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Summary

1. Although secondary metabolites are recognized as fundamental to the defence of plants

against insect and mammalian herbivores, their relative importance compared to other potential

defensive plant traits (e.g. physical resistance, gross morphology, life-history, primary chemistry

and physiology) are not well understood.

2. We conducted a meta-analysis to answer the question: What types of genetically variable

plant traits most strongly predict resistance against herbivores? We performed a comprehensive

literature search and obtained 499 separate measurements of the strength of covariation (mea-

sured as genetic correlations) between plant traits and herbivore susceptibility – these were

extracted from 72 studies involving 19 plant families.

3. Surprisingly, we found no overall association between the concentrations of secondary

metabolites and herbivore susceptibility – plant traits other than secondary metabolites most

strongly predicted herbivore susceptibility. Specifically, genetic variation in life-history traits

(e.g. flowering time, growth rate) consistently exhibited the strongest genetic correlations with

susceptibility. Genetic variation in gross morphological traits (e.g. no. branches, plant size) and

physical resistance traits (e.g. latex, trichomes) were also frequently correlated with variation in

herbivore susceptibility, but these relationships depended on attributes of the herbivores (e.g.

feeding guild) and plants (e.g. longevity).

4. These results call into question the conventional wisdom that secondary metabolites are the

most important anti-herbivore defence of plants. We propose the hypothesis that herbivores

select most strongly on genetic variation in life-history, morphological and physical resistance

traits, but the greater pleiotropic effects of genes controlling these traits impose strong con-

straints on their evolution. Meanwhile, secondary metabolites could have evolved to be impor-

tant defensive mechanisms not because they have the largest effect on herbivores, but because

the constraints on their evolution are the weakest.

Key-words: antibiosis, co-evolution, genetic covariance, plant defence, plant resistance, plant-

insect, secondary chemistry

Introduction

‘The examples cited of [herbivorous] insects … clearly dem-

onstrate the function of secondary substances in these

plants as means of repelling or attracting insects.’

p. 1470 Fraenkel 1959 Science

‘The observed patterns clearly point to the critical impor-

tance of plant biochemistry in governing the [co-evolutionary]

relationships between the two groups…. Of secondary, but

still possibly major importance, are mechanical plant

defenses…’

p. 605 Ehrlich &Raven 1964Evolution

Interactions between plants and herbivores are among the

most dominant species interactions in nature. Plants form the

basal resource of virtually all food webs, and herbivores

consume 10–15% of the plant biomass produced annually in

both natural and managed ecosystems (Cyr & Pace 1993).
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This herbivory can have cascading ecological and ecosystem-

level effects (Crawley 1983; Bardgett, Wardle & Yeates 1998;

Wimp & Whitham 2001; Stark, Julkunen-Tiitto & Kumpula

2007). These ecological interactions have fueled ongoing co-

evolution between plants and herbivores, whereby plants

have evolved an arsenal of defences that reduce the amount

and impact of herbivory, and herbivores have evolved coun-

termeasures to thwart these defences (Ehrlich & Raven 1964;

Futuyma& Slatkin 1983; Karban& Baldwin 1997; Karban&

Agrawal 2002).

As the opening quotations imply, the earliest appreciation

for the role of plant traits in providing resistance against her-

bivores came with the recognition that secondary metabolites

(e.g. terpenoids, glucosinolates, tannins) and physical plant

traits (e.g. latex, trichomes) influence the feeding patterns of

arthropod herbivores (Dethier 1941; Fraenkel 1959; Krieger,

Feeny & Wilkinson 1971). More recent research has found,

for instance, that higher concentrations of glucosinolates and

greater densities of trichomes in Arabidopsis thaliana reduced

herbivory by two flea beetle species (Mauricio 1998). These

traits can also evolve as adaptive defences since there exists

heritable variation for glucosinolate and trichome levels, and

herbivores selected for an increase in these levels (Mauricio &

Rausher 1997). Similar patterns associated with the func-

tional role and evolution of plant secondary chemistry have

been observed in several plant-herbivore systems in a micro-

evolutionary (within-species) context (Fordyce & Malcolm

2000; Kessler, Halitschke & Baldwin 2004; Agrawal 2005;

Despres, David & Gallet 2007; Mitra et al. 2008; Johnson

et al. 2009a). These patterns are not universal, however, as

increased concentrations of secondary compounds can confer

susceptibility to specialist and generalist herbivores (Mithen,

Raybould &Giamoustaris 1995; Agrawal, Gorski & Tallamy

1999; Lankau 2007; Bidart-Bouzat &Kliebenstein 2008).

Macroevolutionary (between-species) patterns associated

with the evolution of chemical and physical plant traits, and

the co-evolution of their herbivores, also provide some of the

strongest support for the hypothesis that these traits are adap-

tive defences (Ehrlich & Raven 1964; Berenbaum 1990; Agra-

wal 2007). For example, the innovation of laticifers and

cardiac glycosides in Asclepias provided novel physical and

chemical defences effective against most herbivores, which

contributed to the rapid diversification of the clade (Farrell,

Dussourd & Mitter 1991; Farrell & Mitter 1998). Recent evi-

dence shows that the initial evolution for increased latex and

cardenolides was followed by a decline in the concentrations

of these traits (Agrawal & Fishbein 2008), probably because

of counter adaptations and diversification in specialist herbi-

vores (Holzinger &Wink 1996; Farrell &Mitter 1998). Based

on these types of data (also see Becerra 1997, 2003), it seems

likely that chemical and physical plant traits play important

ecological and evolutionary roles in defence as proposed by

early pioneers in the field (Dethier 1941; Fraenkel 1959; Ehr-

lich & Raven 1964). Nevertheless, the role of these traits

might not be as straightforward as originally believed.

Many empirical studies have found that plant traits without

obvious associations with resistance can influence the prefer-

ence and performance of herbivores. For example, variation

within and between plant species for physiological traits such

as water content and nitrogen concentration are correlated

with theperformanceofmanyherbivore species (Scriber&Fe-

eny 1979; Mattson 1980; White 1984; Agrawal 2004; Johnson

2008). Phenological traits canalsohave large effects onherbiv-

ory, as in Helianthus annuus where late flowering individuals

experience reduced damage by weevils and moths (Pilson

2000). Studies like these have shown that a large diversity of

traits, includingprimary and secondary chemistry, physiologi-

cal, morphological and life-history traits, all relate to a plant’s

resistance to herbivores. As such, it is increasingly recognized

that a plant’s defence may depend on the effects of these traits

acting in concert (Coley, Bryant&Chapin 1985;Kursar&Co-

ley 2003;Agrawal&Fishbein 2006;Agrawal 2007).

Despite these advances, we lack an understanding of the

traits that are most strongly associated with resistance against

herbivores, and the relative importance of different types of

traits involved in defence (Karban & Baldwin 1997; Stamp

2003). This information is needed to fully understand the

ecology and evolution of plant defence, and is necessary to

broaden current applications of plant-defence theory to agri-

cultural systems. In this quantitative review, we attempt to fill

this gap by answering the following questions: At a general

level, does variation in secondary chemistry (SM) correlate

with resistancemore strongly than all non-secondarymetabo-

lite plant traits (NSM)? On a narrower but related level, what

plant traits (secondary chemistry, morphology, life-history,

primary chemistry and physiology) are the best predictors of

resistance to herbivores? Are certain functional groups of her-

bivores, such as chewers and piercing-sucking feeders, influ-

enced more strongly by particular types of plant traits? And

finally, does variation in plant form (e.g. herbaceous versus

woody) moderate effects of certain classes of plant traits on

herbivores? To answer these questions at the microevolution-

ary scale, we collated data from published studies that esti-

mated genetic correlations between genetic variation in plant

traits and herbivore susceptibility using an ecological genetics

design (Table S1), and then synthesized these data with meta-

analysis. The paucity of data at the macroevolutionary scale

(Table S2) prevented a robust meta-analysis, but we also pro-

vide a preliminary quantitative review of the trends found

among existing datasets at this scale.

Materials and methods

D A T A M I N I N G , S T U D Y S E L E C T I O N C R I T E R I A A N D

E F F E C T S I Z E E S T I M AT I O N

We compiled and synthesized a comprehensive dataset of published

studies testing pairwise correlations between trait values and herbi-

vore susceptibility. A study was included in our dataset if it esti-

mated variation in at least one plant trait and one measure of

herbivore susceptibility. Relevant studies were identified by querying

Thomson Scientific’s Web of Science online database (ISI; http://

apps.isiknowledge.com ) using the following keyword searches:

‘resistance’, ‘mean famil*’, ‘plant resistance’, ‘genetic var*’, ‘plant

damage’, ‘genetic correlatio*’, ‘antibiosis’, ‘antixenosis’, ‘herbivor*’,
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‘plant defens*’, ‘plant defence*’, ‘plant-insect’, ‘insect damage’,

‘herbivor* damage’ and ‘plant trait’. We also examined studies cited

in the papers identified above as well as those reported in a previous

meta-analysis (Leimu & Koricheva 2006).

We then narrowed our selection criteria to studies only reporting

genetic correlations between plant traits and susceptibility to herbi-

vores – these studies have an advantage over research testing pheno-

typic correlations because their results can be directly interpreted in

an evolutionary context (Lande & Arnold 1983; Rausher 1992).

These studies typically used the means of families (e.g. full-sib, pater-

nal half-sibs), genotypes, isogenic lines, clones, accessions, and culti-

vars as their unit of replication. Plant susceptibility to herbivores was

estimated according to the amount of damage, the preference and

performance of individual herbivores. Insects can damage plants in

many different ways and so we utilized herbivore damage data that

included any measure of the quantity of tissue removed by herbi-

vores, including: the number or % of damaged leaves, severity of

aphid damage, biomass removed, leafminer sting ⁄ leaf area (see Sup-

porting Information Table 1 for a complete list of response vari-

ables). Gall and miner density were also included as ‘damage’ because

the presence of such herbivores implies foliar damage. We defined

herbivore preference as any measure of herbivore abundance or den-

sity in which herbivores were allowed to naturally colonize or choose

between plants. Herbivore performance included the growth rate of

individual herbivores or populations, herbivore mass, survival, num-

ber of hatched larvae and insect maturation time. When resistance

(1–relative damage), antibiosis (a reduction in herbivore perfor-

mance) or antixenosis (a reduction in herbivore preference) were

reported, the sign was inverted to reflect plant susceptibility. Since we

found no difference in effect sizes among these three classes of herbi-

vore susceptibility (i.e. damage, preference and performance;

between-group heterogeneity test using a traditional fixed-effects

meta-analysis:Qb = 2Æ96, d.f. = 2, P = 0Æ23), we combined these

data and do not distinguish among them when reporting results. In

general, a positive effect size describes that on average, an increase in

the value of a plant trait is associated with an increase in susceptibility

to herbivores.

Genetic correlations were quantified as Pearson product-

moment correlation coefficients (r). When Spearman correlations

(q) were reported, we transformed these data with r = 2 sin(pq ⁄ 6)
when the sample size of the study was N < 90, and we did not

transform the data when N > 90 since r � q at this level of repli-

cation (Lajeunesse in press). If the coefficient of determination R2

was reported we took the square root to estimate r. When authors

reported a range of R2 values we used the highest value as per

Leimu & Koricheva (2006). We also did not include studies

reporting partial coefficients from multiple regression analyses.

Very few studies reported results using multiple regressions, and

although they contain information valuable for our review, it was

too difficult to extract r from partial correlations given that they

are dependent on which traits were included in the final model.

Only a fully reported model would be useful to extract these data.

However, when possible, raw pairwise r was recovered by contact-

ing the corresponding authors of the publication. Finally, all r cor-

relations were transformed into Z-score effect sizes prior to

analyses (following Rosenthal 1991).

Our final dataset included K = 499 genetic correlations from

66 studies published between 1983–2010 (Table S1, Appendix S1).

These correlations were reported for 40 species (including plant

varieties and hybrids) from 19 plant families. These published

studies also included 65 herbivore species from 33 families and

15 orders.

T R A D I T I O N A L AN D P H Y L O G E N E T I C A L L Y - I N D E P E N -

D E N T M E T A -A N A L Y S I S

The Z-transformed correlation coefficients were pooled using

both traditional and phylogenetically-independent meta-analysis

Table 1. Phylogenetically-independent meta-analysis of genetic correlations between plant traits and susceptibility of plants to herbivory.

Pooled effect sizes ( �ZP
þ) and review sample sizes (KP in brackets) are reported for two major subgroups: (a) contrast between secondary (SM) and

non-secondary metabolites traits (NSM), and (b) contrast among traits described as physical, gross morphology, life–history, and primary

chemistry and physiology. Significant non-zero genetic correlations (i.e. effect sizes) are in bold and are based on 95% confidence intervals,

andQP
Btest evaluating between-group differences are reported in Table S5

NSM trait subgroups

SM NSM Physical Gross morphological Life-history

Primary chemistry

and physiology

Feeding guild

Browsers 0Æ159 (2) 0Æ108 (3) 0Æ004 (2) 0Æ273 (2) )0Æ237 (1)* 0Æ064 (2)
Chewers )0Æ035 (15) )0Æ107 (25) )0Æ136 (14) )0Æ145 (19) )0Æ240 (10) )0Æ162 (5)
Endophytes 0Æ096 (3) 0Æ086 (7) )0Æ362 (1) * 0Æ278 (5) 0Æ049 (3) 0Æ001 (2)
Piercing ⁄ sucking 0Æ132 (4) 0Æ131 (18) 0Æ133 (6) 0Æ230 (9) )0Æ062 (5) )0Æ026 (2)

Herbivore specificity

Specialist )0Æ041 (13) )0Æ171 (28) )0Æ190 (13) )0Æ011 (17) )0Æ417 (10) 0Æ005 (5)
Generalist 0Æ035 (13) )0Æ072 (28) )0Æ107 (11) )0Æ076 (14) )0Æ078 (10) )0Æ084 (5)

Plant longevity

Annual )0Æ141 (5) )0Æ207 (17) )0Æ130 (5) )0Æ168 (13) )0Æ441 (9) )0Æ266 (1)*
Biennial 0Æ413 (2) )0Æ039 (1) * 0Æ030 (1) * 0Æ101 (1) * )0Æ065 (1)* )0Æ309 (1)*
Perennial 0Æ044 (13) 0Æ162 (24) 0Æ019 (13) 0Æ223 (12) 0Æ164 (6) 0Æ058 (7)

Plant life–form

Herbs 0Æ011 (13) )0Æ086 (29) )0Æ069 (14) )0Æ034 (20) )0Æ244 (14) )0Æ116 (5)
Woody plants 0Æ070 (6) 0Æ208 (10) )0Æ110 (5) 0Æ338 (5) 0Æ274 (2) 0Æ068 (4)

*These effect sizes should be interpreted with caution because they were derived from single species and thus are the statistical equivalent of

a pooled effect derived from a traditional fixed-effects meta-analysis.

NSM, non-secondary metabolite, SM, Secondary metabolites.
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(see Hedges & Olkin 1985; Lajeunesse 2009). All traditional

meta-analyses (regression weighted by the within-study variances)

were performed using METAWIN (version 2Æ1; Rosenberg,

Adams & Gurevitch 2000). In these analyses, the unit of replica-

tion was individual Z-scores for specific correlations among

plant traits, but for many studies multiple Z-scores were avail-

able for multiple categories of plant traits. These multiple effect

sizes extracted from single studies were treated as independent

because we were interested in testing for potential moderator

effects among multiple plant trait categories. Finally, our results

from phylogenetically-independent and traditional meta-analyses

were similar, and so we focus our interpretation and description

of results on the phylogenetically-independent methods. All

results from traditional analyses are provided online (Tables S3

and S4).

To control for the evolutionary history of plants, we applied La-

jeunesse’s (2009) method to integrating phylogenetic history into

meta-analysis using a weighted GLS approach. First, a phylogenetic

hypothesis of the 42 plant species was assembled from a modified

megatree of all major plant groups based on APG III. (2009) using

PHYLOMATIC (Webb & Donoghue 2004). The internal branch-

length (BL) distances of this phylogeny (i.e. temporal ordering of

nodes) were based on the estimated divergence times of major plant

lineages compiled by Hedges, Dudley & Kumar (2006) and Hedges

& Kumar (2009). Species lacking phylogenetic information were

placed as polytomies at the root of their family or genus should

multiple species have the same genus ⁄ family (see Fig. S1). We then

converted this ultrametric tree into a phylogenetic correlation

matrix (P) that has the standardized shared BL distance of each spe-

cies in off-diagonals and ones in the main diagonal (Grafen 1989;

Rohlf 2001). These correlations are then used to modify the

weighted regression scheme of meta-analysis (see Lajeunesse 2009;

Lajeunesse, Jennions & Rosenberg in press). For each moderator

variable (i.e. for each categorical factor or predictor that could

explain structure in the variation of effect sizes), a subset tree was

used to estimate P for each category – this P contains only the rele-

vant species for which effect size data was available and conserves

all the BL information found in Fig. S1. Finally, for many studies,

there were multiple correlations available for each moderator cate-

gory for a given species. To resolve this issue, we pooled these mul-

tiple effect sizes prior to our phylogenetically-independent meta-

analysis. This pooling resulted in one representative (pooled) effect

size and variance for each species within a given moderator cate-

gory, and also resulted in smaller sample sizes for each moderator

category given that the unit of the review was now individual spe-

cies (KP = number of species). These multiple effect sizes for each

species were pooled using a traditional meta-analysis with a fixed-

effects model (following Lajeunesse, Jennions & Rosenberg in

press).

For both the traditional and phylogenetically-independent meta-

analysis, the statistical significance of pooled correlations ( �Zþ)

between plant traits and herbivore susceptibility was assessed using

the bias-corrected 95% bootstrap confidence intervals (CI) generated

from 4999 iterations. Pooled effects sizes were considered statistically

significant if CI did not overlap zero (Adams, Gurevitch &Rosenberg

1997). We tested the explanatory power of moderator effects (details

below) using the between-group Chi-squared testQB(Hedges & Olkin

1985). A significant QB (QP
B for phylogenetically-independent test)

indicates that themoderator grouping is a significant explanatory var-

iable for heterogeneity among effect sizes. Finally, a random-effects

model was assumed for all analyses (following Gurevitch & Hedges

1999).

M O D E R A T O R E F F E C T S A N D H Y P O T H E S I S T E S T S

To identify which category of plant traits best predicted the correla-

tions to herbivore susceptibility, we pooled effect sizes into moderator

subgroups of plant traits among five major functional categories: (i)

secondary metabolites (SM); (ii) physical traits; (iii) gross morphol-

ogy; (iv) life-history; and (v) primary chemistry and physiology. SM

included any compound not directly involved in the primary function

of a plant’s physiology, growth or resource acquisition, which

included the activity of enzymes directly involved in secondarymetab-

olite production (e.g. myrosinase). Physical traits were non-chemical

leaf and stem characteristics that could prevent insect herbivores from

damaging a plant (e.g. trichome density, leaf toughness). Gross mor-

phological traits included large physical structures (e.g. biomass,

height, number of branches) and the size of plants. Life-history

included traits that described the rate of growth, phenology and

investment in reproductive structures. Finally, primary chemistry and

physiological traits included concentrations of elements or plant pro-

cesses directly involved in growth and resource acquisition. We were

also interested in whether the strength of correlations between plant

traits and herbivore susceptibility could depend on aspects related to

the biology of either the plants or herbivores. Each insect species was

categorized according to: feeding guild (browsers, chewers, endo-

phytes like miners, gallers and seed predators, piercing ⁄ sucking), her-
bivore type (vertebrate vs. invertebrate), herbivore specificity

(specialist: one or two plant families; generalist: three or more plant

families). We also categorized plant species according to their longev-

ity (annual, biennal, perennial) and life-form (herbs or woody plant).

To test the relative importance of secondary metabolites as resis-

tance traits, we initially contrasted secondary metabolites (SM) vs.

non-secondary metabolite (NSM) plant attributes as factors that

could explain variation in susceptibility to herbivores. We then tested

whether this result was conditional on: feeding guild, host specificity,

plant longevity and plant life-form. To more precisely identify the

types of traits that best predict herbivore susceptibility, we performed

the same analyses but contrasted SM, physical traits, gross morpho-

logical traits, life-history traits, and primary chemistry and physiol-

ogy traits.

Finally, we examined for publication bias using funnel plots (Hun-

ter & Schmidt 2004; Fig. S2). In the absence of publication bias, it is

expected that the variation around the overall mean effect would have

the shape of a symmetric funnel – where the variation in effect sizes

decrease with increasing within-study sample sizes and that the effect

size is independent of sample size (Palmer 1999). We tested for a bias

against nonsignificant (null) results by visually inspecting funnel plots

for a characteristic gap in the lower inner area of the funnel, which

would suggest that nonsignificant results were missing (Hunter &

Schmidt 2004). Finally, we tested for the independence of effect sizes

and their sample sizes using a Spearman’s rank correlation, and

assessed their overall distribution using a weighted histogram and a

normal quantile plot (Fig. S3).

Results

B I A S A N D V A R I A T I O N A M O N G C O R R E L AT I O N S

We found no evidence for publication bias in our data

(Fig. S2). Effect sizes were symmetrically and normally dis-

tributed (Figs S2 and S3), and the correlation between sample

size and Z-transformed effect sizes was negligible (Spearman

correlation;Rs=0Æ04, d.f.= 498,P=0Æ381).
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Importantly, there was significant variation among effect

sizes (phylogenetically-independent within-study heterogene-

ity test assuming a fixed-effects model: QP
T = 1353Æ0, d.f. =

41, P < 0Æ0001). This is evidence that variation among the

effect sizes was not due to sampling error and it provides justi-

fication for: exploring which types of plant traits provide the

strongest predictors of herbivore susceptibility; whether

genetic correlations varied as a function of herbivore and

plant attributes; and for assuming a random-effects model for

pooling correlations (see Gurevitch&Hedges 1999).

W H A T P L A N T T R A I T S P R E D I C T R E S I S T A N C E T O

H E R B I V OR E S ?

Overall, genetic correlations between SM and herbivore sus-

ceptibility were not significantly stronger than correlations

between NSM and herbivore susceptibility (phylogenetically-

independent between-group test:QP
B = 0Æ07, d.f. = 1, P =

0Æ786; Table S3). When NSM were further subdivided, a sig-

nificant difference was detected among plant trait categories

(QP
B = 10Æ77, d.f.= 3,P=0Æ013; Table S3), but genetic vari-

ation in life-history traits was the only consistently significant

predictor of herbivore susceptibility ( �ZP
þ = )0Æ22, 95% CI:

)0Æ37 to )0Æ06, KP = 16). Correlations involving SM and

other traits were weaker and did not differ from zero.

A R E C E R T A I N F U N C T I O N A L G R O U PS O F H E R B I V O R E S

I N F LU E N C E D M O R E S T R O N G L Y B Y PA R T I C U L A R T Y P E S

O F PL A N T T R A I T S ?

Genetic correlations between plant traits and herbivore sus-

ceptibility depended on the feeding guild of the focal herbi-

vore (QP
B = 15Æ58, d.f. = 3, P = 0Æ001; Fig. 1). On average,

genetic variation in SMwas not related to the performance of

herbivores from any feeding guild, while NSM had relatively

strong correlations with chewing insects, mammalian brows-

ers and endophytes (Table 1). Specifically, gross morphologi-

cal and life-history traits negatively correlated with chewing

insect performance (Table 1). Life-history traits also nega-

tively correlated with damage by mammalian browsers while

gross morphology was positively related to damage. The

strongest negative genetic correlations across all feeding

guilds were those observed between physical plant traits and

susceptibility to endophytic herbivores (Table 1). Trait clas-

ses did not significantly vary in their ability to predict damage

by piercing-sucking herbivores (Table 1).

The effects of plant traits on herbivore susceptibility did

not vary between specialist and generalist feeding herbivores

(QP
B = 0Æ07, d.f.= 1,P=0Æ785). However, in the case of spe-

cialist herbivores, while genetic variation in SM was not con-

sistently correlated with susceptibility, correlations with

NSM were significantly negative and nonzero (Fig. 2).

Among NSM traits, physical and life-history traits were both

negatively correlated with susceptibility, while there was no

clear association with other traits. No plant trait consistently

correlated with susceptibility to generalist herbivores

(Table 1).

D O E S V AR I AT I O N I N P L AN T A T T R I B U T E S LE A D T O

D I F F E R EN T I A L E F F E C T S OF C E R T A I N C L AS S E S O F

P LA N T T R A I T S O N H E R B I V O R E S?

The association between plant traits and herbivore suscepti-

bility greatly depended on whether a plant species was

annual, biennial or perennial (i.e. plant longevity) (QP
B =

11Æ12, d.f. = 2, P = 0Æ004). Within annuals, only genetic

–0·6 −0·4 −0·2 0 0·2 0·4 0·6
Z-transformed effect sizes

SM

PH

GM

LH

PC

Browsers

SM

PH

LH

PC

Chewers

SM

PH

GM

LH

PC

Endophytes

Grand mean

PH

GM

Fig. 1. The difference among the strength of

the correlation between susceptibility to her-

bivory and plant traits among feeding guilds.

Trait categories are abbreviated as follows:

Secondary metabolites (SM), physical leaf

and stem traits (PH), gross morphological

(GM), life-history (LH) primary chemistry

and physiology (PC). A positive effect size

describes that on average, an increase in the

value of a plant trait is associated with an

increase in susceptibility to herbivores. The

effect sizes for piercing-sucking insects did

not significantly differ from zero and so they

are not shown (see Table 1). The size of the

square around each mean effect size is pro-

portional to the weight of this mean effect in

the overall meta-analysis; that is, it indicates

which trait category contributed the most to

the grand mean (Lewis & Clarke 2001). Bold

abbreviations indicate non-zeromean effects.

� 2010 The Authors. Functional Ecology � 2010 British Ecological Society, Functional Ecology, 25, 358–367

362 D. Carmona et al.



variation in NSM was significantly related to herbivore sus-

ceptibility, where gross morphology, life-history and primary

chemistry exhibited the highest negative correlations

(Table 1). In biennials, SM significantly correlated with sus-

ceptibility, but on average these correlations were positive.

For perennial plants, gross morphology and life-history traits

exhibited the highest correlations but all confidence intervals

overlapped with zero (Table 1).

Finally, plant life-form (herbaceous vs. woody plants) also

explained differences among genetic correlations between

plant traits and susceptibility to herbivores (QP
B = 4Æ81, d.f.

= 1, P = 0Æ028). Life-history traits were significantly nega-

tively correlatedwith susceptibility in herbaceous plants while

gross morphology positively correlated with susceptibility in

woody plants (Table 1; Fig. 3). SM provided a non-signifi-

cant and weak predictor of herbivore susceptibility across

life-forms (Table 1; Fig. 3).

R E LA T I ON SH I P B ET W E EN P LA N T T R A I T S A N D H E R B I -

V O R E S U S C E P T I B I L I T Y A T A M A C R O E V O LU T I O N A R Y

S C A LE

To understand whether our results observed at the microevo-

lutionary scale could also be replicated at a macroevolution-

ary scale, we performed a second traditional meta-analysis

where correlations between plant traits and herbivore suscep-

tibility were estimated at the interspecific levels instead of the

intraspecific level. Few datasets are available at this scale (6

studies which used 6 plant species and 90 effect sizes;

Table S2) and so we interpret themwith caution.

Similar to our results at the microevolutionary scale, varia-

tion in NSM were negatively related to susceptibility ( �Zþ =

)0Æ33, 95% CI= )0Æ49 to )0Æ17, K= 78), whereas variation

in SMdid not differ from zero ( �Zþ= )0Æ02, 95%CI= )0Æ24
to 0Æ23,K=12).WithinNSM, physical traits were negatively

related to susceptibility ( �Zþ = )0Æ44, 95% CI = )0Æ60 to

)0Æ23, K=42), while other traits showed no overall relation-

ship. Unfortunately life-history traits could not be evaluated

due to a very small review sample size. Despite the deterrent

effect of physical traits, there was no overall difference among

themean pooled effects (QB= 0Æ31, d.f.= 3,P=0Æ959).

Discussion

The most striking result of our meta-analysis is that plant sec-

ondary metabolites did not significantly predict resistance to

mammalian and insect herbivores. By contrast, genetic varia-

tion in life-history, gross morphology, physical leaf and stem

traits, and primary chemistry and physiology were most

strongly related to herbivore susceptibility. This result is sur-

prising because it is widely believed that the primary function

of secondary metabolites is to defend plants against herbi-

vores and pathogens. Our findings call into question a para-

digm that has pervaded the thinking and direction of research

on the evolution of plant defences for five decades (Fraenkel

1959; Ehrlich & Raven 1964; Rosenthal & Janzen 1979; Fritz

& Simms 1992; Karban & Baldwin 1997; Stamp 2003; Beren-

baum & Zangerl 2008). We argue below that secondary

metabolites are still important in the evolution of defence,

however, perhaps not for the reasons commonly invoked.

−0·5 −0·4 −0·3 −0·2 −0·1 0 0·1

SM

PH

GM

LH

PC

Grand mean

Z-transformed effect sizes

Specialist

Fig. 2. The differences in effect sizes of

genetic correlations between plant traits and

plant susceptibility for specialist herbivores.

Effect sizes for generalist herbivores not

shown because they did not significantly devi-

ate from 0 (see Table 1). The abbreviations

and interpretation of results are the same as

Fig. 1.

SM

PH
GM
LH

PC
SM

PH
GM
LH

PC

Woody
plants

Herbs

Z-transformed effect sizes
−0·4 −0·2 0 0·2 0·4 0·6

Grand mean
Fig. 3. Comparison of the strength of corre-

lation between plant traits and plant suscepti-

bility among herbaceous and woody plants.

The abbreviations and interpretation of

pooled effects are the same as in Fig. 1.
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Our results further suggest that the recently advocated ‘syn-

dromes’ approach to the study of plant defence evolution

might be the key to understanding why the world is green

(Kursar &Coley 2003; Agrawal 2007).

W H Y D O S E C O N D A R Y M E T A B OL I T E S N OT P R E D I C T

S U S C EP T I B I L I T Y T O H ER B I V O R E S?

Although it has long been recognized that many types of

traits are involved in defence against herbivores, it is widely

believed that secondary metabolites play the dominant role in

the ecology and evolution of plant defence (Rosenthal & Jan-

zen 1979; Bennett & Wallsgrove 1994; Theis & Lerdau 2003;

Berenbaum&Zangerl 2008; Orians &Ward 2010).Why then

does our review of ecological genetics experiments, which esti-

mate the strength of genetic correlations between secondary

chemistry and herbivore susceptibility, not support this view?

We offer three potential explanations.

Firstly, individual plants contain a vast array of secondary

compounds and specific secondary metabolites that might

have evolved to defend plants against a specific herbivore or

specific groups of herbivores (Bennett & Wallsgrove 1994;

Harborne & Williams 2000; Theis & Lerdau 2003; Macel,

Van Dam & Keurentjes 2010; J.P. Salminen, unpublished

data). Although some classes of chemicals have been por-

trayed as having general effects on herbivores (e.g. condensed

tannins, see Feeny 1976), other chemicals appear to be effec-

tive against specific subsets of natural enemies (Linhart &

Thompson 1999; Macel et al. 2005; Leiss et al. 2009; J.P.

Salminen, unpublished data), or are most effective in combi-

nation with a specific mixture of other secondary metabolites.

Moreover, specialist insect herbivores often evolve counter-

adaptations to overcome or even benefit from specialized

chemical defences (Karban & Agrawal 2002; Despres, David

& Gallet 2007). Thus, correlations between herbivore suscep-

tibility and genetic variation in the amount of a specific chem-

ical, or an entire class of chemicals (e.g. cardenolides), can

range from negative to positive, and may therefore be

expected to show little or no relationship with the level of sec-

ondarymetabolites.

Secondly, co-evolution and non-adaptive evolutionary

processes may cause most secondary metabolites to have no

biological function (Jones & Firn 1991). The classic view of

co-evolution predicts that plant and insect populations are

locked into a co-evolutionary arms-race, where novel defen-

sive chemicals experience strong positive selection because

they allow plants to escape herbivory (Ehrlich & Raven

1964). Herbivore populations may subsequently evolve coun-

ter-adaptations to overcome these novel defences, which in

turn, would again selectively favor novel plant defence chem-

istry. This co-evolutionary process is thought to have gener-

ated the wide diversity of chemical defences observed inmany

plant clades (Berenbaum& Feeny 1981; Becerra 1997; Farrell

&Mitter 1998;Wink 2003; Agrawal & Fishbein 2008), as well

as variation in the levels of specific chemical compounds

(Zangerl & Berenbaum 2005; Agrawal et al. 2009). If such an

arms-race renders specific defensive compounds ineffective

against herbivores, then this would lead to the gradual accu-

mulation of chemical diversity – provided the cost of main-

taining non-functional metabolites is not too high. If this

accumulation process is common, then most secondary

metabolites are perhaps relics of past co-evolutionary interac-

tions.

Gene duplications – including chromosome doubling, tan-

dem duplication, and RNA-mediated movement of genes to

other parts of the genome – are also likely to be an important

mechanism for adaptive and non-adaptive evolution of chem-

ical diversity in plants. Gene duplication can lead to the adap-

tive evolution of new secondary metabolic functions

(Rausher 2006; Des Marais & Rausher 2008), or the non-

adaptive divergence of two gene copies (Innan&Kondrashov

2010). Evenwhen one duplicated gene diverges neutrally from

a functional gene copy, it might still result in the production

of enzymes that catalyze biosynthetic reactions that produce

non-functional secondary metabolites. If we accept the argu-

ment that most plants do contain an abundance of biological

inactive secondary metabolites (Jones & Firn 1991), then

detecting those chemicals involved in defence will be akin to

finding a ‘needle in a haystack’. In which case, we will require

the use of newly developed genomic and metabolomic tech-

nologies that are not well suited to conventional ecological

genetics approaches (Barakat et al. 2009; Macel, Van Dam&

Keurentjes 2010).

The third explanation for our findings is that traits other

than secondary metabolites have larger effects on the prefer-

ence and performance of herbivores. The relatively strong

and consistent genetic correlations involving life-history vari-

ation, gross morphology and physical plant traits indicate

that this is at least a partial explanation (Table 1). Since

increased herbivory must on average result in negative fitness

effects, our results imply that herbivores select these traits

more strongly than on secondary metabolites. For example, a

field experiment that measured genetic variation and selection

on all of the classes of traits reviewed here found that the

strength of directional selection was 2Æ6–4Æ5 stronger on life-

history variation (plant longevity) and gross morphology

(plant biomass) than on specific secondary metabolites,

although the relative contribution of herbivory to the mea-

sured selection gradients was unclear (Johnson et al. 2009a).

Therefore, in systems where herbivores are a potent agent of

natural selection, phenology, growth rate, the thickness and

hairiness of leaves, and the size and architecture of plants,

may evolve as adaptive defences against herbivory. This argu-

ment is not a new one. The importance of these traits have

been recognized and studied over several decades and they

have been explicitly incorporated into themost influential the-

ories of plant defence evolution (Feeny 1976; Coley 1980; Co-

ley, Bryant & Chapin 1985; Herms & Mattson 1992).

Nevertheless, the recognition of traits such as phenology and

gross morphology as defences runs against the existing para-

digm that the ecology and evolution of secondary metabolites

represent themost important plant defence against herbivores.

The three explanations offered above are not mutually

exclusive and all are likely to have contributed to our results.

� 2010 The Authors. Functional Ecology � 2010 British Ecological Society, Functional Ecology, 25, 358–367

364 D. Carmona et al.



Indeed, secondary metabolites can be relatively specialized in

their functions and are not restricted to a role in defence;

many secondary metabolites have no apparent biological

function; and, variation in secondary chemistry within natu-

ral populations often has less of an effect on herbivores than

variation in non-chemical traits. Does this mean less focus

should be paid to the defensive role of plant secondary chem-

istry? Not necessarily, but perhaps a more balanced and plu-

ralistic approach is needed.

D O S E C O N D A R Y M E T A B O L I T ES PL A Y A R O L E I N P L A N T

D E F E N C E ?

Secondary metabolites do play a role in plant defence. How-

ever, the findings of our review lead us to conclude that

their role in anti-herbivore defence is more complex than

often appreciated. We propose that life-history, morphology

and physical leaf and stem traits typically have larger effects

on the preference and performance of herbivores than sec-

ondary metabolites. However, these traits, critical to a

plant’s fitness, are controlled by many genes from multiple

primary and secondary biosynthetic and physiological path-

ways, and are subject to selection by many biotic and abi-

otic factors. Therefore it is likely that there is strong

stabilizing selection that maintains an optimal level within

populations for these traits and the genes controlling them.

Herbivores likely impose selection on life-history and plant

morphology, but they are one selective agent among many,

and the ability for plant populations to respond might be

limited. In other words, the evolutionary constraints acting

on non-secondary metabolic traits are strong and natural

selection by herbivores may result in little evolutionary

response.

We propose the hypothesis that secondary chemistry is

important in plant defence, not because of large effects that

specific chemicals have on herbivores, but because the evolu-

tionary constraints acting on these traits are relatively weak

compared to those acting other traits. The production of sec-

ondary metabolites does involve many genes within branch-

ing pathways, and there are often many pleiotropic effects of

mutations in these genes (e.g. Rausher 2006). Nevertheless,

the pleiotropic effects of genes involved in the biosynthesis of

secondary metabolites are likely smaller than traits associated

with life-history or morphological variation. Even very weak

selection can lead to large adaptive phenotypic changes in the

levels and diversity of defensive chemicals over long periods

of time. If secondary chemistry is important in defence not

because of its large effects but because of weak selective con-

straints, then we predict that the importance of secondary

metabolites in defence would be more evident when compar-

ing the effects of secondary metabolites on herbivores among

plants species that reflect macroevolutionary timescales.

Although recent studies support this prediction (Agrawal

et al. 2009; Johnson, Smith & Rausher 2009b), our review of

existing macroevolutionary datasets does not, but given the

scarcity of data across a small number of systems, we believe

the prediction remains to be rigorously tested.

Conclusions

We propose that in a microevolutionary context, plant sec-

ondary chemistry has had a secondary role in defending

plants against herbivores – second to life-history, morphol-

ogy and physical resistance traits. We further argue that plant

secondary metabolites may still evolve to be potent defences

against herbivory over macroevolutionary timescales, not

because of their large effects on herbivores but because of the

relatively weak selective constraints acting on these traits.

Our findings support recent calls for a reevaluation and plu-

ralistic approach to the study of plant defence evolution,

which considers the role of traditional and non-traditional

resistance traits, as well as correlations between them, on her-

bivores (Kursar &Coley 2003; Agrawal 2007).

Acknowledgements

We thank K. Boege, C. Bustos, J. Fornoni, R. Grinnan, E. Hersch-Green, R.

Karban,C.Myburg, J. Thaler,N.Turley and one anonymous reviewer for help-

ful comments on this study. Funding was provided by CONACyT and PAEP

(UNAM) to DC., National Science Foundation (NSF) grants EF 0905606 to

MJL.,DEB-0919869,DEB-0950486 toMTJJ, andNCStateUniversity.

References

Adams, D.C., Gurevitch, E. & Rosenberg, M.S. (1997) Resampling tests for

meta-analysis of ecological data.Ecology, 78, 1277–1283.

Agrawal, A.A. (2004) Plant defense and density dependence in the population

growth of herbivores.AmericanNaturalist, 164, 113–120.

Agrawal, A.A. (2005) Natural selection on common milkweed (Asclepias syri-

aca) by a community of specialized insect herbivores. Evolutionary Ecology

Research, 7, 651–667.

Agrawal, A.A. (2007) Macroevoultion of plant defense strategies. Trends in

Ecology and Evolution, 22, 103–109.

Agrawal, A.A. & Fishbein, M. (2006) Plant defense syndromes. Ecology, 87,

S132–S149.

Agrawal, A.A. & Fishbein, M. (2008) Phylogenetic scalation and decline of

plant defense strategies. Proceedings of the National Academy of Sciences,

USA, 105, 10057–10060.

Agrawal, A.A., Gorski, P.M. & Tallamy, D.W. (1999) Polymorphism in plant

defense against herbivory: constitutive and induced resistance in Cucumis

sativus. Journal of Chemical Ecology, 25, 2285–2304.

Agrawal, A.A., Fishbein, M., Jetter, R., Salminen, J.P., Goldstein, J.B., Frei-

tag, A.E. & Sparks, J.P. (2009) Phylogenetic ecology of leaf surface traits in

the milkweeds (Asclepias spp.): chemistry, ecophysiology, and insect behav-

ior.NewPhytologist, 183, 848–867.

Angiosperm Phylogeny Group III. (2009) An update of the Angiosperm

Phylogeny Group classification for the orders and families of flower-

ing plants: APG III. Botanical Journal of the Linnean Society, 161,

105–21.

Barakat, A., DiLoreto, D.S., Zhang, Y., Smith, C., Baier, K., Powell, W.A.,

Wheeler, N., Sederoff, R. & Carlson, J.E. (2009) Comparison of the tran-

scriptomes of American chestnut (Castanea dentata) and Chinese chestnut

(Castanea mollissima) in response to the chestnut blight infection. BMC

Plant Biology, 9, 51.

Bardgett, R.D., Wardle, D.A. & Yeates, G.W. (1998) Linking above-ground

and below-ground interactions: how plant responses to foliar herbivory

influence soil organisms. Soil Biology and Biochemistry, 30, 1867–1878.

Becerra, J.X. (1997) Insects on plants: macroevolutionary chemical trends in

host use.Science, 276, 253–256.

Becerra, J.X. (2003) Synchronous coadaptation in an ancient case of her-

bivory. Proceedings of the National Academy of Sciences, USA, 22,

12804–12807.

Bennett, R.N. & Wallsgrove, R.M. (1994) Secondary metabolites in plant

defencemechanisms.New Phytologist, 127, 617–633.

Berenbaum,M.R. (1990) Evolution of specialization in insect-umbellifer associ-

ations.Annual Review of Entomology, 35, 319–343.

� 2010 The Authors. Functional Ecology � 2010 British Ecological Society, Functional Ecology, 25, 358–367

Traits that predict resistance to herbivores 365



Berenbaum, M. & Feeny, P. (1981) Toxicity of angular furanocoumarins to

swallowtail butterflies: escalation in a co-evolutionary arms-race. Science,

212, 927–929.

Berenbaum, M.R. & Zangerl, A.R. (2008) Facing the future of plant-insect

interaction research: le retour a la ‘‘Raison d’Etre’’. Plant Physiology, 146,

804–811.

Bidart-Bouzat, M.G. & Kliebenstein, D.J. (2008) Differential levels of insect

herbivory in the field associated with genotypic variation in glucosinolates in

Arabidopsis thaliana. Journal of Chemical Ecology, 34, 1026–1037.

Coley, P.D. (1980) Effects of leaf age and plant life history patterns on herbiv-

ory.Nature, 284, 545–546.

Coley, P.D., Bryant, J.P. & Chapin, F.S. (1985) Resource availability and plant

antiherbivore defense. Science, 230, 895–899.

Crawley, M.J. (1983) Herbivory the Dynamics of Animal Plant Interactions.

Blackwell Scientific Publications, Oxford.

Cyr, H. & Pace, M.L. (1993) Magnitude and patterns of herbivory un aquatic

and terrestrial ecosystems.Nature, 361, 148–150.

Des Marais, D.L. & Rausher, M.D. (2008) Escape from adaptive conflict after

duplication in an anthocyanin pathway gene.Nature, 454, 762–765.

Despres, L., David, J.P. & Gallet, C. (2007) The evolutionary ecology of insect

resistance to plant chemicals.Trends in Ecology &Evolution, 22, 298–307.

Dethier, V.G. (1941) Chemical factors determining the choice of food plants by

Papilio larvae.AmericanNaturalist, 75, 61–73.

Ehrlich, P.R. & Raven, P.H. (1964) Butterflies and plants: a study in coevolu-

tion.Evolution, 18, 586–608.

Farrell, B.D., Dussourd, D.E. & Mitter, C. (1991) Escalation of plant defense:

do latex and resin canals spur plant diversification? American Naturalist,

138, 881–900.

Farrell, B.D. & Mitter, C. (1998) The timing of insect ⁄ plant diversification:
might Tetraopes (Coleoptera: Cerambycidae) and Asclepias (Asclepiada-

ceae) have co-evolved?Biological Journal of theLinneanSociety, 63, 553–577.

Feeny, P.P. (1976) Plant apparency and chemical defense. Biochemical Interac-

tion Between Plants and Insects (eds J. W. Wallace & R. L. Mansell). pp. 1–

40, Plenum,NewYork.

Fordyce, J. & Malcolm, S.B. (2000) Specialist weevil, Rhyssomatus lineaticllis,

does not spatially avoid cardenolide defenses of common wilkweed by ovi-

positing into pith tissue. Journal of Chemical Ecology, 26, 2857–2874.

Fraenkel, G.S. (1959) The raison d¢être of secondary plant substances. Science,
129, 1466–1470.

Fritz, R.S. & Simms, E.L. (1992)Plant Resistance to Herbivores and Pathogens:

Ecology, Evolution, and Genetics. University of Chicago Press, Chicago.

Futuyma, D.J. & Slatkin,M. (1983)Coevolution. Sinauer, Sunderland.

Grafen, A. (1989) The phylogenetic regression. Philosophical Transactions of

the Royal Society of London Series B-Biological Sciences, 326, 119–157.

Gurevitch, J. & Hedges, L.V. (1999) Statistical issues in conducting ecological

meta-analyses.Ecology, 80, 1142–1149.

Harborne, J.B. & Williams, C.A. (2000) Advances in flavonoid research since

1992.Phytochemistry, 55, 481–504.

Hedges, S.B., Dudley, J. & Kumar, S. (2006) TimeTree: a public knowl-

edge-base of divergence times among organisms. Bioinformatics, 22,

2971–2972.

Hedges, S.B. & Kumar, S. (2009) The Timetree of Life. Oxford Univ. Press,

NewYork.

Hedges, L.V. & Olkin, I. (1985) Statistical Methods for Meta-Analysis. Aca-

demic Press, Orlando.

Herms,D.A.&Mattson,W.J. (1992) The dilemma of plants: to grow or defend.

Quarterly Review of Biology, 67, 478–478.

Holzinger, F. &Wink,M. (1996)Mediation of cardiac glycoside insensitivity in

theMonarch butterfly (Danaus plexippus): role of an amino acid substitution

in the ouabain binding site of Na+K+-ATPase. Journal of Chemical Ecol-

ogy, 22, 1921–1937.

Hunter, J.E. & Schmidt, F.L. (2004) Methods of Meta-analysis. Sage Publica-

tions, California.

Innan, H. & Kondrashov, F. (2010) The evolution of gene duplications: classi-

fying and distinguishing between models. Nature Reviews Genetics, 11, 97–

108.

Johnson, M.T.J. (2008) Bottom-up effects of plant genotype on aphids, ants,

and predators.Ecology, 89, 145–154.

Johnson, M.T.J., Smith, S.D. & Rausher, M.D. (2009b) Plant sex and the evo-

lution of plant defenses against herbivores.Proceedings of the National Acad-

emy of Sciences, USA, 106, 18079–18084.

Johnson,M.T.J., Agrawal, A.A., Maron, J.L. & Salminen, J.P. (2009a) Herita-

bility, covariation and natural selection on 34 traits of common evening

primrose (Oenothera biennis) from a field experiment. Journal of Evolution-

ary Biology, 22, 1295–1307.

Jones, C.G. & Firn, R.D. (1991) On the evolutoin of plant secondary chemical

diversity. Philosophical Transactions of the Royal Society of London Series B-

Biological Sciences, 333, 273–280.

Karban, R. & Agrawal, A.A. (2002) Herbivore offense. Annual Review of Ecol-

ogy and Systematics, 33, 641–664.

Karban, R. & Baldwin, I.T. (1997) Induced Responses to Herbivory. University

of Chicago Press, Chicago.

Kessler, A., Halitschke, R. & Baldwin, I.T. (2004) Silencing the jasmonate cas-

cade: induced plant defenses and insect populations. Science, 305, 665–668.

Krieger, R.I., Feeny, P.P. & Wilkinson, C.F. (1971) Detoxification enzymes in

the guts of caterpillars: an evolutionary answer to plant defenses? Science,

172, 579–581.

Kursar, T.A. & Coley, P.D. (2003) Convergence in defense syndromes of young

leaves in tropical rainforests. Biochemical Systematics and Ecology, 31, 929–

949.

Lajeunesse, M.J. (2009) Meta-analysis and the comparative phylogenetic

method.AmericanNaturalist, 174, 369–381.

Lajeunesse, M.J. (in press) Recovering missing or partial data from studies: a

survey of conversions and imputations for meta-analysis. Handbook of

Meta-analysis for Ecology and Evolution (eds J. Koricheva, J. Gurevitch &

K.Mengerson), PrincetonUniversity Press, Princeton, New Jersey, USA.

Lajeunesse, M.J., Jennions, M.D. & Rosenberg, M.S.. (in press) Phylogeneti-

cally-independent meta-analysis. Handbook of Meta-analysis for Ecology

and Evolution. (eds J. Koricheva, J. Gurevitch & K. Mengerson), Princeton

University Press, Princeton,New Jersey, USA.

Lande, R. & Arnold, S.J. (1983) The measurement of selection on correlated

characters.Evolution, 37, 1210–1226.

Lankau, R.A. (2007) Specialist and generalist herbivores exert opposing selec-

tion on a chemical defense.NewPhytologist, 175, 176–184.

Leimu, R. & Koricheva, J. (2006) A meta-analysis of tradeoffs between plant

tolerance and resistance to herbivores: combining the evidence from ecologi-

cal and agricultural studies.Oikos, 112, 1–9.

Leiss, K.A., Maltese, F., Choi, Y.H., Verpoorte, R. & Klinkhamer, P.G.L.

(2009) Identification of chlorogenic acid as a resistance factor for thrips in

Chrysanthemum.Plant Physiology, 150, 1567–1575.

Lewis, S. & Clarke,M. (2001) Forest plots: trying to see the wood and the trees.

BritishMedical Journal, 322, 1479–1480.

Linhart, Y.B. & Thompson, J.D. (1999) Thyme is of the essence: biochemical

polymorphism and multi-species deterrence. Evolutionary Ecology Research,

1, 151–171.

Macel, M., Van Dam, N.M. & Keurentjes, J.J.B.. (2010) Metabolomics: the

chemistry between ecology and genetics. Molecular Ecology Resources, 10,

583–593.

Macel, M., Bruinsma, M., Dijkstra, S.M., Ooijendijk, T., Niemeyer, H.M. &

Klinkhamer, P.G.L. (2005) Differences in effects of pyrrolizidine alkaloids

on five generalist insect herbivore species. Journal of Chemical Ecology, 31,

1493–1508.

Mattson, W.J. (1980) Herbivory in relation to plant nitrogen content. Annual

Review of Ecology and Systematics, 11, 119–161.

Mauricio, R. (1998) Costs of resistance to natural enemies in field populations

of the annual plant Arabidopsis thaliana.AmericanNaturalist, 151, 20–28.

Mauricio, R. & Rausher, M.D. (1997) Experimental manipulation of putative

selective agents provides evidence for the role of natural enemies in the evo-

lution of plant defense.Evolution, 51, 1435–1444.

Mithen, R., Raybould, A.F. & Giamoustaris, A. (1995) Divergent selection for

secondary metabolites between wild populations of Brassica oleracea and its

implications for plant-herbivore interactions.Heredity, 75, 472–484.

Mitra, S., Wünshce, H., Girim, A.P., Hivrale, V. & Baldwin, I.T. (2008)

Silencing 7 herbivory-regulated proteins in Nicotiana attenuate to under-

stand their function in plant-herbivore interactions. Functional Ecology, 22,

606–615.

Orians, C.M. &Ward, D. (2010) Evolution of plant defenses in nonindigenous

environments.Annual Review of Entomology, 55, 439–459.

Palmer, A.R. (1999)Detecting publication bias inmeta-analysis: a case study of

fluctuating asymmetry and sexual selection. American Naturalist, 154, 220–

233.

Pilson, D. (2000) Herbivory and natural selection on flowering phenology in

wild sunflower,Helianthus annuus.Oecologia, 122, 72–82.

Rausher, M.D. (1992) The measurement of selection on quantitative traits:

biases due to environmental covariances between traits and fitness. Evolu-

tion, 46, 616–626.

Rausher, M.D. (2006) The evolution of flavonoids and their genes. The Science

of Flavonoids (ed E.Grotewold). pp. 175–212, Springer, NewYork.

Rohlf, F.J. (2001) Comparative methods for the analysis of continuous vari-

ables: geometric interpretations.Evolution, 55, 2143–2160.

� 2010 The Authors. Functional Ecology � 2010 British Ecological Society, Functional Ecology, 25, 358–367

366 D. Carmona et al.



Rosenberg, M.S., Adams, D.C. & Gurevitch, J. (2000) MetaWin: Statistical

Software for Meta-analysis Version 2.1.5. Sinauer, Sunderland, Massachu-

setts.

Rosenthal, R. (1991)Meta-Analytic Procedures for Social Research. Sage, New-

bury Park, California.

Rosenthal, G.A. & Janzen, D.H. (1979)Herbivores: Their Interaction with Sec-

ondaryMetabolites. Academic Press, NewYork.

Scriber, J.M. & Feeny, P. (1979) Growth of herbivorous caterpillars in relation

to feeding specialization and to the growth form of their food plants. Ecol-

ogy, 60, 829–850.

Stamp, N. (2003) Out of the quagmire of plant defense hypotheses. Quarterly

Review of Biology, 78, 23–55.

Stark, S., Julkunen-Tiitto, R. & Kumpula, J. (2007) Ecological role of reindeer

summer browsing in the mountain brich (Betula pubescens ssp Czerepanno-

vii) forest: effects on plant defense, litter descomposition, and soil nutrient

cycling.Oecologia, 151, 486–498.

Theis, N. & Lerdau, M. (2003) The evolution of function in plant secondary

metabolites. International Journal of Plant Sciences, 164, S93–S102.

Webb, C.O. & Donoghue, M.J. (2004) Phylomatic: tree assembly for applied

phylogenetics.Molecular EcologyNotes, 5, 181–183.

White, T.C.R. (1984) The abundance of invertebrate herbivores in relation to

the availability of nitrogen in stressed foods.Oecologia, 63, 90–105.

Wimp, G.M. & Whitham, T.G. (2001) Biodiversity consequences of predation

and host plant hybridization on an aphid-ant mutualism. Ecology, 82, 440–

452.

Wink, M. (2003) Evolution of secondary metabolites from an ecological and

molecular phylogenetic perspective.Phytochemistry, 64, 3–19.

Zangerl, A.R. & Berenbaum, M.R. (2005) Increase in toxicity of an invasive

weed after reassociation with its coevolved herbivore. Proceedings of the

National Academy of Sciences, USA, 102, 15529–15532.

Received 16 June 2010; accepted 13 September 2010

Handling Editor: Charles Fox

Supporting Information

Additional Supporting Information may be found in the online ver-

sion of this article.

Figure S1. The hypothesized phylogenetic relationships of the 41

plant species from 20 different families used in our phylogenetically-

independent meta-analysis.

Figure S2. From the traditional meta-analysis: Funnel plot of Z-

transformed effect sizes against their within-study sample size (K =

498). White dots denote secondary metabolites (SM) and black dots,

non-secondary metabolites (NSM) including physical, gross morpho-

logical, life-history and primary chemistry and physiology traits.

Figure S3.From the traditionalmeta-analysis: (a) weighted frequency

histogram of Z-transformed correlations between plant traits and

herbivore susceptibility. White bars denote secondary metabolites

(SM) and black bars, non-secondary metabolites (NSM) including

physical, gross morphological, life-history and primary chemistry and

physiology traits. (b) Normal quantile plot testing normal distribu-

tion.

Table S1.Database for meta-analysis at microevolutionary level.

Table S2. Database for meta-analysis at macroevolutionary

level.

Table S3. Differences among plant trait categories in the strength of

pooled genetic correlations ( �Zþ) between plant traits and susceptibil-

ity of plants to herbivory. The number of pooled effects areK, and the

QB test evaluates differences on the strength of the correlation among

plant traits. All analyses designated with P are phylogenetically-inde-

pendent.

Table S4. Traditional meta-analysis of correlations between traits

and susceptibility of plants to herbivory. Pooled effect sizes and sam-

ple sizes (in brackets) are reported for two major subgroups: (a) con-

trast between secondary (SM) and non-secondary metabolite traits

(NSM), and (b) contrast among traits described as physical (PH),

gross morphology (GM), life-history (LH), and primary chemistry

and physiology (PC). Qb tests differences in the strength of the corre-

lation among plant traits.

Table S5. The phylogenetically-independent between-group hetero-

geneity test (QP
b ) for differences among categories of plant traits

potentially related with plant susceptibility to herbivory (see pooled

effects for each group in Table 1). The between-group heterogeneity

test for differences among feeding guild, herbivore specificity, plant

longevity and plant life-from can be found in the text.

Appendix S1. References cited on the meta-analyses databases

As a service to our authors and readers, this journal provides sup-

porting information supplied by the authors. Such materials may be

re-organized for online delivery, but are not copy-edited or typeset.

Technical support issues arising from supporting information (other

thanmissing files) should be addressed to the authors.
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