at 37 °C
in with 1 mL of 0.1 M citrate-HCI (pH 5.5) containing
B-glucosidase from almonds in excess (Sigma G0395),
within a sealed vial containing the inner NaOH well. The
addition of exogenous p-glucosidase was taken as a pre-
cautionary step as the freeze-drying process may de-acti-
vate endogenous glucosidase. The concentration of NaCN
trapped in NaOH was measured using Konig color reactions
(Lambert et al. 1975), and the absorbance at 595 nm was
read on an Infinite M1000 Pro microplate reader (Tecan,
Austria) with NaCN as the standard. This method can detect
concentrations as low as 5 ug L™! and is relatively specific
for CN (Gleadow et al. 2011).

We quantified total phenolics (TP) via the Folin—Ciocal-
teu (F-C) assay using freeze-dried leaf tissue and following
the protocol of Ainsworth and Gillespie (2007). The F-C
assay is colorimetric, based on the transfer of electrons
from phenolic compounds to the F-C reagent (a mixture of
sodium molybdate, sodium tungstate, and other reagents),
resulting in the formation of blue complexes which can be
quantified spectroscopically. Absorbance at 765 nm is lin-
early related to TP concentration using gallic acid as the
standard. This method is not strictly specific to phenolic
compounds, as the F-C reagent will react with other oxida-
tive substrates, but provides a robust quantitative estimate of
total phenols, as they comprise the vast majority of oxidative
substrates in plant extracts (Huang et al. 2005; Ainsworth
and Gillespie 2007; Everette et al. 2010). Importantly, con-
centration is reported in ‘gallic acid equivalents’ (GAE),
and may equivalently be interpreted as the total antioxidant
potential of the sample, as structural variation among spe-
cific polyphenolic compounds may influence their reactiv-
ity (Appel 1993). However, from an herbivore perspective,
this functional definition may be more defensible, as it is
this molecular activity that confers defense against a given
herbivore (Barbehenn and Constabel 2011).

Condensed tannins (CT) and hydrolysable tannins (HT)
were quantified as the fractions of TP to bind with protein
or oxidize under alkaline conditions, respectively. These
derivations of CT and HT are also based on their functional
properties, as all substrates which precipitate protein under
acidic conditions or auto-oxidize under alkaline conditions
and react with the F-C reagent would be included in this
method of quantification. However, the large majority of
these will be phenolics, and furthermore, the qualities being
measured correspond with the molecular mechanism of
defense conferred by CT and HT, respectively (Salminen and
Karonen 2011). CT confer defense by irreversibly binding
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with ingested proteins in the digestive tracts of mammals
and some orders of insects (e.g., Coleoptera) with acidic to
neutral midgut environments, rendering such proteins indi-
gestible (Hagerman 1992; Barbehenn and Constabel 2011).
However, CT are ineffective at precipitating protein under
alkaline conditions. Conversely, at pH > ~ 9, HT are known
to take radical forms and to propagate harmful reactive oxy-
gen species (ROS), but may serve as beneficial antioxidants
at neutral pHs (Salminen and Karonen 2011; Barbehenn and
Constabel 2011). The supplement contains further details on
the molecular activities of TP, CT, and HT.

The quantification of CT utilized a modification of the
Folin—Ciocalteu (F—C) assay to first allow for the precipita-
tion of protein—CT complexes using polyvinylpolypropylene
(Toth and Pavia 2001; Makkar et al. 2007). The concentra-
tion of CT is given as the difference in concentration of
TP, quantified using the unmodified F-C assay, described
previously, and the concentration of TP detected from the
modified F-C assay after the protein precipitation step.
HT were also measured using a modification of the F—C
assay to quantify the oxidative capacity of phenols (Salm-
inen and Karonen 2011). This procedure works by exploit-
ing the behavior of a defining chemical constituent of HT,
o-dihydroxy polyphenols, which are irreversibly oxidized
in an alkaline buffer solution (pH 10) to yield o-quinones
(Quideau et al. 1995; Feldman et al. 1999; Chen and Hager-
man 2005). Similar to the quantification of CT, the con-
centration of HT is determined from the difference between
TP measured for oxidized and non-oxidized replicates for
each sample (Salminen and Karonen 2011). As fractions of
TP, both CT and HT concentrations are reported in GAE.
We binned the HT data into intervals of 3 mg g~! as a pre-
processing measure to reduce the effects of minor observa-
tion errors associated with the assay, as internal standards
showed a standard error of approximately 10%, likely due to
the chemical complexity of phenolic compounds and other
oxidative substrates in the samples (Everette et al. 2010).
Values within the bin range were replaced with the central
value of each bin, resulting in 27 bins ranging from 0 to
79 mg g~!. All traits were measured at the individual scale,
with the exception of leaf latex, which was assessed quali-
tatively for species, and confirmed with data from the litera-
ture (Croat 1978; Condit et al. 2011).

Trait distributions were examined for normality across
all individuals and within species. Outlier detection and
removal was performed using modified Z-scores (Iglewicz
and Hoaglin 1993). Data were aggregated at the species
level for some analyses using species mean trait values.
The number of individuals per species utilized for spe-
cies-level means varied from 1 to 22, with a mean of four
individuals per species. A high ratio of interspecific-to-
intraspecific variation across all traits permitted the use of
species with low representation in this data set (consistent

@ Springer

with their representation in the BCI tropical canopy tree
community; Table 1). Both individual and species-level
variables were transformed where necessary to improve
normality: N, P, LMA, and LT were log-transformed and
LD, CT, and HT were square-root transformed within the
individual-level data set; N, P, and LT were log-trans-
formed and TP and HT were square-root transformed in
the species-level data set. For multivariate trait analyses,
continuous trait data were standardized to have a mean of
zero and unit variance.

Interspecific patterns of trait variation
and co-variation

To assess whether traits varied more between species
than within species, we performed one-way analyses of
variance (ANOVA) at the species level for all traits, using
data for all individuals. We also calculated the ratio of the
coefficient-of-variation (CV) between species to the mean
CV within species for all species for which we collected
at least three individuals, which provides an estimate of
the relative importance of interspecific-to-intraspecific
variation. To determine the interdependency of traits, we
calculated pairwise correlation among traits at the species
and individual levels, as well as among phylogenetically
independent contrasts (PICs, discussed below). The sig-
nificance of pairwise correlations was corrected for mul-
tiple hypotheses testing using the Bonferroni adjustment
method (Legendre and Legendre 1998).

We utilized two multidimensional scaling methods,
principal component analysis (PCA) and principal coor-
dinate analysis (PCoA), to examine multivariate patterns
of trait variation at two levels: among all individuals and
using species mean values. PCA is based on a ¢ X ¢ matrix
of associations between g variables and requires complete,
continuous data for all traits. PCoA is based on an n X n
matrix of associations between n subjects and allows for a
more flexible analysis including missing and categorical
data (Gower 1966). The PCA included 56 species and 185
individuals with complete data for eight continuously dis-
tributed foliar traits (N, P, LWC, LMA, LD, LT, CT, and
HT). In addition, the PCoA included two additional binary
traits, CG and latex (the latter at the species level only),
and 80 species and 331 individuals with missing data for
some traits. PCoA does not produce trait ‘loadings’ as in
PCA; however, linear correlations between scores along
the PCoA axes and original variable values can be used as
a measure of each variable’s contribution to a given PCoA
axis (Legendre and Legendre 1998). TP was excluded from
all ordination analyses, because it was used to calculate
both CT and HT.
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Phylogenetic influence on trait variation

Shared evolutionary histories among co-existing canopy
trees may contribute to patterns of trait variation among
species. To understand the extent to which patterns of trait
variation and co-variation could be attributed to the phyloge-
netic relationships among canopy trees, we quantified phylo-
genetic signal for all traits and axes of trait co-variation and
used phylogenetically corrected means of assessing trait co-
variation. We utilized a molecular phylogeny, derived from
the DNA-barcode community phylogeny established by
Kress et al. (2009) for 281 species of woody trees and shrubs
within the 50-ha Forest Dynamics Plot on BCI (Supplemen-
tary Fig. 1). The Kress phylogeny is a maximum likelihood
phylogenetic tree that was reconstructed as a supermatrix
tree from a multilocus DNA-barcode library using three
markers (rbcL, matK, and trnH-psbA; detailed method in
Kress et al. 2009). This barcode phylogeny has been used for
numerous BCI studies (e.g., Wright et al. 2010, Westbrook
et al. 2011). Three species (Enterolobium cyclocarpum,
Vatairea erythrocarpa, and Zanthoxylum panamense) were
not present in the Kress phylogeny and thus were omitted
from all phylogenetic analyses.

Phylogenetic signal (PS), the tendency of related species
to resemble one another, was quantified using Blomberg’s
K statistic for continuously distributed traits and PCA and
PCoA ordination axes (Blomberg et al. 2003). A K value
of zero indicates no phylogenetic signal and a high value
of K (approaching or greater than one) indicates increasing
phylogenetic conservatism of trait values (Blomberg et al.
2003; Losos 2008; Crisp and Cook 2012). We followed the
tip randomization procedure of Blomberg et al. (2003) to test
for significance against a null hypothesis of no phylogenetic
signal (K = 0) and used a parametric bootstrapping approach
to test the null hypothesis of perfectly Brownian motion evo-
lution (K = 1). For two binary traits (CG and latex), we
calculated the D statistic, which is analogous to K for binary
data. D ranges from — 1 (strong phylogenetic conservatism)
to 1 (no phylogenetic signal). We tested D for significance
against null models of no phylogenetic signal (D = 1) and
Brownian motion evolution (D = 0; Fritz and Purvis 2010).

We tested for phylogenetic structure in patterns of trait
co-variation, utilizing pairwise correlations of phylogeneti-
cally independent contrasts (PICs) and phylogenetic PCA
(Felsenstein 1985; Revell 2009). PICs were calculated for
each trait using standardized trait data and log-transformed
branch lengths, which better standardized the PICs than raw
molecular branch lengths from the Kress phylogeny (Gar-
land et al. 1992). As the calculation of PICs requires a fully
bifurcating tree, 11 polytomies were represented by internal
branches of zero length (Diaz-Uriarte and Garland 1999).
We then calculated pairwise correlations of PICs, which
were forced through the origin, following Garland et al.

(1992). Phylogenetic PCA was performed to evaluate the
extent to which multivariate trait patterns observed among
species were driven by shared phylogenetic histories (Rev-
ell 2009). Phylogenetic PC axes and scores were calculated
from an evolutionary correlation matrix of traits assuming a
Brownian motion model of evolution (Revell 2009). Result-
ing phylogenetic PCA axes are evolutionarily independent—
that is, they reflect the residual variation among traits, once
phylogenetic co-variation has been accounted for (Polly
et al. 2013). Although phylogenetic PCA is constructed to
find orientation axes that are independent of species’ shared
evolutionary histories, the positions of species along these
axes still may reflect their phylogenetic non-independence
(Revell 2009); therefore, we calculated phylogenetic signal
for phylogenetic PC axes in addition to the conventional PC
axes.

Juvenile demographic niches

Interspecific variation in LES strategies among adult can-
opy trees may be concordant with differences in their light
requirements as seedlings and saplings, as fitness may be
most tightly linked to environmental variation during the
regeneration phase (Grubb 1977; Stearns 1992; Poorter
2007). In a study of the demographic trade-offs of tropi-
cal trees on BCI, Wright et al. (2010) found evidence for a
strong trade-off between growth rates of the fastest-growing
saplings (95th percentile relative growth rates for census
interval; RGRys) and mortality rates of the slowest growing
saplings (the 25% of individuals with the smallest RGR in
the census interval; M,s; ? = 0.69), suggesting that light
availability may exert a performance filter on regenerating
species with contrasting carbon investment strategies. We
utilized species positions along the RGRys—M,5 trade-off
axis as a continuous measure of juvenile demographic niche
variation for 28 species which were also included in our can-
opy tree data set. To assess whether interspecific patterns of
foliar functional trait co-variation among adult canopy trees
tracked patterns of demographic variation among conspe-
cific juveniles, we measured the correlation between species
rankings along the RGRys—»M,5 trade-off axis and along the
first two ordination axes from PCA and PCoA.

Topo-edaphic variables

BCI has highly fertile soils (Vitousek 1984) with soil macro-
nutrients relatively evenly distributed across the landscape
(Leigh 1999; Yavitt 2000). P and Ca availabilities—both
key constraints on tropical forest productivity (Vitousek and
Sanford 1986)—are much higher here than in most tropical
soils (Vitousek 1984; Yavitt and Wieder 1988). However,
topographic features may contribute to spatially arranged
variation in the distribution of abiotic resources, such as soil
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moisture, light, and nutrient availability, and thus may influ-
ence the functional traits of vegetation occupying different
positions along topo-edaphic gradients. We evaluated the
relationship of five topo-edaphic variables (slope, elevation,
soil wetness, eastness, and northness) with individual foliar
traits and trait trade-off axes.

Spatially explicit topographic data were obtained from
the Smithsonian Tropical Research Institute (STRI) GIS
Portal (http://mapserver.stri.si.edu/). Topographic informa-
tion was obtained from the 5-m resolution digital elevation
model of BCI based on a 1:25,000 topographic map of the
island (Kinner et al. 2002). Slope, aspect, and soil wetness
index (SWI) were calculated in ArcGIS v.9.3. SWI was cal-
culated for each pixel i as the natural log of the ratio between
the upslope area of that pixel (4;) to the tangent of the local
slope angle in radians (a;) (Beven and Kirkby 1979). Aspect
was further derived as northness and eastness, as the cosine
and sine of aspect in radians, respectively. The correlation
between topo-edaphic variables and foliar functional traits
was assessed at the crown level, based on sample location
using mixed-effects modeling with species identity as the
random (intercept) effect. These relationships were assessed
using linear regression for all continuous traits. As noted
previously, latex was determined at the species level, and
thus was excluded from this analysis. CG was also omitted,
as the low number of positive occurrences among individu-
als (19 out of 345 individuals) is likely to introduce substan-
tial bias in the maximum likelihood estimation of the logistic
regression model (King and Zeng 2001).

All statistical analyses were conducted in the statistical
language R (R Core Team 2015) using the packages ‘ape’
(Paradis et al. 2004), ‘caper’ (Orme et al. 2013), ‘MASS’
(Venables and Ripley 2002), ‘phytools’ (Revell 2012), and
‘picante’ (Kembel et al. 2010).

Results
Patterns of foliar trait variation

We quantified ten leaf traits related to foliar investment
strategies and anti-herbivore defense for 225-328 individual
canopy trees in 61-80 species (Table 1). Three defense traits
were detected in only some of the species studied: hydrolys-
able tannins (HT) were present in 60 of 71 species sampled,
cyanogenic glycosides (CG) were present in 3 out of 80 spe-
cies, and latex was present in 12 out of 80 species (see Sup-
plement). One-way ANOVA was significant for species-level
differences for all traits, and coefficients of variation (CV)
between species were 1.2-2.4 times greater than CV within
species, with the lowest ratio for leaf density (LD) and the
highest for leaf N (Table 1). Traits related to foliar resource
investment (N, P, LWC, and LMA) varied among species
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from two- to fourfold, while defense traits (LD, LT, CT,
HT, and TP) varied from roughly fourfold for LD to nearly
30-fold for non-zero occurrences of HT.

Pairwise relationships among traits

Pairwise analyses revealed substantial co-variation among
species mean trait values related to foliar resource invest-
ment and uptake (N, P, LWC, and LMA), and between these
traits and physical defenses of leaf density (LD) and leaf
toughness (LT) among species (Table 2, Supplementary
Fig. 2). Fewer relationships were observed between traits
related to foliar resource investment and chemical defenses
(TP, CT, HT, CG, and latex), and among anti-herbivore
defense traits themselves. The foliar nutrients N and P were
positively correlated, but only P was associated with leaf
water content (LWC). However, all three foliar nutrients (N,
P, and LWC) were negatively correlated with LMA. Leaf P
and LWC exhibited a significant negative association with
leaf density (LD), while leaf N was negatively associated
with leaf toughness (LT). Both leaf N and P were inversely
related to total phenolic content (TP), but only N showed a
negative association with condensed tannins (CT). No foliar
resource investment strategy traits (N, P, LWC, and LMA)
showed an association, positive or negative, with the defense
traits of latex, cyanogenic glycosides (CG), or hydrolysable
tannins (HT). However, both physical defense traits (LD and
LT) were positively correlated with the occurrence of latex
in leaves, and there was a tri-variate correlation among the
phenolic defenses (TP and the two phenolic subsets, CT and
HT). The presence of CG within leaves was apparently inde-
pendent of variation of all other traits included in this study.

Among individuals, we found more significant pairwise
relationships than among species, although the direction
and magnitude of relationships remained largely unchanged
(Supplementary Table 1). This may be due to the larger sam-
ple size and statistical non-independence of conspecific indi-
viduals. However, among individuals we found a significant
association of leaf N with all traits at the individual level,
including negative associations with LT and all phenolic
defenses (CT, HT, and TP) and a positive association with
CG. Negative associations of leaf P with LT and HT were
also significant among individuals. LMA was positively cor-
related with HT and TP, and negatively correlated with CG.
LD and TP were also positively correlated. Finally, CG was
negatively correlated with CT and TP.

Multivariate patterns of trait co-variation

Ordination analyses consistently indicated two major gradi-
ents of trait variation among canopy trees (Fig. 2, Supple-
mentary Tables 2 and 3). The first two ordination axes for
species-level PCA and PCoA explained 60.0 and 54.5% of
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Table 2 Pairwise Pearson’s correlation coefficients for species’ mean trait data (below the diagonal) and phylogenetically independent contrasts

(PICs, above the diagonal and italicized)

N P LWC LMA LD LT Latex CG CT HT TP
N 0.50%%*%  (.43%% — 0.53%* — 023 —035* —0.10 0.14 —009 —016 —0.23
P 0.59%xx* 0.67%%% — 0.68*** — 0.61*** (.03 —0.15 0.05 0.11 — 007 —0.24
LWC |0.21 0.42%* — 0.65*%**— 0.67*** — 0.06 — 0.03 0.05 0.00 0.05 —0.23
LMA |— 0.61%** — 0.65**%* — (0.42* 0.69%%*  ().29% 0.18 — 013 —0.04 0.05 0.26
LD |—0.25 — 0.51%% — 0.62%** ( @3%** 0.13 0.29* 0.03 0.01 0.07 0.38*
LT |—049** —0.29 — 026 0.62%** 0.35% 0.38* —0.05 —0.02 0.17 —0.09
Latex |— 0.14 —0.17 0.15 0.22 0.40* 0.49%* — 004 —01I5 0.03 —0.02
CG 10.19 0.02 0.00 —0.11 009 —016 —0.08 0.00 0.03 —0.09
CT |— 0.29% — 0.09 —0.22 0.04 0.09 —0.13 —0.28 —0.08 0.22 0.47%*
HT |—0.21 —0.20 —0.05 0.05 0.06 —0.01 —003 —0.02 033* 0.32
TP |—041%* —0.36% —0.25 0.29 0.28 —0.09 —0.16 —0.13 0.64*** (042%

Variables are defined in the caption to Table 1
Levels of significance are indicated with asterisks
*p < 0.05, % p <0.001, *** p < 1x 107

interspecific variation, respectively. The first axis explained
42.3% (PCA) or 37.6% (PCoA) of total variation, and was
consistent with strategic variation in foliar carbon invest-
ment along the LES, ranging from a conservative strategy
of slow carbon returns-on-investment (as indicated by high
values for LMA and low values for N, P, and LWC) to an
acquisitive strategy of rapid carbon returns-on-investment
(as indicated by opposing trait values). Two physical defense
traits, LT and LD, were oriented along this axis. However,
all the other defense traits varied independently of this axis.
Correlations between trait values and PCo 1 were significant
for LMA, LD, LT, N, P, and LWC and insignificant for latex,
CG, CT, or HT (Supplementary Table 2).

The second axis explained 17.7% (PCA) or 16.9%
(PCoA) of total variation among species, indicating a gra-
dient of phenolic defense investment (PCA) and a trade-off
between investment into phenolic defenses and investment
into latex or leaf toughness (PCoA). We refer to this axis as
a leaf defense spectrum (LDS), as it incorporated several
anti-herbivore defenses. The orientation of traits along the
LDS differed between the PCA and PCoA analyses, as nei-
ther latex nor CG was included in the PCA. PCo 2 revealed

a continuum characterized by high foliar investment into CT
and HT on the positive side and investment into latex and LT
on the negative side. LT was the only trait to show a signifi-
cant correlation to both PCo axes (Supplementary Table 2).
The LDS was most closely correlated with interspecific vari-
ation in CT concentration, while LT exhibited the strongest
negative correlation with this axis. A visual examination of
the pairwise relationships among LDS-related traits revealed
that high mean CT values were absent among species with
high mean toughness values and vice versa (Supplementary
Fig. 2). We further explored the relationship between mean
species values of CT and LT by performing quantile regres-
sion to assess the correlation between CT and LT for increas-
ing percentiles of the CT distribution (Koenker 2005). We
found a significant negative association of CT and LT at
and above the 80th percentile of mean species CT values
(p < 0.05; Supplementary Fig. 3).

However, low CT concentration was also observed among
non-latex producing species and at low levels of leaf tough-
ness. Variation in CG was not explained by either of the first
two PCoA axes, which is unsurprising given that only three
species were found to be cyanogenic. Linear regression of
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Fig.2 Biplots of a PCA among species, b phylogenetic PCA among
species, ¢ PCoA among species, and d PCoA among individuals. The
percentage of variance explained by each axis is reported with axes
labels. Histograms for the distribution of scores along each axis are

PCA and PCoA results revealed strong correlations between
PC 1 and PCo 1 and between PC 2 and PCo2 (Supplemen-
tary Fig. 4); thus, only species-level PCoA scores and axes
were utilized in subsequent analyses of potential determi-
nants of interspecific trait co-variation, as they permitted the
use of all available data.
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depicted above each plot for the first ordination axis, and to the right
of plots for the second ordination axis. The orientation of trait load-
ings is depicted with red arrows. Variables are defined in the caption
to Table 1

At the individual level, PCA and PCoA results also
indicated two primary ordination axes of trait co-var-
iation, accounting for 60.8 and 54.8% of the variation
among individuals, respectively. Individual-scale PC 1
and PCo 1 largely reflected the same trade-off among
traits as indicated by species levels PC 1 and PCo 1;
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however, there was a significant correlation between
PCol with CT and HT among individuals (Fig. 2; Sup-
plementary Table 2). However, we found a difference in
the trait loadings on the second ordination axis for indi-
vidual-level PCA and PCoA compared to species-level
analyses. Among individuals, PC 2 and PCo 2 reflected
a greater contribution of LES-related traits, namely N,
LWC, LD, LMA, and toughness. Individual-level PCo
2 additionally indicated a negative association with CG.
Thus, a second axis for individual-level PCoA reflected
a trade-off between investment into CT and HT and to a
lesser extent LWC, with investment into LD, LT, N, LMA,
and CG. The omission of leaf latex from individual-level
analyses may contribute to this discrepancy between indi-
vidual and species-level analyses, as may the uneven rep-
resentation of species across all individuals.

Influence of phylogenetic relatedness on trait
variation

Phylogenetic comparative methods suggested that phylo-
genetic structure has limited influence on the observed
patterns of interspecific trait variation and co-variation.
Analyses of phylogenetic signal revealed that several
traits (N, LT, CG, latex, CT, and TP) and PC1 exhibited
K values significantly greater than zero, which is the null
expectation for no influence of phylogeny on interspecific
trait variation. However, only two traits (CG and latex)
exhibited phylogenetic signal at a level high enough to be
consistent with an expectation of traits varying according
to Brownian evolution (Table 3; Supplementary Fig. 5).
All other traits and the first two ordination axes of both
PCA and PCoA showed significantly less phylogenetic
signal than was predicted by a null model of Brownian
evolution, indicating that shared evolutionary history is
insufficient to explain patterns of variation in trait values
among canopy tree species.

No pairwise correlations of phylogenetically inde-
pendent contrasts (PICs) of traits were significantly dif-
ferent from their respective pairwise trait associations,
indicating a lack of phylogenetic structure in patterns
of trait co-variation (Table 2). Moreover, phylogenetic
PCA revealed consistent patterns of trait co-variation and
explained similar levels of variation as the conventional
PCA (Fig. 2; Supplementary Table 2), suggesting that the
multivariate trade-off axes are not an artifact of species’
shared evolutionary history, but rather reflect convergent
trait strategies. However, a limited amount of phyloge-
netic signal (more than zero and less than Brownian) was
still observed among species positions along the first PC
of both the conventional and phylogenetically corrected
PCA (Table 3).

775
Table 3 Phylogenetic signal K D
(PS) for all traits and first two
axes of species-level PCA, N 0.23% na.
phylogenetic PCA, and PCoA P 015 na
LWC 0.11 n.a.
LMA 0.14 n.a.
LD 0.10 n.a.
LT 0.26* n.a.
Latex n.a. —0.50%
CG n.a. —0.42%
CT 0.20* n.a.
HT 0.09 n.a.
TP 0.18* n.a.
PC lgees  0.35%  na.
PC2 e 0.17 n.a.
PC 1, 0.36*  n.a.
PC2,, 0.16 n.a.
PCol 0.13 n.a.
PCo2 0.17 n.a.

Blomberg’s K is reported for all
continuous traits and Fritz’s D
is reported for binary traits

Significance is reported against
a null model of no PS. All K
values and no D values were
significantly  different  from
a Brownian model of evolu-
tion. Axes for species-level
and phylogenetic (phy) PCAs
are denoted with relevant sub-
scripts, PCo 1 and 2 refer to
axes from PCoA. All the other
variables are defined in the cap-
tion of Table 1

* p o< 005 * p < 0.00l,
k< ] x 107

Influence of juvenile demographic niche on trait
variation

Species demographic niches, as their positions along a
juvenile growth-mortality trade-off axis (RGRys—»M,s),
showed an association with LES variation among adult
canopy trees, such that adult canopy species with high-
LMA, low-nutrient, “conservative” foliage also tended
to have juvenile conspecifics with low rates of mortality
(Fig. 3). However, this relationship was only significant
when utilizing the results of the PCoA analysis, which
included more species than the PCA analysis (Supple-
mentary Table 4). The latter required complete trait
data for all observations, as previously discussed. It is
interesting to note that several species with a low-LMA,
high-nutrient, “acquisitive” foliar investment strategy also
showed low rates of mortality among juvenile conspe-
cifics. This may suggest that ontogenetic concordance
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Fig.3 Pearson’s correlation of 28 species scores for the first ordina-
tion axes of principal coordinates analysis for all continuous traits
included in this study (PCo 1) and principal components analysis
for the relationship between growth rates and mortality rates of the
fastest and slowest growing saplings, respectively, from Wright et al.
(2010; Wright PC 1). PCo 1 ranges from species with high foliar
investments into growth traits (N, P, and LWC) on the negative end
to species with high investments into longevity and physical defense
traits (LMA, LD, and LT) on the positive end. Wright PC 1 ranges
from species with low rates of juvenile mortality in shaded environ-
ments on the negative end to high rates of juvenile growth in gap
environments on the positive end. Full species names are given in the
Supplement

may be expected for some canopy species, while shifts
in allocation strategies are the expectation for others. No
significant relationship was found between the LDS and
this growth-mortality trade-off axis, for either PCA or
PCoA results (Supplementary Table 4).

Influence of topo-edaphic variation on trait
variation

Topo-edaphic variables (elevation, slope, SWI, eastness,
and northness) mostly did not explain patterns of trait
variation or co-variation among tropical canopy trees axes
(Supplementary Table 5). Mixed-effects models yielded
very few significant fixed effects (i.e., trait—environment
associations). Significant associations were observed only
between LD and elevation, and the second orientation
axis of PCoA, or the LDS, with slope. Rather, a large
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proportion of residual variation (42—-82%) was attributed
to species identify, included as a random intercept term.

Discussion

We found evidence for two independent axes of trait co-
variation which together accounted for approximately
60% of variation among 80 canopy tree species in mul-
tidimensional trait space (8 and 10 trait dimensions, for
PCA and PCoA, respectively; Fig. 2). The first trade-off
axis alone accounted for roughly 40% of variation and
depicted a continuum of acquisitive to conservative foliar
investment strategies across six traits, with investment in
foliar nutrition (N, P, and LWC) trading-off against invest-
ment in leaf structure and physical defense (LMA, LD,
and LT), a pattern indicative of a leaf economics spec-
trum (LES). Two physical defense traits, LT and LD, were
correlated with LES variation. Both leaf toughness and
density have been shown to positively correlate with leaf
lifespan among saplings, and a trade-off between growth-
related traits and physical defenses may be maintained by
physiological constraints on rapid leaf expansion versus
dry mass investment (Wright et al. 2004; Poorter et al.
2009; Kitajima and Poorter 2010). The second trade-off
axis described an additional 17% of variation and reflected
a gradient of phenolic defense investment as well as an
apparent trade-off between high CT investment and invest-
ment into other anti-herbivore defenses, such as LT and/or
latex. We refer to this pattern as a leaf defense spectrum
(LDS), as it characterizes co-variation among traits with
primarily anti-defense functions.

Interspecific variation for most defense traits was inde-
pendent of LES variation, suggesting that anti-herbivore
defense may not be regulated by the same factors which
constrain foliar resource allocation within this canopy
tree community. More specifically, although physical leaf
defenses may be related to an overall foliar investment
strategy, all other defense traits included in this study were
decoupled from this primary axis of variation. This finding
contrasts with the resource availability hypothesis, which
suggests that foliar investment in anti-herbivore defenses
should trade-off against investment into rapid leaf growth,
and, in particular, contrasts with previous research from
BCI which finds a growth-defense trade-off among juve-
nile canopy trees (Coley et al. 1985; Coley 1988). For
the fully sunlit foliage of adult canopy trees, a universal
growth-defense trade-off does not appear to best describe
the allocation of foliar resources towards growth and
defense functions. High-resource availability experienced
by canopy trees may instead permit the simultaneous allo-
cation of foliar resources towards both growth and defense.
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Patterns generating a leaf defense spectrum

Trade-offs among plant defense traits may arise from
constraints on the simultaneous production of defenses,
or where traits, or suites of traits, represent alternative
adaptive strategies towards herbivory (Herms and Matt-
son 1992; Agrawal and Fishbein 2006). The most striking
trade-off relationship depicted along the LDS indicated
that species which invest heavily in LT do not make large
investments in CT (Supplementary Fig. 3). On one side
of the LDS, tannins are a generalist defense against her-
bivores through deterrence and/or toxicity (Barbehenn
and Constabel 2011). On the other side of the LDS, LT
is an effective deterrent against many types of herbivores,
and leaf latex constitutes a physical barrier which often
contains high concentrations of defensive chemical com-
pounds (Agrawal and Konno 2009; Konno 2011). Species
which produced latex or were cyanogenic also appeared to
invest relatively little in CT (Supplementary Fig. 2). How-
ever, the inverse was apparently not true: low CT concen-
trations were also observed at low levels of LT (and among
non-latex-producing and non-cyanogenic species). This
suggests that, to the extent to which high concentrations
of CT versus high investment in LT constitute alternative
anti-herbivore defense strategies, there are likely to be
additional strategies involving defense traits not included
here. Nevertheless, this trade-off relationship may indicate
strategies that are mutually exclusive, due to evolutionary
or physiological constraints, or represent equally viable
anti-herbivore defense responses among the species within
the BCI canopy tree community. We discuss the influence
that evolutionary and environmental determinants may
have in contributing to strategic variation along both the
LES and LDS among canopy tree species in the following
sections.

Phylogenetic basis for LES and LDS

Phylogenetic relationships among species did not appear
to drive patterns of trait co-variation underlying the LES
and LDS, and we found no evidence for phylogenetic con-
servatism (sensu Losos 2008) among individual traits and
trade-off axes (Fig. 2b; Table 3). Trade-offs among traits
contributing to the LES are widespread across plant line-
ages, and may result in part from physiological constraints
on growth and differentiation processes at the cellular level
(Wright et al. 2004; Shipley et al. 2006; Poorter et al. 2009).
The LDS, primarily driven by variation among CT and HT,
also did not appear to be phylogenetically organized. Spe-
cialized plant defense traits, namely, latex and cyanogenic
glycosides (CG), were the most phylogenetically conserved
traits. The presence of these traits was restricted to specific
taxonomic clades, with latex found in all observed members

of three families (Apocynaceae, Moraceae, and Sapotaceae)
and CG restricted to the two Tabebuia species within the
Bignoniaceae family and one of three species of Ocotea
(Ocotea puberula; Supplementary Fig. 5). Phylogenetic con-
servatism may be particularly common among specialized
plant defense traits, as the evolution of complex biosynthetic
pathways required to produce various defenses is not likely
to have occurred more than once or a few times (Agrawal
2007). However, as the presence of CG in the distantly
related genera of Tabebuia and Ocotea suggests, convergent
evolution of particular classes of defenses or of multivariate
defense strategies may also occur. Such defenses may vary
in their precise composition while being functionally similar
in their mode of defense (Wink 2003, 2010; Agrawal and
Fishbein 2006).

Phylogenetic constraints on interspecific variation among
both LES- and LDS-related traits may be obscured by phe-
notypic plasticity, and defense traits in particular are known
to vary across a range of temporal scales, from composi-
tional changes in defense strategies across ontogenetic stages
to induced production of some types of defense following
herbivore attacks (Schultz 1988; Boege and Marquis 2005).
Although interspecific variation exceeded intraspecific vari-
ation for all traits, plastic responses of species to the canopy
environment may have contributed to the low phylogenetic
signal of both LES- and LDS-related traits. Phylogenetic
PCA results indicated that the orthogonality of these trade-
off axes was maintained when phylogenetic structure was
accounted for. This suggests that the independence of LES
and LDS is maintained across the diverse evolutionary line-
ages represented within this canopy tree community.

Juvenile demographic niche associations and adult
patterns of trait co-variation

Our results suggest that the demographic associations of
juvenile trees along a growth-mortality trade-off axis may
were broadly associated with conspecific positions along an
LES axis among adult canopy trees (Fig. 3). Species with
juvenile demographic niches indicative of a pioneer lifestyle,
with high growth rates in in gap environments and high mor-
tality in shaded environments appear to maintain acquisi-
tive LES strategies as canopy trees. However, species which
showed the lowest rates of mortality in shaded environments
and the slowest growth in gaps spanned a wide range of LES
positions as adult canopy trees. The previous authors have
noted that ontogenetic trajectories of canopy trees may be
complex, with some species existing as “whole-life” light
demanders or shade tolerants but others switching between
these two categorical distinctions throughout their ontog-
enies (Clark and Clark 1992; Kitajima and Poorter 2008).
One notable example is Alseis blackiana, which has been
found to exhibit a seed germination pattern and early life
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history consistent with a pioneer species, but shows remark-
able persistence in the understory as a sapling (Dalling et al.
2001). This species was further identified as a low-mortality,
low-growth sapling by Wright et al. (2010), but was ori-
ented towards the acquisitive end of the LES in the cur-
rent study—evidently returning to its pioneer-like origins.
Our results suggest that the light habitat specializations of
juvenile trees may help to maintain these trade-offs beyond
the regeneration phase, and highlight the importance of
including all ontogenetic stages, from germination to mature
adult, in studies of life history (Poorter 2007). Alternately,
physical defense traits (LT and LD) may contribute to the
link between juvenile demographic niches and adult LES
strategies, as these defenses may be considered a ‘first line
of defense’ against a wide range of herbivores (Lucas 2000;
Peeters et al. 2007; Onoda et al. 2011).

In contrast, no significant relationship was found between
the LDS and a juvenile growth-mortality trade-off axis.
Among saplings of the 41 most common canopy tree spe-
cies on BCI, Coley (1988) noted a trade-off between height
growth rates and levels of foliar defense investment. Our
results indicate that physical defenses, which are a part of
the LES, may contribute to this trade-off, but that chemical
defenses (phenolics, latex, and cyanogenic glycosides) may
not. Ontogenetic trajectories for plant responses to herbivory
are expected to be at least as complex, if not more, than for
strategies of carbon acquisition and allocation, as resource
availability critically influences the costs and benefits of
herbivore responses (Mooney et al. 1983; Coley et al. 1985;
Bazzaz et al. 1987). Thus, the lack of resource constraints
among canopy trees may contribute to a lack of correla-
tion between juvenile demographic niches and adult defense
investment, even if juvenile defense investment was con-
comitant with a growth-mortality trade-off.

Topo-edaphic variation and patterns of trait
co-variation

Spatial variation in five topo-edaphic variables (elevation,
slope, soil water content, northness, and eastness) largely
did not appear to contribute to patterns of trait variation or
co-variation among canopy trees (Supplementary Table 4).
Variations in soil fertility are known to be an important
second dimension of foliar functional variation in more
nutrient-limited tropical forest communities, contributing
in particular to variation in foliar P concentrations (Bal-
tzer and Thomas 2010). Moreover, spatial variation in soil
fertility may influence habitat specialization of plants with
diverging herbivore responses, with low-resource special-
ists investing more heavily in anti-herbivore defenses than
their high-fertility counterparts (Fine et al. 2006). Rela-
tively fertile soils across BCI compared to many tropical
forest communities may contribute to the lack of strong
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trait—environmental relationships (Vitousek and Sanford
1986), and the vast root networks of canopy trees may enable
them to access soil nutrients over a large spatial extent. How-
ever, the topo-edaphic variables included in this analysis
are undoubtedly crude proxies for soil fertility, and a closer
look at associations of foliar traits with specific soil macro-
and micro-nutrients may provide a deeper insight into the
role of edaphic constraints on LES and LDS variation (e.g.,
Steidinger 2015).

Foliar resource allocation along an axis of leaf
defense strategies

Interspecific variation along a leaf defense spectrum (LDS)
appears to indicate a trade-off among two suites of anti-herbi-
vore defense traits (phenolic defenses versus other defenses,
including latex and to some extent leaf toughness). This varia-
tion does not appear to be a consequence of phylogenetic rela-
tionships among species, nor does it appear to reflect juvenile
demographic niches or topo-edaphic variation among canopy
trees. However, this trade-off is neither fully independent of a
leaf economics spectrum, as demonstrated by the orientation
of LT on Axis 1, nor fully determined by it, as no relationship
was found between CT or latex and Axis 1. In particular, spe-
cies which invest the most heavily in leaf toughness do not
appear to invest the most heavily in condensed tannins. Clas-
sical plant defense theory posits that trade-offs should occur
among traits which utilize the same limited resources and/
or provide the same type of anti-herbivore defense (Herms
and Mattson 1992), yet studies of toughness and phenolics
more broadly have failed to show any evidence of a trade-
off among these two defense types (e.g., Read et al. 2009;
Endara and Coley 2011). Wide variation in the structure and
function of phenolic compounds may permit the simultaneous
allocation of foliar resources to some types of phenolics and to
leaf toughness, particularly where defense trait combinations
enhance plant fitness through synergistic interactions or by
providing comprehensive defense against a range of herbivores
(Agrawal and Fishbein 2006). Hydrolysable tannins, for exam-
ple, are relatively low molecular weight phenolic compounds
that appear to be preferentially located within plant cell walls,
which may allow for them to act synergistically with cell wall
components that contribute to leaf toughness, and may not
be expected to trade-off (Grundhofer et al. 2001). In contrast,
CT are high molecular weight phenolic compounds with a
dose-dependent effect on herbivores, and thus may compete
with the carbon-rich constituents of leaf toughness for foliar
carbon resources. Notably, the presence of cyanogenic glyco-
sides, a highly toxic, non-dose-dependent, chemical defense,
was not associated with either PCo Axis 1 or Axis 2. These
findings suggest that the LDS may reflect foliar resource allo-
cation trade-offs among carbon-rich, dose-dependent defenses,
and that defenses which utilize different resources or utilize
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the same resources differently may not be expected to trade-
off along this dimension. Incorporation of a wider range of
defenses, including physical defenses (e.g., trichomes, epi-
cuticular waxes) as well as tactical means of defense (e.g.,
synchronous leaf flushing, ant mutualism) may result in the
identification of additional dimensions and greater diversity
of defense investment.

This study represents the first landscape-scale analysis of
multiple plant defense traits across a tropical forest canopy
tree community. We found that for the canopy tree community
of BCI, functional variation among ten traits related to foliar
resource allocation and anti-herbivore defense was not cor-
related, as is predicted by the resource availability hypothesis,
but was instead distributed across two independent axes related
to leaf economic and leaf defense strategies. These strategies
may be responding to independent limiting resources, includ-
ing not only those which presently act upon mature canopy
trees, but also those which may have been imposed by selec-
tion at the survival bottlenecks of prior ontogenetic stages. The
elucidation of an LDS as a second axis of functional variation
suggests that multiple independent limiting resources may be
contributing to a greater dimensionality to functional trait co-
variation than would be suggested by a simple growth-defense
trade-off. This greater dimensionality may be an important
contributor to the functional and biological diversity of this
canopy tree community.
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