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ABSTRACT

Each year, Africa loses half of its harvest to pests (insects, pathogens, nematodes, weeds). To offset these losses and improve food security, pest
management needs to be revamped urgently. Based on a synthesis of all 58 pest management projects conducted by IITA in its 55-year history, we
advocate here for the implementation of the five following key climate-smart interventions, which have been shown to increase yields and
decreasing CO2 outputs compared to the current practices that are largely based on the use of synthetic pesticides: 1. Sanitation at the country’s
borders and at the field level is the most cost-efficient way to prevent pest damage and losses from exotic pests entering new territories. 2. Good soil
management strengthens the crop plant and enhances the effectiveness of all other interventions. 3. Biological control is the quickest and in the long
run most cost-effective way to control invading insect pests and weeds. 4. Resistant varieties are often the only way to control already established
diseases and are a mainstay control method in combination with other practices. 5. Various bio-pesticides based on viruses, bacteria and fungi
against insects have been commercialized or can be produced on-farm; they are to replace synthetic pesticides, which continue to have large
negative impacts on the environment and human health. To apply these five practices, new decision-support and climate services tools should be
used to empower low-literacy farmers to take timely decisions about pest control and to act as business partners. Meanwhile, all actors in the pest
control community should account for their environmental costs, which up to now are born solely by the community, while profits from pesticide
sales are pocketed privately. To successfully disseminate these practices across the continent, enhanced and harmonized policy support is required.

1. Every year we lose half the harvest: can we still achieve food security with minimal climate and environmental
disturbance?

The two recent agricultural pandemics, the 2016 invasion of the neo-tropical fall armyworm Spodoptera frugiperda (FAW) into
Africa [1] and the desert locust outbreaks in 2019 [2], revealed a continent-wide, severe lack of preparedness to face such sudden
outbreaks and implement sustainable management practices by shifting from costly reactive to more cost-efficient proactive control
strategies. Moreover, the implementation of science-based solutions was hindered by political and economic counter-currents,
strikingly similar to initial governments responses to COVID-19. Less spectacular — but equally devastating — mostly sedentary
arthropod pests, diseases, and weeds continue to severely impact African farm productivity, by some estimates reducing yields globally
by 60% [3]. They also prevent commerce through trade barriers or by blocking waterways (as is it the case for floating water weeds).

On top of this comes the expected and observed impacts of climate change on the crops themselves, but just as much on distribution
and behavior of pests and diseases, which will further complicate and disrupt crop-pest interactions. In Africa, the impact of climate
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Table 1

Evaluation of all 58 IITA plant health projects 1967-2019 according to different criteria [18]: Crop. Pest group. Pest. Size of project: (1): small
student project, (2): several students, more than one university, several donors; (3): several international staff, several universities, in several
countries; (4): scientists from several institutions and donors, up to 5 yrs; (5): several institutions, active across continent, with donor consortium, over
>5 yrs. Achievements: unpubl: unpublished data; publ: data published in peer-reviewed journal; proof: proof of concept under experimental con-
ditions; test: tested under farmers’ field conditions; use: used by Government agencies and NGOs and impact documented; adapt: results adapted and
extended to other crops and/or continents. Synthetic chemicals: contribution to success in %. Main contributing techniques (see numbered
chapter in text): cult: quarantine, phyto-sanitation and use of virus-free planting material (1.) and soil and environmental health management
practices (2.); biocon: biological control with insects or mites, by introducing agents or favouring existing agents, as well as competitive exclusion (3.);
res: resistant varieties (4.); biorational: biorational techniques involving the use of botanicals, Bacillus thuringiensis (Bt), fungi, bacteria, viruses and so
on (5.); mixed: no single technique >50%. Chapter: references in chapters of [18]. Project in bold: wide-spread use or even adaptation of a plant
health intervention to other crops or other continents. Asterisk *: Project subjected to socio-economic analysis.

Crop Pest group Pest Size of Achieve- Synthetic Other techniques Chapters
or environment project ments chemicals major contribution

% >50%
maize insect Fall army worm 5 publ 10 mixed 4,7
maize fungus Downy mildew 3 use * res 3,7
maize insect Maize stemborers 4 proof cult 4,7,15
maize insect Larger grain borer 5 proof cult 7
maize fungus Mycotoxins 5 use * biorational 7,13
maize virus Maize viruses 5 use * res 5,7
cassava virus Cassava viruses 5 use * res 5,6, 15
cassava insect Cassava mealybug 5 adapt * biocon 4,6, 15
cassava mite Casssava greenmite 5 use * biocon 4,6
cassava insect Zonocerus 2 test biorational 6
cassava bacterium Cassava bacterial blight 3 proof res 3,6
cassava fungus Cassava anthracnose 2 proof res 3,6
cassava insect ARTS 2 proof cult 6
cassava bacterium Cassava root diseases 1 publ cult 3,6
cassava plant various weeds 2 unpubl cult 14
yams virus Yams viruses 4 use res 8,12, 15
yams nematode Root-knot nematodes 4 publ 20 mixed 4,8,15
yams fungus Fungal pathogens 4 publ cult 3,8
cowpea virus Cowpea viruses 1 publ res 5,10
cowpea fungus Anthracnose 1 proof 10 res 3,10
cowpea fungus Leaf spot 1 publ res 3,10
cowpea fungus Charcoal rot 1 publ mixed 3,10
cowpea bacterium Xanthomonas 1 publ res 3,10
cowpea nematode Root-know nematodes 1 publ res 4,10
cowpea insect Cowpea aphids 2 proof biocon 10
cowpea insect Thrips 3 proof 20 mixed 10
cowpea insect Maruca pod-borer 4 use biocon 4,10
cowpea insect Clavigralla 2 proof 20 mixed 10
soybean fungus Soybean rust 1 proof res 3,10
soybean virus Soybeam viruses 1 publ res 5,10
banana virus Banana streak virus 3 use cult 5,9
banana virus Banana bunchy top virus 3 use cult 5,9
banana fungus Fusarium wilt 1 unpubl cult 59
banana fungus Black Sigatoka 1 test 10 cult 5,9, 15
banana bacterium Xanthomonas wilt 1 proof res 5,9,15
banana nematode Nematodes 2 use cult 4,9,15
banana insect Banana weevil 3 use 10 cult 9,15
plantain plant Chromolaena 1 unpubl 10 cult 9, 14
vegetables nematode Meloidogyne 2 use cult 4,11
vegetables bacteria Ralstonia 2 proof cult 3,11
vegetables insect Diamond-back moth 2 use 10 biorational 11
vegetables insect Beet web-worm 2 proof biorational 11
vegetables mite Broad mite 1 publ biocon 11
mango insect Mango mealybug 5 adapt* biocon 12
mango insect Batrocera dorsalis 5 test 20 mixed 12
mango insect Spiralling whitefly 1 use * biocon 12
mango insect Papaya mealybug 5 use * biocon 12
cacao fungus Phytophthora megakarya 2 proof 20 mixed 12
coconut mite Coconut mite 1 unpubl biocon 12
cashew insect Cashew wood borer 1 publ cult 12
Sahel insect Locusts 5 use * biorational 6,12, 13,
Savanna plant Speargrass 4 use * 20 cult 14
Savanna plant Striga 5 use * 5 cult 14,15
Savanna/forest plant Chromolaena 1 test 5 cult 4,14
Open water plant Water hyacinth 4 use* biocon 14

(continued on next page)
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Table 1 (continued)

Crop Pest group Pest Size of Achieve- Synthetic Other techniques Chapters
or environment project ments chemicals major contribution

% >50%
Open water plant Water fern 2 use* biocon 14
Open water plant Water lettuce 3 use* biocon 14
Human health insect Mosquitos 2 publ 20 cult 16

* including socio-economic analysis of achievement with reference in the text.

change on ecosystems with shifts of species ranges increasingly leads to adverse impacts on crop production and crop losses from pests
and diseases, as well as malnutrition, which affects primarily lower income populations [4].

To increase crop productivity to mitigate these losses, African farmers are mostly left with two options: to expand production to
new land at the expense of biodiverse forests and wetlands, important for mitigation of climate change [5]; or to fight biotic stresses
with cheap broad-spectrum pesticides [6]. However, indiscriminate use of synthetic pesticides, often obsolete and
internationally-banned, has many unintended negative effects on human, animal and environmental health [ [7-9]]. Fortunately, the
2020 UN International Year of Plant Health and the 2021 UN Climate Change Conference (COP26) brought a renewed focus on these
threats.

This is particularly relevant for tropical Africa, where small-scale subsistence farmers are increasingly challenged by agricultural
intensification through higher use of inputs [5]. Consequently, interest in food quality by emerging urban consumers [10] and the
protection of the environment with its hidden costs that often affect the most vulnerable [11], have to be taken into account. Most
African countries are weak in research and extension capacity, with limited regulatory power, and the negative effects of pesticides on
either farmers’ and farm workers’ health, through inhalation or skin contact, or on consumers’ health, through consumption of
contaminated food, receive little attention [12]. The 20 countries with highest population growth are all in Africa, and its population is
expected to grow to over two billion by 2050. This projected rapid population growth will be among the leading causes of food
insecurity and widespread undernourishment across Africa [13].

Seventy percent of Africans will then be living in urban centers, necessitating an enormous expansion of the already strained food
value chain [14]. Already now, Africa cannot feed its population, and Africa’s current annual food import bill of $35 billion is esti-
mated to rise to $110 billion by 2025 [15], figures that are already outdated, since world food prices have risen sharply, following the
war in Ukraine in 2022 [16]. Climate-smart, sustainable and economically profitable plant health approaches are therefore urgently
needed to assist the continent with its highly varied agriculture to break out of the spiral of continued natural resource degradation,
including loss of biodiversity and soil fertility, while still allowing the necessary intensification of food production [17].

2. New solutions exist, but they require a conducive policy framework for their successful implementation

The International Institute of Tropical Agriculture (IITA) has a unique experience with plant protection in Africa. Its 58 projects
executed over 50 years have recently been summarized in a book ([18] with about 1500 references in 16 chapters written by 82
authors). The attribution and relative importance of each descriptor in Table 1 were made by the different project participants ac-
cording to mutually agreed criteria. The listed research was executed on requests by national agencies. It is focused on key pests
whereby large follow-up projects were sometimes financed by different agencies under different titles. Detailed references are listed in
the cited chapters. In this paper, we synthesize the lessons learned from this unique experience.

These projects, with different levels of achievement for the benefit of farmers, present the various techniques that contribute to the
goal of sustainable agriculture and climate change adaptation and mitigation Our synthesis fits into the two concepts of ‘agro-ecology’
and ‘sustainable food systems’. Agro-ecological practices are defined as those aiming to produce significant amounts of food, while also
enhancing ecological processes and ecosystem services. without relying solely on chemical fertilizer, synthetic pesticide applications or
technological solutions, such as genetically modified organisms [19]. Sustainable food systems are those that deliver food security and
nutrition in such a way that the economic, social and environmental bases to generate food security and nutrition for future gener-
ations are not compromised [20], while regenerative agriculture stresses the sustainability of soil fertility [21].

The first general overview of the 58 projects in Table 1 shows that among the 22 projects with wide-spread use or even adaptation
of a plant health intervention to other crops or beyond Africa, biological control (BC) had by far the largest share (40.9% of all
successful projects), followed by cultural control measures (31.8%), the use of resistant varieties (13.6%) and biorational measures
(13.6%). Synthetic pesticides were used in only 14 projects, and their contribution to the achieved results was rather low (5-20%). All
15 projects subjected to socio-economic analyses demonstrated high profitability of the interventions, with every invested US$
yielding 10-100-fold benefits that accrue directly to the producers.

This is followed by a more detailed review, in which we propose policies and public interventions to implement a set of five science-
driven technologies as the blueprint of a new plant health strategy for Africa.

1. Quarantine at country level and clean planting material (Table 1 cult): Some accidently introduced, exotic organisms have the
capacity to become invasive. Horizon scanning and forecasting, followed by early detection for alerting government to impose strict
quarantine measures, together with the use of certified planting material and seeds, are the most cost-effective first lines of defense.
Once the organisms have established and start to spread, extermination becomes difficult and the costs for controlling them rise
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dramatically. The importance of these measures is underscored by the fact that on average every two years three pest species are
recorded to have newly established in Africa [22]. Moreover, since the introduction of FAW alone, IITA has identified ten new
insect species from outside Africa, including agricultural pest species and their associated natural enemies (G. Goergen, unpub-
lished results).

As an illustration, the banana Fusarium wilt TR4, which was initially detected only in one plantation in Mozambique, has since
spread throughout the country [23]. This could have been prevented by the application of strict quarantine measures. In Kenya, the
spread and incidence of maize lethal necrosis disease was stopped by certified planting material [24]. The impacts of invasive species
on biodiversity are well established globally except in Africa [25]. Some of the impacts include decreased abundance and diversity of
native species in invaded sites resulting in changes in communities. These impacts have implications for ecosystem services and human
well-being. In fact, all invasives that were later controlled by classical biological control (see below), have initially been missed by
quarantine measures leading to far greater costs.

Such a precautionary quarantine approach will need to be anchored in regional and national legislative frameworks and coordi-
nated through an interconnected early warning network under a regional/continental organization, building upon current efforts by
the Inter-African Phytosanitary Council and the germplasm health unit of the Consultative Group on International Agricultural
Research (CGIAR) [26]. Obviously, this will require substantial investments from national governments in creating and/or upgrading
quarantine and national plant protection organizations. Similar commitments are needed from regional and continental bodies with
enhanced support from the international donor community.

2. Soil and environmental health management (Table 1 cult): Poor soil management is the root-cause for low crop growth; but
Africa’s growing populations no longer allow for the long fallows that previously assured continued food production. Poor soil
conditions reduce the performance of new crop varieties and, through all trophic levels, affect plant health. Hence, legume-cover,
rotation and intercropping, as well as mulching and cover by crop residues reduce the re-establishment of weeds and restore the all-
important soil organic matter [3,27]. In its latest climate-smart version [28], the push-pull practice simultaneously reduces maize
pests such as FAW and the parasitic weed Striga, while increasing maize yields on average threefold; but knowledge gaps in
achieving suppressive soils against nematodes and weeds like Striga remain. Similarly, Integrated Pest and Pollinator Management
(IPPM) [29] combines benefits of planting trees with ecosystem services provided by natural enemies and pollinators, as offered by
flowers, nesting sites, and shade trees. Such holistic approaches are leading to more resilient rural landscapes [30,31]. Their
realization asks for a radical paradigm change that must be communicated to and implemented by all actors in the farming
community and supported by corresponding policies at the highest level [32].

3. Biological control (Table 1 biocon): In tropical Africa, classical BC has been implemented with success and some projects have
even been up-scaled to Asia [33] or South America. Because pest populations build up resistance to pesticides and pest-resistant
varieties (in FAW particularly rapidly), the benefits of BC entail not only increased yields, but also reduced labour and environ-
mental costs, and rival those of long-term breeding programs [34]. Economic analysis of BC has consistently shown high returns to
investments [35] with economic studies showing spectacular impact against cassava mealybug [36], water hyacinth [37], and
mango mealybug [38]. BC also produces less CO, than pesticide-based plant protection systems [39]. In view of the huge impact of
invasive species and the successful history of classical BC [25,40,41], this should be the first action against invasives. Yet, where
long-term follow-up studies are not done, the observed decline of the pest is often attributed to other factors as, e.g., El Nino [42].

BC by indigenous predators and parasitoids and their benefits for increased food production were and still are vastly underreported
[43]. Similarly underreported are cases when invading pest species are followed by their parasitoids, which quickly bring the outbreak
under control [44].

The ongoing classical BC of FAW in Africa [45] follows similar research on cereal stemborers with various contributions by BC with
positive cost-benefit analysis [46]. The FAW project is, however, complicated by the presence of another nine, similar species with
their own natural enemies [18]. This highlights the importance of a proper biodiversity assessment considering the entire food-web.
Such taxonomic scrutiny allows for synergies between projects, but also avoids negative impact on non-target organisms.

The impact of BC generally depends on a rich, biodiverse landscape [31,47] though many trophic links are often unknown. In order
to document and exploit this richness and to warn authorities about the arrival of new invaders, national biodiversity collections need
to be created by African scientists and promoted by the African Union [48].

4. Breeding resistant varieties (Table 1 res): Though time-consuming, breeding for pest resistant varieties is generally one of the
most economic approaches to disease control. It is the first defense against plant pathogens such as viruses, e.g., on maize, cassava,
and yams. These studies were always accompanied by research on the corresponding vectors, mostly whiteflies for cassava viruses
[49] and cicadellids for maize viruses [50]. The genes responsible for resistance against African cassava mosaic and maize streak
virus have been successfully introduced in the corresponding varieties across the continent.

For this purpose, plant breeders, facilitated by marker assisted selection, have relied on the genetic diversity in farmers’ varieties
and gene banks, especially those maintained by the different CGIAR Centers [26].

Still, for some pests and diseases, neither conventional nor molecular breeding approaches led to resistant varieties. To date, the
only operational level of host plant resistance against banana Xanthomonas wilt was achieved by transforming bananas with a gene
from sweet pepper [51]. Similarly, cowpea was transformed with Bt-genes for resistance against legume pod borer Maruca vitrata [52].
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However, these two varieties, classified as genetically modified organisms (GMOs), have so far only been deployed at pilot sites in
Africa. Use of GMOs on the continent is mostly prevented because of regulatory barriers at country level, challenges with the logistics
of producing and distributing large quantities of planting materials, and — most importantly -political fears regarding access to
important export markets in Europe.

New genetic approaches like gene editing, which are not focused on yield only, are being exploited for reactivating genetic traits of
wild plants that are modulating interactions between plants, pests and their natural enemies [53]. Since no new genes are introduced,
these techniques should allay the fears of agroecologists, who condemn the use of GMOs and see the solution in relying entirely on
farmers’ techniques that, in their current version, cannot feed the growing populations on the continent. Despite the fact that urban
[54] or rural [55] African consumers do not support such moratoria, they were repeatedly prolonged in many African countries,
instead of being replaced by clear regulations for the use of novel genomic approaches, best under the auspices of the AU.

5. How to minimize the negative footprint of synthetic pesticides (Table 1 biorational): Synthetic pesticides are powerful tools for
the immediate control of many plant-health threats, providing the farmer with near-instant relief of pest attacks. Yet, pesticide use
generates large, difficult to quantify externalities by affecting human, animal and environmental health and tends to lock farmers
into a treadmill [56]. Precautionary measures to minimize these effects are, however, mostly ignored. Pesticides are often sold by
unskilled resellers who induce farmers to use them as the first line of intervention. Safe use is hampered by the lack of personal
protective equipment, which is either not available or not affordable. Hence, the use of synthetic pesticides can be justified only as
last resort. Methods for reducing volume and better targeting, like seed-coating or even hand-held disk sprayers for ultra-low
volume applications are not generally available, nor are less persistent, more target-specific insecticides.

As alternatives, bio-pesticides or plant-derived products like neem are efficient, ecologically safe, and can be produced locally [57,
58]. Yet, some fungal bio-pesticides, such as Green Muscle™ for efficient locust control [59] or similar products used on vegetable
crops [60], are more challenging to produce and need corresponding policy-support and international collaboration.

To enhance the use of bio-pesticides, national, regional and continental policies and guidelines for pesticide registrations need to be
reformed to enable a fast-tracking of such products. This would generate an enormous boost for bio-pesticide developers and man-
ufacturers as the costs for the often complicated and lengthy registration procedures are among the greatest economic obstacles for
them.

Similarly, the use of herbicides is minimized in locally adapted management programs in the framework of conservation agri-
culture with its three principles: no-till, permanent soil coverage, and rotation/intercropping [3]. To reduce herbicide-use by agro-
nomic measures is, however, challenging, even more so than reducing persistent insecticides or fungicides.

The successful development of Aflasafe™, which competitively excludes aflatoxin-producing Aspergillus [61,62] demonstrates how
the development of soil management products by the private sector must affect phytosanitary standards and norms. Moreover, the
increasing interest of many actors in the world food system, among them all major food multinationals, in regenerative agriculture
with its strong focus on soil health is starting to generate impact in the production systems of important commodities like coffee, cacao
and cassava [63].

The main, albeit hidden, problem with the over-use of synthetic pesticides consists in the lack of accountability for environmental
costs caused by the disruption of ecosystems services that are provided by natural enemies and pollinators - for free. Currently, the
costs of restoring environmental damages together with the long-term burden on human health, are borne by the community, while
benefits from the sale of synthetic pesticides are pocketed privately. Corresponding research, regulations and policies, strengthened by
tax incentives, are therefore urgently needed. Economic models to calculate those trade-offs and optimize pest management tech-
nologies are available [64], but need to be fed with field data to provide realistic recommendations. For the practitioners, development
and extension services should engage in better public awareness about the unintended effects of synthetic pesticides and their
replacement by more sustainable plant health management practices for food production in a One-Health perspective.

3. Implementation

The implementation of the above recommendations is facilitated by modern ICT tools (including barcodes for taxonomic identi-
fication) [18]. Thanks to the wide-spread penetration of smartphones into rural areas, it is now possible to obtain rapid identification
of bio-risks by using artificial intelligence and field-based molecular diagnostics. Several smart-phone apps, including Farmer Interface
Application [65], Plantix [66] and PlantVillage Nuru [67] have been developed to help farmers with rapid identification of pests. Even
low-literacy farmers are thereby empowered to take timely decisions about pest control. Because such IPM is knowledge-intensive, its
successful implementation necessitates significant government investments in training a new generation of extension agents. Digital
agriculture infrastructures, preferably in collaboration with the private sector, are needed to develop the necessary IT applications
[17].

The transformation of African agriculture for the next generation of famers will need to be based on strong linkages to markets and
the private sector. Tellingly, interest in Green Muscle™ has been resurrected, following the latest desert locust outbreak, and the
private sector is again challenged to produce bio-pesticides. Yet, there is no single private sector for plant health, as traditionally
ascribed to multinational agrochemical companies. The private sector starts at village level, where farmers become business partners
and the production of biocontrol agents and bio-pesticides becomes a profitable business providing income for youth and women. To
better support these endeavors, innovative and sustainable financing mechanisms also need to be developed and implemented.
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4. Conclusions

Based on the experiences of the 58 IITA-projects, a revised IPM, tailor-made to specific applications, should enable farmers to
implement and take full advantage of the results of plant health research. For this to happen, IPM needs to forge a new identity away
from the misused justification for spraying synthetic pesticides. In our opinion, and based on our experiences and the evidence that
emanated from our analysis, the five types of interventions proposed here are practical, more sustainable, cost-efficient, produce less
CO5 and assure higher yields, than the practices they are to replace, i.e., they are truly climate-smart providing adaptation to climate
change.

Farmers do not read scientific papers, so we need to make sure that development actors and NGOs active in promoting good farming
should disseminate key recommendations emanating from our studies, and then provide vital feed-back. These research results also
need to be communicated to political authorities for better inclusion in national and regional action plans. We therefore need to
translate our evidence into policy briefs and engage government officials and investors for developing and implementing science-based
plant health strategies. This would replace today’s ad-hoc interventions, which often are aimed at relieving symptoms rather than
correcting the cause.

Ideally, rural development projects funded by international agencies should consider our actionable points in their overall strategy.
If this new paradigm for plant protection in Africa is anchored in a regulatory framework at continental level, it will promote a more
equitable, sustainable, environmentally friendly, and economically profitable agriculture, contributing to food security and mitigating
climate change in Africa and beyond.
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