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Tree phytochemical diversity and herbivory 
are higher in the tropics

Lu Sun    1, Yunyun He1,2, Min Cao1, Xuezhao Wang1,2, Xiang Zhou    3, 

Jie Yang    1  & Nathan G. Swenson    4

A long-standing but poorly tested hypothesis in plant ecology and evolution 

is that biotic interactions play a more important role in producing and 

maintaining species diversity in the tropics than in the temperate zone.  

A core prediction of this hypothesis is that tropical plants deploy a higher 

diversity of phytochemicals within and across communities because they 

experience more herbivore pressure than temperate plants. However, 

simultaneous comparisons of phytochemical diversity and herbivore 

pressure in plant communities from the tropical to the temperate zone are 

lacking. Here we provide clear support for this prediction by examining 

phytochemical diversity and herbivory in 60 tree communities ranging from 

species-rich tropical rainforests to species-poor subalpine forests. Using a 

community metabolomics approach, we show that phytochemical diversity 

is higher within and among tropical tree communities than within and 

among subtropical and subalpine communities, and that herbivore pressure 

and specialization are highest in the tropics. Furthermore, we show that the 

phytochemical similarity of trees has little phylogenetic signal, indicating 

rapid divergence between closely related species. In sum, we provide 

several lines of evidence from entire tree communities showing that biotic 

interactions probably play an increasingly important role in generating and 

maintaining tree diversity in the lower latitudes.

The dramatic increase in species richness from high to low latitudes is 

one of the few rules in ecology1,2. This pattern is particularly striking in 

tree communities, where the number of species locally co-occurring in 

a tropical rainforest can be more than two orders of magnitude larger 

than the number of co-occurring species in a temperate forest3,4. Begin-

ning with some of the earliest work contemplating these patterns, 

the role of biotic interactions has been emphasized5,6. For example, 

specialized pests and pathogens have been proposed as major regu-

lators of tropical tree populations via conspecific negative density 

dependence, which should promote species co-existence7,8. Other 

researchers have focused on the belief that tropical climates are, and 

have been, relatively benign compared with the temperate zone and 

that biotic interactions probably play a larger role in producing and 

maintaining tropical tree diversity than abiotic factors5,6. Potential 

mechanisms underlying this framework include escape-and-radiate9 

and red queen10 dynamics between plants and pests. These influen-

tial works (and others11313) have produced the expectation that biotic 

interactions are more important in diverse tropical tree assemblages 

than in less diverse temperate assemblages.

Despite the general interest in biotic interactions along 

tropical-to-temperate tree species richness gradients, several foun-

dational predictions remain poorly tested14316. Among these is the 

expectation that plant phytochemistry should be more diverse 

within and between communities in the tropics due to increased, 
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us to test the prediction that phytochemical diversity is higher within 

and among communities in tropical forests than in less species-rich 

subtropical and subalpine forests. We marry these data with detailed 

measures of herbivore damage and specialization to test the prediction 

that these variables have higher values in the tropics. Finally, we quan-

tify phylogenetic signal in the phytochemical similarity between spe-

cies to test whether closely related species diverge more than expected 

in their phytochemicals.

Results and discussion
We investigated tree communities in Yunnan province in China. Yunnan 

is trisected by three large rivers and is characterized by steep topo-

graphic and climatic gradients (Fig. 1a). Combined, this geological 

complexity results in Yunnan being one of the floristic hotspots of the 

world, containing an elevational gradient of tropical rainforest to sub-

tropical forest to subalpine forest over a relatively short distance29,30. 

The region is thus ideal for investigations into how forest composition 

and dynamics change from the tropical to the subalpine biomes while 

minimizing major floristic changes as much as possible. During 2011 and 

2012, we installed long-term forest inventory plots along this gradient. 

In the lowland tropical rainforest, we installed five 20 m × 20 m forest 

plots near 800 m, 1,000 m, 1,200 m and 1,400 m above sea level (a.s.l.). 

In the subtropical forest, we installed five plots near 2,000 m, 2,200 m, 

2,400 m and 2,600 m a.s.l. Finally, in the subalpine zone, we installed 

particularly specialized, herbivore pressure. Specifically, plant com-

munities are expected to have higher phytochemical diversity in the 

tropics due to an increase in specialized herbivores, which may drive 

species to be more dissimilar in their phytochemistry17319. Further-

more, phytochemistry is expected to be extremely evolutionarily 

labile at finer taxonomic scales because of the rapid evolutionary 

changes in the metabolome, and it should therefore display little to 

no phylogenetic signal20. As sessile organisms, plants are renowned 

for their production of a wide variety of chemicals (that is, special-

ized metabolites) essential for mediating their interactions with the 

abiotic and biotic environment21323. Characterization of this phyto-

chemical diversity, while essential for testing predictions relating 

biotic interactions to changes in species richness from the tropics 

to the temperate zone, has been a persistent challenge24,25. Recent 

advances in plant metabolomics are quickly removing this barrier, 

resulting in detailed studies of community phytochemical diversity26,27 

and investigations into how phytochemistry has evolved in diverse  

lineages28.

Here we address fundamental predictions regarding how phyto-

chemical diversity and herbivore interactions change from species-rich 

to species-poor tree assemblages. We do this by leveraging recent 

advances in community metabolomics24 used in conjunction with for-

est inventory plot data in tropical, subtropical and subalpine zones in 

a single geographic region. We use a multi-scale approach that allows 

Ficus beipeiensis
Ficus auriculata

Ficus racemosa
Ficus subincisaFicus fistulosaFicus heteromorpha

Ficus langkokensis
Ficus cyrto

phylla
Ficus henryiFicus olig

odon
Arto

carpus to
nkinensis

Debregeasia ellip
tic

a

Erio
botry

a te
ngyuehensis

Erio
botry

a b
engalensi

Erio
botry

a se
rra

ta

Sorb
us r

ufo
pilo

sa

Cera
su

s s
p.

Padus b
ra

chyp
oda

Pyg
eum

 m
acro

carp
um

Li
th

ocar
pus 

deal
bat

us

Li
th

oca
rp

us 
xy

lo
ca

rp
us

Li
th

oca
rp

us 
tr
unca

tu
s

Li
th

oc
ar

pus
 h

an
ce

i

Li
th

oc
ar

p
us

 h
en

ry
i

Li
th

oc
ar

p
us

 b
ac

g
ia

ng
en

si
s

Li
th

oc
ar

p
us

 c
on

fin
is

C
as

ta
n
o
p
si

s 
in

d
ic

a

C
as

ta
n
o
p
si

s 
m

ek
o
n
g
en

si
s

C
as

ta
n
o
p

si
s 

ec
h
in

o
ca

rp
a

C
as

ta
n
o
p

si
s 

ca
la

th
if
o
rm

is

C
as

ta
n
o
p

si
s 

w
at

ti
i

Q
u
e
rc

u
s 

g
u
ya

vi
fo

lia

C
yc

lo
b

a
la

n
o

p
si

s 
st

e
w

a
rd

ia
n

a

B
e
tu

la
 s

p
.

A
ln

u
s 

n
e
p

a
le

n
si

s

M
yr

ic
a
 n

a
n

a

A
rc

h
id

e
n

d
ro

n
 c

ly
p

e
a
ri

a

A
d

e
n

a
n

th
e

ra
 m

ic
ro

sp
e

rm
a
 

X
a
n

th
o

p
h

y
ll

u
m

 y
u

n
n

a
n

e
n

se

X
a
n

th
o

p
h

y
ll

u
m

 f
la

v
e

sc
e

n
s

A
n

ti
d

e
sm

a
 j
a
p

o
n

ic
u

m

A
n

ti
d

e
sm

a
 m

o
n

ta
n

u
m

A
p

o
ro

sa
 d

io
ic

a

B
a

c
c

a
u

re
a

 r
a

m
if

lo
ra

G
lo

c
h

id
io

n
 t

ri
a

n
d

ru
m

G
lo

c
h

id
io

n
 l

a
n

c
e

o
la

tu
m

G
a

rc
in

ia
 x

is
h

u
a

n
b

a
n

n
a

e
n

si
s

G
a

rc
in

ia
 c

o
w

a

G
a

rc
in

ia
 x

a
n

th
o

c
h

y
m

u
s

Ito
a

 o
rie

n
ta

lis

H
o

m
a

liu
m

 m
o

llissim
u

m

D
ic

h
a

p
e

ta
lu

m
 g

e
lo

n
io

id
e

s

D
ry

p
e

te
s h

o
a

e
n

sis

M
a
llo

tu
s g

a
rre

ttii

C
le

id
io

n
 b

re
v
ip

e
tio

la
tu

m

C
la

o
xy

lo
n

 k
h

a
sia

n
u

m

T
rig

o
n

o
ste

m
o

n
th

y
rso

id
e

u
s

E
la

e
o

c
a
rp

u
s v

a
ru

n
u

a

E
la

e
o

c
a
rp

u
s a

u
stro

yu
n

n
a
n

e
n

sis

E
la

e
o

c
a
rp

u
s a

p
ic

u
la

tu
s

E
la

e
o

c
a
rp

u
s h

S
lo

a
n

e
a
 to

m
e
n

to
sa

A
g

la
ia

 la
w

ii

A
g

laia sp
e
c
tab

ilis

D
yso

xylu
m

 g
o
tad

h
o
ra

D
yso

xylu
m

 h
o
n
g

ko
n
g

en
se

C
h
iso

ch
eto

n
 cu

m
in

g
ian

u
s

W
alsu

ra ro
b
u
sta

A
ilan

th
us ford

ii

S
kim

m
ia arb

orescens

A
cronychia p

ed
unculata

N
ephelium

 chryseum

Litchi chinensis

H
arpullia cupanioides

Acer forrestii

Acer cam
pbellii

Pom
etia pinnata

Canarium
 album

Garuga pinnata

Sem
ecarpusreticulatus 

Drim
ycarpusracem

osus 

Pterosperm
um

 lanceaefolium

Pterospermum menglunense

Sterculia monosperma

Microcos paniculata
Colona thorelii

Parashorea chinensis

Aquilaria yunnanensis
Turpinia pomifera

Syzygium oblatumSyzygium cumini
Syzygium megacarpumSyzygium yunnanense

Syzygium rockii
Syzygium cathayense

Memecylon polyanthum

Terminalia bellirica

Terminalia myriocarpa

Rhododendron decorum

Rhododendron vernicosum

Rhododendron siderophyllum

Rhododendron irroratum subsp. pogonostylum

Rhododendron yunnanense

Rhododendron leptothrium

Vaccinium duclouxii

Craibiodendron yunnanense

Saurauia napaulensis

Symplocos ramosissima

Symplocos poilanei

Symplocos cochinchinensis

Symplocos sumuntia

Symplocos anomala

Symplocos wuliangshanensis

Camellia
 pitardii

Camellia
 fo

rre
stii

Camellia
 yunnanensis

Camellia
 sinensis

Schim
a arg

entea

Schim
a noro

nhae

Ste
warti

a p
te

ro
petio

lata

Sarc
osp

erm
a kachin

ense
 var. 

sim
ondii

Sarc
osp

erm
a kachin

ense

Dio
sp

yr
os n

ig
ric

orte
x

Dio
sp

yr
os 

hass
elti

i

M
yr

si
ne s

em
is

err
at

a

Eury
a 

hen
ry

i

Eu
ry

a 
par

at
et

ra
gonocl

ad
a

Eu
ry

a 
tr

ic
ho

ca
rp

a

Eu
ry

a 
pitt

os
por

ifo
lia

Te
rn

st
ro

em
ia

 g
ym

na
nt

he
ra

A
nn

es
le

a 
fr

ag
ra

ns

Ta
re

n
n
oi

d
ea

 w
al

lic
h
ii

W
en

d
la

n
d
ia

 t
in

ct
o
ri
a 

su
b
sp

. I
n
te

rm
ed

ia

P
sy

d
ra

x 
d
ic

o
cc

a

N
eo

n
au

cl
ea

 g
ri

�
it
h
ii

M
e
ta

d
in

a 
tr

ic
h
o
to

m
a

S
ap

ro
sm

a 
te

rn
at

a
A

ls
to

n
ia

 r
o

st
ra

ta
A

ls
to

n
ia

 s
c
h

o
la

ri
s

L
e
u

c
o

sc
e
p

tr
u

m
 c

a
n

u
m

V
it

e
xq

u
in

a
ta

 v
a
r.

 p
u

b
e
ru

la
M

a
rk

h
a
m

ia
 s

ti
p

u
la

ta
O

le
a
 r

o
se

a
P

it
to

sp
o

ro
p

si
s 

k
e

rr
ii

N
o

th
a
p

o
d

y
te

s 
n

im
m

o
n

ia
n

a
M

a
c

ro
p

a
n

a
x 

u
n

d
u

la
tu

s
M

a
c

ro
p

a
n

a
x
 d

is
p

e
rm

u
s

G
a

m
b

le
a

 c
il

ia
ta

 v
a

r.
 e

v
o

d
ii
fo

li
a

T
re

v
e

si
a

 p
a

lm
a

ta

S
c

h
e

�
le

ra
 f

e
n

g
ii

L
o

n
ic

e
ra

 n
ig

ra

L
o

n
ic

e
ra

 t
a

n
g

u
ti

c
a

L
o

n
ic

e
ra

 s
e

ti
fe

ra

D
ip

e
lta

 y
u

n
n

a
n

e
n

sis

V
ib

u
rn

u
m

 b
e

tu
lifo

liu
m

Ile
x
 m

a
n

n
e

ie
n

sis

Ile
x
 c

o
ra

llin
a

G
o

m
p

h
a

n
d

ra
 te

tra
n

d
ra

P
h

ila
d

e
lp

h
u

s c
a

lv
e

sc
e

n
s

M
a
h

o
n

ia
 d

u
c

lo
u

xia
n

a
L
itse

a
 p

a
n

a
m

a
n

ja
L
itse

a
 d

ille
n

iifo
lia

L
itse

a
sze

m
a
o

is
L
itse

a
 m

o
n

o
p

e
ta

la
L
itse

a
 e

lo
n

g
a
ta

L
itse

a
 c

h
u

n
ii

N
e
o

litse
a
 c

h
u

i
N

e
o

litse
a
 p

o
lyc

a
rp

a

A
c
tin

o
d

a
p

h
n

e
 fo

rre
stii

A
c
tin

o
d

ap
h
n
e
 h

e
n
ryi

Lin
d

era m
etc

alfian
a var. d

ic
tyo

p
h
ylla

Lin
d

era th
o
m

so
n
ii

Itead
ap

h
n
e cau

d
ata

C
in

n
am

o
m

u
m

 b
ejo

lg
h
o
ta

M
achilus salicina

M
achilus tenuip

ilis

M
achilus gam

b
lei

M
achilus yunnanensis

Phoebe lanceolata

Phoebe m
inutiflora

Phoebe puw
enensis

Alseodaphne petiolaris

Beilschm
iedia robusta

Beilschm
iedia roxburghiana

Beilschm
iedia fasciat

Cryptocarya acutifolia

Mitrephora m
acclurei 

Mitrephora tomentosa

Alphonsea monogyna

Miliusa sinensis

Pseuduvaria trimera

Orophea laui

Orophea hainanensis

Michelia floribunda

Manglietia insignis

Knema tenuinervia

Knema globularia

Horsfieldia amygdalina

Illicium macranthum

Illicium sp.

Abies georgei

Abies forrestii

Tsuga chinensis var. forrestii

Tsuga dumosa

Picea likiangensis

Larix potaninii var. australis

Alkaloids
Amino acids and peptides
Carbohydrates
Fatty acids
Multiple

Polyketides
Shikimates and phenylpropanoids
Terpenoids
Unknown pathway

Chemical richness

a

b

Lijiang (subalpine transect)

Ailaoshan (subtropical transect)

Xishuangbanna (tropical transect)

3,200 m 3,400 m 3,600 m 3,800 m

2,000 m 2,200 m 2,400 m 2,600 m

800 m 1,000 m 1,200 m 1,400 m
N

u
m

b
e

r 
o

f 
u

n
iq

u
e

 m
e

ta
b

o
lo

m
ic

fe
a

tu
re

s

0

500

1,000

1,500

2,000

2,500

800 1,000 1,200 1,400 2,000 2,200 2,400 2,600 3,200 3,400 3,600 3,800

Tropical transect Subtropical transect Subalpine transect

0

2,000

4,000

6,000

0 50 100 150

Number of samples

C
u

m
u

la
ti

v
e

 r
ic

h
n

e
ss

dc

Tropical

Climatic zone

Subtropical

Subalpine

Fig. 1 | Geographic location, forest landscapes, and phylogenetic and 

elevational distributions of chemical profiles across the three forest 

types. a, The geographical locations and forest landscapes of the study 

region, established in tropical (Xishuangbanna: 800 m, 1,000 m, 1,200 m and 

1,400 m), subtropical (Ailaoshan: 2,000 m, 2,200 m, 2,400 m and 2,600 m) 

and subalpine (Lijiang: 3,200 m, 3,400 m, 3,600 m and 3,800 m) forests. b, The 

phytochemical richness of 206 seed plant species arranged by their phylogenetic 

relationships. The size of the multicoloured bars represents the number of 

unique metabolomic features of different metabolite groups (entire metabolites 

and seven biosynthetic pathways) detected in each tree species. c, The number of 

unique metabolomic features belonging to each biosynthetic pathway category 

found in each elevational belt across three climatic zones. d, Cumulative 

metabolomic feature richness as a function of the number of samples examined 

within three climatic zones. The lines and shaded bands show the average 

richness and the 10th and 90th percentiles of richness. The accumulation curves 

did not approach saturation for any climatic zone.
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five plots near 3,200 m, 3,400 m, 3,600 m and 3,800 m a.s.l. (Fig. 1a). 

There are thus a total of 60 forest inventory plots in the study system. 

In each plot, we have measured the diameter and mapped the position 

of individual trees and identified them to species. The species diversity 

in the forest plots decreases steadily from the tropical rainforest to 

the subalpine forest and is correlated with elevation (Supplementary  

Fig. 1).

This study used a community metabolomics approach26 to char-

acterize the specialized metabolites of tree communities in the 60 

forest inventory plots. We characterized the specialized metabolites 

of each species in each elevation belt (for example, plots near 800 m 

a.s.l.) in which it occurred. This was accomplished by pooling leaf 

samples taken from individuals in the plots at that elevation belt. If a 

species had more than three individuals in the plots, then only three 

individuals were sampled. If the species had fewer than three individu-

als, then all of the individuals present in the plots at that elevation were 

sampled. While the pooling of multiple individuals per site limited our 

ability to quantify local intra-specific variation, the number of samples 

collected is similar to that in previous studies and permits the charac-

terization of and insights into specialized metabolites at the species 

level26,27. Collected leaves were nearly fully expanded, non-lignified, 

healthy and intact. The leaves were flash-frozen in the field, and the 

extraction of metabolites followed the protocols described in Sedio 

et al.31. The extractions were analysed using ultra-high-performance 

liquid chromatography3high-resolution tandem mass spectrometry 

(UHPLC3MS/MS). The output data were converted to raw spectral data 

that were deposited to the Global Natural Products Social Molecular 

Networking (GNPS) platform32, and a molecular network was generated 

using classical molecular networking33 with recommended parameter 

settings31,34. The spectral data were annotated using the publicly avail-

able datasets in the GNPS and then were classified into seven biosyn-

thetic pathways using a deep-neural-network-based natural product 

structural classification tool called NPClassifier35. In total, we collected 

leaves from 979 individuals belonging to 206 species, 122 genera and 56 

families representing 329 unique species-by-elevation combinations. 

Further details regarding this community metabolomic approach can 

be found in the Methods.

Overview of the metabolite profiles of tree species
The metabolomic analyses recovered 9,327 metabolomic features, 

of which 4,070 (43.6%) could be annotated using public GNPS data 

(Fig. 1c). The most abundant annotated metabolomic biosynthetic 

pathway was shikimates and phenylpropanoids (32.31%), followed by 

alkaloids (27.08%), terpenoids (19.07%), fatty acids (8.08%), polyke-

tides (7.71%), multiple (2.51%), carbohydrates (1.77%) and amino acids/

peptides (1.47%). Next, using the specialized metabolite composition 

of the species-by-site combinations, we quantified sampling curves in 

each of the three forest types. This was done to determine the relative 

accumulation of phytochemical richness within the three forest types. 

The results show that tropical forests accumulate phytochemical rich-

ness faster on a sample-by-sample basis than subtropical and subalpine 

forests (Fig. 1d), which was similar to the result from a plot-by-plot basis 

(Fig. 2b). Furthermore, none of the sampling curves approached an 

asymptote, indicating the extraordinary phytochemical richness in 

trees on landscape to regional scales.

Difference in metabolite composition between climatic zones
Because few metabolomic features are typically shared between spe-

cies, we next quantified the structural similarity of the metabolomic 

features across species. This resulted in a chemical structural3com-

positional similarity (CSCS) matrix, which we converted to a chemical 

dissimilarity matrix (Methods). To visualize and evaluate the specialized 

metabolite composition of species-by-site combinations, we used a 

non-metric multi-dimensional scaling (NMDS) ordination using the 

chemical dissimilarity matrix (Fig. 2a). The magnitude and significance 

of the dissimilarity in chemical composition between the species in 

the tropical, subtropical and subalpine zones were tested using per-

mutational multivariate analysis of variance (PERMANOVA) using 

999 permutations of the matrix. The PERMANOVA results show that 

the chemical composition was different between the three regions 

(R2 = 0.090, F = 16.153, P = 0.001). Interestingly, the chemical composi-

tion of the tropical species largely overlapped in the NMDS with that 

of the subtropical species, while also having a clearly distinct region 

in the NMDS space (Fig. 2a). The subalpine species slightly overlapped 

with the subtropical and tropical species in the NMDS space (Fig. 2a). 

Thus, the chemical composition of the tropical and subtropical spe-

cies was generally divergent from that of the subalpine species. The 

PERMDISP results show that the group mean dispersion between the 

three climatic zones was significant (permutation test, F = 40.025, 

P = 0.001). We note that groups that are inferred to be different may 

simply be different due to differences in dispersion, and disentangling 

these two factors is challenging. Lastly, the average distance of group 

members to the group centroid was significantly different among the 

three climatic zones (Supplementary Fig. 4). The much higher aver-

age distance to the centroid in the tropical zone indicates that the 

sample-to-sample variation in structural diversity is higher for tropical  

communities.

Difference in phytochemical diversity across climatic zones
We quantified the phytochemical diversity of trees within and between 

communities (that is, phytochemical alpha and beta diversity). We took 

this approach because increased biotic pressure should lead to greater 

phytochemical diversity locally and regionally. Measurements of com-

munity diversity can differentially weight the abundance of species, 

and comparing the results of differential weighting can be informative, 

particularly for phytochemical diversity25. Hill numbers provide an ideal 

analytical framework for this purpose25,36. For each of the 60 plots in 

the dataset, we calculated the phytochemical diversity of the species 

in the plot using the species-level phytochemical dissimilarity matrix 

based on CSCS scores and Hill numbers (qDalpha) with exponents 0, 1 

and 2. When q = 0, the metric ignores species abundance; when q = 1, 

the metric weights all species in proportion to their abundance, and 
1D is equal to the exponential of Shannon9s diversity; and when q = 2, 

the metric puts more weight on abundant species, and 2D is equal to 

the inverse Simpson diversity36. One key advantage of Hill numbers is 

that they can be used to characterize species, trait, phytochemical and/

or phylogenetic diversity using a unifying mathematical framework. 

Comparing diversity values for the same communities while varying 

the degree to which rare species are weighted (that is, changing q) 

thus provides more refined insights than using a single metric or a 

series of mathematically incoherent metrics. It is important to note 

that our approach investigates the overall phytochemical dissimilarity 

of species and not the dissimilarity of individual compounds, which 

is how Hill numbers have been previously used in the phytochemical 

diversity literature25.

The observed phytochemical alpha diversity was the highest in the 

tropical plots, followed by the subtropical and then the subalpine plots, 

using each of the Hill numbers (that is, 0Dalpha, 1Dalpha and 2Dalpha) (Fig. 2c). 

We found a similar result when comparing the Hill numbers to the tree 

species richness in each forest plot (Supplementary Fig. 2). That is, 

as the tree species richness increased, the phytochemical diversity 

increased using each of the Hill numbers, which results in coinciden-

tal gradients in species richness and phytochemical diversity from 

the tropics to the subalpine. We next considered the phytochemical 

alpha diversity for individual chemical biosynthetic pathways. Tropi-

cal forests were the most diverse with respect to alkaloids, terpenoids, 

shikimates and phenylpropanoids, and amino acids/peptides, and this 

was consistent across most Hill number exponents (Extended Data 

Fig. 1 and Supplementary Table 3). Subtropical forests were slightly 

more diverse in polyketides only when using 1Dalpha, and they were 
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indistinguishable from tropical forests with respect to fatty acids and 

carbohydrates.

We also used a Hill number framework to calculate phytochemi-

cal beta diversity (qDbeta), using q = 0, 1 and 2. The results show that 

phytochemical beta diversity is the highest among tropical tree plots 

when weighting by abundance (that is, 1Dbeta and 2Dbeta) and indistin-

guishable from subalpine plots when weighting by presence/absence 

(that is, 0Dbeta) (Fig. 2d). When considering individual biosynthetic 

pathways, subalpine forests had higher beta diversity in alkaloids, 

fatty acids and carbohydrates. Tropical forests, in contrast, had higher 

beta diversity in terpenoids when weighting by abundance, as well as in 

shikimates and phenylpropanoids and in polyketides (Extended Data 

Fig. 2 and Supplementary Table 4). Thus, as with the phytochemical 

alpha diversity results, the phytochemical beta diversity results provide 

general support for an increased role of biotic interactions in lower  

latitudes.

Next, we considered species phytochemical beta diversity in a 

spatial context by quantifying distance decay relationships across the 

whole system and within each forest type by regressing community 

phytochemical beta diversity on the elevation distance between plots 

(Extended Data Fig. 3). Significant distance decay relationships were 

found across the entire study system and within the forest types. The 

distance decay slope was generally steeper in tropical plots than in 

subtropical and subalpine plots, indicating that the phytochemical 

composition in tropical plots changes much more quickly through 

space than it does in the other forest types. The steeper distance decay 

in the tropics was primarily due to rapid changes in some of the bio-

synthetic pathways that had the most beta diversity in the non-spatial 
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Fig. 2 | Phytochemical variation and diversity (alpha and beta) among 

three forest types for whole metabolite profiles. a, NMDS visualization 

of the metabolomic features across three climatic zones. The ellipsoids for 

each climatic zone represent the 95% confidence interval around their mean 

position in chemical space. The stress value is 0.260. b, Cumulative richness 

of metabolomic features as a function of the number of plots examined across 

three climatic zones. The lines and shaded bands show the average richness and 

the 10th and 90th percentiles of richness. c, Observed phytochemical alpha 

diversity within each plot (n = 20 in each forest type for one of q exponents) in 

each climatic zone (tropical, subtropical and subalpine) using three q exponents 

(0, 1 and 2), which quantify variability in the chemical trait space across trees in a 

plot on the basis of pairwise chemical distance (from CSCS scores) between tree 

samples and their weights (species abundance) in forest communities.  

d, Observed phytochemical beta diversity between plots (n = 190 in each 

forest type for one of q exponents) in each climatic zone (tropical, subtropical 

and subalpine) using three q exponents (0, 1 and 2). The phytochemical beta 

diversity measures the observed chemical dissimilarity between plots and 

reflects variability in the chemical trait space from plot to plot, on the basis of 

pairwise chemical distance (from CSCS scores) between tree samples and their 

weights (species abundance) in forest communities. In c,d, the significance of the 

differences in phytochemical alpha and beta diversity across forest type pairs was 

tested using an ANOVA with a post-hoc Tukey test. In each box plot, the centre 

line represents the median, the lower and upper box edges correspond to the 

25th and 75th percentiles, and the lower and upper whiskers extend to the lowest 

and highest points to a limit of 1.5 × the interquartile range from the closest edge.
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analyses (that is, terpenoids, shikimates and phenylpropanoids, and 

polyketides) (Extended Data Figs. 4310). In sum, these results provide 

robust support for one of the key expectations of the biotic interac-

tions hypothesis: that phytochemical alpha and beta diversity should 

be the highest in the tropics and greater than that expected given the 

underlying species diversity gradient.

While the observed phytochemical alpha and beta diversity results 

provide support for the hypothesized increase towards tropical rain-

forests, we were interested in quantifying whether the observed values 

were higher or lower than that expected given the regional (that is, 

gamma) phytochemical diversity for a given forest type37. That is, we 

sought to quantify whether the elevated phytochemical diversity in the 

tropics was primarily due to extraordinary local (that is, alpha) phyto-

chemical diversity or the spatial turnover of (that is, beta) phytochemi-

cal diversity. Previous work has demonstrated that disentangling these 

factors requires a null model the considers gamma diversity in each 

region38. We therefore took a null modelling approach where we con-

structed null communities by randomizing the names of species-by-site 

combinations within each region in the phytochemical dissimilarity 

matrix based on CSCS scores to produce 999 random assemblages from 

each plot; compared the observed 0Dalpha, 1Dalpha and 2Dalpha values to the 

null distribution; and calculated a standardized effect size (SES). We 

then performed the same procedure for 0Dbeta, 1Dbeta and 2Dbeta (Meth-

ods). SES values that significantly deviate positively from zero indicate 

observed diversity levels that are greater than expected, whereas 

significantly negative deviations of SES values from zero indicate less 

observed diversity than expected.

The phytochemical alpha diversity results show that the median 

SES value in forest types was either indistinguishable from zero or 

significantly less than zero when considering all phytochemicals and 

individual biosynthetic pathways (Supplementary Table 5). This indi-

cates that the observed phytochemical alpha diversity in the plots was 

either no different from that expected given the phytochemical gamma 

diversity or less than that expected. There were slight differences 

between the forest types. Specifically, subalpine plots were typically no 

different from random except when using 2Dalpha, whereas subtropical 

and tropical plots were almost always less diverse than expected given 

the observed gamma diversity.

The phytochemical beta diversity results generally differed 

from the alpha diversity results. Specifically, when considering all 

phytochemicals or individual biosynthetic pathways, the turnover 

in phytochemicals from plot to plot in the tropics was higher than 

expected, except for amino acids/peptides and, in some instances, 

abundance-weighted fatty acids, carbohydrates and alkaloids (Sup-

plementary Table 6). The extreme phytochemical gamma diversity 

observed in the tropics can thus be primarily attributed to an unusu-

ally high degree of spatial turnover in phytochemistry between plots.

The subtropical forest type had a mixture of less and more than 

expected turnover in phytochemistry between plots, whereas the sub-

alpine forest had plots that were generally more similar than expected 

in their phytochemistry. The main exception were the alkaloids, which 

always differed more than expected between subalpine plots. From 

these null modelling results, it is apparent that the increase in phyto-

chemical diversity towards the tropics found in this study is primarily 

attributable to exceptional spatial turnover in phytochemistry between 

plots and not local (that is, within a 20 m × 20 m plot) phytochemical 

diversity.

Higher herbivore selective pressure in the tropical zone
The leaf phytochemical richness and diversity results implicate the 

increased importance of biotic interactions in tropical forests relative to 

subtropical and subalpine forests. Specifically, the high phytochemical 

diversity within and between tree communities is expected if there is an 

increase in herbivory and, in particular, herbivory via specialized pests 

in tropical forests. We tested this expectation by quantifying herbivory 

rates and herbivore specialization in each species in each of the forest 

plots. Specifically, we quantified leaf herbivory on ten leaves from three 

branches taken from three adult individuals of a species in each forest 

plot (n = 90). If the species had fewer than three adult individuals, we 

sampled ten leaves on each of the three branches selected for all present 

individuals. The collected leaves were pressed, dried and scanned using 

a flatbed scanner. We then estimated the amount of herbivore damage 

using leaf-area-lost measures at the species level. We then calculated 

a mean per cent leaf area lost in a plot weighting each species by the 

plot abundance. We used standardized approaches for estimating 

herbivore specialization on the basis of hole- and marginal-type insect 

feeding damage39,40. From this, we obtained the frequency and pro-

portion of damage caused by generalist, intermediate or specialized 

herbivores for each species, and we calculated a mean percentage for 

each of these at the plot level weighting each species by abundance. 

The results show a clear decline in herbivore-caused leaf damage from 

tropical to subtropical to subalpine forests (Fig. 3a). Furthermore, the 

amount of damage attributed to intermediate and specialized hole- 

and margin-type feeding insects decreased from tropical to subalpine 

forests (Fig. 3b,c), whereas the damage due to generalist herbivores 

was lowest in tropical forests and increased towards subalpine forests 

(Fig. 3d). Thus, along with increased alpha and beta phytochemical 

diversity in leaves in tropical tree communities, we found an increase 

in leaf herbivory and the degree of specialized herbivory in the tropics.

Phylogenetic divergence of phytochemistry between trees
The coinciding increase in herbivory, particularly by specialists, and 

higher-than-expected phytochemical beta diversity in the tropical for-

est plots indicates that plant3pest interactions may be critical genera-

tors and maintainers of tropical tree diversity. Two macroevolutionary 

possibilities could explain this outcome. The first is that the evolution of 

phytochemical diversity is relatively constrained such that the increase 

in phytochemical diversity observed in a sample (for example, a for-

est type) is simply due to an increase in the phylogenetic diversity. 

Under this scenario, inter-specific phytochemical similarity would 

exhibit phylogenetic signal. The second is that the evolution of phyto-

chemical diversity is highly dynamic within lineages such that closely 

related species exhibit high degrees of phytochemical divergence. 

Under this scenario, inter-specific phytochemical similarity would 

lack phylogenetic signal. We constructed a phylogeny containing all 

species in our system (Fig. 1c) and quantified the phylogenetic signal 

in phytochemical similarity (Methods). We found that inter-specific 

phytochemical similarity lacked phylogenetic signal and this was also 

generally true across individual chemical biosynthetic pathways (Sup-

plementary Table 7). These results support the hypothesis that phyto-

chemical evolution is highly dynamic, probably in response to biotic 

interactions, and that the elevated phytochemical diversity observed 

in tropical forests is not simply the result of these forests containing 

more phylogenetic diversity or phylogenetic clustering of lineages in 

individual forest types in this system.

That biotic interactions are stronger or more important in the 

tropics is one of the most widely believed but poorly tested hypotheses 

in ecology and evolutionary biology. Here we have provided several 

lines of evidence that provide broad support for core predictions made 

from the biotic interactions hypothesis: phytochemical alpha and beta 

diversity are highest in tropical tree communities, the phytochemical 

dissimilarity between local communities in the tropics is exception-

ally high and is a key generator of regional phytochemical diversity, 

overall and specialized herbivore damage are higher in the tropics, 

and closely related species are more divergent in their phytochemistry 

than expected. The results also underscore the multiple dimensions of 

tropical biodiversity, which are frequently not quantified, are valuable 

for human societies and are under threat as global change contin-

ues41,42. Not only do tropical forests contain more species than their 

temperate counterparts, but they house spectacular phytochemical 
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diversity, such that a loss of tropical tree species is outpaced by the 

resulting loss of phytochemical diversity that is foundational for pro-

moting and maintaining biodiversity. We stress that this is necessar-

ily an observational study of hundreds of species from many clades 

along a substantial climatic and spatial gradient. There are thus many 

abiotic (for example, temperature and precipitation) and biotic (for 

example, herbivores, pathogens, neighbourhood composition and 

diversity) covariates that are also likely to be related to phytochemical 

diversity and that cannot be cleanly disentangled to elucidate a specific 

mechanism. That said, here we have provided extensive evidence of 

gradients in phytochemical diversity and herbivore damage from 

tropical to subalpine forests that have been predicted or assumed in 

many core hypotheses in plant ecology and evolution, but have been 

poorly documented and increasingly questioned.

Methods
Study area
No specific permits were required for the described field studies, as 

no endangered or protected species was involved, and the localities 

involved are not protected in any way. This study was conducted along 

an elevational gradient that encompasses three climatic regions4tropi-

cal, subtropical and subalpine4in Yunnan Province, a global biodiver-

sity hotspot in southwestern China (Fig. 1a). During 2011 and 2012, four 

elevational belts were established in each climatic region43,44. Spe-

cifically, in the tropical region, four elevational belts (800 m, 1,000 m, 

1,200 m and 1,400 m) were established in Xishuangbanna National 

Nature Reserve and are characterized by vegetation that includes 

tropical seasonal rainforest, tropical montane rainforest and tropical 

montane evergreen broad-leaved forest. In the subtropical region, 

four elevational belts (2,000 m, 2,200 m, 2,400 m and 2,600 m) were 

established in Ailaoshan National Nature Reserve and are characterized 

by subtropical evergreen broad-leaved forest. In the subalpine region, 

four elevational belts (3,200 m, 3,400 m, 3,600 m and 3,800 m) were 

established in Yulong Snow Mountain Nature Reserve and are charac-

terized by subalpine coniferous forest.

In each elevational belt, five 20 m × 20 m replicate plots were 

established approximately 200 m apart from each other. Locations 

impacted by anthropogenic and natural disturbances, such as large 
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a, The plot-level herbivore damage. b, The plot-level proportion of intermediate 

herbivores. c, The plot-level proportion of specialist herbivores. d, The plot-level 

proportion of generalist herbivores. All data points are shown as circles and 
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canopy gaps, were avoided. Within each plot, all trees with diameter 

at breast height >5 cm were measured, tagged and identified in previ-

ous studies43,44. Thus, in total, 60 forest plots from 12 elevational belts 

across three climatic regions were included in the analyses (Supplemen-

tary Table 1). Supplementary Fig. 1 shows the comparison of plot-level 

species diversity using Hill numbers with diverse q orders (q = 0, 1 and 2) 

between three climatic zones, and the elevational pattern of plot-level 

species diversity using Hill numbers with diverse q orders (q = 0, 1 and 2) 

across three climatic zones. When q = 0, the metric is species richness; 

when q = 1, the metric is an exponential of Shannon entropy; and when 

q = 2, the metric is 1 / (1 − Simpson diversity).

Leaf sampling and metabolite extraction
We collected nearly fully emerged, unlignified and undamaged leaves 

of trees in each forest plot during the growing season in 2021. In each 

forest plot, we randomly sampled three individuals of each common 

species and collected all individuals of species with less than three indi-

viduals in the plot. For each individual, two to ten of the expanded leaves 

were sampled, labelled, wrapped in foil and immediately immersed in 

liquid nitrogen in the field, and then stored at −80 °C in a laboratory 

freezer. In total, we collected leaf samples from 979 individuals of 206 

species, belonging to 122 genera and 56 families.

Leaf material from each species in a single elevation belt was 

pooled for downstream metabolomic analyses. Although the pool-

ing of leaf material ignores individual-level variation, our primary goal 

was to characterize species-level phytochemistry, and recent studies 

have indicated that intra-specific variation in a local-scale sample is far 

less than inter-specific variation45347. After pooling samples, across the 

environmental gradient, 329 unique species3elevation combinations 

(hereafter, samples) were included in the analysis.

The extraction of leaf metabolites followed the protocol described 

in Sedio et al.31, modified slightly to be compatible with our labora-

tory equipment. Briefly, we weighed ~300 mg of frozen pooled 

samples, ground them into a fine powder while using liquid nitro-

gen and extracted the metabolites with 1.8 ml of extraction solution 

(ethanol:water, 90:10 at pH 4.5). The extracted samples were stored in 

a refrigerator at 4 °C overnight in a microcentrifuge tube. This solvent 

extracted small molecules of varying polarity, and the mild acidity 

facilitated the extraction of alkaloids. The extracted samples were 

then shaken at 0.14985 g at room temperature for three hours, fol-

lowed by centrifugation at 23,931.8 g for ten minutes. The superna-

tants were removed and transferred to new microcentrifuge tubes. 

After the extraction process, the extraction solution was evaporated 

using a vacuum concentrator to increase the concentration of the 

extracted molecules. Subsequently, 500 µl of extraction solution 

was added to dissolve the samples, which were then filtered with a 

hand-actuated Millipore filter (Φ = 0.22 µm) and transferred to 2 ml 

brown chromatographic vials. Before performing metabolite analysis, 

we added 800 µl of extra extraction solution to dilute the solution of the  

samples.

Metabolomics data analysis
The metabolomic data from the extracted samples were analysed using 

UHPLC3MS/MS. Chromatographic separation was performed using an 

Agilent 1290 Infinity Series UHPLC instrument (Agilent Technologies), 

which was equipped with a quaternary pump (G4204A), a de-gasser, a 

diode-array detector (G4212B), an autosampler (G4226A) and a column 

compartment (G1316C). Chromatographic separation was achieved 

on a Hypersil GOLD aQ column (5.0 µm; Thermo Fisher Scientific) 

with 250 mm length and 4.6 mm internal diameter. The mobile phase 

consisted of a mixture of pure water with 0.1% formic acid (A) and ace-

tonitrile (B). The chromatographic elution method was set as follows: 

0.00320.00 min, 100% A; 20.00350.00 min, a mixture of 80% A and 20% 

B; 50.00355.00 min, 100% B; equilibration 55.00360.00 min, gradient 

from 100% to 0% B. The flow rate was set at 1.0 ml min−1.

Mass spectrometric analysis was carried out on a quadrupole 

time-of-flight high-resolution mass spectrometer (Q-TOF LC/MS 6540 

series, Agilent Technologies) coupled with electrospray ionization. The 

data acquisition was performed using Mass Hunter Workstation soft-

ware in positive electrospray ionization mode. The fragmentor voltage 

was set at 135 V, the capillary was set at 3,500 V, the skimmer was set at 

65 V and nitrogen was used as the drying (350 °C, 8 l min−1) and nebu-

lizing (30 psi) gas. Higher-energy collision-induced dissociation was 

performed with a normalized collision energy of 10, 20, 30, 40 and 50 eV 

in stepped mode. The MS detection was performed in positive electro-

spray ionization mode over a mass range of 10031,700 m/z for MS1 and 

2031,700 m/z for MS2. MS/MS spectra were acquired for each sample 

by running data-dependent acquisition mode, in which all precursor 

ions from the full mass range were fragmented to yield MS/MS spectra.

The raw MS/MS data files were centroided and converted from the 

proprietary format (.d) to the m/z extensible markup language format 

(.mzML) using ProteoWizard (v.3.0.22112, MSConvert tool)48, and the 

converted raw spectral data were uploaded to the GNPS platform.  

A molecular network was generated using classical molecular network-

ing33 with parameter settings as recommended in Sedio et al.31 and Aron 

et al.34, including a precursor ion mass tolerance of 2.0 Da, a fragment 

ion mass tolerance of 0.5 Da, a minimum pairs cosine of 0.6, a minimum 

matched fragment ions of 3, a minimum cluster size of 2, a network topK 

of 10, a run MSCluster of yes, a maximum connected component size 

of 0, a search analogues of Do Search and a maximum analogue search 

mass difference of 100. While processing the molecular network, MS/

MS spectra of fragmented molecules were clustered into consensus 

spectra that represent a single unique molecular structure (hereafter, 

metabolomic feature).

The MS/MS spectral matching was performed using all publicly 

available datasets in GNPS to annotate metabolomic features. Each 

annotated metabolomic feature was classified into different biosyn-

thetic pathway categories (including fatty acids, polyketides, shiki-

mates and phenylpropanoids, terpenoids, alkaloids, amino acids/

peptides, and carbohydrates), using a deep-neural-network-based 

natural product structural classification tool called NPClassifier35. 

Metabolomic features that did not match with the available databases 

were declared as unknown metabolomic features. Additionally, some 

metabolomic features were assigned to a mixed pathway (for exam-

ple, 8alkaloids|amino acids/peptides9 and 8polyketides|terpenoids9). 

We recategorized these metabolites using the following approach. 

When a mixed metabolomic feature contained a first-order classifica-

tion (alkaloids, polyketides, shikimates and phenylpropanoids, or 

terpenoids) and a second-order classification (amino acids/peptides, 

carbohydrates or fatty acids), we recategorized it using the first-order 

classification. However, when a metabolomic feature was characterized 

with two first-order or second-order categories, we called it 8multiple9 

in the subsequent analyses.

We used consensus spectra derived from molecular network-

ing to approximate the functional representation of phytochemi-

cal diversity directly from the organized spectral space27,49. We 

employed a compound-based molecular networking approach, 

where we first grouped related features into compounds and 

then generated a species-by-compound abundance matrix and 

a compound-by-compound MS/MS cosine similarity matrix. As 

described in Sedio et al.49, we combined these data and quantified 

the chemical similarity between each sample pair by computing the 

CSCS index. The CSCS index was calculated as the weighted aver-

age structural similarity of each metabolomic feature pair present in 

either sample, with the weights determined by the ion intensities of 

the metabolomic features in the compared samples. We calculated the 

CSCS index for the entire metabolome and for each of the seven bio-

synthetic pathway categories separately for the subsequent analyses. 

The dissimilarity of the chemical profiles between each sample pair 

was calculated as one minus the chemical similarity.

http://www.nature.com/natecolevol


Nature Ecology & Evolution | Volume 8 | August 2024 | 1426–1436 1433

Article https://doi.org/10.1038/s41559-024-02444-2

Plant specialized metabolite composition across elevation
To evaluate the variation in metabolite composition among the three 

forest types, we used NMDS ordinations for the entire metabolite 

profile. This approach was applied using the metaMDS function in the 

vegan package50, on the basis of the sample-pair matrix of chemical 

dissimilarity (from the CSCS index described above). The significance 

and magnitude of the dissimilarity in chemical composition between 

the three forest types were tested with a PERMANOVA method, using 

the adonis2 function in the vegan package50 and 999 permutations. 

The R2 value derived from the PERMANOVA was used to index the 

strength of pairwise chemical dissimilarity among the different climatic 

transects. Furthermore, a multivariate analysis of the homogeneity 

of group dispersions (PERMDISP) was also performed using the func-

tion betadisper in the vegan package50 to test whether one or more 

forest types is more variable than the others. The betadisper function 

calculated the distances from each sample to the group centroid, and 

statistical support for differences in dispersion across forest types was 

assessed using a permutation test (n = 999 permutations) followed by a 

post-hoc Tukey9s honestly significant difference test to assess pairwise 

differences among forest types.

To visualize chemical diversity across samples in the three forest 

types, we conducted a sampling curve analysis. Specifically, we used 

data on the presence or absence of metabolomic features to generate 

sampling curves in each forest type using the rarep function replicated 

999 times, as described in Wetzel & Whitehead25. We also performed 

the analysis using a plot-by-plot accumulation curve for metabolomic 

features. Specifically, on the basis of the presence/absence data, we 

merged all metabolomic features extracted from the tree samples in 

each forest plot. We then built a plot3metabolomic features matrix, 

with 60 rows (forest plots) and 9,327 columns (metabolomic features). 

Lastly, three plot-level accumulation curves (for tropical forest, sub-

tropical forest and subalpine forest) were calculated.

Phytochemical alpha diversity
To compare the local diversity of metabolites across the three climatic 

zones, we calculated functional Hill numbers as a measure of the phy-

tochemical alpha diversity in each plot, for both the entire chemical 

profile and the seven biosynthetic pathway categories. Using functional 

Hill numbers to measure phytochemical diversity has several advan-

tages36. First, the parameter q controls the sensitivity of the measure 

to the relative abundances of species. By adjusting q, the behaviour 

of the index can be controlled to enable a more nuanced measure of 

diversity. For q = 0, species abundance is ignored, and all species have 

the same weight. For q = 1, all species are weighed in proportion to their 

abundance, and 1D is equal to the exponential of Shannon9s diversity. 

For q = 2, more weight is put on abundant species, and 2D is equal to 

the inverse Simpson diversity. If the most abundant species have dif-

ferent phytochemicals from the scarcest ones, the q ≥ 1 indices will 

have different trends than the one with q = 0. A second advantage is 

that functional Hill numbers are expressed as the effective number of 

functionally equally distinct species (or 8virtual functional groups9) with 

all pairwise distances for different species pairs. The within-community 

phytochemical functional diversity in each plot was calculated on the 

basis of pairwise chemical distance between tree samples (from the 

CSCS index) and their weights (species abundance) in forest communi-

ties, to represent the variability in the chemical trait space across trees 

in a plot. The metric thus calculates dissimilarities between species in 

their entire phytochemistry and does not focus on the dissimilarity 

of individual compounds. Using the framework described in Chao 

et al.36, we used the q exponents 0, 1 and 2 implemented using the 

alpha.fd.hill function in the mFD package51. We compared the Hill 

numbers for a given q exponent across the three forest types using 

an ANOVA with a post-hoc Tukey test to assess whether forest type 

pairs were significantly (α = 0.05) different in their phytochemical  

alpha diversity.

Phytochemical beta diversity
To quantify the phytochemical beta diversity (that is, phytochemical 

dissimilarity) between plots, we also used a Hill number framework 

using q exponent values of 0, 1 and 2. These calculations were per-

formed using the beta.fd.hill function in the mFD package51, on the basis 

of the pairwise chemical distance (from the CSCS index) between tree 

samples and their weights (species abundance) in forest communities, 

to represent variability in the chemical trait space from plot to plot. The 

phytochemical beta diversity between plots was calculated across the 

entire study system. The phytochemical beta diversity between plots 

within each forest type was compared across three forest types using 

an ANOVA with a post-hoc Tukey test.

Next, we examined the distance decay in phytochemical similarity 

between plots by regressing the phytochemical beta diversity of plot 

pairs (the chemical dissimilarity among communities) onto their differ-

ences in elevation scaled to a maximum of 1. This was done across the 

entire system and within forest types using generalized linear models 

with a log link and a quasi-binomial family52,53. The phytochemical beta 

diversity between plots was then rescaled to a range between 0 and 

1. A value of 0 indicates identical phytochemical composition, and a 

value of 1 indicates complete phytochemical dissimilarity. The simi-

larity of chemical composition between forest plots was determined 

as 1 minus the above chemical dissimilarity between forest plots. The 

rate of decrease in the observed phytochemical beta diversity with 

elevational distance was compared across forest types using the slopes 

of the regressions54. The 95% confidence interval of the slope was 

assessed using the confint function, and confidence intervals for the 

predictions were calculated using the add_ci function in the ciTools 

package55. All beta diversity analyses, like the alpha diversity analyses, 

were conducted on all phytochemical information combined and by 

each of the seven biosynthetic pathways.

Null model analyses of phytochemical alpha and beta diversity
To assess whether the observed phytochemical alpha and beta diversi-

ties were higher than, no different from or lower than expected given 

the observed phytochemical diversity within a forest type (that is, 

phytochemical gamma diversity), we conducted null model analyses. 

The null model used randomized sample names in the chemical dis-

similarity matrix (from CSCS scores) within a forest type. This was 

repeated 999 times, and during each iteration, null phytochemical 

alpha and beta diversity values were calculated for each of the q expo-

nent values. This approach only randomized the chemical dissimilarity 

of samples to one another, while maintaining the observed community 

data matrix. Species occupancy frequencies, abundances and spatial 

distributions (for example, any patterns of intraspecific aggregation 

or dispersal limitation) were thus fixed in each randomization. Using 

the null distributions, we calculated the SES values. The SES values were 

calculated by subtracting the mean value of the null distribution from 

the observed value and dividing this difference by the standard devia-

tion of the null distribution37. Thus, positive values indicate observed 

values that are higher than the expected values from the null model, 

and negative values indicate observed values that are lower than the 

expected values. Wilcoxon signed-rank non-parametric tests were 

performed to test whether the SES values deviated from zero (that is, 

did not differ from a random expectation).

Measurement of herbivory
To estimate herbivory in the study system, we measured the total leaf 

damage due to herbivores and the diet breadth of the herbivores in each 

forest plot. To quantify herbivore damage, we randomly sampled three 

mature individuals in each forest plot if there were three individuals 

available or fewer if less than three were available. On each individual, 

three branches were sampled in different random directions. For each 

branch, ten leaves were picked in order beginning from the end of the 

branch and placed into envelopes. The leaves were then transported 
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to the lab and scanned using a flatbed scanner (Epson Company). The 

eaten and lost areas of the scanned leaves were manually filled in using 

Adobe Photoshop software 2021 (Adobe Systems) by referencing an 

intact leaf of a similar size39,56. Next, the area of the original leaf and 

the area of the leaf with the missing regions filled in were measured 

using the LeafArea package57. The herbivory damage in each branch 

in a sampled individual was calculated as:

Herbivorydamage =

1 −

Total area of original images of ten sampled leaves

Total area of filled images of ten sampled leaves

To determine the species-level herbivore damage in each forest 

plot, the average herbivore damage across individuals was esti-

mated. The plot-level herbivore damage was then calculated using 

a community-weighted mean using the dbFD function in the R  

package FD58.

The damage types observed in each leaf were carefully scrutinized, 

identified and recorded on the basis of a published rubric for classify-

ing herbivore damage types40. We focused on hole feeding and margin 

feeding herbivore damage types, which are based on a guide of >140 dis-

tinctive patterns of damage more likely caused by chewing and mining 

herbivores39, excluding fungal and mechanical leaf damage40. Although 

the established leaf damage typology was originally designed for iden-

tifying the insect-mediated damage type in the leaf-fossil record, one 

benefit of using leaves and damage types to document plant3insect 

herbivore trophic relationships in modern ecosystems is that it offers 

an alternative method to quantifying insect herbivore diversity and 

abundance through insect sampling across landscapes, which has been 

widely used in previous studies39,59362. For each leaf on each branch on 

each tree individual, we recorded the presence of all unique damage 

types. Each recorded damage type was assigned to one of three host 

specificities following the protocols described in Labandeira et al.40, 

including generalist herbivore, intermediate herbivore and specialist 

herbivore (Supplementary Fig. 3). Next, the frequency and proportion 

of each host specificity in each individual tree was estimated and then 

averaged at the species level across individuals. A community-weighted 

mean of the proportion of each host specificity for each plot was then 

calculated using the dbFD function58. The spatial patterns of herbivo-

rous selection pressure (herbivory damage percentage and the pro-

portion of each host specificity) across the three climatic zones were 

quantified with linear mixed models using the lmer function in the lme4 

package63. The elevation value in each plot was a fixed-effect term, and 

the elevational belt was a random-effect term.

Quantifying phylogenetic signal in phytochemistry
We quantified phylogenetic signal using a species-level phylogeny con-

taining the 206 tree species in this study. The phylogeny was generated 

using the phylo.maker function in the V.PhyloMaker R package64 using 

the largest dated phylogeny for vascular plants (GBOTB.extended.

tre). We calculated the phylogenetic signal in the phytochemical dis-

similarity matrix using the Kmult metric developed by Adams65. This was 

replicated using all phytochemicals as well as for the seven individual 

biosynthetic pathways. The Kmult metric is a generalized version of 

the K statistic66. Briefly, the metric quantifies the degree to which the 

observed inter-specific variation in metabolites matches the expected 

variation in a trait evolving under Brownian motion on the observed 

phylogeny. A Kmult value of 1 indicates observed metabolite variation 

that matches Brownian motion (that is, phylogenetic signal), a value 

>1 indicates more phylogenetic signal than expected from a Brownian 

motion model (that is, closely related species have more similar phyto-

chemistry than expected from a random walk on the phylogeny) and a 

value <1 indicates a lack of phylogenetic signal (that is, closely related 

species are more dissimilar in their phytochemistry than expected from 

a random walk). Because some species, such as Abies forrestii, Camellia 

forrestii, Lithocarpus truncates and Phoebe minutiflora, span multiple 

forest types, we had more than one metabolomic profile for these 

species. To resolve this issue, we conducted a resampling process by 

randomly selecting one representative per species in the analyses. This 

process was repeated 1,000 times, and the Kmult value was calculated 

separately for each iteration. The phylogenetic tree was visualized with 

the iTOL tool (v.5)67. All statistical modelling analyses were performed 

in R v.4.2.2 (ref. 68).

Reporting summary
Further information on research design is available in the Nature 

Portfolio Reporting Summary linked to this article.

Data availability
The MS data (.mzML) have been deposited in the MassIVE public reposi-

tory and are available under accession number MSV000092950. The 

datasets analysed in the current study, including the molecular net-

work, sample3sample chemical structural and compositional similar-

ity, plot-species-abundance community data, phytochemical richness 

and the phylogenetic tree of 206 tree species, are available via Figshare 

at https://doi.org/10.6084/m9.figshare.22758269 (ref. 69).

Code availability
The R code used in the current study is available via Figshare at  

https://doi.org/10.6084/m9.figshare.22758269 (ref. 69).
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Extended Data Fig. 1 | Observed phytochemical alpha diversity for seven 

biosynthetic pathway categories within each climatic zone (tropical, 

sub-tropical and sub-alpine) with diverse q exponents (Qorder = 0, 1, 2). 

(a) terpenoids (n = 20 in tropical zone, n = 20 in sub-tropical zone, n = 20 in 

sub-alpine zone, for one of q exponents), (b) shikimates and phenylpropanoids 

(n = 20 in tropical zone, n = 20 in sub-tropical zone, n = 20 in sub-alpine zone, for 

one of q exponents), (c) polyketides (n = 20 in tropical zone, n = 20 in sub-tropical 

zone, n = 20 in sub-alpine zone, for one of q exponents), (d) alkaloids (n = 20 in 

tropical zone, n = 20 in sub-tropical zone, n = 20 in sub-alpine zone, for one of  

q exponents), (e) fatty acids (n = 20 in tropical zone, n = 20 in sub-tropical zone, 

n = 17 in sub-alpine zone, for one of q exponents), (f) amino acids/peptides (n = 18 

in tropical zone, n = 19 in sub-tropical zone, n = 12 in sub-alpine zone, for one of  

q exponents), (g) carbohydrates (n = 17 in tropical zone, n = 20 in sub-tropical 

zone, n = 17 in sub-alpine zone, for one of q exponents). In all panels, the 

significance of difference of phytochemical alpha diversity across forest type 

pairs were tested using a one-way ANOVA with a post-hoc Tukey test. In boxplots: 

the centre line represents the median; the lower and upper hinges correspond to 

the 25th and 75th percentiles; the lower and upper whiskers extend to the lowest 

and highest points to a limit of 1.5× the interquartile range from the closest hinge.
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Extended Data Fig. 2 | Observed phytochemical beta diversity for seven 

biosynthetic pathway categories within each climatic zone (tropical, 

sub-tropical and sub-alpine) with diverse q exponents (Qorder = 0, 1, 2). 

(a) terpenoids (n = 190 in tropical zone, n = 190 in sub-tropical zone, n = 190 in 

sub-alpine zone, for one of q exponents), (b) shikimates and phenylpropanoids 

(n = 190 in tropical zone, n = 190 in sub-tropical zone, n = 190 in sub-alpine zone, 

for one of q exponents), (c) polyketides (n = 190 in tropical zone, n = 190 in sub-

tropical zone, n = 190 in sub-alpine zone, for one of q exponents), (d) alkaloids 

(n = 190 in tropical zone, n = 190 in sub-tropical zone, n = 190 in sub-alpine zone, 

for one of q exponents), (e) fatty acids (n = 190 in tropical zone, n = 190 in sub-

tropical zone, n = 136 in sub-alpine zone, for one of q exponents), (f) amino acids/

peptides (n = 153 in tropical zone, n = 171 in sub-tropical zone, n = 66 in sub-alpine 

zone, for one of q exponents), (g) carbohydrates (n = 136 in tropical zone, n = 190 

in sub-tropical zone, n = 136 in sub-alpine zone, for one of q exponents). In all 

panels, the significance of difference of phytochemical beta diversity across 

forest type pairs were tested using a one-way ANOVA with a post-hoc Tukey test. 

In boxplots: the centre line represents the median; the lower and upper hinges 

correspond to the 25th and 75th percentiles; the lower and upper whiskers 

extend to the lowest and highest points to a limit of 1.5× the interquartile range 

from the closest hinge.
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Extended Data Fig. 3 | See next page for caption.

http://www.nature.com/natecolevol


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-024-02444-2

Extended Data Fig. 3 | Distance-decay curves for the whole plant specialized 

metabolites with diverse q exponents of 0, 1, 2. The rate of decay (slope) and 

corresponding significance level were estimated by regressing the chemical 

similarity against elevational distance via generalized linear model with link 

log and a quasi-binomial family. The trend lines represent linear fits from 

regressions, and coloured shaded areas indicate 95% confidence interval (CI) of 

the prediction. Colours denote whole study region (grey), tropical zone (red), 

sub-tropical zone (blue) and sub-alpine zone (yellow). Panels, a, d, g and j show 

the slope of the relationship when q exponents is 0. Panels, b, e, h and k. show the 

slope of the relationship when q exponents is 1. Panels, c, f, i and l show the slope 

of the relationship when q exponents is 2.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Distance-decay curves for the plant specialized 

metabolites on terpenoids with diverse q exponents of 0, 1, 2. The rate of 

decay (slope) and corresponding significance level were estimated by regressing 

the chemical similarity against elevational distance via generalized linear model 

with link log and a quasi-binomial family. The trend lines represent linear fits 

from regressions, and coloured shaded areas indicate 95% confidence interval 

(CI) of the prediction. Colours denote whole study region (grey), tropical zone 

(red), sub-tropical zone (blue) and sub-alpine zone (yellow). Panels, a, d, g and 

j show the slope of the relationship when q exponents is 0. Panels, b, e, h and k. 

show the slope of the relationship when q exponents is 1. Panels, c, f, i and l show 

the slope of the relationship when q exponents is 2.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Distance-decay curves for the plant specialized 

metabolites on shikimates and phenylpropanoids with diverse q exponents 

of 0, 1, 2. The rate of decay (slope) and corresponding significance level were 

estimated by regressing the chemical similarity against elevational distance via 

generalized linear model with link log and a quasi-binomial family. The trend 

lines represent linear fits from regressions, and coloured shaded areas indicate 

95% confidence interval (CI) of the prediction. Colours denote whole study 

region (grey), tropical zone (red), sub-tropical zone (blue) and sub-alpine zone 

(yellow). Panels, a, d, g and j show the slope of the relationship when q exponents 

is 0. Panels, b, e, h and k. show the slope of the relationship when q exponents is 1. 

Panels, c, f, i and l show the slope of the relationship when q exponents is 2.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Distance-decay curves for the plant specialized 

metabolites on polyketides with diverse q exponents of 0, 1, 2. The rate of 

decay (slope) and corresponding significance level were estimated by regressing 

the chemical similarity against elevational distance via generalized linear model 

with link log and a quasi-binomial family. The trend lines represent linear fits 

from regressions, and coloured shaded areas indicate 95% confidence interval 

(CI) of the prediction. Colours denote whole study region (grey), tropical zone 

(red), sub-tropical zone (blue), sub-alpine zone (yellow). Panels, a, d, g and j show 

the slope of the relationship when q exponents is 0. Panels, b, e, h and k. show the 

slope of the relationship when q exponents is 1. Panels, c, f, i and l show the slope 

of the relationship when q exponents is 2.
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Extended Data Fig. 7 | See next page for caption.

http://www.nature.com/natecolevol


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-024-02444-2

Extended Data Fig. 7 | Distance-decay curves for the plant specialized 

metabolites on alkaloids with diverse q exponents of 0, 1, 2. The rate of decay 

(slope) and corresponding significance level were estimated by regressing the 

chemical similarity against elevational distance via generalized linear model with 

link log and a quasi-binomial family. The trend lines represent linear fits from 

regressions, and coloured shaded areas indicate 95% confidence interval (CI) of 

the prediction. Colours denote whole study region (grey), tropical zone (red), 

sub-tropical zone (blue) and sub-alpine zone (yellow). Panels, a, d, g and j show 

the slope of the relationship when q exponents is 0. Panels, b, e, h and k. show the 

slope of the relationship when q exponents is 1. Panels, c, f, i and l show the slope 

of the relationship when q exponents is 2.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Distance-decay curves for the plant specialized 

metabolites on fatty acids with diverse q exponents of 0, 1, 2. The rate of decay 

(slope) and corresponding significance level were estimated by regressing the 

chemical similarity against elevational distance via generalized linear model with 

link log and a quasi-binomial family. The trend lines represent linear fits from 

regressions, and coloured shaded areas indicate 95% confidence interval (CI) of 

the prediction. Colours denote whole study region (grey), tropical zone (red), 

sub-tropical zone (blue) and sub-alpine zone (yellow). Panels, a, d, g and j show 

the slope of the relationship when q exponents is 0. Panels, b, e, h and k. show the 

slope of the relationship when q exponents is 1. Panels, c, f, i and l show the slope 

of the relationship when q exponents is 2.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Distance-decay curves for the plant specialized 

metabolites on amino acids/ peptides with diverse q exponents of 0, 1, 2. The 

rate of decay (slope) and corresponding significance level were estimated by 

regressing the chemical similarity against elevational distance via generalized 

linear model with link log and a quasi-binomial family. The trend lines represent 

linear fits from regressions, and coloured shaded areas indicate 95% confidence 

interval (CI) of the prediction. Colours denote whole study region (grey), tropical 

zone (red), sub-tropical zone (blue) and sub-alpine zone (yellow). Panels,  

a, d, g and j show the slope of the relationship when q exponents is 0. Panels,  

b, e, h and k. show the slope of the relationship when q exponents is 1. Panels,  

c, f, i and l show the slope of the relationship when q exponents is 2.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Distance-decay curves for the plant specialized 

metabolites on carbohydrates with diverse q exponents of 0, 1, 2. The rate of 

decay (slope) and corresponding significance level were estimated by regressing 

the chemical similarity against elevational distance via generalized linear model 

with link log and a quasi-binomial family. The trend lines represent linear fits 

from regressions, and coloured shaded areas indicate 95% confidence interval 

(CI) of the prediction. Colours denote whole study region (grey), tropical zone 

(red), sub-tropical zone (blue) and sub-alpine zone (yellow). Panels, a, d, g and 

j show the slope of the relationship when q exponents is 0. Panels, b, e, h and k. 

show the slope of the relationship when q exponents is 1. Panels, c, f, i and l show 

the slope of the relationship when q exponents is 2.
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