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The fall armyworm (FAW, Spodoptera frugiperda) is a major crop pest in southern Africa. It threatens the livelihoods and food security of smallholder farmers in the region by negatively impacting maize yield. Although scientific evidence suggests that natural enemy-mediated predation can potentially reduce FAW infestation, the effectiveness of natural enemies such as birds, bats, parasitoids, and generalist predators on FAW is poorly understood. This study reviews existing literature to assess how birds, bats, parasitoids, and generalist predators’ control FAW infestation, as well as the role of forest or tree cover in natural enemy mediated pest control of FAW in maize in southern Africa. We then present a case study to examine the role of forest proximity in reducing FAW infestation in maize in Zimbabwe. We conclude that birds, bats, parasitoids, and generalist predators are likely drivers of the reduced success of FAW near forests in southern Africa. While predators influence FAW survival and development, their role is largely undermined by parasitoids, which are more efficient in affecting FAW populations. Birds, bats, parasitoids, and generalist predators play an important role in controlling FAW on farms in heterogenous landscapes with diverse vegetation and near-forest proximity. The findings of our case study from Zimbabwe suggest that the distance to forest had a much higher impact on FAW incidence than maize variety, planting date, or the rate of nitrogen applied. Lack of enough case studies from maize in southern Africa makes it challenging to assess the mechanism and the effectiveness of bird predation on FAW. For this reason, further research is necessary to examine how predation by birds, bats and arthropods and parasitism impacts maize yield. We discuss research barriers, recommend appropriate methods for experimental studies, and suggest possible management options to control FAW in southern Africa.
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INTRODUCTION

The fall armyworm (FAW, Spodoptera frugiperda), an agricultural pest native to North and South America, has recently become widespread across Africa and Asia (Assefa and Ayalew, 2019; Sharanabasappa et al., 2019; Sisay et al., 2019). Africa is particularly vulnerable to FAW infestation due to the prevalence of diverse host plants and suitable agro-ecological conditions (Day et al., 2017). Although FAW attacks up to 350 plant species in its native range (Montezano et al., 2018), it favors graminaceous crops, especially maize (Baudron et al., 2019). Maize is the most widely grown staple food crop in Africa, covering 37 million hectares (Hruska, 2019), and it provides food and livelihood for about 208 million smallholder farmers in the region (Sisay et al., 2019; Tambo et al., 2019). FAW infestation reduces maize yield up to 53% (Day et al., 2017; Kumela et al., 2019; De Groote et al., 2020) and can cause up to $US13 billion per annum crop losses across Africa (Day et al., 2017). Thus, FAW infestation on maize poses a serious threat to the food security and livelihood of smallholder farmers in Africa (Day et al., 2017).

FAW control measures range from handpicking of larvae (Tambo et al., 2019) or applying chemical pesticides (Kumela et al., 2019) to diverse agro-ecological practices such as minimum tillage, intercropping, and diversifying the farm environment (Baudron et al., 2019; Harrison et al., 2019). A wide range of natural enemies, such as birds, bats, parasitoids, and pathogens can also control FAW larva (Capinera, 2000; Molina-Ochoa et al., 2003; Assefa and Ayalew, 2019; Sisay et al., 2019). Moreover, generalist predators such as ground beetles (Carabidae), rove beetles (Staphylinidae), ants (Formicidae), earwigs (Labiduridae), social wasps (Hymenoptera), and spiders (Araneae) are known to attack FAW eggs and larvae (Harrison et al., 2019; Rukundo et al., 2020). Natural enemy-mediated predation can be effective in controlling FAW infestation in maize, reducing FAW pupae up to 73% (Capinera, 2000). Previous studies suggest that insectivorous birds are effective in reducing FAW infestation in fields close to hedgerows (Wyckhuys and O’Neil, 2006). Laboratory trials also show that red-winged black birds (Agelaius phoeniceus) are important control agents, as they preferentially feed on relatively larger and non-parasitized FAW larvae (Jones et al., 2005). Similarly, bats can be particularly effective in controlling adult moths (Maine and Boyles, 2015) as evidenced in Texas where 100 million Brazilian free-tailed bats (Tadarida brasiliensis) feed on up to 4 billion noctuid moths every night (Lee and McCracken, 2005). However, the understanding of the effectiveness of natural enemy mediated predation on FAW and the role of forest or tree cover in reducing FAW infestation through natural predation is still limited.

The objective of this study is to first review bat, bird, parasitoid and other generalist predator mediated control of FAW in maize and assess how natural enemy mediated FAW control is influenced by proximity to forest in southern Africa. We then present a case study from Zimbabwe assessing whether proximity to forest reduces FAW infestations in maize fields.



MATERIALS AND METHODS

For this paper, we followed the Food and Agriculture Organization of the United Nations (FAO) delineation of southern Africa, which comprises the countries of Angola, Botswana, Comoros, Lesotho, Madagascar, Malawi, Mauritius, Mozambique, Namibia, Seychelles, South Africa, Eswatini Tanzania, Zambia, and Zimbabwe.


Description of the Review Method

The literature reviewed for this study was found using a combination of Google Scholar and the UBC Library Search Collection functions. We searched for combinations of natural enemy mediated pest control by birds, bats, parasitoids, and generalist predators on FAW in its natural range; natural enemy mediated pest control on cash crops in southern Africa, and natural enemy mediated pest control on FAW in southern Africa. Papers were selected based on whether the information pertained to bat, bird, parasitoid, or generalist natural enemy mediated pest control either directly on FAW or on other crop pests in southern Africa, on maize crops in the native range of FAW, or cash crops in areas with similar climates to southern Africa. Considering that FAW was only recently introduced to Africa, there were few papers available that examined natural enemy mediated pest control of FAW in Africa. For this reason, we relied on studies that examine natural enemy mediated control on fields near forests elsewhere in the world to examine the likelihood of different mechanisms of pest control occurring in FAW infestations in southern Africa. In addition, we selected papers based on whether the methodology used could be useful for further examining FAW natural enemy mediated pest control in southern Arica, even if the study location in some of the reviewed papers is not in southern Africa. Key words used in the literature search were: natural enemy mediated pest control, FAW in southern Africa, bird predation on crop pests, bat predation on crop pests, parasitoids and FAW; in addition, location-based search terms were used, such as FAW in native range, or FAW in southern Africa.



Study Case in Zimbabwe

The case study was conducted in Chipinge District in Zimbabwe, where the presence of FAW is observed since early 2017. The district is in south-eastern Zimbabwe at an average altitude of 1,134 m above sea level. The district is characterized by a population density of approximately 33 inhabitants per km2, a mean annual rainfall of 1,097 mm (90 years average), a mean annual temperature of 28°C (10 years average). The analysis was conducted at the peak of the rainy season, and thus water sources (mainly in the form of stagnant water) were available throughout the landscape. The district has sandy soils with black and red clays as the major soil types. Maize, cotton, and sorghum are the major crops and cattle, goats, pigs, and chicken as the major livestock species (Baudron et al., 2019).

We surveyed a total of 278 maize fields in Ward 16, Ward 18, and Ward 20 in Chipinge district between the 18th and the 22nd of February 2019 (Figure 1). The manager of each field was interviewed regarding the management of the plot (variety, planting date, fertilization, etc.) and the plot was then scouted for FAW damage. Following this survey, five groups of ten plants were selected following a “W sampling” and the number of plants in each sampling point displaying leaf damage due to FAW was recorded as well as the severity of this damage using a scale ranging from 1 to 9. A GPS point of the center of the plot was also recorded. All data (included GPS point) was recorded with Galaxy Tab A and Galaxy J5 using the application “CommCare”.1 Sentinel-2 Level-2A images for 24th January 2019 (8.44% cloud cover in the area) and 28th February (0% cloud cover) were acquired and an object-based land cover classification was performed (Champagne, 2019). Forest patches of at least 0.5 ha were identified and the distance between the center of each field and the closest forest patch of at least 0.5 ha was calculated. The distance of the sampled maize fields to the identified forest patches ranged from 0 to 4193.12 m. The spatial analysis focused only on forest patches vs. other land covers that included both crops and fallows. Grasses were available throughout the landscape. No negative control group was used in this study.
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FIGURE 1. Locations of 278 sampling points in maize fields across Wards 16, 18, and 20 in Chipinge District in Zimbabwe. The green areas are forest patches of at least 0.5 ha. The gray area represents annual crops (mainly maize and sorghum) and grassy fallows. The spatial analysis focused only on forest patches vs. other land covers that included both crops and fallows. Grasses were available throughout the landscape.


The variability of the proportion of plants with leaf damage due to FAW in each sampling point (N = 1,668) was analyzed using generalized linear models with a logit distribution. Variables included in the model were “Ward” (Ward 16, Ward 18, or Ward 20), elevation (m.a.s.l.), planting date (in number of days after November 1st), previous crop (maize or other), soil (lighter soils vs. heavier soils), tillage intensity (conventional vs. minimum), variety (open pollinated, Panar variety, variety PHB30G19, Seedco variety 400 serie, Seedco variety 500 serie, variety ZAP61, or other variety), quantity of N applied (kg ha–1), manure applied or not, intercropping or not, presence of hedgerow or not, weeding frequency (infrequent—0 or 1—and frequent—2 or more), pesticide applied or not, and distance to the closest patch of forest of at least 0.5 ha.




RESULTS


Natural Enemy-Mediated Control of Fall Armyworm in Proximity to Forest

We reviewed a total of 28 studies on natural enemy mediated pest control in various geographical locations and cropping systems to draw conclusions about natural enemy mediated control of FAW in proximity of forest. Among these, 10 examined bird-mediated natural enemy pest control as it pertains to forest proximity to a field and the potential for birds to drive the reduced success of FAW in southern Africa. Similarly, nine other studies examined bat-mediated natural enemy pest control and impact of forest proximity in varying geographical locations and cropping systems, including two studies conducted in southern Africa. Moreover, we reviewed nine studies that assessed parasitoid-mediated pest control and role of forest proximity in varying geographical locations and cropping systems that included three studies from southern Africa.


Birds

Insectivorous birds can consume both FAW larvae and adult moths and thus act as possible biological drivers for the reduced success of FAW. For instance, predation by birds contributed significantly to FAW control on farms in Central America (FAO, 2018). Studies from its native range suggest that birds are more likely to eat the FAW caterpillars than the adult moths, but birds may have difficulty accessing the larvae deeper in the maize plant where larval development takes place (Harrison et al., 2019). However, it is unclear if the FAW larvae consumption by birds from the surface level is sufficient to significantly reduce the success of FAW.

Forests can suppress crop pests by providing habitat for birds that consume crop pests, likely because of an increased abundance of birds in the farm field near forest through the spillover effect (Puckett et al., 2009). Many pest-consuming bird species in tropical areas are forest birds, and the rates of bird predation on crop pests also increases in forested landscapes (Boesing et al., 2017). For instance, increased distance from the forest edge resulted in decreased predation of crop pests by birds in sun-grown and shade-grown coffee plantations in Kenya (Milligan et al., 2016). However, this conclusion relies on the proxy of bird abundance for pest control by birds. Although many studies used bird abundance as a proxy for reduced crop pests, there is not enough evidence in the literature to conclude that using bird abundance as proxy for pest consumption can be generalized across landscapes (Puckett et al., 2009; Boesing et al., 2017).

Pest control by birds depends on the spatial characteristics of the farm such as presence of native plants on the farm, whereas bird abundance is strongly linked to the landscape characteristics such as landscape heterogeneity and proximity to forest habitat (Boesing et al., 2017). High diversity in land-use such as forest, agriculture, or agroforestry, as well as crop mixes supports greater abundance of birds in West Africa (Boesing et al., 2017; Deikumah et al., 2017). For example, in a study by Deikumah et al. (2017) on avian-mediated pest control in Ghana, the mean observed species richness in cocoa farms with large trees integrated is about 50% greater than in a monoculture. Moreover, maintaining landscape connectivity is important in supporting a high abundance of insectivorous birds as is evidenced in tropical montane of Ethiopia (Gove et al., 2013). These findings suggest that farms that are closer to forests will likely have greater abundance of insectivorous birds than farms that are far from forests or contain no forest patches. Nevertheless, the relationship between bird abundance and pest predation on farms also depends on biological factors such as foraging ability in open areas. Birds need to balance the energy costs of traveling to nearby farms for food and therefore may forage only within 20 m of near-forest farmland (Puckett et al., 2009). In addition, pesticide use in farm fields may reduce the number of birds venturing into fields because of potentially lower foraging success (Puckett et al., 2009).

In terms of FAW in southern Africa, there is no empirical evidence pertaining to FAW predation by birds except some anecdotes suggesting that birds are natural predators of FAW. Previous research has focused primarily on cash crops (e.g., coffee, cocoa), that are often grown in agroforestry systems in southern Africa (Williams-Guillén et al., 2008; Maas et al., 2016; Boesing et al., 2017). The few studies that assessed bird-mediated pest control in maize farms in southern Africa suggest that farms in heterogenous landscapes support relatively high bird species richness and diversity, which is a mechanism that could significantly reduce the infestations of FAW in southern Africa (FAO, 2018). The biological mechanisms behind the link between increased landscape heterogeneity and bird-mediated pest control are well supported in general, but the understanding of which bird species provide pest control service and to what degree is limited in Africa (Boesing et al., 2017). There is no evidence of predation by birds on larvae because much of the larval development takes place deep within the maize plant, making the larva inaccessible to birds; for this reason, among others, significant reduction in FAW by birds in southern Africa is unlikely (Harrison et al., 2019).

In conclusion, even though birds are known predators of FAW elsewhere, it is uncertain if they are responsible for the control of FAW in southern Africa. There is not enough evidence in the literature to support the hypothesis that predation by birds is the biological mechanism causing the decline in FAW on near-forest farms (Harrison et al., 2019; Lindell et al., 2018). Based on the limitations of the literature, extensive further research on bird-mediated FAW control is needed.



Bats

Insectivory in bats is widespread and they are effective predators, consuming up to 70% of their body weight in insects per night (Russo et al., 2018). By consuming adult insects, bats can control the mating and spawning success of crop pests. This is evidenced by increased bat activity on the farms during the growing season, which sees increased abundance of crop pests (Weier et al., 2018). Exclusion studies show a direct relationship between the absence of bats and increase in crop pests, as evidenced by Maine and Boyles (2015), who found that excluding bats from their study site led to 59% more corn earworm larvae/ear (Kalka et al., 2008; Maas et al., 2013). For example, exclosure of birds and bats resulted in increased arthropod herbivory in Indonesian cacao agroforestry systems (Maas et al., 2013; Gras et al., 2016). In contrast, the absence of bats resulted in increased crop damage by 56% as compared to controls and increased larval density of the corn ear moth in maize fields in Illinois (Maine and Boyles, 2015). Bats reduced herbivory by arthropods more than birds in tropical forests in Panama, but it is difficult to say if this can scale out to farms and crop plants (Kalka et al., 2008).

Bats can additionally influence their prey by creating a “landscape of fear,” a predator-prey interaction where the prey alters its behavior or habitat use to avoid bat predation (Russo et al., 2018). Bats initiate a trophic cascade in the maize pests by lowering the larval density of the moth and shifting the reproductive behavior of the moths to more self-preservationist actions (Maine and Boyles, 2015). For example, some moths have tympanic organs that allow them to hear the calls that bats make for echolocation of prey. This alters the moth’s behavior to maximize the likelihood of survival such as changing habitat or foraging or spawning behavior (Russo et al., 2018; Cinel and Taylor, 2019). Using paired control plots and nocturnal bat exclosures on maize fields in Illinois, Maine and Boyles (2015) found that even when bats were unable to access corn ear moths to consume them, the echolocation sounds used by the bats to hunt may have had an impact on the reproductive behaviors of the moths.

Bats are known natural predators of FAW in its native range, and consumption of FAW moths by bats is a possible mechanism of FAW control in southern Africa (FAO, 2018; Harrison et al., 2019). An experiment examining the impact of bats on FAW moths showed that FAW moths are equipped with tympanic organs, which in the presence of bats can influence the moths to alter their flight or halt pheromone release (Cinel and Taylor, 2019). This study also found significant changes in the brain tissue of the FAW moths that were exposed to bat sounds, potentially affecting their mating behaviors. This suggests a closely evolved predator-prey relationship between bats and FAW and thus can be an effective mechanism for FAW control in southern Africa. However, it is difficult to determine the scale of the impact of bat predation on moth abundance and behavior due to a paucity of case studies across sites and crop types.

Proximity to forest can influence the rate of bat predation on FAW depending on their feeding guilds (Williams-Guillén and Perfecto, 2011; Weier et al., 2018). For example, cluster-edge feeders, i.e., the bats that feed at the edge, decrease in abundance further into agricultural fields, while open-air feeders increase further into a field when pests are abundant (Weier et al., 2018). Bats are more abundant in heterogenous landscapes with at least some trees in their foraging habitat (Russo et al., 2018). They prefer to feed in areas with forest fragments or with low intensity agriculture in proximity to roosting sites, as is evidenced in a shade-grown coffee site in Mexico (Williams-Guillén and Perfecto, 2011). Feeding activity was reduced in cluster-edge bats, while it remained similar in open-air feeders in more intensely managed agricultural landscapes (Williams-Guillén and Perfecto, 2011).

Although there is clear evidence about the general relationship between the presence of bats and the reduction in crop pests, little information is available on biological control of crop pests by bats in Africa (Kalka et al., 2008; Maas et al., 2013; Maine and Boyles, 2015). African bat species are poorly studied compared to the bat species of Europe, Asia, and North America, so there is little information available about their habitat preferences and foraging behavior. The studies on bat-mediated pest control so far have primarily focussed on cash crops instead of subsistence farms in Africa. For example, bat predation on pests in macadamia plantations in South Africa increased as the abundance of prey increased (Weier et al., 2018). Species richness and bat activity levels were similar between macadamia plantation and riparian area habitat types in macadamia plantations in South Africa (Taylor et al., 2013). As this study was conducted in a forested landscape, the findings suggest that a heterogenous landscape with a variety of habitat types supports high species richness and feeding activity in bats (Taylor et al., 2013). However, it is difficult to draw conclusions about the potential impact of bats on crop yields in Africa due to lack of adequate evidence on bat predation on FAW in maize cultivation (Kunz et al., 2011; Weier et al., 2018).

Given the research on the impact of bats on maize, bats are a likely driver of the reduced success of FAW near forests in southern Africa. However, considerable additional research is necessary to draw any definitive conclusions.



Generalist Predators

Apart from the vertebrate predators, a diverse array of generalist predators of FAW have been reported in the Americas, Africa, and Asia (Wan et al., 2021). Among these, ground beetles (Carabidae), rove beetles (Staphylinidae), ants (Formicidae), earwigs (Labiduridae), social wasps (Hymenoptera), and spiders (Araneae) are known to attack FAW eggs and larvae (Harrison et al., 2019; Rukundo et al., 2020). For example, the earwigs Doru lineare and D. luteipes, that occur throughout the maize crop cycle, lay eggs inside the maize whorl and prey on FAW eggs and larvae (Sueldo et al., 2010; Prasanna et al., 2018). Nymphs and adults of D. luteipes feed on 8–12 and 10–21 FAW larvae daily, respectively (Prasanna et al., 2018). Similarly, predacious bugs such as Picromerus lewisi, Arma chinensis, Eocanthecona furcellata, and Andrallus spinidens prey on FAW larvae (Keerthi et al., 2020; Wan et al., 2021). Moreover, carabid beetles, rove beetles, spiders, and ants predate on FAW in maize fields as evidenced in North America, West Africa, and Asia (Harrison et al., 2019; Sharanabasappa et al., 2019; Dassou et al., 2021).

Generalist predators can play a significant role in controlling FAW population by directly consuming FAW eggs and larvae in maize fields (Prasanna et al., 2018; Harrison et al., 2019). For instance, social wasps extracted FAW larvae from maize whorl and reduced 77% of FAW present in maize in Brazil (Prezoto and Machado, 1999). FAW damage in maize fields increased significantly when these generalist predators were selectively removed from the field (Clark, 1993). Conversely, decreased FAW damage in minimum-tillage maize fields in Florida and Mexico was attributed to higher density of general predators (Clark, 1993; Rivers et al., 2016).

Proximity of maize fields to forest increases the local abundance and diversity of natural enemies, such as predatory solitary wasps (Harrison et al., 2019). For example, increasing distance of maize fields from the forest in Brazil resulted in a decline in predatory solitary wasp abundance and increase in FAW abundance (Sousa et al., 2011). Similarly, spiders and ground beetles were more abundant in maize fields within coffee agroforest landscapes (Wyckhuys and O’Neil, 2006; Harrison et al., 2019). However, the role of forest proximity on other generalist predators and their control of FAW is still poorly understood.

In southern Africa, generalist predators, such as spiders, beetles, earwigs, social wasps, and ants are crucial in controlling lepidopteran pests of cereal crops and these predators attack FAW larvae as well (Harrison et al., 2019). For example, several species of earwigs such as Diaperasticus erythrocephalus have been found in the whorl and ears of maize in Africa (Prasanna et al., 2018). Similarly, many ant species predate on FAW in maize fields as evidenced in Ghana (Koffi et al., 2020), Cameroon (Dassou et al., 2021), and Nicaragua (Perfecto, 1991). Nevertheless, there is limited evidence available regarding the effectiveness of other generalist predators in controlling FAW population and the role of forest proximity in influencing generalist predators.



Parasitoids

Parasitoids are natural enemies of FAW that can reduce feeding capacity and weight gain of FAW larvae in maize fields (Meagher et al., 2016). There are over 150 parasitoids that attack FAW in its native range (Kenis et al., 2019). Some parasitoid species such as Telenomus remus have also been introduced in countries to control FAW outbreak (Kenis et al., 2019). Parasitoid control of FAW is more effective in maize fields with good soil conditions, such as high organic matter and active soil biology, no-till fields, and fields with integrated crop residues such as mulch (Harrison et al., 2019). In contrast, pesticide use and frequent disturbances of soil reduce parasitoid abundance (Letourneau et al., 2012; Quispe et al., 2017). For example, parasitism levels ranged from 1% in commercial maize treated with pesticides to 91.7% in experimental maize fields without any pesticide treatment (Meagher et al., 2016).

Parasitoid abundance on farms near forests depends on a variety of landscape characteristics, including proximity to forest. Landscapes with vegetation cover sustain a greater abundance of parasitoids by providing diversity of potential hosts, stable areas to pupate, and a continuous supply of resources (Letourneau et al., 2012). Refuges or habitats with woody plant species also sustain higher level of parasitoid species richness than habitats with non-woody species; for example, a study by Quispe et al. (2017) surveying parasitoid richness in maize crops observed five species of parasitoids in the control maize field as compared to a total of 89 species across six experimental refuges, with a diversity of woody and herbaceous plants, adjacent to the maize field. Forests can also act as population source for the agricultural land that requires recolonization by parasitoids after disturbance, as evidenced in maize fields near a tropical rainforest (Kankonda et al., 2017). For instance, parasitoid abundance increased closer to the forest or at the edge of the field and decreased toward the middle of the field in Florida (Hay-Roe et al., 2016). Parasitoids particularly in the order Hymenoptera needs access to other resources such as pollen or nectar and move further into the center of a field when supplied with continuous vegetative cover and abundant flowering plants (Quispe et al., 2017). Thus, proximity to permanent vegetation and proximity to forest are important factors determining parasitoid abundance and consequently FAW control by parasitoids on farms.

Unlike birds and bats, several studies directly examined parasitoid-mediated FAW control mechanism in Africa (Kenis et al., 2019; Sisay et al., 2019; Agboyi et al., 2020). Studies suggest that a variety of FAW parasitoids may exist in Africa despite the relatively recent colonization of FAW in the region (Kenis et al., 2019). This is evidenced by observation of T. remus in Kenya in 1988, much earlier than the FAW outbreak in Africa. Recent surveys also observed T. remus in Benin, Niger, Côte d’Ivoire, Kenya, and South Africa (Kenis et al., 2019) and six other species of parasitoids in Ethiopia, Kenya, and Tanzania (Sisay et al., 2019). Similarly, ten species of FAW egg, egg-larval, and larval parasitoids were found in two countries in East Africa (Agboyi et al., 2020). Most of the maize fields that contained FAW also had parasitoids of FAW, suggesting a direct relationship (Sisay et al., 2019). Many of these species of parasitoids of FAW belong to the order hymenoptera, which needs habitats with vegetation cover, suggesting that parasitoids are responsible for the reduced success of FAW on near-forest farms.

Considering that there are over hundred parasitoids of FAW in its native range, it is likely that many potential parasitoid species in Africa that could be crucial for FAW control have not yet been identified (Kenis et al., 2019). Moreover, parasitoid impact on crop yields in Africa is still poorly understood (Kenis et al., 2019; Sisay et al., 2019; Agboyi et al., 2020). This calls for an extensive survey of the presence of parasitoids of FAW and research on the impact of parasitoid-mediated FAW control on crop yields in southern Africa. Nevertheless, there is enough evidence to conclude that parasitoids play an important role in controlling FAW on farms near forests.




Case Study in Zimbabwe: Does Proximity to Forest Reduce Fall Armyworm Infestation?

Incidence of FAW plant damage (% plants displaying leaf damage due to FAW) was found to increase significantly with increasing distance from a forest patch of at least 0.5 ha (Figure 2). The only factors having a significant effect at 5% were “Ward” (with higher infestation in the wetter Wards 16 and 18 than in the drier Ward 20) and “Pesticide application” (with incidence higher in plots where pesticides were applied, pesticide application being no doubt the result of higher infestation and not the other way around) (Figure 2). Thus, in this case, distance to forest had a much higher impact on FAW incidence than maize variety, planting date, or nitrogen applied.
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FIGURE 2. Dotwhisker plot representing estimates (dots) and 95% confidence intervals (whiskers) for a generalized linear models with a logit distribution. Whiskers crossing the y-axis (gray dotted line) indicate non-significance for the corresponding factor. “Ward 20,” “maize as previous crop,” “conventional tillage,” “Seedco variety 500 serie,” “no manure applied,” “no intercropping,” “no hedgerow,” “infrequent weeding (none or one)” and “no pesticide applied” were used as control in the model.





DISCUSSION

The results of this literature review suggests that research on natural enemy mediated control of FAW so far has primarily focused on cash crops and in Europe and North America. One of the drivers for such a bias in research focus could be disproportionate funding availability for economically valuable cash crops in high demand such as coffee, cocoa, and macadamia nuts in Europe and North America. Additionally, more funding may be directed toward studies on farming practices that are associated with an incentive for biodiversity conservation such as agroforestry sites with higher plant diversity. However, it is difficult to tease apart the conservation and economic drivers in the case of high value crops such as coffee that are also agroforestry products. It is also important to note that the results of this study were limited to an extent by the specific databases used for the literature review. The databases we chose, i.e., Google Scholar may provide results based on past search history unique to the researcher and UBC Library is not accessible by all researchers, thus affecting the replicability of this work.

The results of the case study conducted in Zimbabwe support the claim that proximity to a forest patch will reduce the incidence of FAW on maize (Figure 2). This result is consistent with the findings of most of the literature used in this review, which demonstrates that landscape heterogeneity is correlated positively with natural enemy mediated pest control (Harrison et al., 2019). Another recent study by Jordon et al. (2021) conducted in Ghana found that FAW damage increases with increasing distance from a patch of natural habitat, which supports the findings of our case study. Much of the literature included in this review has been primarily focused on maize crops outside southern Africa or on cash crops. Although the case study did not examine mechanisms of the reduced FAW damage, in light of the available literature the relationship could be related to either the decreased reproductive success of FAW, due to bat and parasitoid predation, or the increased predation of caterpillar due generalist predators (Kalka et al., 2008; Quispe et al., 2017). The case study provides a base for additional research, which could attempt to identify the mechanism of the decreased FAW damage as it relates to near-field proximity to a forest patch.

Although the existing literature is inconclusive on the effectiveness of natural enemy mediated control of FAW in southern Africa, several studies suggest experimental methods for assessing predation of FAW by birds, bats, generalist predators and parasitoids, in addition to those demonstrated in the case study. In terms of specific recommendations for future research, predation of FAW by birds and bats can be evaluated using diurnal and nocturnal exclosures, respectively. A diurnal exclosure with increasing proximity to the forest can be useful for examining the foraging success of birds on FAW. A design of sites that are exclosed or open placed in pairs at increasing distance from the forest diurnally or nocturnally can be useful for determining FAW control by birds and bats, respectively. The same researchers can conduct the studies on birds and bats simultaneously on different farms to optimize the use of time, resources, and potentially farmer participation. The experiment would then contain plots with no cover, diurnal cover, nocturnal cover, and constant cover, as suggested in previous studies (Kalka et al., 2008; Karp et al., 2013; Maas et al., 2013). Data on the crop damage can be collected in both sites to determine the efficacy of natural enemy mediated FAW control.

Many of the parasitioids of FAW in Africa are larval parasitoids, but there are some eggs and larval-pupal parasitoids as well. Setting up traps at sites with varying distances from the forest can be useful in determining the percentage of parasitoidism. The percentages of parasitoidism from samples of various life-history stages such as eggs, larvae and/or pupae can be used to measure the rate of parasitoidism within the field. As the larvae are well protected from predators within the corn plant, parasitoids may be the most efficient biological control mechanism for FAW (Hay-Roe et al., 2016). Unfortunately, there are limited examples of methods examining how parasitism rates impacts crop damage. The level of parasitism has been assessed from the number of parasitoids on sampled plants from infested maize fields (Sisay et al., 2019; Agboyi et al., 2020). Similarly, parasitoid abundance is determined by placing traps consisted of PVC cylinders at different points within maize fields and later analyzing in the laboratory (Hay-Roe et al., 2016).

Additional challenges for conducting FAW research exist in considering the priorities and beliefs around natural enemy mediated pest control in southern Africa. The fear surrounding bats could potentially be a significant barrier for discussing bat-mediated pest control for farmers. Bats are often considered to carry disease and farmers may be unwilling to take actions or participate in experiments that would increase the abundance of bats on their farm (Harrison et al., 2019). Furthermore, not all bats and birds are insectivorous; many birds and bats are also considered crop pests. Thus, farmers may not want to participate in activities that could increase the abundance of crop-consuming vertebrates by improving habitat on their farms, even if it comes with the benefit of reducing FAW. For this reason, it is recommended that research on the needs and beliefs of farmers must be conducted before research on ways to improve natural enemy mediated pest control on farms.

In terms of management, there are potential negative implications to identifying a controller vs. identifying suppressors. In this case, the controller is the group that reduces FAW success the most, whereas the suppressors will reduce FAW success only to a certain degree. If a controller is identified, it is possible that research funding and policy would focus mainly on improving the species richness and abundance of that group without fully appreciating the redundancies and suppression that the other groups provide. For example, management activities that support bats such as placing bat boxes in a field would do little to support birds or parasitoids that will not or cannot venture far into a maize field. One possible outcome to focusing on only one group is that the suppression effects of the other groups might be negatively affected. Providing habitat for only one group will also decrease the resilience of natural enemy mediated pest control on the farm. Therefore, another recommendation for further research is to evaluate the interactions between the pest-controlling groups carefully before making management suggestions for FAW control.

Finally, this review and the findings of the case study suggests that increasing landscape diversity has the potential to improve the abundance of natural enemies to FAW. However, convincing farmers to add trees and perennials at the field scale would be easier with the economic justification that damage from pests will be reduced. Trees provide a myriad of other benefits to increase productivity of farms (Isbell et al., 2017) and it is recommended that this evidence can be used to make the case to farmers to improve tree cover on farms. Trees and perennials on a farm can contribute to subsistence or even cash crop production and still provide benefits to wildlife (Jose, 2012). Options for using trees for more productive farms include planting fruit trees, using trees as fodder banks for livestock, or planting trees that grow a cash crop or medicine (Sinclair, 1999). However, trees might also negatively affect crop production and thus require careful consideration to balance trade-offs (Sida et al., 2018). Conducting research to determine which species are the most effective natural enemies to FAW is critical to combat food insecurity in southern Africa. Research on FAW natural enemy control in concert with improving landscape heterogeneity in a way that is acceptable for farmers is the best path forward for organizations seeking to improve livelihoods in southern Africa.

Controlling FAW infestation in maize cultivation in Africa is key to ensuring food security and livelihoods for smallholder farmers. Our review of existing research on natural enemy mediated pest control in the context of the FAW invasion of southern Africa suggests that the most specific and conclusive evidence on natural enemy mediated control of FAW exists for parasitoids followed by bats, whereas the effectiveness of bird predation and generalist predators on FAW control in southern Africa is not well understood. Due to the research gap surrounding natural enemy mediated pest control on subsistence farms, no clear conclusions about its effect on FAW in southern Africa can be drawn. We suggest possible experimental methods for future studies on the relationship between forest proximity and natural enemy mediated pest control. Nevertheless, evidence from previous studies and our case study support the claim that landscape heterogeneity improves natural enemy pest control on farms. Considering that FAW is a highly polyphagous foreign pest, further research is necessary to demonstrate that landscape heterogeneity improves both the habitat for potential natural enemies and the predation level by those enemies on FAW in southern Africa. Therefore, we recommend that future management strategies should focus on improving tree and perennial cover at the field scale to provide habitat for potential natural enemies while simultaneously conducting research on biological mechanisms of natural enemy mediated FAW control and its impact on crop yield.
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