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Multitrophic interactions can strongly influence the structure and functioning of ecosystems, but how plant diversity 
influences the direction and predictability of multitrophic interactions across agricultural and natural ecosystems 
remains unclear. Using 149 field studies across five continents, we found that, on average, increasing plant diversity 
tended to exert differential top-down and bottom-up effects in croplands versus grasslands and forests. Organic and 
nonorganic croplands exhibited 846 and 148% higher invertebrate natural enemy-to-herbivore abundance ratios 
under increased plant diversity, consistent with top-down control patterns where predator gains cause herbivore 
declines, enhancing crop outcomes. In grasslands and forests, increasing plant diversity was associated with bottom-
up effects where enhanced productivity increased both herbivore and predator populations, with the enemy-to-
herbivore ratio increasing 4.73% for grasslands and 21.2% for forests. Our findings suggest that biodiversity effects 
on productivity are not solely explained by direct plant-plant interactions and the resulting biodiversity-productivity 
relationship. Rather, they reveal patterns consistent with the framework of top-down and bottom-up effects, the 
relative balance of which may vary depending on ecosystem and management type. The magnitude of the effects of 
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diversified farming on crop pests suggests that crop diversification may be an important avenue for managing crop 
pests preventatively and thereby enhancing agricultural sustainability.

INTRODUCTION
Multitrophic interactions are universal in ecology and play a funda-
mental role in structuring biological communities (1–7). These in-
teractions (e.g., trophic cascades) occur when population or behavior 
changes at one trophic level propagate through other levels in a food 
web. They can be mediated by both top-down and bottom-up processes 
(8, 9). In top-down trophic interactions, predators indirectly promote 
plant productivity by suppressing herbivores that would otherwise con-
sume plants. Such effects have been widely observed across terrestrial 
(5, 10) and aquatic systems (3, 11). Experimental studies have demon-
strated that top-down control may be driven by increases in predator 
populations (12), as well as by more complex ecological factors such as 
habitat overlap among predators (13), the availability of alternative prey 

(14), and climate-mediated shifts in species interactions (8). In contrast, 
bottom-up interactions occur when changes in plant productivity affect 
herbivores, which in turn affect their predators. These interactions are 
often initiated by increased plant biodiversity and biomass (6, 15, 16) 
and are shaped by factors, such as soil fertility (3, 17) or the presence of 
plant secondary metabolites that attract herbivores (18). However, top-
down and bottom-up effects can act simultaneously and involve dif-
ferent resource channels (8). These may include plant-herbivore and 
decomposer pathways, which can have important implications for sus-
taining predator populations and driving top-down cascading effects, 
especially in agricultural systems.

Understanding biodiversity-driven multitrophic interactions is not 
only important for advancing ecological theory but also has major 
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implications for ecosystem management (4, 6, 10, 13). Croplands, grass-
lands, and forests can exist as either managed monocultures or species-
diverse ecosystems. Whether multitrophic interactions become more 
top-down (predator-driven) or more bottom-up (plant-driven) in 
response to increased plant diversity, or respond to both drivers 
(6, 12, 19, 20), is therefore a critical question that directly affects the 
capacity of ecosystems to sustainably produce biomass (e.g., crops, 
timber, and fodder) and various ecosystem services. To assess the gen-
erality and applied relevance of such relationships, it is necessary to ex-
amine how they vary across plant life forms (herbaceous versus woody), 
climatic regions (temperate versus tropical), and study types (managed 
versus observational).

Plant diversity can influence multitrophic interactions through 
two main pathways. First, diverse plant communities may enhance 
predator populations by increasing habitat complexity, offering 
chemical cues that signal herbivore presence, and providing alternative 
food sources such as pollen, which can enhance predator reproduction 

(21, 22). According to the classic enemies hypothesis (EH), in-
creased plant diversity enhances natural enemy abundance and effec-
tiveness, thereby strengthening top-down control of herbivores, 
including agricultural pests (23, 24). While this hypothesis has 
gained empirical support in simplified cropping systems, typically 
with just one to three crop species (21), its relevance in more com-
plex and diverse ecosystems such as grasslands or forests remains 
poorly understood. Second, plant diversity can increase primary 
productivity through mechanisms predicted by the niche comple-
mentarity hypothesis. Niche differences among species in diverse 
communities enhance overall resource capture and use efficiency, 
thereby boosting plant biomass (24–31). In turn, greater plant abun-
dances and structural heterogeneity support larger and more diverse 
herbivore communities (6, 32, 33). This herbivore response can trig-
ger a bottom-up trophic interactions, whereby growing herbivore 
populations support increased abundance or activity of their preda-
tors. Such multitrophic interactions have been documented in both 
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grasslands (10, 28, 32–34) and forests (35–37), where they shape 
consumer dynamics and ecosystem functioning.

In reality, multiple bottom-up and top-down interactions often 
operate simultaneously. However, the net direction of their effects 
may depend on the underlying diversity of primary producers. Crop-
lands typically exhibit lower baseline plant diversity, where conven-
tional pest management practices prioritize yield security. However, 
strategic crop diversification can activate the EH mechanisms (22, 38), 
boosting natural enemy recruitment and consequently strengthening 
top-down control. In floristically diverse grasslands and forests, niche 
complementarity among plant species increases productivity and the 
diversity of biomass, with evidence suggesting that this will first ben-
efit herbivores and then predators potentially suppressing herbivore 
populations as plant productivity and predator abundances increase 
(6, 10, 35). While plant diversity-mediated bottom-up and top-down 
effects often operate simultaneously, which mechanism dominates 
has important implications for natural enemy-mediated biological 
control. For example, top-down control can suppress herbivores pre-
emptively, reducing the likelihood of pest outbreaks and economic 
losses. In contrast, bottom-up control depends on herbivore popula-
tion growth to trigger predator responses, which may come too late to 
prevent damage, particularly in managed agroecosystems.

To systematically decode what may be highly context-dependent 
mechanisms of plant diversity, we compiled a database comprising 
149 field studies that assessed the responses of organisms across tro-
phic groups (i.e., plants, invertebrate herbivores, and natural ene-
mies) to changes in plant diversity (Fig. 1A). This dataset includes 55 
organic and 49 nonorganic cropland studies (all implementing pest 
management through pesticides and/or pesticide alternative tech-
nologies), 13 managed and 13 observational grassland studies (in-
cluding the long-term biodiversity experiments at Cedar Creek, USA 
and Jena, Germany), and 11 managed and 8 observational forest stud-
ies (including China’s large-scale forest diversity experiments) (data 
S1 and S2). Crop-feeding herbivores are managed in different ways 
in organic and nonorganic croplands. Whereas agroecological pre-
ventative measures such as cultural (e.g., crop rotation and sanitary 
practices) or physical control (e.g., trapping and mechanical remov-
al) are extensively adopted in organic systems, conventional farmers 
often rely upon chemical control, i.e., in which synthetic pesticides 
are used in a curative but also occasionally in a prophylactic manner 
(see Supplementary Text). Invertebrate herbivore management in the 
45 studies from both grasslands and forests was absent. The managed 
experiments (e.g., the Cedar Creek and Jena grassland biodiversity 
experiments) isolate causality via controlled diversity gradients, while 
observational studies monitor natural covariation between diversity 
and ecosystem processes under real-world conditions. Both study 
types consistently show positive diversity-productivity relationships 
(24, 26, 29–31, 39–41) and so were combined here to improve our 
interpretation of the generality of trophic multitrophic interactions 
across spatial scales and ecosystem types.

As keystone mediators of multitrophic interactions, invertebrate 
herbivores structurally link top-down and bottom-up cascades that 
can be fundamentally shaped also by plant diversity (6, 21, 22, 37). 
Beyond the plant-herbivore (green) resource channel, we also rec-
ognize the importance of the decomposer (brown) resource chan-
nel. Here, detritivores and microbial decomposers drive nutrient 
cycling and energy flow, which can indirectly support predator pop-
ulations and modulate trophic cascades, particularly in systems with 
high organic matter input such as organic croplands and forest floors 

(19, 20). While the use of insecticides is widespread in most conven-
tional crop systems and may result in potential nontarget effects on 
beneficial natural enemies, the contribution of natural pest control 
remains an important contributor to controlling herbivorous insects 
(21, 22). In pest-managed croplands, plant diversity may be expect-
ed to increase the natural enemy-to-herbivore abundance ratio in-
dependent of whether invertebrate herbivores are controlled using 
nonpesticide techniques (e.g., cultural control), conventional chem-
ical control, suppression by natural enemies, or more commonly all 
three. We therefore test an overall hypothesis that (i) in both organic 
and nonorganic croplands with active pest management, increasing 
plant diversity enhances top-down control by benefiting natural en-
emies more than herbivores, resulting in herbivore suppression and 
finally increasing crop production; and (ii) in grasslands and forests 
where invertebrate herbivores are rarely directly managed, increasing 
plant diversity will promote bottom-up effects by enhancing plant 
productivity, which may primarily although not exclusively benefit 
herbivore populations and, in turn, their natural enemies. This net 
effect will occur although both bottom-up and top-down interac-
tions will operate simultaneously to some extent.

To test these hypotheses, we first calculated the ratio of enemy-
to-herbivore abundances as a higher ratio was predicted to correlate 
with stronger top-down control (42). We calculated this ratio using 
data from the 120 studies that had paired observations of natural 
enemy abundance versus herbivore abundance (i.e., predator abun-
dance versus herbivore abundance, and parasitoid abundance ver-
sus herbivore abundance) (data S2). Next, we compiled data from all 
the 149 studies and used Bayesian zero-or-one inflated beta regres-
sion models to examine correlations between z-score standardized 
plant diversity and the performances of plants, herbivores, and natural 
enemies (see Materials and Methods). We further applied piecewise 
structural equation models to test for direct and indirect biodiversity-
mediated effects of plant diversity on plant performance (i.e., growth, 
reproduction, and quality), herbivore performance (i.e., abundance, 
herbivory damage, and diversity), and natural enemy performance 
(i.e., predator and parasitoid abundance, diversity, predation rate, 
and parasitism) (21, 22, 38). To evaluate the ecological causes and 
applied implications of these patterns, we analyzed variations across 
ecosystem types, plant life form, climatic region, and study types. 
Our findings show that trophic interactions are an additional way 
that plant diversity shapes ecosystem functioning. The direction of 
these interactions vary across ecosystems, driven by distinct top-
down or bottom-up pathways. These results suggest that biodiver-
sity contributes to ecosystem services via biocontrol of crop pests in 
croplands and via simultaneous gains in plant productivity and con-
sumer biodiversity in grasslands and forests.

RESULTS AND DISCUSSION
Effect of plant diversity on abundances of herbivores and 
natural enemies
The 120 studies with paired observations of natural enemy abundance 
versus herbivore abundance provided 1641 comparisons (data S2). 
Using these, we found that an increase in plant diversity was gener-
ally associated with greater enemy abundance (Fig. 2A) but differen-
tially affected herbivores in organic and nonorganic croplands and 
in grasslands and forests (Fig. 2B). The ratio of enemy-to-herbivore 
abundance was significantly higher when plant species richness was 
≥2 in both organic and nonorganic croplands (Fig. 2C). Crucially, 
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the increase in plant diversity was associated with a strong and sig-
nificant enhancement of the enemy-to-herbivore abundance ratio 
in both organic (+846%) and nonorganic croplands (+148%). The 
magnitude of this increase was markedly greater in croplands than 
the relatively modest and nonsignificant changes observed in grass-
lands (+4.73%) and forests (+21.2%) (Fig. 2D). This stark contrast 
indicates that plant diversity is linked to a much stronger relative 
shift toward higher natural enemy pressure in croplands. This pat-
tern is consistent with a stronger increase in natural enemy relative 
to herbivore abundance in croplands, which could facilitate stronger 
top-down control, whereas in grasslands and forests, the increases 
in both groups were more proportional, suggesting a dynamic more 
consistent with bottom-up processes.

Direct effect of plant diversity on different trophic groups
The data from all the 149 studies with 6604 observations showed that 
plant species richness was higher in grasslands and forests than in crop-
lands [Fig. 1B; grasslands, mean = 9.55, IQR (interquartile range) = 4.00 
to 10.8; forests, mean = 13.0, IQR = 3.00 to 22.0; organic croplands, 
mean = 4.66, IQR = 1.00 to 5.00; nonorganic croplands, mean = 2.61, 
IQR = 1.00 to 3.00]. Within these three systems, we assessed the direct 
and indirect effects of increasing plant species richness on overall mea-
sures of (i) plant performance, composed of plant growth, reproduc-
tion and quality (e.g., phenolics as chemical anti-herbivore defensive 
traits of plants, and sugars); (ii) herbivore performance, composed of 
invertebrate herbivore abundance, herbivory damage, and herbivore 
diversity; (iii) natural enemy performance, composed of invertebrate 

Fig. 1. Global 149 field experiments from 27 countries across 5 continents to test plant diversity effects on the tritrophic interactions of plants, invertebrate 
herbivores, and their natural enemies. (A) Study locations [104 studies from 136 locations for organic and nonorganic croplands, 26 studies from 17 locations for grass-
lands including the largest grassland biodiversity experiments in Cedar Creek of USA and Jena of Germany, and 19 studies from 61 locations for forests including the 
largest forest biodiversity experiments in China; 23 experiments included more than one study location (range 2 to 25)]. (B) Number of plant species in organic and non-
organic croplands, grasslands, and forests (lines within each box denote the median; outer borders of the boxes show the upper and lower quartile; lines outside of the 
boxes depict the maximum and minimum number of individuals; and red lines in each box represent the average value of number of plant species richness). (C) Number 
of tests for the tritrophic groups in five continents (Asia, Africa, Europe, America, and Oceania) with different experimental areas (sample sizes are shown as number of 
tests | number of experiments to the right of each bar). (D) Number of tests for the tritrophic groups in different terrestrial ecosystems (organic and nonorganic croplands, 
grasslands, and forests) and climatic regions (tropical and temperate) with different experimental areas (sample sizes are shown as number of tests | number of experi-
ments to the right of each bar).
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predator abundance, predation, predator diversity, parasitoid abun-
dance, parasitoid diversity, and parasitism; and (vi) aggregate per-
formance indicators for each of these three categories (21).

Using zero-or-one inflated beta regression, we found that an in-
crease in plant diversity (a binary variable that denotes any increase in 
the number of plant species in a plant community) enhances average 
relative plant performance by 17.1, 0.570, 17.6, and 10.5% across or-
ganic croplands, nonorganic croplands, grasslands, and forests, re-
spectively, but only in grasslands this positive effect was significant 
[grasslands: confidence interval (CI) = 0.264 to 0.694, df = 452, P < 
0.001; organic croplands: CI = −0.0910 to 0.248, df = 758, P = 0.363; 
nonorganic croplands: CI = −0.314 to 0.134, df = 569, P = 0.440; and 
forests: CI = −0.508 to 0.214, df =  240, P =  0.411] (Fig.3A and 

table S1). Likewise, an increase in plant diversity increased relative 
plant performance by 6.11 and 12.4% across temperate and tropi-
cal regions, by 11.3% in herbaceous plant–dominated systems (CI = 
0.0100 to 0.258, df = 1302, P = 0.0320) (table S3), and by 8.10% in 
managed experiments (CI = −0.162 to 0.0710, df = 1771, P = 0.438) 
(table S4). However, only in herbaceous plant–dominated systems, 
this positive effect was significant (herbaceous: CI =  0.0100 to 
0.258, df = 1302, P = 0.0320; temperate: CI = −0.170 to 0.0610, df = 1757, 
P = 0.385; tropical: CI = −0.157 to 0.490, df = 266, P = 0.305; man-
aged experiments: CI = −0.162 to 0.0710, df = 1771, P = 0.438). Op-
positely, we found that plant diversity significantly decreased relative 
plant performance by 1.46% in woody plants and nonsignificantly de-
creased relative plant performance by 2.92% in observational studies 

Fig. 2. Effects of an increase in plant diversity on the abundances of invertebrate herbivores and their natural enemies and on enemy-to-herbivore abundance 
ratio. (A) Increased percentage of enemy abundance over the control (%). (B) Increased or decreased percentage of herbivore abundance over the control (%). (C) Enemy-
to-herbivore abundance ratio in the control and treatment. (D) Average increased percentage of enemy-to-herbivore abundance ratio over the control (%). Natural enemy 
abundance includes the predator abundance and parasitoid abundance. The “Control” represents single, pure, or lowest plant species; and the “Treatment” represents the 
higher plant species richness (≥2). Enemy-to-herbivore abundance ratio  =  Enemy abundance ÷ herbivore abundance. Average increased percentage of enemy-to-
herbivore abundance ratio over the control = (enemy-to-herbivore abundance ratio in treatment-enemy-to-herbivore abundance ratio in control) ÷ enemy-to-herbivore 
abundance ratio in control × 100%. There were 120 studies with paired 1641 observations of natural enemy abundance versus herbivore abundance (see data S2). In (A) 
to (C), lines within each box denote the median, outer borders of the boxes show the upper and lower quartile, lines outside of the boxes depict the maximum and mini-
mum number of individuals, and red lines in each box represent the average value. In (A), (B), and (D), “N” denotes the number of observations in treatment group, 
whereas in (C), N is the number of observations in control group and treatment group across different ecosystems, respectively. In (C), we removed the eight observations 
with zero herbivore abundance because the enemy-to-herbivore abundance ratio cannot be calculated in such cases, and used the remaining 1633 observations from the 
total 1641 to calculate the ratio. NS, P > 0.05; *P < 0.05, **P < 0.01, ***P < 0.001.
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(woody: CI = −0.473 to −0.0609, df = 721, P = 0.0108; observational: 
CI = −0.396 to 0.277, df = 252, P = 0.755) (tables S2 to S4).

We found both positive and negative responses of plant performance 
to plant diversity across all ecosystems, climatic regions, plant types, and 
study types. When splitting the aggregate indicator of plant performance 
into plant growth, reproduction, and quality, we also found the variable 
responses to plant diversity across all ecosystems, climatic regions, plant 
types, and study types (Detailed analysis was seen in Supplementary 
Text, tables S1 to S4, and figs. S1 to S3). The fitted regression lines using 
beta regression showed that plant performance increased with the in-
crease in the number of added plant species (a continuous variable with 
log2-transformation) across different ecosystems (Fig. 3D), in temperate 
regions (fig. S4A), for herbaceous plants (fig. S5A), and in managed ex-
periments (fig. S6A). This positive biodiversity-productivity relationship 
is consistent with previous meta-analyses (21, 25, 29, 31) or biodiversity 
experiments (39, 43). There was a significantly positive response of her-
bivore performance to plant diversity in grasslands, but such response 
was not positively significant in forests (Fig. 3B; grasslands: +32.2%, 
CI = 0.342 to 0.737, df = 601, P < 0.001; forests: +0.280%, CI = −0.233 
to 0.411, df = 266, P = 0.577). The positive herbivore response was likely 
due to high plant species richness increasing food availability (biomass, 
quality, and diversity) for herbivores. This has been previously reported 
for invertebrate herbivores in grassland (6, 10, 32) and forest biodiversity 
experiments (33, 35–37). Overall, the responses of herbivores were more 
pronounced in grasslands than in forests (Fig. 3, B and E).

An increase in plant diversity increased the relative performance 
of natural enemies across ecosystems (organic: +56.0%, CI = 0.328 
to 0.708, df = 773, P < 0.001; nonorganic: +42.9%, CI = 0.510 to 
0.941, df = 531, P < 0.001; grasslands: +17.2%, CI = 0.119 to 0.509, 
df = 752, P = 0.002; forests: +15.0%, CI = −0.0840 to 0.464, df = 301, 
P = 0.164) (Fig. 3C and table S1). Likewise, the response of natural 
enemy performance to plant diversity was positive across different 
climatic regions (temperate: +34.6%, CI = 0.383 to 0.598, df = 2077, 
P < 0.001; tropical: +38.7%, CI = 0.275 to 0.877, df = 284, P < 0.001; 
table S2), plant types (herbaceous: +32.4%, CI = 0.331 to 0.579, 
df = 1668, P < 0.001; woody: +40.3%, CI = 0.386 to 0.701, df = 695, 
P < 0.001; table S3), and study types (managed: +38.7%, CI = 0.422 
to 0.647, df = 2027, P < 0.001; observational: +8.95%, CI = −0.216 
to 0.268, df = 336, P = 0.811; table S4). The positive response of 
natural enemies to increased plant species may be a product of both 
the mechanisms described under the EH (22, 23) or by bottom-up 
effects of prey availability as they respond to increased productivity 
of the plant community (6, 10, 21). When we split the aggregate in-
dicator of natural enemy performance into predator and parasitoid 
performances, we found variable responses to plant diversity across 
different ecosystems (fig. S7, A and B), climatic regions (fig. S1, D, E, 
I, and J), plant types (fig. S2, D, E, I, and J), and study types (fig. S3, 
D, E, I, and J). Similar responses were observed when natural enemy 
performance was classified into predator abundance, predation, 
predator diversity, parasitoid abundance, parasitism, and parasitoid 

Fig. 3. The effects of plant diversity on the tritrophic groups among global 149 field experiments. (A) Comparison of relative plant performance between the control 
and the treatment. (B) Comparison of relative invertebrate herbivore performance between the control and the treatment. (C) Comparison of relative natural enemy 
performance between the control and the treatment. (D) Relationships between the number of added plant species and relative plant performance. (E) Relationships 
between the number of added plant species and relative herbivore performance. (F) Relationships between the number of added plant species and relative natural en-
emy performance. Plant performance includes the growth, reproduction and quality of plants, herbivore performance includes the abundance, damage and diversity of 
herbivores, and natural enemy performance includes the predator abundance, predation, predator diversity, parasitoid abundance, parasitism, and parasitoid diversity. In 
(A) to (C) (see table S1), the Control represents single, pure or lowest plant species, the Treatment represents the higher plant species richness (≥2), the zero-or-one in-
flated beta regression was used to test whether the sets of values in two groups are significantly different (NS, P > 0.05; **P < 0.01, ***P < 0.001), lines within each box 
denote the median, outer borders of the boxes show the upper and lower quartile, lines outside of the boxes depict the maximum and minimum number of individuals, 
and red lines in each box represent the average value of relative performance of plants, herbivores or natural enemies in the control (i.e., single, pure or lowest plant spe-
cies richness) and treatments (i.e., higher plant species richness, ≥2). In (D) to (F) with beta regressions (see table S5), solid lines show model predictions for significant 
(P < 0.05) effects, dashed lines show model predictions for nonsignificant (P > 0.05) relationships, the gray-shaded zone indicates the 95% CI. Photoshop8.0 was used to 
design the images.

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 04, 2026



Wan et al., Sci. Adv. 12, eaeb8680 (2026)     23 July 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 19

diversity (tables S1 to S4). The positive relationships between natu-
ral enemy (Fig. 3F), predator (fig. S7C), or parasitoid (fig. S7D) per-
formance and the number of added plant species were similar across 
different ecosystems, although relationships differed across climatic 
regions, plant types, and study types (table S5).

Of importance for enhancing biological control of crop pests via 
habitat manipulation or mixed cropping systems, higher plant di-
versity substantially decreased herbivore performance in croplands 
(organic: −40.1%, CI = −0.908 to −0.599, df = 924, P < 0.001; non-
organic: −30.0%, CI = −0.739 to −0.176, df = 417, P < 0.001) (Fig. 3B 
and table S1). These negative responses were variable across cli-
matic regions, plant types, and study types (tables S1 to S4). This 
herbivore-suppressing effect in croplands may be explained by the 
EH, which predicts that natural enemy diversity is positively corre-
lated with plant species diversity, resulting in lower herbivore levels 
in crop fields with higher plant species richness (21–23). The effects 
may also be a product of a greater chemical diversity in plant second-
ary metabolites suppressing herbivores or acting as cues for preda-
tors (23). It is also possible that the apparent decrease in herbivore 
numbers with plant diversity may be a product of monocultures sup-
porting disproportionately high population of pest herbivores. This 
is predicted under the resource concentration hypothesis, where un-
diluted host visual or chemical cues combined with high local host 
density promote specialist pest herbivores (22, 23).

Effects of plant diversity on tritrophic interactions
To determine the directionality of the patterns observed above, we 
used structural equation models to test the direct and indirect ef-
fects of an increase in plant diversity (i.e., a binary variable as 0 and 
1) on trophic groups and on both top-down and bottom-up effects. 
First, we analyzed the tritrophic interactions based on top-down ef-
fects, and we found that an increase in plant diversity in organic 
croplands (N = 1189) was positively associated with natural enemy 
performance (estimate = 0.85, CI = 0.760 to 0.945, P < 0.001) and 
crop performance (estimate = 0.242, CI = 0.145 to 0.340, P < 0.001), 
while it was negatively associated with herbivore performance (esti-
mate = −0.841, CI = −0.200 to −0.0940, P < 0.001). We also de-
tected a statistical pathway that is consistent with a top-down effect, 
mediated via a negative association between natural enemy and her-
bivore performance in nonorganic croplands (i.e., natural enemies 
versus herbivores: estimate = −0.0974, CI = −0.156 to −0.0389, P < 
0.001; herbivores versus crops: estimate = −0.145, CI = −1.13 to 
−0.919, P < 0.001) (Fig. 4A). Similarly, an increase in plant diversity 
was associated with a pattern consistent with a top-down effect 
in organic croplands (i.e., natural enemies versus herbivores: es-
timate = −0.0822, CI = −0.135 to −0.0290, P < 0.001; herbivores 
versus crops: estimate = −0.147, CI = −0.939 to −0.743, P < 0.001) 
(Fig. 4B). However, in grasslands (N = 832) and forests (N = 333), 
an increase in plant diversity was not significantly associated with a 
top-down pattern (table S6). When natural enemies were divided 
into predators and parasitoids, respectively, we also found top-down 
effects in organic croplands for predators (fig. S8C) and in both or-
ganic and nonorganic croplands for parasitoids (fig. S9, A and C), 
but not in grasslands or forests (tables S16 and S17). The top-down 
cascading effects remained largely similar when data on the tri-
trophic interactions of natural enemies, herbivores, and crops in 
croplands were split across climatic regions, plant types, and study 
types (fig. S10 to S12 and table S7). Lower plant species richness in 
croplands may facilitate stronger top-down control, where small 

changes in diversity result in substantial changes in resources for 
predators, relative to what is seen in higher diversity grassland and 
forest systems where the base line occurrence of such resources may 
be relatively high (22, 23, 38). It is also likely that as soil nutrients 
due to intensified fertilization are typically high in croplands, niche 
complementarity (triggering bottom-up effects) effects common to 
grasslands and forests may have low importance (44).

Next, we tested bottom-up effects of an increase in plant diver-
sity on tritrophic interactions. We found direct effects of increased 
plant richness on plant performance (estimate = 0.542, CI = 0.400 
to 0.683, P < 0.001), herbivore performance (estimate = 0.224, CI = 
0.2061 to 0.342, P < 0.001), and natural enemy performance (esti-
mate = 0.171, CI = 0.0315 to 0.310, P = 0.0163) in grasslands (Fig. 4C), 
and in forests (plant performance: estimate = 0.964, CI = 0.734 to 
1.19, P < 0.001; herbivore performance: estimate = 0.180, CI = 
0.0215 to 0.237, P = 0.0188; natural enemy performance: estimate = 
0.442, CI = 0.205 to 0.678, P < 0.001) (Fig. 4D). In addition, we de-
tected statistical pathways consistent with a bottom-up effects in 
grasslands (i.e., plants versus herbivores: estimate = 0.0590, CI = 
−0.000500 to 0.119, P = 0.0519; herbivores versus natural enemies: 
estimate = 0.274, CI = 0.0958 to 0.352, P < 0.001) (Fig. 4C), and 
in forests (i.e., plants versus herbivores: estimate = 0.1051, CI = 
−0.000800 to 0.211, P = 0.0518; herbivores versus natural enemies: 
estimate = 0.129, CI = −0.0741 to 0.434, P = 0.164) (Fig. 4D). How-
ever, such plant diversity–mediated bottom-up effects were not ob-
served in organic and nonorganic croplands (table S6). When natural 
enemies were split into predators and parasitoids, we also found 
bottom-up effects in grasslands (figs. S8F and S9F) and forests (figs. S8H 
and S9H), but not in croplands (tables S16 and S17). When all the 
data on the tritrophic interactions of natural enemies, herbivores, 
and plants in grasslands or forests were split across different climat-
ic regions, different plant types, and different study types, the observed 
patterns were largely similar being characterized by bottom-up cas-
cading effects (figs. S13 to S18 and tables S8 and S9). An increase in 
plant diversity triggered bottom-up effects in both managed and 
observational studies in grasslands (fig. S15). Likewise, focusing on 
the data in Cedar Creek and Jena grassland experiments, increased 
plant species richness was also shown to drive bottom-up effects 
(tables S6). As considered above, plant diversity–mediated bottom-
up effects are likely linked to increased availability of floral resources 
in grasslands (6, 27) (on average 9.55 grass species) and forests (30) 
(on average 12.95 tree species) in response to complementarity pro-
viding more resources for herbivores. The effects of plant species 
gradients on trophic interactions were presented in Supplementary 
Text, figs. S19 to S21, and data S4 to S6.

To further test the directions of trophic interactions, we conducted 
linear regressions to investigate the relationships between standard-
ized plant performance and standardized herbivore performance as 
well as between standardized herbivore performance and standard-
ized natural enemy performance (data S6 and S7). Using mixed linear 
regressions to account for the random effect of experiment identity, 
we found that ecosystem type had a significant interaction with these 
correlations (Fig. 5 and data S6 and S7). This provides further evi-
dence for our hypothesis of top-down control in organic and nonor-
ganic croplands but bottom-up effects in both grasslands and forests. 
Specifically, the increase of plant performance boosted the increase of 
herbivore performance in both grasslands and forests while led to the 
decline of herbivore performance in croplands (Fig. 5A and data S6). 
To test whether interactive effects existed between each ecosystem 
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type and the remaining other ecosystems, we made a contrast for each 
ecosystem type versus the remaining other ecosystems (i.e., nonor-
ganic croplands versus organic croplands and grasslands and forests, 
organic croplands versus nonorganic croplands and grasslands and 
forests, grasslands versus nonorganic croplands and organic crop-
lands and forests, and forests versus nonorganic croplands and or-
ganic croplands and grasslands). In terms of each tested ecosystem 
type, we found vivid interactive relationships between plant perfor-
mance and herbivore performance (see data S6). Similar results were 
observed on the relationship between herbivore performance and 
natural enemy performance (Fig. 5B and data S7).

Across the 104 cropland studies, 49 used synthetic pesticides and 
55 used organic technologies to suppress herbivores (data S1 and 
S2). Top-down control of herbivores is important in conventional 
agricultural systems, although it may play an even more prominent 
role in organic croplands with nonpesticide technologies (e.g., light, 
pheromone, or sticky traps). In conventional agricultural systems, 
integrated pest management strategies based on economic thresh-
old levels can still provide benefits, as pesticide applications are 
more likely to be reduced when natural pest control is effective (45). 
Cultural approaches (e.g., optimized sowing schedules and adjusted 
harvesting periods), combined with mechanized tillage operations, 

Fig. 4. Structural equation model to test for an association between an increase in plant diversity and the top-down and bottom-up effects among plants, in-
vertebrate herbivores, and their natural enemies across different ecosystems. (A) Top-down effect in nonorganic croplands (N = 887). (B) Top-down effect in or-
ganic croplands (N = 1189). (C) Bottom-up effect in grasslands (N = 832). (D) Bottom-up effect in forests (N = 333). Crop, grass, or forest performance includes the growth, 
reproduction, and quality of plants; herbivore performance includes the abundance, damage, and diversity of herbivores; and natural enemy performance includes the 
predator abundance, predation, predator diversity, parasitoid abundance, parasitism, and parasitoid diversity. *P < 0.05, ***P < 0.001. Blue and red arrows denote positive 
and negative relationships, respectively. Numbers next to each arrow are the estimated coefficients from structural equation models, and line width is proportional to the 
magnitude of the coefficients. Piecewise structural equation model (restricted maximum likelihood) was used to test the effects of plant diversity (measured as the num-
ber of plant species generalize to binary variable) on the tritrophic interactions of plants, invertebrate herbivores, and their natural enemies. There were 55, 49, 26, and 
19 studies for organic croplands, nonorganic croplands, grasslands and forests, respectively (data S1 and S2). An increase in plant diversity was not associated with 
bottom-up effects in nonorganic croplands (N = 887) or in organic croplands (N = 1189), and was not associated with top-down effects in grasslands (N = 832) or in forests 
(N = 333) (see table S6). Photoshop8.0 was used to design the images.
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were also used to suppress herbivores by damaging their habitats 
and refuges or creating phenological mismatch between the crop 
and their lifecycle (22). As invertebrate herbivores mediate between 
top-down and bottom-up effects, their abundance and diversity as 
affected by these practices may also determine the direction of cas-
cading effects. This may explain why, for grasslands and forests that 
were included in this study, the absence of herbivore-suppressing 
technologies or management practices led to a prevalence of bottom-
up effects when compared to croplands. Here, higher herbivore 
abundances in the absence of anthropogenic control measures may 
simply overwhelm top-down control by predators. In contrast, the 
use of herbivore-suppressing technologies in croplands may make 
top-down predatory effects more likely as herbivore abundances re-
main low enough for these to happen.

An important consideration when interpreting our results is the 
nature of the underlying data. As noted earlier, our global synthesis 
relies on a variety of metrics (e.g., abundance, damage, and diversity 
measures for herbivore performance). These metrics provide robust 
evidence for systematic correlations and biomass redistribution pat-
terns along plant diversity gradients. While these patterns are strongly 
consistent with the theoretical frameworks of top-down and bottom-
up effects, they represent correlations rather than direct, experimental 
quantification of trophic interactions. Future experiments that com-
bine plant diversity manipulations with direct measurements of pre-
dation, parasitism, and herbivory rates will be needed to move from 
correlation to causal demonstration of these mechanisms. While em-
pirical work involving predator/natural enemy exclusion would be 
ideal for definitively testing this hypothesis, such data are rare in cur-
rent research. Given the incompleteness of existing data, we used 
structural equation modeling to examine correlational patterns be-
tween plant diversity, herbivore performance, and predator perfor-
mance. Our findings therefore support but do not conclusively prove 
causal trophic cascades.

A key consideration in interpreting our reported effect sizes (e.g., 
percentage changes) is our operational use of a binary plant diversity 
factor. These estimates represent the average relative change when 
transitioning from low- to higher-diversity states across diverse stud-
ies. While this approach validly captures the overarching direction 
and ecosystem-specific contrasts, the precise numerical values should 
be interpreted as indicative of strong, systematic trends rather than as 
universal constants. The consistency of these trends is reinforced by 
supplementary analyses using continuous richness measures, which 
support the same qualitative conclusions (see Figs. 3, D to F and 4; 
figs. S4 to S6, S7, C and D, and S19 to S24; and tables S5, S10 to S13, 
S15, S18, and S19). We also reported the analysis with standardized 
richness gradients to quantify the exact shape of these relationships 
(see Supplementary Text).

Overall, our multiecosystem analysis reveals that an increase in 
plant diversity generally enhances plant productivity and benefits 
natural enemies of invertebrate herbivores in the four main terres-
trial ecosystems (i.e., organic and nonorganic croplands, grasslands, 
and forests), with statistically significant effects on plant performance 
only in grasslands, and with significant effects on natural enemy per-
formance in organic and nonorganic croplands, and grasslands. Our 
findings indicate that the effects of plant diversity on plant produc-
tivity are not solely explained by direct plant-plant interactions or 
the classic biodiversity-productivity relationship. Instead, they re-
veal correlation patterns additionally consistent with top-down and 
bottom-up effects, the prevalence of which may vary depending on 
ecosystem context and management goals. However, the observed 
top-down process in croplands suggests that greater plant diversity 
may support predator populations through mechanisms beyond sim-
ply providing more herbivore prey. In contrast, for grasslands and 
forests, the primary effect of plant diversity appears to be an increase 
in plant availability, leading to greater herbivore population size. 
Predators then respond to this increased herbivore abundance but 

Fig. 5. Predictions from linear mixed-effects models on the relationships in the interactions of plants, invertebrate herbivores, and their natural enemies. 
(A) Relationship between standardized plant performance and standardized herbivore performance in interaction with ecosystem categories (organic cropland versus 
nonorganic cropland versus grassland versus forest). (B) Relationship between standardized natural enemy performance and standardized herbivore performance in in-
teraction with ecosystem categories (organic cropland versus nonorganic cropland versus grassland versus forest). The solid lines show fixed-effect predictions from 
mixed-effects models, the gray-shaded zone shows 95% CIs. The number of samples was N = 3241 from 149 experiments (see data S6 and S7).
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potentially after significant herbivory. For conservation-focused 
management of grasslands and forests, these bottom-up effects may 
contribute to increasing plant productivity and consumer diversity. 
Conversely, in intensively managed croplands with chronic pest pres-
sure, strategic plant diversification may reinforce top-down control 
via natural enemy augmentation, thereby preemptively suppressing 
herbivore populations and helping to protect crop yield. The role 
of diversifying crop system plant diversity is therefore an impor-
tant pathway to explore when trying to better achieve sustainable 
food production.

MATERIALS AND METHODS
Data compilation
This study relied on the collection of data from studies where plant-
invertebrate herbivore-invertebrate natural enemy (hereafter plant-
herbivore-enemy) interactions had been quantified in response to 
an increase in plant diversity, either directly manipulated under ex-
perimental conditions or part of existing natural variation in study 
sites. We obtained the raw data from two compilation efforts. First, 
we identified studies by searching the reference lists of recent meta-
analyses that reported on plant diversity–mediated effects on different 
trophic groups (21, 36, 46–49). Second, we launched a data request 
to researchers within the field of multitrophic interactions, starting 
in June 2020 and running until May 2025. In both cases, we request-
ed that raw data be provided within a designed datasheet (see data 
S1 and description below). This datasheet allowed for standardized 
documentation of plant species diversity effects on the tritrophic in-
teractions among plants, invertebrate herbivores, and their natural 
enemies (i.e., predators and/or parasitoids). We did not consider bi-
trophic interactions (plant-herbivore, plant-enemy, or herbivore-
enemy interactions). Of ∼3800 researchers initially contacted, authors 
of 149 of the above experiments meeting our criteria provided data. 
In collecting data, we found that some authors offered data from 
multiple experiments and that some experiments belonged to mul-
tiple authors (see data S2). A subset of the experiments associated 
with croplands included the use of pesticides, although for most stud-
ies (including all data from grasslands and forests), no pesticides were 
used. The use of pesticides and/or other pest control methods was 
the same for the control (single/lowest plant species) and the treatment 
(diverse plant species) to exclude the effects of pest control methods 
on trophic interactions. Nonpesticide control methods (e.g., cultur-
al control methods) are also used. In croplands, nonpesticide-based 
herbivore control methods included pest-resistant crop varieties, re-
moving crop stubble or ploughing to destroy pest overwintering 
sites, clipping buds at flowering to physically remove aphids, spread-
ing ash, crop rotation and even using irrigation to suppress pests in 
rice. Nonsynthetic pesticides were also used included sulphur as 
well as physically catching pests using sticky traps and other attrac-
tants (light and pheromone) and direct manipulation of natural pest 
control (e.g. releasing parasitic Trichogramma spp. wasps). In all cases, 
these no-pesticide control methods were consistently applied across 
all relevant treatments originating from a single study within our 
final analysis. Overall, we analyzed data from 149 experiments com-
prising 214 sites in 27 countries i 5 continents (data S2).

As stated above, we standardized data collected by providing all 
data providers with four database sheets (data S1). These were (i) data 
for plant diversity effects on trophic groups; (ii) structural equation 
modeling data of plant diversity effects on tritrophic interactions of 

plants, herbivores, and natural enemies; (iii) structural equation 
modeling data of plant diversity effects on tritrophic interactions of 
plants, herbivores, and parasitoids; and (iv) structural equation model-
ing data of plant diversity effects on tritrophic interactions of plants, 
herbivores, and predators. In each database sheet, plant performance 
was measured as plant growth, plant reproduction and plant quality, 
invertebrate herbivore performance consisted of invertebrate herbi-
vore growth, herbivory damage, and herbivore diversity in plants, 
natural enemy performance composed of predator abundance, pre-
dation, predator diversity, parasitoid abundance, parasitoid diversity, 
and parasitism. Natural enemy performance was split into inverte-
brate predator performance and invertebrate parasitoid performance, 
in which the former performance measure was composed of predator 
abundance, predation and predator diversity, and the latter perfor-
mance composed of parasitoid abundance, parasitism, and parasit-
oid diversity (21).

Description of predictor variables
Trophic groups: Trophic groups included plant performance, inver-
tebrate herbivore performance, and natural enemy performance (i.e., 
predator performance and parasitoid performance).
Plant performance
This represents the primary producer metric used in the assessment 
of tritrophic interactions. Measures of plant performance included 
plant growth, reproduction, and quality. Plant growth was assessed 
as growth rate and size characteristics (e.g., weight, height, biomass, 
dry matter, stem length, wood volume, width, and density). Plant 
reproduction included the yield of grains, fruits, flowers, pods, re-
productive plant parts and seeds per unit, and reproductive traits 
measured on individual plants (e.g., flower production, pod produc-
tion, and grain number per spike). Plant quality included content of 
chemical antiherbivore defensive traits of plants (e.g., total pheno-
lics and polyphenols), sugars, and amino acids. The synthesis com-
bined these diverse metrics to estimate the overall effect size of 
tritrophic interactions on plant performance, with the understand-
ing that different aspects of plant performance may respond differ-
ently to ecological interactions.
Invertebrate herbivore performance
This integrated performance metric synthesizes three ecologically 
interdependent dimensions: herbivore abundance (population den-
sity, e.g., individuals/unit area) reflects colonization pressure, her-
bivory damage (e.g., percentage or number of herbivore damage to 
plants, or as loss of plant yield or biomass due to herbivores) quanti-
fies plant response, and herbivore diversity (e.g., herbivore species 
richness and Shannon’s diversity index) captures community struc-
ture. This combination addresses three key ecological mechanisms 
(i) abundance-driven immediate impacts, (ii) diversity-mediated 
functional redundancy, and (iii) damage thresholds that trigger plant 
defenses. While synthesis analysis requires standardized metrics, 
their integration provides a robust proxy for ecosystem function—
navigating the balance between necessary simplification (which en-
ables cross-system comparisons) and the preservation of ecological 
context (e.g., accounting for differences between tropical and tem-
perate systems).
Invertebrate predator performance
This integrated performance metric combines predator abundance 
(population density, e.g., individuals/unit area), predation (prey con-
sumption rate, e.g., % prey killed), and predator diversity (e.g., pred-
ator species richness and Shannon’s diversity index) into a single 
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indicator to capture trophic interactions holistically. This integra-
tion is scientifically justified because (i) abundance drives immedi-
ate prey suppression, (ii) diversity enhances functional redundancy 
(e.g., niche partitioning), and (iii) predation rates link predator ac-
tivity to ecosystem stability. While synthesis analysis requires stan-
dardized metrics, their aggregation provides a robust measure of 
top-down control—balancing the need for comparability with eco-
logical complexity (e.g., habitat-specific variability).
Invertebrate parasitoid performance
This integrated performance metric combines parasitoid abundance 
(population density, e.g., individuals/unit area), parasitism (e.g., per-
centage or number of hosts that are parasitized by parasitoids), and 
parasitoid diversity (e.g., parasitoid species richness and Shannon’s 
diversity index) into a single indicator to comprehensively assess 
biological control efficacy. This integration is ecologically meaning-
ful because (i) abundance determines immediate host suppression 
capacity, (ii) parasitism directly measures trophic efficiency, and (iii) 
diversity enhances ecosystem stability through niche complemen-
tarity. While synthesis analysis requires standardized metrics, this 
aggregation provides a robust framework for evaluating parasitoid-
mediated population regulation—effectively balancing the need for 
comparative synthesis with the preservation of ecosystem-specific 
dynamics (e.g., agricultural versus natural habitats).
Natural enemy performance
This integrated assessment combines invertebrate predator perfor-
mance (measuring predator abundance, predation, and predator diver-
sity) with invertebrate parasitoid performance (quantifying parasitoid 
abundance, parasitism, and parasitoid diversity), creating a compre-
hensive metric for evaluating top-down population regulation and 
bottom-up effects. To enhance transparency, we listed all original per-
formance metrics (e.g., species-level abundance per plot, Shannon di-
versity indices) for each study in Figshare (https://doi.org/10.6084/
m9.figshare.31947189), which enables cross-referencing each integrat-
ed performance index back to the specific raw data from each of the 
149 included studies. Herbivore, predator, and parasitoid abundance 
metrics were synthesized by standardizing heterogeneous measure-
ments across studies [e.g., counts per unit area (individuals per square 
meter), per plant (individuals per 20 plants), and per soil sample (indi-
viduals per gram dry weight)]. In forests, predator biomass data (grams 
per square meter) were available from two studies, while one grassland 
study reported parasitoid biomass per plot (gram per plot). These in-
vertebrate biomass metrics were incorporated into the composite 
abundance index after confirming their strong correlation with count-
based measures [as it has been proved that insect abundance was 
positively correlated with insect biomass (50)]. This methodological 
approach addressed the limitation of insufficient sample size for sepa-
rate invertebrate biomass analyses.

Ecosystem type: We categorized the ecosystems into croplands, 
grasslands, and forests. However, we define croplands to include har-
vestable food crop associated with annual and perennial crop systems 
under arable or horticultural management, with this including orna-
mental plant farming systems, as well as longer term perennial sys-
tems such as orchards or biomass crops. We applied categorizations 
for grasslands as defined by authors of individual studies. Forest 
systems were in general dominated by woody plants under the min-
imum of long-term rotational systems. Other ecosystems such as 
wetlands, shrublands, and arid ecosystems were not found and thus 
were excluded in this study.

Plant life form: To distinguish this from ecosystem types, we 
used a categorical variable reflecting whether the terrestrial plants 
are herbaceous or woody (21). Cotton, fruits (e.g., apple and pear) 
and tea are crops in croplands but were assigned to woody plants. 
Some herbaceous plants (e.g., wheat, mustard, tomato, and pepper) 
are found in croplands, while some herbaceous plants (e.g., grasses, 
legumes, and small and tall herbs) are in grasslands.

Type of experimental study: Here, we defined “managed experi-
ments” that the authors manage the plant species richness in field 
experiments directly, while “observational experiment” denotes that 
the authors do not manage plant species richness in field experi-
ments directly and only use readily available land (e.g., cultivating 
plant species from natural vegetation or farmers’ planting) for sur-
vey and sampling. For example, the authors used the farmers’ fields 
in which plant species richness in cropping fields was managed by 
farmers themselves instead of the authors; we considered this as ob-
servational experiment. In general, there was only one replicate for 
each observational experiment with multiple locations/sites in natu-
ral grasslands and forests. We defined and confirmed type of experi-
mental study by contacting and discussing with the authors who 
provided us data directly.

Climatic region type is a categorical variable reflecting whether a 
certain study was performed in the temperate or tropical zones. 
Temperate zones ranged from 23.5° to 66.5°N and from 23.5° to 
66.5°S, and the tropical zones ranged from 0° to 23.5°N and from 0° 
to 23.5°S. Data from greenhouse and indoor experiments were re-
moved from models considering climatic predictors (21).

Number of added plant species is a continuous variable describing 
the increase in plant species richness between the control (monocul-
tures of the lowest experimental species richness of plants) and the 
treatment containing an increased number of plant species richness 
relative to the control. When we compared the plant species richness 
of the control (i.e., pure, mono, or lowest plant species) with that of 
the treatment (i.e., higher plant species richness, ≥2 plant species 
richness), we confirmed that both the control and treatment were 
compared on the same trophic groups.

Analysis for proposed hypothesis
To test our hypothesis, we derived a new dataset including paired 
natural enemy abundance and invertebrate herbivore abundance in 
each experiment. In total, among all the 149 studies, we extracted the 
data of 120 studies with paired 1641 observations of natural enemy 
abundance versus herbivore abundance (data S2). First, we tested 
the increased percentage of natural enemy abundance and herbivore 
abundance in four ecosystem types, respectively (Fig. 2, A and B). 
For example, the increased percentage of enemy abundance follows 
(enemy abundance in treatment − enemy abundance in control) ÷ 
enemy abundance in control × 100%; the treatment group indicates 
the higher number of plant species, whereas the control group indi-
cates the lowest number of plant species. Furthermore, we tested 
whether the ratio of natural enemy abundance to herbivore abundance 
differs in diverse plant communities (i.e., high plant species richness, 
set as treatment “Treatment”) and simple plant communities or mono-
cultures (i.e., low species richness, set as control “Control”) [not sig-
nificant (NS) P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001], we 
conducted analysis using beta-binomial regression (51), which can 
accommodate ratio data. The “glmmTMB()” function with parameter 
“family = betabinomial()” in the glmmTMB (version 4.3.1) library 
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in R statistical environment was used to fit a beta-binomial regres-
sion model using maximal likelihood estimation. We removed the 
eight observations with zero abundance of herbivores as the enemy-
to-herbivore abundance ratio was invalid when the herbivore abun-
dance is zero. Namely, we used 1633 of the 1641 observations to 
calculate the enemy-to-herbivore abundance ratio. Meanwhile, we ana-
lyzed the enemy-to-herbivore abundance ratio in the control and treat-
ment (Fig. 2C) and then and calculated the average increased percentage 
of enemy-to-herbivore abundance ratio over the control (%) (Fig. 2D) 
as follows: enemy-to-herbivore abundance ratio = enemy abundance ÷ 
herbivore abundance. Increased percentage of enemy-to-herbivore 
abundance ratio = (enemy-to-herbivore abundance ratio in treatment-
enemy-to-herbivore abundance ratio in control) ÷ enemy-to-herbivore 
abundance ratio in control × 100%.

Definition of an increase in plant diversity and number of 
added plant species
To assess the general effects of plant diversity across a globally het-
erogeneous dataset, we first treated plant diversity as a binary vari-
able (zero or one), comparing control plots (monocultures or the 
lowest richness level in a given study) to treatment plots with in-
creased plant diversity (≥2 species) (49). This approach standardizes 
comparisons across studies with vastly different maximum richness 
levels and experimental designs, allowing us to test the fundamental 
question of whether introducing plant diversity yields consistent di-
rectional effects. A binary plant diversity was used in the context of 
the analysis as a descriptor of within-study relative differences in plant 
diversity that allows standardization across the diversity of studies 
where there are differences in experimental design, plot sizes, man-
agement regimes, and functional characteristics of the community, 
e.g., between croplands, grasslands, and woodlands. We acknowledge 
that this simplification does not capture potential nonlinear effects 
across a full richness gradient. Therefore, we complemented this pri-
mary analysis with models using plant species richness as a continuous 
variable (log2-transformed) where sample size permitted. Results for 
“an increase in plant diversity” are shown in Fig. 3, A to C; figs. S7, 
A and B, S8 and S9, S1 to S3 and S7 to S15; and tables S1 to S4, S6 to 
S9, S14, S16, and S17. Results for “number of added plant species” 
are shown in Figs. 3, D to F, and 4; figs. S4 to S6, S7, C and D, and 
S19 to S24; and tables S5, S10 to S13, S15, S18, and S19.

Definition of relative performance and data standardization
We assessed the effects of binary plant diversity effects (low versus 
high) as well as the number of added plant species on plant perfor-
mance, herbivore performance, and natural enemy performance. 
Because of differences in the units of indicators used to measure dif-
ferent trophic groups, we had to standardize plant performance (i.e., 
plant growth, plant reproduction, and plant quality), herbivore per-
formance (herbivore abundance, herbivory damage, and herbivore 
diversity), natural enemy performance (i.e., predator abundance, pre-
dation, predator diversity, parasitoid abundance, parasitoid diversity, 
and parasitism), predator performance (predator abundance, preda-
tion, and predator diversity), and parasitoid performance (i.e., para-
sitoid abundance, parasitoid diversity, and parasitism). This was 
done by using the standardized performance (i.e., relative perfor-
mance) index

where Performance  is a vector consisting of all performance values in 
each replication in each experiment from each unit of each indicator 
in each experimental year, Performancei is the actual value in the ith 
element of Performance , and max

(

Performance
)

 is the max value in 
each experiment from each unit of each indicator in each experi-
mental year. Namely, Performancei and max

(

Performance
)

 should be 
matched in the same unit, in the same experiment, and in the same 
year. Thus, the value of relative performance ranges from 0 to 1.

As data were extracted from experiments that used different units 
of measurements, we also standardized the response value (plant, her-
bivore, and natural enemy performances) using z scores. This was done 
within each experiment and among different experimental years and 
replicate orders (48)

where μ, σ are the mean value and SD of performances within each 
experiment among different experimental years and replicate orders, 
respectively. This standardization allows for comparisons between 
studies with differences in methodology and plot range (52). The z-
score standardization reduces the risk of misinterpreting results due 
to studies differing in methodology and number of plots (53). To test 
our hypothesis, we conducted simple linear regressions and mixed 
linear regressions to investigate the relationships between standard-
ized plant performance and standardized herbivore performance as 
well as between standardized herbivore performance and standard-
ized natural enemy performance (see data S6 and S7).

Differential analysis of binary plant diversity effects
To examine whether the relative performance of plants, herbivores, 
and natural enemies differed between diverse plant communities (i.e., 
high plant species richness, set as treatment “TR”) and simple plant 
communities or monocultures (i.e., low species richness, set as con-
trol “CK”) (NS, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001), we 
ran differential analyses using zero-or-one inflated beta regressions 
(54), which can accommodate boundary inflations at zero-or-one of 
the response variable (i.e., relative performance). We then analyzed 
the relationship between various binary plant diversity groups (CK 
is considered as zero and TR as one), as shown in Fig. 3 (A to C) and 
fig. S7 (A and B). Since the relative performance is proportional data 
(i.e., zero-one), the response is often one in our data, which leads to 
the one-inflation. To improve the precision of estimation, the “brm()” 
function in the brms library (55) in R statistical environment was used 
to construct zero-or-one inflated beta regressions. Only the case of 
one-inflation was allowed, as implemented using setting “family = 
zero_one_inflated_beta,” “zoi ∼ 1,” “coi ∼ Plant.diversity” in the call 
to brm. Then, we can obtain statistic values, 95% CI and P values 
from summary results of model.

Beta regression analysis of the number of added 
plant species
To examine whether the number of added plant species had addition-
al explanatory variance on the relative performance of each trophic 
group, we ran further analyses using the logarithm of the number of 
plant species added [e.g., log2 (1, 2, 3, 4, 5, …)] in the plant diversity 
treatment over the control as an explanatory variable and using the 
relative value of performance (i.e., plant performance, herbivore per-
formance, predator performance, parasitoid performance, and natural 
enemy performance, that is, all of combined predator and parasitoid 

Relative performance =
Performancei

max
(

Performance
) (1)

Standardized performance =
Performance − μ

σ
(2)
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performance) as the response variable. Then, we analyzed the relation-
ships between the number of added plant species and the different 
relative performances of trophic levels using beta-regression (Figs. 3, 
D to F, and 4; figs. S7, C and D, and S4 to S6; and tables S5, S10 to 13, 
15, 18, and 19). In these regression analyses, we took the number of 
added plant species as a predictor and relative performance as re-
sponse following the equation

where β0 is the intercept, β1 is the slop between the number of added 
plant species and relative performance, and ε is the random error. 
The glmmTMB() function in the glmmTMB (version 4.3.1) library 
in R statistical environment was used to fit a beta regression model 
using maximal likelihood estimation (56). We used the R function 
“confint()” in the “stats” library to calculate 95% CI of the parame-
ters estimated.

Structural equation modeling for binary plant diversity and 
number of added plant species
To explore the bottom-up and top-down effects of binary plant di-
versity on the tritrophic interactions between plants, invertebrate 
herbivores and their natural enemies, we used subsets of our data. 
These were (i) paired tritrophic observations (i.e., for all natural en-
emies, for predators and for parasitoids) (see tables S6, S16, and S17); 
(ii) different ecosystem types (croplands, grasslands, and forests) 
(Fig. 4 and table S6), being divided by plant performance versus her-
bivore performance versus predator performance, and plant perfor-
mance versus herbivore performance versus parasitoid performance, 
separately for croplands, grasslands and forests (figs. S8 and S9 and 
tables S16 and S17); (iii) different climatic regions, plant types, and 
study types (figs. S10 to S18 and table S14); (iv) and comprising dif-
ferent climatic regions, plant types, and study types separated by 
each ecosystem (tables S7 to S9). Meanwhile, to investigate the ef-
fects of varying levels of plant species richness, we carried out struc-
tural equation modeling to test the direct and indirect effects of the 
number of added plant species on the above tritrophic interactions 
across different ecosystems, climatic regions, plant types, and study 
types, respectively (tables S10 to S13, S15, S18, and S19). Specifically, 
we used structural equation modeling to understand the relative ef-
fect of (i) increasing plant species richness on the performance of 
the overall plant community, (ii) the indirect effect of plant perfor-
mance resulting from the response by the herbivore performance to 
increasing plant species richness (top-down effect), (iii) the indirect 
effect of herbivore performance resulting from the response by the 
natural enemy performance to increasing plant species richness (top-
down effect), (iv) the indirect effect of natural enemy performance 
resulting from the response by the herbivore performance to in-
creasing plant species richness (bottom-up effect), and (v) the indi-
rect effect of herbivore performance resulting from the response by 
the plant performance to increasing plant species richness (bottom-
up effect). Likewise, we considered the number of added plant species 
as predictor and conducted the same analyses as the above binary 
plant diversity. Plant performance, herbivore performance, and natu-
ral enemy performance were derived from these pairwise datasets.

To analyze the direct and indirect effect of binary plant diversity 
and the number of added plant species, we fitted piecewise struc-
tural equation models to each of the data subsets. In this analysis, we 

used the standardized values of varying performance as the response 
variable. Specifically, the direct effects of binary plant diversity or 
the number of added plant species on varying performance was es-
timated using linear mixed-effects models

1) Top-down effect [directional effects describing: plant diversity 
→ secondary consumers (i.e., natural enemy performance, predator 
performance, and parasitoid performance) → primary consumers 
(i.e., invertebrate herbivore performance) →  primary producers 
(i.e., plant performance)]

2) Bottom-up effect [directional effects describing: plant diversity 
→ primary producers (i.e., plant performance) → primary consumer 
(i.e., invertebrate herbivore performance) → secondary consumers 
(i.e., natural enemy performance, predator performance, and parasit-
oid performance]

where β0 is the intercept of each linear mixed-effects model; 
β1, β3, and β5 are the estimated effect size of the logarithm of the 
number of added plant species on relative performance (i.e., plant 
performance, herbivore performance, and natural enemy perfor-
mance); β2 and β4 are the effect of plant/natural enemy performance 
on herbivore performance and herbivore performance on plant/natural 
enemy performance, respectively; ri represents the random intercept 
in ith study; wij is the random intercept of the jth observation in 
ith study; and εij is the random error term. In top-down effect mod-
eling, Eq. 4 models the relationship between the number of added 
plant species and natural enemy performance, Eq. 5 models the rela-
tionship between the number of added plant species and herbivore 
and natural enemy performance, and Eq. 6 models the relationship 
between the number of added plant species and plant and herbivore 
performance. In bottom-up effect modeling, Eq. 7 models the rela-
tionship between the number of added plant species and plant per-
formance, Eq. 8 models the relationship between the number of 

Relative performance=
eβ0+β1×log2(The number of added plant species)

1+eβ0+β1×log2(The number of added plant species)
(3)

Natural enemy performance in tritrophic interaction = β0+ β1

× log2
(

The number of added plant species
)

+ ri+ wij+ εij
(4)

Herbivore performance in tritrophic interaction = β0 + β2

× Natural enemy performance in tritrophic interaction+ β3

× log2
(

The number of added plant species
)

+ ri+ wij+ εij

(5)

Plant performance in tritrophic interaction = β0+ β4

× Herbivore performance in tritrophic interaction+ β5

× log2
(

The number of added plant species
)

+ ri + wij+ εij

(6)

Plant performance in tritrophic interaction = β0+ β1

× log2
(

The number of added plant species
)

+ ri+ wij+ εij
(7)

Herbivore performance in tritrophic interaction = β0 + β2

× Plant performance in tritrophic interaction+ β3

× log2
(

The number of added plant species
)

+ ri+ wij+ εij

(8)

Natural enemy performance in tritrophic interaction= β0 + β4

× Herbivore performance in tritrophic interaction+ β5

× log2
(

The number of added plant species
)

+ ri+ wij+ εij

(9)
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added plant species and herbivore and plant performance, Eq. 9 
models the relationship between the number of added plant spe-
cies and natural enemy and herbivore performance. The detailed 
models follows below

i) Binary plant diversity/number of added plant species − Natural
enemy performance − Herbivore performance in tritrophic inter-
actions (top-down effect) (tables S6 and S10)

Natural enemy performance in tritrophic interactions =

Herbivore performance in tritrophic interactions =

Plant performance in tritrophic interactions = 

β0+β2×Herbivore performance in tritrophic interactions+ 

β3 × log2
(

The number of added plant species
)

+ ri+ wij+ εij 

iii) Binary plant diversity/number of added plant species – Natural
enemy performance − Herbivore performance – Plant performance in 
tri-trophic interactions (top-down effect) (tables S6 and S10)

Natural enemy performance in tritrophic interactions =

Herbivore performance in tritrophic interactions =

Plant performance in tri− trophic interactions=

iv) Binary plant diversity/number of added plant species – Plant
performance – Herbivore performance in tritrophic interactions 
(bottom-up effect) (tables S6 and S10)

Plant performance in tritrophic interactions =

Herbivore performance lnRR =

v) Binary plant diversity/number of added plant species –
herbivore performance – Natural enemy performance in tritrophic 
interactions (bottom-up effect) (tables S6 and S10)

Herbivore performance in tritrophic interactions =

Natural enemy performance in tritrophic interactions =

vi) Binary plant diversity/number of added plant species – Plant
performance − Herbivore performance – Natural enemy performance 
in tritrophic interactions (bottom-up effect) (tables S6 and S10)

Plant performance in tritrophic interactions =

Herbivore performance in tritrophic interactions =

Natural enemy performance in tritrophic interactions =

vii) Binary plant diversity/number of added plant species – Predator
performance − Herbivore performance – Plant performance in tri-
trophic interactions (top-down effect) (tables S16 and S18)

Predator performance in tritrophic interactions =

Herbivore performance in tritrophic interactions =

Plant performance in tritrophic interactions =

viii) Binary plant diversity/number of added plant species –
Parasitoid performance − Herbivore performance – Plant performance 
in tritrophic interactions (top-down effect) (tables S17 and S19)

Parasitoid performance in tritrophic interactions =

Herbivore performance in tritrophic interactions =

Plant performance in tri − trophic interactions =

ix) Binary plant diversity/number of added plant species – Natural
enemy performance – Herbivore performance in croplands, grasslands, 
forests respectively in tritrophic interactions (top-down effect) (Fig. 4 
and tables S6 and S10)

Natural enemy performance in different ecosystems =

 Herbivore performance in different ecosystems =

β0 + β1 × log2
(

The number of added plant species
)

+ ri +wij + εij

Herbivore performance in tritrophic interactions =
β0 + β2 × Natural enemy performance in tritrophic interactions + β3

× log2
(

The number of added plant species
)

+ ri + wij + εij

ii) Binary plant diversity/number of added plant species –
Herbivore performance – Plant performance in tri- trophic interac-
tions (top- down effect) (tables S6 and S10)

β0+ β1× log2
(

The number of added plant species
)

+ ri+wij+εij

β0+ β1× log2
(

The number of added plant species
)

+ ri+ wij+ εij

β0 + β2× Natural enemy performance in tritrophic interactions+

β3 × log2
(

The number of added plant species
)

+ ri+ wij+ εij

β0+ β4× Herbivore performance in tritrophic interactions+ β5 ×

log2
(

The number of added plant species
)

+ ri+ wij+ εij

β0+ β1× log2
(

The number of added plant species
)

+ ri+ wij+ εij

β0+ β2× Plant performance in tritrophic interactions+ β3×

log2
(

The number of added plant species
)

+ ri+ wij+ εij

β0+β1× log2
(

The number of added plant species
)

+ ri+wij+εij

β0+ β2× Herbivore performance in tritrophic interactions+ β3×

log2
(

The number of added plant species
)

+ ri+wij+ εij

β0 + β1 × log2
(

The number of added plant species
)

+ ri + wij+ εij

β0 + β2 × Plant performance in tritrophic interactions+ β3×

log2
(

The number of added plant species
)

+ ri+ wij+ εij

β0+ β4×Herbivore performance in tritrophic interactions+ β5×

log2
(

The number of added plant species
)

+ ri+ wij+ εij

β0+ β1× log2
(

The number of added plant species
)

+ ri+wij+ εij

β0+ β2× Predator performance in tritrophic interactions+ β3×

log2
(

The number of added plant species
)

+ ri+ wij+ εij

β0+ β4×Herbivore performance in tritrophic interactions+ β5×

log2
(

The number of added plant species
)

+ ri+ wij+ εij

β0+ β1× log2
(

The number of added plant species
)

+ ri+wij+ εij

β0+β2× Parasitoid performance in tritrophic interactions+ β3×

log2
(

The number of added plant species
)

+ ri+ wij+ εij

β0+β4 × Herbivore performance in tritrophic interactions+ β5×

log2
(

The number of added plant species
)

+ ri+ wij+ εij

β0+ β1× log2
(

The number of added plant species
)

+ ri+ wij+ εij

β0+ β2× Natural enemy performance in different ecosystems+

β3× log2
(

The number of added plant species
)

+ ri+ wij+ εij

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 04, 2026



Wan et al., Sci. Adv. 12, eaeb8680 (2026)     23 July 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

16 of 19

x) Binary plant diversity/number of added plant species – Herbi-
vore performance – Plant performance in croplands, grasslands, forests, 
respectively, in tritrophic interactions (top-down effect) (Fig. 4 and 
tables S6 and S10)

Herbivore performance in different ecosystems =

Plant performance in different ecosystems =

xi) Binary plant diversity/number of added plant species – Natural 
enemy performance – Herbivore performance – Plant performance 
in croplands, grasslands, forests, respectively in tritrophic interac-
tions (top-down effect) (Fig. 4 and tables S6 and S10)

Natural enemy performance in different ecosystems =

Herbivore performance in different ecosystems =

Plant performance in different ecosystems=

xii) Binary plant diversity/number of added plant species – Natural 
enemy performance – Herbivore performance in herbaceous plants, 
woody plants, managed studies, observational studies, temperate cli-
matic zones, and tropical climatic zones among different ecosystem 
types, respectively, in tritrophic interactions (top-down effect) (figs. 
S10 to S18 and tables S7 to S9 and S11 to S15)

Natural enemy performance in different subgroups =

H erbivore performance in different subgroups =

xiii) Binary plant diversity/number of added plant species – 
Herbivore performance – Plant performance in herbaceous plants, 
woody plants, managed studies, observational studies, temperate 
climatic zones, and tropical climatic zones among different ecosys-
tem types, respectively, in tritrophic interactions (top-down effect) 
(figs. S10 to S18 and tables S7 to S9 and S11 to S15)

Herbivore performance in different subgroups =

Plant performance in different subgroups =

xiv) Binary plant diversity/number of added plant species – Natural 
enemy performance – Herbivore performance in herbaceous plants, 
woody plants, managed studies, observational studies, temperate 

climatic zones, and tropical climatic zones among different ecosys-
tem types respectively in tri-trophic interactions (top-down effect) 
(figs. S10 to 18 and tables S7 to S9 and S11 to S15)

Natural enemy performance in different subgroups =

H erbivore performance in different subgroups =

Plant performance in different subgroups =

In the analysis of top-down effects, we used mediation analysis to 
test whether the effect of an independent variable D (i.e., plant diversi-
ty) on a dependent variable Y (i.e., herbivore performance) (D → Y) 
is at least partly explained via the inclusion of a mediator variable X 
(i.e., secondary consumers including natural enemy performance, 
predator performance, and parasitoid performance) (D → X → Y). 
Meanwhile, we also test whether the effect of an independent vari-
able D on a dependent variable Z (i.e., plant performance) is at least 
partly explained via the inclusion of a mediator variable Y (D → 
Y → Z). Similarly, in analysis of bottom-up effects, the effect of an 
independent variable D′ (i.e., plant diversity) on a dependent vari-
able X′ (i.e., secondary consumers including natural enemy perfor-
mance, predator performance, and parasitoid performance) (D′ → X′) 
is at least partly explained via the inclusion of a mediator variable Y′ 
(i.e., herbivore performance) (D′ → Y′ → X′), and the effect of an 
independent variable D′ on a dependent variable Y′ is at least partly 
explained via the inclusion of a mediator variable Z′ (i.e., plant per-
formance) (D′ → Z′ → Y′). Likewise, mediation analysis of both 
top-down and bottom-up effects were adopted to analyze the effects 
of the number of added plant species (i.e., a continuous variable de-
scribing the increase in plant species richness) on trophic groups and 
their interactions (see fig. S25). In our top-down effect, the five caus-
al paths e1, e2, e3, e4, and e5 correspond to the effect of plant diver-
sity on secondary consumer performance, the effect of secondary 
consumer performance on herbivore performance, the effect of plant 
diversity on herbivore performance accounting for secondary con-
sumer performance, the effect of herbivore performance on plant 
performance, and the effect of plant diversity on plant performance 
accounting for herbivore performance, respectively. The five causal 
paths correspond to parameters from three regression models, one 
in which secondary consumer performance is the outcome and plant 
diversity is the predictor, one in which herbivore performance is the 
outcome and plant diversity and secondary consumer performance 
are the simultaneous predictors, one in which plant performance is 
the outcome and herbivore performance is the predictors and one in 
which plant performance is the outcome and plant diversity and herbi-
vore performance are the simultaneous predictors. From these pa-
rameters, we can calculate the mediation effect (the product e2 × e3 
and e3 × e4) and total effect (e2 × e3 + e1) of plant diversity on herbi-
vore performance and total effect (e3 × e4 + e5) of plant performance 
on plant performance. In our bottom-up effect, the five causal paths 
e1′, e2′, e3′, e4′, and e5′ correspond to the effect of plant diversity on 
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(
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(
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secondary consumer performance, the effect of herbivore performance 
on secondary consumer performance, the effect of plant diversity on 
secondary consumer performance accounting for herbivore perfor-
mance, the effect of plant performance on herbivore performance, 
and the effect of plant diversity on herbivore performance accounting 
for plant performance respectively. The five causal paths correspond 
to parameters from three regression models, one in which second-
ary consumer performance is the outcome and herbivore performance 
is the predictor, one in which secondary consumer performance is 
the outcome and plant diversity and herbivore performance are the 
simultaneous predictors, one in which plant performance is the out-
come and plant diversity is the predictors, and one in which herbivore 
performance is the outcome and plant diversity and plant perfor-
mance are the simultaneous predictors. From these parameters, we 
can calculate the mediation effect (the product e1′ × e2′ and e4′ × 
e5′) and total effect (e1′ × e2′ + e1′) of plant diversity on secondary 
consumer performance and total effect (e4′ × e5′ + e3′) of plant 
diversity on herbivore performance. Likewise, mediation analysis of 
both top-down and bottom-up effects were adopted to analyze the 
effects of the number of added plant species (i.e., a continuous vari-
able describing the increase in plant species richness) on trophic 
groups and their interactions. It is possible that the action of preda-
tors can influence soil nutrient cycling via nutrient redistribution from 
excretion or carcasses (19, 20, 57). However, the original studies that 
were included in our analysis were not designed to explicitly test this 
process, and so this potential effect has not been considered in the 
structural equation models (SEMs). In addition, it is well established 
that plant structure can directly affect predator abundance by pro-
viding architectural complexity leading to habitat or niche diversifi-
cation (19, 20, 57). Yet, as few of the original studies in our analysis 
directly assessed plant structural components, we are unable to ana-
lyze this further. However, plant diversity is linked to, and to an extent 
inseparable from, overall plant community architectural complexity. 
Its impacts on predator abundance and ecosystem service delivery 
are thus captured in our analysis, albeit not necessarily explicitly.

Our SEM path analyses were fitted with “psem” function in library 
“piecewiseSEM” (58), using series of linear mixed-effects models with 
random intercepts for (i) experimental order of studies, area of ex-
perimental site, experimental year, units of target species or trophic 
group performance indicators, and replicate order for target species 
or trophic group performance in both control and treatment for 
grasslands and forests; and (ii) experimental order of studies, area of 
experimental site, experimental year, units of target species or tro-
phic group performance indicators, replicate order for target species 
or trophic group performance in both control and treatment and plant 
diversity practices (i.e., intercropping, cover cropping, and sown field 
margins) for croplands. Here, experimental order of studies refers to 
the 149 experiments from order 1 to order 149 (the sequence of the 
experiments was determined on the basis of the time when we got 
the data from the authors who provided us data). Replicate order for 
target species or trophic group performance in both control and treat-
ment refers to the number of replicates in a certain experiment. Spe-
cifically, we extracted the t values and its corresponding coefficient 
to test the effects of binary plant diversity on the tritrophic interac-
tions of plant, herbivore, and natural enemy performances (table S6). 
Furthermore, we tested the effects of binary plant diversity on the 
tritrophic interactions of plants, herbivore, and natural enemy (i.e., 
predators and parasitoids) performances (figs. S8 and S9 and tables S16 
and S17). Likewise, we tested the effects of plant species gradients on 

top-down and bottom-up effects in croplands, grasslands, and forests 
(figs. S19 to S21 and data S3 to S5). The estimations and test statistics 
were extracted using the “summary()” function in R on piecewise 
equation SEM models.
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Supplementary Text
Figs. S1 to S25
Tables S1 to S19
Legends for data S1 to S7
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Data S1 to S7
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