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INTRODUCTION

The complex interactions between plants and natu-
ral enemies are thought to play a central role in the 

maintenance of high local plant diversity in trop-
ical forests (Connell,  1971; Janzen,  1980). Shared 
natural enemies mediate competitive interactions 
among plants (Holt,  1977). Yet species differences in 
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Abstract
Metabolomics provides an unprecedented window into diverse plant secondary 
metabolites that represent a potentially critical niche dimension in tropical forests 
underlying species coexistence. Here, we used untargeted metabolomics to evaluate 
chemical composition of 358 tree species and its relationship with phylogeny and 
variation in light environment, soil nutrients, and insect herbivore leaf damage 
in a tropical rainforest plot. We report no phylogenetic signal in most compound 
classes, indicating rapid diversification in tree metabolomes. We found that 
locally co- occurring species were more chemically dissimilar than random and 
that local chemical dispersion and metabolite diversity were associated with lower 
herbivory, especially that of specialist insect herbivores. Our results highlight the 
role of secondary metabolites in mediating plant– herbivore interactions and their 
potential to facilitate niche differentiation in a manner that contributes to species 
coexistence. Furthermore, our findings suggest that specialist herbivore pressure 
is an important mechanism promoting phytochemical diversity in tropical forests.
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secondary metabolites and other traits can allow plants 
to avoid sharing herbivores (Endara et al., 2017; Salazar 
et al.,  2018) and, therefore, promote defence- related 
niche differences that may play a large role in deter-
mining species abundances, composition, and diversity 
in tropical tree communities (Sedio & Ostling,  2013). 
Despite our understanding of phytochemical defences 
and their consequences for plant performance and her-
bivores (Hunter, 2016; Kessler & Kalske, 2018; Raguso 
et al., 2015), most previous studies have focused on one 
or a few clades, such as Piper, Protium, Inga, or Ficus 
(Endara et al.,  2017; Salazar et al.,  2016a, 2018; Sedio 
et al., 2017; Vleminckx et al., 2018; Volf et al., 2018), or 
on specific phytochemical classes (Aharoni et al., 2005; 
Hernandez et al., 2009). Thus, to date, we still know re-
markably little about how metabolite diversity interacts 
with herbivore pressure and the consequences of these 
interactions for plant community structure and diversity 
(Dyer et al., 2018).

Recent studies have revealed that metabolite com-
position is a strong determinant of herbivore host 
use (Endara et al.,  2017; Richards et al.,  2015; Salazar 
et al., 2018), that high chemical diversity reduces special-
ist herbivory at the species level (Richards et al., 2015), 
that plant species tend to co- occur with chemically dis-
similar species at fine spatial scales (Kursar et al., 2009; 
Salazar et al., 2016a; Vleminckx et al., 2018), that local-
ised chemical dissimilarity reduces herbivory in some 
genera (Coley et al.,  2018; Salazar et al.,  2016a), that 
phylogenetic signal of metabolites varies at the commu-
nity scale (Forrister et al., 2023; Sedio et al., 2018), and 
that community chemical diversity is associated with 
climatic variation over elevational gradients (Defossez 
et al., 2021; Volf et al., 2022, 2023) and continental geo-
graphic scales (Sedio et al., 2018, 2021). These pioneering 
works have enriched our understanding of the ecology of 
plant chemical defences. However, most of these studies 
have focused on single plant clades due to methodologi-
cal limitations. The generality of these findings and how 
they are related to variation in herbivory and tree species 
co- occurrence at the scale of entire tree communities re-
main unclear. Fortunately, recent advances in metabolo-
mics enable the rapid screening of tens of thousands of 
metabolites across hundreds to thousands of plant spe-
cies, thus facilitating the comparison of metabolite di-
versity and composition on scale previously unattainable 
in the field of chemical community ecology (Sedio, 2017; 
van Dam & van der Meijden, 2011; Walker et al., 2022). 
This expansion of capabilities enhances our understand-
ing of the ecological impacts stemming from plant chem-
ical diversity.

Phylogenetic signal reflects the trait similarity of spe-
cies due to common ancestry and can provide a window 
on the evolutionary lability of, or strength of selection 
acting on, a trait. On broad phylogenetic scales, sec-
ondary metabolites may be expected to exhibit phyloge-
netic signal (i.e. trait similarity that is higher than that 

expected from a Brownian model of trait evolution on a 
given phylogeny) for key metabolic pathways that have 
evolved only in one to a handful of clades (Liu et al., 2017; 
Vogt & Jones, 2000). For example, legumes (Fabaceae) 
are characterised by quinolizidine alkaloids and non- 
protein amino acids, whereas tropane and steroidal alka-
loids prevail in the Solanaceae (Wink, 2003). That said, 
an extensive literature of studies on individual clades 
routinely reports generally rapid chemical evolution (e.g. 
Sedio et al., 2018; Volf et al., 2018), perhaps driven by a 
plant– herbivore coevolutionary arms race (Ehrlich & 
Raven, 1964). Additional work has shown that phyloge-
netic signal may vary depending on the chemical class 
studied (Forrister et al., 2023). For example, as alkaloids 
are not a biosynthetically related group, a strong phylo-
genetic signal may not be expected for this broad class of 
compounds, whereas we might expect to find phyloge-
netic signal in shikimates and phenylpropanoids as they 
are widely distributed in the plant kingdom and play 
vital roles in plant development by acting as essential 
components of the cell wall (Deng & Lu, 2017). Despite 
this work, we still have very little evidence demonstrat-
ing the presence or absence of phylogenetic signal in phy-
tochemical groups across the broad phylogenetic sample 
that constitutes tropical tree communities.

While metabolomics has expanded our ability to con-
duct detailed community- level studies of phytochem-
ical diversity, basic questions about the consequences 
of metabolomic variation for biotic interactions remain 
unanswered. How do herbivores respond to variation in 
phytochemical diversity and composition at the com-
munity scale? Several recent studies provide the founda-
tion for predictions regarding the relationship between 
phytochemical diversity, herbivory, and herbivore spe-
cialisation. These studies demonstrate that high levels 
of phytochemical diversity reduce specialist herbivory 
(Glassmire et al., 2016; Richards et al., 2015; Whitehead 
et al.,  2022), but not generalist herbivory (Glassmire 
et al., 2020; Richards et al., 2015; Salazar et al., 2016b), 
while local chemical dissimilarity reduces specialist her-
bivory (Coley et al.,  2018; Massad et al.,  2017; Salazar 
et al., 2016b) and reduces plant mortality in experimen-
tal plots with greater phytochemical diversity (Salazar 
& Marquis,  2022). Finally, observational studies have 
found that plant performance, growth, or survival in-
creases with phytochemical dissimilarity of heterospe-
cific neighbours in Piper (Salazar et al., 2016b) and Inga 
(Forrister et al., 2019). Such a relationship between phy-
tochemical dissimilarity and herbivore- driven mortality 
is likely the result of specialist herbivores, as specialists 
are more likely to be sensitive to variation in the local 
density of suitable host plants with similar metabolites 
(Sedio & Ostling, 2013), whereas generalists may bene-
fit from consuming a chemically diverse diet (Cham-
bers et al., 1996). Hence, from these expectations we can 
derive testable predictions regarding the effect of local 
phytochemical diversity on herbivory by specialist and 
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generalist herbivores. If plant metabolites mediate insect 
herbivore host ranges (Endara et al.,  2017), and insect 
herbivores are sensitive to spatial variation in host- plant 
density (Janzen, 1970), we expect tree assemblages with 
diverse metabolites to experience reduced herbivory 
(Figure 1a). Furthermore, we expect metabolite diversity 
to reduce herbivore damage perpetrated by specialist 
insect herbivores (Figure 1b), but to increase herbivore 
damage due to generalist herbivores (Figure 1c).

In addition to serving as chemical defences against 
herbivores and pathogens, plant secondary metabolites 
also mediate plant responses to abiotic stress, such as 
drought, ultraviolet radiation (Tegelberg & Julkunen- 
Tiitto, 2001), and capture of abiotic resources (Vaughan 
et al.,  2018). Plastic variation in the biosynthesis and 
accumulation of plant secondary metabolites occur in 
response to changing abiotic conditions, following the 
carbon– nutrient balance hypothesis (Bryant et al., 1983). 
Furthermore, the resource availability hypothesis de-
scribes evolutionary trade- offs between the intrinsic 
growth rate of plants, which is shaped by resource avail-
ability, and investment in defence (Coley et al., 1985). For 
example, species adapted to resource- poor environments 
grow intrinsically slower, invest more in constitutive de-
fences, and experience less herbivory than species from 
more productive habitats (Endara & Coley, 2011). There-
fore, we expect that resource availability is negatively as-
sociated with plant secondary metabolite diversity in the 
community (Figure 1d).

A growing literature on the abiotic and biotic driv-
ers of phytochemical variation provides a sufficient 
foundation to form testable predictions, yet few studies 
have examined how phytochemical diversity affects her-
bivore damage at the community scale in tropical tree 

communities. Here, we used untargeted metabolomics 
to evaluate secondary metabolites and measured her-
bivory for 358 plant species in a 20- hectare (ha) forest 
dynamics plot in tropical rainforest at Xishuangbanna 
in southwest China. We used species- level metabolome 
and herbivory observations to calculate phytochemical 
diversity and dissimilarity and herbivory in local tree 
communities represented by 20 × 20 m quadrats within 
the plot and examined their relationships with light envi-
ronment and soil nutrients at this spatial scale. We tested 
the following predictions: (i) Plant metabolites lack phy-
logenetic signal in diverse tropical tree communities, (ii) 
local tree assemblages will be composed of species that 
are less chemically similar than random at the quadrat 
scale, (iii) plant metabolite diversity will decrease with 
resource availability, as represented by light environ-
ment and soil nutrient content, and (iv) total and spe-
cialist herbivory will decrease, but generalist herbivory 
will increase, with plant metabolite diversity at the local 
scale.

M ATERI A LS A N D M ETHODS

Study site

This study was conducted in a 20- ha seasonal tropical 
rainforest dynamics plot in Xishuangbanna, Yunnan 
Province, southwest China (21°36′42″- 58″ N, 101°34′26″- 
47″ E; Figure S1). The plot is 400 × 500 m in which every 
tree ≥1 cm diameter at 1.3 m height is identified, meas-
ured, and mapped. The plot is dominated by large in-
dividuals of Parashorea chinensis (Dipterocarpaceae). 
Elevation in the plot ranges from 708.2 m to 869.1 m a.s.l, 

F I G U R E  1  An overview of the expected relationships between plant secondary metabolite diversity (PSMs Diversity) with different 
factors. a: per cent herbivory; b: specialist herbivory; c: generalist herbivory; d: resource availability.
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and three perennial streams intersecting and converging 
in the south- eastern corner contribute to habitat hetero-
geneity. A detailed description of the plot can be found 
in Cao et al. (2008). A total of 392 tree species, belonging 
to 196 genera and 69 families with DBH >1 cm in the plot 
based on the 2012 census, used in this study. The plot is 
demarcated into 500 20 × 20 m quadrats; we refer to trees 
recorded in the same quadrat as the “local- scale” com-
munity throughout.

Plant secondary metabolite sampling and 
analytical chemistry

Due to drought- associated mortality and species rarity, 
samples were collected from a total of 358 of the 392 tree 
species in the plot for the analysis of plant secondary me-
tabolites (Table S1). Previous studies have found that five 
individuals typically represent >75% of the compounds 
observed in a species (Endara et al.,  2022; Friberg 
et al., 2019; Karban et al., 2016). Therefore, for species in 
our plot with more than five adult individuals, five adult 
individuals were randomly sampled from the population 
inside the plot. If <5 individuals were observed in the 
plot, all were sampled. To capture maximum chemical 
diversity within each species and to avoid overlooking 
unique compounds, three to ten expanding, unlignified 
leaves were collected from different branch directions for 
each individual and immediately flash- frozen in liquid 
nitrogen.

Plant secondary metabolites were extracted and 
analysed from leaves using ultra- high performance 
liquid chromatography– tandem mass spectrometry 
(UHPLC– MS/MS), following Sedio et al.  (2021) with 
slight modifications. The metabolomic data for all 358 
tree species are publicly available as a MassIVE data set 
on the Global Natural Products Social (GNPS) Molecu-
lar Networking server (Wang et al., 2016) at: ftp://massi 
ve.ucsd.edu/MSV00 00915 50/. Detailed methods on plant 
secondary metabolite analytical chemistry and infor-
matics are provided in Appendix S1.

Insect herbivores

To quantify the relationship between herbivory and 
metabolite diversity at the local scale, we measured per 
cent herbivory and herbivore type for all 358 tree species 
(Coley & Barone,  1996). Leaf samples were collected 
from the same trees used for metabolite analysis. Three 
branches were taken from different directions, and 10 
leaves per branch were sequentially selected from top 
to bottom on each branch to avoid overestimating the 
per cent herbivory and ignoring certain types of her-
bivores (Woodman & Fernandes,  1991). All collected 
leaves were scanned, and the leaf area was calculated 
using ImageJ software (Abramoff et al.,  2004). The 

per cent herbivory for each leaf was calculated as the 
ratio of damaged area to estimated undamaged area, 
with higher percentages indicating greater herbivore 
damage (Kurokawa & Nakashizuka, 2008). We classi-
fied herbivore damage into broad categories (e.g. hole 
feeding and margin feeding) according to Labandeira 
et al. (2007) and further divided them into three diet- 
breadth categories: generalised, intermediate, or spe-
cialised (Labandeira et al.,  2007; Wang et al.,  2022). 
Mean per cent herbivory and diet- breadth values were 
calculated for each tree species. To incorporate dif-
ferences in species abundance within each 20 × 20 m 
plot, we calculated a community- weighted mean of 
leaf damage (Miller et al., 2019). Finally, we calculated 
weighted means of per cent herbivory and diet breadth 
for each quadrat in the plot (Lavorel et al., 2008).

Abiotic environment

We used published data from our laboratory for 9 soil 
nutrient variables in the plot (Hu et al.,  2012; Yang 
et al., 2014), including pH, total N, total P, total K, avail-
able N, extractable P, extractable K, total C, and bulk 
density. Light availability was measured using hemi-
spherical photographs taken with a digital camera and 
analysed using the Gap Light Analyzer version 2.0 
software to calculate the canopy gap fraction, repre-
senting the non- vegetated portion of the image (Frazer 
et al., 2000). To quantify variation in per cent herbivory 
and chemical diversity in different habitats, the plot was 
divided into slope, ridge, and valley habitats from Yang 
et al. (2014; Figure  S1). Principal component analysis 
(PCA) was performed on the soil nutrient variables, with 
the first three principal components explaining over 85% 
of the variation (Table  S2). The first component (PC1) 
was primarily influenced by total N, total P, available 
N, and extractable P, the second component (PC2) was 
associated with bulk density, and the third component 
(PC3) was mainly influenced by total K. Henceforth, we 
refer to these soil axes as “N- P” (PC1), “bulk density” 
(PC2), and “TK” (PC3) soil axes.

Metabolomics data and spatial pattern analysis

Compound annotation was performed using the bio-
synthetic “pathway”- level classifications of NPClas-
sifier (Kim et al.,  2021), which consisted of seven 
categories: alkaloids, amino acids and peptides, carbo-
hydrates, fatty acids, polyketides, shikimates and phe-
nylpropanoids, and terpenoids. These categories were 
further grouped into secondary metabolites (alkaloids, 
polyketides, shikimates and phenylpropanoids, amino 
acids and peptides, and terpenoids), and primary me-
tabolites (carbohydrates and fatty acids). We followed 
a series of rules for describing compounds represented 

 14610248, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.14308 by X

ishuangbanna T
ropical B

otanical G
arden, W

iley O
nline L

ibrary on [12/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

ftp://massive.ucsd.edu/MSV000091550/
ftp://massive.ucsd.edu/MSV000091550/


   | 5WANG et al.

as products of multiple pathways. For example, if one 
category was a secondary metabolite category and the 
other was a primary metabolite category, we classified 
it as a secondary metabolite category. If both catego-
ries were secondary metabolite categories, we labelled 
it as “multiple.” In total, we classified all compounds 
into eight pathway classifications, including “multi-
ple.” Coefficients of variation at the family and genus 
levels were reported for each category and for all me-
tabolites (Table S3, 4).

Metabolite diversity for each tree species was quan-
tified using the Shannon– Wiener diversity index: 
H′ = −

∑S

i=1

�

pi × logepi
�

, where Pi = ai ∕
∑

ai, ai is the 
abundance of the ith metabolite, and S is the number 
of metabolites (Shannon & Weaver, 1949). Community- 
level metabolite diversity was calculated weighted 
mean Shannon– Wiener diversity for all metabolites 
and each class of metabolites, accounting for differ-
ence in species abundance (Lavorel et al., 2008; Miller 
et al., 2019).

To assess chemical similarity, we calculated the 
chemical structural and compositional similarity 
(CSCS) score for each pair of species, taking into ac-
count the structural similarity and ion intensity of the 
compound pairs, following Sedio et al.  (2017). CSCS 
scores were calculated for all metabolites and for each 
of the major chemical classes. For the assessment of 
spatial dispersion patterns, we calculated the mean 
1- CSCS value for species pairs co- occurring in each 
quadrat. To determine whether co- occurring species 
exhibited clustered or overdispersed in their chemi-
cal profiles, we calculated the net chemical similarity 
(NCS) as a standardised effect size of observed mean 
1- CSCS compared with a null distribution obtained 
from 999 permutations of species assignments in the 
1- CSCS matrix:

where 1- CSCSobs is the observed mean (1- CSCS), mean 
(1- CSCSnull) is the mean (1- CSCS) in the null distribution, 
and st.dev(1- CSCSnull) is the standard deviation of the 
null distribution. A positive S.E.S. value indicates that co- 
occurring species are more similar than expected, and a 
negative value indicates that co- occurring species are less 
similar than expected.

Phylogenetic signal tests

To quantify phylogenetic signal in metabolomic data, we 
first inferred the phylogenetic relationships of the tree 
species in our study using plastome sequence data gener-
ated by Jin et al.  (2022) for this forest plot (Figure S2). 
Detailed methods for DNA extraction and phylogenetic 

tree construction are provided in Appendix S2 and Jin 
et al. (2022).

We assessed the phylogenetic signal of all metabo-
lites and each class of metabolites using the plastome 
tree (Jin et al.,  2022). We calculated Adams'  (2014) 
Kmult metric, an approach based on an explicit model 
of multivariate trait evolution (i.e. Brownian) which 
accounts for the topology and branch lengths in the 
phylogeny. This approach differs from the traditional 
K metric (Blomberg et al., 2003), which is applied to a 
single trait, and from the Mantel tests of phylogenetic 
and trait distance matrices that have no explicit model 
of trait evolution underlying the expected relation-
ship between phylogenetic and trait distances given a 
Brownian motion model (Blomberg et al., 2003; Swen-
son, 2014). When Kmult <1, this indicates that taxa are 
less chemically similar than expected by the Brownian 
motion evolution on the observed phylogeny, whereas 
Kmult >1 indicates that species are more chemically sim-
ilar than expected under the Brownian motion.

Modelling soil nutrients, 
metabolites, and herbivory

To test our prediction that spatial variation in soil 
nutrients and plant metabolite diversity underpins 
variation in herbivory, we used a generalised linear 
mixed- effects model (GLMM). We fit separate mod-
els for per cent herbivory, generalist rate, and spe-
cialist rate as response variables, respectively, with 
terms representing metabolite diversity, soil nutrient 
content, and light environment as fixed independent 
variables. Habitat was used as a random independent 
variable. To identify highly correlated predictors, we 
calculated the variance inflation factor (VIF; Quinn 
& Keough, 2002). Factors exhibiting high collinearity 
(VIF > 10) were subsequently removed. All variables 
were rescaled around their mean in the model, and a 
Gaussian distribution was chosen for the final models. 
The full model had the following form:

where PSM diversity represents the Shannon– Wiener 
diversity of metabolites and β0 is the intercept for all 
species. Soil pc1, Soil pc2, and Soil pc3 represent the 
first three axes of the PCA result of the soil nutrient 
content, and light represents the light environment. We 
utilised normally distributed random effects for habi-
tat as γ.

All of the above analyses were performed using the 
R 4.2.0 (R Core Team,  2022) packages “FD” (Lalib-
erté et al., 2014), “lme4” (Bates et al., 2014), “lmerTest” 
(Kuznetsova et al.,  2017), “MuMIn” (Barton,  2010), 

(1)

NCS (S. E. S. CSCS) = −

(

1 −CSCSobs
)

−mean
(

1 −CSCSnull
)

st. dev
(

1 −CSCSnull
)

(2)

Percent herbivory OR generalised rate OR specialised rate

=�0+�1 PSM diversity+�2 soil. pc1+�3 soil. pc2

+�4. soil. pc3+�5. light+�.

 14610248, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.14308 by X

ishuangbanna T
ropical B

otanical G
arden, W

iley O
nline L

ibrary on [12/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 |   CHEMICAL DIVERSITY SHAPES RAINFOREST HERBIVORY

“spdep” (Bivand,  2010), “vegan” (Oksanen et al.,  2015), 
and “picante” (Kembel et al., 2010).

RESU LTS

Chemical compound composition of tree species

We detected 25,810 compounds from 358 tree species in 
the tropical rainforest community. We generated a pre-
dicted molecular structure and a chemotaxonomic clas-
sification for 19,179 compounds (74.3%, Figure 2a); 6631 
compounds (25.7%) were not classified. Compounds were 
classified into 8 categories (Figure 2b): “alkaloids,” “shi-
kimates and phenylpropanoids,” “terpenoids,” “fatty 
acids,” “polyketides,” “amino acids and peptides,” “car-
bohydrates,’ and “multiple.” Among these 8 categories, 
alkaloids were the most numerous compounds at the 
community scale, accounting for 19.34% of metabolites, 
followed by shikimates and phenylpropanoids, which ac-
counted for 19.03% of metabolites. Terpenoids were the 
third- most numerous class, representing approximately 
15.27% of metabolites.

Phylogenetic signal of plant secondary 
metabolites

We quantified phylogenetic signal based on the compo-
sition and structural similarity of all metabolites and 8 
classes of metabolites, which are, themselves, based on 
major biosynthetic pathways in plants. The metabo-
lome considered as a whole did not exhibit significant 

phylogenetic signal (Table 1). Among metabolite classes, 
only shikimates and phenylpropanoids exhibited a 
Kmult value near the Brownian motion expectation of 1 
(Table 1). The Kmult for every other pathway examined 
was much <1, indicating little- to- no phylogenetic signal 
in metabolomic similarity among species.

Spatial variation in chemical dissimilarity, 
chemical diversity, and herbivory

The dissimilarity of trees co- occurring within 20 × 20 m 
quadrats exhibited significantly higher chemical dissimi-
larity compared to random for all classified metabolites, 
indicating strong chemical overdispersion (classified; 

F I G U R E  2  The spatial pattern of chemical compounds in the tree community at Xishuangbanna tropical seasonal forest. (a) The number 
of compounds found in each biosynthetic pathway; (b) Chemical similarity of trees in 20 × 20 m quadrats with respect to all metabolites and 7 
major classes. Note: Box plots illustrate the standardised effect size (SES) of chemical dispersion calculated as difference between the observed 
mean pairwise chemical similarity of species in a quadrat and the expected mean pairwise chemical similarity given the plot- level species pool. 
Values <0 indicate that co- occurring species are less similar than random (are chemically overdispersed); values >0 indicate that co- occurring 
species are more similar than random (are chemically clustered). Classified represents the following: types of compounds that have been 
annotated, including Terp, S.P, Fatty, Alkal, Poly, Amino, and Carbo. All represent the following: classified and unclassified compounds.

TA B L E  1  Phylogenetic signal of secondary metabolites using the 
Brownian motion evolutionary model test.

Secondary metabolites Kmult

All plant secondary metabolites 0.991

Alkaloids 0.401

Amino acids and peptides 0.414

Carbohydrates 0.483

Fatty acids 0.816

Polyketides 0.410

Shikimates and phenylpropanoids 0.922

Terpenoids 0.721

Note: Kmult >1 indicates that species are more chemically similar than expected 
given a Brownian motion model of evolution on the phylogeny; Kmult = 1 
indicates chemical similarity equal to that expected given Brownian motion; 
Kmult <1 indicates that taxa are less chemically similar than expected given 
Brownian motion.
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Figure  2b). Moreover, this pattern of dissimilarity ex-
tended across various biosynthetic pathways, includ-
ing “terpenoids,” “shikimates and phenylpropanoids,” 
“fatty acids,” “alkaloids,” “polyketides,” “amino acids 
and peptides,” and “carbohydrates” (Figure 2b).

The spatial variation we observed in per cent herbiv-
ory was negatively correlated with that of secondary 
metabolite diversity (Figure  3). The per cent herbivory 
in the valley was significantly higher than that in the 
slope and top ridge (Figure 3a,c), whereas the diversity 
of plant secondary metabolites in the valley habitat was 
significantly lower than that in the other two habitats 
(Figure  3b,d). Finally, we found that hole and margin 
herbivory ratio, and intermediate and specialist her-
bivory (but not generalist herbivory) were significantly 
higher in valleys than in the slopes (Figure S3). In brief, 
leaf per cent herbivory and secondary metabolite di-
versity exhibited incongruent variation associated with 
topographic habitats in the plot.

Abiotic and biotic factors driving spatial 
variation in herbivory

Model results indicate that both metabolite diversity 
and soil nutrient content had significant effects on per 
cent herbivory (Figure 4; Figure S4 and Table S5). Total 
herbivory increased with light and soil bulk density and 
decreased with metabolite diversity and soil N- P and TK 
(Figure 4). However, specialist herbivory and generalist 

herbivory both exhibited a strong response to metabo-
lite diversity, but specialist herbivory decreased with 
metabolite diversity and generalist herbivory increased 
with metabolite diversity (Figure 4; Table S5). We also 
tested the relationship between metabolite diversity and 
abiotic factors. Plant metabolite diversity increased with 
soil N- P and TK, but decreased with soil bulk density; 
there was no significant relationship between metabolite 
diversity and light.

Total and specialist herbivory decreased with me-
tabolite diversity measured with respect to “alkaloids,” 
“shikimates and phenylpropanoids,” and “terpenoids” 
(Figure  S4). In contrast, total herbivory increased 
and generalist herbivory decreased with diversity of 
“polyketides.” Polyketide diversity had no effect on spe-
cialist herbivory (Figure S4). In short, metabolite diver-
sity was negatively associated with herbivory, especially 
specialist herbivory, and soil nutrient content had con-
trasting effects on metabolite diversity and herbivory.

DISCUSSION

Tropical forests are complex ecosystems, posing a chal-
lenge for ecologists to explain the remarkable diversity 
within them (Wiegand et al., 2007; Wills et al., 2006). Re-
cent studies have revealed significant impacts of plant 
chemistry and shared herbivores on the coexistence of 
tree species in tropical forests (Forrister et al.,  2019). 
In this study, we integrated untargeted metabolomics, 

F I G U R E  3  Differences in per cent herbivory and metabolite diversity in different habitats. (a) Differences in per cent herbivory in three 
habitat types; (b) Differences in metabolite diversity in three habitat types; (c) Spatial variation in per cent herbivory within the forest plot; (d) 
Spatial variation in metabolite diversity.
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a plastome- based phylogeny, and a long- term tropical 
forest monitoring plot of 358 species to investigate the 
relationship between community phytochemical diver-
sity and herbivore- induced leaf damage. Our results sup-
port the hypothesis that secondary metabolites represent 
a key component of niche. Local niche differentiation, 
here quantified as differentiation in metabolites, affords 
trees reduced herbivory, which may benefit individual 
performance and fitness in diverse assemblages and 
thereby function as a mechanism of diversity mainte-
nance (Chesson & Kuang, 2008).

Overdispersion of metabolite diversity across 
phylogeny and space

Niche differentiation on local scales is believed to exert 
a profound influence on community assembly. Tree spe-
cies distributions and co- occurrences in natural com-
munities are the result of interactions among organisms 
within and between trophic levels (Seibold et al., 2018). 
Competition among plants for limiting resources such as 
light and soil nutrients can be intense, as the competitive 
interactions mediated by shared herbivores and patho-
gens (Chesson & Kuang, 2008; Holt, 1977). Hence, plants 

experience natural selection to diverge in their abiotic 
niche, defined by plant physiology and resource require-
ments, and their biotic niche, defined by numerous me-
tabolites that shape the host ranges of herbivores and 
pathogens (Jia et al., 2018; Salazar et al., 2018). First, our 
results demonstrate a clear lack of phylogenetic signal 
in plant chemistry for the co- occurring species sampled 
(Table  1). Specifically, closely related species had a re-
duced tendency to share similar chemistry than expected 
by their time since a most recent common ancestor and 
a random walk, suggesting significant diversification in 
chemical profiles among co- occurring and closely re-
lated species. From a coevolutionary perspective, the di-
vergence of secondary metabolites may potentially result 
from a plant– herbivore arms race (Endara et al., 2017).

Second, our findings demonstrate the locally co- 
occurring species are exceptionally dissimilar in their 
metabolomes. Specifically, we observed a strong pattern 
of overdispersion in both the secondary metabolites and 
all biosynthetic pathways (Figure 2b). These results align 
well with theoretical expectations derived from models 
of enemy- mediated competition in tropical forests (Sedio 
& Ostling, 2013). Such models propose that biotic inter-
actions, including those mediated by insect herbivory, 
can act as pivotal niche dimensions that differentiate 
co- occurring species and serve as a mechanism for sta-
bilising coexistence (Kondoh & Williams, 2001). Further-
more, our community- level findings are consistent with 
previous studies that have reported chemical overdis-
persion within specific genera in tropical communities. 
For instance, Bursera in Mexico (Becerra, 2007), Inga in 
Panama (Forrister et al., 2019; Kursar et al., 2009) and 
Peru (Endara et al., 2015), Piper in Costa Rica (Salazar 
et al., 2016b), and Protium in Peru (Vleminckx et al., 2018) 
have all exhibited exceptional chemical divergence, sug-
gesting that the partitioning of niche space among natu-
ral enemies through the divergence of chemical defences 
may play a profoundly important role for explaining the 
generation and maintenance of tree diversity in tropical 
forests.

Metabolite diversity and herbivory

Insect herbivores and microbial pathogens with host 
ranges limited by plant defensive chemistry likely medi-
ate “apparent” competition between species with shared 
metabolites (Holt,  1977) and select for chemical diver-
gence among species (Becerra, 1997; Kursar et al., 2009). 
Our findings reveal a decline in overall herbivory as 
metabolite diversity increases within the community 
(Figure 3). This result is consistent with predictions that 
chemically diverse communities provide a reduced den-
sity of edible host plants to herbivores with intermedi-
ated to narrow host ranges (Sedio & Ostling, 2013) that 
are density- dependent (Janzen,  1970). This result may 
also be consistent with an effect of variation in chemical 

F I G U R E  4  Effects of variation in the abiotic environment 
on metabolite diversity and effects of variation in the abiotic 
environment and plant metabolite diversity on herbivory. Plots 
illustrate the effect sizes of terms representing quadrat- level 
variation in metabolite diversity, light environment, and three 
principal components of variation in soil nutrients.
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diversity at the species level, wherein species harbouring 
a rich array of secondary metabolites may be more likely 
to possess potent compounds, effectively deterring gen-
eralist herbivores (Volf et al., 2015) or synergistic combi-
nations of compounds that make them better defended 
(Richards et al., 2012, 2016).

We observed a positive relationship between metab-
olite diversity and generalist herbivory for all metabo-
lites and three major classes of secondary metabolites 
associated with defence: alkaloids, shikimates and 
phenylpropanoids, and terpenoids (Figure  4c; Fig-
ure S4). This result is consistent with previous studies, 
which found that generalist herbivores benefit from 
a chemically diverse diet that prevents over- exposure 
to any single toxin (Chambers et al.,  1996; Sedio 
et al.,  2020). In contrast, we observed a decline in 
specialist herbivory with greater metabolite diversity 
for all metabolites, alkaloids, shikimates and phenyl-
propanoids, and terpenoids (Figure 4; Figure S4). Al-
though other research has indicated greater herbivore 
specialisation in communities with high plant diversity 
(Forister et al., 2015), chemically diverse plant assem-
blages are likely to include fewer host plants for spe-
cialist insects with narrow, chemically constricted host 
ranges (Ali & Agrawal, 2012; Becerra, 2007). Our study 
observed that more than 90% of herbivores measured 
in this study are generalists, while specialists comprise 
less than 10% (Figure S3). By attacking host plants in 
chemically similar assemblages (Figure 4a,b), special-
ist herbivores likely promote chemical diversity on the 
landscape (Sedio & Ostling, 2013) and link local metab-
olite diversity and dissimilarity to neighbouring trees 
to individual fitness (Forrister et al.,  2019). Hence, 
by promoting metabolite diversity at the community 
scale, specialist herbivores may link diversity mainte-
nance over ecological time (Janzen, 1970) to selection 
for novel metabolites and even lineage diversification 
over evolutionary time (Ehrlich & Raven, 1964).

Resource availability and the diversity of 
secondary metabolites

In addition to defence against biotic stresses imposed 
by natural enemies, plant secondary metabolites medi-
ate responses to abiotic stresses, such as deficiencies 
in soil nitrogen and phosphate (Dixon & Paiva, 1995). 
In this study, we found that plant secondary metabo-
lite diversity was positively affected by soil N- P and 
TK, while bulk density exhibited a negative impact on 
PSMs diversity at local scale (Figure 4d). Furthermore, 
the “pathway”- level chemical classes, such as alkaloids, 
shikimates and phenylpropanoids, and terpenoids, we 
examined also showed greater diversity in areas with 
higher soil N- P and TK levels, but decreased diversity 
with increasing bulk density (Figure  S4; Table  S5). 
Although soil carbon fertilisation did not show 

significant effect in the model, our findings partially 
support the carbon– nutrient balance hypothesis and 
the growth– differentiation balance hypothesis, which 
propose a positive relationship between the availabil-
ity of carbon and nitrogen and secondary metabolite 
production (Lerdau et al., 1994; Lerdau & Coley, 2002). 
The positive correlation between soil N- P and TK lev-
els and PSMs suggests a proportional allocation of soil 
nutrients to carbon- based secondary compounds, such 
as terpenoids, phenolic compounds, and flavonoids, in 
areas where there is an abundant supply of nitrogen 
and phosphate. For example, Ormeño and Fernan-
dez  (2012) found a positive correlation between soil 
N- P content and monoterpene and sesquiterpene levels 
in Pinus halepensis. Nitrogen fertilisation increased al-
kaloid content in Catharanthus roseus, while f lavonoid 
synthesis, a component of shikimates and phenylpro-
panoids, was influenced by soil K availability (Chong 
et al.,  2013; Sreevalli et al.,  2004). These results chal-
lenge the resource availability hypothesis, suggesting 
that as trees mature, additional nutrients are allocated 
to secondary metabolism, potentially leading to higher 
carbon fixation, protein synthesis, enzyme activity, and 
secondary metabolite production (Litvak et al.,  1996; 
Massad et al., 2014). These results suggest that greater 
nutrient availability, greater community metabolomic 
diversity, and the greater niche differences must be to 
stabilise coexistence among competitors. In addition, 
we found light had no significant effect on all chemi-
cal diversity (Figure 4), but significantly increased the 
diversity of polyketides (Figure S4). This may be due 
to the fact that some compounds in polyketides need 
to react via oxidative and photocyclisation pathways 
(Torres et al.,  2020; Zuidema & Jones,  2005). It is 
thought that these reactions protect the species from 
damage associated with photosynthesis and that they 
may thus be necessary for a photosynthetic lifestyle 
(Zuidema & Jones, 2006).

CONCLUSION

Recent innovations in metabolomics have opened up 
new possibilities to understand the ecological and evo-
lutionary importance of the diverse metabolomes of 
plants, even in tropical tree communities. We leveraged 
these innovations in untargeted metabolomics to study 
the foliar metabolomes of 358 tree species to evaluate the 
interaction between the abiotic environment, metabolite 
diversity, and herbivore damage due to specialist and 
generalist insect herbivores. Our results suggest that 
plant neighbourhoods with diverse secondary metabo-
lites reduce the rate of damage by herbivores, especially 
specialist herbivores with limited host ranges and the po-
tential for density- dependent impacts on plants. The role 
of specialist herbivores in promoting local neighbour-
hoods of chemically dissimilar and diverse trees suggests 
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that chemically mediated plant– herbivore interactions 
represent a key component of the niche with the poten-
tial to contribute to the maintenance of tree species di-
versity in tropical forests.
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