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Abstract: The diversity-productivity relationship suggests that increasing plant species could increase
primary productivity, with this effect being explained in part by the suppression of plant antagonists.
We conducted a global synthesis of 609 studies to investigate how plant diversity affects plants and
their antagonists. Here we show that increasing plant species consistently promotes plant performance
and suppresses antagonist performance in agroecosystems, grasslands and forests, for herbaceous and
woody plants, across tropical and temperate zones, and for replacement series and additive experimental
design studies. Crop diversification (e.g., intercropping and cover cropping) indirectly promotes crop
production through the suppression of pests. This demonstrates that diversifying planting systems can
increase productivity while reducing reliance on synthetic pesticides, offering a sustainable pathway for
agriculture from subsistence to large scale agriculture. Overall, these results suggest crop diversification
has considerable potential to support sustainable agroecosystems that benefit productivity while

reducing reliance on synthetic pesticides.

Monocultures have been the heart of intensive agricultural and forestry systems since before
the green revolution of the 1960’s'. While monocultures can be high yielding?, they have had
negative consequences, including loss of co-occurring native biodiversity> with nock-on
consequences for biological pest control* and crop pollination’. Monocultures are linked to the
heavy use of often synthetic pesticides and fertilizers, which contribute to impacts on
agroecosystem biodiversity as well as having negative consequences in terms of wider diffuse
pollution®. Increasing plant diversity can mitigate these negative effects by promoting
multiple ecosystem functions and services® ! This can be achieved though crop diversification
(e.g., intercropping, cover cropping and sown field margins) in arable and horticultural systems,
diversified grasslands, and mixed forest plantations. For example, intercropping has been
shown to increase crop yield under low nitrogen availability'>!®, to reduce pesticide and
nitrogen fertilizer reliance while maintaining gross margins'#, and to decrease pests'>.
Mechanisms such as the resource-use complementarity hypothesis, based on negative
interspecific interactions (competition theory), have been proposed to explain why increasing
plant species can promote primary productivity®!®. However, an increase in productivity with
increasing plant diversity may be explained by complementarity in top-down control. Here, the

impact of specialist consumers (e.g. pest herbivores) on plants would be lessened as, thereby
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promoting overall productivity®. Individual experiments have demonstrated that increasing
plant diversity can suppress plant antagonists, as evidenced by decreases in the abundance or

I7.18 " plant-feeding nematodes!® and rodents?®, decreases in

biomass of insect herbivores
competitive weeds (i.e. both agricultural as well as invasive non-native plants in natural
ecosystems)?!, and reductions in plant disease spread or damage?*?*. Where the abundance of
soil pathogens is not linearly related to the density of susceptible plant species there may also
be a complementarity effect whereby plant-soil feedbacks negatively affect the growth of plants
to a greater extent in monocultures than in diverse communities?*2°. However, opposite results
have also been reported in a few studies. For example, increasing plant species was shown to
increase damage from herbivorous thrips®’. If antagonists are suppressed, plant productivity
may be enhanced indirectly by plant species richness resulting in increased yields in production
systems such as crops, timber or fibre. The suppression of antagonists by plant diversity in
agroecosystems (i.e., crop diversification) has significant potential to contribute to pesticide
reduction strategies by maintaining antagonist populations below the threshold for economic
injury®?®. However, there remains considerable debate over how generalized these plant
diversity-antagonist relationships are as we currently lack a comprehensive understanding of
their context dependence?’.

Meta-analysis is an effective tool to support evidence-based practice by resolving
seemingly contradictory research outcomes across the broader literature®. Previous meta-
analyses have shown that plant species diversity has variable effects on invertebrate herbivore
abundance and damage®?. They have also shown that increasing plant species diversity can
decrease arthropod pests®*, and increase plant productivity®® and crop yield***>. In addition,

past meta-analyses focusing on agroecosystem intercropping have also identified this can

15,3642 4346 15,47 36,48,49
2

increase crop yields and decrease pests™ ", including plant diseases'>*’, weeds
and pest nematodes'”. Intercropping has also been shown to increase natural enemies of
arthropod pests (i.e., predators and parasitoids)** 6. However, these previous meta-analyses
have only considered specific plant antagonists or pests, and did not distinguish specific types
of plant diversity or experimental designs. Further, they did not consider the indirect (mediation)
effects of plant antagonists on the diversity-productivity relationship and how such mediation
effects can vary globally across different ecosystems, plant diversity types, experimental design
types (replacement series vs. additive), plant forms (herbaceous vs. woody), climatic zoness

(temperate vs. tropical), or types of experimental study (plot vs. pot).
3
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Here, we conducted a global synthesis of 609 biodiversity experiments from which we
derived 5,712 effect size observations on the impact of plant species diversity (i.e.,
intercropping, cover cropping, sown field margins, diversified grasslands, and mixed forest
plantations) on plant performance. We assessed the effects of plant species diversity on a wide
range of antagonist groups, i.e., invertebrate herbivores, plant diseases (bacteria, fungi, and
viruses), weeds, plant-feeding nematodes, and plant-consuming rodents (Fig. 1a; Extended
Data Fig. 1; Supplementary Data 1). We focused on the consequences of increasing plant
species on overall measures of: (i) plant growth, reproduction, and quality; (ii) invertebrate
herbivore growth, reproduction, and damage that herbivores cause to plants; (iii) disease
reproduction, spread and damage; (iv) weed growth, reproduction, and diversity; (v) nematode
reproduction, and damage; (vi) rodent reproduction, and damage; and (vii) aggregate
performance indicators?® for each of these categories. From these response variables, we
derived log ratio response (InRR) effect sizes comparing diverse plant communities (i.e., high
plant species richness) and simple plant communities or monocultures (i.e., low species
richness). Piecewise structural equation modeling was then used to analyze the effects of plant
species diversity on plant performance as mediated though plant antagonists across different
levels of plant diversity. We hypothesized that plant species richness within agricultural (arable
and horticulture), grassland, and forestry ecosystems (Fig.1b): (i) increases plant performance
directly through either increased complementarity or decreased competition among different
plant species (H1); (i) decreases plant antagonist performance directly (H2), and (iii) increases
plant performance indirectly by reducing the performance of plant antagonists (H3). We also
propose that this diversity-antagonist-productivity relationship varies across different
ecosystems, plant diversity types, experimental design types, plant life forms, and climatic
zones. Together, we recommend a plant antagonist hypothesis and suggest that mediation
effects of plant antagonists on plants can be another mechanism by which plant diversity

influences plant performance both directly and indirectly.

Results and Discussion

Direct effect of plant species richness on plant performance

Our results were based on 5,712 observations from 609 articles and confirmed the biodiversity-
productivity relationship (Supplementary Tables 1-3). However, agroecosystems (arable and

horticulture; N=2,583) datasets were considerably larger than those for forests (N=118) and
4
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grasslands (N=65). Overall, we found that increased plant species richness promoted plant
performance across global terrestrial ecosystems, for metrics including plant growth, quality,
and reproduction (Fig.1c) (CI=0.148 to 0.221, df=2390, ES (effect size)=0.184, P<0.001)
(Supplementary Table 3). When we split the aggregate indicator of plant performance into plant
growth, reproduction and quality, we also found each showed positive responses to increasing
plant species (plant growth: CI=0.165 to 0.271, df=1160, ES=0.218, P<0.001; plant
reproduction: CI=0.072 to 0.169, df=956, ES=0.120, P<0.001; plant quality: CI=0.068 to 0.170,
df=272, ES=0.119, P<0.001; see Supplementary Table 3). All responses of plant performance
to plant diversity were positive across different ecosystem types, with the largest effect size
found in grasslands (Fig. 2a) (grasslands: CI=0.271 to 0.535, df=467, ES=0.403, P<0.001;
agroecosystems: CI=0.107 to 0.179, df=1784, ES=0.143, P<0.001; forests: CI=0.041 to 0.208,
df=137, ES=0.124, P=0.004) (Supplementary Table 4). We explain this pattern through five
mechanisms by which increasing plant species could promote productivity: 1) mixed planting
(e.g., intercropping but not cover cropping) resulting in a complementarity effect (i.e., direct
niche partitioning or facilitation between plants)®!¢ that impacts trophic interactions with other
non-plant species’**°. This is relevant to our H1: complementarity or decreased competition

18,30 plant disease?? and

hypothesis; ii) reduced pressure of plant antagonists (e.g., herbivores
weeds?!) indirectly facilitating plant productivity*S. This has implication for our hypotheses
H2: directly decreased plant antagonist performance, and H3: indirectly decreased plant
antagonist performance; iii) strengthening of the top-down effects of natural enemies on crops
by providing additional resources for natural enemies supporting increased population sizes*>=!;
iv) improved soil fertility'?, field micro-climate®?, and increasing nutrient use efficiency>’; and
v) direct positive effect on plant-plant interactions though the release by one or more plant
species in a mixture of beneficial plant secondary compounds like allelochemicals®*. We also
found positive responses of plant performance in response to plant diversity for herbaceous and
woody plants (Fig. 2b), temperate and tropical zones (Fig. 2¢), plot and pot experiments (Fig.
2d), and additive design and replacement series designs (Fig. 2f).

When we classified plant diversity in agroecosystems (i.e., crop diversification) into
intercropping, cover cropping, and sown field margins, we found that intercropping increased
plant performance through its action on plant growth, quality, and reproduction (growth:

CI=0.034 to 0.159, df=517, ES=0.097, P=0.003; reproduction: CI=0.061 to 0.153, df=758,

ES=0.107, P<0.001; quality: CI=0.054 to 0.198, df=201, ES=0.126, P=0.001; see Fig. 2e and
5
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Supplementary Table 4). Increased crop production in intercropping might be due to a more
efficient use of available resources though complementarity in niches, leading to a reduced
reliance on external inputs that may be important in the context of sustainable crop
production®>-*°. Likewise, we found that cover cropping increased plant performance (growth:
CI=0.103 to 0.338, df=100, ES=0.220, P<0.001; reproduction: CI=0.080 to 0.402, df=148,
ES=0.241, P=0.004; quality: CI=0.175 to 0.248, df=8, ES=0.212, P<0.001). Cover crops
promote the production of main crops either by acting as green manures when incorporated
into soils or directly though nitrogen release in the case of legumes>’.

Possibly due to low sample sizes, the evidence for increased plant performance in
response to sown field margins was equivocal with effect sizes more or less symmetrical
around zero (growth: CI=—0.458 to 0.545, df=13, ES=0.044, P=0.853; reproduction:
CI=—0.010 to 0.246, df=32, ES=0.118, P=0.069; quality: N=0; see Fig. 2d and
Supplementary Table 4). However, field margins increase diversity at the scale of the whole
field, and so direct interactions leading to and king of complementarity with crop species are
limited.  Indeed, field margins likely principle role in increasing crop productivity is via a
reduction in pest populations through spill over from invertebrate natural enemies or in the

case of flowering crops though increased pollination*®.

Direct effects of plant species richness on plant antagonists

Across all studies, plant species richness decreased the overall performance of plant antagonists
(CI=-0.490 to —0.388, df=3318, ES=—0.439, P<0.001) as well as when considered as
subgroups of herbivores (CI=—0.522 to —0.379, df=1809, ES=—0.451, P<0.001), plant diseases
(CI=-0.465 to —0.323, df=601, ES=—0.394, P<0.001), weeds (CI=—0.632 to —0.396, df=600,
ES=-0.514, P<0.001), plant-feeding nematodes (CI=—0.461 to —0.134, df=284, ES=-0.298,
P<0.001) and plant-consuming rodents (CI=—0.677 to —0.270, df=20, ES=—0.474, P<0.001).
This pattern of responses largely held when these aggregate performance indicators for each
antagonist group were partitioned into individual components, i.e., when plant disease
performance was considered in terms of its component metrics of plant disease reproduction,
spread and damage (see Supplementary Table 3). When sample sizes were small, differences
in the response to increased plant species richness tended to be not significant (i.e., herbivore
growth: CI=—0.403 to 0.122, df=48, ES=—0.141, P=0.287, but for other cases see
Supplementary Table 3.
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We also tested whether responses differed among ecosystems. The responses of plant
antagonist performance to increasing plant species was negative for agroecosystems
(CI=—0.538 to —0.423, df=2777, ES=—0.481, P<0.001) and grasslands (CI=—0.466 to —0.147,
df=315, ES=-0.306, P<0.001), but only marginally significant in forests (CI=—0.213 to 0.013,
df=224, ES=-0.100, P=0.083). When plant antagonists were split into different subgroups (i.e.,
invertebrate herbivores, plant diseases, nematodes, rodents, and weeds) and into different
response categories (e.g., invertebrate herbivore growth, reproduction, and damage), the
overall pattern described above was maintained in agroecosystems (Fig. 2a; Extended Data Fig.
2a), but these responses varied in grasslands and forests (Extended Data Fig. 2b, c;
Supplementary Table 4). We found that plant species richness reduced herbivore performance
(i.e., herbivore growth, reproduction and damage) only in agroecosystems (CI=—0.602 to
—0.443, df=1436, ES=—0.523, P<0.001) (Supplementary Table 4). This finding supports
several key hypotheses, including: 1) the Enemies Hypothesis that suggests herbivore natural
enemy performance is positively related to plant species richness®**%, 2) the Resource
Concentration Hypothesis (RCH) which argues that the density of insect herbivores increases
with monoculture host density and patch size®, and, finally, 3) the Insurance Hypothesis (IH)
whereby more diverse crops provide insurance against pest damage’’. However, there was little
support for these hypotheses in grasslands (CI=—0.316 to 0.065, df=171, ES=—0.126, P=0.195)
and forests (CI=—0.162 to 0.067, df=200, ES=-0.048, P=0.413) as the negative response of
herbivores to plant species richness had confidence intervals that overlapped zero.

The observed differences may be due to the more common outbreaks (i.e., more severe
impacts) of specialist herbivores in agroecosystems than grasslands, although for monospecific
forest destructive outbreaks of specialist herbivore do occur. The prevalence of this effect may
be exacerbated by lower crop diversity in arable or horticultural cropping systems (~2-3 plant
species in general)'®?* than would be seen in many grasslands (e.g. the Jena experiment in

1011 and Cedar Creek experiment in the USA*!!'; both consider 60 plant species), and

Germany
to a lesser extent for forests (e.g. a maximum of 24 tree species in a Chinese forestry study>?).
Increased plant species richness may also provide greater access to nutritionally superior or
more variable food resources for insect herbivores in grasslands, particularly for oligophagous
or polyphagous specie®.

Across all studies, we found that increased plant species richness decreased symptomatic

disease expression in plants in agroecosystems (CI=—0.458 to —0.301, df=514, ES=0.379,
7
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P<0.001), grasslands (CI=—0.696 to —0.358, df=70, ES=—0.527, P<0.001) and forests
(CI=-0.689 to —0.100, df=15, ES=-0.395, P=0.012), as well as weed performance in
agroecosystems (CI=—0.610 to —0.369, df=547, ES=-0.490, P<0.001) and grasslands
(ClI=-1411 to —0.072, df=52, ES=-0.742, P=0.031). As to different groups of plant
anatagonists in the three ecosystems, nematode performance only in agroecosystems
(CI==0.511 to —0.117, df=266, ES=—0.314, P=0.002), and rodent performance in both
agroecosystems (CI=—0.712 to —0.428, df=10, ES=-0.570, P<0.001) and grasslands
(CI=-0.924 to —0.160, df=6, ES=—0.542, P=0.013) also decreased with plant species richness.
These finding strongly suggest that enhancing plant species richness is an effective method to
promote antagonist control services in managed systems, such as agro-ecosystems, managed
grasslands and production forest. Increased control of antagonists might be explained by the
effects of plant species diversity on disease performance, resulting from altered wind and vector
dispersal, modified microclimate, dilution of host density, decreased vectors of plant diseases
(e.g., aphids and planthoppers), changes in host morphology and physiology and direct
pathogen inhibition??. Suppressed weed growth in diverse mixtures may be linked to the spatio-
temporal continuity of ground cover provided by the agricultural plants in diverse assemblages,
with this providing little bare ground for weeds to establish®'. It may also be related to the
allelopathic effects of diversified plant species on weed growth and germination®, and to the
physical and chemical properties of the mulches®’. Decreased growth of nematodes in diverse
plant communities may be a by-product of a greater diversity of allelopathic chemicals®*.
Alternatively, this may be due to many plant parasitic nematodes being relatively specialized
such that a diverse assembly of crop plants is likely to result in a dilution of suitable plants
across space and time®. Finally, increased rodent dispersal in monocrop plots may be driven
by a response to limited habitat and resource diversity availability?®. Overall, physical barriers,
allelopathic chemicals, plant species resistance, natural enemies and dilution effects may be
responsible for the negative effects of plant species richness on herbivores, plant diseases,
nematodes and weeds??.

Next, we tested whether these responses of plant antagonists and their subgroups differed
among plant life forms, climatic zones, experimental types, plant diversity types and
experiment design types. We found qualitatively similar negative responses for both
herbaceous and woody plants (Fig. 2b; Extended Data Fig. 3; Supplementary Table 5), for both

temperate and tropical zones (Fig. 2c; Extended Data Fig. 4; Supplementary Table 6), and in
8
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both additive (i.e. the densities of plant species increases as more species are added) and
replacement series (i.e. plant density remains constant, even as more plant species are added)
designs (Fig. 2f; Supplementary Table 7). Across types of experimental studies, we found
stronger responses from the subgroup of plant antagonists to plant species richness in plot than
in pot experiments, possibly due to smaller sample sizes in pot experiments (Fig. 2d; Extended
Data Fig. 5; Supplementary Table 7). This would restrict below-ground components of these
communities as well as dispersal parameters that would be encountered under field-based
experiments. Consequently, they do not incorporate the intricate biotic interactions existing in
natural communities.

Finally, we tested whether these responses of plant antagonists (i.e., pests in agroecosystems)
and their subgroups differed among intercropping, cover cropping, and sown field margins. We
found qualitatively similar negative responses for these crop diversification modes (Fig. 2e;
Supplementary Table 4). The mechanisms to explain the decreased pests are proposed to be
like those described above. Funnel plots for each trophic group was presented in Extended Data

Fig. 6.

Mediation analysis of plant species richness on plants and their antagonists
We used mediation analysis (i.e., path analysis) to test our proposed diversity-antagonist-
productivity relationship (Supplementary Tables 8—13). For our analysis, we collected 2,766
estimates of interactions between pairs of plants and plant antagonists derived from 240 articles.
First, we tested the effects of plant species richness (i.e., a binary variable) on plants and plant
antagonists using multilevel piecewise structural equation models. In these models, we
aggregated different plant antagonists together, i.e., invertebrate herbivores, plant diseases,
weeds, plant-feeding nematodes, and plant-consuming rodents (Supplementary Methods). We
found that plant species richness directly suppressed plant antagonists and increased plant
performance across terrestrial ecosystems and in agroecosystems, grasslands, and forests (Fig.
3). increasing plant species also increased plant performance indirectly by reducing the
performance of plant antagonists across terrestrial ecosystems (supplementary Table 11) and
specifically in agroecosystems (Fig. 3a). However, this indirect effect on plant performance via
suppression of antagonists was less pronounced in grasslands (Fig. 3b) or forests (Fig. 3c).
When we classified plant diversity in agroecosystems into different types, we found that

intercropping, cover cropping, and sown field margins directly suppressed plant antagonists
9
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(i.e., pests) and increased plant performance (i.e., crop production) (Figs. 3d—f). Intercropping

and cover cropping also increased crop production indirectly by reducing pests (Figs. 3d, e).

The effect of sown field margins on crop production via the suppression of pests were not as

clear as was seen for intercropping and cover crops (supplementary Table 11; Fig. 3f). Similarly,
the direct effects of plant species richness on plant performance and plant antagonist

performance were consistent in herbaceous-species dominated and woody-species dominated

systems, temperate and tropical zones, and in plot and pot experiments. The mediation effects

of plant antagonists on plant performance were significant for herbaceous plants (P=0.019,

N=2,514), plot experiments (P=0.027, N=2,513), and temperate zones (P=0.027, N=1524).

This finding may in part be a product of the well-studied effects of intercropping research in

field crops. However, mediation effects were not significant for woody plants (P=0.593, N=252)
or pot experiments (P=0.211, N=253), or in tropical zones (P=0.101, N=936) (Extended Data

Figs.7; Supplementary Table 13). Indirect positive effects of plant species richness on plant

performance were found to be mediated through a reduction of plant antagonist pressure when

we separately tested for the effects of invertebrate herbivores, plant diseases and weed

performance, although such an indirect effect was not evident for the nematodes (Fig. 4).

Our meta-analysis identifies that plant species richness enhances plant performance while
suppressing the performance of various groups of plant antagonists, including invertebrate
herbivores, plant diseases, weeds, plant-feeding nematodes and plant-consuming rodents.
Further, across all studies our analysis indicated that in a comparison of low vs high plant
diversity we see an increase in plant performance by 24.31% in agroecosystems, 69.59% in
grasslands and 28.75% in forests. This can be explained by the decrease in plant antagonist
performance by 30.18% in agroecosystems, 19.98% in grasslands and 8.85% in forests
(Extended Data Fig. 8). Increased plant performance resulting from decreasing plant
antagonist performance can be realized by adding only one plant species in agroecosystems,
grasslands and forests (Tables 1, 2). These results highlight the negative effects of plant
diversity on the plant antagonists, and in doing so contributes to the positive effects of the
biodiversity-productivity relationship. The diversity-antagonist-productivity relationship for
terrestrial ecosystems is highly dependent on the results from agroecosystems (studies from
agroecosystems accounted for 93.38% of those from terrestrial ecosystems).

Piecewise structural equation model indicated that plant diversity can promote crop

production through indirect effects (i.e., suppressing pests) in agroecosystems, as well as
10
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indirect mediation effects driven by factors such as improved soil fertility'3, field micro-
climate® and increasing nutrient use efficiency®®. While the data does not differentiate
between specialist and generalist antagonists, theoretical predictions show that it is likely that
specialists are mostly responsible for the observed effects.

From an applied perspective, our findings suggest that crop diversification, whether from
intercropping, cover cropping, or sown field margins, can help to promote crop pest control
and increase crop production®?. Such crop diversification may also help to mitigate climate
induced yield losses in the future by increasing system resilience®®. Many other forms of crop
diversification (e.g., crop rotations), landscape diversification, or cropping system
diversification might also be beneficial for pest control and crop production®” %, It is
important to note that this meta-analysis does not consider non-biological indicators (e.g.,
profitability, or access to specific markets via accreditation) which may alter the practical
viability of more diversified systems. Rather, the results of this study have identified the
general benefits across diverse production systems for suppressing plant antagonists though
increasing plant diversity. However, for each systems the subtleties of which crops, varieties
and unique traits to combine would need to be considered. This may include a need to
consider other agronomic decisions such as the use of agrochemicals authorized for specific
crops that may not be compatible with intercropping systems, as well as sowing density,
timing and establishment patterns. This is beyond the scope of this analysis. Our results
provide empirical support for more complex cropping systems that increase plant diversity in
agricultural fields and management strategies that foster increased diversity species co-

existence in grasslands and forests.

Methods

Definition of increasing plant species and number of added plant species

We considered “increasing plant species” as a binary variable (zero or one), indicating whether
plant species richness was increased, but irrespective of the number of plant species added.
Here “number of added plant species” is a continuous variable describing the increase in plant
species richness between the control and the treatment. When comparing 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 ensured that comparisons were also

between the same trophic groups. Sensitivity analysis for “increasing plant species” is provided
11
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in Supplementary Table 14. Description for analyses of incresing plant species richness and
number of added species richness is provided in Supplementary Table 15. Statistic values for
the relationship between number of added species richness in the plant species richness
treatment over the control is presented in Supplementary Table 16 and Supplementary Figs. 1—
12. Detailed results for “increasing plant species” are shown in Fig. lc, Figs. 2—4, Extended
Data Figs. 2—8, Supplementary Tables 1-15, 17, and Supplementary Figs. 13—42. Detailed
results for “number of added plant species” were shown in Tables 1 and 2, Supplementary

Results, Supplementary Tables 9, 11, 13, 15 and 16.

Study selection
Studies were selected through a literature search of the Web of Science Core Collection,
BIOSIS Previews, Derwent Innovations Index, KCI-Korean Journal Database, MEDLINE,
Preprint Citation Index, ProQuest™ Dissertations & Theses Citation Index, and SciELO
Citation Index. We used the Boolean search string based on the “TOPIC” searching: ["plant
diversity" OR "crop diversity" OR "crop diversification" OR "plant species richness" OR
"polyculture" OR "ground cover vegetation" OR "flower strip" OR "strip crop*" OR "grassy
field margin" OR "border crop" OR "intercrop*" OR "interplant*"] AND ["plant disease" OR
"plant virus" OR "nematode" OR "weed" OR "herbivor*" OR "pest" OR "biological control"
OR "rodent" OR "yield" OR "productivity" OR "biomass"]. This literature search was initiated
in June 2019, and finalized in August 2023. In total, the search yielded 386,895 articles (see
Extended Data Fig. 1 for a PRISMA diagram). Articles were screened by Y.Q.W., L.F., J.L.,
J.Z. and N.F.W.. Data were extracted from the articles by Y.Q.W., L.F., J.L. and N.F.W. during
which regular cross-checking was performed to ensure consistency in extracted effect sizes.
We used data giving the mean values of multiple sampling dates or years. If these mean
values were not presented, we used the data of the latest sampling period®. For articles that
covered more than one experimental location, we considered these experimental results
separately (see locations in Fig. 1a). When numeric values were not provided directly, we
extracted them from figures using the “GetData Graph Digitizer” 2.26. However, where linear
or non-linear relationships between plant species richness and one of the response variables
was presented in a figure, we extracted the values by fitting regression equations®.
To avoid pseudoreplication of data, we excluded multiple comparisons conducted within a

single experiment®*. Observations with the lowest plant species richness were considered as
12
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control groups, while those with higher plant species richness were considered as the treatment
groups. When an article included different levels of plant species richness, measurements for
the control groups (lowest plant species richness) were compared to all other treatments levels

of plant species richness and treated as independent paired observations.

Predictor variables

We used eight categorical variables as predictor variables (see Supplementary Methods for
details)—i) Trophic group: a categorical variable describing whether the target organisms were
invertebrate herbivores, plant diseases (plant pathogenic viruses, fungi and bacteria that
infested plants and cause damage to plants), weeds, plant-feeding nematodes, plant-consuming
rodents (e.g., rats and mice that damage crops, pasture or trees), or plants (e.g., crops, fruits,
grassland species and trees); and moreover, an aggregate categorical variable (i.e. plant
antagonists) including invertebrate herbivores, plant diseases, weeds, plant-feeding nematodes
and plant-consuming rodents. ii) Response category: growth, reproduction and damage of
herbivores; reproduction, spread and damage of plant diseases; weed growth, reproduction and
diversity (i.e., species richness and Shannon diversity of weeds); reproduction and damage of
plant-feeding nematodes; reproduction and damage of plant-consuming rodents; and growth,
reproduction and quality of plants. iii) Ecosystem type: agroecosystems, grasslands and forests.
iv) Plant life form: herbaceous or woody plants. v) Climatic zone: temperate or tropical (data
from greenhouse, indoor and laboratory experiments were removed from models including the
climatic zone variable)®. vi) Experiment type: plots (i.e., field and common garden
experiments) or pots (i.e., experiments with pots, containers, bottles, trays, boxes and tankers)
(detailed description was presented in Supplementary Methods). vii) plant diversity types: crop
diversification including intercropping, cover cropping and sown field margins in
agroecosystems, mixed forest plantations, and diversified grasslands. viii) experimental design
types: replacement series design and additive design. A replacement series design means that

total plant density remains constant, even as more plant species are added.

Definition of effect size and its measures
To test the effect of plant species richness on the various groups (invertebrate herbivores,
plant diseases, weeds, plant-feeding nematodes, plant-consuming rodents, or plants; and

moreover, an aggregate plant antagonists categorical variable including invertebrate
13



425  herbivores, plant diseases, weeds, plant-feeding nematodes and plant-consuming rodents), we
426  calculated the effect size and InRR of these groups. The first proposed formula as follows:
InRR, =1 (ml) !
n 1 — n mz (Eq' )
sd? sds  CVZ CV?
1 S A

v(InRR,) = > >
nymé n,m; ny n,

(Eq.2)

427

428  where mi and m; are the observed mean value in the treatment and control groups, sdi and sd>
429  are the standard deviations (SDs) in the treatment and control groups, and n; and n> are the
430  sample sizes in the treatment and control groups. m1, ma2, sdi, sd», n1 and n2 were extracted
431  from original articles. Namely, mean value, SD and sample sizes of both treatment and

432 control groups were included in our dataset to conduct meta-regression. This was done in

433  order to deal with missing standard deviations (SDs) in dataset, using the approach of

434 Nakagawa et al.”’ which is suited to accounting for missing SDs. Nakagawa et al.”® proposed
435  this new method weighting average coefficients of variation estimated from studies that do

436  report SDs in the dataset. This is done by:

InRR =1n<ﬂ)+1 v oy (Eq.3)
2 m,/ 2\ n, ny 4
(R cvi Vi Cvi cvd Ead)
VA2 = o n, 2n% 2n} b
[ZK . nll(l-CVli]z [ K . nlz{iCVZi:IZ
m 1 = AP ( P 1= R N
lnRR3=ln<m—:>+§ 7;1‘1 L n‘z‘l = (Eq.5)
[21{{_ n1iCV1i]2 [21{{_ nZiCVZi]z [ZK— nu'CVu‘]4
v(InRR3) = YIS TN o TN g
3 ny n, 2n? E46)
Eq.6
[ZK— nziCVZir
+ =1 f:ani
2n2

437  where CV=su/m is the coefticient of variation; sqs and » are the corresponding SDs and sample
438  size, respectively; CV;; and CV,; are the CVs from the ith study (study: i=1,2,...,K). The

439  proposed Eq.3 and Eq.5 can improve the accuracy and precision of the overall mean estimate.
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We can use Eq.5 and 6 to calculate the effect sizes and sample variances when SDs are
missing and use Eq.3 and 4 to calculate the effect size and sample variances when SDs are
not missing. This paper uses Eq.5 to calculate effect regardless of whether SDs are missing or
not, which was refer as “All Cases” method’® We used InRR as the response variable for

different models except for path analyses described below.

Meta-regression

Meta-regression’! was applied to test whether the effect sizes of different trophic groups could
be explained by increasing plant species and the various predictor variables. Specifically, we
fitted three-level mixed-effects meta-regression models, using the R package metafor (version
3.8-1). The effect size metric InRR was calculated using the function “Inrr laj()” in R.file

1.7°, This was used to

implemented using the package “func.R” developed by Nakagawa et a
calculate the effect size metric InRR for each observation as well as the unbiased sample
variance estimates as defined under Eq.6 (using function “v_Inrr laj()” in R.file “func.R”).
Trophic groups, trophic group response categories, ecosystem types, plant life forms, climatic
zones, types of experimental study, types of plant diversity, and experimental design types,
were included as moderators whose effects were assumed to be fixed. In all models, we treated
‘study’ as a random effect (see Supplementary Tables 1.1, 1.3, 2.1, 2.3). To handle non-
independence in effect sizes of each study, we added a random effect as a unique identifier for
each effect size in every study (EsID) which allows true effect sizes to vary within studies, and
to account for the within-study effect and quantify within-study heterogeneity. To obtain robust
results and account for differences in precision across studies and effect sizes, we weighted
effect sizes using the inverse of the addition of the variance-covariance matrix, which explicitly
captured the non-zero covariance arising from correlation between sampling variance within
the same original articles and random effect variance’?. Phylogenetic correction for plants was
also undertaken to investigate the effects of plant species richness on trophic groups. To do
this, plant species phylogenies were included as a random effect with phylogenetic relatedness
as part of the correlation structure. In addition, phylogenetic trees of all crop species in
agroecosystems were drawn to investigate the evolutionary relationships among different crop
species (Supplementary Fig. 43). Specifically, we matched the crop species included in our
analysis with the available synthetic tree in R package “rotl”, then the relationships between

each matched crop species were returned so that they could be used to draw phylogenetic trees.
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To adjust for repeated measurement of control values, we assigned the argument “V” in

“rma.mv()” function with the sampling variance-covariance matrix estimated as follows’?:

4
[Z{( . n}(zCVu:zl [Z{( ) nZlCVITll [Zf . nllCVICll

i=1 Mg, {<1an1 {{171161
2n?
\ “ (Eq.7)
lZK nZLCV1TLl
=t {{1n1T1
2n1T
4
[ZK nllCV1Cll [ZK nZlCVZTll [ZK nllCV1Cll
i1=1\vK i1=1\VK 1=1\VK
i=1 M1ci i=1 Nar,i i=1 N1c,i
2n?
) B (Eq.8)
n,; CV.
Z 20 21]
l =1 {<1n2T1
2ngr
4
l K nllCV1Cll [ZK nllCV1Cll
- SR e LY N (Eq.9)
12 2n1c

where the subscripts 17 and 27 represent the different treatment group who share the control
value in a same group; the subscript 1C represents the 1st control group; n represents the
number of observations, CV represents the coefficients of variance of observed value. Taking
this approach 116 plant species defined the correlation structure based on the plant phylogeny
(see Supplementary Tables 1.2, 1.4, 2.2, 2.4; Supplementary Methods)’>"*,

For each mixed-effects meta-regression model, we first fitted a base model by treating plant
species richness and trophic group as the fixed effect terms. Second, the interactions between
the trophic group and other predictor variables (types of ecosystems, plant life forms, climatic
zones, experiment study types, plant diversity types, and experimental design types) were also
included in the model to assess whether model fit was improved, using a likelihood-ratio test
(LRT). Third, the trophic group response category (nested within trophic group) and the
interactive effects between the response category and predictors were also included in the
model (using a LRT to allow model comparisons) (Supplementary Table 1). For example, the
model with “trophic group + ecosystem type” was compared to the base model with just trophic
group, and the model with “trophic group + trophic group X ecosystem type” would be

compared to a model with “trophic group + ecosystem type” (Supplementary Tables 1 and 2).
16



490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517

518

519

520

To examine whether the mean effect sizes of (added) plant species richness, response category
and other predictors differed significantly from zero, we acquired estimations with their 95%
confidence intervals, which were derived from the fitted meta-regression models. To assess the
between-study heterogeneity in these models, I?> statistics were calculated’>’>7

(Supplementary Tables 1-7) and orchard plots’’ are presented in Supplementary Figs. 13-42.

Mediation analysis to test the effects of plant species richness

To explore the trophic interactions between plants and various groups of plant antagonists, we
established a new data subset: 1) comprising paired trophic observations (e.g., plant
performance vs. herbivore performance) (see Supplementary Fig. 12); 2) encompassing the
paired observations of plant performance vs. plant antagonist performance in all ecosystems,
and separately for agroecosystems, grasslands and forests, and the paired observations of
plant performance vs. plant antagonist performance in intercropping, cover cropping and
sown field margin farming systems (Fig. 4; Supplementary Figs. 11a—d); 3) and comprising
the paired observations of plant performance vs. plant antagonist performance within
different plant life forms, climatic zones, and experimental type, respectively (Extended Data
Fig. 7; Supplementary Figs. 11e—j). The InRR effect sizes were derived from these pairwise
data sets.

To analyze the direct effect of plant antagonists on plant performance in path analysis,
residual regression was applied (Fig. 4 and Extended Data Fig. 7). In this analysis we used
the InRR as the response variable. Specifically, the direct effects of increasing plant species
on plant antagonist were estimated using linear mixed-effects model (See details in
Supplementary Methods):

plant antagonist performance InRR;; = 8 + 1; + ¢;;
Following Emmenegger & Biihlmann’®. The direct effect of plant species richness on plant
performance were estimated by regressing the Pearson residuals of the linear mixed-effects
model:
plant performance InRR;; = B X plant antagonist performance InRR;; + 7; + &;;
on plant species richness. The direct effects of plant antagonists on plants were estimated by
regressing the Pearson residuals extracted from the linear mixed-effects model:

plant performance InRR;; = B + 1; + ¢;;
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on the Pearson residuals extracted from the linear mixed-effects model:

plant antagonist performance InRR;; =  + 1; + &5
where [ is the effect size, r;is the random effect represents the heterogeneity between studies
or the phylogenetic relatedness of the plant species within ith study, ¢;;is the random error

term with variance equal to the InRR’s sample variance estimate.

In summary, for our path analyses, linear mixed-effects models were conducted with the R
function “Ime” of the package “nlme”, with random intercepts for study IDs. Heteroscedasticity
was accounted for by providing fixed variances based on InRRs and setting sigma to 1 in the
Ime call.

We extracted the z-values of corresponding coefficients to test the effects of plant species
richness on each of the interactions between performance values of plants and herbivores,
plants and diseases, plants and weeds, and plants and nematodes, respectively. Likewise, we
extracted the z-values of corresponding coefficients to test the effects of plant species richness
on the interactions between performance values of plants and the aggregate indicator (i.e., plant
antagonists) in different ecosystems (Fig. 4), as well as the effects of plant species richness on
the interactions between plant performance and plant antagonist performance for different plant
life forms, climatic zones, experiment types, plant diversity types in agroecosystems
(intercropping, cover cropping and sown field margins), and experimental design types,
respectively (Extended Data Fig. 7). The estimations and test statistics were extracted using the
R function “coef()” (Supplementary Tables 8, 10 and 12). The relative goodness-of-fit analyses
for path analyses of predictor variables (plant species richness), were conducted by extracting
AIC (Akaike information criterion), AICc (corrected Akaike information criterion), BIC
(Bayesian information criterion) and log-likelihood from the fitted models, using R functions

“AIC()”, “AlCc()”"”?, “BIC()” and “logLik()” (Supplementary Table 15).

Publication bias test

We assessed publication bias using regression tests®®®! (Supplementary Table 2) which employ
a partial slope test of association between effect size and the sample size. Here, a significant
relationship (p<0.05) suggests publication bias. The trim-and-fill method was not employed as
this is inappropriate for models with moderators®>%3. Instead, we adopted the method suggested

by Nakagawa et al.®!, which uses a multilevel version of Egger regression to assess publication
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bias in mixed-effects meta-regression analysis. Here, we considered InRR as a response
variable. Different categories of trophic groups, ecosystems, plant life forms, climatic zones,
experimental studies, plant diversity types and experimental design types were considered as
predictors, respectively, and sampling sizes were considered as an additional moderator in the
mixed-effect model and the test statistics for coefficients of sampling sizes were used to test
for publication bias (see Supplementary Methods).

We used R version 4.3.1% to conduct all statistical analyses, and used R package “metafor”
3.8-1 to perform meta-regression and publication bias assessment®. In addition, we used R
packages “nlme”%¢ to residual regression in path analyses. A significance level of 0.05 was used
for all tests. To test the InRR is appropriate for our raw data, we conducted a Geary- Lajeunesse
test’’. The data and code used in this study are publicly available in Zenodo

(https://doi.org/10.5281/zenodo.17568135) (ref. 88).

Data availability
The raw and processed data used in this study is available and is deposited to Zenodo

(https://doi.org/10.5281/zenodo.17568135) (ref. 88).

Code availability
The code that supports the findings of this study has been deposited in Zenodo
(https://doi.org/10.5281/zenodo.17568135) (ref. 88).
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616 Table 1 | Quantified effects of number of added plant species on plant performance in different ecosystems.
617 Increased percentage of plant performance = (data of plant performance in treatment—data of plant performance
618 in control) / data of plant performance in controlx100%.

Number of Ecosystem types Number of Number of  Increased Lower of Upper of tvalue P value
added plant observations studies  percentage of  95% CI 95% CI
species over plant
the control performance
1 Agroecosystem 1568 250 23.45% 23.42%  23.47% 12.5760 1.2657x10°3*
1 Grassland 96 40 35.02% 35.00%  35.04% 55417 2.6722x107
1 Forest 39 13 5.71% 5.71% 572% 29297 0.0057
2 Agroecosystem 148 32 23.57% 23.56%  23.58% 9.2958 1.8594x10'¢
2 Grassland 14 9 14.87% 14.86% 14.88%  1.7463 0.1043
2 Forest 33 9 19.32% 19.31% 19.33%  3.2803 0.0025
3 Agroecosystem 51 15 44.60% 44.59% 44.62% 6.6179 2.3776x10®
3 Grassland 97 47 56.35% 56.30%  56.39%  4.6000 1.2903x107
3 Forest 29 11 12.89% 12.89% 12.90%  3.6276 0.0011
4 Agroecosystem 6 5 20.21% 20.19% 20.23%  0.9271 0.3964
4 Grassland 10 3 61.86% 61.82%  61.90%  1.6249 0.1386
4 Forest 6 4 45.74% 45.71%  45.77%  1.2981 0.2509
5 Agroecosystem 5 3 77.77% 77.74% 77.79%  2.4287 0.0721
5 Grassland 9 7 227.52% 227.31%  227.72% 1.1663 0.2771
5 Forest 13 5 17.06% 17.05% 17.07%  2.5149 0.0272
6 Agroecosystem 2 2 9.87% 9.86% 9.88%  0.3540 0.7834
6 Grassland 2 2 95.62% 95.58%  95.67%  1.0300 0.4906
6 Forest 1 1 71.67% NA NA NA NA
7 Agroecosystem 1 1 226.93% NA NA NA NA
7 Grassland 72 34 61.98% 61.96%  62.00% 8.0216 1.5251x10™"
7 Forest 6 3 61.79% 61.78%  61.80%  7.4426 0.0007
8 Grassland 7 5 27.22% 28.00%  27.23%  1.3044 0.2399
8 Forest 6 2 28.03% 28.01%  28.04%  1.7293 0.1443
9 Agroecosystem 1 1 89.47% NA NA NA NA
9 Grassland 5 2 195.45% 195.39%  195.51% 2.3752 0.0764
9 Forest 1 1 108.83% NA NA NA NA
10 Grassland 2 2 138.75% 138.72%  138.78%  2.2653 0.2646
10 Forest 1 1 120.35% NA NA NA NA
11 Grassland 4 3 69.81% 69.80%  69.81% 10.4638 0.0019
11 Forest 1 1 1217.65% NA NA NA NA
12 Grassland 5 1 -2.97% -2.98% -2.97% -0.4319 0.6881
13 Agroecosystem 2 1 16.03% 16.01% 16.04%  0.6265 0.6437
13 Grassland 2 2 161.86% 161.82% 161.89% 2.1674 0.2752
14 Grassland 5 2 211.66% 211.58%  211.75% 1.9149 0.1280
15 Grassland 67 34 107.33% 107.29% 107.37% 7.9595 3.1282x10™"
15 Forest 2 1 89.91% 89.90% 89.91%  7.6283 0.0830
19 Agroecosystem 1 1 -18.91% NA NA NA NA
20-56 Grassland 38 5 35.72% 3571%  35.74% 4.4491 7.6204x10°
59 Grassland 33 12 138.53% 138.47% 138.60% 4.1016  2.6306x10*
619
620
621
622
623
624
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625

626 Table 2 | Quantified effects of number of added plant species on plant antagonist performance in different
627 ecosystems. Decreased percentage of plant antagonist performance = (data of plant antagonist performance in
628 control — data of plant antagonist performance in treatment) / data of plant antagonist performance in
629 controlx100%.

Number of  Ecosystem types Number of Number Decreased Lower of Upper of tvalue P value
added plant observationsof studies  percentage of  95% CI  95% CI
species over the plant antagonist
control performance
1 Agroecosystem 2468 381 29.54% 29.55%  29.52% -31.0030 1.6622x107'7*
1 Grassland 94 36 6.76% 6.79% 6.73%  -0.7847 0.4346
1 Forest 50 21 12.28% 12.29%  12.26%  -2.4477 0.0180
2 Agroecosystem 183 49 38.35% 3836%  38.34% -16.3881 1.1383x10%
2 Grassland 8 3 38.77% 38.79%  38.75%  -1.7762 0.1190
2 Forest 29 14 10.48% 10.50%  10.46%  -1.0285 0.3125
3 Agroecosystem 57 25 25.95% 25.97%  25.94% -4.3253  6.3300x10°
3 Grassland 64 33 20.67% 20.68%  20.65%  -3.7826 0.0003
3 Forest 41 19 12.74% 12.75%  12.73%  -2.7906 0.0080
4 Agroecosystem 27 11 27.75% 27.76%  27.74%  -3.6813 0.0011
4 Grassland 7 2 41.32% 41.33%  4131%  -3.6973 0.0101
4 Forest 17 7 23.65% 23.66%  23.64%  -4.2638 0.0006
5 Agroecosystem 11 7 58.54% 58.55%  58.53% -7.3694  2.3990x107
5 Grassland 9 6 51.11% 51.12%  51.10%  -4.2763 0.0027
5 Forest 18 7 17.44% 17.45%  17.43%  -2.3623 0.0303
6 Agroecosystem 17 7 41.94% 41.96%  41.91% -2.8634 0.0113
6 Grassland 4 1 0.75% 0.75% 0.74%  -0.1155 0.9153
7 Agroecosystem 4 3 -36.44% -36.41% -36.47%  0.7764 0.4941
7 Grassland 49 25 12.97% 12.99%  12.95% -1.6799 0.0995
7 Forest 7 6 -23.22% -2321% -23.23%  1.7877 0.1241
8 Agroecosystem 2 2 39.70% 39.71%  39.69%  -2.0239 0.2922
8 Grassland 6 3 72.18% 72.19%  72.18%  -9.3168 0.0002
8 Forest 2 2 39.89% 3991%  39.87%  -1.0375 0.4883
9 Agroecosystem 1 1 38.76% NA NA NA NA
9 Grassland 4 1 35.55% 35.55%  35.54%  -3.4948 0.0396
9 Forest 2 2 37.52% 37.52%  37.52% -42.1868 0.0151
10 Forest 6 3 -17.58% -17.56% -17.60%  0.7334 0.4962
11 Grassland 9 5 62.86% 62.87%  62.85%  -5.0456 0.0010
11 Forest 1 1 12.86% NA NA NA NA
12 Agroecosystem 3 1 19.44% 19.43%  19.43% -135.4130 5.4531x107
12 Forest 1 1 83.73% NA NA NA NA
13 Agroecosystem 2 1 86.00% 86.00%  86.00% -39.8020 0.0160
13 Forest 4 2 27.24% 27.26%  27.23%  -1.3453 0.2712
14 Grassland 4 1 26.45% 26.46%  26.44%  -1.5537 0.2181
14 Forest 6 2 17.87% 17.88%  17.86%  -1.2576 0.2641
15 Agroecosystem 1 1 48.65% NA NA NA NA
15 Grassland 34 19 19.51% 19.54%  19.48%  -1.4517 0.1560
15 Forest 9 5 -49.00% -48.98% -49.01%  3.2985 0.0109
16 Forest 2 2 32.17% 32.18%  32.15%  -1.1270 0.4620
19 Agroecosystem 2 1 41.25% 41.26%  41.24%  -1.9508 0.3016
19 Forest 4 2 31.47% 31.49%  31.46% -1.6193 0.2038
20-31 Grassland 9 6 45.85% 45.87%  45.83%  -2.3252 0.0485
21-44 Forest 26 6 -4.35% -4.33%  -436% 04334 0.6684
59 Grassland 17 8 22.11% 22.13%  22.08%  -1.0508 0.3090
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Figure legends

Fig. 1 | Global distribution of 636 study locations of the responses of plants and their antagonists to plant species
richness. a, Study locations across global terrestrial ecosystems (world map in World Robinson projection; a literature search
identified 536, 49 and 45 study locations for agroecosystems, grasslands and forests, respectively, from a total of 609
published articles; seven articles included more than one study location (range 2—11)). b, Hypotheses (H1: direct effects of
plant diversity on plant productivity; H2: direct effects of plant diversity on plant antagonists; H3: mediation effects of plant
antagonists on plant diversity-productivity relationships). ¢, Responses of plants and their antagonists across all studies.
Plant antagonists include invertebrate herbivores, plant diseases, weeds, plant-feeding nematodes and plant-consuming
rodents. Weeds in forests were not found. Estimates for rodent damage (n<3) can be found in Supplementary Table 3. In Fig.
1c, horizontal lines indicate the 95% confidence intervals around the means; numbers in brackets indicate the numbers of
observations and articles; and the lines represent plant antagonist (black), invertebrate herbivore (red), plant disease (green),
weed (blue), plant-feeding nematode (turquoise), plant-consuming rodent (purple), and plant (orange) performance
responses, respectively. Map © ARCGIS Software.

Fig. 2 | Mean effect sizes of response categories of plants and plant antagonists to plant species richness. a, In
agroecosystems, grasslands and forests. b, For herbaceous and woody plants. ¢, In temperate and tropical zones. d, For plot
and pot experiments. e, In agroecosystems with intercropping, cover cropping and sown field margins. f, In additive design
and replacement series design. Horizontal lines indicate the 95% confidence intervals around the means. Numbers in brackets
indicate the numbers of observations and articles. All analyses used two-tailed t-tests, and no corrections for multiple
comparisons were applied.

Fig. 3 | Piecewise structural equation model for the effects of plant species richness on the performances of
plants and plant antagonists. a, In agroecosystems (N=2583). b, In grasslands (N=65). ¢, In forests (N=118). d, In
intercropping (N=2051). e, In cover cropping (N=396). f, In sown field margins (N=136). Plant performance includes
the growth, reproduction and quality of plants. Plant antagonists includes: i) invertebrate herbivores (herbivore growth
and reproduction, and herbivory damage to plants); ii) plant diseases (reproduction, spread, and damage to plants; iii)
weeds (growth, reproduction, and diversity); iv) nematodes (reproduction, and damage to plants); and v) rodents
(reproduction, and damage to plants). *P<0.05, **P<0.01, ***P<0.001. The R? was the proportion of variance of
response explained by the corresponding predictor in each linear mixed model. Blue and red arrows denote positive and
negative relationships, respectively. Numbers next to each arrow are the estimated coefficients from piecewise
structural equation models, and line width is proportional to the magnitude of the coefficients (Supplementary Tables
10, 11). The R? measures the proportion of variance explained by the corresponding predictor in each linear mixed
model. All analyses used two-tailed t-tests, and no corrections for multiple comparisons were applied.

Fig. 4 | Piecewise structural equation model for the effects of plant species richness on the performances of
plants and different groups of plant antagonists in global terrestrial ecosystems. a, Effects on plant and antagonist
performance (N=2766). b, Effects on plant and invertebrate herbivore performance (N=1218). ¢, Effects on plant and
plant disease performance (N=638). d, Effects on plant and weed performance (N=642). e, Effects on plant and plant-
feeding nematode performance (N=268). Plant performance includes the growth, reproduction and quality of plants.
Herbivore performance includes growth, reproduction and damage of invertebrate herbivores. Plant disease
performance includes reproduction, spread and damage to plants. Weed performance includes growth, reproduction
and diversity. Plant-feeding nematode performance includes reproduction and damage to plants. The data on the
relationships between plant and plant-consuming rodent performances was not found. ¥*P<0.05, **P<0.01, ***P<0.001.
The R2 was the proportion of variance of response explained by the corresponding predictor in each linear mixed
model. Blue and red arrows denote positive and negative relationships, respectively. Numbers next to each arrow are
the estimated coefficients from piecewise structural equation models, and line width is proportional to the magnitude
of the coefficients (Supplementary Tables 8, 9). The R? measures the proportion of variance explained by the
corresponding predictor in each linear mixed model. All analyses used two-tailed t-tests, and no corrections for
multiple comparisons were applied.
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