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SUMMARY

Plant diversification at field, farm, and landscape scales is a key strategy for protecting crops from pests. But 

its level of adoption remains confidential, while the overall negative impacts of pesticides are now well estab-

lished. To understand the obstacles to this adoption, we conducted an extensive review of literature in life 

and socio-economic sciences. We found that all diversification practices are largely effective in pest control, 

achieving satisfactory yields and many ecological cobenefits, although context dependent. Plant diversifica-

tion does not appear solely as an alternative to pesticide-based pest control but as a transformative 

approach to achieve sustainable agrifood systems. However, its adoption is currently strongly hindered by 

socioeconomic barriers, including low short-term profitability, rigid agricultural sectors, and limited support 

from public policies. The most beneficial practices, agroforestry and diversified landscapes, face the greatest 

obstacles. In contrast, cultivar mixtures, while easier to implement, offer limited cobenefits. Collaboration be-

tween scientists, policymakers, and local stakeholders seems essential to scale up plant diversification.

INTRODUCTION

Synthetic fertilizers and pesticides have freed farm production 

from many environmental (e.g., limited availability of nutrients 

in the soil, presence of crop pests) and some production con-

straints (e.g., animal manure availability, labor force), raising 

yields and profitability of major crops in most agroclimatic con-

texts. While this has had a major impact on the agricultural sector 

and its profitability, the environmental and health impacts of this 

dominant production model and its relationship with funda-

mental global changes (climate change, biodiversity loss, 

changes in land use) act as a treadmill of production.1–4 These 

impacts have repercussions for agricultural production, 

including driving declines in biodiversity and the simplification 

of agroecosystems that further exacerbate problems of pest 

regulation.5 The evolution of pests that are resistant to pesticides 

underscores the need to protect crops using alternative strate-

gies.6 This urgency of this need is heightened by the systematic 
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withdrawal of pesticide molecules from the market that are 

harmful to human or the environment.7

Halving or even stopping, synthetic pesticide use will require a 

profound rethinking of current agrifood systems.8–10 Evidence 

collected over the last three decades documented how plant 

diversity at different spatiotemporal scales has the potential to 

reduce pest infestations11–15 and pesticide use.16 Plant diversifi-

cation, that is the process of using a greater variety of plant spe-

cies and their spatial and temporal arrangement, is a determining 

factor in the capacity of the agricultural ecosystem to provide 

services to farmers and society such as natural pest control, 

carbon storage, and regulation of water quality.17 Plant diversifi-

cation concerns crops and uncultivated plants. For pest control, 

it is a key component of several approaches to managing 

agriculture: agroecological crop protection (ACP18), area-wide 

integrated pest management (IPM),19 organic farming,20 regen-

erative agriculture,21 and permaculture.22 The plant diversifica-

tion complements pest control methodologies, such as the use 

of resistant or more tolerant varieties, sex pheromone, plant 

vaccination, trapping, or biological pesticides. Plant diversifica-

tion also offers a wide range of potential benefits. Bottom-up 

processes23–26 that increase the spatial and/or temporal diver-

sity of plants can dilute the pest’s host plants in the canopy or 

landscape (‘‘hide-and-seek’’ principle for pathogens or animal 

pests) or generate periods in time where there are few resources 

for the pest, and/or create a more competitive environment for 

weed pests. Providing more resources and habitats for the nat-

ural enemies of pests (mainly predators and parasitoids), by 

increasing plant diversity, fosters benefits through top-down 

processes.23–26 But we still lack an overall view of the efficacy 

of plant diversification to control pests and to provide other ag-

roecological benefits.

Reducing the use of pesticides is increasingly considered as a 

target in public policy, such as in the initial ambitions of the Eu-

ropean Green Deal, expressed in the strategies for agriculture 

(‘‘Farm to Fork’’) and biodiversity.27 Management options that 

improve multiple ecosystem services including pest control 

with no or low pesticide use are still largely underemployed by 

farmers. Pesticide use is still increasing at the global scale28 as 

well as in developed countries,29 and alternative crop protection 

strategies based on bottom-up and top-down plant diversifica-

tion are not widely used by farmers in developed countries. 

The high yields of commodity crops permitted by conventional 

plant protection practices have acted as a limitation to the 

adoption of alternative practices. But, as yields on conventional 

systems have stagnated since the 1990s,30–32 and the risks of 

pest outbreak have increased, there is now a much more 

favorable economic and agronomic context for the adoption of 

alternative practices. Designing favorable socio-economic and 

political frameworks for the future adoption of plant diversifica-

tion strategies for the control of pests requires some understand-

ing of the reasons for past failure of adoption: Was the failure 

linked to a lack of knowledge among farmers, the effectiveness 

of diversification options, or to constraints in their operational im-

plementation? Are the difficulties technical, social, economic 

and/or political?

To meet the challenge of answering these questions, a multi-

disciplinary committee of 31 scientific experts from complemen-

tary disciplines (e.g., ecology, economics, agronomy, genetics, 

management sciences, law) reviewed a total of 1,193 scientific 

articles. We considered nine plant agrobiodiversity-based man-

agement options for pest control, which we henceforth term 

‘‘diversification options.’’ These options used are (1) varietal 

mixtures (i.e., sowing mixed varieties in a field), (2) intercropping 

(i.e., concomitant mixtures of crop species in the field, including 

cash crop and cover crops), (3) agroforestry (mixing trees and 

crops), (4) diversified crop rotations where the sequence of 

cash crops and/or covercrops in the field is diversified, (5) a 

reduced share of a given crop in the landscape, (6) a diversified 

crop mosaic in the landscape, (7) a reduced field size, (8) an 

increased distance between fields with the same crops, and (9) 

an increased share of semi-natural elements in the landscape, 

including hedgerows, meadows, forests, and edges. All spatio-

temporal scales were considered, from within the field to the 

landscape and within-season to pluri-annual (Figure 1). Pest 

control was considered in its broadest sense. This included 

limiting or reducing the presence, absolute or relative abundance 

and prevalence of pests, as well as reducing the occurrence or 

severity of damages, injuries, or yields losses. All crops, whether 

from temperate or tropical environments, were considered, as 

the geographic areas of developed countries cover all latitudes 

(as in Oceania and Middle East, and for European overseas re-

gions). The study focused on categories of pests typically 

managed through chemical control (excluding, for example, 

large herbivorous mammals), resulting in 11 main pest cate-

gories of weeds, pathogens, and insects in the aerial and soil 

compartments and nematodes, as detailed in Table 1. Effects 

of diversification on pests and on natural enemies were both 

considered. The links between diversification and other 

ecosystem services were also taken into account, drawing on 

two recent meta-syntheses and additional meta-analyses. The 

socioeconomic challenges of implementing plant diversification 

at large scale as a mean of crop protection differ significantly 

between developed and developing countries, due to differ-

ences in their value chains and high production intensity. We 

therefore inventoried and analyzed the technical, socio-eco-

nomic and policy factors that impede or foster the adoption of 

diversification by farmers, focusing only on industrialized coun-

tries. Finally, we identify key knowledge gaps and propose 

research avenues to support the wide deployment of plant diver-

sification.

RESULTS: MAIN MESSAGES FROM LITERATURE 

ANALYSIS

Our review discovered six key messages that synthesize the 

multiple benefits of plant diversification for pest control and 

how diversification can be promoted in developed countries.

Crop protection can be achieved by plant diversification 

across spatiotemporal scales

Articles considering the effect of one diversification option on 

one main pest category (each single cell in Table 2) predomi-

nantly show effective control (green dots). Each main pest 

category is controlled by at least one diversification option, 

with there being at least one positive effect per column 

(Table 2, green dots). This result allows certain groups of species 

to be considered together (the multi-species scale), and points 
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toward a rethinking of the effective diversification options that 

should be selected for a given pest problem. These effective op-

tions can be linked to the general life traits of the major cate-

gories of pests. From the literature review, the experts have 

structured pest life history traits in seven types of functional traits 

(which concern both pests and their natural enemies) at work in 

the effects of pest control through plant diversification: special-

ization traits (specialist, generalist), dispersal traits (active, pas-

sive, short vs. long distance), perception and communication 

traits (signals used to identify the host plant, or to initiate an ac-

tion such as sporulation, dispersal, emergence), demographic 

traits (opportunistic or equilibrium species), stress resistance 

traits (forms of resistance: diapause, quiescence, etc.), develop-

ment traits (simple or complex cycles), and effect traits (resource 

thieves, biomass reducers, senescence accelerators and 

those that affect the survival, physiology and reproduction of 

Figure 1. The plant diversification options considered in the review 

Nine diversification options for pest control are presented across spatiotemporal scales (from the field to the landscape and within-season to pluri-annual): (1) 

varietal mixtures, (2) intercropping (i.e., concomitant mixtures of plants in the field, including cash crop mixtures and with service plants), (3) agroforestry, (4) 

diversified crop rotations (i.e., the succession of cash crops and also covercrops in the field), (5) reducing the share of a given crop in the landscape (composition), 

(6) diversifying crop mosaic in the landscape (composition), (7) reducing field size (configuration), (8) increasing the distance between fields with the same crops 

(configuration), and (9) increasing the share of semi-natural elements in the landscape (mainly hedgerows, meadows, forests and edges). The landscape 

complexity is the result of all the components at the infra-scales.

Table 1. Some characteristics of the bibliographical corpus: number of references considered for each issue, proportion of articles, 

syntheses, books and public reports, and primary studies used in syntheses and then indirectly taken into account here

Issue No. of references % articles % of syntheses

Primary studies 

in syntheses % books

% public 

reports

Effects of plant diversity on pest control 907 95 19 17,046 3 0

Links between plant diversity and the 

provision of other ecosystem services

30 90 60 2,099 2 7

Socio-economic conditions for the 

adoption of crop protection strategies 

based on plant diversification

276 82 13 4,430 7 3

Total 1,213 92 19 – 4 1

We used the presence count method: a primary study was counted only once in an issue, even if it is associated with several syntheses cited in 

this issue. 

*The total shown includes the 20 references shared by the 3 main issues.
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the host plant). These traits have an intimate role within the 

mechanisms of effect of plant diversification on pest control 

proposed by the group of experts, including: the spatial or tem-

poral fragmentation of the pest habitat; the spatial or temporal 

heterogeneity of the quality of this habitat; the change in expres-

sion of plant defenses in response to signals emitted by neigh-

boring plants; the signals emitted by the attacked plant and 

perceived by natural enemies; the distribution and continuity of 

resources for natural enemies; and, finally, the structure and 

dynamics of interaction networks between natural enemies 

and between pests.

Cases of inefficiency of pest regulation and of negative effects 

of some plant diversification options do exist for all the cells of 

Table 2, although their occurrence is generally much lower 

than that of positive effects (resulting in a green dot). These inef-

ficiency or negative cases are mainly reported for aerial insects 

on the one hand, and for landscape diversification options on 

the other hand. The effects of diversification on aerial insects 

are dependent on their capacity and mode of dispersal, their de-

gree of specialization to their host plant, and their mechanisms of 

survival during periods of resource absence.23,24,33 The frequent 

reports of negative effects of diversification at landscape scales, 

results in equivocal trends (yellow dots) that may be explained by 

antagonisms between the various mechanisms that underlie the 

landscape scale diversification—regulation relationships, and 

their interactions with other agricultural practices and climatic 

conditions.34 Forests support both the rapeseed beetle and its 

natural enemy parasitoid, which can have the effect of either 

Table 2. Synthesis of the effects of plant diversification (nine options) on the different categories of pests
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improving or reducing biological control depending on the 

climate and the farming practices applied.35,36 The only clear 

case of more negative effects (pest outbreak) than positive 

effects is that of agroforestry and gastropod mollusc pests in 

temperate regions (red dot), although the causes of these effects 

have been little studied.37

Table 2 also demonstrates that no single plant diversification 

option can be used to control all pests simultaneously.

The positive effect of diversification on pest control is most 

clearly demonstrated (solid dots) for within-field plant diversifica-

tion options (varietal mixtures, intercropping, agroforestry, and 

diversified crop rotations), for which the greatest number of 

empirical articles and quantitative reviews are available. Positive 

effects at landscape scale are consistent with theoretical expec-

tations for diversification (hollow dots), such as those for 

reducing the share of a given crop in the landscape, diversifying 

crop mosaic in the landscape, reducing field size, increasing the 

distance between fields with the same crops at the same time, 

and increasing the share of semi-natural elements in the land-

scape. Relatively few empirical works at landscape scale are 

present in the literature, but these include positive effect of small 

fields combined with semi-natural elements on pest predators.38

Overall, the most established positive effects of diversification 

come from studies of intercropping and diversified crop rota-

tion.39,40 The effectiveness of within-field diversification has 

been shown for airborne diseases, weeds,41 and, to a lesser 

extent, aerial insects.42–44 The effects of agroforestry, at field 

scale, is still poorly studied in temperate climates, but the posi-

tive effects of tropical agroforestry were well documented, 

particularly for weeds and aerial insects.13

In collating all information related to each study, including the 

climatic and geographic contexts, studied crop, pest species, 

diversification option, involved life traits, ecological mechanisms, 

and other used agricultural practices, the group of experts found 

that, despite positive general patterns for the main pest cate-

gories, it is very difficult to build general rules to determine which 

plant diversification option should be implemented to control a 

given pest species. The strong and positive effect of varietal mix-

tures on disease control has predominantly been studied for 

wheat and barley diseases,45,46 with relatively little research effort 

on other crops and diseases, much less tested in a wide range of 

contexts. The study of diversified crop rotations has also been 

based on the crop types currently in operational agriculture, and 

does not reflect the total number of theoretically possible rota-

tions.47 Another example is differential responses of pests and 

their natural enemies to landscape diversification with semi-natu-

ral habitats.34 One explanation given in the literature is provided by 

the heterogeneous use of pesticides across the landscapes stud-

ied, which differentially impacts ecological networks and thereby 

pest control (prey consumption). Very few articles in the corpus 

dealt with the use of pesticide, which limits the possibility of 

testing this expectation. These articles report a reduction in the 

use of synthetic pesticides in diversified systems when compared 

with non-diversified systems,48–50 but it is not clear whether this 

reduction is important.

Our work suggests that contextual knowledge is required to 

prioritize and adapt plant diversification options to the local situ-

ation. This local contextual situation can represent a limitation 

that lock-in farmer behavior and prevents them from implement-

ing diversification strategies. The reduction of pesticides use is 

also cited as one of the key motivations that farmers have in 

implementing management options based on plant diversifica-

tion.51 Thus, a potential mechanism by which to promote 

adoption would be the training of farmers and advisers under 

the specific pedoclimatic, biogeographical, and pesticide 

contexts of their region, whose variability must be apprehended 

at different nested spatial scales (field, farm, landscape, region). 

Finally, we wonder whether the main issue for the adoption 

of diversification strategies is really to estimate the effect of 

plant diversification on pesticide consumption.52,53 While this 

evaluation is necessary, it does not appear sufficient to trigger 

widescale adoption.54 Understanding the multiple performance 

benefits of diversified systems would better help support their 

adoption, through research to demonstrate their broad contribu-

tion to societal needs, including biodiversity conservation, 

ecosystem services for agriculture and beyond, and the eco-

nomic costs avoided by reducing the negative externalities of 

pesticides.

Plant diversification promotes biodiversity and provides 

multiple ecosystem service benefits to farmers and 

society

Broad spectrum chemical pesticides are easy to use and have 

the advantage of killing their target quickly, but they also have 

been found to have major drawbacks, including the emergence 

of pesticide resistance, loss of biodiversity, pollution, ecosystem 

damages, and risks to human health.5,55–57 In contrast, using 

plant diversification options to protect crops are comparatively 

more complex to implement, introduce risk, such as those 

related to variable pest control, and entail management and 

opportunity costs. Plant diversification options have few of the 

drawbacks of pesticides but also offer many side benefits, 

both for farmers and for the whole of society.12,38

The various benefits of plant diversification in terms of promot-

ing biodiversity associated with agricultural ecosystems and 

providing ecosystem services are well attested in the literature 

and summarized in recent meta-syntheses.12,13 These meta-syn-

theses consider various diversification options and ecosystem 

services and complement each other; Tamburini et al.12 consider 

semi-natural habitats in landscapes as diversification option and 

pollination and carbon storage as the ecosystem services out-

puts, while Beillouin et al.13 considered hedgerows as the diversi-

fication option and distinguished between water quantity and 

quality as the ecosystem services delivered. Other recent reviews 

and articles that consider exceptional datasets were added to our 

evaluation (see list in supplemental information, Appendix A2-2), 

and added specific detail such as that of Sirami et al.38 who 

considered the effect of field size and semi-natural elements on 

multi-taxa biodiversity.

The findings of these syntheses show that, on average, diversi-

fied systems host more biodiversity (a median increase of 24%) 

and perform better than less-diversified systems in terms of water 

regulation (quantity, quality, around +50%), and with higher soil 

quality (+11%) and carbon storage (around 10%).13 Pollination 

is the least-studied ecosystem service in relation to plant diversity. 

The corpus that was analyzed did not make it possible to quantify 

the link between these two variables, but the literature tendency is 

toward a positive association between the level of plant diversity 
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and the provision of the pollination service.11–32,38,58 Finally, the 

link between the presence of semi-natural elements and soil qual-

ity is less well documented, but identified as systematically posi-

tive in the syntheses, and quantified for hedgerows at +13% 

compared with the reference level of plant diversity.13 The consis-

tency between Beillouin et al.’s and Tamburini et al.’s results for 

hedgerows and semi-natural elements respectively is noteworthy, 

which is why we have combined these results for the purposes of 

the discussion. The only negative effect of diversification reported 

in the literature concerns increases in greenhouse gas emissions 

from systems involving intercropping with cover crops that are de-

stroyed but not removed (+29%).12 This disservice has only been 

evaluated for the diversification option of crop rotations, and ap-

pears to be non-significant. Using the effect sizes obtained in 

the meta-syntheses, agroforestry would appear the most inter-

esting diversification option with regard to biodiversity and 

ecosystem services13 (Figure 2). In contrast, varietal mixtures do 

not seem to be associated with significant benefits other than bio-

logical control of pathogens. The other diversification options 

generally yield intermediate outcomes. The presence of semi-nat-

ural vegetation in agricultural ecosystems appears to favor asso-

ciated biodiversity and soil quality, but has no effect on water 

regulation.12 Figure 2 illustrates that diversification options pro-

vide agronomic and ecological benefits that are different in their 

nature and magnitude, but appear complementary. The scientific 

literature thereby demonstrates that plant diversification options 

offer many benefits to farmers and society and are potentially 

effective ways of mitigating the negative environmental effects 

of developed agriculture, including biodiversity loss and pesticide 

pollution.

Plant diversification supports crop productivity

Questions about the negative effects of some diversification op-

tions on the production level are often raised, such as concerns 

about yield-gaps in organic farming.59,60

We would argue that yield gains per hectare should be 

weighed against the change in the surface area dedicated to 

agricultural production resulting from the deployment of plant 

diversification, a knowledge gap in the literature that we 

analyzed in our review. Indeed, the implementation of some 

diversification options leads to a reduction in the area that is 

cultivated, as is the case with the introduction of semi-natural el-

ements within fields. Some other options may allow a gain of land 

production, as computed with the Land Equivalent Ratio, such 

as the production of the equivalent of 1 ha of crop in a mixture 

as soya-maize requires 1.4 ha of a pure crops stand.61,62 Yield 

estimates also do not take into account co-products associated 

with semi-natural elements or agroforestry (e.g., firewood, fruit).

Our review shows that diversified systems have higher yields 

on average than less diversified systems (Figure 2), based 

upon studies from a wide variety of geographical and agronomic 

context.11,12 These yield gains are small for varietal mixtures and 

the use of cover crops amounting to a few percent of total yield, 

but can be substantial for crop rotations and intercropping (on 

the order of +15% to 20%), and agroforestry can has a wide 

range of yield gain variations for the latter, given the diversity 

of systems included in this category).13 It appears, however, 

that few studies have examined the crop productivity of diversi-

fied systems in developed countries, but these provide evidence 

in support of yield gain in low-input production systems, 

particularly in organic farming.11,12 These studies concern 

Figure 2. Classification of plant diversification options according to their links with associated biodiversity, provision of ecosystem services, 

and the level of crop yields 

The percentages are the median variations in effect sizes between the diversified situation and the reference situation, as estimated by Beillouin et al.13 Gradients 

are established relative to the strongest link situated over the widest part of the gradient. When one diversification option does not appear in a given gradient, 

there is no available information. For more details, notably 95% confidence interval, see supplemental information, methods 3. Adapted from Beillouin et al.,13

Tamburini et al.,12 and Sirami.38
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intercropping, varietal mixtures with farmer’s seeds, and, to a 

lesser extent, rotations. They show that yields are maintained 

or even improved, and in some cases their variability is reduced. 

Yield is a composite result of a set of biotic interactions such as 

pests and abiotic factors. Both spatial and temporal plant diver-

sity may stem from effects of complexity per se and from identify 

effects. For example, diversified rotations may be associated 

with increased use of nitrogen-fixating crops that promote the 

growth of the cereals (e.g., Smith et al.63).

Finally, our comprehensive review of the literature suggests 

room for yield increase in diversified systems. First, most studies 

rely on crop varieties originally bred for pure stand performance 

under high chemical input conditions; conducting such studies 

with varieties specifically selected for enhanced pest resistance 

or good performance in diversified agroecosystems would prob-

ably give even better results. It should be noted that, in addition 

to crop genetics, diversified farming systems have not benefited 

from the same research efforts in agronomy as intensive farming 

systems. Similarly, most evaluations take place in fields and land-

scapes where the use of synthetic pesticides is dominant. Conse-

quently, local biodiversity is strongly declining accordingly to these 

conditions of exposure to pesticides,5 and, under the action of the 

treadmill of production, the ecosystem services that support pro-

duction under diversified conditions are reduced. Studies of our 

corpus are therefore often comparing yields of agrosystems that 

have been optimized for over 60 years with those of diversified sit-

uations that are often sub-optimal and that could be improved.

Overall, the production of diversified systems appears prom-

ising, especially as (1) yields from conventional crops have 

plateaued for the last 30 years30–32 and (2) yields of diversified 

systems can be more stable in the face of annual climatic varia-

tion, suggesting at a greater resilience of diversified systems to 

climate change.58,64,65 The three previous messages demon-

strate that most crop diversification options protect crops 

against pests, provide multiple ecosystem services to farmers 

and society, and support crop productivity in low chemical input 

systems. The question is therefore ’’why are these options still 

under-utilized by farmers?’’ In the following sections, we present 

key findings concerning the locked-in socio-technical decision- 

making at the root of the lack of adoption, and possible ap-

proaches to foster their increased adoption and deployment.

Profitability gaps between diversified and conventional 

systems could be mitigated by other benefits

Given the importance of the economic dimension in farmers’ 

choices,66,67 and decision making, the profitability of diversified 

systems is one of the key drivers of their adoption, even as other 

drivers also affect this choice,68 including individual values of 

farmers for environmental or health concerns.69–71 Few studies 

have evaluated the economic impact, for farms, of adopting 

plant diversification options to protect crops.13

The economic impact of intercropping is the most extensively 

studied of the diversification options. Intercropping has been 

shown to be profitable despite the additional costs associated 

with agricultural equipment for harvesting and sorting72–74

(Table 3), and contribute to reduce market risks,75 as well as 

providing the benefit from ecosystem services benefits.76 The 

adoption of varietal mixtures does not appear to significantly 

affect the profitability of farms but tends to stabilize income.77,78

Despite being associated with lower yields, traditional landraces 

or composite populations managed on farm can still be profitable 

when farmers adopt a niche strategy and control the distribution 

of the production.77,78 Diversifying crop rotations by introducing 

additional crops into existing rotations induces highly variable re-

sults, with some positive, some negative, and often neutral out-

comes. Rotations may be used to control weeds,79 but we found 

no systematic evidence that this is a profitable strategy in all 

cases. The lack of profitability typically arises because the newly 

introduced crops are often less profitable than those already 

selected by the farmer (either because of low yields of the crop it-

self or because the farmer is still learning, because efficient out-

lets are lacking, etc.). Introducing an additional crop could be 

profitable when the pest pressure is very high (significantly jeop-

ardizing the profit from the main crops)80 or when the new crop is 

introduced mainly for another purpose81 in which case crop pro-

tection is usually an auxiliary objective.82 Similarly, incorporating 

semi-natural elements (including semi-natural grasslands) to 

protect crops in intensive production areas is not deemed profit-

able without subsidies, at least in the short term, and semi-natural 

elements are even often perceived as a source of pests.83

Overall, economic studies conclude that the potential gains of 

diversification compared with a conventional production system 

are generally insufficient to motivate farmers to confront the non- 

economic costs of diversification.82,84 This includes overcoming 

individual cognitive lock-ins85 and obstacles associated with the 

socio-technical organization of agricultural supply chains and 

the potential coordination costs related to implementing diversi-

fication at a landscape scale with other agents.

Providing a clear assessment of the profitability of various plant 

diversification options is challenging because they impact profit-

ability through multiple avenues (such as yield, input utilization, 

workload, product value, and market access), all of which are high-

ly dependent on the context.86 Moreover, crop diversification 

frequently coincides with other agroecological practices, such as 

employing stimulators of plant defense or biological control, all of 

which can further influence profitability.86,87 The literature, howev-

er, highlights certain contextual factors that can enhance the prof-

itability of diversification. Plant diversification options tend to 

exhibit improved economic performance in environments with 

high pest pressure, as well as in low-input systems, especially in 

organic farming.74,88,89 Economic profitability is further bolstered 

in economic contexts characterized by either low production pri-

ces, which mitigate the impacts of any yield loss, or high input 

costs, which amplify the benefits of input savings.90

The literature also underscores the expectation that the goals of 

plant diversification are a number of positive economic external-

ities that reach beyond the farm’s limits. For instance, diversifica-

tion implemented on a farm can contribute to regulating pests on a 

landscape scale.91 These benefits are not solely confined to pest 

regulation; they also encompass the provision of ecosystem 

services that benefit all society. As such, profitability should be as-

sessed at multiple scales, explicitly embracing economic exter-

nalities that account for these broader benefits.91–97 Following 

the same logic, when comparing the profitability of diversified 

farming systems with those that are non-diversified, the evaluation 

should be adjusted to account for all the socio-economic costs 

they incur, including the environmental and health impacts asso-

ciated with chemical crop protection strategies.97,98
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Finally, given both that ecological mechanisms may require 

time to yield results (up to several years in the case of landscape 

diversification, rotation, and semi-natural vegetation) and that the 

agroecological benefits of plant diversification are often recurrent 

(e.g., inter-annual yield stabilization), it is crucial for any profit-

ability assessment to adopt a long-term perspective. This tempo-

ral aspect of the profitability of farming practices and diversifica-

tion has often been overlooked in the literature,99 however.

Accounting for the various hidden costs of conventional produc-

tion methods and the societal benefits derived from plant diversi-

fication strategy98 over the long term would help deduce or even 

reverse the gap between their respective profitability levels.

Redesigning agrifood systems is imperative for the 

large-scale deployment of crop protection strategies 

based on plant diversification

Conventional production systems based on the use of synthetic 

inputs are the result of a convergent evolution of needs, knowl-

edge, practices, and organizations within the agricultural sector 

over the last 70 years. These systems have become increasingly 

Table 3. Synthesis of the technical, social, economic, and institutional specificities of current sociotechnical systems favoring or 

hampering the deployment of the nine plant diversification options
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specialized, generating economies of scale at farm level with the 

predominance of only the most profitable crops, and within the 

industry through the concentration of R&D and consulting efforts 

on a few crop species and a standardization of agrifood pro-

cesses.100–102 Productivist public policies have reinforced this 

trend, leading to systemic locked-in decision-making that now 

hinders diversification efforts.49,84 Our systematic review shows 

that none of the individual plant diversification options, when 

used in isolation, is capable of controlling all pests encountered 

on a farm. Alternative pest control will therefore require a combi-

nation of several plant diversification options and possibly other 

approaches such as biocontrol, which we refer to here collec-

tively as ‘‘crop protection strategies based on plant diversifica-

tion.’’ The deployment of such strategies are complex because 

they cover various spatial and temporal scales and concern 

more stakeholders than farmers alone. This calls for a systemic, 

upstream and downstream redesign of the agrifood system for 

agricultural production, as well as for the relationship between 

the farmer and other stakeholders.74–76

Upstream of the farm, the limited availability of seeds and 

seedlings tailored to diversified systems stands out as one of 

the most commonly cited factors limiting the adoption of diversi-

fication59 (Table 2). Research investment for breeding is highly 

driven by market size.103,104 Diversifying rotation requires the 

introduction of minor crops for which R&D is small, all along 

the seed supply chain, because of small market size.105 In addi-

tion, varieties are generally evaluated and selected for their 

performance when grown pure, whereas intra-field diversifica-

tion would require selection for performance in combination 

(intra- or inter-specific). Beyond the necessary investment in 

crop breeding, fostering the sharing of experiences and facili-

tating exchange of seeds between farmers could help to alleviate 

this obstacle.106 This might be further improved with co-devel-

opment approaches such as participatory crop breeding 

involving both researchers and farmers. The supply of specific 

equipment adapted to manage diversified crop systems is also 

a potential limitation for the same reasons as for seeds (small 

market size). This is particularly the case for sowing and harvest-

ing intercrops or certain niche crops, for sorting intercrops after 

harvest, and for the upkeep of semi-natural elements such as 

cover crops.107 To address the equipment challenge, unlocking 

potential solutions extend beyond the individual farm level: 

shared equipment initiatives (such as collective purchases or 

service provision) are recognized as effective measures, yet 

they necessitate coordination among users.108 Self-building or 

adaptation of equipment by farmers is also a lever for reducing 

equipment costs109 even if it tends to increase working time 

(for coordination or building). Moreover, the literature often men-

tions a lack of knowledge to manage new crops (among both 

farmers and advisors),110 as well as a lack of technical and eco-

nomic references for diversified systems.111–113 To fill such 

knowledge gaps, in addition to increase in R&D and consulting, 

a number of levers are mentioned in the literature, among which 

research has a role to play: on-farm experimentation, joining 

farmers’ networks, having access to decision-making tools, 

and more comprehensive evaluations of the effects of diversifi-

cation practices (particularly their effectiveness against pests) 

are ways to foster the adoption of diversified production sys-

tems.114,115 More fundamentally, alternative research funding 

mechanisms are necessary to attenuate the effect of market 

size (e.g., cross-subsidization among crops, setting up contest 

as for other emerging market116).

Downstream of the value chain, the lack of markets and outlets 

for the products of diversified systems is a recurring problem.84

Transformation processes used in the agroindustry impose 

certain standards (e.g., varietal purity for milling) that cannot be 

achieved with varietal mixtures, traditional or farmers’ varieties 

or through intercropping112 (Table 2). Products produced in mar-

ket gardening and arboriculture must also meet strict standards 

of quality (size, appearance, cultivars) or production volume at 

given dates to enter some large industrial or retail markets.117

Moreover, as fruit and vegetables are largely eaten fresh, the har-

vest date is a key element of the commercial quality. Diversifica-

tion options in combination with a reduction of pesticide use can 

lead to visual defects on fruits and vegetables, or affect cropping 

calendars. These obstacles can be overcome by exploiting the 

specific product characteristics obtained in diversified systems 

such as low pesticide use and protection of the environment in 

local supply chains and/or through labeling, to achieve higher 

sale prices.118,119 The lack of an outlet can also be circumvented 

by a transition to an on-farm processing business model (e.g., 

flour for cereals, preserves for fruit and vegetables), albeit with 

higher workloads. If short marketing channels or on-farm solu-

tions may offer outlets for niche productions, alternative market-

ing outlets need to be found in long channels to deploy exten-

sively crop diversification options. Such a large scale change 

will require to coordinate a diversity of stakeholders120 and 

even changing consumer practices.98 A few large-scale initia-

tives led by cooperatives121 or food industry122 were analyzed. 

Introducing semi-natural elements into the farm presents chal-

lenges in exploiting the wood produced by hedges or rows of 

trees in agroforestry systems, necessitating entry into sectors 

often unfamiliar to farmers.92,123,124 The integration of grassland 

into cropping plans is also limited due to regional specialization, 

with few livestock farmers available to utilize the products of 

grassland locally, or which requires farm diversification at a 

high cost in money, labor and know-how.125

Territorial coordination is needed to deploy plant diversifica-

tion at the landscape scale (spatial organization of crops, 

installation of semi-natural vegetation grids), or to scale up plant 

diversification options to ensure their economic viability (e.g., to 

reach a critical level of production for minor crops), agronomic 

sustainability,126 or ecological effectiveness (for instance, wild- 

life friendly farming generates positive spatial spillovers between 

organic farms, resulting in a reduction of pesticide use127). Plant 

diversification options that involve a wide range of stakeholders, 

including farmers, agricultural advisors, agrifood firms, coopera-

tives, water managers, non-agricultural associations, and local 

authorities, are beginning to emerge, but remain rare.128 The 

literature emphasizes the methodological difficulties of both 

implementing and studying pest management strategies at a 

landscape scale, due to the multiplicity of spatial and temporal 

scales to be considered, and the diversity of actors involved.129

To overcome these difficulties, one possibility is to develop 

participatory research with the involved stakeholders, enabling 

the emergence of solutions acceptable to all.130 Three levers 

have been identified to ease the adoption of such collective 

solutions.131
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(1) Identifying actions that generate a collective gain (e.g., 

eco-certification of local production or collective pay-

ments for environmental services at a landscape 

scale—e.g., for water protection or biodiversity conser-

vation).132

(2) Establishing collective organizations to manage agricul-

tural territories (e.g., local collective institutions such as 

cooperative societies) and centralized planning and in-

centives by public authorities).133

(3) Building on the certification of products, farms and 

landscapes, enabling more commercial outlets (e.g., 

markets).134,135

These obstacles and mechanisms are rarely specific to a 

particular diversification option but are context dependent. The 

literature, however, does not allow us to rank the weight of 

each of them in the adoption of different diversification practices.

Overall, we have shown here that the adoption of plant 

diversification options does not depend solely on the goodwill 

of farmers, but requires redesigning agrifood systems to deploy 

plant diversification strategies, with the support of public 

policies.136

Public policies are a major leverage for the deployment 

of plant diversification strategies

The societal demand for alternative production methods to 

the input-intensive conventional systems is reflected in some 

European (Green Deal [https://food.ec.europa.eu/horizontal- 

topics/farm-fork-strategy_en], Common Agricultural Policy 

[https://agriculture.ec.europa.eu/sustainability/environmental- 

sustainability/low-input-farming/pesticides_en]) and national 

public policies (e.g., French Law on the Future of Agriculture, 

Food and Forestry [https://agriculture.gouv.fr/sites/default/ 

files/plaqmingb72_0.pdf]). These policies set targets for 

reducing pesticide use and, more generally, promote a shift to-

ward more diversified farming systems that place biodiversity 

and ecological processes at the forefront of production 

factors.137 However, despite the growing recognition of envi-

ronmental issues in public policies, the shift toward low-pesti-

cide cropping systems is far from being sufficiently advanced 

to meet these targets.138,139

Breaking the systemic lock-ins of industrial agriculture re-

quires ambitious policies.51 The past and current role of EU’s 

public policies in shaping farming practices shows that the com-

mon agricultural policy (CAP) measures are not sufficiently 

restrictive to promote the development of plant diversification 

at different spatiotemporal scales140–142 (Table 3). Several ratio-

nales are made in the literature to advocate for public policies in 

favor of plant diversification. Firstly, as highlighted in key 

message 2, the benefits of plant diversification for biodiversity 

and ecosystem services justify support for their adoption 

through subsidies. Policies favoring diversification could be an 

additional approach for biodiversity conservation, on top of 

the usual policies that have not really been successful so 

far.143 Secondly, the use of chemical pesticides incurs societal 

costs of pollution and human health impacts,144 justifying their 

regulation or taxation.145 Such policies would help narrow the 

profitability gap between conventional practices and diversifica-

tion strategies, as discussed in key message 4. Lastly, the adop-

tion of pest management strategies based on landscape-scale 

plant diversification, involving all stakeholders along the value 

chain, represents an organizational innovation146 that is unlikely 

to be achieved without strong public policy support to foster its 

early stages.147 While there have been some large-scale diversi-

fication projects driven by major food industries (e.g., the Har-

mony program of Mondelez or the development of a sustainable 

supply chain for Barilla122), such bottom-up initiatives are excep-

tions and will not generalize more widely without support from 

public policies. Public policies will also not succeed without 

the involvement of all relevant stakeholders.

DISCUSSION

Using the results derived from our in-depth review, we can 

compare the agroecological benefits (provision of services 

including pest control, support for associated biodiversity, and 

yield) expected from the different plant diversification options 

with the degree of transformation necessary for existing systems 

for their implementation (Figure 3). We show that, while all diver-

sification practices offer agronomic and ecological advantages, 

their benefits are not uniform in magnitude. The most advanta-

geous practices often face the most significant obstacles. While 

varietal mixtures offer modest benefits compared with other op-

tions, their adoption requires minimal adjustments both at the 

farm and at the upstream/downstream chain levels, which ex-

plains their recent and fast increase in different European coun-

tries (near +20% in France148). Integrating trees into farms as a 

productive element (diversification options as agroforestry and 

semi-natural elements), by contrast, will require a fundamental 

redesign of the farming system and the farmer’s role. The litera-

ture highlights the requirement for specialized agricultural equip-

ment such as spreaders, the need to integrate forestry markets 

into the farm business, and the coherence of public policies, 

particularly between environmental and agricultural objectives. 

While the efficacy of agroforestry in pest regulation requires 

further validation in temperate environments, abundant research 

on (sub)tropical agroforestry underscores the benefits of these 

complex canopies in biodiversity conservation and the provision 

of many ecosystem services.149,150 Diversification options linked 

to the organization of fields in landscapes (field size, crop 

mosaic, distance between crops, share of a given crop in the 

landscape) require coordination between farmers, the organiza-

tion of which needs to be considered in relation to other local 

stakeholders. In particular, this requires a shared vision between 

different agricultural sectors. The other diversification options 

are positioned in between these two extremes. The diversifica-

tion of rotations by introducing new crops offers interesting po-

tential for the provision of ecosystem services but comes up 

against a number of obstacles at farm level (knowledge of 

growing a new crop, the need for new equipment), in upstream 

channels (lack of variety breeding, advice and research for minor 

crops) and in downstream channels to overcome the lack of out-

lets. Although intercropping presents technical challenges and 

higher production costs related to sowing, harvesting, and sort-

ing, it remains one of the most profitable diversification strate-

gies. This is due to its potential for higher yields and a favorable 

land-equivalent ratio, making it a viable option even under the 

current economic conditions in the agricultural sectors.
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Few references consider the implementation of a combination 

of plant diversification options or study their effect on the joint 

control of several pests.48 The potential of plant diversification 

to simultaneously control multiple pests therefore remains to 

be assessed, in particular by considering the traits of the organ-

isms involved (plants as well as pests), in order to estimate their 

compatibility or synergy. However, farms that implemented mul-

tiple diversification strategies for various purposes than biolog-

ical control clearly had more win-win socio-environmental out-

comes.111 The conditions for adopting multiple diversification 

options are also an area of research.

Including local agronomic constraints (pedoclimatic, biogeo-

graphical) and social organizations (local outlets, regional pol-

icies) at the territorial scale appears to be most appropriate scale 

at which system redesign for crop protection strategies based on 

plant diversification should be considered.18,53 International 

strategies, such as the CAP and national policies (e.g., how 

CAP is implemented) can be downscaled for regional implemen-

tation. However, the implementation of plant diversification at a 

landscape scale represents an economic risk for stakeholders 

in the current food system. The spatial and temporal scales 

involved renders the cost of researching and studying territorial 

solutions very high. Innovation at national and multinational 

scales is required, however, due to competition on international 

markets for major products (e.g., cereals).

Finally, implementing the transition through landscape solu-

tions involves building territorial projects that go beyond the 

management of each individual pest-crop problem separately. 

Our synthesis shows that plant diversification should not be pro-

moted as a toolbox for devising alternative methods to specif-

ically replace all chemical pesticides, but as a holistic approach 

changing the overall logic of crop production in light of all the 

benefits that plant diversity provides. In addition to ambitious 

agricultural policies, a widespread transition in agricultural pro-

duction methods toward agroecological systems requires pro-

active food policies to ensure more environmentally friendly agri-

cultural products and sustainable diets integrating the diversity 

of produced crops, particularly grain legumes. These policies 

cannot be designed independently of each other,138 whether at 

European or national level.

OUTLOOK AND FUTURE RESEARCH NEEDS

Our review highlights several gaps of knowledge. While agroeco-

logical literature on the regulatory effects of plant diversity is 

large, the research effort is not evenly distributed between pest 

categories and plant diversification options. Soil-dwelling in-

sects, vector-borne diseases, nematodes, gastropods, mites, 

and parasitic plants are poorly documented. The potential 

offered by the diversity of crop rotations and semi-natural ele-

ments (dissociating types of elements as hedgerows, meadows, 

woods, etc.) in the landscape also needs to be further explored. 

In addition, cropping systems are much more extensively stud-

ied than vegetable cropping or market gardening, limiting the 

knowledge available to design the deployment of plant diversifi-

cation in horticulture systems that are currently among the high-

est consumers of pesticides per unit.16 In addition, there is a lack 

of research on the assessment of the effects of combinations of 

plant diversification options on the regulation of multiple pests. 

Anticipating these effects requires a deeper understanding of 

the ecological mechanisms underpinning natural regulation. Pro-

cess-based modeling approaches provide a conceptual frame-

work for formalizing and gathering knowledge of the ecological 

mechanisms involved and then predicting their combined effects 

Figure 3. Classification of the nine different plant diversification strategies according to (1) the agronomic and ecological benefits (pest 

control, crop yield, biodiversity and ecosystem services) and (2) the level of transformation of farming system required for their adoption (the 

lower in the figure, the higher the benefits or the required transformations) 

The diversification options presented here are those for which all the ecological and technical/socio-economic information is available in the literature.
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on pest and disease regulation, productivity, and the provision of 

ecosystem services. In addressing issues of this level of 

complexity, modeling could also prove valuable where there 

are too many combinations of options to be evaluated experi-

mentally18,151.

Filling these knowledge gaps requires a paradigm shift in the 

study of the effects of plant diversity. Instead of an ad hoc com-

parison of different levels of landscape simplification on pest 

control, we need to explicitly assess the effects of diversification 

through large-scale experiments to restore plant diversity, i.e., 

the design of experiments on the scale of agroecological terri-

tories.152 The aim is to capture large-scale ecological processes 

and attribute causation. Such experiments are at a scale beyond 

that currently conducted in agroecology, would enable us to 

document the dependence of natural pest control on local con-

ditions and its ability to respond and adapt to global changes, 

such as climate change. This need would be complementary 

to the evidence gathered in this synthesis and would answer 

some of the limitations we have identified.

Estimating the socio-economic performance of diversified 

systems requires a reassessment of the notions of pest regula-

tion thresholds, damage and economic profitability (e.g., at 

which pest-level damages become harms or economic losses). 

These are currently defined with reference to the norms and 

standards associated with conventional systems, and do not 

sufficiently consider the negative externalities of pesticides or 

conversely the positive externalities of plant diversification. Ben-

efits from plant diversification should be assessed with respect 

to all dimensions of performance, including environmental and 

social benefits.153 The development of outlets and markets for 

products from diversified systems calls for research into the dis-

tribution of value and risk within value chains, and into consumer 

attitudes toward particular production methods and/or products 

that do not meet conventional standards. The study of the diffu-

sion dynamics of innovations such as plant diversification also 

remains an active scientific question, demanding work on the 

role of social networks, behavioral economics, and the spread 

of these new practices in local areas.

Finally, we advocate for a need to examine the role of livestock 

in diversified cropping systems as an approach to crop diversifi-

cation and an outlet for crop production.154 In their review,155

Maillet et al. highlight some validated effects of animal grazing 

in orchard protection but also the lack of studies on the topic. 

Here again, territorial experiments could be a mean to meeting 

these research needs at all scales of socio-economic organi-

zation.

CONCLUSION

Our review of the available evidence shows that plant diversifica-

tion strategies provide significant agronomic and environmental 

benefits and underscores their value to farmers and wider soci-

ety. Few of the results we analyzed were from pesticide-free 

cultivation systems, but there is evidence that all ecosystems 

including those supposedly free of pesticide have been affected 

by the widespread use of pesticides in recent decades.20

Studies suggest that the lower the use of pesticide in a system, 

the greater the benefits of plant diversification.53,156 We find that 

to reduce pesticide use, plant diversification is an important 

approach. We therefore formulate the hypothesis that the reduc-

tion or elimination of pesticide use in agriculture by following 

reduced-pesticide frameworks such as IPM, ACP, or regenera-

tive agriculture, would amplify the effects of plant diversification 

for regulating pests, improving biodiversity preservation but also 

providing other ecosystem services and crop production. As we 

clearly show that the most beneficial diversification options are 

the most complex to deploy in current conventional systems, 

and that the simplest options to implement provide limited ben-

efits, changes in farming practices need to be thought from a 

systemic perspective.136 To initiate this virtuous cycle, our study 

supports the idea of an agricultural transition at territorial scale. 

This scale is at the nexus of local agronomic and ecological 

constraints (pedoclimatic, biogeographical), and agricultural 

socio-economic issues (local outlets, farm cooperatives, 

regional policies). The territorial scale appears essential to facil-

itating change across all five dimensions we explored for the 

deployment of plant diversification: (1) context-dependent crop 

protection by natural pest control, (2) biodiversity preservation 

and ecosystem service provision, (3) good crop yields, (4) eco-

nomic issues at farm and agricultural sectors, and (5) adapted 

and adaptative use of general public policies. Study at the terri-

torial scale is certainly entering into policy. The Sharm-el-Sheikh 

protocol signed at COP27 envisions regional climate change so-

lutions that are adapted to the needs of local societies and the 

EU has enshrined regional thinking in the HORIZON MISSION ini-

tiatives, envisioning the future climate change adaptation will 

increasingly become the responsibility of regional governments 

around the EU. This is therefore a valuable scale at which legis-

lation, management and the needs of stakeholders should come 

together to foster robust change in agricultural practices. This 

ambitious and complex goal implies the co-design of interde-

pendent, multi-level (field, farm, sector) and transdisciplinary 

(agronomic, environmental, social, economic, scientific) action 

to prevent the transformation of one part of the system being 

limited or retarded by any other.

METHODS

Literature search

This review was carried out following the approach of the Collec-

tive Scientific Assessment (CSA), an institutional assessment ac-

tivity developed by the French National Research Institute for 

Agriculture, Food and the Environment (INRAE) in the early 

2000s. Conducted in compliance with principles that guarantee 

the robustness of their conclusions, i.e., competence and plural-

ity of the scientific expert committee, impartiality, transparency 

of the method, and traceability of the work process imple-

mented, CSA provides a critical review of the international scien-

tific literature. Based on queries from bibliographic databases, 

the analysis was carried out in three independent stages. 

First, a query was conducted to assess the effectiveness of 

the nine plant diversification options to control pests. Then, the 

links between diversification options and biodiversity or other 

ecosystem services provision were evaluated based mainly on 

recent syntheses.12,13 Finally, the committee conducted a sec-

ond query to assess the technical, socio-economic, and policy 

factors impeding or fostering the adoption of the diversification 

options by farmers in developed countries.
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Strategy for building bibliographic corpuses

First, to analyze the effects of plant diversity on pest control, we 

built Web of Science (WoS) queries for each of the diversification 

options, combining keywords describing the notions of plant 

diversification, pests OR natural enemies and agricultural envi-

ronment (detailed in the supplemental information, methods 1, 

section A1).

These queries were interdisciplinary, i.e., they combined plant 

pathology, weed science, entomology, agronomy, soil science, 

evolutionary ecology, functional ecology, and landscape ecol-

ogy. No restrictions have been applied in the WoS, except the 

type of references limited to scientific articles, syntheses (re-

views and meta-analyses), books, and book chapters. Each of 

the queries thus constituted made it possible to collect several 

hundred scientific articles, which the experts first sorted based 

on reading the titles and abstracts. A more detailed reading of 

the articles retained in the first sorting step led to further articles 

being eliminated.

Given the abundance of literature collected, comprising about 

5,200 references, the committee adopted a three-stage analysis 

strategy leading to the detailed analysis of 490 articles. The 

stages were as follows:

(1) first, works of synthesis such as reviews, meta-analyses, 

and large-scale analyses considering multi-site experi-

ments or experiments along landscape gradients, were 

analyzed to extract the trends and general findings as 

the main message in the literature. These syntheses 

were focused on a specific diversification option and its 

effects for crop protection, and generally also focused 

on specific geographic areas as Europe or Asia.

(2) Second, additional insights were gained through the re-

view of articles (often more recent) that did not fall into 

the previous category.

(3) Finally, where necessary, some ‘‘case study’’ articles from 

the primary bibliography of the synthesis works were 

analyzed to provide more details about certain effects, 

including the ecological mechanisms underlying the ef-

fects of plant diversification.

To ensure the maximum coverage of the literature, we added 

specific articles to the corpus that were not captured by system-

atic interrogation of WoS. This was done, for several reasons. 

Most of our queries required that keywords describing plant 

diversification practices appear in the title or among the key-

words of the articles (to limit the noise caused by articles 

mentioning diversification only as a contextual or perspective 

element without making it the central object of their analysis), 

which led to the elimination of articles that mentioned diversifica-

tion only in their abstract. Our queries only targeted articles that 

explicitly mentioned pest management, thereby excluding 

important but more general articles that dealt with the agroeco-

logical effects of plant diversification that did not specifically 

mention pest management in their title, abstract, or keywords. 

Some articles were from journals that are not referenced in the 

WoS, such as for some volumes of Advances in Ecological 

Research, or were papers where the object of study was beyond 

the precise limits of the WoS queries, including dealing with the 

plant resource requirements of certain natural enemies without 

studying their direct biological control effects. Finally, a large 

number of papers that were added (n = 119) dealt with the mech-

anistic effects of intra- and inter-specific diversity of cultivated 

and non-cultivated plants, due to their organization at different 

spatial and temporal scales, their intra-field arrangement (in 

rows, mixtures, strips, etc.), and the diversity of strata among 

cover crops, etc., which give information on observed effects 

due to the life traits of the different pest species and their envi-

ronment. A total of 417 articles were added to the 490 previously 

collected. The lists of requested references and those added by 

the experts are in supplemental information, methods 2, 

section A2.1.

To analyze the links between plant diversity and the provision 

of other ecosystem services, our review is based on existing syn-

thesis works, with priority given to quantitative ones that, taken 

together, provide a matrix of links between different diversifica-

tion options and associated biodiversity, a range of ecosystem 

services and agricultural production. This analysis proceeded by

(1) conducting an in-depth analysis of the results of two 

recent meta-syntheses12,13 (meta-analyses of meta-ana-

lyses, each one synthetizing about 5,000 primary studies) 

that cover with unprecedented breadth the scientific liter-

ature on the links between plant diversity, biodiversity, 

and ecosystem services, and provide elements on the 

correlation between plant diversity and level of crop pro-

duction.

(2) Querying the WoS to identify relevant meta-analyses not 

included in the two meta-syntheses (either because there 

were not enough focused on a given plant diversification 

option to summarize their results, or because the 

ecosystem services or plant diversification options 

considered in these meta-analyses were outside the 

scope of the meta-syntheses, supplemental information, 

methods 1, section A1.2). This additional bibliographical 

interrogation also enabled us to collect non-quantitative 

synthesis articles such as reviews that could contribute 

to the discussion, especially for those concerning 

ecosystem services that were not covered by the two 

meta-syntheses. This step led to the analysis of 30 addi-

tional synthesis articles (list in supplemental information, 

methods 2, section A2.2).

An analysis of the socio-economic conditions for the adoption 

of plant diversification for crop protection was performed 

using systematic WoS and Scopus databases interrogations 

combining keywords describing plant diversification, crop pro-

tection, socio-economic factors, and agriculture as detailed in 

the supplemental information, methods 1, section A1.3.

This subject is difficult to reduce to a set of keywords for query 

construction, which results in either too large or too restrictive 

article corpora, the precise cropping techniques of a study are 

more rarely mentioned in the social science literature than they 

are for life science. No restrictions were applied in either WoS 

or Scopus, apart from specifying the type of references that 

was limited to scientific articles, reviews, books, and book chap-

ters. These queries together collected about 2,100 scientific ar-

ticles. After sorting them by reading the titles and abstracts, only 

about 160 articles addressing the theme of interest and dealing 
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with agricultural and socio-economic contexts similar to that of 

continental Europe were selected for analysis. This restriction 

was required because we hypothesized that the socio-economic 

conditions of adoption are very different in developed countries 

with intensive production, high yields, and well-established value 

chains than in other socio economic and political contexts. A 

total of 116 other articles not referenced in the online database, 

including from unreferenced scientific journals, institutional 

reports, and legislative texts, were subsequently added by the 

experts, giving a corpus of 276 references for analysis. The lists 

of references from the database search and those added by the 

experts are presented in supplemental information, methods 2, 

section A2.3.

Characteristics of the bibliographical corpus

Of the 1,193 references in the corpus, 19% are reviews or meta- 

analyses (Table 1). The processed information aggregates the 

results of approximately 23,000 primary studies. The biblio-

graphical corpus supplemented studies found using systematic 

requests in databases with references added by experts, and our 

study therefore represents a scientific hybrid form between a 

systematic map and a narrative review. These are robust and 

complementary methods of analysis that allow us to explore 

the effects of all plant diversification strategies to control all ma-

jor pests (weeds, pathogens, and insects in the aerial and soil 

compartments, nematodes) of all crops in all agronomic systems 

under all soil and climatic conditions.157
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C. (2014). A general framework for the quantification and valuation of 

ecosystem services of tree-based intercropping systems. Agrofor. 

Syst. 88, 679–691. https://doi.org/10.1007/s10457-014-9681-x.

93. Barot, S., Allard, V., Cantarel, A., Enjalbert, J., Gauffreteau, A., Gold-

ringer, I., Lata, J.C., Le Roux, X., Niboyet, A., and Porcher, E. (2017). 

Designing mixtures of varieties for multifunctional agriculture with the 

help of ecology. Agron. Sustain. Dev. 37, 13. Artn 13. https://doi.org/ 

10.1007/s13593-017-0418-x. 

94. Garcia, L., Celette, F., Gary, C., Ripoche, A., Valdés-Gómez, H., and 
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