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Global latitudinal patterns in leaf herbivory are related to variation in 

climate, rather than phytochemicals or mycorrhizal types 
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driving geographic variations in her- 
bivory may be masked. 

Theory often assumes greater herbi- 
vore pressure towards tropical regions 
where host plants with higher defense lev- 
els should be selected for [ 1 , 2 ]. How- 
ever, latitudinal variation in herbivory 
could also be the consequence, rather 
than the cause, of opposing latitudinal 
trends of plant anti-herbivore defenses. 
Phytochemical compounds provide ef- 
fective anti-herbivore defense, but there 
is typically no ‘common currency’ for 
measuring defensive phytochemicals for 
all species in a community, despite the 
relatively weak evolutionary constraints 
on the evolution of phytochemicals at 
the plant family level [ 4 ]. Phytochemi- 
cal diversity (e.g. richness and evenness 
of chemical compounds) across species 
may reflect the net chemical defense of 
plants. A mixture of multiple phytochem- 
icals may act synergistically, additively 
or antagonistically to influence herbi- 
vore performance, but we sti l l have lit- 
tle knowledge on how compounds from 

different chemical classes would inter- 
act to determine the levels of herbivory 
[ 5 ]. Together with its variation along 
environmental gradients, phytochemical 
diversity may ultimately influence the 
global trends of herbivory rates, but this 
idea remains untested. Furthermore, my- 
corrhizal symbioses have the potential 
to systemically induce changes in the 
whole plant metabolome and/or plant 
nutrition to influence aboveground leaf 

herbivory [ 6 , 7 ]. Thus, incorporating a 
third trophic level, i.e. mycorrhizal fungi 
in plant-herbivore interactions can poten- 
tially contribute to explain the latitudi- 
nal variation in herbivory patterns. How- 
ever, different mycorrhizal types may vary 
in magnitude and direction of effects on 
plant-herbivore interactions due to in- 
herent differences in mycorrhizal traits 
[ 8 , 9 ]. Moreover, different plant mycor- 
rhizal types display discordant latitudi- 
nal distributions: the relative proportion 
of arbuscular mycorrhizal (AM) plants 
nonlinearly declines towards the poles, 
while ectomycorrhizal (EcM) plants and 
nonmycorrhizal (NM) plants show re- 
versed latitudinal trends [ 10 ]. Our novel 
approach is to integrate this biogeograph- 
ical pattern of mycorrhizae with potential 
mycorrhizal-mediated variation in her- 
bivory, within the framework of the lati- 
tudinal herbivory hypothesis [ 1 –3 ]. 

To reveal global latitudinal patterns 
in herbivory and the underlying deter- 
minants, we compiled a large dataset of 
herbivory rates, abiotic factors (temper- 
ature and precipitation) and biotic fac- 
tors (phytochemical diversity and plant 
mycorrhizal types) from published ma- 
terials and conducted a quantitative syn- 
thesis by building upon earlier studies 
[ 4 , 11 , 12 ]. In total, our dataset included 
2702 data points for 1562 seed plant 
species belonging to 172 families. Among 
the herbivory data, 1504 data points at 
494 locations from 268 studies were com- 
piled in Zhang et al. [ 11 ], 222 data points 
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lant-herbivore interactions are among 
he most important factors shaping plant 
ommunity dynamics and ecosystem 

unctioning. The latitudinal herbivory 
ypothesis proposed that insect her- 
ivory rates decline with increasing 
atitudes owing to benign environmen- 
al conditions in the tropics, but studies 
ave produced contradictory conclusions 
 1 –3 ]. The sources of this controversy 
ave been suggested to result from vari- 
tion in sampling methodologies, study 
ystems, climatic/biogeographic zones 
nd types of herbivore studied by differ- 
nt authors [ 2 , 3 ]. Resolving this contro- 
ersy should encourage more studies to 
xplore specific underlying mechanisms 
hrough novel insights into the complex 
biotic (such as climate) and biotic fac- 
ors (such as phytochemical diversity and 
lant mycorrhizal types) that influence 
evels of plant attack by invertebrates. 
Climate might be pivotal in driving 

atitudinal patterns in herbivory by im- 
acting the abundance and activity of 
erbivores, as well as the physiological 
nd defensive traits of host plants. The 
ntertwined latitude-climate-herbivory 
elationships depict the way that cli- 
atic variables change with latitudes 
nd the way that climatic variables 
ffect herbivory. Traditionally, most 
tudies focused on MAT (mean annual 
emperature) and MAP (mean annual 
recipitation) but ignored other poten- 
ially important climatic factors [ 2 , 3 ], 
uch that the true role of climate in 
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Figure 1. The global latitudinal pattern in leaf herbivory and the potential drivers. (A) Distribution of 890 study locations in different biomes. (B) The 
global latitudinal pattern in leaf herbivory when accounting for the elevation effect. The tick labels of the y axis were log 10 -transformed to better 
visualize herbivory rates at their original scale. Shown are the marginal R-squared value ( R 2 m ) which represents the proportion of the variance explained 
by fixed effects, and the conditional R-squared value ( R 2 c ) which represents the proportion of the variation explained by both fixed and random effects. 
The red curve and shadow indicated the fitted line and its 95% confidence interval, respectively. (C) The marginal effect of each predictor variable on 
leaf herbivory when accounting for other variables in the PGLMM model. Variable abbreviations: MAT, mean annual precipitation; MAP, mean annual 
precipitation; Bio2, mean diurnal range; Bio15, precipitation seasonality; Bio18, precipitation of warmest quarter; Bio19, precipitation of coldest 
quarter. Plant mycorrhizal type: arbuscular mycorrhizal (AM), ectomycorrhizal (EcM), nonmycorrhizal (NM). Letters above the boxplots indicate groups 
identified by Tukey’s HSD multiple comparison analyses. (D) The latitudinal distribution of climates, phytochemical diversity and plant mycorrhizal type. 
Climate-latitude relationships were fitted based on generalized additive models (GAM). 
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t 57 locations in Mendes et al. [ 12 ] and 
he remaining 976 data points at 340 lo- 
ations from 96 studies searched by our- 
elves. The average leaf herbivory level 
as 6.92% (SE = 0.167%, N = 2702) 
cross all plants. We first performed 
hylogenetic generalized linear mixed 
odel (PGLMM) analyses to explore the 

atitude-herbivory relationship while ac- 
ounting for the phylogenetic relation- 
hip among plant species involved. We 
hen conducted similar PGLMM anal- 
ses to test the effects of several cli- 
atic variables and their quadratic terms 
long with phytochemical diversity, plant 
rowth form and mycorrhizal type on 
erbivory. Finally, we analyzed latitudi- 
al variations of these climatic variables, 
hytochemical diversity and plant my- 
orrhizal type to understand how they 
nfluence global latitudinal patterns in 
erbivory. 
We found a hump-shaped relationship 

etween latitude and herbivory at the 
lobal scale when elevation was included 
s a covariate in the model (Fig. 1 B; 
upplementary Table S1 ). These results 
Page 2 of 4 
djusted latitudes in model analyses by 
onverting the magnitude of upward shift 
n elevations to that of poleward shift
n latitudes ( Supplementary Fig. S1B ).
urthermore, random resampling anal- 
ses also supported quadratic over lin- 
ar models and showed statistical sig- 
ificance of the quadratic latitude term
 Supplementary Fig. S1C , D ). It was no-
able that low-elevation tropical regions 
ad relatively low levels of herbivory 
 Supplementary Fig. S1A), which con- 
ributed to a reduction in the average
erbivory level in the tropics. 
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We found that two temperature- 
elated variables and four precipitation- 
elated variables had significant effects 
n herbivory and its latitudinal pat- 
ern (Fig. 1 C, Supplementary Fig. S3 ; 
upplementary Tables S3 , S4 ). MAT 

ntensified herbivory and generally de- 
reased with latitudes except in the 
ropics where MAT was relatively sta- 
le, which contributed to a less striking 
erbivory pattern in the tropics but a 
ecreasing latitudinal pattern outside 
he tropics. High levels of MAP in the 
ropics reduced herbivory in those ar- 
as. However, moderate Bio2 (mean 
iurnal range), high Bio18 (precipi- 
ation of warmest quarter) and Bio19 
precipitation of coldest quarter) in the 
ropics could increase herbivory in this 
egion. Bio15 (precipitation seasonality) 
educed herbivory and decreased with 
ncreasing latitudes in the tropics, which 
ould have contributed to a decreasing 
atitudinal herbivory pattern in this re- 
ion. Together, MAT and MAP partially 
ounteracted the effects of those other 
our climatic variables above, which 
nally led to a hump-shaped latitudinal 
erbivory pattern. Therefore, our results 
nly partly supported the latitudinal her- 
ivory hypothesis, that is, we only found 
 negative latitude-herbivory relationship 
n temperate and polar regions but not in 
ropical regions. 
In our dataset, most plants were sam- 

led from families that contain six or 
ore broad classes of phytochemicals 

 Supplementary Fig. S4 ). We showed 
hat plants from families with more 
lasses of phytochemicals only weakly 
ended to have a lower level of her- 
ivory (Fig. 1 C, Supplementary Fig. S3 ; 
upplementary Tables S3 , S4 ), so we 
id not find convincing evidence of 
ynergistical, additive or antagonistic 
nteractions among phytochemicals 
rom eight different classes. Additionally, 
hytochemical diversity was inde- 
endent of latitudes (Fig. 1 D). These 
esults suggest that family-level data 
f phytochemical diversity failed to 
elp explain the global latitudinal pat- 
erns in herbivory. It is worth noting 
hat more extensively studied families 
ended to have more classes of phyto- 
hemicals ( Supplementary Fig. S5 ), 
ut there was no such positive correla- 
ion for plant families that have more 
han three classes of phytochemicals 
 Supplementary Fig. S5 ), indicating that 
lant families found to contain very few 

lasses of phytochemicals have so far 
een underexplored [ 4 ]. 
Plant mycorrhizal type had no statis- 

ically significant effects on herbivory. 
M plants, EcM plants and NM plants 
l l had simi lar herbivory levels, with an 
verage herbivory rate (mean ± SE) 
f 6.53% ± 0.201%, 7.78% ± 0.397% 

nd 8.27% ± 1.020%, respectively 
Fig. 1 C; Supplementary Tables S3 , 
4 ). This conclusion remained when 
ccounting for the potential confounding 
ffect of plant growth form, given that 
cM plants are mostly woody species 
 Supplementary Fig. S6 ) [ 10 ]. EcM 

lants may be more resistant to soil 
athogens than AM and NM plants [ 8 ], 
ut we did not find a similar pattern 
or leaf herbivory. AM plants generally 
ominated in lower latitudes, while EcM 

lants and NM plants were primarily dis- 
ributed in higher latitudes ( χ 2 = 270.31, 
f = 2, P < 0.001; Fig. 1 D). Taken 
ogether, the biogeographic pattern of 
ycorrhizal types seemed not to influ- 
nce the latitudinal patterns in herbivory. 
oreover, woody plants only suffered 
arginally significantly higher herbivory 
han non-woody plants, with an aver- 
ge herbivory rate of 7.69% ± 0.202% 

ersus 5.54% ± 0.288%, respectively 
 Supplementary Tables S3 , S4 ), which 
howed limited evidence for the plant 
pparency theory [ 11 ]. 
In summary, a hump-shaped latitudi- 

al pattern in leaf herbivory was observed 
ased on currently available data, incon- 
istent with the latitudinal herbivory 
ypothesis. It is climate, rather than 
hytochemical diversity or plant mycor- 
hizal types, that mostly shapes the global 
attern of plant-herbivore interactions. 
mportantly, latitudinal variations in tem- 
erature and precipitation can limit the 
iversity, abundance and activity of her- 
ivores and thus herbivory intensity [ 13 ]. 
he limited power of phytochemical data 
t the plant family level here pointed 
o a more straightforward and effective 
ay of sampling detailed species-level 
hytochemical data along latitudes in 
Page 3 of 4 
uture studies, which could help to 
ddress the unexplained variation in 
erbivory. Mycorrhizal-mediated plant 
nteractions with aboveground herbi- 
ores are not that striking compared to 
ell-known interactions with soil antag- 
nists (e.g. pathogens), perhaps because 
he plant root system is a more direct 
nterface for interactions between mycor- 
hizal fungi and belowground antagonists 
 8 ]. Together, our perspectives involv- 
ng phytochemicals and mycorrhizal 
ssociations wi l l inspire future studies 
o focus on more accurate species-level 
ata to understand their roles in mod- 
fying plant-herbivore interactions and 
onsequently ecosystem functions at a 
acroecological scale. 
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